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Abstract: Future changes in drought characteristics in Central Asia are projected at the regional scale
using 21 climate models from phase 5 of the Coupled Model Intercomparison Project (CMIP5). Based
on the standardized precipitation index (SPI) and standardized precipitation evapotranspiration
index (SPEI), drought characteristics were characterized by drought frequency at 1-, 3-, and 12-month
timescales. The drought duration was analyzed based on SPI1 and SPEI1. Drought indices were
calculated by the multimodel ensemble (MME) from 21 CMIP5 models. The varimax rotation method
was used to identify drought conditions for the entire area and seven drought subregions. In general,
the projection results of future drought in Central Asia are related to the choice of drought index,
and SPI and SPEI show different results. The drought frequency based on SPEI1, SPEI3, and SPEI12
showed an increasing trend in the future periods, that is, the drought frequency based on monthly,
seasonal, and annual timescales will show an increase trend in the future periods. However, for SPI1,
SPI3, and SPI12, the drought frequency will decrease in the future. SPI projected that the duration of
drought will decrease in the future, while SPEI mainly showed an increasing trend. The results of the
study should be of sufficient concern to policymakers to avoid land degradation, crop loss, water
resource deficit, and economic loss.

Keywords: drought characteristics; SPEI; SPI; drought division; Central Asia

1. Introduction

With the development of global warming, the frequency, average duration, and sever-
ity of drought events have shown an upward trend [1]. Drought is a serious environmental
phenomenon which damages agricultural production, human activity, and living space
for animals and plants. Global climate warming is causing the world to become hotter
and parched [2]. Climate warming has exacerbated drought in some areas. As a result,
losses from drought are increasing. Especially in arid and semihumid areas, climate change
and the increase of human activities are likely to lead to ecological degradation and even
serious ecological and economic losses [3]. The prediction of future drought in Central Asia
is of great significance in dealing with climate change [4].

Although the main reason of drought is water scarcity, other factors, such as temper-
ature, wind speed, and soil moisture, also cause drought. Although many variables are
important in drought-related processes, few observations are available in Central Asia.
To study drought, various drought indices have been proposed for monitoring drought
conditions. Drought indices are also widely used to project future droughts caused by
climate change. To accurately monitor and evaluate the current situation or predict future
droughts, it is undoubtedly important to select an appropriate drought index for each
type of drought. Using different drought indices will result in different monitoring or
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forecasting results. Therefore, it is necessary to select a suitable drought index to evaluate
the impact of drought, especially in regional studies [5].

It is well known that predicting future drought scenarios and developing effective
measures are key to drought risk management in a region [6,7]. Both quantitative and
qualitative drought prediction are key to drought risk management [8]. Many studies
have used global climate models to project the occurrence, intensity, duration, and area of
droughts at regional or global scales. The CMIP has been used to project future temperature,
precipitation, and climatological drought at global and regional scales [9-12]. Some studies
using the CMIP3 model suggest that frequency and intensity of droughts will increase in the
future [13-15]. Additionally, many studies are based on CMIP5 data to calculate the drought
index and analyze the characteristics of future climate change. Three drought indices
(Palmer Drought Severity Index, PDSI; Standardized Precipitation Evapotranspiration
Index, SPEIL; Standardized Precipitation Index, SPI), based on 13 CMIP5 general circulation
models (GCMs) under three representative concentration pathway scenarios are used to
project the future drought characteristics in humid subtropical basins in China [16]. At the
global and regional scale, SPEI is widely used in drought monitoring and prediction [17-19].
PDSI is considered to be only suitable for monitoring agricultural drought [20], because it
has several limitations such as fixed timescale, strong dependency on the data calibration,
shortcomings in spatial comparability, and arbitrary interpretation of drought conditions
with the index values [21,22]. SPI has several advantages, such as multiple timescales,
simple calculation, and good adaptability to different climates. In this study, drought
characteristics are quantified by SPI and SPEI.

The aim of this paper is to comprehensively study the spatiotemporal drought charac-
teristics based on CMIP5 model outputs from 2006 to 2100. Specifically, the objectives of
this study are (1) to identify the subregions with distinct drought characteristics by using
the Varimax rotation method; (2) to evaluate the performance of CMIP5 simulation and
bias correction in Central Asia; (3) to project future drought frequency and duration; (4) to
check the drought trend based on Dunnett’s multiple comparisons.

2. Data and Methods
2.1. Study Area

The study area is Central Asia, including five countries, Tajikistan, Kyrgyzstan, Uzbek-
istan, Kazakhstan, and Turkmenistan (Figure 1). Central Asia lies in the south of Russia,
west of China, north of Afghanistan and Iran, and east of the Caspian Sea. Central Asia
is located in arid and semiarid regions, and its ecological system is dominated by desert,
so its ecological environment is relatively fragile. It belongs to the typical continental
climate of temperate desert and grassland. In general, the climate is affected by the westerly
circulation and the North Atlantic oscillation, which is significantly different from the
East Asia region controlled by the monsoon circulation. The topography of this region is
characterized by the west plateau land to east plain and hilly land. There are the Altai
Mountains and Tianshan Mountains in the east, and plains and hills in the middle and west.
Central Asia covers an area of about 4 million km? and has a population of 65 million [23].

2.2. Data

The monthly gridded observed data, such as precipitation, maximum temperature,
and minimum temperature, were obtained from the Climatic Research Unit (CRU TS v4.01).

To project the characteristics of future drought changes, monthly outputs from 21
climate models were obtained from global climate models. In this study, the representative
concentration pathway (RCP) 4.5 [24] was applied as the scenarios and projects the changes
of drought characteristics in the 21st century. In this scenario, RCP 4.5 was the intermediate
stable path; the total radiative forcing stabilized to 4.5 Wm ™2, and the concentration of
greenhouse gases would stabilize to 650 ppm CO, after 2100. A total of 21 climate models
were selected to provide monthly precipitation and minimum and maximum temperature
data from global climate models (Table 1). The monthly data for historical (1986-2005)
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and future (2006-2100) periods were supported by the Climate Model Diagnosis and
Intercomparison (PCMDI).

50°E 60°E 70°E 80°L
Zom 50N
40°N+ o : i
" | rkmemslan
DF,M(mz)u
7202 0 250 500 1,000
. e mw ) Kilometers
- -169
30°NA ; : - 30°N
50°E 60°E 70°E

Figure 1. Study area including five states in Central Asia.

Table 1. The information of 21 climate models used in this study.

Model Name Institution and Country Horizontal Resolution (Lat x Lon)
ACCESS1-0 CSIRO-BOM, Australia 1.25° x 1.875°
ACCESS1-3 CSIRO-BOM, Australia 1.25° x 1.875°

CanESM2 CCCma, Canada 2.784° x 2.8125°
CCsM4 NCAR, USA 0.942° x 1.25°
CSIRO-Mk3-6-0 CSIRO-QCCCE, Australia 1.861° x 1.875°

GFDL-ESM2G NOAA GFDL, USA 2.0225° x 2.5°

GFDL-ESM2M NOAA GFDL, USA 2.0225° x 2.5°
GISS-E2-H NASA GISS, USA 2.5° x 2.2°

GISS-E2-H-CC NASA GISS, USA 2.5% x 2.2°
GISS-E2-R NASA GISS, USA 2.5% x 2.2°

GISS-E2-R-CC NASA GISS, USA 2.5° x 2.2°

HadGEM2-CC MOHC, UK 1.25° x 1.875°

HadGEM2-ES MOHC, UK 1.25° x 1.875°

inmcm4 INM, Russia 1.5° x 2.0°
IPSL-CM5A-LR IPSL, France 1.895° x 3.75°
IPSL-CM5A-MR IPSL, France 1.895° x 3.75°

IPSL-CM5B-LR

MIROC-ESM-CHEM

MIROC-ESM
MIROC5
NorESM1-M

IPSL, France
MIROC, Japan
MIROC, Japan
MIROC, Japan
NCC, Norway

1.895° x 3.75°
2.784° x 2.8125°
2.784° x 2.8125°
1.397° x 1.406°

1.895° x 2.5°
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2.3. Methods
2.3.1. Quantile Mapping

Nonparametric quantile mapping was chosen to perform the bias correction. Daily
data of precipitation, minimum temperature, and maximum temperature were aggregated
to monthly data. Then, the nonparametric mapping method was used to complete bias
correction. The nonparametric method has a better effect on bias correction than the
parametric method, because it uses the actual distribution of the observed and simulated
data [25]. This method has been widely used to downscale and correct regional climate
models [26-29]. The quantile mapping was performed using the Quantile mapping package
in R software.

2.3.2. Rotated Empirical Orthogonal Function (REOF)

Empirical orthogonal function (EOF) can decompose the spatiotemporal field of vari-
ous irregularly distributed meteorological fields, and the decomposed feature vectors are
orthogonal to each other [30]. Different spatial modes can well reflect the spatial distribu-
tion characteristics of the spatiotemporal field of meteorological elements. Moreover, the
expansion and convergence speed of EOF decomposition are very fast, and the information
of variable field can be easily concentrated on the first few modes. The first few modes
with cumulative variance contribution rate reaching a certain degree have certain physical
significance, which can effectively reflect the variation characteristics of temporal and
spatial field of meteorological elements. The details of empirical orthogonal function are
the following:

(x,y,t) =) _ PC(t) x EOF(x,y) (1)

where Z(x, y, t) is the spatial-temporal field, PC is the principal time vectors, and EOF is
the principal loading field.

In this study, the Varimax-EOF, an REOF method, was used to handle variable field
SPEI The rotated loading patterns (REOFs) and rotated time coefficients (RPCs) could be
obtained based on the REOF analysis. Based on the EOF decomposition of the spatial—-
temporal vector field, REOF decomposition is used to rotate the maximum variance (or-
thogonal rotation) of the original matrix, so that the high load vector field under the same
spatial mode is concentrated in a few variables in some regions, and the other regions
are close to 0. After rotation, the characteristic field is more stable in temporal, and the
spatial distribution structure is clearer. Moreover, it is important to highlight the local
characteristics of the spatial abnormal distribution of climate elements.

2.3.3. Drought Indices

In order to quantify drought, it is particularly important to choose an appropriate
drought index, because there are many sources of uncertainty in predicting future droughts,
such as climate model uncertainty, future scenario uncertainty, drought index uncertainty,
and drought threshold uncertainty [31]. Among them, choosing a suitable drought index
is the most important factor influencing the uncertainty of future drought assessment. In
this study, we chose SPI and SPEI as drought indictors. SPI is the recommended index for
universal meteorological drought by the World Meteorological Organization [32]. Based
on the gamma distribution, we calculated the SPI1, SPI3, and SPI12. The calculation of
SPEl is based on the difference between precipitation (P) and potential evapotranspiration
(PET) [33]. The PET was calculated using the Penman-Monteith method, which has a more
physically robust calculation process [34] and is recommended by the United Nations Food
and Agriculture Organization (FAO) as the sole standard method to calculate PET. In this
study, we used the log-logistic distribution in the calculation of SPEI1, SPEI3, and SPEI12.
The following is the Penman—Monteith equation:

0.408A(Ry — G) + v %5 Untres (1 - £3)
A+v(1+0340,)

PET_pm = @)
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where A is the slope of the vapor pressure curve, Ry is monthly net radiation, G is the soil
heat flux, U, is the monthly mean wind speed at 2 m above the ground surface, v is the
psychometric constant, T is the monthly mean temperature (°C), e is the saturation vapor
pressure at a given air temperature, and Rh is the monthly mean relative humidity (%).

The SPEI and SPI were calculated by using SPEI and SPI package in R software. The
drought index classifications were listed in Table 1. Only severe and extreme droughts
were considered (Table 2).

Table 2. Drought index classifications for SPI and SPEIL.

Drought Classification Index Value
Extreme wet (EW) >2.00
Very wet (VW) From 1.50 to 1.99
Moderate wet (MW) From 1.00 to 1.49
Near normal (NN) From 0.99 to —0.99
Moderate drought (MD) From —1.00 to —1.19
Severe drought (SD) From —1.50 to —1.99
Extreme drought (ED) <-2.00

2.3.4. Frequency of Drought

In this study, we defined the severe drought or extreme drought as a drought event.
Drought frequency is defined as the ratio of severe or extreme drought months to total
drought months over a 30-year period. The drought frequency is calculated for each
drought index, drought scale, and drought subregion. The drought frequency is also
calculated from the historical period to the future period. The historical period refers to
1986 to 2005, and the future period is divided into 66 30-year periods from 2006 to 2100.
The first 30-year period is 2006-2035, the second 30-year period is 2007-2036, and the last
30-year period is 2071-2100. The drought frequency can be formulated as

n
DF, = ﬁf’s x 100% 3)

where 75 is number of severe or extreme drought (drought index < —1.5) months, Nj is

total number of months for the study period, and s is the sequence number of grid cell.

2.3.5. Average Drought Duration

The average drought duration is defined as the ratio of the total number of severe or
extreme drought months to the number of drought events in a 30-year period. Among
them, one drought event is a continuous occurrence of drought. The average drought
duration can be formulated as

average duration = % x 100% 4)
where 7 is number of severe or extreme drought (drought index < —1.5) months and N is
total number of drought events in 30-year period.

3. Results
3.1. The Regional Division of Drought

In this study, the SPEI was employed as a criterion for drought classification. Com-
bined with the REOF method, seven spatially well-defined subregions (SR) in CA were
identified and the characteristics of drought in each subregion was analyzed.

Figure 2 shows the REOF analysis results of SPEI observed by CRU on a 3-month
time scale. The first seven loadings show the most dominant patterns over Central Asia
(Figure 2h). The accumulative variance contribution of the first seven loadings was 65.6% of
the total variance. Therefore, it can be seen that the first seven loadings dominate drought
subregions over Central Asia. For SR1, the highest loadings were located in the central of
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Kazakhstan (Figure 2a); the variance contribution of this subregion is 26.1% of the total
variance. SR2 (Figure 2b) explains approximately 13.2% of the total variance, showing the
highest loadings in the southern part of Central Asia. SR3 (Figure 2c) explains about 7.6%
of the total variance, with its highest loadings in northeastern Kazakhstan. SR4 (Figure 2d)
explains approximately 5.3% of the total variance, and its highest loadings are in the eastern
part of Central Asia, including Kyrgyzstan and Tajikistan. For SR5 (Figure 2e), the highest
loadings are located in the northern part of Kazakhstan, which explains 4.79% of the total
variances. SR6 (Figure 2f) explains 4.5% of the total variance, with its highest loadings in
the southwest of Central Asia, including parts of the southwest of Kazakhstan, Uzbekistan,
and Turkmenistan. The SR7 explains the 4.1% of the total variance, and its highest loadings
were located in northwestern Kazakhstan.

Figure 2. Drought subregions in Central Asia; these are estimated based on SPEI3: (a) SR1, (b) SR2,
(c) SR3, (d) SR4, (e) SR5, (f) SR6, (g) SR7, (h) drought division.
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3.2. Assessment of the Performance of CMIP5 Simulations and the Effect of Bias Correction

The drought frequency was calculated for each climate model, SR, and drought
index. Dunnett multiple comparisons were applied to assess the performance of CMIP5
simulations and the effect of bias correction. Dunnett multiple comparison is a widely used
multiple comparison analysis method and provides comparison results between the single
group and multiple groups [35]. In this study, if the comparison results do not reject the Hy
(5% significance level) between the drought frequency of models and drought frequency
calculated by the observed data, we consider that the model has a good simulation effect.

The drought frequency of MME-all was calculated using 21 climate models, and
we chose the models which did not reject the Hy as MME-part. As shown in Figure 3,
the drought frequency of each model, MME-all, and MME-part were calculated for the
historical period (1986-2005) and were compared for observation using Dunnett multiple
comparison. As shown in Figure 3, most models show a larger mean than observation for
SPI for the entire CA and seven dominant SRs. This may be because most climate models
have great uncertainty about the projection of precipitation in CA. For SPEI1, SPEI3, and
SPEI12, most models show the opposite situations; these models show smaller means than
the observation (Figure 3).

In the MME-all, only SPI1 of SR6 and SPI2 of SR2 do not reject the Hy. This was due
to MME-all being affected by most of the models which rejected the Hy for SPI, SPEI, and
some SRs. It means that MME-all cannot be reproduced with the drought frequency of
observation. MME-part shows good consistency with observed data. Because MME-part
was composed of models that have no rejection Hy, it could be reproduced with the drought
frequency of observed data. In this study, Bayesian model averaging (BMA) was used to
reproduce the future drought conditions. Compared with simple model averaging, BMA
is considered to have the best potential to reproduce the future drought conditions in
dryland Asia [36].

I-month 3-month 12-month

SPEI

.- - .

1 3
1 i
z . 1
2 2

2| 2|22 2 2

2|2 2 2 2 2|2 |2

Larger mean than Obs 2| HOnot rejected Smaller mean than Obs

Figure 3. Result of Dunnett multiple comparisons between climate models simulation data and
observed data in the historical period.
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3.3. Future Drought Frequency

The drought frequency was calculated for SPI and SPEI in each SR under RCP 4.5
scenarios from 2006 to 2100. Dunnett multiple comparisons were used to test whether
future drought frequencies are consistent with the historical periods (Figures 4-9). The null
hypothesis Hj is that there is no difference in the frequency of severe or extreme drought
between future and historical periods, and the significance level is 0.05. The frequency of
severe or extreme drought in the future is larger than or smaller than the historical period,
which indicates that the severe or extreme drought frequency will increase or decrease in
the future.
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2000y i¥er fe 8%, fo f8eg 00,9882 es0800 5008 080ba0., 020080500 s!
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Figure 4. Frequency of drought based on SPI1 in entire CA (a), (b) SR1, (c) SR2, (d) SR3, (e) SR4,
(f) SR5, (g) SR6, and (h) SR7. Hist represents the drought frequency for historical period. Boxplots
display the values ranges of grids data belonging to corresponding drought subregions, and the
outliers are replaced by circles.

The analysis of future drought frequency was performed using MME-part for SPI and
SPEI throughout the CA and each SR. The boxplot shows each 30-year period severe or
extreme drought frequency distribution for all grids located in the corresponding SR. As
we can see from Figure 4a, in the future, the frequency of severe or extreme drought in
most years is between 0 and 0.05, which is significantly smaller than that in the historical
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period. It means that the future drought frequency will decrease based on SPI1 in CA.
The seven drought subregions also show the decreased drought frequency based on SPI1
(Figure 4b-h). The drought frequency in SR2 (Figure 4c) fluctuated between 0 and 0.1.
While the other SRs are below 0.05, especially in SR6 (Figure 4g) and SR7 (Figure 4h), the
severe or extreme drought frequency is lower than in the historical period.

2100

2100

Figure 5. Frequency of drought based on SPEI1 in entire CA (a), (b) SR1, (c) SR2, (d) SR3, (e) SR4,
(f) SR5, (g) SR6, and (h) SR7. Hist represents the drought frequency for historical period. Boxplots
display the values ranges of grids data belonging to corresponding drought subregions, and the
outliers are replaced by circles.

For SPEI1, the severe or extreme drought frequency is between 0 and 0.10 in CA
(Figure 5a). Before the period ending year (PEY) 2047, the drought frequency is smaller
than the historical period, and after PEY 2047, the frequency shows an increasing trend. In
2047, the drought frequency is larger than the historical period. The Hy was rejected for all
future periods for SR1 (Figure 5b), SR3 (Figure 5d), SR4 (Figure 5e), and SR6 (Figure 5g)
and show smaller means than the historical period. For SR2 (Figure 5c), SR5 (Figure 5f),
and SR7 (Figure 5h), drought frequency shows an increasing trend in the future period.
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No significant drought frequency change was detected based on SPI3 in the CA
(Figure 6a). The drought frequency shows a decrease, and the value is below 0.05 in the

future period. Results in the other SRs show the same downward trend.
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Figure 6. Frequency of drought based on SPI3 in entire CA (a), (b) SR1, (c) SR2, (d) SR3, (e) SR4,
(f) SR5, (g) SR6, and (h) SR7. Hist represents the drought frequency for historical period. Boxplots

display the values ranges of grids data belonging to corresponding drought subregions, and the

outliers are replaced by circles.

The future drought frequency based on SPEI3 is a decrease in the early future periods
in CA (Figure 7a), and an increase in the PEY 2055. For SR1 (Figure 7b), the values of

drought frequency between 2055 and 2100 are greater than or equal to the historical period,

and the values will increase continuously in the PEY 2055. The drought frequencies of
SR2 (Figure 7c) are larger than or equal to the historical period among PEY2059-PEY2074

and PEY2086-PEY2100. In early and middle future periods, SR5’s drought frequencies

(Figure 7f) show a downward trend, which increase in PEY2050-PEY2055 and PEY2086-
PEY2100. The results in SR3 (Figure 7c), SR4 (Figure 7e), SR6 (Figure 7g), and SR7 (Figure 7h)

are the same, both smaller than the historical period.
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For SPI12 (Figure 8), the drought frequencies were projected to decease for most years
in the future periods relative to the historical period over CA (Figure 8a). The drought

frequencies in SR1 (Figure 8b), SR2 (Figure 8c), SR3 (Figure 8d), SR4 (Figure 8e), SR5

Figure 7. Frequency of drought based on SPEI3 in entire CA (a), (b) SR1, (c) SR2, (d) SR3, (e) SR4,
(Figure 8f), SR6 (Figure 8g), and SR7 (Figure 8h) are smaller than the historical period.

(f) SR5, (g) SR6, and (h) SR7. Hist represents the drought frequency for historical period. Boxplots
display the values ranges of grids data belonging to corresponding drought subregions, and the

outliers are replaced by circles.

2040

Hist
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Figure 8. Frequency of drought based on SPI12 in entire CA (a), (b) SR1, (c) SR2, (d) SR3, (e) SR4,
As shown in Figure 9a, we can see that the future drought frequencies based on SPEI12
were declining relative to the historical period in the early future period in CA. From the

(f) SR5, (g) SR6, and (h) SR7. Hist represents the drought frequency for historical period. Boxplots
and later future periods are larger than those in the historical periods, and the drought

frequencies in the early future periods are smaller than the historical periods. The drought
frequencies in SR3 (Figure 9d), SR4 (Figure 9e), and SR7 (Figure 9h) are smaller than those

SR1 (Figure 9b), SR2 (Figure 9b), and SR6 (Figure 9g), the drought frequencies in middle
in the historical period.

display the values ranges of grids data belonging to corresponding drought subregions, and the
PEY2049 to PEY2100, the drought frequencies are larger than the historical period. In

outliers are replaced by circles.
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Figure 9. Frequency of drought based on SPEI12 in entire CA (a), (b) SR1, (c) SR2, (d) SR3, (e) SR4,
(f) SRS, (g) SR6, and (h) SR7. Hist represents the drought frequency for historical period. Boxplots
display the values ranges of grids data belonging to corresponding drought subregions, and the
outliers are replaced by circles.

3.4. Future Drought Duration

As with the frequency of drought, the duration of drought is an important variable to
describe drought condition. Drought duration refers to the start and end time of an event
during a drought. The drought event means that the drought indices (SPI and SPEI) are less
than —1.5. In this study, we employed the average duration of drought for each drought
index and SR. The null hypothesis is used for the case when there is no difference between
the future period and historical period. If the average value is larger or smaller than the
historical observation value, it indicates that the average drought duration will increase or
decrease in the future. We analyzed the average drought duration for both SPI1 and SPEI1.

The drought duration based on SPI1 in the future period is smaller than the historical
period in CA (Figure 10a). The same can be seen for the SR1 (Figure 10b), SR2 (Figure 10c),
SR3 (Figure 10d), SR4 (Figure 10e), SR5 (Figure 10f), SR6 (Figure 10g), and SR7 (Figure 10h);
the drought duration of the future period is smaller than the historical period.
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Figure 10. Duration of drought based on SPI1 in entire CA (a), (b) SR1, (c) SR2, (d) SR3, (e) SR4,
(f) SR5, (g) SR6, and (h) SR7. Hist represents the drought frequency for historical period. Boxplots
display the values ranges of grids data belonging to corresponding drought subregions, and the
outliers are replaced by circles.

For SPEI1, the average drought duration of most future periods in CA (Figure 11a) are
longer than historical period. In the SR1 (Figure 11b), SR2 (Figure 11c), SR3 (Figure 11d),
SR4 (Figure 11e), and SR6 (Figure 11g), decreases in drought duration were projected in the
future period. The drought duration was projected to increase in the later future period for
SR5 (Figure 11f). Only the drought duration showed an increase in all future periods for
SR7 (Figure 11h).
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Figure 11. Duration of drought based on SPEI1 in entire CA (a), (b) SR1, (c) SR2, (d) SR3, (e) SR4,
(f) SR5, (g) SR6, and (h) SR7. Hist represents the drought frequency for historical period. Boxplots
display the values ranges of grids data belonging to corresponding drought subregions, and the
outliers are replaced by circles.

4. Conclusions and Discussion

The characteristics of future drought changes in Central Asia were predicted by using
21 bias-correction climate models under RCP4.5. Dunnett multiple comparisons were
applied to detect if there is a difference between the future periods and historical periods.
SPI and SPEI of 1, 3, and 12 months were selected as drought indicators. Drought frequency
and drought duration are two important indicators to describe drought. We calculated
the frequency of droughts for each drought index, drought conditions, historical periods,
and future periods on timescales, with the aim of selecting suitable climate models such as
MME-part to reproduce the drought characteristic of the historical periods. The drought
frequency and duration of MME-part were calculated for each drought subregion and all
drought indexes to examine the future drought changes in CA.

The drought frequencies in the future periods based on SPI1 and SPI3 are similar. The
drought frequencies are smaller than the historical period and are below 0.05. In the entire CA
and other SRs, decreases in drought frequencies are projected based on SPI1 and SPI3 in all
future periods, but for the future drought frequency of SPI12, the average drought frequency



Atmosphere 2022, 13, 232 16 of 17

in Central Asia shows a consistent increase with SR6 in the later future periods. In other SRs,
the drought frequencies based on SPI12 are smaller than those of the historical periods and
show a decrease in all future periods. The characteristics of drought frequency based on SPEI
are different from SPI. The average drought frequencies of CA based on SPEI1, SPEI3, and
SPEI12 show a decrease in the early future periods as well as an increase in the middle and
later future periods. Different drought indices have different predictions about the frequency
of future droughts. It is found that the projected results of future drought frequency are
different based on SPI and SPEI. For instance, both SPI12 and SPEI12 can predict the increase
and decrease in future periods. However, SPEI12 predicts an increase in most future periods,
and SPI12 mostly predicts a decrease in average drought frequency in CA. These discrepancies
between SPI and SPEI are caused by the fact that SPI ignores temperature, evaporation, and
other climate variables, while SPEI applies evapotranspiration and considers the water and
heat balance. In general, SP1 is selected as the drought indicator, and the frequency of future
drought in Central Asia shows a deceasing trend, but for SPEI, the drought frequency shows
an increasing trend. The prediction results of different drought indices for future drought
frequency in Central Asia are completely different, which indicates the importance of selecting
the appropriate drought index.

As for the drought duration, the SPI and SPEI also show contrasting results in pre-
dicting the drought duration. For the average drought duration of CA, the future drought
duration based on SPI is not significantly different from the historical drought duration,
whereas the future drought duration based on SPEI decreases in the early future periods
and increases in the middle and later future periods.
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