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Abstract: Meteorological droughts are natural disasters that have been linked to economic losses and
casualties. Decision-makers need to understand the temporal and spatial variation of meteorological
drought events at a daily to weekly scale to develop a more elaborate framework for drought risk
management. The present study used the standardized weighted average of precipitation index
(SWAP) as an indicator of meteorological droughts, computed from the daily precipitation dataset
(1960–2015) of 34 meteorological stations in Chongqing, China. The multi-threshold run theory was
applied to identify drought events. Variation of drought characteristics was estimated by the modified
Sen’s trend test. The results suggested the following findings: (1) the onset, duration, and severity
of drought events identified by the SWAP index are in good agreement with the real local records;
(2) there was no significant linear trend and abrupt change in annual duration and severity of drought
events, but the decadal variation was obvious. From a decadal perspective, the annual frequency,
duration, and severity of drought events showed a steady decreasing trend before the 1990s, and
then fluctuated upward; (3) the spatial variation of the duration and severity of ordinary drought
events was quite inconsistent at different periods. The annual drought days and severity increased
from 1960 to 2015 but decreased after 1990. From 1960 to 2015, the duration days and severity of
persistent, long persistent, severe, and extreme drought events declined insignificantly in most parts
of the middle and southeast regions but increased in the western and northeast regions. The drought
situation in Chongqing shows a large range of variation and obvious spatial heterogeneity. The
SWAP index is an effective tool to identify the evolution of daily scale meteorological drought events.

Keywords: SWAP index; drought events; Sen’s trend test; Pettitt test; spatiotemporal dynamics of
reginal drought; Chongqing

1. Introduction

Drought events mainly have a negative impact on daily life, economic development,
and water environment. Generally, droughts can be divided into meteorological, hydrolog-
ical, agricultural, and socio-economic drought [1–3]. Meteorological drought, associated
with insufficient precipitation, usually triggers other types of droughts. Changes in the
frequency, severity, and duration of drought events reflect the impact of drought disaster.
Drought impact will aggravate if the magnitude of drought increases, or the recovery time
between severe drought episodes shortens [4].

During the past few decades, many efforts have been made to monitor and characterize
droughts. The Palmer drought index (PDSI) [5], the standardized precipitation index
(SPI) [6], the standardized precipitation evapotranspiration index (SPEI) [7] as well as the
China-Z index (CZI) [8] have been put forward to promote the meteorological drought
research and track the effect of meteorological drought on stream flow [9]. PDSI and SPI
have been frequently used around the world. However, the deficiencies of the PDSI and
SPI are obvious in calculating over a short time scale (daily or weekly). These annually or
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monthly based indexes usually fail to extract drought events across months or sharp turns
between flood and drought. Therefore, some short time-scale indexes have been proposed,
such as the effective drought index (EDI), the weighted average of precipitation index
(WAP) and the standardized weighted average of precipitation index (SWAP). By applying
a weighting function to daily rainfall data, EDI has been utilized to detect and quantify
drought events in many countries, including Korea, Iran, Kenya, and Australia [10–13]. The
typical calculation of EDI of a specific day considers the precipitation of 364 days before
that day. If the current situation of drought is only determined by the recent precipitation
nor by the previous one-year precipitation, the EDI would misidentify the drought event.
The WAP, proposed by Lu in 2009, was applied to determine the start dates, duration,
and strength of the drought over the Mississippi River basin [14]. Then, the SWAP was
developed to detect the regional atmospheric anomalies causing the 2009–2010 drought in
China, which proved that SWAP can identify the onset, duration, and severity of droughts
reliably [15,16]. The number of previous daily data required to calculate the WAP and
SWAP can be set according to actual drought situations. Furthermore, the SWAP had
good applications in the identification and characteristic analysis of droughts in the central
China [17].

The drought indexes, based on prior research, were frequently proposed to character-
ize long-term droughts and are rarely applied on a daily scale. However, it is crucial for
decision-makers to capture drought events promptly and to monitor drought situations
properly. Especially for the frequent cross-month droughts and sharp turns between flood
and drought in Chongqing, the monthly scale drought index does not give a clear definition
of the specific onset and other prosperities of drought events. Few studies analyzed the
spatiotemporal dynamics of drought in Chongqing on a daily scale. The SWAP index
can identify the occurrence, duration, and severity of drought. It can help to analyze the
drought situation appropriately. Chongqing is a mountainous area. The concentration time
of mountainous rivers is generally short. The meteorological drought and hydrological
drought have good synchronization. Therefore, the study selected meteorological drought
as the research object that can effectively describe the drought situation in Chongqing.
Specifically, we used the SWAP to extract the drought events and analyze the variation of
drought characteristics to promote the understanding of daily scale droughts in Chongqing.

This study aims at analyzing the spatiotemporal dynamics of drought in Chongqing
based on the drought index from 1960 to 2015. The structures of this paper are as follows:
(1) to discuss the applicability of the daily index SWAP to drought identification; (2) to
extract and characterize the drought events by the multi-threshold run theory; (3) to analyze
drought variation by the modified Sen’s trend test. The findings would expect to provide
decision-making references for predicting drought events and formulating drought relief
plans in Chongqing, China.

2. Study Area and Data

Chongqing, located at 28◦10′–32◦13′ N and 105◦17′–110◦11′ E, with an area of 82,400 km2,
is the only municipality in southwest China. The climate is humid with an annual pre-
cipitation ranging from 1000 mm to 1350 mm. However, the intra-annual precipitation
is rather uneven as a result of the subtropical monsoon system, mainly concentrated in
the rainy season from May to September. The region has many kinds of geographical
terrain, including high mountains, plateaus, the Yangtze River, the reservoir area of the
Three Gorges Project, megacities, and several rural areas. The complex landform affects
local atmospheric circulation, yielding variable weather. Even in the rainy season, drought
events may happen on a daily time scale.

The daily SWAP index is calculated on the basis of daily precipitation data (1960–2015).
The data was recorded from 34 meteorological stations in Chongqing and has been ef-
fectively quality controlled and complied by the National Climate Center of the China
Meteorological Administration [18]. The locations of meteorological stations are presented
in Figure 1.
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3. Methodology
3.1. Standardized Weighted Average of Precipitation Index (SWAP)

The weighted average of precipitation index (WAP) was derived from a physically
based conceptual model [14]. The WAP characterizes the current drought situation ac-
cording to the current precipitation and the cumulative decay effects of the previous
precipitation. The SWAP is the standardized WAP index [15].

The mathematical form of WAP is written by:

WAP =
N

∑
n=0

ωnPn (1)

ωn = (1− a)× an (2)

where Pn denotes the daily precipitation that happens n days earlier, N is the number
of previous daily data required to calculate the daily WAP, a ∈ (0,1) is a parameter that
determines the weight ωn, which measures the contribution of earlier precipitation on
the current extent of drought. The higher the ωn is, the more contribution of an earlier
precipitation on the current drought state. Theoretically, the precise calculation of the WAP
index requires infinite previous precipitation data. However, for practical application, an
a of 0.9 and N of 44 are suggested for the estimation of WAP by taking the truncation
precision as 1% [14].

In this way, the WAP values were calculated for each day by the use of precipitation
data of the previous 44 days. The standardized WAP (SWAP) can be obtained by converting
the probability distribution of WAP into a standard normal distribution. The SWAP is
the normal variate that has an equivalent cumulative probability with that of the WAP
in its original distribution. As the WAP is a linear combination of precipitation that
empirically follows gamma distribution, we may estimate the SWAP through solving the
following equation.

1√
2π

SWAP∫
−∞

e−Z2/2dZ =
1

βγΓ(γ)

WAP∫
0

xγ−1e−x/βdx (3)
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where the scale parameter β and shape parameter γ of the Γ distribution are both greater
than zero. The SWAP thresholds corresponding to various drought grades are depicted in
Table 1.

Table 1. Classifications of SWAP drought grade.

Grade Type SWAP Threshold

1 Non-drought −0.5 < SWAP
2 Mild drought −1.0 < SWAP ≤ −0.5
3 Moderate drought −1.5 < SWAP ≤ −1.0
4 Severe drought −2.0 < SWAP ≤ −1.5
5 Extreme drought SWAP ≤ −2.0

3.2. Drought Identification and Characterization

Meteorological drought is defined as a condition of insufficient precipitation for a
period of time. Drought events can be obtained by setting thresholds on the SWAP series
according to the run theory. The run theory has been widely used in screening drought
events to determine their duration and severity, the time of onset and termination [19–22].

Following the method recommended by Zhao, Y. et al. [17] and considering the
actual drought situation in Chongqing, we implemented the procedure of drought event
identification as follows:

(1) When SWAP values are lower than −1 for at least seven consecutive days (lower limit
of a mild drought), a drought event starts. The initial date is the first day of these
seven days.

(2) When SWAP values are higher than 0.5 for at least three consecutive days (upper
limit of normal state), the drought event ends. If SWAP exceeds 0.5, a humid event is
recorded. The end date is the last day of these three days.

(3) Drought duration is the time interval from the initial date to the end date of a drought
event.

(4) Drought severity is the sum of the absolute values of SWAP that is lower than −1 in a
drought event.

Drought events can be divided into two categories according to the duration and
magnitude (Table 2). Firstly, we divide drought events into ordinary drought, persistent
drought and long persistent drought based on the duration. While the SWAP index is
lower than −1 for more than seven days, 14 days, and 21 days, an ordinary drought,
persistent drought, and long persistent drought event begins, respectively. The above three
drought events end when SWAP is higher than 0.5 for more than three days, six days and
nine days, respectively. Secondly, we divide drought events into ordinary, severe, and
extreme droughts based on the magnitude. When the SWAP index is lower than −1, −1.5,
and −2 for seven days, an ordinary drought, severe drought, and extreme drought event
starts, respectively. Their end conditions are that the SWAP exceeds 0.5 for at least three
consecutive days. The initial date of a drought event is the first day that is lower than −1,
−1.5, and −2. The end date is the third day that is higher than 0.5 for more than three days.

According to the above definition, the shortest duration of an ordinary drought event,
persistent drought event, and long persistent drought event are 10 days, 20 days, and
30 days, respectively. The shortest period of a severe and extreme drought event are
10 days. The 10-day scale is in agreement with the real drought records in Chongqing [23].
Hence, this localized definition is beneficial for identifying the real drought events that
have practical implications on drought management.

To investigate the temporal evolution of drought events, we identified drought events
at each meteorological station, and then evaluated their temporal variation by the use of
three regional characteristics. The annual duration is the total drought duration within
a specific year on multi-site average. The annual severity is the sum of severity within a
year on the multi-site average. The annual frequency is the total number of drought events
occurring at all the stations within a specific year. The temporal means of annual duration,
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severity, and frequency from 1960 to 2015 are their multi-year averages, respectively. The
temporal trends of the drought duration and severity were also analyzed at each station,
and then the trend statistics were spatially interpolated over the study area.

Table 2. Definition of five types of drought events.

Types Characterization Start Condition of SWAP End Condition of SWAP

ordinary short duration and low magnitude <−1 for seven days >0.5 for three days
persistent long duration and low magnitude <−1 for 14 days >0.5 for six days

long persistent very long duration and low magnitude <−1 for 21 days >0.5 for nine days
severe short duration but high magnitude <−1.5 for seven days >0.5 for three days

extreme short duration but very high magnitude <−2 for seven days >0.5 for three days

3.3. Statistical Analysis of Temporal Changes

Modified Sen’s Trend Test
In the classic trend assessment, many assumptions on hydrological data are necessary,

such as serial independence, homoscedasticity, and normal probability distribution [24]. To
release these strict assumptions, Sen proposed an innovative trend analysis method [25,26]
that introduces a new trend plot to display trend characteristics within the time sequence.
The method divides a complete time series into two equal sub-series and then sorts each
sub-series into ascending order [27]. The trend slope estimate is computed by:

S =
2(y2 − y1)

n
(4)

where y1 is the average of the previous sub-series; y2 is the average of the later sub-series;
n is the number of all the data points.

Wang et al. [28] found deficiencies in the slope variance proposed by Sen [24]. After
correcting the original formula, the slope variance estimator and the trend test statistic
have the following expressions:

Vo(S) =
16σ2

n3 (5)

Zs =
S√

V0(S)
(6)

where σ is the standard deviation of the complete time series. The trend test statistic
(Equation (6)) is suitable for trend analysis on time-independent data.

The Pettitt test
The Pettitt test is a non-parametric test for change point detection [29]. The test is free

of data distribution. Its principle is to check every candidate division points with estimated
probabilities. The point with the highest probability is determined to be the most probable
change point. If the estimated probability exceeds the pre-assigned confidence level, then
the selected change point is statistically significant. The Pettitt test has been widely used to
detect change points in hydrological timeseries [30].

In this study, we applied the modified Sen’s trend test and the Pettitt test to ver-
ify whether or not the duration and severity of drought events have exhibited signifi-
cant changes.

4. Results and Discussion
4.1. Capability of SWAP Index on Drought Event Identification

Drought events in Chongqing from 1960 to 2015 were extracted based on the SWAP
index and the run theory. To evaluate the screening capability of the SWAP index for
drought identification, some typical drought events were selected from historical records
as references [23]. We also extracted drought events by the use of SPI index for comparison.
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In general, drought events identified by SWAP were more consistent with historical records
than that of the SPI index.

As shown in Table 3, the SWAP index acquires the ability to identify cross-month
drought events. This task is apparently undone via the monthly SPI index. For example, in
1961, a drought event identified on SWAP showed a severe summer drought lasting for
67 days from June in the Yunyang district. This drought was documented in the historical
record. SPI only identified drought in June and July but missed the August drought. In
1966, SWAP showed a mid-summer drought in the Bishan district. This drought lasted for
39 days from 16 July to 23 August, which was also consistent with the historical record.
However, SPI missed the August drought event. In 1971, SWAP identified a long persistent
drought from July to early October in the Xiushan district. SPI cannot account for the impact
of former drought occurring in July and August; therefore, it regarded the precipitation
state in September as normal. In 1975, the recorded winter drought in the Chengkou
district was identified by SWAP, but not by SPI. In 1985, the recorded long persistent mid-
summer and autumn drought in the Fengdu district can be identified by SWAP. SPI lost
the long duration of this drought event because the extent of drought alleviated in August.
Similar cases occurred in 1990 and 1997; both the mid-summer and autumn drought in the
Changshou district and the winter drought in the Shapingba district can be identified by
SWAP. However, SPI failed to track these droughts until their endings.

Table 3. Identification of typical drought events and the corresponding historical records in Chongqing during from 1960
to 2015.

Station Name Start Date * End Date * Duration
(Days) * Historical Records Identified Events

Based on SPI

Yunyang 14 June 1961 19 August 1961 67 The severe summer drought lasted
for about 80 days from June.

Extreme in June, mild in July
and normal in August

Bishan 16 July 1966 23 August 1966 39 The mid-summer drought lasted for
30 days from 12 July to 10 August.

Moderate in July and normal
in August

Xiushan 19 July 1971 8 October 1971 82
The severe mid-summer and

autumn drought lasted from July to
September.

Mild in July, moderate in
August and normal in

September

Chengkou 27 December 1975 15 February 1976 51 The winter drought lasted for about
60 days from December to February.

Normal from December to
February

Fengdu 24 July 1985 3 November 1985 103 The mid-summer and autumn
drought lasted for 102 days.

Mild in July, normal in
August, mild in September,

normal in the next two
months

Changshou 4 August 1990 13 October 1990 71 The severe mid-summer and
autumn drought lasted for 72 days

Extreme in August, normal in
the next two months

Shapingba 26 December 1997 8 February 1998 45 The winter drought occurred from
December to early February.

Mild in December and
January, normal in February

* The start date, the end date, and the duration were identified by using the SWAP index.

4.2. Temporal Evolution of Ordinary Drought Events

Figure 2 illustrates the temporal variation of annual precipitation, annual duration,
and annual severity of ordinary drought events. During the past 56 years, the annual
duration extended by 2.5 days (10a)−1 and the annual severity intensified by 1.3 (10a)−1.
No significant linear trend and abrupt change were reported at the significance level
of 10%. However, the intrinsic fluctuations were obvious. The annual duration ranged
from 19 days to 163 days. This range of variation is higher than its multi-year average
of 89.9 days. The annual severity varied between 9 and 136 among different years. This
wide range is almost two times of the multi-year average of 66.8. The year with high
severity and long duration of drought events includes 1961, 1966, 1969, 1978, 1981, 1988,
1992, 2001, and 2012. The annual precipitation is less than the multi-year average of
1155 mm during all of these drought years. The phenomenon is unsurprising given that
insufficient annual precipitation may result in frequent drought events within a specific
year, as the SWAP index indicates meteorological drought. From 1960 to 2015, the annual
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precipitation reduced by 10.6 mm (10a)−1. It is negatively correlated with the annual
duration and severity. The linear correlation coefficients are −0.69 and −0.61, respectively,
both of which are significant at the confidence level of 95%. We should, however, notice
that annual precipitation is only a rough indicator of the drought extent. For instance,
annual precipitation from 2009 to 2013 are almost the same, but the corresponding drought
durations and severities were different from each year. This is induced by uneven intra-
annual distribution and spatial heterogeneity of precipitation within a year.
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Figure 2. Temporal variation of annual precipitation, annual duration, and annual severity of
ordinary drought events in Chongqing (1960–2015).

The decadal variation of drought characteristics is highlighted in Figure 3. The annual
duration, severity, and frequency decreased to a valley in the 1980s, and then climbed again
until 2010s. During the recent half-decade 2010–2015, the annual duration was 97 days
per station, the annual severity reached 73 SWAP value per station, and the frequency of
ordinary drought events rose to 73 times and stations.
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Figure 3. Decadal variation of annual duration, annual severity, and annual frequency of ordinary
drought events.

Figure 4a–e reflect the spatial distribution of trends in drought duration of ordinary
drought events from 1960–2015 to 2000–2015 in Chongqing based on Sen’s trend test. The
meteorological stations under significant positive trends were 8.8% for duration in the
complete 1960 to 2015 period, concentrated in the western region (Figure 4a). There was an
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overall rise in the duration, but most of them failed the significance test, with the average
trend test statistic 0.57. From 1970 to 2015, the middle and southeast regions showed a
gradual decrease in the duration and the western region affected by the significant positive
trend became more concentrated than the whole period (Figure 4b). The decrease was
mainly concentrated in the northeast region from 1980 to 2015 (Figure 4c), while from
1990 to 2015, the decline in the northeast region passed the significance test and most
areas of the city showed a decreasing trend, with an average trend test statistic of −0.16.
From 2000 to 2015, there was no significant variation in the duration. The duration in the
southeast and middle regions increased slightly, and the areas of the remaining regions
that increased and decreased were roughly the same.

Figure 4. Spatial distribution of trend evolution of annual drought duration for (a) 1960–2015, (b) 1970–2015, (c) 1980–2015,
(d) 1990–2015, and (e) 2000–2015 based on Sen’s trend test.

Figure 5a–e reflect the spatial distribution of trends in the annual drought severity
from 1960–2015 to 2000–2015. The meteorological stations under significant positive
trends were 14.7% for severity in the complete 1960 to 2015 period, more than that for
duration, distributed in the western and northeast regions (Figure 5a). From 1970 to
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2015, the increasing trend of severity gradually weakened from northwest to southeast,
with an average trend test statistic of 0.63. The area with decreasing severity was chiefly
distributed in the southeast regions (Figure 5b), while the insignificant increasing trend
of severity gradually weakened from west to east from 1980 to 2015, and the decrease
was concentrated in the northeast region (Figure 5c). From 1990 to 2015, the reduction
was mainly concentrated in the western and eastern parts of Chongqing, with an average
trend test statistic of −0.40 (Figure 5d). From 2000 to 2015, there was no significant spatial
variation in the severity. The areas with decreasing severity were mainly distributed in the
northeast and middle regions (Figure 5e).
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The variation of duration and severity from 1990 to 2015 passed the significance test,
while the changes during 1980–2015 and 2000–2015 were not significant. On the whole,
the spatial variation of annual drought duration and severity was quite inconsistent in
different periods.
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4.3. Characteristics of Drought Events Based on the Duration

The drought events classified based on duration include ordinary, persistent, and
long persistent drought events. Although the annual frequency of ordinary, persistent,
and long persistent drought events in each decadal period decreased sharply in turn, the
differences in duration and severity of the three drought events were less than that in
frequency (Figure 6). Persistent and long persistent drought events occurred less frequently,
but their impacts cannot be ignored.
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As for the drought frequency, the three drought events showed a marked downward
trend before the 1990s. In the 1980s, the annual frequency of the three drought events
all reached the minimums, which were 64.2, 22, and 7.7, respectively. Subsequently, the
annual frequency of ordinary drought events increased rapidly, reaching a maximum of
73 in the 2010s. The frequency of persistent and long persistent drought events fluctuated
upwards, with the maximum values of 33.3 and 14.2, appearing in the 1960s and 1990s,
respectively. The decadal variation of duration and severity of the three drought events
was similar to that of drought frequency, which showed a steady decrease prior to the
1990s, and a fluctuating upward tendency since the 1990s. In particular, the annual drought
duration of the long persistent drought events from the 2000s (34.7 days per station) to
2010s (29.9 days per station) decreased. Still, the severity increased slightly from 23.7 to
23.8 per station, indicating that the characteristics of the long persistent drought events in
the 2010s changed. Although the duration was slightly shortened, the impact of severity
has not diminished.

4.3.1. Persistent Drought Events

Table 4 shows the temporal characteristics of annual duration and severity of persis-
tent, long persistent, severe, and extreme drought events in Chongqing. The multi-year
average annual duration and severity of persistent drought events were, respectively,
55.6 days and 42.6. The standard deviation of the annual severity was 25.4, indicating that
the value was spread out over a widest range among the four types of drought events. The
years with a long annual duration and high annual severity of persistent drought events
were 1969, 2001, and 1992. The annual duration and severity were significantly negatively
correlated with annual precipitation, and the linear correlation coefficients were −0.63 and
−0.53, respectively. Furthermore, at the significance level of 10%, there was no significant
linear trend and abrupt change in persistent, long persistent, severe, and extreme drought
events. The intrinsic fluctuations were severe.
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Table 4. The temporal characteristics of annual duration and severity of persistent, long persistent, severe, and extreme
drought events from 1960 to 2015.

Types of Drought Events Persistent Long Persistent Severe Extreme

Multi-year average annual duration
(days per station) 55.6 102.9 54.7 12.4

Multi-year average annual severity
(SWAP value per station) 42.6 25.0 47.5 12.7

Standard deviation of annual duration
(days per station) 30.3 38.6 15.0 13.6

Standard deviation of annual severity
(SWAP value per station) 25.4 23.3 17.5 15.3

Years with long annual duration 1969, 2001, 1992 2006, 1981, 1986 1969, 2001, 1990 1969, 1990, 2006

Years with high annual severity 1969, 2001, 1992 1969, 2006, 2001 1969, 1992, 2006 1969, 1998, 2006

Linear correlation coefficient between
annual precipitation and

annual duration
−0.63 * −0.38 * −0.50 * −0.40 *

Linear correlation coefficient between
annual precipitation and

annual severity
−0.53 * −0.43 * −0.46 * −0.33 *

* The linear correlation coefficient was statistically significant at the confidence level of 95%.

The duration and severity of persistent drought events in Chongqing showed an
insignificant decrease in most parts of the middle and southeast regions, and an increase
in the western and northeast regions (Figure 7). Three and one meteorological stations in
the western and northeast regions passed the significance test, which showed that their
duration and severity increased significantly, and the degree of persistent drought events
strengthened.

Water 2021, 13, x FOR PEER REVIEW 12 of 18 
 

 

Table 4. The temporal characteristics of annual duration and severity of persistent, long persistent, severe, and extreme 

drought events from 1960 to 2015. 

Types of Drought Events Persistent Long Persistent Severe Extreme 

Multi-year average annual duration  

(days per station) 
55.6  102.9  54.7  12.4  

Multi-year average annual severity  

(SWAP value per station) 
42.6  25.0  47.5  12.7  

Standard deviation of annual duration 

(days per station) 
30.3  38.6  15.0  13.6  

Standard deviation of annual severity 

(SWAP value per station) 
25.4  23.3  17.5  15.3  

Years with long annual duration 1969, 2001, 1992 2006, 1981, 1986 1969, 2001, 1990 1969, 1990, 2006 

Years with high annual severity 1969, 2001, 1992 1969, 2006, 2001 1969, 1992, 2006 1969, 1998, 2006 

Linear correlation coefficient between an-

nual precipitation and annual duration 
−0.63 * −0.38 * −0.50 * −0.40 * 

Linear correlation coefficient between an-

nual precipitation and annual severity 
−0.53 * −0.43 * −0.46 * −0.33 * 

* The linear correlation coefficient was statistically significant at the confidence level of 95%. 

The duration and severity of persistent drought events in Chongqing showed an in-

significant decrease in most parts of the middle and southeast regions, and an increase in 

the western and northeast regions (Figure 7). Three and one meteorological stations in the 

western and northeast regions passed the significance test, which showed that their dura-

tion and severity increased significantly, and the degree of persistent drought events 

strengthened. 

  

Figure 7. Spatial trend evolution of annual drought duration (a) and drought severity (b) of persistent drought events 

from 1960 to 2015. 

4.3.2. Long Persistent Drought Events 

The multi-year average annual duration and severity of long persistent drought 

events were 102.9 days and 25 (Table 4). Regarding the standard deviation of annual du-

ration, despite the greatest value for long persistence drought events, which was 38.6 

days, it is worth noting that the value for persistent drought events was similarly large, 

since both values were approximately twice as high as those for severe and extreme 

drought events. Comparably, the standard deviation of annual severity for persistent and 

long persistent drought events were also much larger than the values for the remaining 

two types. The annual duration and severity fluctuated more wildly for persistent and 

Figure 7. Spatial trend evolution of annual drought duration (a) and drought severity (b) of persistent drought events from
1960 to 2015.

4.3.2. Long Persistent Drought Events

The multi-year average annual duration and severity of long persistent drought events
were 102.9 days and 25 (Table 4). Regarding the standard deviation of annual duration,
despite the greatest value for long persistence drought events, which was 38.6 days, it is
worth noting that the value for persistent drought events was similarly large, since both
values were approximately twice as high as those for severe and extreme drought events.
Comparably, the standard deviation of annual severity for persistent and long persistent
drought events were also much larger than the values for the remaining two types. The
annual duration and severity fluctuated more wildly for persistent and long persistent
drought events comparing to severe and extreme drought events. The years with long
duration were 2006, 1981, and 1986, and the most severe long persistent drought events



Water 2021, 13, 1887 12 of 16

occurred in 1969, 2006, and 2001. The annual duration and severity were significantly
negatively correlated with annual precipitation, with linear correlation coefficients of
−0.38 and −0.43, respectively.

The duration and severity showed a decreasing trend in the middle and southeast
regions (Figure 8). Among them, the duration of the two meteorological stations in the
middle region showed a significant decreasing trend, and the degree of drought was
alleviated. Similar to the persistent droughts, the duration and severity increased in
the western and northeast regions. The difference was that the duration and severity of
long persistent drought events only increased significantly in the northeastern part of the
northeast region, and the degree of drought intensified.
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4.4. Characteristics of Drought Events Based on the Magnitude

The drought events classified based on magnitude include ordinary, severe, and
extreme drought events. The annual frequency of ordinary, severe, and extreme drought
events in each decadal period decreased sharply in turn, similar to the duration and severity
(Figure 9).
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Figure 9. Decadal variation of annual duration, annual severity, and annual frequency of ordinary,
severe, and extreme drought events.

As for the drought frequency, the three drought events showed a marked downward
trend before the 1990s. Subsequently, the annual frequency fluctuated upwards. The annual
frequency of severe droughts was high in the 1990s, 1960s, and 2010s—35.2, 34.6, and 33.5,
respectively. Extreme droughts also occurred more frequently in these three periods, with
an annual frequency of 15.2, 14.4, and 9.3. The decadal variation of duration and severity of
the three drought events was similar to that of drought frequency, which showed a steady
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decrease from the 1960s to 1980s, and a fluctuating upward trend from the 1990s to 2010s.
However, there were differences between different drought events. To illustrate this, the
duration and severity of severe drought events increased from the 2000s to 2010s, but those
of extreme events decreased. The increase in the impact of severe drought was higher
than that of extreme drought from the 2000s to 2010s. The composition characteristics of
drought events have changed.

4.4.1. Severe Drought Events

The multi-year average duration and severity of severe drought events were 57.4 days
and 47.5 (Table 4). The years with long duration of severe drought events were 1969, 2001,
and 1990, and the most serious severe drought events took place in 1969, 1992, and 2006.
The annual precipitation was negatively correlated with the annual duration and severity.
The linear correlation coefficients were −0.50 and −0.46, respectively, both of which were
significant at the confidence level of 95%.

The duration and severity of severe drought events in Chongqing showed a decreasing
trend in the middle and southeast regions (Figure 10). In the western and northeast regions,
the duration and severity increased, and the stations with a significant increase were mainly
distributed in the western region.
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4.4.2. Extreme Drought Events

The multi-year average annual duration and severity of extreme drought events were
12.4 days and 12.7, respectively (Table 4). The years with a long duration and high severity
were 1969 and 2006. The duration was long, and the severity was low in 1990, contrary to
that in 1998. The annual duration and severity of extreme drought events were significantly
negatively correlated with annual precipitation, with linear correlation coefficients of
−0.40 and −0.33, respectively.

The duration and severity of extreme drought events showed an insignificant in-
crease in most parts of the western and northeast regions of Chongqing (Figure 11), and
they declined insignificantly in parts of the western, middle, and southeast regions. The
area where the duration and severity of extreme drought events showed an insignificant
decreasing trend was smaller than that of other drought events.

The main urban area of Chongqing is located in the western region, with a large
population and high population density (Figure 1). With the continuous improvement of
industries in the western region, the population flows into Bishan, Jiangjin, Yongchuan,
and other districts around the main urban area, increasing water vulnerability. Moreover,
the duration and severity of persistent, long persistent, severe, and extreme drought events
in the western region increased insignificantly from 1960 to 2015. Urban water supply
projects need to consider coping with these variations. There are many mountainous areas
in the northeast region of Chongqing, and the population and population density are
moderate (Figure 1). When planning the construction scale of rural drinking water projects
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in mountainous areas, the evolution of the duration and severity of meteorological drought
events in the northeast region should be considered.
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4.5. Discussion

Understanding the driving forces of the inter-annual variability of meteorological
droughts is critical for the reliable projection and effective mitigation of drought hazards.
Generally speaking, the climate system in Chongqing, southwest China, is jointly controlled
by two subtropical monsoons, one of which comes from the west Pacific Ocean and the
other comes from the north Indian Ocean. The extent of floods and droughts are usually
manipulated by the strength of these two distinct monsoons as well as influenced by diverge
landforms and land uses. To exactly identify and simulate the coupled relationship between
droughts, climate and land surfaces remain a big challenge in this area [31]. Accordingly,
several studies have explored the causes of meteorological droughts by the use of climatic
indexes. For example, Zhang et al. [32] indicated that the droughts over southwest China
become worse when the sea surface temperature (SST) anomalies affected by El Niño occur
further west and intensify. Wang et al. [33] found that Atlantic oscillation and sunspots
can explain the variability of droughts well. Xiang et al. [34] claimed that ENSO was
also responsible for the variability of droughts in southwest China. Specifically, El Niño
and La Niña have an asymmetric influence on summer precipitation in the following
year over Chongqing. There is a close connection between typical flood years in summer
over Chongqing and El Niño events. However, the typical drought years in summer of
Chongqing are not significantly related to La Niña [34].

Insufficient precipitation is the direct cause of meteorological droughts. Using the
precipitation observation data, the SWAP can accurately identify drought events. We found
that the monthly SPI index was sensitive to identify monthly scale drought. However, it
would break up a real persistent drought event into a few fragments of sub-events. The
daily SWAP index can identify 10-day scale drought events better than the SPI.

Considering the rainfall runoff and hydrological infrastructure, the runoff may be
analyzed to study the hydrological drought and the propagation of meteorological drought
to hydrological drought, which may effectively assist the water resources management
departments in formulating corresponding policies to ensure water safety. Furthermore,
the drought–flood abrupt alternation events occur frequently in Chongqing, southwest
China. Further improvement of the SWAP may accurately characterize the drought–flood
abrupt alternation events.

5. Conclusions

The premise of drought risk management is to capture the spatiotemporal evolution of
meteorological drought events. This study used the daily SWAP index and multi-threshold
run theory to identify and characterize droughts in Chongqing, China. The modified Sen’s
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trend test and the Pettitt test were applied to analyze properties of ordinary, persistent,
long persistent, severe, and extreme droughts. The following conclusions can be drawn:

1. The SWAP is capable of identifying meteorological drought events. Combined with
the multi-threshold run theory, it can effectively determine the onset, duration, and
severity of drought events, which is consistent with the historical records.

2. There was no significant linear trend and abrupt change in annual duration and
severity of drought events in Chongqing from 1960 to 2015, but the fluctuations were
severe. Such wild fluctuations are still a big challenge to drought response and has
practical significance. There existed prominent decadal variations. Annual frequency,
duration, and severity of drought events showed a steady decreasing trend before
the 1990s, and then fluctuated upward. The annual duration and severity of drought
events were significantly negatively correlated with annual precipitation.

3. The spatial variation of the duration and severity of ordinary drought events was
quite different among distinct periods. The annual drought duration and severity
decreased from 1990 to 2015 but increased from 1960 to 2015 as a whole. In the
whole study period 1960–2015, the duration and severity of persistent, long persistent,
severe, and extreme drought events declined insignificantly in most parts of the
middle and southeast regions but increased in the western and northeast regions.
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