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Abstract: Based on the data of 82 meteorological stations and six representative hydrological stations
in four provinces in Southwest China (Guizhou, Sichuan, Yunnan, Chongqing), this paper uses
standardized precipitation evapotranspiration index (SPEI) and standardized runoff index (SRI) to
analyze the spatial and temporal evolution characteristics of drought in the study area from 1968
to 2018. Combined with the Southwest monsoon index and historical drought data, the correlation
of drought and the applicability of different drought indices were verified. The results show that:
(1) SPEI-12 in Southwest China shows a downward trend from 1968 to 2018, with a linear trend
rate of −0.074/10a, and SPEI-3 has a downward trend in four seasons, the maximum linear trend
rate being −0.106/10a in autumn;(2) The change in SRI-12 and SRI-24 value directly reflected the
decrease in SRI value, indicating that drought events are increasing in recent times, especially in
the 21st century (3). Severe drought occurred in the south of Southwest China, as indicated by
the increase of drought frequency in this area. The main reason for the variations in the frequency
distribution of drought in Southwest China is the combined effect of the change of precipitation and
evapotranspiration. (4) The correlation between hydrological drought index and disaster areas is
stronger than the correlation between meteorological drought and disaster areas.

Keywords: meteorological drought; Southwest monsoon; hydrological drought; SPEI; SRI; South-
west China

1. Introduction

Drought is the kind of natural disaster with the widest influence range, the highest
frequency, the longest duration and the highest disaster rate in the world, a meteorological
disaster that causes the largest economic loss among many other natural disasters [1–3].
According to statistics, the losses caused by meteorological disasters account for about
85% and by drought for about 50% of meteorological disasters among total losses caused
by various natural disasters [4]. The direct economic loss is approximately 2.5–3.5% of
the total GDP in a drought year in China [5]. Drought has become an important factor
restricting the development of China’s national economy.

The spatial and temporal distribution of drought in China has also changed under
global climate change. Drought is no more the exclusive natural disaster of traditional
arid and semi-arid areas such as northeast, northwest and north China. In China’s humid
and semi humid areas, the frequency of drought is also increasing, and the drought is
becoming more and more serious. It is instructive to have a clear understanding of this
development trend via the analysis of drought change characteristics in Southwest China.
A clear understanding of drought characteristics is necessary to improve the level of
disaster prevention.

Previous studies have mainly focused on meteorological drought in Southwest China,
and less on hydrological drought [6,7]. Yu et al. [8] use SPEI to analyze the characteristics
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of drought change in Southwest China, whereas Wang et al. [9] use PDSI. The analysis of hy-
drological drought is only for a single basin (Nanpanjiang River and Wujiang River) [10,11],
not for the whole of Southwest China. Prasenjit et al. [12] used the meteorological index SPI
to analyze drought patterns in three relatively drought-prone places in India and pointed
out that other types of drought, such as hydrological drought, should be considered if
more detailed analysis is needed. However, there are no reports of Southwest drought
combining meteorological and hydrological drought.

Based on the meteorological and hydrological drought index, combined with the
Southwest monsoon index and historical drought data, this paper analyzes the spatial and
temporal evolution characteristics of drought in Southwest China from 1968 to 2018.

2. Study Area and Data
2.1. Study Area

An important geographical area of China is selected to analyze the evolution of
meteorological and hydrological drought. Geographically, it is located in Southwest China,
including Chongqing, Sichuan, Guizhou and Yunnan provinces. It includes Sichuan Basin
and Yunnan-Kweichow Plateau, and is adjacent to the middle and lower reaches of the
Yangtze River Plain in the East. The study area has a surface area of 113.87 × 104 km2,
and the mean annual precipitation for 1968–2017 was 1058 mm, with a standard deviation
of 58 mm. It belongs to the humid and semi humid subtropical monsoon climate with a
mean annual daily temperature of around 16.25 ◦C, affected by the Southwest monsoon.
The study area is shown in Figure 1. There are six hydrological stations in the study area,
and the basins controlled by the six hydrological stations are Yunjinghong Basin (YJHB),
Wutongqiao Basin (WTQB), Sanhui Basin (SHB), Wulong Basin (WLB), Jiangbianjie Basin
(JBJB) and Wanxian Basin (WXB).

Figure 1. Geographical location and distribution of meteorological and hydrological stations in the
study area.

2.2. Dataset

Daily precipitation data of 82 meteorological stations from 1968 to 2017 are provided by
the China Meteorological Data Service Centre (data.cma.cn, accessed on 30 June 2021). Two
climate variables (sunshine and mean air temperature) are used to calculate the potential
evapotranspiration. They are then aggregated to monthly values in order to estimate mete-
orological drought indices. Monthly natural runoff data of six hydrological stations from

data.cma.cn
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1968 to 2017 is provided by the Hydrology Bureau of the Ministry of Water Resources of the
People’s Republic of China to calculate hydrological drought indices. Information on the
selected hydrological stations is provided in Table 1 as well as Figure 1. South Asian sum-
mer monsoon index (SASMI) data (http://ljp.gcess.cn/dct/page/1, accessed on 30 June
2021) is also used to compare the trends in meteorological drought. The statistical data on
agricultural drought includes that from the China Statistical Yearbooks compiled by the Na-
tional Bureau of Statistics (http://www.stats.gov.cn/tjsj/ndsj/, accessed on 30 June 2021)
provided by the Ministry of Agriculture and Rural Affairs of the People’s Republic of
China. It consists of data on the drought affected areas of four provinces in Southwest
China from 1972 to 2017. The data on Chongqing after 1997 were incorporated into that for
Sichuan Province because of the change of administrative division.

Table 1. Information on six hydrological stations and basins.

Basins Hydrological
Stations Longitude Latitude Area (km2)

Average Annual
Runoff (108 m3)

YJHB Yunjinghong 100◦47′ E 22◦1′ N 72,625 564
WTQB Wutongqiao 103◦49′ E 29◦20′ N 120,905 766

SHB Sanhui 106◦29′ E 30◦1′ N 33,155 111
WLB Wulong 107◦43′ E 29◦19′ N 76,101 487
JBJB Jiangbianjie 103◦36′ E 24◦3′ N 31,608 60
WXB Wanxian 108◦25′ E 30◦45′ N 630,822 4066

2.3. Methodology

SPEI: standardized precipitation evapotranspiration index [13] considers the impact
of water budget changes, between precipitation(P) and potential evapotranspiration (PET),
on drought.

The calculation of SPEI is based on the differences between P and PET. The three-
parameter log-logistic probability distribution is usually employed to fit these differences:

F(x) =

[
1 +

(
α

x− λ

)β
]−1

, (1)

x = P− PET. (2)

where F(x) is the cumulative distribution function of the log-logistic distribution, and α, β
and λ represent the three parameters of the distribution, which can be estimated by the
maximum likelihood estimation (MLE) method [14]. Mavromatis [15] showed that the use
of simple or complex methods to calculate the PET provides similar results when a drought
index, such as the PDSI, is calculated. Therefore, we followed the simplest approach to
calculate PET [16], which has the advantage of only requiring data on monthly-mean
temperature. The monthly PET is obtained by:

PET = 16K
(

10T
I

)m
. (3)

where T is the monthly-mean temperature (◦C); I is a heat index, which is calculated as
the sum of 12 monthly index values of i, the latter being derived from mean-monthly
temperature using the formula:

i =
(

T
5

)1.514
; (4)

where m is a coefficient depending on I:m = 6.75 × 10−7I3 − 7.71 × 10−5I2 + 1.79 × 102I +
0.492; and K is a correction coefficient computed as a function of the latitude and month:

i =
(

N
12

)(
NDM

30

)
. (5)

http://ljp.gcess.cn/dct/page/1
http://www.stats.gov.cn/tjsj/ndsj/
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Here NDM is the number of days in the month and N is the monthly average sunshine.
With F(x) the SPEI can easily be obtained as the standardized values of F(x). For

example, following the classical approximation [17] of

SPEI = W − C0 + C1W + C2W2

1 + d1W + d2W2 + d3W3 . (6)

When p ≤ 0.5,

W =
√
−2ln(p). (7)

p is the probability of exceeding a determined x value, p = 1− F(x). If p > 0.5, then p is re-
placed by 1− p and the sign of the resultant SPEI is reversed. The constants are C0 = 2.515517,
C1 = 0.802853, C2 = 0.010328, d1 = 1.432788, d2 = 0.189269, and d3 = 0.001308.

SRI: Standardized runoff index is developed on the basis of standardized rainfall
index (SPI). The mechanism of SPI is to make the precipitation series on a certain time scale
obey Γ distribution, then calculate the cumulative probability for the probability density
function of Γ distribution and finally normalize the cumulative probability, and then SPI
value is obtained [18]. SRI is calculated with a similar method to that for SPEI. In this
paper, it is considered that runoff also obeys the three-parameter log-logistic probability
distribution, and x in SPEI is replaced by runoff to calculate SRI.

SPEI has the characteristics of multiple time scales. This paper calculates the SPEI
values of four-time scales of 1, 3, 12 and 24 months, which are expressed by SPEI-1, SPEI-3,
SPEI-12 and SPEI-24, respectively. Among them, SPEI-3 represents seasonal drought
(spring, summer, autumn and winter), SPEI-12 represents annual drought, and SPEI-24
represents long-term drought. The SRI also has different time scales, and the SRI val-
ues of 1, 3, 12 and 24 months are calculated and expressed as SRI-1, SRI-3, SRI-12, and
SRI-24, respectively.

According to the SPEI drought classification standard formulated by the China Meteo-
rological Administration, the SPEI is divided into five grades. The SRI drought grade is
also divided, with reference to the SPEI drought classification standard (Table 2).

Table 2. Drought index ranks of SPEI and SRI.

Grade Degree SPEI/SRI

1 No drought −0.5<
2 Light drought −1.0–−0.5
3 Moderate drought −1.5–−1.0
4 Severe drought −2.0–−1.5
5 Extreme drought ≤−2.0

SASMI: The South Asian summer monsoon index is calculated according to the
definition of Li Jianping [19]. It is defined as an area-averaged seasonally (JJAS) dynamic
normalized seasonality (DNS) at 850 hPa within the South Asian domain (5◦–22.5◦ N,
35◦–97.5◦ E) [20]. The South Asian monsoon is called the Southwest monsoon because the
southwest wind in summer is stronger than the northeast wind in winter.

Pearson correlation coefficient: Pearson correlation coefficient (PCCs), which can
be calculated using the expression given in equation (8), are used to measure the linear
correlation between variables X and Y, ranging from +1 to −1 [21].

eXY =
Cov(X, Y)

SxSy

Cov(X, Y)
SxSy

. (8)

The function Cov (X, Y) is the covariance of X and Y, which can be calculated by

Cov(X, Y) =
∑n

i=1
(
Xi − X

)(
Yi −Y

)
n− 1

. (9)



Water 2021, 13, 1846 5 of 14

Sx and Sy are the deviations of X and Y, which can be calculated by

Sx =

√
∑n

i=1
(
Xi − X

)2

n− 1
,

√
∑n

i=1
(
Xi − X

)2

n− 1
, Sy =

√
∑n

i=1
(
Yi −Y

)2

n− 1
. (10)

While X and Y are the respective means of X and Y, n is sample size.
Generally, the correlation strength of variables is judged by the value range in Table 3.

Table 3. Description of correlation and its range of value.

Value Range Correlation Description

0.8–1.0 Very strong correlation
0.6–0.8 Strong correlation
0.4–0.6 Moderate correlation
0.2–0.4 Weak correlation
0.0–0.2 Very weak correlation or no correlation

Statistical significance test [22,23] is to make a hypothesis about the parameters or the
distribution of the population (random variables) in advance, and then use the sample
information to judge whether the hypothesis is reasonable, that is, to judge whether there
is a significant difference between the real situation of the population and the original
hypothesis. Take the correlation coefficient of the sample (r) and the correlation coefficient
of the population (ρ) as an example. If the probability of obtaining the r value in the
population is p ≤ 0.05 or p ≤ 0.01, we refuse to test the hypothesis at the level α = 0.05 or
α = 0.01 and assume that the r value comes not from the population for ρ = 0 but from
another population for ρ 6= 0. Therefore, it is judged that there is a significant relationship
between the two variables.

In this study, the significance of r was tested by t-test [24–26]; the steps of t-test are
as follows:

1. Establish test hypothesis, H0: ρ = 0, H1: ρ 6= 0, α = 0.01.
2. t of sample correlation coefficient r was calculated by:

t =
r− 0

Sr
t∗ =

r− 0
Sr

=
r√
1−r2

n−2

, v = n− 2. (11)

v is the degree of freedom, which is obtained from the difference between the sample
size (n) and 2. If H0 is true, then t obeys the t-distribution, whose degree of freedom is n−2.

3. Look up t-distribution table to get tα/2 by a given α. Get r according to the sample,
and then bring it into the Equation (11), and to calculate t*. If |t*| > tα/2, H0 is denied,
otherwise H0 is accepted.

3. Results
3.1. The Characteristics of Meteorological Drought

In order to study the temporal variation trend of drought, the SPEI-12 values from Jan-
uary to December were used for the annual SPEI, and the SPEI-3 from March to May, June
to August, September to November, and December to February were used, respectively,
for spring, summer, autumn and winter. The SRI values are same.

Figure 2a helps in understanding that the SPEI value in Southwest China showed a
downward trend from 1968 to 2018, with a linear trend rate of −0.074/10a. As Figure 2b
indicates, the frequency of annual scale drought in the study area has increased significantly.
According to historical drought data, the drought records in Southwest China have been
refreshed many times since the 21st century, which is consistent with the conclusion of
SPEI analysis.
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Figure 2. The annual variation of SPEI (a) and frequency curve of SPEI-12 in different periods (b). The
solid line in (a) shows the change of SPEI in given years, and the dotted line shows the downward
trend of SPEI. The three lines in (b), respectively, show the frequency curves of SPEI in three time
periods, indicating the probability that SPEI is lower than a certain value in the time period.

The inter-annual variation of SPEI in different seasons in Southwest China was calcu-
lated (Figure 3) to better reveal the seasonal variation trend in drought. This tells us that
SPEI in Southwest China has a downward trend (towards drought) in four seasons, with an
average decrease of 0.009 in spring, 0.023 in summer, 0.106 in autumn and 0.038 per 10 years
in winter. It can be seen that the drought in autumn has an obvious aggravating trend.

Figure 3. The annual variation of SPEI in spring (a), summer (b), autumn (c) and winter (d) in
Southwest China.

Based on the polynomial fitting of SPEI and SASMI at the inter-annual scale from 1968
to 2018 in Southwest China, the time variation trend between them is drawn (Figure 4).
SASMI has weakened in the past ten years, and has been lower than the historical average
level for a long time. SASMI has an opposite trend to SPEI in the 1970s and 1980s, but
in the 2000s, when SASMI shows a downward trend, SPEI shows the same trend. By
comparing the time series of SASMI and SPEI, it is found that the year with smaller SPEI in
Southwest China corresponds to the year with weaker Southwest monsoon. Therefore, it
can be inferred that there is a weak correlation between the aggravation of drought and
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the weakening of the Southwest monsoon from Table 4. There is no significant difference
between the sample and the population at 95% confidence.

Figure 4. The relationship between SPEI and SASMI in Southwest China.

Table 4. Statistical significance test of correlation between SPEI and SASMI.

Statistics r n α t tα/2tα/2

0.28 51 0.05 2.023 1.676

It can be seen from Figure 5a that the drought frequency in Southwest China was gen-
erally high in the east before the 21st century, most of Guizhou and Southwest Chongqing
were drought prone areas, and the monthly drought frequency was more than 30%.
Figure 5b summarizes that the drought frequency in Southwest China has increased, and
the drought frequency in most of Yunnan and Southern Sichuan has risen by more than
35% since the 21st century. As Figure 5c indicates, this increase in drought frequency in
Southwest China is mainly concentrated in most parts of Yunnan, Southern Sichuan and
Eastern Chongqing.

3.2. The Characteristics of Hydrological Drought

Wanxian hydrological station is a kind of precision hydrological station which controls
the water regime of the upper reaches of the Yangtze River. Its multi-year runoff process
can reflect the overall hydrological drought situation in Southwest China.

According to the inter-annual variation of SRI at Wanxian hydrological station (Figure 6),
the fluctuation of SRI index with time also slows down with the difference of scale. In the
last 50 years, the runoff in Southwest China has been decreasing as a whole. In the 1980s,
the SRI value was greater than 0 as a whole, but since the 21st century, especially after 2005,
the SRI value has been less than the previous minimum value at many times and less than
0 for a long time, which indicates that the situation of hydrological drought in Southwest
China has become severe in the 21st century.
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Figure 6. The variation of SRI in Wanxian hydrological station: The change of SRI-1 (a), SRI-3 (b), SRI-12 (c), SRI-24 (d).

In Figure 7, the frequency of hydrologic drought in Wanxian station since the 21st
century is obviously higher than the frequency before the 21st century, which indicates that
the overall drought in Southwest China has been aggravated. There are four hydrological
stations where drought is intensifying, and the spatial distribution of these is also consistent
with the drought aggravating areas obtained from SPEI analysis. Before the 21st century,
Wulong station had the highest frequency of hydrological drought, which is consistent
with the results in Figure 5a. Yunjinghong station has the highest frequency of hydrological
drought in the 21st century, which is consistent with the results in Figure 5b. Most of the
watershed controlled by Wulong station is located in the northeast of Guizhou, and the
decrease of drought frequency helps to show that the increase in hydrological drought in
this area has slowed down. Considering Figures 1 and 5c, we can find that four basins
(WTQB, and JBJB, and YJHB and SHB) are located in the areas where the frequency
of meteorological drought increases greatly, while WLB is located in the areas where
the frequency increases less. Therefore, the increase and decrease of drought frequency
obtained by SRI and SPEI are similar, but there are still differences in quantitative analysis.
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Figure 7. The frequency of drought at hydrological stations. The blue and red bar charts respectively
show the frequency before the 21st century and during the 21st century.

3.3. Historical Droughts

It can be seen from Figure 8a that the development of drought disasters in Southwest
China has generally slowed down in area coverage in recent 40 years, with the drought
disaster areas in Yunnan and Guizhou showing an increasing trend revealed in Figure 8b.
However, the disaster area in Sichuan Province has decreased further in the 21st century,
which has made the disaster area in Southwest China decrease as a whole.

Figure 8. The annual variation trend of drought affected area (a) and the decadal variation of drought affected area in
different regions (b), i.e., Southwest China, Sichuan, Guizhou and Yunnan.

It can be seen from Table 5 that the PCC between affected area and SPEI is −0.01,
and the PCC between affected area and SRI is −0.29. The PCCs between the two drought
indices and affected area are negative, which indicates that the values of two drought
indices decrease with an increase in the affected area. The absolute value of PCCs can
reflect the strength of the linear correlation, that is, the linear correlation between affected
area and SRI is stronger than the linear correlation between affected area and SPEI. In
conclusion, the values of the two drought indices decreased with the increase of affected
area, and the changes of SRI and affected area could be better by linear equations. There is
no significant difference between the sample and the population at 95% confidence for the
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correlation between affected area and SRI. Figure 9 also shows that the correlation between
the two indices and the affected area is weak, but the trend shows that when the SRI value
is greater than 0, most of the affected areas are smaller, while when the SPEI value is greater
than 0, the phenomenon is not obvious.

Table 5. Statistical significance test of correlation between affected area and drought indices.

Statistics r n α t tα/2tα/2

Between affected area and SPEI −0.01 45 0.05 −0.085 1.679
Between affected area and SRI −0.29 45 0.05 −1.973 1.679

Figure 9. Relationship between drought affected area and the two indices: (a) is the meteorological
drought index and (b) is the hydrological drought index.

The amount of rainfall can qualitatively describe whether a disaster has occurred or
not, but this cannot be quantified. There are also other natural factors such as topography,
soil moisture in the early stage, and the influence of human activities which will have an
impact on drought. For example, in the dry season with less rainfall, the regulation of
water conservancy projects can prevent the occurrence of crop drought, so as to reduce the
area of drought.

4. Discussion

The analysis of meteorological drought and hydrological drought indicates that South-
west China is experiencing a drought trend, and the drought trend in autumn is most
obvious for all seasonal periods, which is in accordance with Wang et al. [27]. Previous
studies have made detailed summaries of drought trends in Guizhou, Sichuan and Yun-
nan with different drought indices [27–33]. In the 21st century, on the one hand, severe
drought events in 2006 and 2009/2010 in Southwest China have also been extensively
reported [34–36]. On the other hand, Yunnan Province has become a hot spot of drought in
Southwest China [37]. More articles focus on the analysis of drought changes and causes
in Yunnan Province [27–30,38,39]. The severity and frequency of drought in Southwest
China have increased in recent years, and drought events have become more frequent in
the 21st century as can be seen by analyzing the spatiotemporal variation of SPEI and SRI,
which is consistent with conclusions obtained by previous studies [40–42]. The drought
frequency in most areas showed an increasing trend, in addition to the northwestern part of
Sichuan Province. Before 2000, the drought hot spots in southwest China usually appeared
in Guizhou Province, but in the 21st century, the drought hot spots moved to Yunnan
Province, which is in accordance with Jia et al. [37].

The different drought categories [43–45] and impacted sectors [45] make it difficult to
define drought quantitatively [46], resulting in a variety of indices [47–51]. The choice of
index and its factors is important when conducting drought analysis because they may lead
to different conclusions [52,53]. Valipour et al. [54] pointed out that climate change can be
analyzed more comprehensively by considering the trend of multiple climate factors. It is
generally agreed that the most important factors associated with drought are temperature
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and precipitation [13]. Therefore, the M-K value [55] of precipitation and temperature is
calculated. As shown in Figure 10a, the annual precipitation in Southwest China exhibits
significant spatial variation. The precipitation in Guizhou, Yunnan and Chongqing shows
an overall decreasing trend, while it increased significantly in the northwest of Sichuan. A
general warming trend in temperature has been observed in almost the whole Southwest
China since the 1950s, seen in Figure 10b. The most significant warming occurred in
Southwestern Yunnan, where the increase in drought frequency has been most pronounced
since the 21st century. Yu et al. [8] point out that significant drying trends occur in most
parts of Southwest China mainly due to a decrease in precipitation and an increase in
temperature. Sun et al. [36] reported that the drought occurrence and persistence during
2009–2011 can generally be attributed to precipitation reduction and evapotranspiration
increment over Southwest China. In general, the main reason for the variations in frequency
distribution of drought in different periods in Southwest China is the combined effect of
the change of precipitation and evapotranspiration.

Figure 10. The M-K value of precipitation and temperature: (a) is the M-K value of annual precipita-
tion from 1968 to 2017 and (b) is the M-K value of annual average temperature from 1951 to 2018.

5. Conclusions

The overall trend of drought in Southwest China is as follows: the SPEI value from
1968 to 2018 shows a downward trend, with a linear trend rate of × 0. 074/10a, indicating
that Southwest China has shown a trend towards drought. In terms of seasonal SPEI, the
drought in autumn tends to be serious in Southwest China. In the 21st century, drought
has become more and more serious. From spatial change, it can be seen that the increase of
drought frequency in Southwest China is mainly concentrated in Yunnan Province. The
annual variation of SRI shows that the runoff in Southwest China shows a decreasing
trend. In the 1880s, the SRI value was greater than 0 as a whole, but in the 21st century,
especially after 2005, the SRI value has been less than the previous minimum value at many
times and less than 0 for a long time, which indicates that the situation of hydrological
drought in Southwest China has become severe in the 21st century. The spatial distribution
of hydrological stations where drought is intensifying is consistent with the drought
aggravating areas obtained from SPEI analysis. Therefore, the increase and decrease of
drought frequency obtained by SRI and SPEI are similar, but there are still differences in
quantitative analysis.

The disaster areas of Yunnan and Guizhou show an increasing trend, while the disaster
areas of Sichuan are greatly reduced, which makes the disaster areas of Southwest China
also show a decreasing trend, especially in recent years. The values of the two drought
indices decreased with the increase in the affected area, and the changes of SRI and affected
area could be better fitted by linear equations.

This verifies the correlation between drought index and monsoon index based on
the SPEI and SRI and combined with the Southwest monsoon index. Combined with the
historical drought data, the characteristics of meteorological drought and hydrological
drought in Southwest China in recent years were analyzed. The trend towards climate
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aridity is mainly caused by global warming, and hydrological drought is the result of
climate change and human activities. In this paper, the relationship between the two indices
is less commonly analyzed, and the transmission mechanism of meteorological drought to
hydrological drought is not considered. Secondly, this paper only judges whether drought
exists or not via the size of the index; it does not analyze drought characteristics such
as intensity and duration. In addition, Southwest China has a large area and complex
terrain, and the natural environment of the basin is also different in different administrative
divisions. How to quantitatively analyze the impact of natural environment and human
activities on drought needs further study.
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