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Abstract
With the aggravation of climate change, drought has become a more prominent extreme event with serious consequences. 
The selection of drought indices is crucial for accurate quantification and assessment of drought change and its impacts. 
In this study, we first evaluated the standardized precipitation evapotranspiration index (SPEI) at different time scales in 
terms of their applicability to reflect changes in summer drought over China through comparison with observation-based 
drought indices including soil moisture (SM) dataset. We found that precipitation and SM both exhibit a drying feature from 
northeastern China to southwestern China. At different time scales, the 1-month SPEI (SPEI-01) has the best performance 
in reflecting the changes of summer SM over China. Using SPEI-01, we examined the spatial pattern of change in drought 
intensity and frequency from 1961 to 2020 in China at a national scale and further compared drought change in regions with 
different aridities. Overall, China witnessed a wetting trend in the past 60 years. Arid and semiarid regions were featured 
with “dryer in the east and wetter in the west.” A drying trend was found in the southeast of the Tibetan Plateau and Beijing-
Tianjin-Hebei region. In humid regions, drought relieved in the Yangtze River Delta but worsened in the southwest of China. 
Changes in drought frequency and intensity also exhibited remarkable spatial heterogeneity. Our results can contribute to a 
better understanding of the spatial-temporal variations of drought severity for climate change adaptation.

1  Introduction

Drought, as one of the most significant extreme climate 
events in the world, has well-recognized influences on ter-
restrial ecosystems, water storage, human life, production 
and development, and social stability (Wilhite 2000; Mishra 
and Singh 2010; Huang et al. 2020; Pokhrel et al. 2021; 
Vogt et al. 2021). The Flood and Drought Disaster Bulle-
tin records drought events each year, reporting that drought 
has caused huge economic losses in China (Su et al. 2018). 
According to the Special Report on Global Warming of 
1.5 °C, drought concerns have received more attention in 
recent years due to the increasing drought frequency and/or 
severity (Spinoni et al. 2020; Vogt et al. 2021). Under high 
emission scenarios by 2100, extreme drought may become 

a regular climate condition in mid-to-high latitudes (IPCC 
2013, 2021). China, with typical monsoon climate, has been 
frequently affected by droughts (Zhang et al. 2015, 2019). 
Therefore, drought monitoring, change study, and projection 
are critical for the impact of drought on China.

Drought indices have been developed for drought 
monitoring, diagnosis, and projection. Based on previous 
researchers focusing on the sensitiveness and suitability 
of the drought indices, several indices have considerably 
evolved in recent decades (Mishra and Singh 2010; Mukher-
jee et al. 2018). Standardized precipitation evapotranspira-
tion index (SPEI) is a widely used drought index in previ-
ous researches that has analyzed drought variability, climate 
change, and identification of drought impacts on agricul-
tural and ecological systems (Begueria et al. 2010; Cao et al. 
2022). Various types of droughts emphasize differences in 
duration in their definition, and previous study has been sug-
gested that SPEI with different time scales can generally 
represent different drought types (Potop et al. 2012; Begue-
ría et al. 2014; Yao et al. 2018a; Mukherjee et al. 2018). On 
the one hand, SPEI combines the advantages of standard-
ized precipitation index (SPI) with multiple time scales and 
Palmer Drought Severity Index (PDSI) with multifactorial 
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consideration. On the other hand, Food and Agriculture 
Organization of the United Nations (FAO) Penman-Mon-
teith algorithm replaces Thornthwaite algorithm to calculate 
evapotranspiration in SPEI, which optimizes SPEI to better 
reflect the real drought condition and the impact on vegeta-
tion (Vicente Serrano et al. 2013). Moreover, because of 
its temporal flexibility, spatial continuity, and water deficits 
at multiple time scales, SPEI is ideal to reflect the charac-
teristics of drought; as a result, it has become an important 
instrument for assessing moisture conditions (Potopová 
et al. 2015; Li et al. 2015; Labudová et al. 2017). Yao et al. 
(2018b), for instance, used four drought indices to analyze 
the spatial-temporal evolution of drought in China from 
1961 to 2013 and indicated that the drought was tending 
to alleviate. Based on the comparison of historical drought 
events, their results further confirmed the applicability of 
SPEI in identifying continuous drought. Wu et al. (2020) 
investigated the changes in SPEI in major regions of China 
on the 1-month and 12-month scales. The results revealed 
that the fluctuation of SPEI decreases with the increase of 
time scales. Xu et al. (2021) used three drought indices, soil 
moisture (SM), and terrestrial water storage to analyze the 
trend and correlation of drought indices and hydrological 
variables in different seasons in climatic zones. They showed 
that SPEI has better performance on agricultural drought 
in summer. Other studies also tried to quantify the impact 
of historical drought events based on SPEI (Li et al. 2019; 
Anderegg et al. 2020).

Other commonly used indices are also used in China 
for drought change research. For example, Wang and Zhai 
(2003) used China Z indices to analyze the drought changes 
in northern China from 1950 to 2000. Zhai et al. (2010) 
analyzed the drought changes in ten regions of China from 
1961 to 2005 based on PDSI and SPI. Their study solely 
analyzed the trend without considering other characteristics 
of drought. Although SPI is a valuable index of meteorologi-
cal drought, however, it only uses precipitation as a single 
variable to reflect drought (Keyantash and Dracup 2002). 
PDSI still has inaccuracies in the study of all precipitation 
treated as rainfall (Hayes 2006). Previous studies analyzed 
distribution characteristics and disaster change of drought in 
China using meteorological drought composite index (MCI) 
(Liao and Zhang 2017). It should be noted that MCI focuses 
mostly on meteorological conditions and has relatively 
poor performance on agriculture and hydrology. Yang et al. 
(2017) assessed the regional applicability of seven drought 
indices and investigated changes in drought in the North-
east Plain, North China Plain, and Huanghuai Plain using 
land water storage, in situ SM, and runoff data retrieved 
by GRACE. Unfortunately, the research area of the study 
failed to cover the entire China because of low resolution 
of the observed data. Overall, there still lacks a synthesis 
of drought severity as well as its spatiotemporal variations 

over China based on the most applicable drought indices. 
Few studies have assessed the current drought indices via 
comparison with observation-based results.

SM is a critical physical quantity for regulating the water 
cycle, as well as the primary water supply in the ecosystem 
(Li and Ma 2012). SM anomaly can accurately represent the 
regional dry-wet conditions and can be used as an objec-
tive index to characterize droughts. Thus, it has been widely 
used to evaluate the accuracy of other drought indices (Sims 
et al. 2002; Vicente-Serrano et al. 2012). Plenty of studies 
have suggested that SM is an effective indicator of agricul-
tural and ecological drought. Change in SM has a signifi-
cant impact on the exchange of energy and water between 
land and atmosphere (Wang et al. 2009, 2011; Khong et al. 
2015). Precise SM data can help us better comprehend cli-
mate change and land-atmosphere interaction (Song et al. 
2007; Seneviratne 2010). The constraint and uncertainty 
of datasets, particularly for SM, are one of the main chal-
lenges to detecting long-term changes in drought (Trenberth 
et al. 2014; Beguería et al. 2016; Dai and Zhao 2017). SM 
data based on in situ observations has the disadvantages of 
small spatial scale and lack of data, while SM data based 
on model simulation is difficult to reflect the real situation 
(Busch et al. 2012; Crow and Ryu 2009). With the develop-
ment of remote sensing technology, SM based on satellite 
observations has been widely used in drought investigation 
since the 1970s. Through evaluation of multiple resource 
datasets, related studies suggest that the European Space 
Agency Climate Change Initiative (ESA CCI) SM dataset 
(Dorigo et al. 2017) is generally credited for change of SM 
in different seasons over China (Peng and Loew 2017; An 
et al. 2016; Ma et al. 2016). The latest research thoroughly 
evaluated the applicability of different datasets (satellite-
based and reanalysis products) over China in conjunction 
with in situ SM (Ling et al. 2021). It showed that ESA CCI 
SM products were closest to the observed values in terms 
of spatial distribution and monthly humidity, indicating that 
the products were a solid choice for long-term hydrological 
application in China. As a result, on the basis of having 
high-resolution SM data, it is helpful to compensate for the 
lack of research about drought caused by insufficient data.

Previous studies concentrated on drought trend change 
in inter-indices assessment and the link between SPEI and 
vegetation indices or the response of vegetation to drought in 
China. Thus, the primary objective of this study is to investi-
gate the change in drought severity in China during the past 
six decades. We aim to (Anderegg et al., 2015) assess the 
applicability of SPEI at different time scales based on their 
relationship with observation-based SM dataset, (Ande-
regg et al., 2020) explore the spatial pattern of change in 
the intensity and frequency of summer drought during the 
past six decades across China, and (An et al., 2016) reveal 
the regional variations of change in drought intensity and 
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frequency. The findings of this study could deepen our 
understanding on changes in drought characteristics in 
China, provide a scientific basis for studying the impact of 
extreme drought events in the context of climate change, 
and serve as scientific guidance on drought risk manage-
ment in China.

2 � Data and methods

2.1 � In situ datasets

The in situ surface daily dataset including maximum tem-
perature, minimum temperature, precipitation, sunshine 
duration, wind speed, pressure, and relative humidity, from 
1961 to 2019 of 2481 meteorological stations in China was 
applied to calculate drought indices. The data can be found 
from the National Meteorological Information Center of 
China Meteorological Administration (http://​www.​nmic.​
cn/). In this study, totally 1278 stations were selected 
through the following criteria: (i) the horizontal relocation 
distance of the station did not exceed 20 km, and the verti-
cal height change does not exceed 50 m; (ii) the amount of 
missing data at each station does not exceed 5% of the total 
amount in the selected period.

The 10-day in situ SM from 115 stations from 1992 to 
2012 is also from the National Meteorological Information 
Center of China Meteorological Administration (http://​www.​
nmic.​cn/). According to station information matching and 
missing values elimination, 111 stations were selected for 
the evaluation of ESA CCI SM data.

2.2 � Gird datasets

SM data based on satellite observation from ESA cover-
ing from 1979 to 2019 (https://​www.​esa-​soilm​oistu​re-​cci.​
org/) was used in this study. The temporal resolution of 
this dataset was daily, and the spatial resolution is 0.25° 
× 0.25° (Hollmann et al. 2013). Note that in this study, we 

assumed that SM is the true reflection of the surface drought 
conditions.

2.3 � Drought indices

We used SPEI to analyze the trends, duration, severity, and 
spatial distribution of drought during 1961–2020. The grid-
ded SPEI dataset (SPEI base v.2.7; https://​digit​al.​csic.​es/​
handle/​10261/​268088) was at a 0.5° spatial resolution and 
monthly time step (Vicente-Serrano et al., 2010a, 2010b; 
Beguería et al. 2022). It was noted that the calculation of the 
potential evapotranspiration in datasets is based on the FAO-
56 Penman-Monteith method (Beguería et al. 2022). We 
selected 1-month (SPEI-01), 3-month (SPEI-03), 6-month 
(SPEI-06), and 12-month SPEI (SPEI-12) in our study. 
In situ drought indices (SPI, SPEI, PDSI, and MCI) are also 
calculated in this study for robust test. Related concepts and 
principles for drought indices were as shown in Table 1.

For the formula of MCI, SPIW60 is 60-day standardized 
weighted precipitation index, MI30 is 30-day moisture index, 
and SPI90 and SPI150 are 90-day and 150-day standardized 
precipitation index. Among methods to calculate potential 
evapotranspiration (PET), FAO Penman-Monteith algo-
rithms were used in this study (Penman 1948).

In this study, daily drought indices (SPI, MCI, SPEI, 
PDSI) were calculated and processed as monthly data. More-
over, annual data was obtained from monthly data by arith-
metic average to analyze the change in drought condition.

2.4 � Statistical analysis

We calculated the missing rate of ERA CCI SM in different 
seasons in China as shown in Fig. S1. It shows that the miss-
ing rate mostly maintains below 20% in summer except for 
the years of 1988, 1989, 1990, 2003, and 2004 while above 
50% in winter. This suggests that analyses focusing on sum-
mer as the research period bring the least uncertainties to 
the major conclusion. Thus, in this study, summer drought 
was assessed, which was defined as June to August. In situ 

Table 1   Drought index concept table

Index Principle Algorithm Reference

SPI It is assumed that precipitation obeys Γ probabil-
ity distribution

F(x) =
1

��Γ(γ)
x
�−1

e
−x∕� McKee et al. (1995)

SPEI Calculating the difference between P and PET 
and using the log-logistic probability distribu-
tion

F(x) =

[

1 +
(

�

x−�

)�
]−1 Vicente-Serrano et al. (2010a)

PDSI Principle of water balance P (precipitation) = ET (evapotranspira-
tion) + R (soil water supply) + RO (run-
off) − L (soil water loss)

Palmer (1965)
Zou et al. (2005)

MCI Multiple drought index MCI = Ka x (a × SPIW60 + b × MI30 + c × SPI90 + 
d × SPI150)

 Liao and Zhang (2017)

http://www.nmic.cn/
http://www.nmic.cn/
http://www.nmic.cn/
http://www.nmic.cn/
https://www.esa-soilmoisture-cci.org/
https://www.esa-soilmoisture-cci.org/
https://digital.csic.es/handle/10261/268088
https://digital.csic.es/handle/10261/268088
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drought indices were calculated by monthly data and finally 
processed as seasonal indicators the same as gridded data-
sets. The gridded SM were resampled to match the spatial 
resolution of gridded SPEI by using bilinear interpolation. 
Trends in the precipitation, SM, and drought indices were 
estimated by using the Mann-Kendall trend test method with 
the significance level. We then calculated the Pearson cor-
relation coefficients of drought indices with SM, and the 
Student’s t-test was used for the significance test. And the 
impact of missing values was taken into account when cal-
culating trends and correlation coefficients. The root mean 
square error (RMSE) was used for data evaluation.

We analyzed the changes in summer drought across China 
from 1961 to 2020 in terms of its intensity and frequency. 
To this end, for each gird, drought intensity was indicated 
by the magnitude of SPEI values as shown in Table 2. The 
cumulative frequency of drought is defined as the number of 
SPEI values on unit grid meeting the given threshold (i.e., 
the occurrence of drought events) within a certain period. 
And the cumulative frequency of drought was used to reveal 
the regional characteristics of drought occurrence. Accord-
ing to the annual precipitation of in situ observation from 
1961 to 1990, China is divided into four regions, arid regions 
(annual precipitation is less than 200 mm), semiarid regions 
(annual precipitation is between 200 and 400 mm), semi-
humid regions (annual precipitation is between 400 and 800 
mm), and humid regions (annual precipitation is more than 
800 mm). Changes in drought intensity and frequency were 
compared between different regions.

3 � Results

3.1 � Precipitation change and soil‑moisture‑based 
drought change

This study selected the grid nearest to the station for analysis 
and comparison, as shown in Fig 1. The results show that 
despite some deviations, the ESA CCI SM data can effec-
tively reflect the characteristics reflected by the in situ SM, 
with a correlation coefficient of about 0.6 (p < 0.01) and 
an RMSE of 0.07. Therefore, this dataset has the ability to 
reflect the changes of SM in summer in China.

Figure 2 depicts changes in in situ observed precipitation 
and satellite-retrieved SM in summer over China from 1979 
to 2019. Increased summer precipitation during the past 40 
years is observed in the middle and lower Yangtze River, the 
coastal areas of South China, the Shandong Peninsula, part 
of the northwestern China, and part of the Tibetan Plateau. 
In addition to the fundamental characteristics of “southern 
floods and north droughts” (Zhai et al. 2005), precipitation 
decreases from northeast to southwest China.

During the last 40 years, SM has increased in most parts 
of China but decreased mainly in Tarim Basin, Central Inner 
Mongolia, southwestern Gansu, western Sichuan, and east-
ern Tibetan Plateau (Fig. 2). Generally, the spatial distri-
bution of summer precipitation trend is generally consist-
ent with SM, in spite of a slight deviation in central China 
(Fig. 2). This further validates the ability of ESA CCI SM 
product to reflect spatiotemporal variations of SM in China. 
Therefore, we used SM from ESA CCI as the actual refer-
ence to reflect dry/wet conditions in China in the following 
analyses.

3.2 � Assessment of the applicability of SPEI 
of different time scales

The correlation analysis between summer-gridded SPEI 
with four different time scales and SM is shown in Fig. 3. 
Generally, similar spatial patterns are found for SPEI with 
different time scales regarding their correlation coefficients 
with SM. High correlation between SPEI and SM is mainly 
located in the northwest, northeast, North China, eastern 

Table 2   Drought classification based on SPEI value

Drought level SPEI

Normal −0.5 to 0.5
Mild drought −1.0 to −0.5
Moderate drought −1.5 to −1.0
Severe drought −2.0 to −1.5
Extreme drought ≤ −2.0

Fig. 1   Density scatterplots of SM from 1992 to 2012 based on obser-
vation and ESA CCI
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Tibetan Plateau, and parts of the south China. However, the 
correlation coefficients between SPEI-01 and SM are gen-
erally higher than that of SPEI-03, SPEI-06, and SPEI-12 
across the study regions. Furthermore, for SPEI-01, SPEI-
03, SPEI-06, and SPEI-12, the proportion of areas with R 
values significant at 95% confidence level is 66%, 61%, 47%, 
and 39% of the research area, respectively. The results indi-
cate that SPEI-01 is more reliable than other time scales in 
reflecting SM changes in summer. Therefore, in the follow-
ing study, we utilized SPEI-01 to analyze changes in summer 
drought in China. It should be noted that regions with cor-
relation coefficients less than 0.4 are mainly observed in the 
central part of China. This suggests that changes in drought 
condition may be not a dominant factor for SM change, 
which could be explained by the influence of temperature 
and runoff (Zhao et al. 2021). Increased temperature leads to 
a higher evaporative demand and thus to a potential increase 
in evapotranspiration, possibly leading to a further decrease 
in SM (Seneviratne et al., 2010). Previous research revealed 
that the “runoff effect” reduces SM persistence substantially 
in parts of China and enhances in wet regions (Koster and 
Suarez 2001).

As the strong regionality of droughts (Zhang et al. 2020), 
this study further analyzed the changes in SM and SPEI-01 
in summer for different regions over China. Figure 4 dis-
plays the time series of SPEI-01 and SM anomalies in four 
regions and throughout China. There are significant increas-
ing trends of time series of SM anomaly in the four regions, 
indicating that SM has shown the characteristics of wetting 
over China in the past 40 years. Correlation coefficients 
between SM and SPEI-01 are 0.34 for arid, 0.64 for semi-
arid, 0.30 for semi-humid, and 0.48 for humid. Time series 
of SM and SPEI-01 generally show consistence in terms of 
both long-term trend and inter-annual variations, suggesting 
that SPEI-01 can virtually precisely capture the change of 
SM over the study period.

Additionally, we referred to the Analysis of Major 
Drought Events in China (1961–2020) by Zou et al. (2021) 
to further analyze the corresponding relationship between 
the two through typical historical drought events in different 
regions. For instance, the drought event in 1985 in Xinjiang; 
the severe drought events in 2001 in Xinjiang, Qinghai, and 
Gansu; and the extreme drought events in 2009 in Gansu all 
show negative anomalies of SM and SPEI in arid regions 

Fig. 2   Change of precipitation anomaly percentage and anomaly percentage of SM during the period of 1979–2019 in China. Solid color dots 
indicate trends significant at 95% confidence level. Crosses indicate trends are not significant
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(Fig. 4a), and their intensity is also displayed (Fig. 4a). For 
the same reason, two severe drought events happening in 
Inner Mongolia in 2010 and 2015 in semiarid regions, two 
extreme drought events (1982 and 2015) occurring in semi-
humid regions, and drought occurrence in 2003 and 2011 
in most parts of humid regions can be shown in Fig. 4 b–d. 
Through the above correlation analysis between SPEI at dif-
ferent time scales and SM, as well as the reflection of soil 
moisture changes and extreme drought events in different 
regions, we conclude that SPEI-01 has a good applicability 
in drought identification for different regions of China and 
is therefore used in the following analysis regarding drought 
severity assessment.

3.3 � Spatial pattern of the change in summer 
drought over China

On the basis of above results, we explored the changes 
in summer drought using SPEI-01. Figure 5a depicts the 

summer SPEI-01 trend during 1961–2020. There is a sig-
nificant drying trend in the east of Xinjiang, the Beijing-
Tianjin-Hebei region, most parts of Inner Mongolia, and 
southwest of China in summer. By contrast, drought relief 
was mainly observed in the west of Xinjiang, most parts of 
Tibetan Plateau, and Yangtze River Delta.

Spatial pattern regarding summer drought change was 
also derived using other drought indices based on in situ 
observation. To verify the spatial similarity of trends, the 
grid data was interpolated to the stations based on nearest 
neighbor interpolation, and the trend consistency is ana-
lyzed. The consistency ratio between the grid SPEI and four 
drought indices based on observation is 59%, 71%, 56%, and 
64%. The density scatterplot (Fig. 5 b–e) shows that the grid 
SPEI and the four drought indices based on the observation 
reveal a good consistency, with correlation coefficients of 
0.58, 0.71, 0.56, and 0.52 (p < 0.01), respectively, and the 
RMSE less than 1. Therefore, although there exist some dif-
ferences in values of trends and significance, four drought 

Fig. 3   The correlation coefficients between SM and SPEI-01 (a), SPEI-03 (b), SPEI-06 (c), and SPEI-12 (d) for the period of 1979–2019 in 
China. The solid dots indicate trends significant at 95% confidence level
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indices overall show similar spatial distributions regarding 
drought condition change to the grid SPEI-01. The values 
of different indices show an increasing trend (drought relief) 
in northwest region and the eastern China and a decreasing 
trend (drought exacerbation) in southwest and north China.

3.4 � Change in the frequency of summer drought 
across regions

In order to analyze the changes in drought frequency, we 
calculated the trend of drought frequency in summer in dif-
ferent regions during 1961–2020 based on the drought clas-
sification of SPEI-01. As Table 3 illustrated, in the arid and 
semiarid regions, mild drought shows a decreasing trend 
(both −0.02/10a), while an increasing trend in moderate 
drought (0.21/10a and 0.01/10a, p < 0.05). For semi-humid 

regions, there is almost no obvious trend change between 
mild and moderate drought (0.002/10a and −0.004/10a). The 
frequency of severe drought and extreme drought has no 
trend in these three regions. In humid regions, the trends of 
drought frequency are all zero per decade during 1961–2020. 
The results indicate a slight trend of transition from mild to 
moderate drought in arid and semiarid regions. However, in 
semi-humid and humid regions, there is no obvious trend of 
change in the frequency of drought in summer from 1961 
to 2020. Wang et al. (2015) used SPEI and SPI to analyze 
drought changes in China over the past 50 years, showing 
that there is no evidence of the increase in drought severity 
over China taking the whole country into account. There-
fore, this also explains laterally that there is no significant 
change trend in drought frequency of different intensities in 
the four regions.

Fig. 4   Time series of anomaly of SPEI-01 (bars) and SM (marker 
lines) in dry (a), semi-dry (b), semi-humid (c), humid (d) regions, 
and China (e) in summer during 1961–2020. The black triangle rep-

resents drought events recorded. The red numbers with stars denote 
significant correlation coefficients between SM and SPEI (p < 0.05)
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Figure 6 a and c shows the spatial distribution of accumu-
lating frequency of drought above mild drought and severe 
drought. Summer droughts are mainly concentrated in west-
ern China, especially in the northwest of Inner Mongolia, 
Tarim Basin, southwest China, and western Tibet (Fig. 6a). 
The occurrence frequency of drought events above severe 
drought is less than 3 in the past 60 years, but it still shows 
regional characteristics (Fig. 6c). The high value areas are 
mainly located in the central and western Inner Mongolia, 
the northern and southern parts of the Xinjiang, and the west 
of the Tibetan Plateau, indicating that it is more prone to 
extreme drought events in these regions. It is also noticeable 
that although Tibetan Plateau is warming and wetting, due to 
its ecological vulnerability and sensitivity to climate (Shen 
et al. 2011), the occurrence of extreme drought events still 
worths more deeper analyses.

Considering there is no obvious trend of occurrence 
frequency with different intensities in different regions 
(Table 3), this study analyzed the changes in drought fre-
quency per decade, as shown in Fig. 6 b and d. Bars with dif-
ferent colors represent the average accumulating frequency, 
and the maximum is displayed by short horizontal lines. For 
semi-humid and humid regions (green and gold bars), the 
occurrence frequency of every decade is maintained at a rel-
atively stable level with little fluctuation. For arid and semi-
arid areas (red and blue bars), it is obvious that in the first 
decade of the twenty-first century, the frequency of severe 
drought events has increased sharply (the average value is 
much higher than those in other decades). And in Fig. 4 a–b, 
it can also be shown that the most negative SPEI-01 anoma-
lies occurred in 2000–2010. In the first four decades, the 
frequency of events above severe drought in arid regions 
has a significantly increasing trend. It has turned in the first 
decade of the twenty-first century, although the frequency 
of severe drought events has decreased in the last decade; 
it can still be found that events above severe drought have 
a strong fluctuation every decade in arid regions. Semiarid 
regions also show similar characteristics.

3.5 � Change in the intensity of summer drought 
across regions

As shown in Fig. 7, the proportion of mild drought is the 
highest, accounting for more than 50% per decade in four 
regions, indicating that mild drought is a major drought type 
in China. The proportion of moderate drought is about 20%, 

that of severe drought is less than 10%, and extreme drought 
is less than 5%. And extreme drought events are mainly 
occurring in arid and semiarid areas (Fig. 7 a–b). For arid 
and semiarid areas, we found that in the first 10 years of the 
twenty-first century, drought events occurred frequently, and 
intensity increased, showing the transformation from mild 
to drought of other intensity (the proportion of light drought 
decreases, and the proportion of moderate and severe 
drought increases obviously). In arid areas, compared to the 
decade before 2000 (i.e., 1990–2000), the proportion of mild 
drought decreased by nearly 11% (from 78 to 67%) between 
2010 and 2020, while other types of droughts increased to 
varying degrees. And in semiarid areas, the proportion is 
mainly represented by a decrease in severe drought (from 7 
to 5%) and an increase in the proportion of moderate (from 
23.5 to 24.6%) and extreme drought (from 0.1 to 2.6%). It is 
worth noting that in semiarid regions, the proportion of mild 
drought has rebounded during 2010–2020; the proportion of 
extreme drought has also increased significantly. For semi-
humid regions, the proportion of drought events with differ-
ent intensity has no conspicuous change (Fig. 7c). For humid 
regions, after the 1980s, the intensity of drought increased 
slightly, showing a rise in the proportion of severe drought 
(from 2.5 to 3.5%). The results indicate the following: (a) the 
intensity of drought has become polarized in arid and semi-
arid regions in the past 20 years, which brings challenges to 
drought monitoring and early warning, and (b) for humid 
regions, the intensity of drought events has increased in the 
past three decades, and more attention should be paid to the 
impact of drought events in humid regions in the future.

4 � Conclusion and discussions

This study utilized grid SPEI to analyze the changes in 
summer drought conditions (change in trend, intensity, 
and frequency of drought) in arid, semiarid, semi-humid, 
and humid regions over China from 1961 to 2020. Satel-
lite retrieval SM is used as an indicator to find the SPEI 
with the applicable time scale. Our results confirmed that 
SPEI-01 has good performance in reflecting summer SM 
and drought changes during 1961–2020. Using SPEI-01, we 
also revealed the spatiotemporal characteristics of drought 

Fig. 5   Density scatterplots of grid SPEI-01 and in situ a SPEI-01, b 
SPI-01, c MCI, d PDSI. The trend of a grid SPEI-01 during 1961–
2020, in situ f SPEI-01, g SPI-01, h MCI, i PDSI during the period 
of 1961–2019 in China. Solid color dots indicate trends significant at 
95% confidence level. Crosses indicate trends are not significant. The 
black isoline in a refers to annual average precipitation (mm) during 
1960–1990

◂

Table 3   Trends of frequency of different intensities of drought in four 
regions (/10a)

Mild Moderate Severe Extreme

Arid −0.020 0.21 0 0
Semi-arid −0.020 0.01 0 0
Semi-humid 0.002 −0.004 0 0
Humid 0 0 0 0
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frequency and intensity in different climate regions of China, 
showing that since the twenty-first century, in arid, semiarid, 
and humid regions, the frequency of drought has increased, 
the intensity of drought tends to polarization, and more seri-
ous drought events occur frequently.

This study provides a scientific understanding of summer 
drought changes in China during the past 60 years. Through-
put analysis, we also noticed that inconsistent changes in 

the trends of precipitation and SM exist, and the correlation 
coefficients between SPEI and SM are low, mainly in Central 
China, which may be related to human activities such as irri-
gation and land use (Huang et al. 2020; Chiang et al. 2021). 
IPCC AR6 WGI provides the latest assessment conclusions, 
suggesting that the attribution of drought trend changes is 
not reliable at present (Seneviratne et al. 2021). Thus, attri-
bution studies in China will need to be strengthened. Future 

Fig. 6   The spatial distribution of accumulating occurrence frequency of drought events above mild (a) and severe (c) drought during1961–2020. 
The accumulating occurrence frequency above mild (b) and severe (d) drought every decade in different regions

Fig. 7   The proportion of accumulating occurrence frequency of drought events with different drought intensity in arid (a), semiarid (b), semi-
humid (c), and humid regions (d)
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work will focus on clarifying the reasons for the inconsist-
ency and conducting attribution studies on drought changes.

Our research provides reliable conclusions about the 
changes in the frequency and intensity of summer drought 
events in China. This study pointed out that after entering 
the twenty-first century, seasonal drought events increased 
significantly (Chen and Sun 2015; Zhang et al. 2020). At 
the same time, with the continuous intensification of cli-
mate change, flash drought (a rapidly intensifying drought) 
and drought-related compound events on a short-time scale 
occur frequently in China (Wang and Yuan, 2018; Yu and 
Zhai 2020). Besides, the impact of droughts could exist 
until several years after the event ends (Saatchi et al. 2013; 
Schwalm et al. 2017; Anderegg et al. 2020). For example, 
previous studies found that the forests exhibit a drought 
“legacy effect,” with 3 to 4 years’ decreasing growth of 
forests (Anderegg et al. 2015). Moreover, the capacity of 
forests as carbon sinks will be weakened (Anderegg et al. 
2015). Recent research used ring-width index to investigate 
the impact and legacy effects of extreme drought events 
(Huang et  al. 2018). The results not only revealed that 
extreme droughts during the dry season have more serious 
impact than wet season but also emphasized the importance 
of timing of drought. Thus, future work is needed to explore 
the changes and impacts of drought events in other seasons 
(mainly spring and autumn) and at interannual and different 
seasonal scales combined with reanalysis data.

In addition, AR6 focuses on assessing the change of 
atmospheric evaporation demand (AED). IPCC AR6 WGI 
Report further points out that AED will increase under 
different scenarios with climate warming (Seneviratne 
et al. 2021). In the future, AED has garnered consider-
able interest in the future as a key driver of different types 
of droughts (Wang et al. 2022). The change of AED is a 
response to climate change, as the driving factor of dif-
ferent types of drought change. Therefore, in addition to 
considering precipitation, temperature, and SM, AED is 
further introduced to analyze the dominant factor affecting 
changes in drought in different regions.
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