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16–64 months.
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In drought-prone regions like Central Asia, drought monitoring studies are paramount to provide valuable infor-
mation for drought risk mitigation. In this paper, the spatiotemporal drought characteristics in Central Asia are
analyzed from 1966 to 2015 using the Climatic Research Unit (CRU) dataset. Drought events, as well as their fre-
quency, duration, severity, intensity and preferred season, are studied by using the Run theory and the Standard-
ized Precipitation Evapotranspiration Index (SPEI) at 3-month, 6-month, and 12-month timescales. The Principle
Components Analysis (PCA) and the Varimax rotation method, the Sen's slope and the Modified Mann-Kendall
method (MMK), as well as the wavelet analysis are adopted to identify the sub-regional drought patterns and
to study the drought trend, periodicity and the possible links between drought variation and large-scale climate
patterns, respectively. Results show that the drought characteristics in Central Asia vary considerably. The Hexi
Corridor region and the southeastern part suffered frommore short-term drought occurrences whichmostly oc-
curred in summer while the northeastern part experienced fewer droughts with longer duration and higher se-
verity. Central Asia showed an overall wetting trend with a switch to drying trend since 2003. Regionally, the
continuouswetting trend is found innorthKazakhstanwhile a consistent drying in theAral Sea andHexi Corridor
region is observed in the last half-century. For 2003–2015, a significant drying pattern is detected inmost Central
Asia, except the northern Kazakhstan. A common significant 16–64-month periodical oscillation can be detected
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over the six sub-regions. The drought changes in Central Asia are highly associatedwith ENSO but less related to
the Tibetan Plateau pressure. The North Atlantic Oscillation has an influence on drought change in most Central
Asia but less for the Hexi Corridor and the drought variation in eastern Central Asia is affected by the strength of
the Siberian High.

© 2017 Published by Elsevier B.V.
1. Introduction

Drought is one of themost complicated but least understood natural
hazards (Portela et al., 2015; Wilhite, 1996) with widespread impacts
on water resources (Zhang et al., 2015), agricultural production (Al-
Kaisi et al., 2013), ecosystem function (Bond et al., 2008), environment
(Dijk et al., 2013), local and global economies (Ding et al., 2011).
Generally, there are four types of drought: meteorological, agricultural,
hydrological and socio-economic drought (Heim, 2002). Despite its
widespread damages, drought identification and characterization are
challenging due to its varying definition, great spatiotemporal variabil-
ity, complicated physical process and non-structural impacts (Nam
et al., 2012; Wu and Wilhite, 2004).

Over the past decades, lots of efforts have been devoted to drought
monitoring and characterization and a series of drought indices has
been developed, such as the Standard Precipitation Index (SPI)
(McKee et al., 1993), Palmer drought severity index (PDSI) (Palmer,
1965), Rainfall Deciles (RD) (Gibbs, 1967), China-Z Index (CZI) (Wu
et al., 2001) and Crop Moisture Index (CMI) (Palmer, 1968). Among
them, SPI and PDSI are more popular and frequently used. As the
first water-budget-based index, PDSI is considered as a landmark
in the efforts dedicated to developing drought indices (Heim, 2002;
Vicente-Serrano et al., 2010). It is calculated fromprecipitation, temper-
ature and soil water content by considering both water supply
and demand. However, it also faces many deficiencies like the fixed
timescale, strong dependence on the data calibration, limitations in spa-
tial comparability and the arbitrary interpretation of drought conditions
to the index values (Andreadis et al., 2005; Sheffield et al., 2009; Wells
et al., 2004). In order to overcome these shortcomings, the self-
calibrating PDSI (scPDSI) was developed by Well et al. (Wells et al.,
2004) and recently improved by Liu et al. (2017). However, the problem
offixed timescale has not been completely solved in scPDSI. Considering
the important drought characteristics at multiple timescales, the SPI
was developedwith a lot of advantages, such as simple calculation,mul-
tiple timescales, good adaptability to different climates and an easy
comparison between different regions. Owing to these advantages, the
SPI has been widely applied to drought monitoring studies (Guo et al.,
2016; Guo et al., 2017a; Vu et al., 2015; Zhu et al., 2016). However, SPI
is only based on precipitation without considering temperature and
evaporation which play an increasingly important role in drought
occurrence as a result of global warming (Yoon et al., 2012).

The SPEI (Vicente-Serrano et al., 2010) was developed by not only
considering the sensibility of droughts to temperature but also remain-
ing the multiple timescales and allowing for flexible comparability. The
calculation of SPEI is based on the water balance equation represented
by the difference between precipitation (P) and potential evapotranspi-
ration (PET). SPEI has beenwidely used in droughtmonitoring and char-
acterization at the global and regional scales (Gao et al., 2017; Mallya
et al., 2016; Paulo et al., 2012; Vicente-Serrano et al., 2010; Wang
et al., 2014; Zhang et al., 2017). There are severalmethods for PET calcu-
lation and the Thornthwaite (1948) and Penman-Monteith (Allen et al.,
1998) are currently the two most widely used equations. Since the
Thornthwaite method is solely based on temperature, PET tends to be
underestimated in the arid and semi-arid regions (Jensen et al., 1990).
Due to the improved physical calculation process, the Penman-
Monteith is widely accepted as the most accurate method to calculate
PET (Gao et al., 2017). The superiority of Penman-Monteith over
Thornthwaite in the calculation of SPEI has been confirmed by several
studies (Chen and Sun, 2015; Gao et al., 2017). Therefore, considering
the arid climate in Central Asia, the Penman-Monteith based SPEI is se-
lected as the drought index in this study.

Central Asia (Kazakhstan, Kyrgyzstan, Tajikistan, Turkmenistan,
Uzbekistan and the northwestern region of China) is characterized by
the semi-arid and arid climate with scarce water resources (Qi and
Kulmatov, 2008; Qi et al., 2012). Due to the rise in water demand as a
consequence of the growing population and the larger variability in
water resources resulting from both global warming and intense
human activities, water resources in Central Asia are increasingly
under pressure (Issanova and Abuduwaili, 2017a; Lubin, 2016; Qi
et al., 2012). It has been proven that there is a significant increase in
temperature and a small decrease in precipitation over Central Asia dur-
ing the recent decades (Lioubimtseva and Cole, 2006; Lioubimtseva and
Henebry, 2009; Xu et al., 2016; Yin et al., 2016). The effects of droughts
will be aggregated due to the decreased precipitation and the increased
evaporation (Sheffield and Wood, 2008). In addition, the uncontrolled
human activity may also intensify the drought occurrences. For exam-
ple, the desiccation of the Aral Sea has greatly impacted the local climate
with more than three-time drought occurrences (Issanova and
Abuduwaili, 2017b). Furthermore,most parts of Central Asia are vulner-
able to droughts due to the extreme continental climate, a high depen-
dence on irrigated agriculture and growing population (Bank, 2005).
Despite the increasing drought risk, the study on droughts in Central
Asia has received limited attention in recent years. For instance,
Barlow et al. (2002) discussed the relationship between drought condi-
tion and large-scale climate patterns during 1998–2001; Xu et al.
(2016) studied the response of vegetation to summer droughts by
using the 3-month SPEI from 2000 to 2012; Z. Li et al. (2017) studied
the drought variation based on PDSI from1961 to 2014 and found a dry-
ing trend in Central Asia during the last decade. The sub-regional study
of drought behaviors is important given the differences in trends, evolu-
tion and spatiotemporal drought characteristics. However, most of the
previous works that focused on drought in Central Asia paid no atten-
tion to the drought characteristics at the sub-regional scale. Besides, un-
derstanding the drought structure and characteristics, like duration,
severity and intensity, is crucial in the reduction of drought vulnerabil-
ity and the establishment of drought adaptation strategies. But previous
studies that studied drought trend or drought impacts were simply
based on drought indices such as SPI, PDSI, or SPEI, and failed to
extract drought events and to furtherly studied their structure and
characteristics.

The general objective of this study is, therefore, to comprehensively
analyze the spatiotemporal characteristics of drought events over Cen-
tral Asia at the sub-regional scale based on CRU dataset and SPEI index
during 1966–2015. Specifically, the objectives of this study are: (1) to
identify the sub-regions with distinct drought characteristics by using
PCA and the Varimax rotation method; (2) to find out drought events
and characterize their properties (e.g. drought duration, severity, inten-
sity and frequency) based on the Run theory; (3) to check the drought
trend and periodicity based on the Sen's slope, the Modified Mann-
Kendall and the Cross Wavelet Transform; (4) to delineate the possible
relationship between drought variability and four related climatic indi-
ces using the Cross Wavelet Coherence analysis. The findings of this
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study are promising to provide some valuable scientific reference for
drought risk mitigation in Central Asia.

2. Materials and methods

2.1. Study area

The study area includes five countries (i.e. Kazakhstan, Kyrgyzstan,
Tajikistan, Turkmenistan, and Uzbekistan) and the northwest China,
which is referred to as Central Asia in this study (Fig. 1). The geography
of Central Asia is complex and consists of high mountains (e.g. the
Tianshan Mountain and the Karakoram mountain), low basins (e.g.
the Tarim basin), vast deserts or Gobi (e.g. the Kara Kum, Kyzyl Kum
and Taklimakan desert) and treeless grasslands (e.g. The north part of
Kazakhstan) (Li et al., 2015; Mughal, 2013). The elevation ranges from
less than −130 m in the Turpan Depression and the Karagiye Depres-
sion to N7500 m in the Pamir and the Karakoram mountains. Due to
the inland position and remoteness from oceans, Central Asia is charac-
terized by semi-arid and arid climate with low relative humidity and
persistent soil moisture deficit (Qi and Kulmatov, 2008; Qi et al.,
2012). Therefore, this region is one of the aridest regions in the world.
As result of climate change and human activities, Central Asia is
experiencing an increasingly severe deficit of water resources with in-
creasing temperature and variable precipitation pattern (Guo et al.,
2015; Guo et al., 2017b; Jiang et al., 2017). For example, the quick
shrinking of the Aral Sea has attracted particular attention from the sci-
entific community.

2.2. Datasets

2.2.1. CRU
Compared to the traditional gauge observations, the gridded dataset

has a better spatial representativeness and continuous availability,
which play an important role in characterizing droughts (Cheng et al.,
2015; Thavorntam et al., 2015; Z. Wang et al., 2017). The monthly pre-
cipitation and potential evaporation data from the latest version of Cli-
matic Research Unit Version 4.00 (CRU TS4.00) are used in this study
for the period from1966–2015. The CRU dataset is developed by the Cli-
matic Research Unit (University of East Anglia) and is available online
(http://www.cru.uea.ac.uk/data/). The CRU dataset is selected to calcu-
late SPEI for several reasons: Firstly, the CRU dataset is based on a large
number of stations with good quality control and homogeneity check
(Mitchell and Jones, 2005). Secondly, the 0.5°-monthly spatial-
temporal resolution and long-term (N100 years) availability satisfy
the requirements for drought study and robust calculation of SPEI
Fig. 1. Spatial distribution of eleva
requiring at least 30 years of records (Burroughs, 2003). In addition,
the PET data in CRU is calculated based on the Penman-Monteith equa-
tion which is themost accurate PET equation. Recent studies (Deng and
Chen, 2017; Li et al., 2016; Z. Li et al., 2017) suggested that the CRU
dataset is applicable and satisfactory for climatological studies in Central
Asia. However, the CRU data before 1960 may not be suitable for differ-
ent applications because a limited number of stations were included
(Jones et al., 2016). Therefore, the data from 1966 to 2015 (50 years)
is chosen for use in this study.

2.2.2. Climate indices
The climate of Central Asia is mainly affected by three factors: the

Arctic and North Atlantic Oscillation (AO/NAO), the Siberian High (SH)
and the Tibetan Plateau (TP) (Groll et al., 2013; Issanova and
Abuduwaili, 2017a). It has been proven that the El Niño-Southern Oscil-
lation (ENSO) phenomenon has a close relationship with drought oc-
currence in Central Asia (Barlow et al., 2002; Hoerling and Kumar,
2003). Therefore, the North Atlantic Oscillation (NAO), Siberian High
Index (SHI) and Tibetan Plateau Index (TPI), as well as ENSO SST
index (NINO34) are considered so as to investigate the relationship be-
tween drought variation and large-scale climate patterns. The summary
of the four indices is demonstrated in Table S1.

The NAO plays an important role in the climate system of Central
Asia. It has a close link with the Siberian High. When the NAO index is
in a positive (negative) phase, the SH will be higher (lower) than the
normal condition (Bingyi and Jia, 2002; Duan and Wu, 2005). The
NAO index is defined as the difference of the sea level pressure (SLP) be-
tween the Subtropical (Azores) High and the Subpolar Low. It is provid-
ed by the NOAA Climate Prediction Center.

The SH is a strong anti-cyclone circulation system formed by the
Mongolia-Siberian region (Panagiotopoulos et al., 2005). It can affect
the climate of the northern and eastern part of Central Asia strongly
by deflectingwesterly cyclones and controlling the strength of the win-
ter Asiamonsoon (Cohen et al., 2001; Gong and Ho, 2002; Lioubimtseva
et al., 2005). Therefore, the SHI is included based on the regional sea
level pressure within 80–120°E, 40–60°N (Gong and Ho, 2002) accord-
ing to the following equations.

SHI ¼ ∑n
i¼1Piλ cosφi

∑n
i¼1λ cosφi

ð1Þ

λ ¼ 1 if Pi ≥1028 hPa
0 if Pi ≤1028 hPa

�
ð2Þ
tion variation in Central Asia.

http://www.cru.uea.ac.uk/data
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where SHI is the Siberian High Index; n is the number of grids located
within the region; Pi is the sea level pressure in grid i; φi represents
the latitude of grid i; λ is the flag defined in Eq. (2) according to Gong
and Ho (2002).

The TP has a great influence on the atmospheric circulation in Cen-
tral Asia by diverting the westerlies and affecting the Asian monsoon.
It plays a role of towering heat source in the surrounding climate. The
TPI is adopted in this study to describe the geopotential high strength
of the Tibetan Plateau. The TPI is calculated from the accumulation of
the product of the total grid area and the geopotential height difference
between the value of grid and 5000 gpm in the region of 30°N–40°N,
75°E–105°E.

The NINO34 is one typical index considering the effect of ENSO on
the climate. The NINO34 is defined as the average SST within the region
bounded by 5°N–5°S and 170°W–120°W. The data is calculated based
on the Met Office Hadley Centre's sea ice and sea surface temperature
(SST) dataset (HadISST1) (Rayner et al., 2003), which is available in
the National Oceanic and Atmospheric Administration (NOAA) Earth
System Research Laboratory (ESRL).

2.3. Methods

2.3.1. SPEI
Due to its multiple advantages, SPEI is adopted in this study as the

drought index. SPEI is based on the simple climatic water balance
expressed by the difference between P and PET. The calculation proce-
dure is described in the following steps. The first step is the calculation
of the difference between P and PET in Eq. (3).

Dj ¼ P j−PET j ð3Þ

where j is the month number, Dj means the difference between precip-
itation in month j (Pj) and PET in month j (PETj). The second step is the
aggregation and normalization of Dj at different timescales according to
Eqs. (4) and (5). The normalization of Xi, jk is based on the log-logistic dis-
tribution function and the parameters for the log-logistic equation are
calculated from the L-movement procedure as suggested by Vicente-
Serrano et al. (2010).

Xk
i; j ¼ ∑12

l¼13−kþ jDi−1;l þ∑ j
l¼1Di;l if jbk

Xk
i; j ¼ ∑ j

l¼ j−kþ1Di−1;l if jNk

(
ð4Þ

where Xi, jk signifies the aggregated difference between Pj and PETj at the
k-month timescale in the jth month of the ith year.

F Xð Þ ¼ 1þ α
X−γ

� �β
" #−1

ð5Þ

where α, β, and γ represent the scale, shape, and origin parameters, re-
spectively. Theα,β, andγ can be calculated by the L-momentprocedure
(Vicente-Serrano et al., 2010).

Then the probability of a definite Xi, jk and the final SPEI value is calcu-
lated as Eqs. (6)–(8) as follows.

p ¼ 1−F xð Þ ð6Þ

w ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnp

p
if p≤0:5ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−2 ln 1−pð Þ
q

if pN0:5

(
ð7Þ

SPEI ¼ C0 þ C1wþ C2w2

1þ d1wþ d2w2 þ d3w3 −w ð8Þ

where C0 = 2.515517, C1 = 0.802853, C2 = 0.010328, d1 = 1.432788,
d2 = 0.189269, and d3 = 0.001308. These parameters are defined in
the study of Vicente-Serrano et al. (2010).
Positive SPEI indicates wet condition and negative SPEI signifies dry
condition. Generally, the SPEI values at different timescales have a dif-
ferent sensibility to the dry/wet condition. As one attractive feature of
SPEI, the flexibility in timescales enable SPEI to reflect different types
of droughts like the short-term meteorological droughts and the long-
term hydrological droughts (Ashraf and Routray, 2015; Mishra and
Singh, 2010). In this study, SPEI at 3-month, 6-month and 12-month
timescales (SPEI3, SPEI6, and SPEI12, respectively) are selected to depict
the short-, intermediate- and long-termdrought characteristics. Follow-
ing Q.Wang et al. (2015), the dry/wet conditions based on SPEI are cat-
egorized in Table S2.

2.3.2. Drought identification and characteristics
Proposed by Yevjevich (1967), the Run theory is one of themost fre-

quently used methods for drought event characterization (Liu et al.,
2015). A run is defined as a portion of time series of the variable, in
which all values are below one selected threshold (Lee et al., 2017;
Montaseri andAmirataee, 2017). The runs can be both positive and neg-
ative. Following McKee et al. (1993), the drought event in this study is
defined as continuous negative SPEI values for at least three consecutive
months with the lowest SPEI less than −1. There are two reasons for
this definition. Firstly, the consistent low-intensity drought also can
have a great impact on agriculture, vegetation growth and the local en-
vironment (Gregor, 2012; Sheffield and Wood, 2007; Venturas et al.,
2016). Secondly, starting from negative SPEI values to identify drought
events can be helpful for the improvement of drought early-warning
system. One drought event is a negative run. Once the drought event
is defined, it can be characterized in terms of drought duration (DD),
drought severity (DS), drought intensity (DI), and drought peak (DP)
based on the Run theory (Fig. S1). DD is the month number between
the drought initiation time (DIT) and the termination time (DTT). DS
is the positive sum of SPEI values during a drought event. DI is the aver-
age of SPEI valueswithin the drought durationwhich ismeasured as the
drought severity divided by drought duration. DP refers to the absolute
lowest SPEI value on a drought peak time (DPT) during the drought
event.

In order to investigate the spatiotemporal drought characteristics, a
series of drought event indices are calculated based on drought events
identified by the Run theory in each grid. The annual drought frequency
(ADF) is the annualmeannumber of drought occurrence;meandrought
duration (MDD, Eq. (9)), mean drought severity (MDS, Eq. (10)), mean
drought intensity (MDI, Eq. (11)) andmean peak value (MDP, Eq. (12))
in individual grids are calculated using the simple arithmetic mean of
the corresponding characteristics of a single drought event (DD, DS,
DI, and DP, respectively). The drought initiation season is useful for
the regional droughtmitigation. Therefore, the drought frequent season
(DFS) is also retrieved based on the initiation time of drought events.
The drought frequent season significance is determined by the ratio be-
tween the drought occurrence number in one specified season and the
total number of drought occurrence (S.Z. Huang et al., 2015; Mo,
2011). If the drought initiation seasons are evenly distributed, then
the ratio should be 25%. In this study, the drought season ratio is defined
as a double normal percentage (50%). Finally, the drought area (DA),
also known as areal extent or spatial extent, refers to the maximum
number of grids under drought and is expressed as a percentage of
the total number of grids in the study area or sub-regions.

MDD ¼ ∑N
i¼1DDi

N
ð9Þ

MDS ¼ ∑N
j¼1DSj

N
;DS ¼ ∑DD

i¼1 SPEIij j ð10Þ

MDI ¼ ∑N
j¼1DI j
N

;DI ¼ ∑DD
i¼1 SPEIij j
DD

ð11Þ
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MDP ¼ ∑N
j¼1DP j

N
;DP ¼ max SPEIij j

1≤ i≤DD
ð12Þ

where DD is the drought duration for one drought event, i means one
month during drought event, SPEIi is the SPEI value in month i; DS, DI,
and DP are drought severity, drought intensity, and drought peak
value for one drought event, respectively; N is the number of drought
events observed during study period, j represents one drought event,
MDD, MDS, MDI, and MDP depict the mean drought duration, mean
drought severity, mean drought intensity and mean drought peak
value during the specified period.

In order to quantify the change of drought characteristics, the defini-
tions of relative differences of annual drought frequency (RADF), mean
drought duration (RMDD), mean drought severity (RMDS), mean
drought intensity (RMDI) andmean drought peak value (RMDP) are in-
troduced here as the difference between the periods 1966–2002 and
2003–2015 (the mean value in 2003–2015 minus the mean value in
1966–2002). The period division is based on the common turning
point in a 25-year span smooth line for different sub-regions.
2.3.3. PCA
In this study, PCA is used to identify the sub-regions with a similar

drought co-variability based on SPEI. PCA is a dimensionality reduction
method capable to distill structural information and extract patterns
with similar variance characteristics. It can use a few linearly uncorrelat-
ed principle components (PCs) to explain most of the total variance in
original data based on the computation of the covariance matrix with
the corresponding eigenvalues and eigenvectors (Raziei et al., 2009).
The normalized eigenvectors, which are also called “loadings”,
represent the correlation between the original data and the time
series of component scores. The Bartlett's test of sphericity (Bartlett,
1954) and the Kaiser-Meyer-Olkin (KMO) test (Kaiser, 1970) are
employed to check the sampling adequacy to ensure the robust PCA
computation. The number of PCs is decided based on the rule of
thumb (North et al., 1982) and the scree plot (Cattell, 1966), as well
as the cumulative proportion of variance explained by PCs. The satisfac-
tory cumulative variance percentage is set about 70% (Di Lena et al.,
2013; Huang et al., 2014; J. Huang et al., 2015; Li et al., 2012; Telesca
et al., 2013).

In order to find amore stable localized drought pattern, the Varimax
rotation method (Richman, 1986; von Storch and Zwiers, 2002) is ap-
plied to the selected PCs. The Varimax rotation can further maximize
the variance of squared correlations between the rotated principle
components (RPCs) and the variables and simplify the spatial patterns
with similar temporal variations (J. Huang et al., 2015; Zhao et al.,
2012). The threshold of 0.6 is used as a criterion to separate the study
area into sub-regions (Portela et al., 2017; Raziei et al., 2012; Z. Wang
et al., 2017).

Due to the prior ample description and wide application of the PCA
method and the Varimax rotation method, more detailed formula and
properties will not be extensively introduced here. The identification
of sub-regions based on the PCA analysis could provide a further region-
al view of drought characteristics. In this study, the 12-month SPEI is se-
lected to identify sub-regions because the 12-month timescale could
keep the interannual variation characteristics and avoid the seasonal
cycle (Liu et al., 2016; Raziei et al., 2009), while the shorter timescales
are too sensitive and the longer timescales may easily miss some rele-
vant drought events (Spinoni et al., 2014; Vicente-Serrano and
Lopez-Moreno, 2005). Some studies have found that the 12-month
scale is more suitable for regionalization based on the PCA method
(Liu et al., 2016; Spinoni et al., 2014; Y. Wang et al., 2017). In fact, the
identification of sub-regions is not greatly affected as the other scales
(i.e. SPEI3, SPEI6) also show comparable spatial patterns of RPCs.
2.3.4. Modified Mann-Kendall trend test and Sen's slope
In order to capture themonthly drought trends and the correspond-

ing significance, the Sen's slope and MMK trend test are applied in this
study. Developed by both Mann and Kendall (Kendall, 1990; Mann,
1945), the Mann-Kendall significance test (MK) is a kind of non-
parametricmethod tomeasure the significance of trends in a time series
of samples. The non-parametric MKmethod is recommended byWorld
Meteorological Organization (WMO) for the trend significance test in
climatology studies (Mitchell Jr et al., 1966) due to its low sensitivity
to the outliers, no requirements for the sample to conform a certain dis-
tribution and its allowance for the existence ofmissing values. However,
the MK method tends to underestimate the sample variance because it
suffers from the serial correlation of time series as climatological and
hydrological time series are serially independent (Suryavanshi et al.,
2014; Yang et al., 2014). Therefore, Hamed and Rao (1998) proposed
the MMK by adding a correction factor to the original variance compu-
tation based on the effective or Equivalent Sample Size (ESS) to avoid
the effect of the temporal data auto-correlation. It has been proven
that the MMK is more reliable and robust than the original MK method
for capturing the trend in hydrometeorological studies (Daufresne et al.,
2009). The detailed computation procedure may refer to the studies of
Daufresne et al. (2009) and Tabari et al. (2014).

The Sen's slope is another non-parametric method which allows
missing values and has no requirements for data to conform to a partic-
ular distribution. The trend steepness is measured by the median of
slope (Qmed). The detailed calculation has been given in Sen's study
(Sen, 1968). The Sen's slope is usually applied to quantify the true
slope of MK trend analysis (Da Silva et al., 2015; Joshi et al., 2016). In
this paper, the Sen's slope method is used to measure the slope magni-
tude and the MMKmethod is applied to determine the significance at a
0.05 level.

2.3.5. Continuous wavelet analysis
Wavelet analysis is used to identify and describe the dominant local-

ized variations in time series by decomposing data into time and fre-
quency space (Grinsted et al., 2004). Compared to the Fourier analysis,
the continuouswavelet analysis is superior for its self-adjusted time res-
olution, flexible mother wavelet, and suitability for non-stationary time
series (Maraun and Kurths, 2004; Torrence and Compo, 1998). Due to
the above mentioned advantages, wavelet analysis has been widely ap-
plied to study the drought periodicity and relationships between
drought condition and teleconnections (Huang et al., 2016; Huang
et al., 2017; Joshi et al., 2016; Liu et al., 2013; Merino et al., 2015;
Mishra et al., 2015; Wang et al., 2015b; Zhao et al., 2017).

In this study, the continuous wavelet transform (CWT) is used to
identify the periodicity of droughts and the wavelet coherence (WCO)
is adopted to analyze the teleconnection between drought variation
and large-scale climate patterns. The CWT is used to find the high com-
mon power and the phase relationship between drought variation and
climate indices, while theWCO is applied to identify the local high cor-
relation between the drought variation and the climate indices. The
Morlet mother wave is adopted in the wavelet analysis due to its rea-
sonable localization for both time and frequency (Grinsted et al.,
2004). The CWT andWCO analysis are tested by theMonte Carlo meth-
od at a 0.05 statistical significance level (Grinsted et al., 2004; Maraun
and Kurths, 2004). In order to eliminate the influence cone effect
(edge effect), the significant coherence is identified by the threshold
of T=2

ffiffiffi
2

p
, where T represents the length of time series (Maraun and

Kurths, 2004). ForWCO, the phase relationship between two time series
is indicated by directional arrows: the right arrow means in phase and
the left arrow indicates anti-phase; the up arrow implies climate indices
leading SPEI by 90°; the down arrow suggests SPEI leading climate indi-
ces by 90°. For a more detailed explanation of the theory of continuous
wavelet analysis, one may refer to Maraun and Kurths (2004). The
MATLAB package of wavelet analysis is provided by Grinsted et al.
(2004).
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3. Results and discussion

3.1. PCA regionalization

Based on the PCA and theVarimax rotationmethod, SPEI12 is used to
identify the sub-regional drought patterns. In order to assess the sam-
pling adequacy, both Bartlett's test of sphericity and the KMO test are
applied to the SPEI12 time series. The low Bartlett's test p-value
(b0.001) and high value of the KMO test (0.86) indicate that the SPEI
time series is well qualified for the PCA analysis. Based on the rule of
thumb and the scree plot of eigenvalues, the first six PCs with a cumu-
lative percentage of 67.2% are selected for the maximum Varimax rota-
tion (Table S3) to obtain more stable regionalized patterns. Because the
seventh PC is found not robust enough for regionalization with eigen-
vector values ranging from−0.35 to 0.59 (b0.6). It is shown that the cu-
mulative variance percentage of the RPCs is unchanged with the PCs,
which indicates that the total variance of PCs is evenly explained by
the six RPCs.

In order to study the drought characteristics at a sub-regional scale,
Central Asia is separated into six sub-regionswith different drought var-
iationbased on theborder of RPCswith a threshold of 0.6 (Fig. 2). To val-
idate the regionalization, the Spearman Correlation Coefficients (CCs)
between the scores for six RPCs and the SPEI mean values in the corre-
sponding sub-regions are given in Fig. 2. Here the Spearman method
is selected as it is a non-parametric test. The high CCs (N0.81) suggest
that the separation of sub-regions is adequate for studying the local
drought characteristics. For brevity, the six sub-regions from RPC1 to
PRC6 are named according to their positions in Central Asia: the south-
west (SW), the north Kazakhstan (NK), the northeast (NE), the south-
east (SE), the Hexi Corridor (HX) and the northwest (NW).

3.2. Drought characteristics

3.2.1. Temporal characteristics
The temporal evolution of SPEI in different sub-regions at various

timescales may help us to understand the temporal variation of
droughts at a sub-regional scale. Fig. 3 shows the temporal evolution
of SPEI based on grids over six sub-regions at different timescales (i.e.
SPEI3, SPEI6, and SPEI12). In order to capture the linear and non-
linear patterns of SPEI, the linear trend line and the local regression
Fig. 2. The first six Varimax rotated components (RPC) of SPEI12. The black solid lines indicat
Correlation Coefficient values between PC scores and the spatial averaged SPEI over six sub-reg
(LOESS) curves with a 5-year and 25-year time span are fitted to SPEI
time series at different timescales. The linear line, 5-year and 25-year
LOESS curves are marked by the solid blue line, the solid green and
red line, respectively. In addition, the local turning points are detected
based on the 5-year and 25-year LOESS curves by using the findpeaks
MATLAB function.

As the timescale increases, the amplitude and the frequency of fluc-
tuation decrease while the separations between dryness and wetness
become clearer (Fig. 3). Despite the great detected difference in fluctu-
ation frequency, the 5-year and 25-year smoothed lines as well as the
linear trend line, show similar patterns between different timescales.

According to the pattern of 25-year LOESS curves, NW, NK, SW, and
NE experienced dryness with relatively lower SPEI values in the 1970s
and 1990s while SE and HX suffered from dryness in the 1980s as
shown in Fig. 3. The dry periods detected in NW, NK, SW, and NE are
consistent with the study of Xu et al. (2017). Based on linear trend
lines, SWandHXremain stable or slightly drywhereas the other regions
(NW, NK, NE, and SE) become wet in the global period (1966–2015).

It is obvious that there is a common turning point around 2003 in
Central Asia at different timescales (SPEI3, SPEI6, and SPEI12) in
Fig. 4a–c. The 2003 turning point is also detected in five sub-regions
based on 5-year and 25-year LOESS curves at various timescales. How-
ever, in SE, only the 2003 turning point based on 5-year LOESS curves
is found (Fig. 4p–r). An obvious wetting trend with a larger magnitude
is found in NK after 2003 (Fig. 3d–f). In contrary, a drying tendency is
detected in other sub-regions (i.e. NW, SW, NE, SE, and HX) after
2003. The local turning point in 2003 is also found by Xu et al. (2017)
based on the Global Precipitation Climatology Center dataset (GPCC).
The drying trend in the recent decade was also found by Z. Li et al.
(2017b). Based on the common turning point of 2003, the period from
2003 to 2015 (13 years) is isolated to pay more attention to the recent
drying trend over Central Asia and its sub-regions.

To quantify the drought trend during 1966–2015 and 2003–2015,
the Sen's slope and MMK significance test results based on the mean
SPEI are listed in Table S4. The results are consistent with the global
linear line and the patterns of the LOESS curves shown in Fig. 3. SPEIs
in NK show significantly negative slopes (−0.56 × 10−3 for SPEI3,
−0.75 × 10−3 for SPEI6 and −0.67 × 10−3 for SPEI12 during
1966–2015; −4.44 × 10−3, −5.42 × 10−3 and −5.48 × 10−3 during
2003–2015) at a 0.01 significance level for all three timescales and the
e the sub-regions based on the spatial pattern of the first six RPCs. CCs are the Spearman
ions.



Fig. 3. Temporal evolution of SPEI at different timescales (SPEI3, SPEI6, and SPEI12) over Central Asia and six sub-regions. The linear trend line and smoothed lines based on locally regres-
sion (LOESS) with a time span of 5-year and 25-year are fitted and marked by the blue, green and red solid lines, respectively. The corresponding red and green triangles are the turning
points based on the LOESS curveswith a 5-year and 25-year time span, respectively. The dashedmagenta line represents the year of 2003 for better comparison before and after. The gray
rectangles highlighted in different plots indicate the periods when the four most severe drought events occurred. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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slopemagnitudes during 2003–2015 aremuch higher than in the global
period of 1966–2013. This indicates that NK has experienced a continu-
ous wet period during the last half-century, and the wetting trend has
become more intense during the latest 13 years. Contrary to NK, the
continuously negative slopes are detected over HX sub-region, but
only the period of 2003–2015 for SPEI3 and the period of 1966–2015
for SPEI12 have passed the significance test at a level of 0.1. All the
other regions (NW, NE, and SE) show negative slopes throughout the
period of 1966–2015 and positive slopes with a larger magnitude dur-
ing 2003–2015. Especially, the slope of SPEI12 over NW, SW, NE, and
SE has passed the significance level of 0.1, which indicates that these re-
gions show a significant drying trend during 2003–2015.

Generally, during the period of 1966–2015, NK is dominated by a
continuously significant wetting trend while HX displays a slightly dry-
ing trend. In contrary to thewetting trendduring 1966–2015, the signif-
icant positive trend is found for the regions of NW, NE, and SE in the
period of 2003–2015.

Drought area is one important characteristic of drought events; it
can be used to measure the drought severity. To further investigate
the temporal characteristics of droughts over different sub-regions,



Fig. 4. Spatial patterns of drought characteristics for different timescales during 1966–2015: (a–c) Drought Frequency (DF), (d–f) Mean Drought Duration (MDD), (g–i) Mean Drought
Severity (MDS), (j–l) Mean Drought Intensity (MDI), (m–o) Mean Drought Peak (MDP) and (p–r) Drought Frequent Season (DFS).
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the temporal variations of area percentage affected bymoderate, severe
and extreme droughts are shown in Fig. S2. The drought area is relative-
ly high in the 1970s and 1990s in regions of NW, NK, SW, andNEwhile a
high area percentage ratio is found in the 1980s for SE andHX regions. It
is noted that the drought areas in NE, SE, and HX have had smaller fluc-
tuations since themiddle 1980s. This is consistent with the fact that the
northwest of China has been getting wetter since 1986 (Wang et al.,
2015b; Zhang et al., 2012). Despite a relatively lower drought area per-
centage for the period after 2003, a slow increase in the drought area
has also been detected in NW, NE, and SE (Fig. S2a–c and j–o);
exhibiting a close agreement with the results of Fig. 3 and Table S4.

3.2.2. The most severe drought events
Based on the region-averaged SPEI12, the four most severe drought

events (D1-D4) are identified and the correspondingdrought character-
istics are calculated in six sub-regions (Table 1). The drought events are
markedby the gray rectangles in each plot of Fig. 3 and Fig. S2. It is noted
that the drought events listed in Table 1 for each sub-region are sorted
from high to low according to the drought severity.

Most severe drought events are detected within the dry periods for
each sub-region, such as the period before 1980 and the period from
1993 to 2003 for NW, NK and SW and the 1980s for SE and HX.
Among these drought events, some occurred across several sub-
regions. The most severe drought events in NW, NK, SW, and NE are
identified from 1973 to 1979 with a drought duration of N31 months
and a drought peak in 1975, having a drought-affected area amounting
to N93% (100% forNW, 98.82% forNK, 95.14% for SWand 93.64% for NE).
The 1975 drought event is reported as one of the most severe droughts
of the 20th Century (Y. Li et al., 2017; Sheffield and Wood, 2012). The
duration of this drought event could last longer than 5 years
(70 months) over SW, while the highest DI is detected over NW with
a value of 1.07. The results indicate that most parts of Central Asia
were affected by themost severe dryness in the last half century during
the period of 1973–1979. Similarly, themost severe drought event in SE
andHX is detected between 1983 and 1988which is consistentwith the
previous report by Yu et al. (2017). Of special note is that a severe
drought event is detected between 1997 and 2003 from the north (NK
during April 1997–April 2000, NE during April 1997–January 1998) to
the south (SW, SE, and HX for the period of 2000–2002) with a drought
intensity of N0.72. The long-term severe drought event had caused great
damage to the agriculture and economy in Central Asia as reported by
previous studies (Bank, 2005; Hoerling and Kumar, 2003; Mariotti,
2007). These events can also be clearly observed in Fig. 3.

3.2.3. Spatial characteristics
Assessing the spatial drought characteristics is crucial for under-

standing droughts (Andreadis et al., 2005). In this paper, the spatial dis-
tributions of drought characteristics (i.e. DF, MDD, MDS, MDI, MDP, and
MFS) are shown in Fig. 4. As the timescale increases, DF decreases from
23–43 times for SPEI3 to 5–19 times for SPEI12, whereas the MDD and
MDS increase from 5–9 months to 15–30 months and from 4–8 to
12–30, respectively.

Except for differences between timescales, there are also some com-
mon features. Obviously, the regions of HXand the eastern part of SE are
characterized by relatively higher DF and relatively lower MDD and
MDS, which indicates that the region experiencedmore drought events
but of relatively short duration and lower severity. This result agrees
well with the frequent fluctuations of SPEI in SE (Fig. 3m–p) and HX
(Fig. 3q–r) and the relatively dense drought area pillars as shown in
Fig. S2m–p for SE and Fig. S2q–r for HX. In contrast, the NE sub-region
suffered from lower DF but relatively longer DD and larger DS. At the
12-month scale, the west part of SW and the south part of NW (region



Table 1
The drought characteristics of the four most severe drought events that occurred in the six sub-regions based on SPEI12 during the period from
1966 to 2015. Drought events in each sub-region are sorted out based on the drought severity from high to low. The same color indicates drought
events that occurred within the similar time period in different sub-regions.

Region Event Initiation time Peak time Termination time DD

(months)

DP DS DI DA

(%)

NW D1 Apr-1975 Sep-1975 Apr-1978 37 2.23 39.67 1.07 100

1.42

1.54

1.42

24.83 0.92 89.15

19.54 0.81 83.98

17.22 0.75 86.05

NK D1 Dec-1973 Dec-1974 Mar-1978 52 1.67 49.22 0.95 98.82

D2 Apr-1997 Jan-1998 Apr-2000 37 1.85 30.65 0.83 93.5

1.57

1.36

SW D1 Mar-1974 Sep-1975 Sep-1976 31 1.85 30.03 0.97 95.14

1.55

14.88 1.14 90.75

13.50 0.67 72.24

29.18 0.79 79.86

D3 Feb-2000 Nov-2000 Mar-2002 26 1.24 20.96 0.81 63.98

1.19

NE D1 Nov-1973 May-1975 Aug-1979 70 1.89 61.24 0.87 93.64

1.42

1.28

15.49 0.82 63.86

23.37 0.90 91.52

18.69 0.75 76.97

D4 Apr-1997 Jan-1998 Jun-1998 15 1.51 13.04 0.87 88.79

SE D1 Aug-1983 Apr-1986 May-1987 46 1.36 34.05 0.74 76.55

1.36

1.16

D4 Aug-2000 Jun-2001 Apr-2002 21 1.40 15.11 0.72 81.19

HX D1 Jun-1985 May-1986 Apr-1988 35 1.85 15.11 0.72 85.93

D2 Jul-2000 Jun-2001 May-2002 23 1.85 34.79 0.99 81.44

1.53

D2 Jan-1995 May-1996 Mar-1997 27

D3 Aug-1971 Jan-1973 Jul-1973 24

D4 Feb-1984 Jan-1985 Dec-1985 23

D3 Jul-1991 Nov-1991 Jul-1992 13

D4 Dec-2007 Jul-2008 Jul-2009 20

D2 Jan-1995 Feb-1996 Jan-1998 37

D4 Oct-1970 Sep-1971 Apr-1972 19

D2 Apr-1967 Aug-1968 May-1969 26

D3 Feb-1982 Mar-1983 Feb-1984 25

D2 Jul-1978 Mar-1979 Jun-1981 36

D3 Jun-1994 Nov-1994 Mar-1996 22

D3 Jul-2008 Aug-2009 May-2010 23

D4 Apr-1991 Jul-1991 Jun-1992 15 1.19

23.62 0.66 87.11

15.93 0.72 76.03

15.07 0.66 64.97

11.18 0.49 82.34
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near the Caspian Sea) show relatively higher DS and DD but lower DF.
However, this regional pattern is not obvious at 3-month and 6-
month timescales. The patterns ofMDI seem to be random and complex
at different timescales (Fig. 4j–l). The drought peak values at different
timescales in SE are found to be lower than in the other regions which
may be related to the relatively more arid climate in the Taklamakan
Desert (Fig. 4m–o).

As shown in Fig. 4p–r, the drought events seem to occur randomly at
3-month and 6-month timescales. However, inmost parts of HX and SE,
as well as some parts of NK, they tend to occur in summer at 12-month
timescale as evidenced by the significantly high ratio (N50%) of
summer-starting droughts (Fig. 4r). In addition, sparse green patches
indicating a significantly high proportion of spring-starting droughts
are also found in bothNE and SWwhich suggest that the drought events
in these areas tend to occur in spring.

Fig. 5 highlights the relative differences in terms of drought charac-
teristics (RADF, RMDD, RMDS, andRMDI) between the twodistinct time
periods (1966–2002 and 2003–2015). The differences of RMDD and
RMDS between two periods become larger as the timescale increases
from 3-month to 12-month.

Generally, comparing to the period of 1966–2002, most of Central
Asia experienced a relatively wet period during 2003–2015 with a
lower magnitude of DF, DS, DD, and DI. However, some regional pat-
terns with higher drought characteristics (i.e. DF, DS, DD, and DI) were
also identified. The NW, HX and eastern part of SE experienced more
drought events (about 0.03 time/year) with longer drought duration,
higher drought severity and drought intensity in the latest 13 years at
3-month timescale, though the patterns of RMDD, RMDS, and RMDI
are not obvious at 6-month and 12-month timescale. Of special concern
are the common positive patterns in RMDD and RMDS (Fig. 5d–i) over
the central part of SW (the Aral Sea region) without evident patterns
of RADF and RMDI. The positive patterns of RMDD and RMDS are
more obvious at 12-month timescales because the 12-month scale is
more closely related to hydrological drought (Svoboda et al., 2012).
The results indicate that the Aral Sea region suffered from droughts
with long duration and large severity which is consistent with the se-
vere desiccation of the Aral Sea in the last decade (Gaybullaev et al.,
2012; Micklin, 2016).

3.3. Spatial drought trends

Fig. 6 shows the drought trend based on the Sen's slope and the
Modified Mann-Kendall method at a 0.05 significance threshold. The
color bar with gradient color from red to blue represents themagnitude
of slope at a 10−3 scale. The red (blue) color indicates drying (wetting)
trend. And the significance of dryness (wetness) ismarkedby red (blue)
dots at a 0.05 significance level. In order to keep the clarity of the spatial
patterns, different slope magnitudes are used for the two periods
(1966–2015 and 2003–2015).

The spatial trend patterns at different timescales are similar. Central
Asia shows an overall wetting trend resulting from the local drying
trend (29%, 30%, and 34% of Central Asia for SPEI3, SPEI6, and SPEI12,



Fig. 5. Spatial distribution of relative difference of drought characteristics between the periods 2003–2015 and 1966–2002 at different timescales for (a–c) Relative Difference of Annual
Drought Frequency (RADF), (d–f) Relative Difference ofMeanDrought Duration (RMDD), (g–i) Relative Difference ofMeanDrought Severity (RMDS) and (i–l) Relative Difference ofMean
Drought Intensity (RMDI).
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respectively) and the wetting trend (71%, 70%, and 66% of Central Asia
for SPEI3, SPEI6, and SPEI12, respectively) during the period of
1966–2015. Specifically, a considerable wetting trend is found over
NW, NK and NE sub-regions with wet area proportions of about 87%,
87%, and 100%, respectively. It is also noted that the whole NE (100%
wet area) has a significant wetting change trend with a relatively
large slope value (an obviously deeper blue color at SPEI12 timescale
in Fig. 6e). The patterns over SW, SE, and HX are relatively complex
withmixedwetting and drying trends. The central part of SW, the south-
ern part of SE and thewestern part ofHX tend to be drywith adrying area
ratio of 46%–54%, 35%–41%, and 43%–66%. In addition, the substantial dry-
ing area over HX seems to become larger as the timescale increases from
Fig. 6.ModifiedMann-Kendall drought trend for SPEI3, SPEI6, and SPEI12 within the period of 1
reader is referred to the web version of this article.)
43% to 66%. The mixed patterns can also be used to explain the relatively
stable change detected in Fig. 3 based on the mean SPEI.

Within the period of 2003–2015, the patterns at different timescales
are similar and can be clearly divided into two parts. One is the wetting
change mainly covering NK with a wetting area ratio from 30% for
SPEI12 to 34% for SPEI6, while the other part includes almost all the re-
maining regions (i.e. NW, SW,NE, SE, andHX)with drying area percent-
ages from 66% for SPEI3 to 70% for SPEI12. The mixed patterns yield the
overall drying trendover Central Asia during the period 2003–2015. The
results are consistent with those shown in Fig. 3 as well as in Table 1. It
should be noted that the drying trend in some parts of SW, NE, SE, and
HX is not significant at a 0.05 significance level.
966–2015 and 2003–2015. (For interpretation of the references to color in this figure, the
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Generally, Central Asia experienced a general wetting change during
1966–2015 with a recent drying trend in the latest 13 years (from 2003
to 2015). Specifically, the NK sub-region experienced a continuously
wetting trend while the central part of SW and the western part of HX
suffered from the persistently drying trend during the whole study
period.

3.4. Drought periodicity

In order to identify the periodicity of drought variations, thewavelet
power spectrums based on SPEI12 for six sub-regions are given in Fig. 7.
The results of this section may be useful to explain the physical and dy-
namical mechanisms associated with the variability of drought events
(Zeleke et al., 2017). In general, the periodicities of drought variation
in the six sub-regions are mainly within the band of 15–64 months.
Considerable differences between different regions are detected in the
power patterns of the six sub-regions. Very few high-power variation
periodicities b16 months are distributed in all regions.

For NW(Fig. 7a), a 16–55months periodicitywith decreasing ampli-
tude is identified in the 1970s. It is interesting that the significant power
regions are consistently distributed in 16–32 months period within the
1980s and 2000s, and 32–64 months period within the 1990s. The in-
creasing frequency or decreasingperiodicity after 2000may at least par-
tially explain the increasing drying trend discussed before (Fig. 6f).
Different from other regions, the significant power patterns in NK are
discrete. The drought variability band between 16–40 years occurred
during both 1987–1993 and 2004–2013. The periodicities with 85–-
110 months band are distributed in 1972–1982 and 1992–1999, the
wavelet power between them is also high but does not reach the signif-
icance level (0.05). It is noteworthy that the recurring periodicities in SE
are relatively stable with a wavelength of 15–45 months during the
whole study periodwhich indicates relatively smaller drought variation
in this region. The significant wavelet power of around 64-month band
is detected during 1988–2005 for SW, between 1987 and 1997 for NE,
1979–1990 for SE and 1998–2007 for HX. The 12-month SPEI in both
NW and SW show a considerable amount of power with decadal vari-
ability (around 128-month) from 1880 to 2000 but they are not signif-
icant at a level of 0.05.
Fig. 7. The power spectrum of continuous wavelet transform (CWT) based on spatially average
increasing wavelet power. The solid black contour represents the 0.05 significance level of loc
where the edge effects are not negligible. (For interpretation of the references to color in this fi
3.5. Links between drought variation and climate indices

Studying the links between the large-scale climate patterns and
drought variation is helpful to understand the drought formationmech-
anism and evaluate the roles played by the atmospheric circulation var-
iability on the characteristics of regional droughts (Wang et al., 2015a).
Fig. 8 shows the wavelet coherence between different climate indices
(including NAO, TPI, SHI, and NINO34) and spatially averaged SPEI12
over six sub-regions.

There is a discernible significant negative coherence between NAO
and SPEI12 for a period of 6–10 months during 1973–1976 and
2010–2013, while an NAO leading coherence with a 110–128 months
cycle band is also found from 1979 to 2000. These results indicate that
the drought variation over NW is obviously influenced by NAO. Differ-
ent from the NAO, the SHI has an in-phase relationship with drought
variation in NW for 24–32 months during 1998–2015 and 32–64-
month band in the period 1970–1975. These results are consistent
with the fact that the SH is greatly affected by NAOwith a negative cor-
relation (Bingyi and Jia, 2002; Duan andWu, 2005). TPI also exhibits sig-
nificant correlations with drought variation in NW concentrated in
80–140 months band between 1978 and 1997.

Frequent short-period (5–12 months) coherences with a strong sig-
nificance are detected in NK between NAO and SPEI for 1974, 1983,
1992, 1996, 2005 and 2011. Interestingly, the in-phase significant
coherence is identified at both the interannual and decadal scale
(i.e. 32–60 months band and 128–256 months band) for the
period 1973–1984 and 1989–2000, respectively. Significant in-phase
coherence can be observed within the band of 64–128 months
during the period of 1970–1984, which indicates the co-variance be-
tween the drought variation and TPI in NK (Fig. 8g). It is noteworthy
that there is an increasing coherence between SPEI and NINO34
for the band of 6–48 months since 2000 (Fig. 8h). This may suggest
the increasing influence of NINO34 on the drought condition of NK
after 2000.

As for SW, NINO34 shows a strong influence on drought variation
as evidenced by a remarkable coherence pattern with an in-phase
or NINO34 leading relationship in 28–64 months band during
1972–1976, 50–90 months band during 1989–2004 and 28–90 months
d SPEI12 over six sub-regions from 1966 to 2015. The color from blue to red indicates the
al power relative to red noise and the light shade area means the cone of influence (COI)
gure legend, the reader is referred to the web version of this article.)



Fig. 8.Wavelet Coherence (WCO) between climate indices and spatially averaged SPEI12 for six sub-regions. The colors from blue to red indicate the increasing coherence. The solid black
contours represent the significance of local power relative to the noise at a 0.05 level. The lighter shade area depicts the cone of influence (COI). The black arrows indicate the phase
condition. The phase relationships between the climate indices and SPEI12 are denoted by arrows for in-phase pointing right, anti-phase pointing left; climate indices leading SPEI12
by 90° pointing up and SPEI leading climate indices by 90° pointing down. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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band during 2004–2015. Of special note is that a statistically significant
coherence is detected during the whole study period at decadal scale
(128–256months) though the period before 1980 and after 2005 is pos-
sibly affected by the edge effect. SHI exhibits a significant coherence be-
tween 1996 and 2011 at 40–76 months scale.

For NE, the drought variation seems to be influenced by all four se-
lected climate indices (NAO, SHI, TPI, and NINO34) in the band of 16–
64 months. For example, there are strong correlations between NAO
and SPEI for the 15–28 months band within the period from 2007 to
2013, the 28–48 months cycle during the period 1976–1990 and the
40–50 months band between 1993 and 2013. Similar significant pat-
terns of SHI are also detected within 20–28 months cycle during
1978–1984 and 1997–2000 and within 40–64 months cycle during
1970–1978 and 2000–2011. TPI also exhibits obvious influence on
drought variation with a strong coherence in 25–64 months during
1986–1995 and 2003–2010. A continuous significant coherence is
found in the period of 1995–2013 at the scale of 32–64months between
NINO and SPEI. In addition, NAO and SHI display a significant coherence
during the whole study period at the decadal scale (128–256 months)
with SPEI leading phase.

Thewavelet coherence at interannual scale (b80months) in SE sug-
gests that the drought variation is mainly related to NAO and NINO34.
The identifiable coherence at 64–100 months scale is consistently de-
tected after 1990. Similarly, the significant coherence patterns of
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NINO34 with a large period amplitude (1–90 months) can also be
observed in Fig. 8t. For instance, there are 1–32-month significant
coherences during 1971–1977, 1987–1991 and 2006–2011; and a 64–
90months band coherence between 1987 and 2008. The significant co-
herence for time periods b90months for SHI and TPI can only be detect-
ed within the time before 1990, which may indicate the weakening
effect from both SH and TP. For the decadal scale, in-phase coherence
during the whole study period is found for NAO.

NINO34 is the most influential climate index on the drought varia-
tion in the HX sub-region at the scale of 8–100 months. A lot of signifi-
cant patterns are found for the 12–32 months band in the following
periods: 1970–1975, 1992–1998 and 2005–2010. There is also a
48–80 month band detected during the period from 1982–1992. For
the decadal scale (100–256 months), the in-phase and anti-phase rela-
tionship with drought variation marks the whole study period for
NINO34 and SHI, though the period before 1980 and after 2000 is affect-
ed by the potential edge effect.

In general, the significant coherences between climate indices and
drought variations in various sub-regions are quite different from each
other. NINO34 shows significant correlations with SPEI in all six sub-
regions. The effect from NAO is relatively smaller in the HX region
than in the other sub-regions. SHI exhibits influence on drought varia-
tion in the eastern part of Central Asia (NE, SE, and HX) at the decadal
scale. Compared with other climate indices, TPI has the smallest effect
on drought variations over different sub-regions, although significant
coherences are detected at the interannual scale (16–64 months) over
NW, NE, and SE.

4. Discussion

Drought is a connection of several spheres including the atmo-
sphere, hydrosphere, biosphere and anthroposphere. The effects of
droughts are extensive and can involve various aspects such as water
resources, agriculture, animal husbandry, environmental ecosystem,
public health and so on.

Droughts have great impacts on local hydrological cycle. The head-
water of rivers is sensitive to droughts with less human activities (Di
Matteo et al., 2012; Di Matteo et al., 2017). During a drought period,
high temperature may change the snow/ice melting time and the less
precipitation in mountain region will decrease the accumulation of
snow in headwater regions (Small et al., 2003). Provided a long enough
duration, the precipitation deficit and high temperaturemay lead to soil
drynesswithnegative effects on crops growth and livestockhealth, then
increase the water demands for irrigation and exacerbate the already
existing water crisis. Furtherly, the river flow and water storage of
lakes drop. Besides the reduction of river flow, extended drought events
may also lead to a reduction in groundwater level with negative effects
on agriculture and water supply for industry and domestic sectors
(Miyan, 2015).Without sufficientwater supply, the environmental eco-
system of downstream and terminal lakes would be greatly affected be-
cause the semi-arid and arid ecosystem is highly dependent on the river
(Li et al., 2015). The desiccation of Aral Sea is believed to be resulting
from both inflow diversion for irrigation and reduced precipitation (Qi
and Kulmatov, 2008). In this study, it is found that the Aral Sea region
suffered from consistent drying trend and experienced more drought
eventswith longer duration and larger severity. Duringdrought periods,
the AmuDarya River and the Syr Darya River provide less water flowing
into the Aral Sea than the normal year as more water is extracted for ir-
rigation and industry. For example, influenced by the drought during
2000–2002, the river flow dropped by 35% to 40% of the normal flow
and the total inflow into the Aral Sea only amounted to 2 km3/year
(Micklin, 2016; Patrick, 2017). In turn, the desiccation of the Aral Sea
had a significant impact on local climate and ecosystem resulting in an
increment of drought days which may be as high as 300% (Glazovsky,
1995; Issanova and Abuduwaili, 2017b). It should be noted that a longer
averaged drought duration and larger drought severity (Fig. 5) as well
as a drying trend with larger magnitude (Fig. 6), are detected during
the last 13 years (2003–2015) which should be paid enough attention
by policy developers to avoid more negative effects such as serious
forms of rapid soil and land degradation, water resources deficit, public
health problems and great economic loss (Issanova and Abuduwaili,
2017a).

The agricultural damage induced by droughts is considerable in
Central Asia. The damage to traditional rainfed agricultural areas and
pasturelands is high due to soil moisture stress. For example, in
Turkmenistan, the productivity of pasturelands are greatly reduced dur-
ing drought periods. In a normal year, 2 ha of pasture can feed one
sheep, while in the extremely dry years about 30 ha is required
(Patrick, 2017). In addition, the large-scale irrigated croplands are also
highly affected because of the scarce water resources. It is reported
that harvests on rainfed and irrigated lands in a drought year can be re-
duced by 40% and 30%, which inevitably affects the food security of the
population (Dahlstrom, 2012). In the 2000–2001 drought years, the di-
rect agriculture loss reached up to 800 million dollars which is 5% GDP
of Tajikistan (Patrick, 2017). All subregions except the NK sub-region
experienced considerable drying trend since 2003. The drying trend in
the last decade was also detected by Z. Li et al. (2017) based on PDSI
drought index. In addition, the larger number of drought events oc-
curred in summer over NK, SE and HX (Fig. 5). Due to large-scale and
concentrated farmlands and grasslands and the fragile ecosystem in
northwestern China (i.e. NE, SE and HX), the crop yields, animal hus-
bandry and the local environmental ecosystem will be affected by the
recent drying trend and the increasing short-term drought occurrence
(Sataer, 2015). While the drought condition of the northern
Kazakhstan seems to be better, where appears a consistent wetting
trend from 1966 to 2015. This wetting trend may alleviate the local
drought risk. However, it is found that this region experienced more
short-termdrought occurrenceswith higher intensity than the other re-
gions, which is not good for the vegetation health, especially for the
rainfed croplands and pastures (Issanova and Abuduwaili, 2017a).

Droughts may lead to a series of environmental problems. In arid
and semi-arid regions, the land surface is covered by loose and finema-
terials. Therefore, the droughts and strong wind can easily lead to fre-
quent dust and sandstorm (Indoitu et al., 2012). Without sufficient
water to leach salts, the soil salinization is also a drought-induced envi-
ronmental problem (Qi and Kulmatov, 2008). Moreover, a lot of social
and economic issues are also related to droughts, including food securi-
ty, environmental refugees, malnutrition and water-related diseases
and so on. The results of this study, such as the spatiotemporal drought
characteristics, drought trend, periodicity and links with large-scale cli-
matic patterns are useful to understand the drought structure at a sub-
regional scale and provide scientific basis for the mitigation of various
drought impacts.

5. Conclusions

The understanding of the spatial and temporal variation of drought
characteristics is vital for water resources management and drought
mitigation. Based on long-term CRU dataset and multiscalar SPEI (i.e.
SPEI3, SPEI6 and SPEI12), a series of drought characteristics including
drought duration, frequency, severity, intensity, peak value and starting
season are comprehensively investigated during 1966–2015 in this
paper. The PCAandVarimax rotation technique are used for regionaliza-
tion. The drought events and drought characteristics are analyzed based
on the Run theory; the drought trend is detected by using the Sen's
slope and the MMK method. Finally, the drought periodicity and the
possible links between drought variation and large-scale climate pat-
terns are investigated based on the wavelet analysis. The main results
are summarized as follows.

(1) Based on the PCA and Varimax rotation method, Central Asia is
divided into six sub-regions with different temporal drought
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variations which include the northwest (NW), the north
Kazakhstan (NK), the southwest (SW), the northeast (NE), the
southeast (SE) and the Hexi Corridor region (HX).

(2) Three periods are found with the most severe drought events
during the last half-century which are the 1973–1979 for the
sub-regions of NW, NK, SW and SE; 1983–1988 for the sub-
regions of SE and HX and the 1997–2003 for NE, NK, SW, SE
and HX.

(3) The patterns of drought characteristics vary considerably in Cen-
tral Asia. Specifically, the HX and the eastern part of SE are char-
acterized by higher drought duration with lower drought
intensity and severity. While NE experienced relatively fewer
drought events with longer duration and severity, drought
events over HX, SE, and part of NK seem to frequently occur in
summer.

(4) Compared to 1966–2002,most parts of Central Asia (i.e. NW, SW,
NK, NE, and northern SE) experienced awet period characterized
by lower drought frequency, shorter drought duration, lower
drought severity and intensity in the latest 13 years. Exceptional-
ly, the NW, HX and the eastern part of SE experienced more
drought events at the 3-month timescale. Moreover, the Aral
Sea region (central part of SW) suffered from longer drought du-
ration and higher drought severity during 2003–2015.

(5) There is an overall wetting trend over Central Asia from 1966 to
2015 which results from both the drying trend over the central
part of SW, the eastern part of SE and western HX and the wet-
ting trend over the other regions. Except for NK, the other sub-
regions show a significant drying trend during the period of
2003–2015. A continuously significant wetting trend is detected
in NK during 1966–2015 while a slight and continuous drying
trend occurred in HX.

(6) A common significant 16–64-month periodical oscillation can be
detected in the SPEI series over the six sub-regions.

(7) Based on the cross-wavelet coherence, ENSO has an influence on
drought variation over the whole region of Central Asia; NAO has
significant coherence over all sub-regions except HX; SH exhibits
influence over the eastern part of Central Asia and TP seems to
have fewer effects on drought variation.

The results of this studymay serve as scientific basis for policy design
in the framework of water resources management and agricultural
planning and may provide some reference to reduce the society and
ecological influences over the arid lands of Central Asia at a sub-
regional scale. For example, the drying trend in all sub-regions except
the north Kazakhstan since 2003 and the increased drought duration
and severity over the Aral Sea region could draw the attention of deci-
sionmakers. The regional drying trendmay lead to an increased societal
and environmental vulnerability to droughts. The six sub-regions
should be separately considered in the drought riskmanagement. In ad-
dition, the related drought characteristics and climatic influences
should be included in regional drought modeling and prediction. In fu-
ture, the drought trend at both seasonal and annual scales and their im-
pacts on vegetation ecosystems of Central Asia will be studied.
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