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Abstract: It is of great significance to study the characteristics and change trends of drought in
Xinjiang to provide a basis for implementing local strategies. Based on monthly precipitation and
temperature data from 95 meteorological stations in Xinjiang, from 1960 to 2018, the Standardized
Precipitation Evapotranspiration Index (SPEI) was calculated, and the characteristics and trends of
drought in Xinjiang were analysed, in details. Furthermore, a comprehensive evaluation index, i.e.,
Regional Drought Severity (RDS), was proposed to analyse the effects of duration of the drought and
the extent of the drought affected area. The results from our study suggested: (1) In consideration of
global warming, droughts in Xinjiang have intensified during the past 59 years, and the frequency
and range of droughts have increased significantly; (2) During the plant growing season, spring,
summer, and autumn, a drying trend was observed, while, a wetting trend was identified for winter
season; (3) The drought-prone months shifted from January and December to March-November
in the 1970s, and April was identified as a month with the highest frequency of droughts; (4) The
meteorological change occurred a period near 1997. It can be speculated that the intensified droughts
can be triggered by the excessive temperature rise, through comparing the changes in SPEI and the
Standardized Precipitation Index (SPI), before and after the meteorological change; (5) After the
meteorological change, the frequency of droughts with different levels had significantly increased,
in addition, the drought-prone areas shifted from the north-west to the south-east. The results from
this research provide important support for drought management in Xinjiang, also offer scientific
basis for the formulation of relevant policies on agricultural and animal husbandry production.

Keywords: drought characteristics; SPEI; meteorological change; Xinjiang

1. Introduction

Drought is a kind of climate phenomenon, characterised by a shortage of water, which is insufficient
to meet human survival and economic development. During recent years, due to the global warming,
drought events occur more frequently [1,2]. Over the past few decades, droughts in Asia have increased
both in frequency and intensity [3]. Influenced by the East Asian monsoon and complex terrain, China
suffered long-term and severe droughts in the second half of the 20th century, which had a serious
impact on the socio-economic development [4]. There has been a general drying trend over China for
the 1950–2006 study period with a concurrent increasing risk of drought [5]. During recent decades,
the frequency, duration, and range of drought have been expanding in China [3]. Especially, severe
and extreme drought events occur more frequently in northern China [6]. In addition, the drought

Water 2020, 12, 741; doi:10.3390/w12030741 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
https://orcid.org/0000-0002-2936-1956
https://orcid.org/0000-0002-8247-3711
https://orcid.org/0000-0002-8206-0554
http://www.mdpi.com/2073-4441/12/3/741?type=check_update&version=1
http://dx.doi.org/10.3390/w12030741
http://www.mdpi.com/journal/water


Water 2020, 12, 741 2 of 20

areas also began to expand to the humid and sub-humid areas in the south and east of China, and this
trend is likely to continue in future [7].

The main types of drought are meteorological, agricultural, and hydrological droughts. In a
broad definition, these droughts occur in a certain order, with meteorological drought occurring
first, and then affecting the other two types of drought [2]. Among the various types of drought, the
performance of meteorological drought is the most direct and clear [8]. Moreover, hydrological and
agricultural droughts have more influencing factors and are more susceptible to human activities.
Drought indexes are the basis for reflecting drought situations, and each drought index has its own
characteristics, advantages, and disadvantages. In consideration of global warming, the indexes
considering potential evapotranspiration (PET) may be more suitable for the study of drought. For one
drought event, the results of different drought indexes may vary, due to using different calculation
methods. Currently, the Standardized Precipitation Index (SPI) [9,10], the Standardized Precipitation
Evapotranspiration Index (SPEI) [11–14], and the Palmer Drought Severity Index (PDSI) [15,16] have
been widely used as popular drought indexes. Among them, the SPI is not only simple to calculate, but
also can better reflect the drought conditions of different time scales. However, in terms of the global
warming, the SPI only considers precipitation data and excludes other factors, such as temperature
and evapotranspiration [17], which affects the further application of this method. Based on the SPI,
the SPEI is proposed to include the effect of temperature changes on drought. The SPEI can be
used to explore the correlation between the climate change and the rate of drought [18], and same
as the SPI, it has the advantage of multiple time scales [13]. Therefore, the SPEI can better reflect
the regional drought under the background of global warming, and has become an ideal index to
evaluate drought under the background of global warming [1,19]. The disadvantage of SPEI is that
estimation of evapotranspiration often requires a large amount of data, which is difficult to collect in
many regions [20]. At present, the SPEI has been widely used in the study of drought mechanism,
drought effect, and drought variation trend, across the world, including Asia, North America, Europe,
Australia, and Africa [21–27]. The PDSI takes into account the effects of temperature and previous
weather conditions on drought, and its physical mechanism is relatively clear and applicable to study
the response of drought to the global warming [28]. However, due to the complexity of calculation and
the high amount of required data, some parameters can only be estimated by experience, resulting in a
great reduction in the calculation accuracy [29].

Xinjiang is a typical arid and semi-arid region, in the middle of Eurasian Plate. In terms of
the influence of global warming and human activities, the drought disaster losses in Xinjiang are
increasing [30]. Based on the PDSI [31], the SPI [32], the SPEI [20,32] and other drought indexes [33–35],
many scholars have carried out studies on the drought characteristics of Xinjiang and local areas.
Most drought indexes use precipitation to characterise the changes in drought, ignoring the effects of
temperature rise on drought. However, in arid regions with large PET, the change of drought degree is
mainly affected by the PET [32], therefore, for our study area, the drought index that considering the
PET may be more suitable to study drought in Xinjiang, as an arid and semi-arid area. In some studies,
while the appropriate indicators were considered, but a thorough analysis of the impact of climate
warming on the drought situation was insufficient, and the effects of drought duration and the extent
of the drought affected area on drought severity was not considered. Based on the comprehensive
index of SPEI, the Regional Drought Severity (RDS), is proposed in this study, taking into account
the drought duration and the extent of the drought affected area. It should be noted that this paper
focuses on the effects of duration of the drought and the extent of the drought affected area, rather
than proposing a new index with different meteorological factors. Because of this, we did not use any
method to classify the RDS values for drought. Moreover, this method can also be applied to some
other drought indexes and provide a new way to study drought for others due to its simple principle.
Considering the SPEI as the main evaluation index, in combination with the RDS, the temporal-spatial
distribution of drought in Xinjiang from 1960 to 2018 was comprehensively analysed. Furthermore,
the influence of the climate warming on the drought situation in Xinjiang was analysed, by comparing
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the drought conditions before and after the climate warming and the changing trends of the SPEI and
the SPI.

2. Study Area

The Xinjiang Uygur Autonomous Region (73◦40′–96◦18′ E, 34◦25′–48◦10′ N) is a typical arid and
semi-arid region, located in the middle of Eurasian Plate and north-west China. Desert oases and
irrigation agriculture are the remarkable characteristics of Xinjiang. The total area of Xinjiang is about
1.60 × 104 km2, accounting for 1/6 of the total land area of China. Xinjiang has a complex terrain, with
an average altitude of about 1000 m. From the north to the south, the Altai Mountains, Junggar Basin,
Tianshan, Tarim Basin, and Kunlun Mountains are the main geographical features in the area. The
barrier of high mountains makes it difficult for the sea currents to reach to the area, and the widely
developed inland rivers became the unique mountain-oasis-desert system (MODS), in the global arid
region [36]. The average annual precipitation in Xinjiang from 1960 to 2018 was 154.8 mm, with an
average annual temperature of 9.2 ◦C. Xinjiang has limited fertile agricultural land and most areas are
including the Gobi desert and grassland. Its unique climatic conditions are suitable for the growth of
cotton, and for the period between 2017 and 2018, cotton output was accounted for more than 70% of
China’s total output. At the same time, the large area of the grassland have promoted the booming
development of the animal husbandry, making Xinjiang the second largest stockbreeding province in
China, after Inner Mongolia.

However, the shortage of water resources, caused by drought, is the key factor which affects
the ecological balance and restricts the sustainable development of economy and the construction of
ecological civilization in Xinjiang. Moreover, the frequency and intensity of extreme drought events in
the north-west China are increasing, as a result of the climate warming, and the impacts of extreme
drought events are increasing, significantly [37]. As an important industry, supporting economic and
social development of Xinjiang, the agriculture and animal husbandry will be affected by drought,
which will then directly affect the social and economic development in Xinjiang. Therefore, it is of
practical significance to explore the characteristics of drought change in Xinjiang.

3. Materials and Methods

3.1. Data Sources

In our study, the monthly temperature and precipitation data of 106 meteorological observation
stations in Xinjiang were selected to obtain data from 1960 to 2018, provided by China Meteorological
Data Sharing Service System. Before data processing, firstly, the missing data were corrected and
interpolated, and stations with more missing measurements in the temperature and precipitation
series were eliminated. Moreover, the stations with less missing data were interpolated, and the
missing values were interpolated by cubic spline function. Consequently, 95 stations with complete
and continuous sequence were obtained, as shown in Figure 1. There are 134,520 data of monthly
precipitation and monthly temperature from 95 stations. The missing data are 564 and the missing rate
is only 0.42%.Water 2020, 12, x FOR PEER REVIEW 4 of 22 
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3.2. SPEI and Its Calculating Methods

According to the monthly temperature and precipitation data of 95 stations in Xinjiang, the SPEI
at different time scales were calculated for each site, and the SPEI values of the whole Xinjiang were
obtained, using the Thiessen polygon method. Based on the SPEI index at different time scales (SPEI-1,
SPEI-3, SPEI-6, SPEI-12), the evolution characteristics of the monthly, annual, and seasonal droughts,
as well as drought during the growing season were analysed. The droughts of each month were
characterised by the SPEI-1, covering the period of January to December, the SPEI-3, covering the
months of May, August, November, and February, which represents the droughts in spring, summer,
autumn, and winter, respectively. Moreover, the SPEI-6 in August can be used to characterise droughts
during the plant growing season, and SPEI-12 in December can be used to characterise the annual
droughts. If the time-scale is not specified in the following text, the SPEI is the December value of
the SPEI-12.

The SPEI is the index, after normalizing the cumulative probability of the difference series of
precipitation and potential evapotranspiration. Firstly, the Thornthwaite method was used to calculate
the potential evapotranspiration, then the difference between the monthly precipitation and the
evapotranspiration was calculated, and the accumulation sequence of water deficit, during different
time scales, was established. Since there might be negative values in the original data sequence, the
three-parameter Log-logistic probability distribution was used to standardise the cumulative probability
density, consequently, the SPEI value was calculated. The calculation process is as follow [1,38,39].

Firstly, the Thornthwaite method was used to calculate the potential evapotranspiration (PET):

PET = 16×
( N

12

)
×

( m
30

)
×

(10Ti
H

)k
(1)

H =
12∑

i=1

Hi =
12∑

i=1

(Ti
5

)1.514

(2)

k = 6.75× 10−7H3
− 7.71× 10−5H2 + 1.79× 10−2H + 0.492 (3)

where, PET is the potential evapotranspiration, Ti is the monthly average temperature, N is the average
daily sunshine duration of each month, m is the number of days in a month, H is the annual heat index,
and k is the coefficient determined by the annual heat index.

Then, the difference between monthly precipitation and evapotranspiration was calculated,
as follows:

Di = Pi − PETi (4)

where, Di is the difference between the precipitation and the evapotranspiration, Pi is the monthly
precipitation, and the PETi represents the monthly evapotranspiration.

Subsequently, the difference value of precipitation and evapotranspiration at different time scales
was calculated, as follows:

Dk
n =

k−1∑
i=0

(Pn−i − PETn−i) , n ≥ k (5)

where, k is the time scale (i.e., month), and n is the calculation frequency.
Then, three-parameter Log-logistic probability distribution was used to normalize D data sequence

to calculate the SPEI, corresponding to each value:

F(x) =

1 + (
α

x− γ

)β−1

(6)
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The calculation process of each parameter is as follows:

α =
(ω0 − 2ω1)β

Γ(1 + 1/β)Γ(1− 1/β)
(7)

β =
2ω1 −ω0

6ω1 −ω0 − 6ω2
(8)

γ = ω0 − αΓ(1 + 1/β)Γ(1− 1/β) (9)

where, Γ is factorial function, and ω0, ω1, ω2 are the probability weighted moment of D data series:

ωs =
1
N

N∑
i=1

(1− Fi)

s

Di (10)

Fi =
i− 0.35

N
(11)

where, N is the number of months in the calculation.
Ultimately, the cumulative probability density was standardized:

P = 1− F(x) (12)

when the cumulative probability P ≤ 0.5:

ω =
√
−2 ln(P) (13)

SPEI = ω−
c0 + c1ω+ c2ω2

1 + d1ω+ d2ω2 + d3ω3 (14)

where, the constants c0, c1, c2, d1, d2, d3 are:

c0 = 2.515517,
c1 = 0.802853,
c2 = 0.010328,
d1 = 1.432788,
d2 = 0.189269,
d3 = 0.001308.

(15)

Finally, the drought classification was graded, according to the SPEI value (Table 1).

Table 1. Drought classification, based on the SPEI value.

No Drought Mild Drought Moderate Drought Severe Drought Extreme Drought

−0.5 < SPEI −1 < SPEI ≤ −0.5 −1.5 < SPEI ≤ −1 −2 < SPEI ≤ −1.5 SPEI ≤ −2

3.3. SPI and Its Calculation Method

The SPI is an indicator of the precipitation probability in a certain period of time, which is suitable
for monitoring and evaluating droughts over the monthly-scale, under the local climate conditions [40].
In comparison with the SPEI, the calculation of SPI exclude the effect of evapotranspiration. In our
study, the changing trends of the annual SPI and SPEI were compared, in order to analyse the influence
of climate warming on droughts.

The SPI uses Γ distribution probability to describe changes in precipitation. The precipitation of
the skewed probability distribution was normalised, and distribution of the standardised precipitation
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accumulation frequency was used to classify the drought degrees, in the study area. The calculation
formula of the SPI is as follows [9,41]:

SPI = S
t− (c2t + c1)t + c0

((d3t + d2) t + d1)t + 1.0
(16)

t =

√
ln

1

G(x)2 (17)

where, G(x) is the precipitation distribution probability, related to the Γ function, x is the sample value
of precipitation, S is the positive and negative coefficient of probability density, and the values of the
constants c0, c1, c2, d1, d2, d3 are the same as described in the SPEI calculation. When G(x) > 0.5, G(x) =

1.0 − G(x), S = 1. When G(x) ≤ 0.5, S = −1. G(x) is obtained by the following Γ distribution function
probability density integral equation:

G(x) =
1

βγΓ(γ)

∫ x

0
xγ−1e−x/βdx, x > 0 (18)

where, γ is the shape parameter of the Γ distribution function, and β is the scale parameter of the Γ
distribution function. The calculation formula is as follows:

γ =
1

4A

1 +

√
1 +

4A
3

 (19)

A = ln(x) −
∑

ln x
n

(20)

β =
x
γ

(21)

where, n is the sample size of precipitation.

3.4. RDS (Region Drought Severity) and Its Calculating Method

In terms of climatic conditions, the SPEI and the SPI can reflect the drought degree, in different
time scales. However, taking the annual-scale as example, the SPEI and the SPI can only reflect the
drought conditions, reflected by the climatic conditions of that year, while the effects of successive
droughts and drought range are not taken into account. For instance, the third consecutive year of
moderate drought in a region produces cumulative effects, due to occurrence of continuous drought
in the region. Therefore, the damage, caused by the moderate drought in the third continuous year
might be similar to the severe drought year after a humid year. In terms of drought range, for the same
drought degree, the increased drought range is more harmful to the economy and society. The SPI and
SPEI can only reflect the drought degree, determined by the climate conditions of that year. Therefore,
without considering the cumulative effects of drought and the influence range, the actual severity of
the drought in that specific year cannot be reflected.

In order to reflect the changing characteristics of drought severity, in our study, based on the SPEI,
a comprehensive index RDS- Regional Drought Severity was proposed, taking into account the effect
of the continuous drought from the perspective of time and the extent of the drought affected area
from the perspective of space. The calculation formula is as follows:

RDS =

 SPEI− t× a+
a+
×

S+
S+

, SPEI− t > 0

SPEI− t× a−
a−
×

S−
S−

, SPEI− t < 0
(22)
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where, the SPEI-t is the SPEI value on the t time scale. a+(a−) is the cumulative value of SPEI for
consecutive non-arid (arid) years. That is, if one year is the beginning of non-drought (drought), then
the a+(a−) of this year is the SPEI value. If the subsequent year is the consecutive non-arid (arid) year
with that year, then the value of a+(a−) in subsequent year is the sum of the SPEI values of all years
from the beginning year of non-arid (arid) to the year. a+(a−) is the mean value of a+(a−) over the
years. S+(S−) is the proportion of non-arid (arid) area, while S+(S−) is the mean value of S+(S−), over
the years.

3.5. Mann-Kendall-Sneyers Test

Mann-Kendall-Sneyers test (M-K-S test) is an effective tool to extract the sequence change trend
and has been widely used in the analysis of climate parameters and hydrological sequences [42]. The
M-K-S test is famous for its wide range of applications, little human influence, and high quantification.
The method is illustrated in Equation (23), and for a time series with n sample sizes, an order sequence
is constructed, as follows:

uk =
k∑

i=1
ri , (2 ≤ k ≤ n) ,

ri =

{
1 xi > x j
0 else

j = 1, 2, . . . , i.
(23)

where, the order sequence uk is the cumulative number of values at time i greater than time j. Assuming
the time series is random and independent, the statistic UFk can be defined, as follows:

UFk =
uk − E(uk)√

Var(uk)
, k = 1, 2, . . . , n. (24)

where, UF1 = 0, E(uk) and Var(uk) are the average value and variance of the cumulative number uk.
When x1, x2, . . . , xn are independent and has the same continuous distribution, their values can be
calculated by the following formula:

E(uk) =
k(k−1)

4 ,

Var(uk) =
k(k−1)(2k+5)

72 , (2 ≤ k ≤ n)
(25)

The antitone sequence UBk curve was drawn in the same way. Where, x can be reversed
according to time series to get xn, xn−1, . . . , x1, and the above process is repeated. Meanwhile, making
UBk = −UFk, k = n, n− 1, . . . , 1, then UB1 = 0.

The curve of UFk and UBk are illustrated and corresponding critical lines are plotted, according
to different significance levels α. When the curve of UFk exceeds the critical line, it indicates a
significant upward or downward trend. If there are intersection points between the UFk and the UBk,
with the intersection points between the critical lines, then the time at the intersection is when the
mutation starts.

4. Result and Discussion

4.1. Inter-Annual Variation Characteristics of SPEI and RDS

Figure 2a shows the inter-annual variation of the annual SPEI. As displayed in Figure 2a, the SPEI
value showed a significant drop, with 1997 as the dividing line. The SPEI values were positive for
most of the years between 1960 and 1996, and only the SPEI values in 1978 and 1980 were less than
−0.5, suggesting moderate drought and mild drought, respectively.

Since 1997, the SPEI values have been almost always negative, with the only positive values,
observed in 2003 and 2010. As it can be seen from the SPEI cumulative curve, the cumulative value
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of SPEI was on the rise before 1997 and peaked at 13.43 in 1996, followed by an overall declining
tendency. The above results indicated that the frequency of annual drought events in Xinjiang has
significantly increased since 1997, which was consistent with the results of Yao et al. [32] that the
droughts occurred more frequently since 1997, according to their analysis on the Xinjiang droughts,
using the SPEI. Figure 2b demonstrates the inter-annual variation of the annual RDS. Changes in the
RDS values were generally consistent with the changes in the SPEI values. The RDS values in 2008 and
2009 were particularly low, suggesting the most severe economic and social impacts of the droughts in
2008 and 2009, due to large arid areas and successive droughts. Meanwhile, the cumulative value of
RDS reached the minimum value of −0.72 in 2018, while the cumulative value of SPEI stayed always
positive. This indicated that the drought results, obtained by the RDS were more severe than those,
obtained by the SPEI, when considering the extent of the drought affected area and successive droughts.

As a large province of agriculture and animal husbandry, the economic and social development of
Xinjiang is dependent on the growth of crops and grasslands. Therefore, the changes of SPEI and RDS
value over the years in plant growing season were analysed in our study. Based on the overall tendency
of SPEI values in plant growing season in Figure 3a, the drought characteristics during the plant
growing season were similar to the annual drought characteristics. During 1960–1996, a few drought
events existed, however, since 1997, drought began to occur more frequently, resulting in occurrence of
14 drought events over a period of 22 years, from 1997 to 2018 (SPEI < −0.5). As displayed in Figure 3b,
in 2008 and 2009, the RDS values of plant growing season were especially low, which were similar to
the annual RDS values. In addition to these two years, the RDS values of plant growing season in the
last four years were also low. It is mainly due to the low SPEI values in these years (Figure 3a), which
was then affected by continuous drought (eight consecutive years of drought for the period of 2011 to
2018) and the large arid area, which greatly exacerbated the drought severity.
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To further analyse the drought characteristics in Xinjiang, the SPEI and RDS values of four seasons
in Xinjiang were analysed, as presented in Figure 4. Overall, the change tendencies of SPEI values
in spring, summer, and autumn were similar to that of the annual and plant growing season. Before
the 1990s, the wet climate was dominant in the area, however, and after the 1990s, the dry climate
became more dominant. In contrary to the other seasons, winter showed a phenomenon of having a
period of drought, first, followed by wet climate. From the cumulative curves of SPEI and RDS, the
same tendency was observed in the final cumulative values of SPEI and RDS in spring, while the final
cumulative values of RDS in summer were significantly higher than that of the SPEI. This indicated
that the occurrence frequency of large area drought events or continuous drought events was lower
during the summer, which reduced the drought severity. The final cumulative values of RDS during
the autumn and winter were slightly less, in comparison with the SPEI values, which was similar to
the difference between the cumulative values of the annual RDS value and SPEI values. Based on the
differences in cumulative values of SPEI and RDS, it can be interpreted that the severity of drought
in summer and winter, obtained by the RDS was lighter than that of obtained by the SPEI, while the
severity of drought in autumn was slightly heavier than that of obtained by the SPEI.
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4.2. Change Characteristics of Arid Area

Figure 5 shows the changes in percentage of arid area across the study area, over the years.
From the change of the five-year moving average of the arid area proportion, it can be observed
that a fluctuating rising tendency was observed in the arid area, as a whole. Since 1997, the arid
area has changed, significantly. In 1996, the arid area accounted for a relatively small value of 7.28%.
Subsequently, in 1997, the arid area expanded rapidly, reaching up to 87.98%. After that, the arid area
fluctuated up and down, but the arid area had increased significantly in most of the years, compared to
the previous years. Before 1996, there were fewer years when the drought area exceeded 50%, however,
after 1997, the frequency of large-scale drought events increased, significantly. In 15 out of 22 years,
the drought area exceeded 50%, in which, 6 years experienced a drought, exceeded 70%. In 2008, the
drought area was the largest, accounting for 93.90%.
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In terms of the drought types, from 1960 to 1996, the drought in the study area was mainly
composed of mild drought and moderate drought, with a small proportion of severe and extreme
droughts. From 1997 to 2018, the arid area expanded greatly, and moderate and severe droughts became
more dominant. Meanwhile, the proportion of extreme drought was still small, with a reduction in the
proportion of mild drought. However, due to the expansion of the total arid area, the actual arid area
of each drought grade had a certain increase, overall.

In general, the change characteristics of arid area are consistent with the change characteristics of
the drought situations which were analysed previously, accompanied with 1997 as the turning point.
The drought quickly became severe, after 1997. On the one hand, the arid area began to expand more
rapidly, on the other hand, the drought intensified, changing from a predominantly mild and moderate
drought to a moderate and severe drought.
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The changes of arid area ratio over the years in plant growing season and four seasons in study
area are presented in Figures 6 and 7a–d, respectively. Among them, the variation of arid area in
the plant growing season was basically consistent with the variation tendency of the annual arid
area, while the variation of arid area in each season has its own characteristics. The arid area during
the spring, summer, and autumn seasons showed an overall increasing tendency, which was mainly
manifested by the expansion of severe and extreme drought areas. The arid area in the winter showed
a declining tendency, while, all drought grades presented a decreasing tendency, as well. Furthermore,
the characteristics of drought were compared during each of the four seasons. From 1997 to 2018,
frequent severe drought events were observed during the spring. In 1997, the arid area reached the
maximum value of 94.66%, and from 2007 to 2009, the arid area exceeded 75% for three consecutive
years. In the 1990s, the summer and autumn showed the characteristics of regional drought for
several consecutive years. A regional drought event occurred during the summer of every year, for
25 consecutive years (i.e., 1994 to 2018), and for the 26 consecutive years of autumn (i.e., 1993 to 2018).
The winters were characterised by regional drought, occurring almost every year. During 1960–2018,
only the arid area in 2005 was 0. However, the severity of winter drought was low and it was mainly
included the mild drought, with a few areas, where severe drought and extreme drought occurred.
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4.3. The Characteristics of Intra-Annual Drought

Monthly SPEI values were used to analyse the annual distribution of drought in Xinjiang (Figure 8).
As it can be seen from the figure, before 1978, the frequency of drought was relatively low, also, the
drought types were all including the mild or the moderate droughts, and dominated by the mild
drought. Furthermore, droughts occurred more frequently during the January and December. Since
1978, droughts began to shift throughout the year, gradually concentrating in March–November.
Water 2020, 12, x FOR PEER REVIEW 14 of 22 

 

 
Figure 8. Distribution and occurrence frequency of intra-annual drought. 

During this period, the drought type was mainly dominated by the mild and moderate 
drought, with few severe droughts. In terms of the drought frequency, the highest frequency of 
drought occurred in April, at 27.1%, and its lowest frequency occurred in February, at only 3.4%. 
From the perspective of drought type, December was the month with the highest frequency of mild 
droughts, at 23.7%. In addition, only the mild droughts occurred during the three months of winter 
(December–February). April was identified as the month with the highest frequency of moderate 
and severe drought, when the frequency of moderate and severe drought in April was 11.9% and 
5.1%, respectively. Therefore, corresponding measures should be made according to the drought 
situations during different months, in order to ensure that agricultural and animal husbandry 
production have not been affected by drought. For instance, during the winter, it is enough to take 
required approach to prevent the mild drought. While, considering occurrence of severe droughts, 
with higher frequency during April, it is necessary to make additional plan to prepare for the severe 
droughts to come. 

4.4. M-K-S Test 

Based on previous analysis of the changes of SPEI values, during different time scales over the 
years, our results suggested that the SPEI values around 1997 have undergone great changes, 
therefore, the mutation test of the SPEI value was performed, using the M-K-S test (Figure 9). As 
displayed in Figure 9, within the threshold of significance level 0.01, the intersection of UF and UB 
was located near to the year 1997, so the SPEI value mutation occurred near 1997. 

To further understand the reason for mutation, the M-K-S test was conducted for the two main 
factors, affecting the SPEI value, including precipitation and temperature. Figure 10 shows the 
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During this period, the drought type was mainly dominated by the mild and moderate drought,
with few severe droughts. In terms of the drought frequency, the highest frequency of drought occurred
in April, at 27.1%, and its lowest frequency occurred in February, at only 3.4%. From the perspective
of drought type, December was the month with the highest frequency of mild droughts, at 23.7%.
In addition, only the mild droughts occurred during the three months of winter (December–February).
April was identified as the month with the highest frequency of moderate and severe drought, when
the frequency of moderate and severe drought in April was 11.9% and 5.1%, respectively. Therefore,
corresponding measures should be made according to the drought situations during different months,
in order to ensure that agricultural and animal husbandry production have not been affected by
drought. For instance, during the winter, it is enough to take required approach to prevent the mild
drought. While, considering occurrence of severe droughts, with higher frequency during April, it is
necessary to make additional plan to prepare for the severe droughts to come.
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4.4. M-K-S Test

Based on previous analysis of the changes of SPEI values, during different time scales over the
years, our results suggested that the SPEI values around 1997 have undergone great changes, therefore,
the mutation test of the SPEI value was performed, using the M-K-S test (Figure 9). As displayed in
Figure 9, within the threshold of significance level 0.01, the intersection of UF and UB was located near
to the year 1997, so the SPEI value mutation occurred near 1997.
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To further understand the reason for mutation, the M-K-S test was conducted for the two main
factors, affecting the SPEI value, including precipitation and temperature. Figure 10 shows the M-K-S
test results of the annual mean precipitation and the annual mean temperature in Xinjiang. As it can
be seen from the figure, the precipitation and temperature in Xinjiang had a sudden change in 1995
and 1993, respectively, with an obvious increasing trend since 2003 and 1997, respectively (within the
threshold of significance level 0.01). In view of the increase of the UF curve, the increase of temperature
was obviously larger, in comparison with the precipitation. Therefore, the effect of excessively rapid
temperature increase on the SPEI value could exceed the impact of precipitation growth, which led to
the rapid decline of the SPEI value.
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4.5. Changes of Occurrence Frequency and Duration of Drought

In order to explore the drought characteristics before and after the meteorological change, the
occurrence frequency of drought and the longest drought duration before and after the meteorological
change were compared and analysed (Table 2). The frequency of drought from 1997 to 2018 was
59.09%, which was 10.9 times the occurrence of drought before the meteorological change (i.e., 5.41%).
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The occurrence frequency of the mild and moderate drought was about 10 times higher, compared
to the period before the meteorological change. However, no severe drought occurred before the
meteorological change, while, the occurrence frequency of severe drought after the meteorological
change was 4.55%. In terms of drought duration, the longest drought in period between 1960 and
1996 was 13 months, while the number of month increased to 44 months, for the period after the
meteorological change (i.e., 3.38 times higher). Moreover, the longest duration of mild drought was
1.43 times and the moderate drought was 0.82 times higher, in comparison with the period before
the meteorological change. No severe drought occurred during the period before the meteorological
change, and the maximum duration of severe drought after the meteorological change was 5 months.

Table 2. Comparison between the occurrence frequency of drought and longest drought duration for
the periods of 1960–1996 and 1997–2018.

Item Degrees 1960–1996 1997–2018

Occurence rate (%)

Drought 5.41 59.09
Mild 2.70 31.82

Moderate 2.70 22.73
Severe 0 4.55

Extreme 0 0

Longest duration
(number of months)

Drought 13 44
Mild 7 10

Moderate 11 9
Severe 0 5

Extreme 0 0

4.6. Effects of Climate Warming on Spatial Distribution of Drought

Based on the above analysis, the increase in temperature can be identified as one of the causes
for increasing the frequency of drought. To further analyse the influence of climate warming on
the spatial distribution of drought in Xinjiang, the variation trends of SPEI values and SPI values at
various stations, were calculated for the different periods. Furthermore, the inverse distance weighting
interpolation method was used to obtain the variation trend in the whole research area (Figure 11).
Since the meteorological change occurred in the 1990s, the entire investigation period can be divided
into two periods of 1960–1990 and 1991–2018.

From 1960 to 1990, a declining trend of SPEI values was observed in most areas, suggesting a drier
climate, with a slow declining rate. In most areas, the decline rate was (0–0.2)/10a. Meanwhile, the
SPEI value increased in the parts of western Xinjiang and small areas of eastern Xinjiang, suggesting
occurrence of a wetter climate. The situation of SPI in the same period was as follows: the SPI value in
most regions showed an upward trend, and the rising rate was mostly (0–0.2)/10a. Only the western
region and a small part of central regions showed a downward trend. During 1991 to 2018, the SPEI
value began to decline, rapidly, and covered a wide range. The SPEI values in more than half of the
study area from the south-east to the north-west decreased rapidly, with a rate of more than 0.4/10a.
Only few areas in the north-western Xinjiang showed a rise in the SPEI values. However, the spatial
variation of SPI value was far different from that of SPEI value. The SPI values in most areas still
showed an upward trend, and the upward rate in the north-west was significantly accelerated, reaching
up to (0.2–0.4)/10a, in most areas, even exceeding 0.4/10a, in a small area.

In consideration of the fact that the decline rate of the SPEI is faster than that of the SPI, it is possible
that rising temperatures may indeed have contributed to an increased rate of drought. From the spatial
distribution of SPEI value, an obvious increasing drought trend was observed in the south-east of
the study area, after the meteorological change. The causes can be analysed as follows: (1) From the
change of SPI value, it can be seen that the north-west region received more precipitation, compared to
the south-east, which alleviated the aggravation of drought. (2) In the south-east, due to the lack of
precipitation and temperature rise, the drought seriously intensified.
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4.7. Spatial Variation Characteristics of Drought

To further analyse the spatial distribution of drought in the study area, the inverse distance
weighting interpolation method was applied to interpolate the drought occurrence frequency at
each station, subsequently, the distribution of drought frequency across the study area was obtained.
Furthermore, the spatial distribution of drought frequency of different grades were compared for the
periods of 1960–1996 and 1997–2018 (Figure 12).

Based on Figure 12a, during 1960 to 1996, the frequency of drought was high in the north-west of
the study area, with a maximum of 47.11%, while, a lower drought frequency was observed in the
south-east region, with the lowest percentage of 5.54%. However, the drought-prone areas shifted
from the north-west to the south-east, between 1997 and 2018. Indeed, before the meteorological
change, the south-eastern part belonged to the low-incidence drought area in the study area. However,
after the meteorological change, drought occurred frequently, with the highest frequency of 84.85%.
Although the drought frequency increased throughout the region, the drought centrality shifted from
the previous spatial distribution of the drought.

The spatial distribution changes of different types of drought are analysed (see Figure 12b–e).
In 1960–1996, the drought frequency of each type was low and mainly concentrated in the north-west
part, which was consistent with the spatial distribution of total drought. Among them, the frequency of
mild drought was the highest, which was mainly dominated in the north-west border. The occurrence
frequency of moderate and severe drought was lower than that of the mild drought, mainly distributed
in the centre of the north-west area. The frequency of extreme drought was the lowest, occurred only
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in the north-west central region and the northern regions, with a maximum of 6.47%. During 1997 to
2018, an obvious increase was observed in the occurrence frequency of each type of drought, and the
areas with the frequent occurrence of mild, moderate, and severe droughts shifted from the north-west
to the south-east. The east-central region was identified as the region with the highest frequency of
mild drought, with the highest frequency of 34.85%. Furthermore, the middle region in the south was
recognised as the region with the highest frequency of moderate drought, with the highest frequency
of 32.95%. The small area in the central region and the area near to the south were identified as the
areas with the highest frequency of severe drought (i.e., 32.58%). The distribution of extreme drought
was relatively scattered, mainly distributed in some small areas in the north-central region, with a low
frequency, up to 13.64%.
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5. Conclusions

In this study, the drought characteristics in Xinjiang was studied to analyse the variation trend,
area range, and intra-annual distribution of drought over time. Furthermore, the time point and the
reason of the abrupt change of drought situation were discussed, and the drought situation of periods
before and after the meteorological change were compared and analysed. The main findings of our
research are as follows:

(1) An increasing drought trend was observed across Xinjiang, from 1960 to 2018, while the
drought situation rapidly became severe after 1997. The occurrence frequency of drought increased
significantly during each annum, as well as the plant growing season, spring, summer, and autumn.
The severest drought occurred during 2006 to 2009. In contrast to other seasons, the winter showed a
different pattern of drought, starting with a dry climate, followed by a wet climate. Since 2000, the
frequency of drought during the winter has declined, significantly. The RDS was used to analyze the
effects of duration of the drought and the extent of the drought affected area, which provided a new
way to study the actual impact of drought on the environment, agriculture and society. The focus of
future research is to find auxiliary indicators that can prove the rationality of existing indexes.

(2) From 1960 to 2018, an expanding trend was identified in the drought area in Xinjiang, while
the drought severity was also intensified. From 1960 to 1996, the drought mainly consisted of the mild
and the moderate drought, while from 1997 to 2018, the moderate and the severe types of drought
were dominant. Except for the decrease of the drought area during winter, the change of the drought
area in other seasons and in the plant growing season was consistent with the annual drought trend,
showing an expanding trend.
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(3) The annual distribution of drought in Xinjiang also showed obvious time periods. During
1960–1977, the occurrence frequency of drought was higher during January and December and lower
during the other months, accompanied with the mild droughts. Since 1978, the drought frequency
began to shift throughout the year, gradually concentrating at March to November. The highest
frequency of drought occurred during April, and the drought type was mainly dominated by the mild
and the moderate drought, with a spot of severe droughts.

(4) During the 1990s, the climate conditions in Xinjiang changed dramatically, with significant
increases in precipitation and temperature. However, the increase in temperature was higher than
the increase in precipitation, which can be considered as the reason for worsening drought. The
aggravation of drought was mainly reflected in more than half of the study area, from south-east to
north-west. Since 1997, the frequency, coverage area, and duration of drought in the study area have
been significantly increased.

(5) The drought-prone areas shifted from the north-west to the south-east, after the meteorological
change. Except for the distribution of extreme drought, which was relatively scattered, obvious regional
characteristics were observed in the other types of drought. For instance, the mild drought mainly
covered the east-central region, while, the middle part of the southern region experienced the occurrence
of moderate drought, and severe drought mainly occurred in the central and central-south regions.

(6) In terms of the temporal-spatial variation characteristics of drought in Xinjiang, appropriate
policies should be made by relevant departments for each region. Indeed, considering the spatial
distribution of drought, appropriate strategies should be taken for the south-east area, where severe
drought is dominant. Taking into account the temporal distribution of drought, the water supply
measures should be taken place during April, May and other drought-prone months to ensure the
normal progress of the social and economic development, especially the agricultural production.
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