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Abstract: Drought is the most widespread and insidious natural hazard, presenting serious challenges to ecosystems and human society.
The daily Standardized Precipitation Evapotranspiration Index (SPEI) has been developed to identify the regional spatiotemporal char-
acteristics of drought conditions from 1960 to 2016, revealing the variability in drought characteristics across Southwest China. Daily
data from142 meteorological stations across the region were used to calculate the daily SPEI at the annual and seasonal time scale. The
Mann-Kendall test and the trend statistics were then applied to quantify the significance of drought trends, with the following results. 1)
The regionally averaged intensity and duration of all-drought and severe drought showed increasing trends, while the intensity and dura-
tion of extreme drought exhibited decreasing trends. 2) Mixed (increasing/decreasing) trends were detected, in terms of intensity and
duration, in the three types of drought events. In general, no evidence of significant trends (P < 0.05) was detected in the drought inten-
sity and duration over the last 55 years at the annual timescale. Seasonally, spring was characterized by a severe drought trend for all
drought and severe drought conditions, while extreme drought events in spring and summer were very severe. All drought intensities and
durations showed an increasing trend across most regions, except in the northwestern parts of Sichuan Province. However, the areal
extent of regions suffering increasing trends in severe and extreme drought became relatively smaller. 3) We identified the following
drought hotspots: Guangxi Zhuang Autonomous Region from the 1960s to the 1990s, respectively. Guangxi Zhuang Autonomous Re-
gion and Guizhou Province in the 1970s and 1980s, and Yunnan Province in the 2000s. Finally, this paper can benefit operational
drought characterization with a day-to-day drought monitoring index, enabling a more risk-based drought management strategy in the
context of global warming.
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1 Introduction

Drought is a recurring natural phenomenon that occurs
in virtually all climate zones, and has presented a prob-
lem throughout human history (Campos, 2015; Hao and
Singh, 2015; Thomas and Prasannakumar, 2016).
Drought has widely varying impacts, on sectors such as
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agriculture, the economy and ecosystems, with diverse
spatial and temporal distributions (Andreadis and Let-
tenmaier, 2005; Singh et al., 2014; Song et al., 2015;
Awange et al., 2016; Modarres et al., 2016; Zhu et al.,
2016). It is among the costliest of natural disasters,
causing an annual agricultural economic loss of 27.2
billion yuan (RMB) in China (Song et al., 2014). The
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devastating impacts of severe drought are well docu-
mented in China (Shen et al., 2012; Chen et al., 2016).
As reported by Shen et al. (2012), the 2010-2011 severe
drought in Shandong Province affected 3.2 million peo-
ple, impacted 1.2 x 10" ha of winter wheat and reduced
flow to zero in 366 rivers. Hebei Province experienced
drought in 2010-2011 covering an area of approxi-
mately 714 580 ha, with 3.7 million people lacking
adequate drinking water. The 2009-2010 drought in
Southwest China affect 24.0 million people, costing the
government about 4.1 billion RMB in drought relief
programs that included relief supplies, contingency
plans, and supply of portable water to the stricken areas
(Huang et al, 2012). Economic losses caused by
drought accounted for 19.4% of the total loss in
1985-2016 over China (Chen et al., 2016). Therefore,
understanding the spatial and temporal variability of
drought has a vital role in effective and sustainable
drought mitigation and water resources management.
For studying and characterizing drought, several
drought indices have been established, such as the
Palmer Drought Severity Index (PDSI) (Palmer, 1965),
Surface Water Supply Index (SWSI) (Shafer and Dez-
man, 1982), Standardized Precipitation Index (SPI)
(McKee et al., 1993) and Standardized Precipitation
Evapotranspiration Index (SPEI) (Vicente-Serrano et al.,
2010). The SPEI, the SPI and the PDSI are the most
widely used drought indices to quantify characteristics
of drought, each with its own strengths and weaknesses.
The SPI is a normalized drought index which tracks
meteorological drought (McKee et al., 1993; Hayes et
al., 2011), so its value is unaffected by the local climatic
and geographical conditions (Maity et al., 2016). Hence,
the severity and duration of drought occurring at differ-
ent places with different climatic conditions can be
compared using SPI (McKee et al., 1993). However, SPI
is based only on a precipitation probabilistic approach,
which neglects the importance of the effect of warming
on drought conditions. Although the PDSI includes the
roles of precipitation, temperature and soil moisture
percentile variables, it lacks the multi-scale characteris-
tics that are essential to both characterizing drought
conditions and evaluating different types of drought.
Compared with the above two indices, the Standardized
Precipitation Evapotranspiration Index (SPEI) proposed
by Vicente-Serrano et al. (2010) assimilates the various
drought-related variables, including precipitation and

temperature, and combines the advantage of multiple
meteorology variables with a simple calculation and
flexible time scale. However, the monthly SPEI can
only detect and monitor the frequency and severity of
drought over the drought duration period and cannot be
used for short scales (from daily to weekly). Sustained
drought during a crop’s key growth period is detrimental
to its growth and development, resulting in weak growth
and possible crop death. The monthly SPEI may be in-
sufficient to fully characterize complicated drought con-
ditions and their details, such as when the drought
started and ended over a region, and how long it lasted
(Lu et al., 2014). In this study, we will attempt to apply
daily Standardized Precipitation Evapotranspiration In-
dex to describe the physical characteristics of droughts
including frequency, duration, severity, and spatial ex-
tent. The daily SPEI overcomes the deficiencies of the
monthly SPEI; and it can monitor drought at scales from
daily to weekly, monthly, and longer. Consequently, it is
necessary to develop the daily drought index for drought
monitoring and warning at different timescales.
Southwest China is one of the most important grain
production regions. Drought has occurred at least once
every year, with severe drought occurring every 5-10
years. The long and widespread droughts have led to a
deficit of available water over the region (Huang et al.,
2012). Rising temperature under global warming may
increase the probability of drought, establishing drought
more quickly and with greater intensity (Trenberth et al.,
2013). Since 2000, drought hazards have occurred fre-
quently in this region, with large agricultural and indus-
trial losses (Zuo et al., 2014). Recently, water resources
have been under increasing pressure from rapidly in-
creasing demand associated with a growing population
and economic development, such that the probability of
drought in this region has sharply increased (Sharma et
al., 2000). Although regions most at risk are predomi-
nantly restricted to arid and semi-arid areas (Mishra and
Desai, 2005; Bhuiyan et al., 2006; Pandey et al., 2008;
Thomas et al., 2015a; 2015b), the occurrence of drought
in Southwest China, one of China’s higher precipitation
areas (600-2300 mm) reflects a decrease in precipitation
and a more uneven precipitation distribution in the past
several decades, increasing the region’s vulnerability to
drought. Previous studies have indicated that the region
suffers from issues related to water resource manage-
ment, agricultural production, and the regional economy
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(Wang et al., 2010; Han et al., 2014; Song et al., 2014;
Wang Q F et al., 2014). Hence, agricultural security and
ecological restoration call for a detailed understanding
of the spatiotemporal characteristics of drought. Al-
though several studies have addressed drought charac-
teristics at various spatial and temporal scales in South-
west China (Han et al., 2014; Li et al., 2014; Wang
Dong et al., 2014; Yang et al., 2014), their conclusions
have been limited by the temporal scale of drought con-
ditions, with few studies explicitly presenting the attrib-
utes of drought characteristics required for agricultural
risk assessment. The majority of previous studies focus
exclusively on annual and seasonal time scales of
drought over Southwest China, in the different spatial
domains, using various methodologies (He et al., 2011;
Su et al., 2014; Liu et al., 2015; Yang et al., 2015). De-
cision makers need to know the detailed characteristics
of drought scenarios, including start and end time, the
frequency of the various degrees of drought, and the
duration and intensity of drought, rather than just
knowing an averaged drought condition over a period of
time. Therefore, we have applied the daily SPEI to
monitor and detect day-to-day variations in drought
across Southwest China.

To better understand the drought characteristics, the
spatiotemporal variation of drought conditions, as well
as the distribution of drought hotspots, were examined
using daily meteorological data and drought analysis
methods. The study aims to: 1) characterize the annual
and seasonal temporal variability of drought at 142 sta-
tions in Southwest China; 2) assess the spatial variation
of drought characteristics using the Mann-Kendall test;
3) and identify the inter-decadal distribution of drought
hotspots.

2 Materials and Methods

2.1 Study area

The Southwest China region includes Yunnan Province,
Guizhou Province, Sichuan Province, Guangxi Zhuang
Autonomous Region and Chongqing Municipality, cov-
ering an area of approximately 1.37 x 10° km” and sup-
porting a population of 257 million (Fig.1). The region
extends between 20°N and 35°N and 98°E and 110°E.
Southwest China is characterized by a very complex
topography and exhibits large variations in elevation,
ranging from —100 to 6512 m. The region’s western,

northwestern and central-eastern parts are mountainous
or hilly, and account for over two thirds of the region’s
total area. The remaining areas are mostly plain and
plateau. The region lies in the climatic transitional zone
of the Tibetan plateau (towards the east and across the
southern plain) and generally has a warm, sunny climate
influenced by the monsoon and mountainous topogra-
phy. Under these influences, its precipitation displays an
uneven annual and decadal distribution. The annual
mean temperature ranges from 14°C to 24°C, and the
average annual precipitation is in the range 600-2 300
mm with the summer and autumn (from May to Octo-
ber) bringing about 80%-90% of the annual mean pre-
cipitation over the area (Hu et al.,, 2015). There are
marked seasonal variations in the region’s precipitation
distribution. The annual precipitation decreases from
southeast to northwest, varying from over 2500 mm
along the north coast of the Beibu Gulf (Guangxi
Zhuang Autonomous Region) to less than 700 mm in
the northwest and northeast of Yunnan Province (Liu et
al., 2014).

2.2 Data

Daily meteorological data from 1960 to 2014 are col-
lected at 142 synoptic stations administered by the
China Meteorological Information Center (http://data.
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Fig. 1 Geographical position and regional distribution of the
142 meteorological stations in Southwest China
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cma.cn), and include precipitation (mm), the minimum
and maximum air temperature (‘C), sunshine duration
(h), wind speed (m/s) and relative humidity (%) (Fig.1).
The limited meteorological data of the climatic records
such as sunshine and wind speed at stations were
checked and completed using multi-year averaging val-
ues. Potential evapotranspiration (E7p) was calculated
by using Penman-Monteith method (Penman, 1948).
The simulated values are automatically substituted for
the missing values in the calculation formula, and have
little effect on the final result (Liu and Pereira, 2001).

2.3 Method

2.3.1 Calculation of daily SPEI

The SPEI is a widely used drought index based on ahy-
dro-climatic water balance, which is the difference be-
tween precipitation and E7), calculated by standardizing
the difference between ET, and precipitation. The
monthly SPEI has been developed and transformed into
a daily SPEI index in this study, this index used to ana-
lyze the trend of drought. The daily SPEI can simulta-
neously describe drought characteristics at short time
scale (day, week, ten days, month) and long time scale
(year), expresses more precisely the degrees of drought/
flood in the study period. The calculation of the daily
SPEI is very similar to that of the monthly SPEI used to
identify and monitor different drought types. It is briefly
described by Vicente-Serrano et al. (2010) and Wang et
al. (2015).

2.3.2 Trend analysis method

To assess temporal trends in drought characteristics, we
performed a linear trend analysis to detect trends in
three types of drought events in Southwest China. To
assess spatial patterns in drought characteristics, we ap-
plied the M-K trend test to investigate the trend variabil-
ity of drought intensity and duration (Tabari et al.,
2012). Drought hot spots were identified by computing
the annual average values of drought frequency and du-
ration each decade.

2.3.3 Drought variables: frequency, intensity and
duration

The 30-day (1-month) time scale for SPEI was adopted
as a good indicator of changes in drought (Li et al.,
2012), and daily precipitation and E7data from 1960 to
2016 at 142 meteorological stations in Southwest China
were used to compute the daily SPEI for 30-day time
scale.

From the daily SPEI time series, annual total drought
frequency, annual total drought intensity, and annual
total drought duration for each station were also com-
puted. We used the model proposed by Yevjevich (1969)
and Spinoni et al. (2015) to define the drought related
variables. The definitions of McKee et al. (1993) for the
SPI were adapted, once a drought event was identified
by its start and end day (Wang et al., 2015). In addition,
the drought events were classified into three different
categories: all drought, severe drought and extreme
drought, according to values of the daily SPEI and the
drought duration. We assumed that an all-drought event
began whenever the SPEI value remained below a
specified threshold (<-0.5) for at least 15 consecutive
days, and ended after exceeding a second specified
threshold (>—0.5). A drought event was deemed severe if
the daily SPEI values were less than —0.5 and persisted
for more than 30 days but less than 45 days, and was
deemed extreme if the daily SPEI values were less than
—0.5 and persisted for more than 45 days. The annual
total drought frequency represents the total number of
drought events during the year. Annual total drought
intensity represents the sum, in absolute values, of all
the daily SPEI values of the drought events at each
station. Annual total drought duration was calculated as
the number of days classified as drought during the
year.

3 Results and analyses

3.1 Inter-annual variability of drought characteristics
The variations in annual drought intensity and duration
of three types of drought were calculated using daily
SPE in the entire region and individually in the five
sub-regions (Fig. 2). Drought intensity and duration of
the corresponding drought types showed very similar
temporal behaviors in the entire region and five
sub-regions. Multi-year fluctuations were evident with
different temporal patterns and trends over the period of
1960-2016.

Analysis of variations in annual intensity and dura-
tion of all-drought events over Southwest China in
1960-2016 (Figs.2a, 2al-2a5) shows the following ma-
jor characteristics: 1) meteorological drought trend
analysis has shown a positive trend in both drought du-
ration and intensity across the entire region, Guangxi
Zhuang Autonomous Region, Guizhou, Yunnan Prov-
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ince, Chonggqing and a negative trend in Sichuan Prov-
ince. 2) Between 1960 and 2016, the average annual
drought intensity and duration of drought events in
Southwest China were 119 and 104 d, respectively. 3)
There were substantial variations in intensity and dura-
tion across the five sub-regions of Southwest China.
Average annual drought intensity was greatest (128) in
Yunnan Province and lowest in Chongqing (111). Simi-
larly, the longest drought duration was found in Yunnan

Province (116 d) and lowest value in Chongqing (89 d).

Analysis of the variations of annual intensity and du-
ration of severe drought in Southwest China during
1960-2016 (Figs. 2b, 2b1-2b5) reveal the following
trends. 1) The trends in severe drought intensity and
duration differ, with an increasing trend in the entire
region, Guangxi Zhuang Autonomous Region, Guizhou,
Yunnan Province and Chongqing, and decreasing trends
in Sichuan Province. 2) The average annual severe
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drought intensity and duration in Southwest China were
15 and 8 d, respectively. The largest and smallest severe
drought durations and intensity occurred in 1979 and
2000, respectively. 3) Among the different sub-regions,
severe drought intensity was highest in Yunnan (24) and
lowest in Chongqing (6). Severe drought duration dis-
played similar temporal behavior, with highest values in
Yunnan (14 d) and lowest values in Chongqing (4 d).

Analysis of the trends in annual extreme drought
intensity and duration in Southwest China from 1960 to
2016 (Figs.2c, 2cl-2c5) show the following major
characteristics: 1) Both drought intensity and duration
showed a decreasing trend in the entire region, Guangxi
Zhuang Autonomous Region, Yunnan, Sichuan Province
and Chongqing, and an increasing trend in Guizhou
Province. 2) The average annual extreme drought inten-
sity and duration over the entire region were 22 and 8 d,
respectively. 3) Average annual intensity of extreme
drought was highest in Chongging (37) and lowest in
Yunnan Province (12). The extreme drought duration, on
average, exhibited highest value across Chongqing (12 d)
and lowest value in Yunnan Province (4 d).

Agriculture production has been severely affected by the
drought disasters. Some studies showed that the 2011-
2012 severe drought in Southwest China have affected
agriculture production, 1.4 x 10° ha had been severely
damaged. Mean annual area covered by drought, the area
affected by drought and the area of crop failures all show-
ed an increasing trend, which were 2.12 x 106, 9.4 x 10°,
1.6 x 10° ha, respectively (Li et al., 2010).

3.2 Seasonal variations of drought characteristics

Fig. 3 shows seasonal variations in intensity and dura-
tion of all drought, severe drought, and extreme drought
in Southwest China from 1960 to 2016. It is clear that
fluctuations in total intensity and duration of all drought
and severe drought events were more pronounced in
spring than in other seasons (Figs.3a, 3b). The minimum
medians for intensity and duration of all drought and
severe drought occurred in the summer, while the
maximum medians occurred in the spring. A clear de-
creasing trend in medians of the intensity and duration
of all drought and severe drought can be seen from
spring to summer, but from summer to autumn to winter,
the trend was increasing. Different seasonal tendencies
can be seen in Fig.3c which shows the extreme drought
intensity and duration in the four seasons. The extreme
drought intensity and duration both presented a rising
trend from spring to summer and decreasing trend from
summer to autumn to winter. The maximum medians of
intensity and duration occurred in summer, and mini-
mum medians in winter. The medians of duration in
spring were close to those in summer, and extreme
drought intensity and duration have shown similar
trends in autumn and winter over the last 55 years.
Overall, the values of intensity and duration for all
drought and severe drought were more concentrated in
summer, autumn and winter and more variable in spring;
the values of intensity and duration for extreme drought
were more concentrated in autumn and winter and more
variable in spring and summer.
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Fig. 3 Seasonal variations of three types of drought intensity and duration in Southwest China from 1960 to 2016
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3.3 Regional trend in drought characteristics

Of the 142 meteorological stations studied, the five re-
gions of the study area (Sichuan, Chongqing, Yunnan,
Guizhou and Guangxi Zhuang Autonomous Region)
contained 38, 12, 32, 35, and 25 stations, respectively.
The regional trend assessment was conducted by apply-
ing the trend statistics (z-value and trend magnitude (k
value)) to the drought characteristics time series, which
were average values from each station over the period
1960-2016. The spatial distribution of the temporal
trend statistic z values of intensity and duration for the
three types of drought events were interpolated across
the entire study region in Fig. 4.

3.3.1 Trend of drought intensity

An analysis of the annual all drought intensity
time-series using the M-K test found that more stations
had positive trends (92 of 142 stations, 65%) than nega-
tive trends (Fig. 4a). However, only 19 were found to
have significant positive trend while 12 had significant

a All drought-annual trends of intensity

b Severe drought-annual trends of intensity

negative trends (P < 0.5). Regions with the strongest
increasing trends of drought intensity were found in
the southwestern and central part of the study region.
Significant negative trends were mostly found in the
western part of the region. The magnitude of the trend
varied between —5.5 and 4.0 per year. The severe
drought intensity series demonstrated an increasing
trend over the study area for the majority of stations
(88 of 142: 62%) and decreasing trend in (Fig. 4b) the
remain stations. A total of 27 stations (18 positive and
9 negative) were found to have significant trend
(P<0.5), of which the 18 stations with positive
trends were mostly found in southern Sichuan,
southwestern Yunnan, and southeast Guangxi Zhuang
Autonomous Region, while the 9 stations with nega-
tive trends were located in northwestern Sichuan and
northern Guizhou Province. The regional averages of
positive and negative trends were 4.1 and -3.5 per
year (P < 0.5), respectively.
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Extreme drought intensity displayed a weakly de-
creasing trend when compared with that of all- and se-
vere drought intensity (Fig. 4c). In this case, 76 (54%)
stations and 66 (46%) stations showed negative and
positive trends, respectively. Over half of areas showed
weak negative trends, except for some eastern parts of
the study area. 16 stations with significant negative
trends were scattered across Sichuan and Yunnan Prov-
inces. Extreme drought intensity trend varied between
—1.1 and 2.2 per year (P <0.5).

3.3.2 Trend of drought duration

As shown in Fig. 4d, 65% of the stations experienced
increasing trends in all drought duration, of which 19
were significant (P < 0.5). The other 35% of stations
showed negative trends. Stations with significant posi-
tive trends were mostly found in southeastern Sichuan,
southwestern Yunnan and northern and western Guizhou
Province. The areas with significant decreasing trend
were distributed in western Sichuan and eastern Yunnan
Province. The magnitudes of trend varied between —5.0
and 4.6 d/yr.

The regional distribution of severe drought duration
assessed using the M-K test found positive trends at
63% of stations and negative trends at the remainder
(Fig. 4e). Two areas in the west and southeast of the
region showed significant increasing trends, only 9 sta-
tions with significant decreasing trends. Fig. 4e also
shows that trends varied between —4.3 d and 5.2 d/yr.

As Fig. 4f shows, extreme drought duration assessed
using the M-K test found increasing trends in about half
of the stations and decreasing trends in the remaining
stations. A total of 27 stations (9 positive and 18 nega-
tive) experienced statistically significant varied trends
(P < 0.5). Stations with significant positive trends were
scattered across the western region, while those with
significant negative trends were mainly located in some
eastern parts of the study region. Corresponding trend
magnitudes varied between —1.8 d and 1.6 d/yr. The in-
tensity and duration of extreme drought demonstrated
decreasing trends moving from east to west across the
region.

3.4 Meteorological drought hotspots in Southwest
China during 1960-2016

In order to detect drought hotspots during the last 57
years in Southwest China, we computed the annual av-
erage frequency and duration of all drought events dur-

ing the five sub-periods and during the entire period
(Figs. 5, 6), i.e., 1960-1969, 1970-1979, 1980-1989,
1990-1999, 2000-2009, and 1960-2016. The drought
frequency, duration and dominant areas showed marked
inter-decadal variations. In the period 1960-1969,
drought frequency (Fig. 5a) showed high values in
Guangxi, Guizhou, Chongqing, and parts of western
Sichuan. Drought duration (Fig. 6a) displayed high val-
ues in Yunnan, Guangxi and southern Sichuan. Frequent
and sustained drought events occurred in Guangxi. In
the period 1970-1989, the distribution of drought fre-
quencies in 1970s (Fig. 5b) was similar to that in the
1980s (Fig. 5¢). During above two decades, high values
of maximum frequency, which could be regarded as out-
liers, occurred in Guizhou and Guangxi Zhuang
Autonomous Region, reaching 27 times, while else-
where the frequency ranged from 8 times to 26 times.
Generally, drought frequency tended to decrease from
southeast to northwest in 1970s and 1980s. In the period
1970-1979, the areas with higher drought duration (Fig.
6b) were located mainly in northern Sichuan, Guangxi,
and middle-northern Guizhou. As shown in Fig. 6c¢, the
region suffering from drought during 1980-1989 ex-
panded to cover almost the entire western and south-
eastern parts the region. In the period 1990-1999 (Fig.
6d), the areas suffering prolonged drought receded to the
southern parts of Southeast China. At the same time,
drought events occurred more frequently in Guangxi,
Guizhou and Chongqing (Fig. 5d). In the period 2000—
2009 (Fig. 6e), drought duration was generally greatest
in the south of the region, frequent droughts also oc-
curred in the west of the region (Fig. 5e). In the period
of 1960-2016, areas with higher drought frequency
(Fig. 5f) were mainly located in the southeastern parts of
the region, where the average drought frequencies
ranged from 160 times to 182 times. Either frequent or
long drought events occurred in southern Southwest
China, where the average annual drought duration
ranged from 67 to 133 d (Fig. 6f).

According to previous research, the most relevant
drought events affecting the drought hotspots are those
in the 1960s and 2000s. In particular we note the
drought in western Southwest China in the 2000s (Su et
al., 2014), the widespread autumn and winter drought of
2009-2010 in Yunnan Province (Yang et al., 2012), and
frequent drought events in the west Sichuan Plateau in
1958-2012 (Yao et al., 2015). Comparing our results
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Fig. 5 Drought frequency during individual decades and for the full period 1960-2016 in Southwest China

with those presented in Su et al. (2014) and Wang Dong
et al. (2014) based on a different dataset, we notice no
difference regarding locations of the hotspots in the dif-
ferent decades of the 57-year study period.

Statistics show that the comprehensive loss rate of
crops caused by drought increased gradually in recent
60 years in Southwest China. The loss rate of crop
caused by drought in 21st century is 7.3%, which is
higher than the national average level (5.5%) (Han et al.,
2014). Especially in mid-September 2009 to March
2010, Southwest China suffered from serious extreme
drought disasters, the winter wheat, rape and sugarcane
production are reduced by severe drought disaster in
northwestern Guangxi Zhuang Autonomous Region,
Southwestern Guizhou Province, central part and north-
east Yunnan Province. The yield loss of winter wheat
reached 8.3 x 10° t, accounting for 13.7% of the total yield
of winter wheat over Southwest China in 2009. The winter

wheat production dropped by 31% and 48% in Guizhou
and Yunnan Province, respectively (Li et al., 2010).

4 Discussion

Drought can be characterized by several indices (Mishra
and Singh, 2010; Zargar et al., 2011). In recent years,
the number of studies on the quantification of drought
frequency, duration and intensity in China has been
growing rapidly, with varying areal extents and different
indices being considered (Huang et al., 2010; Xiong et
al., 2013; Zhang et al., 2016). Because of the complexity
of drought conditions and their wide impacts, it is im-
portant to modify drought analyses based on qualitative
information (Steinemann, 2003).

On the basis of the daily Standardized Precipitation
Evaporation Index, this study analyzed the behavior and
trends of drought characteristics between 1960 and 2016
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Fig. 6 Drought duration during individual decades and for the full period 1960-2016

in Southwest China. Dealing with meteorological and
agricultural drought, the most important sources of un-
certainties, such as climate forcing factors, local pat-
terns, feedbacks, baseline period, input data reliability
(precipitation in particular), natural climate variability
etc. are listed by Trenberth et al. (2013). Fundamentally,
drought relates to the amount of water available in soils
or hydrological systems. It obviously depends greatly on
precipitation and ETy, but it also depends on how much
water infiltrates to deeper ground or runs off the land
and how much is evaporated or transpired by plants.
Furthermore, the air temperature influences the moisture
content in the atmosphere, which strongly influences
ETy. The latter also relies on surface humidity and wind,
which dictate what proportion of the moisture is carried
away (Trenberth et al., 2013). Thus, the choice of
methodology for computing ETj is crucial to understand
and detect drought characteristics. The original SPEI
uses the ‘Thornthwaite method’ (Dai, 2011; Schrier et

al., 2011; Sheffield et al., 2012) to account for the ETy
effect. This approach may depend too much on tem-
perature, without considering other factors (relative hu-
midity, wind speed, and solar radiation) that are in-
cluded in ET, computed with the Penman-Monteith’s
approach (ETypm) (Allen et al., 1998). Based on this, we
opted for the Penman-Monteith model to calculate ETj,.
This is in view of taking the baseline as the entire period
(1960-2016) in the spatiotemporal analysis of drought
characteristics to minimize biases based on short peri-
ods. To address uncertainties in the input we qual-
ity-checked the input datasets and improved their ho-
mogeneity to ensure the highest possible data quality.

In the past several decades, numerous studies have
committed to determine the onset, end point and sever-
ity of drought as a means of drought quantification, ef-
fective monitoring and establishment of early warning
systems (Dai, 2011; Thomas et al., 2015a; Liu et al.,
2016; Zhang et al., 2016). Previous work has revealed
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that Southwest China has experienced a warming-drying
climatic tendency with increasing temperature and de-
clining precipitation (Wang et al., 2012; Han et al,,
2014; Su et al., 2014; Wang Dong et al., 2014; Liu et al.,
2015). Consequently, the drought severity and frequency
have increased across Southwest China in recent years,
as quantified by various drought indices (Xiong et al.,
2013; Xu et al., 2013; Liu et al., 2014). Our study also
found that annual characteristics of all-drought and se-
vere drought conditions displayed similar temporal be-
havior, i.e., the annual intensity and duration of all- and
severe drought displayed increasing trends during
1960-2016. Our results, based on daily SPEI index,
generally agree with other recent studies (Han et al.,
2014; Su et al., 2014; Wang Dong et al., 2014). How-
ever, our results found that extreme droughts in South-
west China have followed decreasing trends over the
past 57 years. In contrast to our findings, Liu et al.
(2015) found that extreme drought became more serious
in Southwest China from 1960 to 2009. This contradic-
tion may be attributed to our choice of daily SPEI and
the influence of certain factors on drought conditions.
Previous studies have shown that the trends in drought
severity based on the SPEI time series were much
smaller than those based on the SPI time series. More-
over, the apparent upward trend in drought severity was
revised to a downward trend in some places after con-
sidering the effects of the elevated temperature on
drought conditions (Liu et al., 2016). One possible ex-
planation of this discrepancy could be that trends in ETj
and precipitation were not synchronous in time. This
would alter the probability distribution of the water time
series and may lead to a weaker declining trend in the
daily SPEI time series. Furthermore, as a result of the
complexity of the link between evapotranspiration and
drought severity, the effect of evapotranspiration on
available water resources at various time scales has re-
mained poorly understood.

We identified hotspots of drought frequency and du-
ration during individual decades in Southwest China.
The most marked increase in drought duration occurred
in southwestern Yunnan Province and southeastern
Guangxi Zhuang Autonomous Region. The most
marked decrease in drought duration occurred largely in
northwestern Sichuan Province. The most notable in-
crease in drought frequency occurred in the southeast of
the region and southwest of the Sichuan basin, consis-

tent with the spatial pattern of drought frequency (Yin
and Li et al., 2013; Wang Dong et al., 2014). The above
results may explain the discrepancies between our con-
clusions and other studies, and will facilitate a better
understanding of the characteristics of recent drought
events over Southwest China.

In the relatively dry-type abnormal years in the entire
area, the East Asia major deep trough was relatively
weaker or eastward than normal years, and the cold air
was difficult to invade southward; an abnormal cyclonic
circulation was maintained over the lower layer of the
South China Sea, and the warm and wet airflow trans-
port in southwest China was relatively weak; and the
subtropical high over the Western Pacific was relatively
strong and stretched westward, the area of the South
Asian high was relatively large and overlapped with
subtropical high over the Western Pacific, and the
Southwest China was controlled by high pressure for a
long time. The maintenance of such anomalous circula-
tion pattern made the area sunny and rainless, with rela-
tively high air temperature and persistent drought. The
relatively wet-type abnormal years presented opposite
circulation characteristics. Abnormal vertical motion
over the east and the west of the Southwest China and
south and north wind anomalies at the eastern lower
layer were important reasons for the East wet (dry)-West
dry (wet) type anomaly.

5 Conclusions

We use the daily SPEI to monitor the seasonal and an-
nual drought across Southwest China. The process of
drought changes is consistent with the developing proc-
ess of historical drought. The animation of daily SPEI is
used to display the day-to-day variation of the drought
and examine the details of the drought process. It can
show when the drought emerged over the Southwest
China and when it relieved over the region. The daily
SPEI is therefore an effective tool for drought monitor-
ing, especially for the day-to-day monitoring, and pos-
sesses the capability to announce the onset, duration,
and intensity of the drought over each specific area. The
following conclusions can be drawn from this study:

(1) In general, the regionally-averaged intensity and
duration of all- and severe drought all exhibited in-
creases over the past 57 years, while the intensity and
duration of extreme drought showed a decrease during
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the same period. Seasonally, the inter-annual changes in
intensity and duration of drought were consistent during
the same season. High values of intensity and duration
of the three types of drought demonstrated that there has
been a trend towards severe drought in spring, and that
extreme drought events in spring and summer have been
particularly intense.

(2) The intensity and duration of all-drought events
increased at 65% of the stations. Regions with the sig-
nificant positive trends were found in northern Sichuan,
southwestern Yunnan and eastern Guangxi, the worst-hit
areas were located in southern and eastern Guangxi.
Severe drought intensity and duration increased at 62%
and 63% of stations, respectively. Two areas in south-
western Yunnan and southeastern Guangxi showed sig-
nificant increasing trends. Almost equal numbers of sta-
tions showed positive and negative trends in annual in-
tensity and duration of extreme drought events. Stations
with significant negative trends were mainly located in
some western parts of the study region, those areas with
significant positive trends were scattered across the
eastern region.

(3) Areas prone to prolonged drought were distributed
in central and southern Southwest China. Areas prone to
frequent droughts were mainly located in the southeast-
ern region of the study area, but in different decades.
However, the distribution of drought hotspots has
changed during recent decades. The area suffering from
frequent droughts was found to significantly expand to
cover most parts of the region in the 2000s when com-
pared with other decades.
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