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A B S T R A C T   

Study region: Yunnan Province, China. 
Study focus: Yunnan Province (YP) is affected by frequent droughts that severely affect local 
agriculture and the ecological environment. Therefore, the identification of droughts and an 
analysis of their driving factors are of significant importance for mitigating local drought losses 
and guiding agricultural practices. This study identified the spatiotemporal distribution and dy
namic changes in drought events over YP (period 1961–2018) using the severity-area-duration 
method. The impact of El Niño-Southern Oscillation (ENSO) on seasonal droughts and their lag 
period were also quantified by employing the sliding correlation coefficient and cross-wavelet 
analysis method. 
New hydrological insights for the region: 74 drought events were identified during 1961–2018 in YP, 
which were mainly short-duration that occurred in the 1980 s and 2000 s, and most drought 
centers are located over the northern and eastern parts of YP. We found that a significant cor
relation and different lag periods exist between Oceanic Niño Index (ONI) and seasonal precip
itation in YP. Spring droughts mainly occurred in El Niño years during the 1980 s and the 1990 s, 
whilst winter droughts mainly occurred in La Niña years during the 1990 s and the 2000 s with a 
lag period of up to 12 months.   

1. Introduction 

Droughts are the most prominent natural hazards in China: complex, severe, and recurrent extreme climate events that occur 
anywhere and anytime, which differ from other disasters characterized by specific seasonal and regional distributions (Cheng et al., 
2020; Hao and AghaKouchak, 2013; Su et al., 2021). The damages and losses caused by droughts are significantly greater than other 
natural hazards due to their wider spatial extent and longer influencing time (Ding and Gao, 2020; Ma et al., 2020); they significantly 
impact China’s economy, agriculture, and environment (Liu et al., 2019; Zhang et al., 2021). 
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Drought over Yunnan is affected by anthropogenic climate change (Wang et al., 2021). It experienced an overall drying trend (Liu 
et al., 2015; Wang et al., 2017; Hao et al., 2017), and is projected to increase in the warming future (Chen and Yuan, 2021). The annual 
and interannual variations of precipitation and temperature are significant changes in YP (Liu et al., 2014; Li et al., 2015a, 2015b). 
Droughts occur annually in YP, lasting for a long duration (more than 3 months) and prevailing over large areas, causing tremendous 
losses to agriculture, ecosystems, the economy, and social life (Yu et al., 2020; Li and Liu, 2011). Over the past 60 years, YP droughts 
are most likely to occur in winter, spring, and early summer; in particular, droughts with long duration and high severity mainly mostly 
occurred in the eastern and central of YP (Ma et al., 2013; Li et al., 2015a, 2019, 2015b). The Meteorological Disaster Record in 
China-Yunnan (MDRCY) indicated that the crop area affected by droughts in YP reached a total of 1,479,410,000 km2 during 
1950–1997, and about 50% of counties were affected by drought in varying degrees annually (Wen and Liu, 2006). However, there 
have been few explorations of the development process and path shifting of droughts in YP. Therefore, it is necessary to discuss the 
changing characteristics and path shifting of droughts in YP. 

Droughts are generally identified and characterized using drought indices (Hao and Singh, 2015). The SPI, based on cumulative 
precipitation probabilities, is advantageous as it considers a range of timescales with stable frequencies of drought (Tayfur, 2021). It 
helps identify the onset and recovery of individual drought event relative to the PDSI, which is characterized by a single timescale and 
poor spatiotemporal comparability (Caloiero et al., 2018). In terms of drought characteristics, the severity, area, and duration are often 
identified by the time series of such drought indices (Zhai et al., 2016). However, the spatial extent of drought and how this evolves is 
an important aspect of the drought that is often not considered but needs to be taken into account to better characterize risks and 
drivers (He et al., 2020). 

Andreadis et al. (2005) developed the severity-area-duration (SAD) method that provides a framework for identifying droughts 
considering their spatial and temporal dimensions. It combines the severity, area, and duration to analyze the drought characteristics 
over time (Yang et al., 2020a, 2020b). This method has been applied on global (Zhan et al., 2020; He et al., 2020) and regional scales 
(Wang et al., 2011; Liu et al., 2013; Zhai et al., 2016; Shao et al., 2018). Here we apply the SAD method for drought identification in YP 
that considers the continuity and dynamic changes in the spatial and temporal dimensions. The paths of drought centers also are 
displayed for further monitoring of the drought dynamic changes. 

ENSO is a large-scale climate phenomenon affecting atmospheric and marine teleconnection (Liu et al., 2018). It is the strongest 
driver of interannual variation of tropical air-sea interactions, which significantly affects global climate (Philander, 1983; Yadav et al., 
2013; Wanders et al., 2017; Torres-Valcarcela, 2018). The occurrence of droughts in lower latitudes is generally influenced by the 
interaction between the monsoons and ENSO events (Cheng et al., 2020; de Oliveira-Júnior et al., 2018; Zambrano Mera et al., 2018). 
Droughts in YP are closely linked to atmospheric circulation anomalies (Li et al., 2019), with a “lagged response” to ENSO. For 
example, Zhou et al. (2021) found that agricultural droughts were lagged relative to ENSO, as indicated by the correlation between 

Fig. 1. The locational distribution of meteorological stations in the Yunnan Province.  
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climate and drought indices at 1–12 months. Also, Yao et al. (2019) discovered that hydrological droughts had a significant response to 
ENSO, with lags in sub-basins mostly around 8–9 months. However, there have been few explorations of the response of meteorological 
drought to ENSO in YP. Meanwhile, drought in southwest China has significant seasonal variations due to the joint influence of south 
Asia monsoon and ENSO events (Li et al., 2019; Cheng et al., 2020; Ding and Gao, 2020). Droughts occur more frequently in winter and 
spring than in other seasons (Wen and Liu, 2006; Ding and Gao, 2020), which caused great losses to Yunnan’s agriculture and social 
economy. Research on the lagged impact of ENSO from the seasonality perspective is important for revealing the response period of 
seasonal droughts to ENSO and to inform the mechanisms of an early seasonal drought warning. 

Therefore, this study aims to (1) employ the SAD method to identify drought events in YP, including quantifying their charac
teristics by using the 3-month SPI; (2) analyze their spatial and temporal dimensions, to understand dynamic changes in drought 
centers; and (3) explore possible multi-scale relationships including the seasonally lagged response between droughts and the ENSO. 

2. Materials and methods 

2.1. Study area 

YP is to the Southwest of China (Fig. 1) with a land area of 394,100 km2. It belongs to the low-latitude mountain plateau with a 
stepped distribution from north to south and has variable topography and landform (Yu et al., 2020). The province is strongly affected 
by the dry continental climate system in winter and the humid south Asian monsoon in summer (Cao et al., 2012) which leads to 
evident dry and rainy seasons (Hao et al., 2017; Song et al., 2019). As reported by the China Meteorological Disaster ceremony, the dry 
season (November to April of the subsequent year) accounts for only 16% of the annual precipitation and had a relatively higher 
drought frequency, broader range, and longer duration than those of the other provinces of China. 

2.2. Datasets 

Daily precipitation data from 22 meteorological stations were collected from the Chinese Meteorological Data Sharing Service 
(http://data.cma.cn/) (Fig. 1). To analyze the spatial characterization of droughts, precipitation data was interpolated into 
10 km × 10 km spatial resolution using the inverse distance weighting method. YP area consisted of 4799 grid cells at this resolution. 
The monthly Oceanic Niño Index (ONI) and Southern Oscillation Index (SOI) from 1961 to 2018 were collected from the NOAA Earth 
System Research Laboratory (http://www.esrl.noaa.gov/). The ONI index was used to monitor the ENSO and was calculated as the 3- 
month running mean of sea surface temperature anomalies in the Niño 3.4 region (the range between 5◦N–5◦S and 120–170◦W). The 
value of ONI at or exceeding + /- 0.5 ◦C and lasting for over 5 months was characterized as an El Niño/La Niña event (Table 3). The 
geopotential height at 500 hPa, horizontal and vertical wind at 850 hPa during 1961–2018 are collected from the NCEP/NCAR 
Reanalysis daily dataset with 2.5◦ × 2.5◦ resolution (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.pressure.html). It was 
collected to reveal the influence of large-scale circulation on the drought shifting path. 

2.3. Methodology 

2.3.1. Standardized precipitation index 
The standardized precipitation index (SPI) considers a deficit of precipitation at different time scales (Mckee et al., 1993). This 

index is advantageous considering its flexible timescales and stable frequency for droughts, which makes up for the deficiencies of the 
PDSI, which is characterized by a single timescale and poor spatiotemporal comparability. The World Meteorological Organization 
(WMO) describes the SPI as a widely applied meteorological drought indicator, used in over 70 countries owing to its versatility. 
Among the various time scales of SPI, the SPI3 shows higher correlations between cropland exposed to drought and decreases in crop 
production than longer timescales (Udmale et al., 2020), and it is commonly used to reflect the surplus and deficit of moisture at short 
timescales (Scaini et al., 2015). Meanwhile, the 3-month scale of the drought indicator helps capture the length of the cropping season, 
for example, three to four months. Hence, the SPI3 was used here as the input dataset of the SAD method to analyze drought char
acteristics in YP. 

2.3.2. SAD method for drought identification 
Drought is a process involving continuous dry conditions with a certain duration and in a contiguous area (Zhai et al., 2016). The 

SAD method applies a simple clustering algorithm, based on the spatial proximity of grid cells that are in drought, to characterize the 
severity, areal extent, and duration of contiguous drought events (Yang et al., 2020a, 2020b). This study used a threshold of SPI3 less 
than − 1 to identify droughts. Spatially contiguous drought events can break up to form sub-droughts; furthermore, several droughts 
could merge into a larger drought across a specified minimum area (Sheffield et al., 2009). A suitable minimum area threshold of 150, 
000 km2 was selected for China (~1.5% of China’s land area) according to Wang et al. (2011). Following this principle, we selected 
6000 km2 as the minimum threshold to identify drought events in YP, given the overall smaller area of YP. 

Based on SPI3, severity (S) for each grid cell was calculated as: 

S = 1 −
∑

P
t

(1a)  
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Pi =

SPI3i − min
1≤j≪n

{
SPI3j

}

max
1≤j≪n

{
SPI3j

}
− min

1≤j≪n

{
SPI3j

} (1b)  

where here Pi is the standardized SPI3 of month i, 
∑

P is the sum over for t months. 
The grid cell with the maximum severity was identified as a drought center (Wang et al., 2011). The 3 × 3 neighborhood cells with 

the highest severities were added to the drought center and then averaged for both severities over the drought area. Stopped this 
process when there was no drought grid in the neighboring cells. The average severity of an event with different time intervals (3, 6, 9, 
12, 15, and 18 months were selected based on the duration of droughts in YP) and areas (starting from 6000 km2 to the maximum 
drought extent of approximately 39 ×104 km2, in increments of 80 grid cells) were determined while identifying drought events. We 
identified the maximum severity event considering the interval and duration of each area based on the above procedure for calculating 
the SAD relationships for each drought event. SAD curves are constructed according to the average drought severity of different areas 
for a given duration (Andreadis et al., 2005). While, the SAD envelope curves were plotted by selecting the maximum severity of 
identifying events for the increment of each area, which reflects the most severe event for each combination of area and duration in 
various drought-affected areas (Yang et al., 2020a, 2020b). 

2.3.3. Correlation analysis and wavelet analysis 
Hudgins (1993) developed the cross-wavelet analysis, which is widely used to analyze the correlation between two time series 

across different time scales. It helps identify significant relationships between different time intervals and frequency bands (Torrence 
and Compo, 1998; Torrence andWebster, 1999). Therefore, we used this method to explore the correlation between climate indices 
(ONI and SOI) and SPI3. Meanwhile, the sliding correlation analysis method (Giovannettone and Zhang, 2019) was used to explore the 
seasonal variation in the relationship between the climate index (ONI) and precipitation. Assuming that WX(S) and WY(S) are the 
wavelet transforms of X and Y time series respectively, the cross-wavelet spectrums of X and Y are defined as (Torrence and Webster, 
1999): 

WXY
n (s) = WX

n (s) WY∗
n (s) (2)  

where * denotes a complex conjugation and s is the stretching scale. A higher value of WXY
n (s) indicates a significant correlation be

tween the two time series. 

Fig. 2. Statistics for the annual average drought area (a), the annual average drought severity (b), the proportion of drought frequency (c), and the 
average severity and average drought area for each drought month (d). 
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The cross-wavelet power with the red noise power spectra PX
K and PY

K can be expressed as follows: 
⃒
⃒WX

n (s) WY∗
n (s)

⃒
⃒

QXQY
=

Zv(p)
v

̅̅̅̅̅̅

PX
K

√

PY
K (3)  

where QX and QY are the standard deviations of time series X and Y, while Zv(p) represents the confidence level about probability P 
with a probability distribution function. 

3. Results 

3.1. Drought characteristics of Yunnan Province 

Fig. 2 shows the percentage of the annual average drought area, annual average severity, and drought frequency for each month in 
YP. During 1961–2018, 74 drought events were identified in YP. There are 44 droughts (60% of the total) with durations shorter than 6 
months. The annual average severity and drought area showed an increasing trend in YP (Fig. 2(a and b)). The months from January to 
May had the highest drought frequency during 1961–2018 (Fig. 2(c)). Fig. 2(d) indicates that average severity increases with the 
increment of the drought area. As shown in Fig. 3, the average duration was longer in central and eastern YP, and the numbers of 
drought events were more in western and southern regions. 

The onset month of the droughts primarily occurred in summer (Fig. 4), with approximately 12 droughts occurring in June. The end 
month of the droughts mostly occurred in autumn. Additionally, the droughts mainly started and ended in June during the 1960 s, 
1980 s, 1990 s, and 2000 s; however, droughts in the 2010 s mostly started in March and April, which indicates that the drought onset 
months are getting earlier during study periods. In general, droughts occurred more frequently during 1980–2010 in YP and lasted for 
less than 12 months. 

We compared the identified drought events using the SAD method with the recorded drought events in MDRCY (Table 1). The 
droughts in 1966, 1968/1969, 1974, and 1984 had the largest affected area. Meanwhile, those in 1968/1969, 1971, 1972, 1979/1980, 
and 1984 had the highest severity. 14 drought events were identified by the SAD method that were consistent with historical records 
from the Meteorological Disaster Record in China-Yunnan (MDRCY), and 6 events were identified that were not in the MDRCY. 
Conversely, 4 drought events were recorded in the MDRCY but not identified by the SAD method. These droughts mostly have a short 
duration and small affected area. It may be related to the threshold selecting and clustering algorithm in drought identification. The 
SAD method would ignore some mild drought events. Such as the grid with SPI3 greater than − 1 would not be clustered into drought 
grids. 

3.2. Dynamic temporal and spatial characteristics of largest drought events 

We selected 6 largest drought events (Table 2) for each decade based on the ranked duration, area, and severity to further analyze 
the dynamic characteristics of droughts in YP. The drought duration, maximum affected area, and severity of the selected events in the 
1960 s, 1970 s, and 1980 s were higher than those in the other decades. The maximum severity was nearly similar, all above 0.9, which 

Fig. 3. Spatial distribution of the average duration and number of drought events in YP during 1961–2018.  
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is consistent with Fig. 2(d) which shows that the average severity approaches > 0.8 for the largest droughts by area. The most notable 
drought occurred in the 2010 s (2011–2012), occurring over 18 months and having the highest severity. In terms of the affected area, 
prominent droughts occurred in the 1960 s, and the maximum affected area covered YP almost entirely. 

SAD curves for different durations (3, 6, 9, 12, 15, and 18 months) were plotted to gain further insights into the characteristics of 6 
largest droughts (Fig. 5). For the 3-month duration (Fig. 5(a)), the curves of the droughts in the 1960s, 1970s, 2000s, and the 2010s are 
similar for areas less than 10 × 104 km2, whose severities were lower than those of the 1980s and 1990s. Meanwhile, the drought in the 
1990 s dominated for areas less than 3 × 104 km2 in terms of severity; however, the 1980s drought dominated as the area increased. 
For the 6-month duration (Fig. 5(b)), the slope of the curve for the drought in the 1990s rapidly decreases for the area above 8 × 104 

km2, even less than that of the drought in the 2010s, along with an increase in area. In the 1960s, the drought severity was significantly 

Fig. 4. Decadal-scale statistics of the onset drought events with different durations (3, 6, 9, 12, and 15 months).  

Table 1 
The duration, maximum affected area, maximum severity of identified drought events, and historical record of drought events in YP during 
1960–2000.  

Decades ID Drought events Duration (months) Maximum affected area (%) Maximum severity (0–1) Recorded drought year 

1960s 4 03/1962–05/1962  3 12.08 (05/1962) 0.93 (04/1962) √ 
* 06/1961–08/1961  3 * * √ 
18 06/1964–09/1964  4 32.30 (07/1964) 0.95 (06/1964) ×

28 03/1966–05/1966  3 86.33 (03/1966) 0.92 (05/1966) √ 
35 06/1967–10/1967  5 68.97 (09/1967) 0.99 (06/1967) √ 
45 10/1968–07/1969  10 82.41 (05/1969) 1.00 (10/1968) √ 

1970s 59 02/1971–05/1971  4 26.40 (04/1971) 1.00 (02/1971) ×

* 01/1972–08/1972  8 * * √ 
73 07/1972–12/1972  6 53.49 (10/1972) 1.00 (11/1972) ×

* 01/1973–04/1973  4 * * √ 
80 01/1974–03/1974  3 69.37 (02/1974) 0.99 (01/1974) ×

97 06/1975–11/1975  6 32.34 (08/1975) 0.98 (11/1975) √ 
107 05/1977–10/1977  6 51.43 (06/1977) 0.99 (06/1977) √ 

1980s 123 11/1979–09/1980  11 56.22 (04/1980) 1.00 (11/1979) √ 
143 05/1982–12/1982  8 39.76 (07/1982) 0.99 (10/1982) √ 
147 03/1984–05/1984  3 73.97 (03/1984) 1.00 (05/1984) √ 
166 05/1986–09/1986  5 19.17 (06/1986) 0.99 (09/1986) √ 
184 05/1988–10/1988  6 56.16 (07/1988) 0.99 (10/1988) √ 

1990s 199 08/1990–10/1990  3 38.00 (10/1990) 0.93 (08/1990) ×

205 04/1991–07/1991  4 18.19 (05/1991) 0.98 (06/1991) ×

* 12/1992–01/1993  2 * * √ 
216 06/1993–08/1993  3 55.70 (07/1993) 0.94 (08/1993) √ 
223 05/1994–07/1994  3 18.75 (06/1994) 0.94 (07/1994) √ 
254 02/1999–06/1999  5 55.24 (04/1999) 0.95 (06/1999) √ 

Note: √: Represents the drought events were recorded in the meteorological disaster record in China-Yunnan; × : Represents the present drought 
events that have been unrecorded in the meteorological disaster record in China-Yunnan; * : Represents the ID, maximum affected area, and severity 
of the drought event were not recorded in the meteorological disaster record in China-Yunnan. 
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lower than that in other decades; however, the drought-affected area was relatively large. For durations of over 15 months (Fig. 5(e) 
and (f)), there existed only one event which occurred in the 2010s, with the severity and spatial area lower than that of the others. This 
could have occurred as the average severity over the whole period would likely be lower as the drought developed and receded over a 
longer period. 

Table 2 
6 largest droughts for each decade.  

DroughtID Duration (months) Maximum affected area (%) Maximum Severity (0–1) 

03 09/1962–09/1963 (13) 92.10 (01/1963) 0.999 (11/1962) 
24 08/1978–09/1979 (14) 75.93 (02/1979) 0.997 (07/1979) 
39 03/1987–10/1987 (7) 81.62 (05/1987) 0.999 (06/1987) 
47 04/1992–11/1992 (8) 67.91 (08/1992) 0.998 (05/1992) 
78 07/2009–05/2010 (11) 86.73 (12/2009) 1.000 (12/2009) 
80 04/2011–09/2012 (18) 86.85 (08/2011) 1.000 (07/2011)  

Fig. 5. SAD curves with different durations for 6 largest drought events.  
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Fig. 6 shows the spatial distribution of the 6 largest droughts in terms of the drought area and severity in the peak month, and also 
the paths of the drought centers for each month (i.e. the track of the drought center from month to month during the drought duration). 
The selected peak month was based on a comprehensive index, which was calculated for each month as drought affected area 
multiplied by the average severity (Wang et al., 2011). This indicates that these drought events had a wide extent, with some covering 

Fig. 6. The shifting paths of drought centers and spatial distribution for the peak month of the droughts for 6 largest drought events.  

L. Zhang et al.                                                                                                                                                                                                          



Journal of Hydrology: Regional Studies 42 (2022) 101128

9

Fig. 7. The geopotential height anomalies at 500 hPa (Shadings denote geopotential height anomalies levels as shown by the color bars; units: gpm) 
and its winds (red vectors; units: m⋅s− 1) at 850 hPa during (a) Winter 1962, (b) Spring 1963, (c) Winter 1978, (d) Spring 1979, (e) Winter 2009, (f) 
Spring 2010, (g) Winter 2011, and (h) Spring 2012. 
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YP almost entirely. The paths of the drought centers underwent considerable changes each month. The droughts in the 1960s, 2000s, 
and 2010s were more severe than the others. 

For example, the 1962–1963 drought (Fig. 6(a)) occurred first in the southwest of YP (located in Pu’er City), and it moved toward 
eastern YP in the subsequent months. The peak month of the drought occurred in Yuxi City; thereafter, the drought faded away in 
northern YP (Dali City). The 1978–1979 drought (Fig. 6(b)) mainly existed in the southwest of YP in the early period, while it shifted to 
the northeast of YP in the peak month. The MDRCY recorded that the drought intensified in the Lincang City in February 1979, which 
severely impacted the growth of crops, such as flue-cured tobacco, spring corn, and rape. From October to December 1979, a 
continuous drought occurred in autumn and winter in southwest YP, which also severely affected agricultural production. The paths of 
the droughts identified by the SAD method are generally consistent with the droughts recorded by the MDRCY. The drought events in 
the 1980s and 1990s (Fig. 6(c and d)) were shorter and less severe; moreover, the drought-affected area was also smaller than that of 
other drought events. 

In particular, this study identified two severe drought events, those of 2009–2010 and 2011–2012, both of which had the longest 
drought duration (18 and 11 months, respectively). However, Wang et al. (2013) found a 100-year drought in 2009–2012 to be an 
individual drought event, which differed from our results. This could be related to the different periods and datasets. Both of those 
droughts were observed to mostly cover YP (Fig. 6(e and f)); also, the drought centers of 2009–2010 for each month were located in 
eastern YP; however, those of 2011–2012 were located in northeast and northwest YP. Although drought in the peak month 
(November 2009) had a wide spatial extent, the drought severity in the east was far greater than that in the west. 

The results show that drought reached a peak from winter to next spring in these typical drought events. To reveal the influence of 
large-scale circulation on the shifting path of typical droughts, we further analyzed the wind field at 850 hPa and geopotential height 
anomalies at 500 hPa in winter and spring. For the August 1978-September 1979 drought, we found that there were significantly 
negative geopotential height anomalies in the high latitudes and positive geopotential height anomalies on the east and west sides of 
middle latitudes (Fig. 7(c)). This indicates that westerlies kept a relatively flat state. The difference between positive and negative 
geopotential height anomalies in the low latitude was not obvious, which was difficult for cold air to move to the south. Baikal Lake 
displayed negative geopotential height anomalies and the northern Arabian Sea presents positive geopotential height anomalies (Fig. 7 
(d)). It shows that the weak cold air in the north and the strong subtropical high in the Western Pacific may jointly affect YP drought 
shifting paths. 

Fig. 8. Temporal series of monthly values for the ONI and SOI. (The ONI-EI Niño year and ONI-La Niña year represent EI Niño period and La Niña 
period (Table 3) identified by ONI). 

L. Zhang et al.                                                                                                                                                                                                          



Journal of Hydrology: Regional Studies 42 (2022) 101128

11

There were weak fluctuations in the South Branch trough (Rong et al., 2018; Yang et al., 2012), but the geopotential height 
anomalies in the Bay of Bengal were not significantly varied (Fig. 7(e)). It indicates that the water vapor in YP in winter contributed 
less than that of other seasons, which can lead to precipitation reduction. The conclusion is the same as the results of Song et al. (2011), 
who found that the weak South Branch trough system is the key reason for the reduction of precipitation in YP. In spring (Fig. 7(f)), 
there were positive geopotential height anomalies over the Bay of Bengal, and the southwest wind on the east side of the Bay of Bengal 
was weak. Meanwhile, from the wind field at 850 hPa we can find that the water vapor in the southwest reached Sichuan Province and 
the south of Northwest China, which led to an increase in precipitation over these regions. But the water vapor transport over YP 
mainly came from the temperate zone north of 20◦N, resulting in significantly less precipitation in eastern YP. 

The April 2011-September 2012 drought, the negative geopotential height anomaly near Baikal Lake reflects that the pressure ridge 
was weakened (Fig. 7(g)). Meanwhile, China was controlled by positive geopotential height anomalies in spring 2012 (Fig. 7(h)). The 
pressure ridge of the Qinghai Tibet plateau developed and controlled YP, which caused the precipitation to continually decrease during 
this period. In this way, the centers of this drought event involved most areas of YP. 

3.3. Correlation and periodicity analysis between droughts and the ENSO 

Fig. 8 shows the temporal series of the ONI and SOI, where the various ENSO event intensities are marked. Considering the ENSO 
events (Table 3), the most intense EI Niño event in the last 6 decades was identified in 2014–2016. The strongest La Niña events were 
identified in 1973–1974 and 1988–1989. The number of EI Niño events (17 events) was equal to the number of La Niña events during 
1961–2018 based on the identification method of the NOAA Earth System Research Laboratory. 

To reveal the multi-scale relationships and periodic properties between the climate indices (ONI and SOI) and the SPI3 series, a 
cross-wavelet analysis was used. The correlation between the ONI and SPI3 in spring (Fig. 9(a)) was observed to be primarily negative 
with periods of 2–4 year bands during 1964–1972. The phase difference indicated that the change in the ONI was faster than that for 
SPI3. A noticeably positive correlation with similar period bands was found between the SOI and SPI3 during 1964–1972 (Fig. 10 (a)); 
moreover, SPI3 was ahead of the SOI. A significant positive correlation existed between the SOI and SPI3 during 4–6 years in summer 
(Fig. 10 (b)). Fig. 9(d) demonstrated that the significant wavelet power was consistently distributed in the 2–3 year during 1969–1973; 
3–6 year during 1982–1990; and 2–4 year during 2008–2014. The phase relationships between the ONI and SPI3 for the periods 
1969–1973 and 2008–2014 were prominent in the anti-phase, indicating the negative multi-scale relationships between the two series 
across YP. The phase of the significant regions (Fig. 10 (d)) was approximately 90◦, implying that the SOI led the SPI3 by nearly 3 
months. This indicated that the large-scale atmospheric circulation showed strong linkages with the seasonal SPI3; therefore, it 
strongly influenced the occurrence of drought in YP. 

Undoubtedly, precipitation is the most critical meteorological variable affecting drought (Yao et al., 2019). YP droughts are 
affected by monsoon precipitation and show obvious seasonality (Ding and Gao, 2020). It is easy to form severe drought when the 
southwest monsoon and the southeast monsoon are relatively weak. Whilst many researchers considered that droughts were linked to 
global climate variability and had a “lagged response” to the ENSO. The lag period varies depending on different impact factors (Yao 
et al., 2019; Li et al., 2019). 

Here, the correlation coefficients were calculated between the ONI and precipitation in different lag periods (3, 6, 9, and 12 
months). The results indicate a correlation between seasonal precipitation and the ONI, which indicates an association between the 
climate index and the occurrence of droughts in YP. As illustrated in Fig. 11 (a), a negative correlation existed between the ONI of the 

Table 3 
Identified ENSO events during 1961–2018.  

Decades EI Niño period Duration (months) Maximum intensity La Niña period Duration (months) Maximum intensity 

1960 s 06/1963–02/1964 9 1.4 05/1964–01/1965 9 -0.8 
05/1965–04/1966 12 2.0 
10/1968–05/1969 8 1.1 
08/1969–01/1970 6 0.9 

1970 s 05/1972–03/1973 11 2.1 07/1970–01/1972 19 -1.4 
09/1976–02/1977 6 0.8 05/1973–07/1974 15 -1.8 
09/1977–01/1978 5 0.8 10/1974–04/1976 19 -1.7 

1980 s 04/1982–06/1983 15 2.2 09/1983–01/1984 5 -1.0 
09/1986–02/1988 18 1.7 10/1984–08/1985 11 -1.1 

05/1988–05/1989 13 -1.8 
1990 s 05/1991–06/1992 14 1.7 08/1995–03/1996 8 -1.0 

09/1994–03/1995 7 1.1 07/1998–12/1999 18 -1.7 
05/1997–05/1998 13 2.4 

2000 s 06/2002–02/2003 9 1.3 01/2000–02/2001 14 -1.7 
07/2004–02/2005 8 0.7 11/2005–03/2006 5 -0.8 
09/2006–01/2007 5 0.9 07/2007–06/2008 12 -1.6 
07/2009–03/2010 9 1.6 11/2008–03/2009 5 -0.8    

06/2010–05/2011 12 -1.7 
11/2014–05/2016 19 2.6 07/2011–03/2012 9 -1.1    

08/2016–12/2016 5 -0.7    
10/2017–03/2018 6 -1.0  
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early four seasons and the later spring precipitation in YP from the mid-1980 s to the lat-1990 s, which indicated that spring pre
cipitation was less in the El Niño years, especially in 1987–1990, 1993–1996 and 1999–2001. It can be verified from the identified 
drought events that 40% of them occurred in spring from the mid-1980 s to the mid-1990 s. The lag period between the ONI and 
precipitation (Fig. 12 (a)) was mostly 3 months before 1990 s, and it was prolonged to 6, 9, and 12 months in 2000 s. This change may 
be related to the interdecadal shift of the ENSO that occurred around 1999/2000, in which the forecasted SSTA always lagged observed 
for several months (McPhaden, 2012; Hu et al., 2013, 2016, 2017c, 2020). 

A positive correlation was seen in the 2010 s, such that spring precipitation was less in the La Niña year of this period. The lag 
period reached 12 months. This study also identified 6 droughts that occurred in spring, accounting for 54% of the total events in the 
2010 s the 2011–2012 drought has the largest severity and longest duration with the drought affected area covering YP almost 
entirely. A significant positive correlation was found between the ONI of the early summer, autumn, and later winter precipitation 
(Fig. 11 (d)) during the 1980 s and 2000 s, which indicates that the winter precipitation was less in the same period of the La Niña year. 
The lag period in winter (Fig. 12 (d)) was longer than other seasons from 1960 s to 1990 s but shortened in 2000 s. El Niño and La Niña 
events have significant effects on autumn precipitation, but the effect decade was varied. The effect of the El Niño event was mainly in 
the 1970–1980 s, and the La Niña event was in the 1990–2000 s. The lag period of the two events for autumn precipitation was 
relatively long, reaching 12 months. This long lag period is exacerbated by the multiple factors, such as the response of soil moisture, 
natural vegetation, hydrological and atmospheric systems to drought conditions, that commonly occur in the response of climatic 

Fig. 9. The cross-wavelet transform between four seasons based on the ONI and SPI3 series. The Yellow noise within the thick line represents that 
5% confidence level and the arrow indicates the relative phase relationship (negative correlation points to the left and positive correlation points to 
the right; the downward arrow indicates that SPI3 is ahead of ONI, and the upward arrow indicates ONI is ahead of SPI3). (For interpretation of the 
references to colour in this figure, the reader is referred to the web version of this article.) 
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conditions to atmospheric circulation events (Ji and Peters, 2003; Patel et al., 2007; Khan et al., 2008; Quiring and Ganesh, 2010). 

4. Discussion 

Drought identification has always been a hot issue and considering its spatial and temporal dimensions can help improve drought 
monitoring (Diaz et al., 2019; Wen et al., 2020). Results of identification of drought location and characteristics using the SAD method 
in YP are discussed in this section. It is obvious that the average drought severity and area have risen steadily over the past 58 years, 
and droughts were most likely to occur from January to May. The location where drought occurred severely and frequently varies 
during the study period, among which the east and south of YP are the most prone to drought. These results have been mentioned in 
other studies (Table 4). For example, Yu et al. (2020), Yang et al. (2019), and Li et al. (2015a), (2015b) indicated that droughts 
significantly became more frequent with the extension of the timescale, especially after 2000 s Cheng et al. (2020) found that the 
central, southern, and northeastern parts of YP experienced the longest drought duration and the higher drought severity occurred in 
the eastern and southwestern parts of YP. Yu et al. (2013) indicated that March to May is more prone to drought on the temporal 
distribution, which is in accordance with our results. 6 largest drought events were identified, including those of 1962–1963, 
1978–1979, 1987, 1992, 2009–2010, and 2011–2012. These severe droughts were recorded by MDRCY. In addition, the spatial 
distribution of the peak month of the largest droughts was generally consistent with the recorded regions (Wen and Liu, 2006; Mao 
et al., 2009, 2010, 2011, 2012). 

These findings demonstrate that the SAD method can help identify droughts, whilst also describing the joint drought character
istics, including drought severity, frequency, and spatial distribution. But the choice of thresholds for the SAD method directly affects 

Fig. 10. The cross-wavelet transform between four seasons based on the SOI and SPI3 series.  
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the number of identified drought events (Andreadis et al., 2005). Wang et al. (2011) found that drought events might be repeated in 
different months when selecting different thresholds. Sheffield et al. (2009) found that a smaller threshold could shrink drought 
clusters to a few grid cells and persist for many years. To avoid this situation, a minimum threshold (6000 km2) was set to identify the 
drought events based on the results, wherein the suitable minimum area threshold was ~1.5% of the study area (Wang et al., 2011). 

Fig. 11. The sliding correlation coefficients (CC) between the ONI and precipitation in different lagging periods (3, 6, 9, and 12 months). The grey 
area represents the SPI3 series. 

Fig. 12. Significant lagged correlation (CC exceeding +/- 0.4) between the seasonal (Spring (a), Summer (b), Autumn (c), and Winter (d)) ONI and 
precipitation in different lagging periods (3, 6, 9, and 12 months). 
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Meanwhile, Sheffield et al. (2009) also found that the drought frequency between decades can be revealed by using different 
thresholds to identify drought events. Therefore, the number of drought events could be further assessed using different thresholds or 
different regions in YP to understand the sensitivity of the approach. 

This study explored the correlation and periodicity between climate indices (ONI and SOI) and SPI3. The results found that the ONI 
had a stronger correlation with SPI3 in YP. A significantly negative correlation was identified with periods of 2–4 year bands in 
1964–1972, which is consistent with the results of Cheng et al. (2020). A sliding correlation method was used to analyze the impact of 
ONI on seasonal precipitation and their lag periods. Results demonstrated that El Niño and La Niña years were associated with seasonal 
droughts in YP; moreover, droughts could occur in both El Niño and La Niña years, but the lag period varied in different seasons. For 
example, the lag period of the effect of El Niño on spring precipitation was about 3 months before the 1990 s, but it was prolonged to 12 
months from the 1990–2000 s. In winter, the negative correlation trend for different lag periods (3, 6, 9, and 12 months) was similar 
from the 1980 s to the mid-1990 s which indicated that the La Niña event had a significant effect on the later winter precipitation, 
resulting in the decrease of later winter precipitation. Significantly, droughts were more likely to occur in spring during El Niño years 
and in winter during La Niña years. Quantification of drought lag period is helpful to formulate drought measures to deal with the 
drought occurrence. 

Researchers have pointed out that the number and density of meteorological stations may be one of the factors affecting the 
precipitation interpolation (Sinha et al., 2006; Villarini and Krajewski, 2008; Zhang et al., 2011; Shope and Ram, 2015). Topographic 
elements such as elevation, aspect, and slope also affect the interpolation results. However, limited by the data availability, we used 22 
meteorological stations data to explore YP drought characteristics. The results have been verified by using recorded drought events in 
MDRCY, and many previous studies on droughts in Yunnan Province have used a similar number of meteorological stations (Yu et al., 
2020; Cheng et al., 2020; Zhang et al., 2015; Yang et al., 2019). Furthermore, not only ENSO events were responsible for droughts in YP 
during our study period, but other drivers also need to be identified (Yao et al., 2019). Various meteorological factors, such as relative 
humidity, temperature, and wind speed need to be considered in future research on droughts in YP. Meanwhile, human activities, such 
as land cover change, water resource management, irrigation water use, and groundwater withdrawal could also impact droughts 
(Wang and Meng, 2013; He et al., 2017; Sun et al., 2019; Yang et al., 2020a, 2020b). These factors affecting the evolution and dynamic 
changes of droughts need further exploration. 

5. Conclusion 

This study explored the spatial and temporal dynamics of drought characteristics in YP and quantified the correlation and peri
odicity between droughts and ENSO were explored to reveal the possible factors influencing YP droughts. The result shows that 74 
drought events were identified during 1961–2018 in YP. The month of onset of a drought mainly occurred in summer, while the end 
month mostly occurred in autumn. The 2011–2012 drought was the most prominent with the highest duration and severity; 
furthermore, the peak month occurred in September 2011, with a drought area of ~86.85% of the region of YP. The drought center 
paths of the largest drought events underwent significant changes across YP with time. 

The correlation between the SPI3 and large-scale climate indices (ONI and SOI) showed notable seasonal characteristics, which 
indicate that YP droughts could be related to the El Niño (La Niña) events. The relationship between precipitation and the ONI 
demonstrates that droughts in spring mainly occurred in both El Niño and La Niña years during the 1980s and the 2010s, and the lag 
period was about 3 months in the 1980s, but it was prolonged to 12 months in the 2010s, and those in winter mainly occurred in La 
Niña years during the 1990s and the 2000s with a lag period of up to 12 months. 

At present, dynamic identification of drought occurrence and processes is crucial to drought monitoring and early warning. The 
present study helps improve the drought monitoring mechanism and provides a potential reference for identifying drought evolution 
processes, which can reduce the economic losses caused by drought in Yunnan province. 
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Table 4 
Comparison of drought location and characteristics.  

Study period Evaluation Index Drought location Characteristics Data sources 

frequency area duration 

1960–2013 RDI Southwest and Southeast * * ↑ Cheng et al. (2020) 
2009–2018 CI The whole YP ↑ ↑ * Yu et al. (2020) 
1960–2010 Pa and TRCI Central and Northeast ↑ ↑ * Zhang et al. (2015) 
1961–2015 SPEI West and East ↑ ↑ * Li et al. (2019) 
1969–2018 SPI and SPEI North and East ↑ ↑ ↑ Yang et al. (2019) 
1950–2010 CI The whole YP ↑ * ↑ Yu et al. (2013) 
1982–2012 SPEI * ↑ * * Li et al. (2015a), (2015b) 

Note: ↑: Represents an increasing trend; * : Represents this characteristic is not specifically mentioned in the paper. 
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