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Drought is a natural phenomenon caused by a shortage of water resources and has a great
impact on agriculture, the economy, and the environment. To study the Spatio-temporal
distribution and explore the zonal patterns of drought, this paper took the Yunnan-Guizhou
Plateau (YGP) as the research region, selected the air temperature, relative humidity,
sunshine duration, wind speed, and precipitation data from 47 meteorological stations on
the YGP. First, the standardized precipitation evapotranspiration index (SPEl) was
calculated, and then the Spatio-temporal distribution of YGP drought was analyzed
with the SPEI, Mann-Kendall test, and principal component analysis (PCA). Finally, the
correlations between the average SPEI, drought characteristics extracted from the SPEI,
and longitude/elevation/latitude were analyzed with the linear regression method, and then
the zonal patterns of the YGP drought were obtained. The results revealed that the annual
and seasonal SPEI values mainly decreased. Because the first component of the SPEI (the
largest eigenvalue makes it the most important component) in annual and winter had a
poor relationship with longitude/elevation, its correlation was weak, while the average SPEI
values in other seasons were significantly correlated with longitude/elevation (« = 0.001),
and the absolute value of the correlation coefficient was between 0.6879-0.9453. Except
for PC1 in annual and winter, PC1 and PC2 were significantly correlated with longitude/
elevation (&« = 0.001), and the absolute value of the correlation coefficient was between
0.5087-0.9501. The duration, severity, intensity, frequency of drought were significantly
correlated with longitude/elevation (« = 0.001) in most situations. The average SPEI values
and drought characteristics showed a good multivariate linear correlation with longitude,
latitude, and elevation, indicating that drought exhibited strong zonal patterns. This study
will provide new ideas for drought research and technical support for regional industrial
layouts, planting structure adjustments, and drought and disaster reduction.

Keywords: Yunnan-Guizhou Plateau, longitude, elevation, zonal patterns, drought

INTRODUCTION

Recent studies have demonstrated that global climate change has altered precipitation and
temperature in different regions (Almazroui et al., 2016; Vinnarasi and Dhanya, 2016; Sung
et al, 2017; Salman et al, 2017; Sa’adi et al., 2017; Pour et al., 2018; Tao et al., 2018) and
affected the entire hydrological system (Zahabiyoun et al, 2013), thereby increasing the
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frequency and intensity of drought events (Sung and Chung,
2014; Ahmed et al., 2015; Zhang et al., 2017; Mohsenipour et al.,
2018). Furthermore, drought substantially impacts agriculture,
the economy, and the ecological environment (Wilhite, 2005;
Xiao et al., 2016; Fang et al., 2018; Fang et al., 2019; Huang et al,,
2019).

As a result, an increasing number of researchers have studied
droughts around the world. Under RCP8.5, global drought will
continue to increase (Prudhomme et al., 2014; Chanda and Maity,
2017). In particular, a substantial increase is predicted in most
parts of Africa, South America, and Asia (Chanda and Maity,
2017). Moreover, the return period of drought characteristics in
North America and Asia will decrease the most by the middle of
the century, while South America and Australia will experience
the largest decline by the end of the century (Wu et al,, 2021). On
a smaller scale, many scholars used the Mann-Kendall test,
principal component analysis (PCA), and other methods to
analyze the spatial-temporal distribution of drought indicators
[the Palmer drought severity index (PDSI), the standardized
precipitation index (SPI), the standardized precipitation
evapotranspiration index (SPEI), etc.] and/or drought
characteristics (duration, severity, intensity, frequency, etc.) of
South Korea (Azam et al., 2018), Syria (Mathbout et al., 2018),
Northeast China (Fu et al., 2018), Southwest China (Wang et al,,
2018), the Loess Plateau (Liu et al., 2016), Inner Mongolia (Huang
et al., 2015), Turkey (Danandeh Mehr and Vaheddoost, 2020),
Northeast Algeria (Merabti et al., 2018), Oklahoma (Tian and
Quiring, 2019), Hungary (Alsafadi et al, 2020), Oman (El
Kenawy et al., 2020), and South-central Asia (Adnan et al,
2016). The research results for the Yunnan-Guizhou Plateau
(YGP) and its adjacent areas showed that the annual (SPEI;,)
and seasonal (SPEIL;) droughts in Southwest China decreased
from 1968 to 2018; the drought in the southern region was severe,
and the drought frequency increased (Tang et al., 2021). In
addition, the frequency, duration, and severity of drought in
Southwest China have increased significantly in the past 40 years
(Wang M. et al.,, 2021). According to the revised reconnaissance
drought index (RDI) and Mann-Kendall methods, the RDI of the
YGP declined annually and in summer, autumn, and winter,
indicating that the severity of drought was increasing, but the
opposite pattern was observed in spring. However, these trends
were not significant, and there was no mutation on the YGP from
1960 to 2013 (Cheng Q. et al., 2020). From 1960 to 2017, the
drought in spring and autumn in Guizhou increased, and the
drought in summer and winter decreased (Wang Y. et al., 2021).
From 1961 to 2015, the annual, summer, and autumn SPI of
Yunnan significantly decreased, and there was an obvious
drought trend in the Lancang River and Nanpan River Basins
(Li Y. et al,, 2019). The above research results show that many
researchers have analyzed the temporal and spatial distribution of
drought on a global scale or in a small region, but there are few
studies specifically on the YGP. Therefore, the analysis of the
temporal and spatial distribution of drought on the YGP will
further enrich the research results in this area.

Drought is a natural phenomenon caused by a shortage of water
resources. Therefore, drought is closely related to meteorological
elements such as precipitation (precipitation is considered in many
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drought indicators). However, meteorological elements such as
precipitation have strong zonal patterns. For example, the
precipitation in Sichuan (Zeng et al, 2016) and Hengduan
Mountain (Yu et al, 2018) is influenced by elevation and
latitude. In addition, there is a similar relationship for potential
evapotranspiration (PET). For example, with the decline in elevation,
the PET in the Xitugou Basin (Cheng W. J. et al., 2020) and Qilian
Mountain (Yang et al, 2019) of China gradually increased. The
above research results showed that the magnitude of meteorological
elements related to drought (precipitation, PET, etc.) are related to
their location. Does drought exhibit similar patterns? On a global
scale, there are humid, semihumid, semiarid, and arid areas all over
the world. On a regional scale, Mohammadi et al. (2020) found that
extreme drought events occurred in the eastern Andes; Nuri Balov
and Altunkaynak (2020) found that the drought characteristics of
the West Black Sea and the Euphrates River basin in Turkey have a
certain correlation with elevation. These studies have fully analyzed
the spatial variation characteristics of drought and preliminarily
explored the relationship between drought and elevation, but the
research on the role of longitude and latitude is insufficient [since
meteorological elements such as precipitation are related to
longitude and latitude (Yu et al., 2018), it is necessary to study
the relationship between drought and longitude and latitude]; in
addition, there are few studies on the zonal patterns of drought.
Therefore, to investigate the zonal patterns of drought, this paper
uses the YGP as the study area based on the temporal and spatial
distribution of drought, focuses on the relationship between drought
and its characteristics and elevation/longitude/latitude, and analyzes
the spatial patterns of drought. This research is different from
previous research, providing a more in-depth study on the
temporal and spatial distribution characteristics of drought.
Specifically, this study incorporates the temporal and spatial
distribution characteristics of drought to clarify its relationship
with elevation/longitude/latitude. This study will provide new
ideas for drought research and technical support for regional
industrial layouts, planting structure adjustments, and drought
and disaster reduction.

STUDY AREA

The YGP is located between 22.52-31.21°N and 100.03-111.33°E
in Southwest China, including the eastern part of Yunnan
Province, the entire Guizhou Province, the northwestern part
of Guangxi, and the provincial borders of Sichuan, Hubei, Hunan,
and Chongqing. The YGP is adjacent to the Qinghai-Tibet
Plateau and Hengduan Mountains. The rich and diverse
natural environment of the YGP results in high biodiversity
(rich species of plants and animals) and high cultural diversity
(alarge number of ethnic minorities). The YGP has a subtropical
monsoon climate as a whole, with simultaneous rain and heat and
distinct dry and wet seasons. The southern region has a tropical
monsoon climate due to its low elevation and latitude, which is
strongly affected by the South Asian monsoon. At the same time,
because it is located on the low-latitude plateau, there is no severe
cold in winter and no intense heat in summer. In addition,
affected by topography, the YGP climate also has obvious

Frontiers in Environmental Science | www.frontiersin.org

October 2021 | Volume 9 | Article 722285


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Yu et al.

Zonal Patterns of Drought

100°0'0" 102°0'0" 104°0°0"

106°0'0" 108°0'0" 110°0'0"

30°0'0"
[
>

28°00"
I

26°00"

24°0'0"

|
300"

|
250"

|
26°00"

|
24°00"

@ Station

FIGURE 1 | Location of the YGP and meteorological stations.
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vertical zonal characteristics and local climate characteristics. The
YGP is at the intersection of south-north- and
northeast-southwest-trending mountain ranges in China. The
elevation is between 45 and 6,740 m and is higher in the
northwest and lower in the southeast; that is, the elevation
gradually decreases with increasing longitude. The YGP is the
fourth largest plateau in China.

DATA DESCRIPTION

There are many meteorological stations in the study area, but the
starting years of the data of each meteorological station are
different. Moreover, some meteorological stations lack
measurements for a certain period of time, so it is necessary
to cut off the meteorological data in the study area uniformly to
ensure that the starting and ending years of the data of each
meteorological station are consistent and the data within the
study time range are complete. Therefore, to investigate the zonal
characteristics of drought, the monthly air temperature, relative
humidity, sunshine duration, wind speed, and precipitation of 47
meteorological stations with relatively long observation times and
relatively complete observation records (shown in Figure 1) were

TABLE 1 | Drought classes.

Level Drought category SPEI threshold

0 Non-drought 0 < SPEI

1 Mild drought -0.99 < SPEI < 0

2 Moderate drought —1.42 < SPEl < -1.00
3 Severe drought -1.82 < SPEI < -1.43
4 Extreme drought SPEI < -1.83

selected for the present study. The data records, sourced from the
China Meteorological Data Network (http://data.cma.cn/),
covered the period from January 1971 to December 2013. In
addition, prior to the release of meteorological data, the China
Meteorological Data Service Center carried out strict quality
control, and the data had good homogeneity.

METHODS

To study the zonal pattern of drought, this study selected the
meteorological data of the YGP and used the SPEI as the drought

Frontiers in Environmental Science | www.frontiersin.org

October 2021 | Volume 9 | Article 722285


http://data.cma.cn/
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Yu et al.

SPEI
o

: WLU%M

D D
< >

D
<>

FIGURE 2 | Diagram of duration and severity of drought.

index on time scales of 1, 3, 6, and 12 months. Then, the
quantitative method of Tang et al. (2021) was used to analyze
the temporal and spatial distribution of the SPEI and the
dependence of the characteristics of drought on the variation
in longitude, latitude, and elevation on an annual scale
(represented by the SPEI on a 12-months time scale ending in
December in each year), during spring (from March to May,
represented by the SPEI on a 3-months time scale ending in May
in each year), summer (from June to August, represented by the
SPEI on a 3-months time scale ending in August in each year),
autumn (from September to November, represented by the SPEI
on a 3-months time scale ending in November in each year),
winter (from December to February of the following year,
represented by the SPEI on a 3-months time scale ending in
February in each year), the rainy season (from May to October,
represented by the SPEI on a 6-months time scale ending in
October in each year), and the dry season (from November to
February of the following year, represented by the SPEI on a 6-
months time scale ending in April).

SPEI

To analyze drought events, a drought index should first be
selected. However, due to the different subjects and purposes,
researchers have proposed numerous drought indices. As listed
in the technical report of the World Meteorological
Organization (WMO, 1975; 2016), there are as many as 58
drought indices from different countries (Wang et al., 2019).
Among the many indices, the PDSI (Palmer, 1965), SPI (McKee
etal., 1993), and SPEI (Vicente-Serrano et al., 2010a) are widely
used. Among these, the PDSI and SPI have some defects and
assumptions (Guttman, 1998; Vicente-Serrano et al., 2010a).
The SPEI combines the advantages of the multi-timescale SPI
and the sensitivity of the PDSI. In addition, the index considers
not only the water shortage caused by precipitation reduction
but also the water shortage caused by high evapotranspiration
(Yang et al., 2020). Therefore, the SPEI is an effective drought
index and is widely used in the context of global and regional
climate change (Begueria et al., 2014; Jin et al., 2019; Danandeh
Mehr et al.,, 2020; Danandeh Mehr and Vaheddoost, 2020).
Therefore, the SPEI is selected as the drought index in the
present study.

Zonal Patterns of Drought

The SPEI is obtained by normalizing the cumulative
probability of the difference between precipitation (P) and
PET series. First, the Penman-Monteith (PM) method was
used to calculate the monthly PET of the stations on the YGP;
the difference between the monthly P and PET of each station was
calculated, and the cumulative series of the difference on different
time scales (at 1, 3, 6, and 12 months) were obtained. Different
probability density functions were used to fit the series of different
time scales to obtain a distribution function. Finally, the
distribution functions at different stations on different time
scales were standardized to obtain the SPEI values on different
time scales. Detailed steps for calculating the SPEI (Vicente-
Serrano et al, 2010a; Vicente-Serrano et al., 2010b; Vicente-
Serrano et al., 2011a; Vicente-Serrano et al., 2011b) are shown
as follows:

In this paper, the PM method (Allen et al, 1998),
recommended by the Food and Agriculture Organization of
the United Nations, is used to calculate the PET. Although the
calculation of this method is more complex and requires
considerable data, the calculation result is more accurate.

900
PET = (0.408A (Ru=G) + yi—zths (e - ea))/ (A

+y(1+0.34u,)) (1)

where PET is the potential evapotranspiration (mm day '), R, is
the net radiation at the vegetation surface (MJ m™> day '), G is the
soil heat flux density (M] m™ dayfl), A is the slope vapor
pressure curve (kPa’C™'), y is the psychrometric constant
(kPa’C™"), T is the mean daily air temperature at 2 m height
(°C), uy is the wind speed at 2 m height (m s, e, is the saturation
vapor pressure (kPa), and e, is the actual vapor pressure (kPa).
The differences Dy, of the mth year and nth month are

Dm,n = Pm,n - PETm,n (2)

where m and #n denote year and month, respectively.
The cumulant X*  of different time scales (k denotes the

mn

temporal scale; k= 1, 3, 6, 12) can be calculated according to Eq. 2.

Di = Dm,n
{iz(m—mo)x12+n (3)
Xf=Y D )
i—k+1
Xk = xk
m = my +int[ (i — 1)/12] (5)

n=mod[(i—1),12] + 1

where i is the order number, my is the initial year, and int and
mod represent the integer and modulus of @@-1y/12,
respectively.

Because the X}, , of each station is different, this paper uses
dozens of probability density functions to fit the cumulant X’,‘mn of
different  time  scales. = Then, according to  the
Kolmogorov-Smirnov test, this paper selects the cumulative
distribution function F (x) and calculates the cumulative
probability P (X < x). Finally, the SPEI is calculated as
standardized values of cumulative probability P:
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FIGURE 3 | Variation trend of the SPEI and distribution of the multiyear average SPEI on the YGP. The left side represents the variation trend of the SPEI; the right
side represents the multiyear average SPEI. The downward arrow indicates a decrease, and the larger arrow indicates a significant decrease at confidence level a = 0.05.
The upward arrow indicates an increase, and the larger arrow indicates a significant increase at confidence level a = 0.05.

SPEI = @' (P) (6)

where © is the standard normal distribution.

This paper uses the grading standard of the SPEI proposed by
Danandeh Mehr et al. (2020). In addition, Danandeh Mehr et al.
(2020) found that there is little difference between the SPI and
SPEI corresponding to cumulative probabilities of 0.15-0.85;
moreover, the residual with cumulative probability equal to 0.5
is almost equal to 0. In addition, many researchers have
identified SPEI values less than 0 as indicative of drought
(Banimahd and Khalili, 2013; Tan et al., 2015; Li X. et al.,
2019). Therefore, this paper also takes SPEI equal to 0 as the
critical value for dividing drought and wet conditions. The
grading standard is shown in Table 1.

Mann-Kendall Test
The Mann-Kendall test (Mann, 1945; Kendall, 1975) is a

nonparametric  statistical test, also known as a
distribution-free test. Its advantage is that it does not
require samples to follow a specific distribution, nor is it
subject to interference from a small number of outliers.
Therefore, it is widely used in the trend detection of
hydrometeorological factors (Huang et al, 2013; Wang
et al., 2013; Sayemuzzaman and Jha, 2014). The calculation
steps are as follows (Yu et al., 2018).
The Mann-Kendall test statistic S is calculated as

S= 2 Z sgn(xj - x,») (7)

=1 j=itl
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where 7 is the length of the data and x; and x; are the data values
in time series i and j (j > i), respectively. In addition, sgn(x; —
x;) is the sign function of (x; — x;.

+1, if(x; = x;) >0
0, lf(x] - Xi) =0 (8)
-1, lf(.x] - xi) <0

The variance is computed as

sgn(xj - X,‘) =

V(S)=(ntn-1)(2n+5) - " t(ti—1)(2t+5))/18 (9)

where m is the number of tied groups and ¢, denotes the number
of ties of extent k. A tied group is a set of sample data having the

same value. In cases where the sample size n> 10, the standard
normal test statistic Zg is computed using Eq. 10:

S-1
, ifS>0
AV (S) f
Zs = 0, ifS=0 (10)
S+1

——, ifS<0
VYV (S) /

The time series increases when the statistical variable Zg is
greater than 0 and decreases when Zg is less than 0. There is a
significant trend at the given confidence level a = 0.05 when the
absolute value of Zg is greater than Z,.
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PCA

PCA is a widely used spatiotemporal analysis method. It can use a
few linearly uncorrelated principal components to explain most of
the total variance in the original data according to the calculation
results of the covariance matrix and corresponding eigenvalues and
eigenvectors (Raziei et al., 2009) without causing extreme loss of

information (Zhao et al, 2012; Polong et al, 2019). Therefore,
according to drought indices such as the SPI or SPEI, a large

number

of scholars have used PCA to study the temporal and

spatial variations in drought (Gocic and Trajkovic, 2014; Guo et al,,
2018; Aryal and Zhu, 2021). As a result, PCA is also used to analyze
the temporal and spatial variation characteristics of drought in this
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FIGURE 5 | Scree plots of the SPEI at various time scales on the YGP.
paper. The SPEI of the YGP is expressed as s;1, i, **Six, where k S = Z SPEI (12)
represents the number of stations and i represents the length of time. D
Therefore, the linear combination of principal components is .
princp P where D represents the drought duration and S represents the
expressed as follows (Polong et al., 2019): .
drought severity.
Yii=a11Si1 +a1,Si0 + a1Sik Drought intensity is the ratio of drought severity to the
Yio =a18i1 + a2Si0 + a2, Sik an duration of each drought event.
: S
Yik = ak1Sin + ar2Siz + - aickSik I= D (13)
where Y is a new orthogonal and linear uncorrelated variable that . .
; ; ; i where I represents the drought intensity.
explains most of the total variance. The coefficient of linear . .
R . L ) Drought frequency is the ratio of the number of drought
combination is called the “load,” which represents the correlation
- ; o occurrences to the total number.
between the original data and the corresponding principal
component time series. The number of principal components is = (14)
determined according to eigenvalues and cumulative variability. For
example, the cumulative. Variability adf)pted by Raziei et al. (2009),  yhere F represents the drought frequency, n represents the
Gunda et al. (2016), Gocic and Trajkovic (2014), Portela et al. (2015), number of drought occurrences (i.e., the number of SPEIs that
Santos et al. (2010) was 54.96, 67/69, 68-69, 80.1, and 67-77%,  are smaller than 0), and N represents the total number.
respectively. Since different researchers adopt different standards,
70% is used in the present study as the standard to select the principal |\ ultiple Linear Regression
component. .To yisualize the s.patial pattern of drought, the i.nv§rse In this paper, multiple linear regression is used to analyze the
distance welghtlng method is used to interpolate the principal relationship between the average SPEI and drought
components in ArcMap 10.0. characteristics and longitude, latitude, and elevation. This
method is simple and easy to use. The mathematical equation
Characteristics of Drought is as follows (Chatzithomas et al., 2015):
Drought can t}'/'plC?.llY bef characterized by fou.r characterl.stlcs: Y = a+bX, +b,X, + by X; (15)
duration, severity, intensity, and frequency (Mishra and Singh,
2010; Kimosop, 2019). The calculation methods are as follows: where Y is the dependent variable. X;, X,, and X3 are the
Zero was used as the criterion to determine whether drought  independent variables, which are latitude, longitude, and
occurred in this study (as shown in Table 1); i.e, when the SPEI was elevation, respectively. by, b,, and bs are the coefficients of the
less than 0, this value indicated the occurrence of drought. Drought  variables, while a is the intercept. The closer the absolute value of R is
duration represents the sum of the duration of each drought event  to 1, the better the fitting of the multiple linear regression equation.
(unit: month), and D in Figure 2 is the duration of each drought event. ~ From a statistical point of view, the smaller the significance p value is,
Drought severity is the sum of the SPEI of each drought event ~ the more reliable the correlation between the variables in the sample
(the filled-in area in Figure 2). The smaller the drought severityis,  and the variables in the population and the better the fitting of the
the more severe the drought. multiple linear regression equation.
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FIGURE 6 | Distribution of the first three principal components of the SPEI annually and in different seasons.
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TABLE 2 | Linear correlation coefficients R between the first three principal components of the YGP and longitude and elevation.
PC1 PC2 PC3
VS.

Elevation Longitude Elevation

Annual -0.1371 -0.2170 0.7550**
Spring 0.8187** -0.9501** 0.5087**
Summer -0.7168%* 0.7453** 0.7002**
Autumn -0.6967** 0.8018** 0.7317**
Winter 0.729]**

Rainy season -0.7453%* 0.7780%* 0.7483**

Dry season -0.7066** 0.6773** =0.7133**

RESULTS

Based on the SPEI calculation results, this paper first analyzes the
temporal and spatial distribution of the SPEI and then investigates
the zonal patterns of drought on the YGP, i.e., the variation pattern
of drought according to longitude, latitude, and elevation.

Spatiotemporal Variation in the SPEI and its

Relationship With Longitude and Elevation
In this paper, the SPEI was calculated based on the above-
described method for 3-months (representing the drought
index in spring, summer, autumn, and winter), 6-months
(representing the drought index during the rainy and dry
seasons), and 12-months (representing the annual drought
index) time scales. The characteristics of spatiotemporal
variation were then analyzed (as shown in Figure 3).

Longitude Elevation Longitude

-0.8927** -0.2865 0.8
: 0.6

-0.666** -0.1323 0.1656

0.4
-0.8077** -0.1092 0.0606 0.2
-0.8244%* -0.3216 0.4629 0
-0.8319%* 0.2405 s

-0.4
-0.9027** -0.0309 0.0307 0.6
0.8566** -0.2873 -0.8

Figure 3 shows that the annual and seasonal SPEI values
mainly decreased throughout the YGP area, although this
trend was not significant at most stations. In addition, the
spatial distributions of multiyear averages of annual and
seasonal SPEI values were complex. In particular, the
annual average SPEI values in the northwestern and
southern sections of the YGP were relatively large,
whereas those in the remaining areas were relatively small,
and the SPEI values of most stations were smaller than 0,
indicating the occurrence of drought; the average SPEI in
spring was greater in the eastern section of the YGP and
smaller in the western section, and the SPEI values of most
stations were less than 0, indicating the occurrence of
drought in most areas of the study region during spring.
The SPEI values in summer were greater in the western
section of the YGP and smaller in the eastern section of
the YGP. Except for one station, the SPEI values of all other
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FIGURE 8 | The spatial distribution of the first two components of SPEI in annual and each season. The first component of the SPEI was obtained by multiplying
PC1 by the corresponding time coefficient and then taking the average. The second component of the SPEI was calculated by the same method.
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FIGURE 9 | Distribution of duration (A), severity (B), and intensity (C) of drought.

stations during summer were greater than 0, indicating that ~ was relatively small in the central part of the YGP and
drought did not occur in most of the study area during  relatively large in other parts of the YGP, and the SPEI
summer. The average SPEI in autumn was greater in the  values of all stations were less than 0, indicating the
northwestern section of the YGP and smaller in other  occurrence of drought in winter. The average SPEI during
sections of the YGP, and the SPEI values of most stations  the rainy season was greater in the western part of the YGP and
were greater than 0, indicating that drought did not occur in ~ smaller in the eastern part of the YGP, and the SPEI values of
most areas of the YGP in autumn. The average SPEI in winter ~ all stations were greater than 0, indicating that there was no
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TABLE 3 | Linear correlation coefficient R between the first two components of the SPEI and longitude and elevation.

The first component of SPEI

The second component of SPEI

VS.
Elevation Longitude Elevation Longitude
Annual -0.1371 -0.2170 0.8
Spring 0.6660 0.6
0.4
Summer i 0.700

0.2

Autumn 0.696 () 0
Winter 0.1630 -0.3556 -0.2
-0.4

Rainy season 4 4

-0.6
Dry season 6 0.6 0 66 08

drought in the entire study area during the rainy season. The
average SPEI during the dry season was relatively high in the
eastern section of the YGP and smaller at most stations in the
western section of the YGP, and the SPEI values of all the
stations were less than 0, indicating the occurrence of drought
on the YGP during the dry season.

In summary, the annual and seasonal SPEI values decreased
to different degrees in most areas, indicating that drought
might be aggravated. In addition, from the perspective of the
multiyear average SPEI, mild drought occurred for the 12-
months time scale in most areas throughout the year, and
primarily mild drought conditions occurred for the 3-months
time scale in part of the YGP during spring and autumn. No
drought occurred in most regions during summer or the rainy
season. However, drought on 3-months and 6-months
timescales occurred throughout the YGP region during
winter and the dry season, and drought conditions were
mild in winter and moderate during the dry season.

Further analysis of Figure 3 reveals that the annual and
seasonal averages of the SPEI vary with the range. Therefore,
this paper analyzed the correlation between the annual and
seasonal averages of the SPEI and the longitude and elevation
(as shown in Figure 4).

Figure 4 shows that, except for the annual average SPEI, the
correlation between the average SPEI of other seasons and
longitude is contrary to that of elevation. In particular, the
average SPEI in spring and during the dry season had a
significant positive correlation with longitude and a
significant negative correlation with elevation. The average
SPEI in summer, autumn, and during the rainy season had a
significant negative correlation with longitude and a
significant positive correlation with elevation. In general,
except for the annual average SPEI and the average SPEI in
winter, the average SPEI in spring, summer, autumn, and
during the drought and rainy seasons was significantly
correlated with elevation and longitude. In addition, the

correlation between the average SPEI and longitude was
higher than that between the average SPEI and elevation
(except during the dry season).

Spatial and Temporal Variability of Droughts

Derived From PCA
According to the PCA method, the annual eigenvalues and
cumulative variability of the SPEI of the YGP and each
timescale were first calculated (as shown in Figure 5). The
results show that except for annual variability, the contribution
rate of the cumulative variability of the first three principal
components in other seasons exceeded 70%. Therefore, the first
three principal components can reflect the spatial changes in YGP
drought. Figures 6, 7 show the principal components and time
coefficients of drought annually and in each season, respectively.
The contribution rate of the cumulative variability of the first
principal component was between 32 and 89%, which was much
greater than that of other principal components. Therefore, it was
considered that the spatial distribution of PC1 was the main
distribution type of YGP drought. Except for PC1 at a few stations
being greater than 0 in spring and autumn, PC1 at other time
scales was less than O, indicating that the drought and
precipitation changes annually and in each season were
consistent, showing wet and rainy conditions or drought and
little rain throughout the year. In addition, the high value centers
of PC1 were mainly distributed in the east and west of the YGP,
reflecting that these areas were sensitive centers of drought and
precipitation changes, with frequent interannual dry and
wet alternations and large change ranges (the left side of
Figure 6). Except for the time coefficient of PCI in autumn,
which weakly decreased, the time coefficient of PC1 on other time
scales increased (Figure 7). The spatial distribution and time
coefficient of PC1 showed that the drought of the YGP was
becoming increasingly serious. The contribution rate of the
cumulative variability of the second principal component was
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between 3 and 22%, which was also a typical spatial distribution
type of YGP drought. Except for the dry season, the positive
values of other time scales were mainly located in the west of
YGP, and the negative values were mainly located in the east of
YGP, indicating that the drought and precipitation changes in the
east and west of YGP were opposite, and the east and west were
the sensitive centers of drought and precipitation changes (the

middle of Figure 6). The time coefficient of PC2 in the spring and
rainy seasons increased, and the time coefficient of PC2 at other
time scales decreased (Figure 7), indicating that the drought and
precipitation changes on the YGP increased. The contribution
rate of the cumulative variability of the third principal component
was between 2 and 9%, accounting for a small proportion. The
spatial distribution of PC3 on the YGP was complex, in which the
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patterns annually and in autumn and winter were similar, and the
negative values were mainly located in the southeast of the YGP.
The negative value in spring was mainly located in the middle of
the YGP. The negative values in summer and the rainy season
were mainly located in the northeast of the YGP. The negative
values in the dry season were mainly located in the west of the
YGP (the right side of Figure 6). The distribution of PC3 on the
YGP showed that the drought and wet changes were the opposite
in different regions. The time coefficient of PC3 annually and in
the rainy and dry seasons decreased, while that in other seasons
increased (Figure 7).

Figure 6 shows that the spatial distributions of the first two
principal components were different in the eastern and western
YGP. Therefore, this paper also analyzed their relationship with
longitude and elevation (as shown in Table 2). Table 2 shows that
except for the annual and winter seasons, PC1 in other seasons

had a significant correlation with longitude and elevation at the
significance level of & = 0.001. There was a significant correlation
between PC2 and longitude and elevation at the significance level
a = 0.001. For PC3, the correlation was weak. Overall, the spatial
distribution of the first two principal components of the YGP
drought had a good correlation with longitude and elevation. It is
worth noting that these relationships do not reflect the correlation
type (positive or negative correlation) of YGP drought with
longitude and elevation. This is because the principal
component only reflects the spatial distribution pattern of
drought. It is necessary to reflect the relationship between
drought and longitude and elevation, which needs to be
multiplied by the time coefficient (as shown in Figure 8 and
Table 3).

The above analysis showed that the first two principal
components had a good correlation with longitude and
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TABLE 4 | Linear correlation coefficient R between the frequency of each drought grade and the longitude and elevation.

Frequency of mild drought

I Frequency of moderate drought I

Frequency of severe drought l Frequency of extreme drought

VS.

Elevation

Longitude Elevation I Longitude

Annual -0.1940 0.1347

-0.3265

Spring 0.2886 0.6533**

Summer IR 0.7589** -0.6150** 0.6474%*

Autumn -0.7262** 0.782**

Winter

Rainy season 0.5907%* -0.5996** 0.5952¢*

0.0511 0.0397 0.5442%*

Dry season

elevation. Therefore, the first two components of the SPEI were
inversely calculated according to PC1 and PC2 and the
corresponding time coefficients (as shown in Figure 8).
Figure 8 shows that except for annually and in winter, the
first component of the SPEI in other seasons was related to
longitude and elevation. The second component of the SPEI was
related to longitude and elevation on each time scale (as shown in
Table 3). Because the eigenvalue of PC1 was the largest, the first
component of the SPEI played a major role. Hence, although the
second component of the annual and winter SPEI had a good
relationship with longitude and elevation, the overall relationship
was poor (as shown in Figure 4).

The Relationship Between the
Characteristics of Drought and Longitude/

Elevation
In this paper, the SPEI was first calculated on a 1-month time
scale according to the SPEI method. Then, based on the calculated
SPEI on the 1-month time scale, the calculation method for
drought characteristics was used to calculate the four drought
characteristics—duration, severity, intensity (as shown in
Figure 9), and frequency. Finally, the zonal patterns of the
four characteristics of drought, i.e., the correlations between
drought and longitude and elevation, were analyzed.

According to the statistical analysis of drought duration, the
drought duration series were different at different stations.
Therefore, this study used the average drought duration for
analysis (as shown in Figures 9, 10). Figures 9, 10 show that
the average drought duration at each station is significantly
correlated with longitude and elevation (confidence level o =
0.001), and the correlation between average drought duration and
longitude was higher than that between average drought duration
and elevation. The above analysis shows that with increasing
longitude or decreasing elevation, the average drought duration
decreases.

Drought severity indicates the severity of each drought event.
According to the above method, the severity of each drought
event is calculated (the drought severity is the corresponding

-0.8814%*

-0.6981**

Elevation Longitude Elevation Longitude
0.6005**  -0.7382%* -0.2892 0.4682%+ e

0.6

0.7403%* -(.8842%** 0.7928*%* -(0.8358%*

04
-0.6808**

0.7227**  -0.7531**  0.8621** 02

-0.7396%* 0.8434** -0.6775%* 0.778*+

0.2
-0.2999 0.2197 -0.1446
04
-0.6427%* 0.6588** -0.7825%* 0.8415%*
0.6
0.7733%* -0.8833** 0.7856** -0.7413%* 08

series of drought durations), and then the correlations between
the average drought severity and the longitude and elevation of
each station are analyzed (as shown in Figures 9, 11). Figures 9,
11 show that the average drought severity on the YGP was
significantly correlated with longitude and elevation at a
confidence level of & = 0.001, the average drought severity had
a positive correlation with longitude and a negative correlation
with elevation, and the correlation between average drought
severity and longitude was higher than that between average
drought severity and elevation. The above analysis reveals that
with increasing longitude or decreasing elevation, the average
drought severity increases.

Based on the calculated drought severity and drought
duration, this study first calculated the drought intensity
for each drought event and then analyzed the correlation
between the average drought intensity and the longitude and
elevation (as shown in Figures 9, 12). Figures 9, 12 show that
the mean drought intensity had a significant negative
correlation with longitude at a confidence level of a = 0.01
but had no significant correlation with elevation. In other
words, with increasing longitude, the average drought
intensity decreased.

Drought frequency reflects the drought situation in the YGP
area. In this study, we obtained the annual and seasonal drought
frequencies according to the calculation method of drought
frequency and analyzed the correlation between these
frequencies and longitude and elevation (as shown in
Figure 13). Figure 13 shows that there is a significant
correlation between drought frequency and longitude and
elevation at a confidence level of a = 0.001 (except for the
annual drought frequency and the drought frequency in
winter). Moreover, drought frequency in spring and during
the dry season was negatively correlated with longitude and
positively correlated with elevation; the drought frequency in
summer and autumn and during the rainy season was positively
correlated with longitude and negatively correlated with
elevation; and the correlation between drought frequency and
longitude was higher than that between drought frequency and
elevation. The above analysis shows that as longitude increased or
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FIGURE 14 | Correlations between annual and seasonal SPEI sums of drought events and longitude and elevation. (A1-A7) represents the correlation between
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elevation decreased, the drought events increased (increased
drought frequency) in summer and autumn and during the
rainy season with more precipitation, and the drought events
decreased (reduced drought frequency) in spring and during the
dry season with less precipitation. In other words, except for the
annual drought frequency and drought frequency in winter, the
drought frequencies varied with changes in longitude and
elevation.

In addition to analyzing the frequency of drought events, this
paper also analyzed the correlation between the frequency of each
drought grade (including mild, moderate, severe, and extreme
drought, as shown in Table 1) and the longitude and elevation (as
shown in Table 4). Table 4 shows that the annual and seasonal
frequencies of most drought grades were significantly correlated
with longitude and elevation (confidence level o = 0.001); i.e., the
frequency of each drought grade varied with changes in longitude
and elevation.

The sum of the SPEI values of the drought events during the
study period also indicates the drought conditions in various
regions. Therefore, this paper also analyzed the correlation
between the annual and seasonal SPEI sum of the drought
events and the longitude and elevation (as shown in
Figure 14). Figure 14 shows that, except for the annual SPEI
sum and the SPEI sum in winter, the correlation between the SPEI
sum and longitude was opposite to that between the SPEI sum
and elevation (confidence level a = 0.001), and the correlation
between the SPEI sum and longitude was higher than that
between the SPEI sum and elevation. In other words, with
changes in longitude and elevation, the annual and seasonal
SPEI sums also changed.

In addition, this study analyzed the correlation between the
SPEI sum of each drought grade and the longitude and elevation
(as shown in Table 5). Table 5 shows that the SPEI sums of most
drought grades exhibited significant correlations with longitude
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TABLE 5 | Linear correlation coefficient R of the SPEI and the longitude and elevation of different drought classes.

Sum of the SPEI in mild drought

l Sum of the SPEI in moderate drough ] Sum of the SPEI in severe drought l Sum of the SPEI in extreme drought

Vs

Elevation

-0.1709

-0.6547%*

Elevation Longitude Longitude

Annual

Spring 0.8818**

Summer 07125% =0.7722%* 0.6171** -0.6403**

Autumn 0.7271%* -0.7852**

-0.0147

Winter -0.1144 -0.1342 -0.0034

Rainy season 0.6029** -0.6396** 0.5977%* -0.5939**

Dry season -0.1027 -0.5685%* 0.7286**

and elevation (confidence level a = 0.001); i.e., with changes in
longitude and elevation, the SPEI sums of different drought
grades changed in different regions.

Zonal Patterns of Drought

The above results mainly assess the relationships between the
average SPEI and drought characteristics and longitude and
elevation. To analyze the zonal patterns of drought, this paper
studies not only the relationship with longitude and elevation but
also the relationship with latitude. However, the relationship
between the average SPEI and drought characteristics and
latitude is poor, so this paper uses multiple linear regression

Elevation Longitude Elevation Longitude

-0.6041** 0.7376** -0.5700%* 08
-0.7442%* 0.8852%* -0.7651** 0.8100%* 0.6
0.6819** -0.726** 0.6701** -0.8025%* z;
0.7348** 0.6545%* -0.7678** "

0.6406** -0.6551** 0.6905** -0.7889%* 04
-0.7794** 0.8844** -0.7501%* 0.7133%* E:

methods (as shown in Table 6). Table 6 shows that, except for the
average SPEI in winter, drought intensity, drought frequency, and
the sums of the annual and winter SPEI values, the other
indicators have a strong correlation with longitude, latitude,
and elevation. In other words, the YGP’s drought
characteristics exhibited strong zonal patterns.

DISCUSSION

The annual and seasonal SPEI values of the YGP primarily
declined, indicating that drought in the YGP area became

TABLE 6 | Multiple linear regression analysis of average SPEI and drought characteristics with longitude and latitude and elevation.

Coefficients
Multiple R F p-value Intercept  Variable latitude Variable longitude Variable elevation
Average SPEI Annual 0.5701 6.90 6.77E-04  2.27E+00 —2.40E-03 —-2.03E-02 -8.07E-05
Spring 0.9522 139.40 3.56E-22 -2.24E+01 -2.72E-02 2.17E-01 -1.84E-04
Summer 0.8392 34.12  1.91E-11  1.04E+01 -4.01E-02 -8.18E-02 1.82E-04
Autumn 0.8937 56.88 5.14E-15  8.79E+00 7.71E-02 —1.03E-01 5.90E-05
Winter 0.3997 273  558E-02  3.43E+00 —2.44E-02 -3.12E-02 —-1.00E-04
Rainy season 0.8305 31.86 5.29E-11  7.31E+00 1.03E-02 —6.49E-02 1.23E-04
Dry season 0.7398 17.33  1.59E-07 -5.02E+00 —7.57E-03 4.28E-02 -2.36E-04
Average of the drought duration 0.8128 27.90 3.56E-10 2.51E+01 8.55E-02 —2.29E-01 —-3.03E-05
Average of the drought severity 0.7979 2511 1.52E-09 -1.71E+01 -5.79E-02 1.54E-01 -3.64E-05
Average of the drought intensity 0.5156 519  3.78E-03  1.60E+00 —1.10E-02 -1.92E-02 -3.90E-05
Drought frequency Annual 0.3251 1.69 1.83E-01  4.23E-01 3.50E-03 9.16E-05 7.40E-06
Spring 0.9614 17484 4.16E-24  6.65E+00 1.07E-02 -6.04E-02 5.72E-05
Summer 0.8925 56.10 6.51E-15 -3.37E+00 1.08E-02 3.20E-02 —5.93E-05
Autumn 0.8789 48.68 7.08E-14 -2.43E+00 —2.48E-02 3.37E-02 —-2.06E-05
Winter 0.4518 3.68 1.92E-02  8.59E-01 1.80E-02 -5.27E-03 5.04E-05
Rainy season 0.8443 35,59 1.01E-11 -1.68E+00 -2.12E-03 1.97E-02 -4.45E-05
Dry season 0.7886 23.57  3.54E-09  2.51E+00 9.19E-083 —1.93E-02 5.83E-05
Sum of the SPEI in drought event  Annual 0.3960 2.67 5.97E-02 -9.40E+00 -1.51E+00 -1.41E+00 —6.18E-03
Spring 0.9527 14097 2.86E-22 -1.50E+03 —2.36E-02 1.36E+01 -1.19E-02
Summer 0.8762 47.39  1.09E-13  8.46E+02 -3.91E+00 —7.49E+00 9.81E-03
Autumn 0.9176 76.33 2.93E-17  5.14E+02 3.19E+00 -6.06E+00 5.03E-03
Winter 0.2715 114  3.43E-01 1.31E+02 —8.64E-01 —1.42E+00 —8.99E-03
Rainy season 0.8710 45.04 2.51E-13  8.62E+02 -2.17E+00 -8.50E+00 1.83E-02
Dry season 0.8643 42.32 6.80E-13 -8.31E+02 6.40E-01 6.73E+00 -2.44E-02
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increasingly In addition, overall, the spatial
distributions of the annual average SPEI and the average
SPEI in winter were relatively complex. The average SPEI
values in spring and during the dry season were greater in
the eastern part of the YGP and smaller in the western part of
the YGP, whereas those in summer and autumn and during the
rainy season were smaller in the eastern part of the YGP and
greater in the western part of the YGP. Furthermore, the
annual average SPEI and the average SPEI in spring were
less than 0 at most stations, indicating that drought occurred in
most areas of the YGP, whereas the average SPEI values in
summer and autumn were the opposite; the average SPEI
values of all stations were less than 0 in winter and during
the dry season, indicating that drought occurred in the entire
YGP area, whereas no drought occurred during the rainy
season. This outcome occurred because southwestern China
has a subtropical and temperate monsoon climate with an
extremely uneven seasonal distribution of precipitation.
Precipitation during the rainy and dry seasons accounted
for 80-90% and 10-20% of the annual precipitation,
respectively (Zhao, 1997). This outcome indicates that
variation in precipitation is the primary cause of drought on
the YGP (Xu et al.,, 2015). Xu et al. (2015) found that the SPI and
SPEI values of the YGP significantly decreased. In addition, the
drying trend is also evident in southwestern China (Liu et al.,
2015). The above results are consistent with the results of this
study and help elucidate the causes of drought on the YGP.
Except for the annual average SPEI and the average SPEI in
winter, the average SPEI was significantly correlated with
longitude and elevation at a confidence level of a« = 0.001.
Moreover, the average SPEI values were positively correlated
with longitude and negatively correlated with elevation in spring
and during the dry season, whereas the average SPEI values were
negatively correlated with longitude and positively correlated
with elevation in summer and autumn and during the rainy
season. From the perspective of PCA, the first two principal
components were significantly correlated with longitude and
elevation at the confidence level of a = 0.001. In addition, the
first two components of the SPEI also showed a good relationship
with longitude and elevation. Although the second component of
the SPEI had a significant correlation with longitude and
elevation at the confidence level of « = 0.001 on all time
scales, the relationship between the SPEI and longitude and
elevation was poor annually and in spring because the first
component was dominant. From the perspective of drought
characteristics, average drought duration and average drought
severity had a significant correlation with longitude and elevation
(confidence level o = 0.001). Average drought duration was
negatively correlated with longitude and positively correlated
with elevation, average drought severity was positively
correlated with longitude and negatively correlated with
elevation, and drought intensity was negatively correlated
with longitude at a confidence level of @ = 0.01 and was
nonsignificantly correlated with elevation. Because drought
severity and drought duration were relatively small in high-
longitude or low-elevation areas and were relatively large in
low-longitude or high-elevation areas, the weak correlation

severe.

Zonal Patterns of Drought

between the ratio of these two factors and longitude and
elevation was reasonable. Except for the annual drought
frequency and drought frequency in winter, drought
frequency was significantly correlated with longitude and
elevation at a confidence level of @ = 0.001. Moreover,
drought frequency was negatively correlated with longitude
and positively correlated with elevation in spring and during
the dry season, whereas drought frequency was positively
correlated with longitude and negatively correlated with
elevation in summer and autumn and during the rainy
season. The annual and seasonal frequencies of most drought
grades were significantly correlated with longitude and elevation at
a confidence level of a = 0.001. Zhang et al. (2013) showed that the
elevation in southwestern China has some impact on the frequency
of extreme drought during the monsoon period; except for the
annual SPEI sum of drought and the SPEI sum in winter, the SPEI
sums of drought were significantly correlated with longitude and
elevation, and the SPEI sums were positively correlated with
longitude and negatively correlated with elevation in spring and
during the dry season, whereas the SPEI sums were negatively
correlated with longitude and positively correlated with elevation
in summer and autumn and during the rainy season. The above
analysis indicates that both the multiyear average SPEI and the
characteristics of drought are strongly correlated with longitude
and elevation, and in most cases, their correlation with longitude
was higher than that with elevation. In addition, from multiple
linear regression analysis, the average SPEI and drought
characteristics have a good relationship with longitude, latitude,
and elevation in most cases, indicating that drought on the YGP
has zonal patterns. The zonal patterns of the YGP drought may be
caused by changes in precipitation in the region. Previous studies
have shown that annual precipitation in southwestern China, the
Qinghai-Tibet Plateau, and the Hengduan Mountains was related
to latitude and elevation (Lu et al., 2007; Tao et al., 2016; Yu et al.,
2018). Therefore, drought and its characteristic values on the YGP
have a good correlation with longitude, latitude, and elevation; that
is, drought shows zonal patterns.

CONCLUSION

Based on meteorological data, the temporal and spatial distribution
of drought on the YGP and the relationships between drought
characteristics and longitude, latitude, and elevation were
calculated and analyzed by SPEI, the Mann-Kendall test, PCA,
linear regression, and multiple linear regression. The results show
that the SPEI of the YGP is decreasing, and the drought is
becoming increasingly severe. In addition, the spatial changes in
SPEI in each season are different, but SPEI values in seasons are
consistent spatially except annually and in winter; thus, YGP
drought and its characteristics have a good correlation with
elevation and longitude, indicating that YGP drought may be
affected by elevation and longitude. The multiple linear
regression results verify this conclusion, that is, YGP drought in
most seasons is affected by elevation and longitude. In addition, it is
also affected by latitude, showing strong zonal patterns. Taking the
YGP as the research area and the SPEI as the drought index, based
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on the analysis of the temporal and spatial distribution of YGP
drought, this paper focuses on the relationship between drought
and its characteristics and longitude and elevation and reveals the
zonal patterns of YGP drought. The results may have certain
limitations (regionality), but this article shows that drought has
zonal patterns, which may be similar in other parts of the world.
Therefore, the research results of this paper can provide new ideas
for drought analysis in other regions and provide a scientific basis
for industrial layout, planting structure adjustment, and drought
relief.
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