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Abstract: Drought, one of the most common natural disasters that have the greatest impact on human
social life, has been extremely challenging to accurately assess and predict. With global warming,
it has become more important to make accurate drought predictions and assessments. In this
study, based on climate model data provided by the Inter-Sectoral Impact Model Intercomparison
Project (ISIMIP), we used the Palmer Drought Severity Index (PDSI) to analyze and project drought
characteristics and their trends under two global warming scenarios—1.5 ◦C and 2.0 ◦C—in Central
Asia. The results showed a marked decline in the PDSI in Central Asia under the influence of global
warming, indicating that the drought situation in Central Asia would further worsen under both
warming scenarios. Under the 1.5 ◦C warming scenario, the PDSI in Central Asia decreased first and
then increased, and the change time was around 2080, while the PDSI values showed a continuous
decline after 2025 in the 2.0 ◦C warming scenario. Under the two warming scenarios, the spatial
characteristics of dry and wet areas in Central Asia are projected to change significantly in the future.
In the 1.5 ◦C warming scenario, the frequency of drought and the proportion of arid areas in Central
Asia were significantly higher than those under the 2.0 ◦C warming scenario. Using the Thornthwaite
(TH) formula to calculate the PDSI produced an overestimation of drought, and the Penman–Monteith
(PM) formula is therefore recommended to calculate the index.

Keywords: PDSI; Central Asia; climate model; Thornthwaite method; Penman–Monteith method

1. Introduction

Drought is a natural phenomenon that deteriorates the affected region’s ecological environment
due to long-term deficits in precipitation and subsequent shortages in water supply [1,2]. Drought
not only affects the growth of crops and influences global food prices, but also contributes to political
unrest [3]. In accord with a broad range of affected systems, drought is divided into three categories:
agricultural drought, climate drought, and hydrological drought [4–6]. Drought poses a serious threat
to social and economic development: it caused the loss of over $200 billion between 1980 and 2014 [7]
and has become the most serious natural disaster threatening human life and property [4]. According
to the “Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC)” [8], global
warming will have an extremely negative impact on human and natural ecosystems. As the temperature
increases under global warming, the potential increase in evapotranspiration and temperature will
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lead to a further increase in the frequency and scale of drought [9]. Therefore, it is necessary to predict
and assess the risk of drought that may occur in the event of future global warming in order to adopt
measures to reduce the damage caused to people’s lives and livelihoods.

Research into the occurrence, severity, and extent of the impact of drought has been an arduous and
time-consuming task due to the complexity of the drivers [10]. To quantitatively evaluate the effects of
drought, researchers typically use factors such as precipitation, soil moisture, and evapotranspiration,
or a combination of these [11–16]. Many indicators taking into account different hydrological processes
have been proposed to quantify the magnitude of drought [17,18]. Common drought indicators include
the Palmer Drought Severity Index (PDSI) [19], the Surface Wetness Index (SWI) [20], the Standardized
Precipitation Index (SPI) [21], and the Standardized Precipitation–Evapotranspiration Index (SPEI) [22].
Among them, the PDSI is widely used in drought monitoring and detection and is based on the influence
of the magnitude of the water deficit, drought duration, water balance, a comprehensive consideration
of antecedent weather conditions, soil water content, and evapotranspiration [23]. The empirical
parameters used in the initial calculation of the PDSI were determined from observational data from
the midwestern United States, which leads to certain problems in the applicability of the PDSI to other
regions [24]. Based on monthly precipitation and temperature data, Dai et al. [25] used the PDSI to
calculate the global drought index distribution during 1900–1995, which indicated that an increase
in the percentage of both dry and wet areas is closely related to global warming and a shift in the El
Niño Southern Oscillation (ENSO) since the 1970s. In the 21st century, a self-calibrated PDSI (scPDSI)
method was proposed based on the original PDSI method and the use of historical data for each
site to correct the empirical coefficient in the original PDSI equation [26]. After the scPDSI method
was proposed, many researchers conducted comparative analyses of the results obtained using the
PDSI and scPDSI and found that in most areas, the correlation between the two was good. Moreover,
under certain extreme weather conditions, there were limited differences between the two drought
indices [27–31]. Despite continuous improvements to the PDSI, the original PDSI is still suitable
for the assessment of drought. In the past, the Thornthwaite (TH) empirical formula was used to
determine the potential evapotranspiration (ETp) in the calculation of the PDSI [32,33]. However, the
Penman–Monteith (PM) formula has a clearer physical meaning than the TH formula. Nevertheless,
despite the large differences between the ETp values calculated using the two formulas (PM and TH),
the final calculated PDSI results are similar [34]. Dai [28] used different methods to calculate ETp values
using global temperature and precipitation data from 1900 to 2008 and found that the differences
between the results obtained using different methods were minor.

Since the beginning of the 21st century, increasing numbers of studies have reported global
warming [8,35,36]. By 2050, global temperatures are projected to rise by 0.7–2.4 ◦C compared to the
period 1986–2005 [37,38]. To reduce the risks and impacts of frequent natural disasters caused by
global warming, the United Nations Framework Convention on Climate Change (UNFCCC) has
stressed the need to maintain the increase in the global average surface temperature to well below
2.0 ◦C above preindustrial levels and to pursue efforts to limit the temperature increase to 1.5 ◦C
above preindustrial levels [7,35]. Many studies have shown that under an extreme global climate, and
particularly under warming conditions, the frequency of drought will increase [39–43]. The Coupled
Model Intercomparison Project Phase 5 (CMIP5), organized by the World Climate Research Programme
(WCRP), provides multimodel simulations for predicting climate changes [44,45]. Using two climate
models and four drought indices, Burke et al. [46] produced global drought simulations. They identified
large uncertainties in the changes in drought severity in arid regions and stressed the consequent
need for the use of an appropriate drought index. Significant differences in predicted PDSI values
were reported between eastern and western China in the CMIP5 [47]. The predicted PDSI values
under the representative concentration pathway (RCP) 4.5 scenario indicated that the number of
droughts in western China would increase and that the size of the wet areas would decrease [48,49].
Central Asia is the largest nonzonal arid region in the world and is currently experiencing the most
serious ecological degradation in Asia. This includes frequent and severe droughts [50,51]. Drought
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has become the dominant factor constraining the economic and social development of Central Asia.
However, relatively few studies have assessed droughts in Central Asia, and these studies have relied
mainly on a small number of ground observation sites and have provided evaluations for small spatial
regions with limited time scales.

In this study, we used calibrated climate model data from the Inter-Sectoral Impact Model
Intercomparison Project (ISIMIP) to calculate the PDSI in Central Asia to analyze the spatiotemporal
variations of drought in that region under two different warming scenarios—1.5 ◦C and 2.0 ◦C—and to
explore and analyze the meteorological factors affecting the PDSI. Our objectives were (1) to study the
proportion of arid areas in Central Asia from 1861 to 2099 based on the PDSI, as well as the drought
trend and frequency; (2) to compare the variation law and characteristics of drought under the two
warming scenarios in Central Asia; and (3) to compare two methods of calculating the PDSI, namely
PDSI_PM, which uses the PM formula to calculate the evapotranspiration, and PDSI_TH, which uses
the TH formula.

2. Materials and Methods

2.1. Study Area

The Central Asian region (covering an area of 563.8× 104 km2) includes Turkmenistan, Kyrgyzstan,
Uzbekistan, Tajikistan, Kazakhstan, and the Xinjiang region of China (Figure 1). It is located between
34.34 and 55.43◦ N and between 46.49 and 96.37◦ E. The region experiences a typical continental climate
of an inland arid area, with cold winters, hot summers, and low annual precipitation ranging from
125 to 289 mm [52,53]. Precipitation in the region is generally lower in the eastern and western regions.
Evaporation greatly exceeds precipitation, and the average annual temperatures are highly variable.
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2.2. Global Warming Scenarios of 1.5 ◦C and 2.0 ◦C

The IPCC Fifth Assessment Report showed that the mean global surface temperature increased
by 0.61 ◦C from 1986 to 2005 compared to preindustrial levels [54]. Global warming of 1.5 ◦C and
2.0 ◦C can be defined through different methods [55]. Besides, due to differences in the data used,
the evaluation results are also different (1.5 ◦C and 2.0 ◦C warming thresholds will be reached
point-in-time). The 1.5 ◦C and 2.0 ◦C warming thresholds will be reached in 2020–2039 (RCP2.6,
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corresponding to increases in radiative forcing in the year 2100 being 2.6 W/m2 relative to preindustrial
values) and 2040–2059 (RCP4.5) according to ISIMIP data, respectively [56].

2.3. Climate Modeling Data

This article uses ISIMIP-2b climate model data. ISIMIP-2b provides multiple bias-corrected climate
models from the CMIP5. We selected four climate models (GFDL-ESM2M, MIROC5, IPSL-CM5A-LR,
and HadGEM2-ES) under the RCP2.6 and RCP4.5 scenarios. Specific information on the four climate
models is shown in Table 1. To facilitate the comparison, the four model datasets are regridded to a
horizontal grid resolution of 0.5◦ × 05◦ using a bilinear interpolation algorithm for the Northern China
region. The climate model data used in this study ranged from 1861 to 2099, with a total of 239 years of
climate model data. The climate model data included precipitation, minimum temperature, maximum
temperature, wind speed, shortwave radiation, specific humidity, altitude, elevation, albedo, latitude,
and longitude. Information on the soil effective water holding capacity (AWC) was sourced from the
Regridded Harmonized World Soil Database (https://daac.ornl.gov).

Table 1. List of the four Inter-Sectoral Impact Model Intercomparison Project (ISIMIP) climate models
used in the analysis.

Model Institution Country Original Resolution
(Lat × Lon)

GFDL-ESM2 M Geophysical Fluid Dynamics Laboratory USA 2.5◦ × 2.0◦

HadGEM2-ES Met Office Hadley Center UK 1.875◦ × 1.258◦

IPSL-CM5A-LR Institute Pierre Simon Laplace France 3.75◦ × 1.98◦

MIROC5 Model for Interdisciplinary Research on Climate Japan 1.4◦ × 1.4◦

2.4. Drought Index Calculation

Palmer defined drought as the period of time in months or years during which the actual water
supply is lower than the expected water supply [19]. The calculation of the PDSI is based on a simple
two-layer soil model that is based on the following assumptions: (1) moisture cannot be removed from
the lower soil layer until all available moisture has been removed from the surface soil layer; (2) runoff

occurs only when both the surface soil layer and lower soil layer are saturated; (3) evapotranspiration
loss from the surface soil layer takes place at a potential rate; and (4) evapotranspiration loss from the
lower soil layer depends on the initial moisture content of this layer and the combined AWC values in
both soil layers [24]. The amount of water exchanged between the two soil layers is calculated by a
soil–water balance equation, and the precipitation (P̂) is calculated as follows:

P̂ = αiPE + βiPR + γiPRO− δiPL, (1)

where P̂ represents the amount of precipitation needed to maintain a normal soil moisture level for
a month; PE, PR, PRO, and PL represent potential evapotranspiration, potential soil water recharge,
potential runoff, and loss, respectively; and α, β, γ, and δ represent their respective coefficients. These
coefficients are calculated as follows:

αi =
ETi

PEi
βi =

Ri

PRi
γi =

ROi
PROi

δi =
Li

PLi
. (2)

The bar over each parameter in Equation (2) represents the average value over multiple months; and
ET, R, RO, and L represent the evapotranspiration, soil water recharge, runoff, and loss, respectively [57].

The difference between the actual precipitation (P) in a given month and the computed precipitation
(P̂) under the existing conditions is called the moisture departure (d). This parameter is calculated
as follows:

d = P− P = P− (αiPE + βiPR + γiPRO− δiPL). (3)

https://daac.ornl.gov
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The moisture departure can have different meanings for the surface water balance at different
locations and at different times. To correct for this, the moisture departure was weighted by the climate
characteristic coefficient (K) of the corresponding month, where K for month i was defined by Palmer
(using data from the central United States) as follows:

Ki =
17.67∑12

j=1 D jK′J
K′i , (4)

K′i = 1.5 log10


PEi+Ri+ROi

Pi+Li
+ 2.8

Di

+ 0.5, (5)

where K′i is Palmer’s general approximation for the climate characteristic of a location, Di is the average
moisture departure for the corresponding month, and 17.67 is an empirical constant.

Multiplying d and K gives what is called the moisture anomaly index (Z), or Palmer’s Z, as shown
in Equation (6):

Z = dk. (6)

The Z index is used to show how wet or dry it was during a given month without regard to recent
precipitation trends [26]. The Z index was used to compute the PDSI value for a given month using the
general formula

Xi = 0.897Xi−1 +
(1

3

)
Zi, (7)

where Xi is the PDSI value of the current month and X(i−1) is the PDSI value of the previous month.
The quantities 0.897 and 1/3 are called the duration factors. Table 2 provides the PDSI dryness and
wetness grading standards [26].

Table 2. The Palmer Drought Severity Index (PDSI) dryness/wetness grade.

PDSI Wet and Dry Grade PDSI Wet and Dry Grade

≥4 Extremely wet ≥−2~−1 Mild drought
≥3~4 Very wet ≥−3~−2 Moderate drought
≥2~3 Moderately wet ≥−4~−3 Severe drought
≥1~2 Slightly wet <−4 Extreme drought

Jacobi et al. [58] developed a program to calculate the PDSI using MATLAB software (MathWorks,
Natick, MA, USA). In the program, the Thornthwaite formula is used to calculate ETp. Additionally,
Ficklin et al. [59] developed an improved version of the original PDSI program that added a variety of
potential evaporation formulas, including the Penman–Monteith formula (recommended by FAO), and
further optimized the PDSI calculation program [34]. In this study, we used the improved version of
Ficklin et al. [59] to calculate the PDSI in Central Asia. First, climate model data for Central Asia were
extracted from ISIMIP-2b, and then the various data were normalized according to the PDSI program.
Finally, monthly PDSI values for all sites in Central Asia were obtained by running the model.

2.5. Statistical Analysis

The Mann–Kendall (M–K) trend analysis method [60] was used to analyze the trend and change
in PDSI values under the two warming scenarios (1.5 ◦C and 2.0 ◦C) in Central Asia. The empirical
orthogonal function (EOF) was used to explore the future variations in the spatial distribution
of the PDSI values in Central Asia under the warming scenarios. EOF analysis decomposes the
spatiotemporal variable field to the spatial function of a single variable and the temporal function of a
single variable and can be utilized to objectively explain the structure of the variability within a dataset
to analyze relationships between a set of variables [61]. In the EOF analysis, the PDSI data throughout
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Central Asia were first preprocessed by anomaly analysis to obtain the corresponding matrix. Then,
the cross-product of the matrix and its transpose matrix was calculated to obtain the square matrix,
and the eigenvalues and eigenvectors of the square matrix were calculated. The eigenvector obtained
was the EOF mode corresponding to the eigenvalues. Finally, the EOF was projected onto the original
matrix to obtain the temporal coefficients corresponding to the spatial eigenvectors. MATLAB was
used for all of the calculation processes implemented to analyze the data [62]. The framework of this
study was as follows (in Figure 2).

Sustainability 2019, 11, 4421 6 of 19 

throughout Central Asia were first preprocessed by anomaly analysis to obtain the corresponding 
matrix. Then, the cross-product of the matrix and its transpose matrix was calculated to obtain the 
square matrix, and the eigenvalues and eigenvectors of the square matrix were calculated. The 
eigenvector obtained was the EOF mode corresponding to the eigenvalues. Finally, the EOF was 
projected onto the original matrix to obtain the temporal coefficients corresponding to the spatial 
eigenvectors. MATLAB was used for all of the calculation processes implemented to analyze the data 
[62]. The framework of this study was as follows (in Figure 2).  

 
Figure 2. Framework of this study. 

3. Results 

3.1. Temporal Variation in the Palmer Drought Severity Index (PDSI) 

The temporal variation in the PDSI in Central Asia under the warming scenarios (1.5 °C and 2.0 
°C) was analyzed. The annual PDSI in Central Asia, shown in Figure 3, is the result of a weighted 
average based on the different climate models. From 1861 to 2099, the PDSI showed a downward 
trend under both scenarios, indicating that future drought would intensify, particularly after 2000 
(Figure 3). Under different warming scenarios, the PDSI in Central Asia showed an obvious 
interannual variation. Central Asia was predicted to be in a drought state between 2000 and 2099 
under both warming scenarios, as the shift from wet to dry conditions was more pronounced; 
however, under both future scenarios, the results were in the mild drought category, as shown in 
Table 2. Under global warming (1.5 °C and 2.0 °C), the calculation of the PDSI using the PM and TH 
formulas obtained different results between 1861 and 2005. After 2005, due to the further rise in global 
temperature, the PDSI values obtained by the two methods were similar, reflecting a dry state. This 
was consistent with the results of Dai [28]. 

 
Figure 3. The annual Palmer Drought Severity Index (PDSI) in Central Asia under global warming 
scenarios of 1.5 °C (a) and 2.0 °C (b). PDSI_PM: PDSI calculated by the Penman–Monteith (PM) 
formula; PDSI_TH: PDSI calculated by the Thornthwaite (TH) formula. 

Figure 2. Framework of this study.

3. Results

3.1. Temporal Variation in the Palmer Drought Severity Index (PDSI)

The temporal variation in the PDSI in Central Asia under the warming scenarios (1.5 ◦C and
2.0 ◦C) was analyzed. The annual PDSI in Central Asia, shown in Figure 3, is the result of a weighted
average based on the different climate models. From 1861 to 2099, the PDSI showed a downward trend
under both scenarios, indicating that future drought would intensify, particularly after 2000 (Figure 3).
Under different warming scenarios, the PDSI in Central Asia showed an obvious interannual variation.
Central Asia was predicted to be in a drought state between 2000 and 2099 under both warming
scenarios, as the shift from wet to dry conditions was more pronounced; however, under both future
scenarios, the results were in the mild drought category, as shown in Table 2. Under global warming
(1.5 ◦C and 2.0 ◦C), the calculation of the PDSI using the PM and TH formulas obtained different results
between 1861 and 2005. After 2005, due to the further rise in global temperature, the PDSI values
obtained by the two methods were similar, reflecting a dry state. This was consistent with the results
of Dai [28].
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PDSI_TH: PDSI calculated by the Thornthwaite (TH) formula.
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Under the global warming scenarios of 1.5 ◦C and 2.0 ◦C, the PDSI showed a significant downward
trend compared to the historical reference period (1986–2005) (Figure 4). In the 1.5 ◦C warming scenario,
the mean PDSI values during the historical period (1986–2005) were 1.37 and 1.16 for the PM and TH
calculations, respectively, and those for the 2.0 ◦C warming scenario were 0.73 and 0.48 for the PM
and TH calculations, respectively. For temperature rises of 1.5 ◦C and 2.0 ◦C, the PDSI was below
zero, indicating a significant drought. Similar trends in the PDSI were obtained by the PM (Figure 4a)
and TH (Figure 4b) calculations. The aridification of Central Asia was notable under both scenarios
post-2005, although there were differences between the PDSI values for each scenario. The mean PDSI
obtained for the 1.5 ◦C warming scenario (−1.36) was lower than that obtained for the 2.0 ◦C warming
scenario (−0.98), indicating a more serious drought under the former scenario. In the 1.5 ◦C warming
scenario, the rates of PDSI change obtained using the PM formula and the TH formula were −0.197/per
decade and −0.159/per decade, respectively. In the 2.0 ◦C warming scenario, the rates of PDSI change
obtained using the PM formula and the TH formula were −0.185/per decade and −0.094/per decade,
respectively. Overall, both methods showed decreasing PDSI trends.

Sustainability 2019, 11, 4421 7 of 19 

Under the global warming scenarios of 1.5 °C and 2.0 °C, the PDSI showed a significant 
downward trend compared to the historical reference period (1986–2005) (Figure 4). In the 1.5 °C 
warming scenario, the mean PDSI values during the historical period (1986–2005) were 1.37 and 1.16 
for the PM and TH calculations, respectively, and those for the 2.0 °C warming scenario were 0.73 
and 0.48 for the PM and TH calculations, respectively. For temperature rises of 1.5 °C and 2.0 °C, the 
PDSI was below zero, indicating a significant drought. Similar trends in the PDSI were obtained by 
the PM (Figure 4a) and TH (Figure 4b) calculations. The aridification of Central Asia was notable 
under both scenarios post-2005, although there were differences between the PDSI values for each 
scenario. The mean PDSI obtained for the 1.5 °C warming scenario (−1.36) was lower than that 
obtained for the 2.0 °C warming scenario (−0.98), indicating a more serious drought under the former 
scenario. In the 1.5 °C warming scenario, the rates of PDSI change obtained using the PM formula 
and the TH formula were −0.197/per decade and −0.159/per decade, respectively. In the 2.0 °C 
warming scenario, the rates of PDSI change obtained using the PM formula and the TH formula were 
−0.185/per decade and −0.094/per decade, respectively. Overall, both methods showed decreasing 
PDSI trends. 

 
Figure 4. Interannual variation in the PDSI in Central Asia under warming scenarios of 1.5 °C and 2.0 
°C as a 10-year moving average obtained using the PM formula (a) and the TH formula (b). The yellow 
shaded area is the historical reference period (1986–2005), the red shaded area is the 1.5 °C warming 
scenario (2020–2039), and the blue shaded area is the 2.0 °C scenario (2040–2059). 

The M–K trend test was used to analyze the PDSI values under different conditions in order to 
explore the variation trends and changes of the PDSI in Central Asia. The M–K trend analysis 
indicated that the PDSI values in the different periods were significantly different. In historical period 
1861–2005, the M–K trend analysis showed that PDSI values in Central Asia decreased first and then 
increased. From 1861 to 1940, PDSI values in Central Asia showed a decreasing trend. The PM 
formula calculation indicated that the PDSI change point occurred around 1960, while the TH 
formula calculation showed that the change point occurred around 1940 (Figure 5a,b). After the 
change point, PDSI values began to increase in Central Asia, and the trend in the PDSI increased 
further after 1990 (α = 0.05).  

Figure 4. Interannual variation in the PDSI in Central Asia under warming scenarios of 1.5 ◦C and 2.0 ◦C
as a 10-year moving average obtained using the PM formula (a) and the TH formula (b). The yellow
shaded area is the historical reference period (1986–2005), the red shaded area is the 1.5 ◦C warming
scenario (2020–2039), and the blue shaded area is the 2.0 ◦C scenario (2040–2059).

The M–K trend test was used to analyze the PDSI values under different conditions in order to
explore the variation trends and changes of the PDSI in Central Asia. The M–K trend analysis indicated
that the PDSI values in the different periods were significantly different. In historical period 1861–2005,
the M–K trend analysis showed that PDSI values in Central Asia decreased first and then increased.
From 1861 to 1940, PDSI values in Central Asia showed a decreasing trend. The PM formula calculation
indicated that the PDSI change point occurred around 1960, while the TH formula calculation showed
that the change point occurred around 1940 (Figure 5a,b). After the change point, PDSI values began
to increase in Central Asia, and the trend in the PDSI increased further after 1990 (α = 0.05).
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Figure 5. Mann–Kendall (M–K) trend analysis of changes in the PDSI in Central Asia. (a) PDSI_PM
during the historical period. (b) PDSI_TH during the historical period. (c) PDSI_PM under the 1.5 ◦C
warming scenario. (d) PDSI_TH under the 1.5 ◦C warming scenario. (e) PDSI_PM under the 2.0 ◦C
warming scenario. (f) PDSI_TH under the 2.0 ◦C warming scenario.

The results of the calculation with the PM formula showed that in different warming scenarios
(1.5 ◦C and 2.0 ◦C), the overall PDSI trend first increased and then decreased. Under the 1.5 ◦C warming
scenario, the PDSI showed an increasing change from 2010 to 2030 and then decreased after 2030, with
a significant downward trend around 2055. The change point in the PDSI appeared around 2080, and
the change in the PDSI increased after the change point. Under the 2.0 ◦C warming scenario, PDSI
values presented an increasing change between 2010 and 2025. The change point occurred around 2025,
and the PDSI showed a downward trend from the change point to 2100, with a significant downward
trend from 2045 to 2070 (α = 0.05). The PDSI trend calculated with the TH formula was similar to that
calculated by the PM formula under different warming scenarios. Under the 1.5 ◦C warming scenario,
the M–K trend analysis of the PDSI obtained by the two calculation formulas both showed a trend of
increasing first and then decreasing, but there were some differences in the change point. The M–K
trend analysis of the PDSI obtained by the two calculation formulas had a similar trend in the 2.0 ◦C
warming scenario, and the change point was also very close.

3.2. Spatial Variation in the PDSI

To calculate the drought frequency in the entire study period, the PDSI values for all years in the
study period were counted, and when the PDSI was less than −1, the year was recorded as a drought
year. This drought frequency was used to assess the frequency of drought in Central Asia. In the
base period, the drought frequency was mainly between 0% and 40% in most parts of Central Asia,
although it was higher than 60% in certain areas. Similar spatial distributions of the PDSI were obtained
using the PM and TH formulas (Figure 6(a1,a2)). The spatial distribution of drought frequency in
Central Asia was similar under the two warming scenarios. The frequency of drought in most parts of
Turkmenistan was between 20% and 40%, with certain regions in southern Turkmenistan exhibiting
values greater than 40% and certain areas even exceeding 60%, which represented a high frequency in
Central Asia. In parts of southwest Kazakhstan and northern Xinjiang, the drought frequencies also
exceeded 40%.
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Under the 1.5 ◦C warming scenario (Figure 6(b1,b3)), the frequency of drought increased
significantly, exceeding 40% in most areas, especially in the northern part of Turkmenistan, the central
part of Uzbekistan, and most of the central and southern parts of Xinjiang, where the drought frequency
was higher than 80%. In regions with historically low drought frequencies, such as the northern part
of Kazakhstan and parts of northern Xinjiang, the drought frequency was between 20% and 40%.
The PDSI results obtained using the PM and TH formulas were similar across the entire study area,
although differences were observed in certain areas. In the 2.0 ◦C warming scenario (Figure 6(b2,b4)),
the drought frequency was lower than that under the 1.5 ◦C warming scenario, and it was mainly
between 40% and 80% in most parts of the study area, although it was higher than 80% in central
Xinjiang and parts of Turkmenistan. Under the 1.5 ◦C and 2.0 ◦C warming scenarios, the drought
frequency in Central Asia was 67.6% and 54.8%, respectively. Compared to the 2.0 ◦C warming scenario,
the 1.5 ◦C warming scenario was more likely to lead to drought in Central Asia.

By comparing the warming and baseline periods, it was clear that the drought frequency
throughout the region showed a significant increasing trend higher than 40% for most regions. Under
the 1.5 ◦C warming scenario (Figure 6(c1,c3)), the frequency of drought increased significantly in most
of Central Asia and reached up to 80% in most parts of south-central Xinjiang and parts of Kazakhstan.
Compared to the baseline period, parts of Turkmenistan and northern Xinjiang showed a declining
drought frequency, usually below 40%. Under the 2.0 ◦C warming scenario (Figure 6(c2,c4)), the increase
in the frequency of drought was evident in most regions, including most parts of Uzbekistan, southern
Kazakhstan, and southern Xinjiang. While the drought frequency was generally greater than 40%,
decreasing drought frequency was evident for a small part of Turkmenistan and northern Xinjiang, i.e.,
a drought frequency more than 20% lower than that of the base period. In this case, the PDSI results
using the PM and TH formulas were similar.
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Figure 6. Spatial distribution of the drought frequency in Central Asia under the 1.5 ◦C warming
scenario and 2.0 ◦C warming scenario, ‘a’ Base period, 1986–2005, ‘b’ the periods of temperature rise
for the 1.5 ◦C and 2.0 ◦C scenarios, ‘c’ the change in the drought frequency relative to the base period
(1986–2005) during the warming period. The different numbers in the top right-hand corners of the
maps represent different simulation results: 1 denotes the PDSI_PM under the 1.5 ◦C warming scenario,
2 denotes the PDSI_PM under the 2.0 ◦C warming scenario, 3 denotes the PDSI_TH under the 1.5 ◦C
warming scenario, and 4 denotes the PDSI_TH under the 2.0 ◦C warming scenario.
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The first modal variance contribution rates of the PDSI in the EOF analysis under the four
conditions—the 1.5 ◦C warming scenario using the PM formula, the 1.5 ◦C warming scenario using the
TH formula, the 2.0 ◦C warming scenario using the PM formula, and the 2.0 ◦C warming scenario
using the TH formula—in Central Asia were 27.4%, 38.7%, 22.6%, and 68.7%, respectively (Figure 7).
The first mode of the EOF could reflect the spatial distribution characteristics of the most dominant
spatial distribution of drought in Central Asia [63]. Thus, the first mode of drought was analyzed in
our study. In the PM formula, the spatial distribution characteristics of the PDSI results under the
warming scenarios (1.5 ◦C and 2.0 ◦C) in Central Asia were different. There were positive and negative
PDSI spatial coefficients throughout Central Asia, indicating that there were both wet and dry areas
in the study area under the different warming scenarios (Figure 7a,b). Under the 1.5 ◦C warming
scenario (Figure 7a), the spatial coefficient for most of Central Asia was greater than zero, while the
spatial coefficient of southern Xinjiang, Northern Kazakhstan, and parts of Turkmenistan was less than
zero. The corresponding temporal coefficient was significantly different from year to year (α < 0.05),
suggesting frequent changes in dry and wet characteristics in Central Asia in the future. Between 2005
and 2100, the temporal coefficient of most years was positive, indicating that most parts of Central Asia
were in a humid state, while drought occurred in southern Xinjiang, parts of northern Kazakhstan, and
parts of Turkmenistan. The negative temporal coefficient indicated that the distributions of dry and
wet areas in Central Asia showed opposite changes. Under the 2.0 ◦C scenario (Figure 7b), compared
to the 1.5 ◦C scenario, the regions with a negative spatial coefficient in Central Asia were significantly
larger than the regions with a positive spatial coefficient, and the results of the PDSI showed that
the spatial coefficient was positive in the western and eastern parts of Kazakhstan and the northern
parts of Xinjiang, while other parts of Central Asia were negative. The corresponding time coefficient
showed a small annual variation. In Central Asia, the corresponding time coefficient for most years
was greater than zero, which indicated that the spatial distribution of dry and wet in Central Asia
would continue further.Sustainability 2019, 11, 4421 11 of 19 
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Figure 7. The spatial distribution of the first modal eigenvector field (above) and the corresponding
temporal coefficient of the empirical orthogonal function (EOF) analysis (below) of the PDSI in Central
Asia. (a) PDSI_PM under the 1.5 ◦C warming scenario. (b) PDSI_PM under the 2.0 ◦C warming scenario.
(c) PDSI_TH under the 1.5 ◦C warming scenario. (d) PDSI_TH under the 2.0 ◦C warming scenario.

The spatial distribution of the PDSI calculated by two formulas (PM and TH) was similar in
Central Asia under the 1.5 ◦C warming scenario, and the spatial coefficient for most of Central Asia
was greater than zero. In the TH calculation, the corresponding time coefficient varied significantly
year by year, which was similar to the variation trend of the results calculated by using the PM
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calculation. Under the 2.0 ◦C warming scenario, the spatial distribution of the PDSI calculated by
the two formulas was very different. In the TH calculation, only parts of central Kazakhstan and
parts of northwest Xinjiang had a positive spatial coefficient, while the rest of Central Asia had a
negative spatial coefficient. Compared to the calculation result of the PM calculation, this spatial
distribution result was obviously different, and the regions with a positive spatial coefficient also
showed a decrease. The temporal coefficient showed that the spatial trend of the dry–wet distribution
in Central Asia changed significantly (α < 0.05) on an interannual scale. When the time coefficient was
positive, the central part of Kazakhstan and the eastern part of Xinjiang were in a humid state, and
other parts of Central Asia were in a dry state: when the coefficient was negative, the distribution of
dry and wet areas in Central Asia showed an opposite change (Figure 7b,d).

3.3. Spatiotemporal Trend in the PDSI

An analysis of the drought conditions was conducted using the proportion of the arid area to the
total area and the PDSI trends in Central Asia under the warming scenarios. The proportion of arid
areas in Central Asia fluctuated significantly from year to year. In the PM formula, the proportion of
arid areas in Central Asia varied greatly under different warming scenarios, and the mean value of
the proportion of arid areas was 54.2% and 38.9% (1.5 ◦C and 2.0 ◦C), respectively. The proportion of
arid areas in Central Asia was significantly higher in the 1.5 ◦C warming scenario than in the 2.0 ◦C
warming scenario (Figure 8a,c). Under the 1.5 ◦C warming scenario, the maximum average proportion
of arid areas during 2025–2040 was more than 60%. Under the 2.0 ◦C warming scenario, the proportion
of arid areas in Central Asia was relatively low. The largest proportion of arid areas was found in
2025–2035 and 2070–2090, with values of 48.9% and 47.2%, respectively. The average proportion of arid
areas was 38.9%, which was lower than in the 1.5 ◦C scenario. After 2020, the proportion of arid areas
fluctuated greatly. The PDSI values calculated using the TH formula were similar to those calculated
using the PM formula, with similar trends in the predicted proportion of arid areas in the future.Sustainability 2019, 11, 4421 12 of 19 
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The multiyear change rate in the PDSI under the warming scenarios was calculated separately for
the two periods, namely 2006–2055 and 2056–2099. During 2006–2055, the change rate in the PDSI
for most parts of Central Asia was −0.1 to 0.1/50 years. In the PM calculation, negative PDSI rates
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of change were observed for most of northern Kazakhstan, western Xinjiang, and parts of Tajikistan
and Uzbekistan, indicating increasing drought levels in the future. Positive change rates in the PDSI
were evident in southern Kazakhstan and the northern regions of Xinjiang, indicating decreases in the
magnitude of drought under the 1.5 ◦C warming scenario. Under the 2.0 ◦C warming scenario, except
for a small part of eastern Xinjiang, a negative change rate in the PDSI was evident, along with an
increased magnitude of drought (Figure 9(a1,a2)).
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Figure 9. Spatial distribution of the multiyear change rate in the PDSI in Central Asia from 2006–2055 (a)
and 2056–2099 (b). Numbers 1, 2, 3, and 4 in the top left-hand corners of the maps represent PDSI_PM
under the 1.5 ◦C warming scenario, PDSI_PM under the 2.0 ◦C warming scenario, PDSI_TH under the
1.5 ◦C warming scenario, and PDSI_TH under the 2.0 ◦C warming scenario, respectively.

Compared to the results of the PM formula, the results from the TH formula showed that the
areas with positive PDSI change rates increased. In the TH calculation, there were significant spatial
distribution differences in the change rates in the PDSI in Central Asia under different warming
scenarios. Under the 1.5 ◦C warming scenario, the spatial distribution of the PDSI change rate in
Central Asia was similar to the result of the PM calculation, and the areas with a positive rate of
change further expanded. Meanwhile, under the 2.0 ◦C warming scenario, the areas with a positive
PDSI change rate further decreased, and the areas with more severe drought in Central Asia further
increased (in the future).

Between 2056 and 2099, the change rate in the PDSI across most of Central Asia was between
−0.1 and 0.1/45 years. The area with a change rate in the PDSI greater than zero in 2056–2099 was
significantly larger than that for the period 2006–2055. According to the PDSI calculation using the PM
formula under the 1.5 ◦C warming scenario, the change rate in the PDSI for most of the southern parts
of Central Asia, namely Turkmenistan, Tajikistan, and Uzbekistan, was positive, and a wetting trend
was evident. In most parts of Kazakhstan and parts of eastern Xinjiang, the change rate in the PDSI
was negative, and a drought trend was evident. Under the 2.0 ◦C warming scenario, the area of Central
Asia with reduced drought intensity was significantly smaller than that under the 1.5 ◦C scenario.
Regions with positive PDSI variability were concentrated in western and eastern Kazakhstan and most
of Xinjiang, where drought conditions were expected to weaken between 2056 and 2099. The area with
an increased change rate in the PDSI calculated using the TH formula was almost the same as that
calculated using the PM formula, but the distribution was different. A positive change rate in the PDSI
was concentrated mainly in the eastern part of Xinjiang and the western part of Kazakhstan, with the
values in certain areas exceeding 0.2/45 years (Figure 9(b1–b4)).
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4. Discussion

4.1. Influence of Different Evapotranspiration Calculation Methods on the PDSI

The calculation of potential evapotranspiration is an important part of the PDSI calculation
process [64]. In the original PDSI model, the Thornthwaite empirical formula was used to calculate
potential evapotranspiration due to the difficulty in collecting long-term observations of a variety
of meteorological elements. The Thornthwaite formula needs only two variables, temperature and
latitude. This formula has low requirements for input data in the calculation of evapotranspiration
and has therefore been widely used [46]. However, the Thornthwaite formula also has certain
problems. In the context of global warming, the relationship between short-wave radiation and
potential evapotranspiration estimated using the Thornthwaite formula based on a certain latitude
and temperature will also change, which will lead to an error in the calculation of the potential future
evapotranspiration [65]. In contrast, the Penman–Monteith formula is more accurate in calculating
potential evapotranspiration [66,67].

In our study, the calculation of the PDSI was performed using two calculation methods for
potential evapotranspiration (PDSI_TH and PDSI_PM). The results showed that under the 1.5 ◦C
warming scenario, the average PDSI values in Central Asia were −1.35 and −1.51 for the PDSI_PM and
PDSI_TH methods, respectively, while the drought frequencies were 67.6% and 71.3%, respectively.
The proportion of arid areas calculated using the PM formula was 49.8%, which was slightly lower
than the result obtained using the TH formula, 51.5%. Compared to the PM method, the TH method
showed an overestimation of both the drought frequency and the proportion of arid areas in Central
Asia, showing more severe drought in Central Asia. This result was consistent with the findings of
Sheffield [68]. Affected by global warming, further changes in the relationship between precipitation
and evapotranspiration will directly affect the underlying surface water balance, which will affect the
frequency, intensity, and duration of drought [69,70]. Compared to the PM formula, the use of the
TH formula leads to an error in the potential evapotranspiration calculation [71,72], which in turn
leads to an overestimation of future drought frequency and risk conditions, which is more pronounced
in the context of global warming [68]. Therefore, in PDSI calculations, continuous improvements
to the potential evapotranspiration calculation method are the key to improving the accuracy of
drought simulation.

4.2. Characteristics of Drought Variation in Central Asia under Different Warming Scenarios

Many studies have shown that with the impact of global temperature increases, the frequency,
duration, and intensity of droughts in most parts of the world under different warming scenarios
(1.5 ◦C and 2.0 ◦C) will all increase to some extent [73,74]. Due to the influence of precipitation,
temperature, evaporation, and other factors, there are obvious differences in the risk, degree, duration,
and impact range of droughts and in the losses caused by them in different regions of the world under
different warming scenarios. There is not a simple linear relationship between the effects and risks of
drought and temperature increases [75].

In our study, drought frequency, the proportion of arid areas, and the future variations in drought
in Central Asia were analyzed under two warming scenarios (1.5 ◦C and 2.0 ◦C). There was a large
gap between the final results and previous estimations. Compared to a temperature increase of 1.5 ◦C,
an additional 0.5 ◦C increase (i.e., to 2.0 ◦C) would not lead to a significant increase in the drought
frequency and the proportion of arid areas in Central Asia. On the contrary, under the 2.0 ◦C warming
scenario, the drought frequency and the proportion of arid areas both decreased. The results obtained
using the two PDSI calculation methods showed the same PDSI change trend: that is, under the 1.5 ◦C
warming scenario, the drought frequency and proportion of arid areas in Central Asia were higher
than those under the 2.0 ◦C warming scenario. Under both warming scenarios, the PDSI in Central
Asia further decreased, and the drought situation further worsened. This result is consistent with
Huang et al. [3]. However, we also found that drought conditions in Central Asia were likely to be
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more severe in the 1.5 ◦C warming scenario than under the 2.0 ◦C warming scenario. The rise in
temperature will lead to changes in precipitation and evaporation, both of which have varying degrees
of impact on a drought index. Additionally, the rise in temperature will have a significant impact
on the glacier snowmelt process in the inland region [76]. With the rise in temperature, the gradual
acceleration of snow melting may have an inhibitory effect on drought in the downstream region.
A study by Liu et al. [77] on the population affected by drought under global warming scenarios
showed that in northeast Central Asia, the PDSI value under the 1.5 ◦C warming scenario was slightly
lower than that under the 2.0 ◦C warming scenario, and the duration of drought was longer under the
1.5 ◦C warming scenario than that under the 2.0 ◦C scenario. Furthermore, the results of a study by
Naumann et al. [78] also showed that with the influence of global warming, the water supply from
the underlying surface in northwestern China will be improved, which will alleviate local drought to
some extent.

5. Conclusions

In this study, we used the PDSI_PM and PDSI_TH methods to estimate the occurrence of drought
in Central Asia under two global warming scenarios using ISIMIP datasets. The key conclusions of
this study are as follows:

1. Under the 1.5 ◦C and 2.0 ◦C warming scenarios, the PDSI of Central Asia showed a decreasing
trend, indicating worsening drought conditions. The annual average PDSI value in Central Asia
under the 1.5 ◦C warming scenario was −1.36, which was lower than the value of −0.98 obtained
for the 2.0 ◦C warming scenario. The PDSI variation trend obtained using the two calculation
methods (PDSI_PM and PDSI_TH) was similar: that is, under both warming scenarios, the PDSI
in Central Asia showed a significant decrease compared to the base period, and the future drought
trend was significant. The M–K trend analysis also indicated that the PDSI initially increased
and then decreased for the four scenarios (the 1.5 ◦C warming scenario using the PM formula,
the 1.5 ◦C scenario using the TH formula, the 2.0 ◦C scenario using the PM formula, and the
2.0 ◦C scenario using the TH formula). After 2050, a downward trend in the PDSI was observed
(α = 0.05). Under the two warming scenarios, the change point of the PDSI in Central Asia
appeared in 2080–2090 and 2020–2025, respectively. The change rates in the PDSI under the 1.5 ◦C
and 2.0 ◦C warming scenarios were −0.0164/per decade and −0.0135/per decade, respectively.
The change rates of the PDSI were similar for the PDSI_PM and PDSI_TH methods. Under the
1.5 ◦C and 2.0 ◦C warming scenarios, the proportion of arid areas (PDSI < −1) in Central Asia
was 54.2% and 38.9%, respectively.

2. The EOF analysis showed that there were large differences in the spatial distribution of drought
in Central Asia under the two warming scenarios. Under the 1.5 ◦C warming scenario, most parts
of Central Asia would be in a humid state, while southern Xinjiang, parts of northern Kazakhstan,
and parts of Turkmenistan would experience drought. The distribution of dry and wet areas
in Central Asia was predicted to change frequently in the future. Under the 2.0 ◦C warming
scenario, most parts of Kazakhstan and northern parts of Xinjiang showed a wet state, while other
regions in Central Asia presented a dry state. The different PDSI calculation methods (PDSI_PM
and PDSI_TH) showed significantly different spatial distributions of drought in Central Asia.
The spatial distribution characteristics of drought in Central Asia were predicted to change
frequently in the future. Under the 1.5 ◦C warming scenario, the drought frequency in most
parts of Central Asia was 60–80%, with an average of 67.6%, whereas under the 2.0 ◦C warming
scenario, the average drought frequency was 54.8%.

3. The PDSI values obtained using different calculation formulas for potential evapotranspiration
were different. There were some differences in the drought conditions obtained by the two
PDSI calculation methods (PDSI_PM and PDSI_TH) in Central Asia for the two future warming
scenarios. The average annual PDSI values for Central Asia obtained using PDSI_PM and
PDSI_TH were −1.35 and −1.51, respectively. The drought frequency (71.3%) and the proportion
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of arid areas (55.4%) obtained for Central Asia using the TH formula were higher than those
obtained using the PM formula (drought frequency and proportion of arid areas of 67.6% and
54.8%, respectively). Under the warming scenarios, the use of the TH formula led to an error in
the calculation of potential evapotranspiration, which in turn led to problems in the calculation of
the PDSI. Compared to the PM formula, the TH formula led to an overestimation of the drought
situation in Central Asia under both warming scenarios.

4. The drought situation in Central Asia would be further aggravated under both warming scenarios.
Under the 1.5 ◦C warming scenario, the calculated PDSI value in Central Asia was lower than
that under the 2.0 ◦C warming scenario, while the drought frequency and proportion of arid
areas were significantly higher than those under the 2.0 ◦C warming scenario. Compared to the
2.0 ◦C warming scenario, the drought situation in Central Asia may be more serious under the
1.5 ◦C warming scenario. This research improves human cognition of the drought process in
Central Asia under global warming and enhances regional security and construction of the Silk
Road Economic Belt.
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