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Drought is extremely complex and can be influenced by various factors. This study uses Penman-Monteith (PM) method to calculate the potential evapotranspiration and get the monthly drought metric of Standardized Precipitation-Evapotranspiration Index (SPEI) across China during the period of 1961–2019. Results show that the regions of the west of Northwest China (WNWC), Northeast China (NEC), and South China (SC) are reported to experience a wetting trend, while the droughts in the regions of the east of Northwest China (ENWC), North China (NC), and Southwest China (SWC) deteriorated over the past decades. Seasonally, the significant wetting trends mainly occurred in summer, autumn, and winter for WNWC, while mainly in winter for the region of NEC. Additionally, the droughts in China show an obvious interdecadal variability, with more severe droughts for the periods of 1961–1979 and 2000–2019, but with relatively fewer events in the period of 1980–1999. During the 1960 s and 1970 s, droughts in China are observed to mainly happen in summer and winter, while the droughts mainly occurred in autumn and winter during the 1980 s and 1990 s. Since the early 21st century, both the frequency and intensity of spring droughts have increased obviously and played a dominant role in seasonal droughts. Further studies indicate that the drought changes in southern China are mainly affected by the precipitation anomalies, while that in northern China are mainly influenced by the temperature and wind speed anomalies. Hence, our analyses provide theoretical basis for further understanding the drought changes and the prevention control of drought disasters in China.
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1 INTRODUCTION
Drought is one of the major natural disasters faced by human society, which has a great impact on food production, social economy, human health, and ecosystem (Kuwayama et al., 2019; Ma et al., 2021; Schumacher et al., 2022; Zhao et al., 2022). With the rapid development of society, droughts are getting worse under the influence of human activities (Chen and Sun, 2017; Deng et al., 2021; Zhang et al., 2022). Some early studies have indicated that from 1951 to 2010, the drought occurrences in Africa, East Asia, the Mediterranean and South Australia showed a significant increasing trend (e.g., Spinoni et al., 2014). According to the Sixth Assessment Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC, 2021), global warming has led to an obvious increase in the frequency of droughts across the global lands, which would be further deteriorated in response to the future warming. Additionally, there will also be a rise in the occurring risks of compound extreme events of drought, heatwave, and wildfire. Especially across China, the droughts have become more frequent and severe during the past decades and it would be likely more serious in the future in response to further warming (Yang et al., 2012; Zhang et al., 2013; Yu et al., 2014; Liu et al., 2015; Yao et al., 2020; Yu and Zhai, 2020; Han et al., 2021; Xu et al., 2021). It is thus critical to increase the understanding of the changes in droughts and the associated underlying mechanisms.
Drought is extremely complex and difficult to be monitored. There are a variety of drought indices developed to meet different demands, mainly through quantitative index values to reflect the severity of drought, such as the Z-index, comprehensive meteorological drought index CI, precipitation anomaly percentage, surface wetness index SWI, and so on (Wu et al., 2001; Li et al., 2012; Yu et al., 2013; Wang et al., 2017; Yang et al., 2017). Among these indices, Palmer drought severity index (PDSI), standardized precipitation index (SPI), and standardized precipitation evapotranspiration index (SPEI) are popularly and widely used in many fields. PDSI was first proposed by Palmer in 1965 based on the water balance concept (Palmer, 1965), and then upgraded by Wells et al. (2004) with the self-calibration PDSI, which provides superior spatial comparability. However, PDSI can only account for drought variability on the scales of 9–12 months (Guttman, 1998). This defect is overcome by McKee et al. (1993) in SPI, which is obtained by standardizing the cumulative probability of precipitation and can effectively monitor drought at different time scales. However, SPI only considers the role of precipitation. On basis of this, Vicente-Serrano et al. (2010) have introduced the effect of temperature into SPI, that is SPEI. Thus, SPEI combines the sensitivity of PDSI to changes in evaporation demand with the simple calculation and multi-time scale characteristics of SPI.
Some recent studies have well revealed the changing characteristics of drought over China using SPEI. At national scale, there is an overall drying trend over China during the period of 1949–2008, and the drying trend is the most significant in spring (Liu and Jiang, 2015). But some studies have also shown that most regions of China exhibited an overall wetter trend from 1961 to 2016, except the belt from northeastern to southwestern China (e.g., Wu et al., 2020). Due to the increasing potential evapotranspiration, an overall increase in drought severity, area, and frequency can be observed in the period of 1998–2015 compared to the period of 1980–1997 (Li et al., 2020). At regional scale, after the 1950 s, the region of northwest China (especially Xinjiang) showed a wetting trend, while the regions of northeast China, north China, and southwest China showed drying trends, and the aridification in southwest China has become even more pronounced since the 2000 s (Wang et al., 2014; Zhou et al., 2014; Liang et al., 2017; Jia et al., 2018; Bai et al., 2019). Furthermore, for the arid region, the 1960 s and 1970 s are the periods occurring vast drought events with the largest drought area, while the drought area in the humid region has increased significantly since the late 1990 s (Chen and Sun, 2015).
However, the evapotranspiration based on Thorthwaite (TH) calculation is generally used among these previous studies when calculating the drought indices, which would cause a large error in monitoring drought, especially over the arid regions (Jensen et al., 1990). Chen and Sun (2015) also pointed out that in the region of northwest China, TH method would overestimate the role of temperature anomalies in drought changes. Compared with the TH method, the Penman-Monteith (PM) equation recommended by the Food and Agriculture Organization of the United Nations (FAO) (Allen et al., 1998) considers more comprehensive physical factors including temperature, wind speed, humidity, and solar radiation, which can more objectively and truly reflect the dry and wet conditions of actual climates. Thus, in this work, we revisit the changes in drought characteristics over China using the latest site-observation from 1961 to 2019 and the evapotranspiration is calculated by FAO PM method. Additionally, a key question of about the roles of drought drivers to the drought changes in China will be also addressed. We explore this issue by setting up four groups of sensitivity experiments, discussing the potential effects of changes in precipitation, temperature, wind speed, and humidity on the drought changes during recent decades, which provide theoretical basis for further understanding the characteristics of drought changes and the prevention and control of drought disasters in China.
2 DATA AND METHODS
2.1 Dataset
The datasets used in this study are the monthly meteorological data from 699 basic meteorological stations in China during 1961–2019, including the variables of precipitation, maximum and minimum temperature, wind speed, relative humidity, and sunshine duration, which are mainly derived from the National Meteorological Information Center of the China Meteorological Administration (CMA). We first screen the data before calculating SPEI. If the number of missing values for a meteorological element at a site exceeds 5% of the time series, the site is abandoned; otherwise, the missing values are replaced by the monthly climatic average values. After that, there are 613 sites remained in this work and their geographical locations are shown in Figure 1. Refer to the division method in previous work (e.g.; Chen and Sun, 2017), 613 sites here are also divided into six regions. Among them, there are 43 stations in the west of Northwest China (WNWC), 79 stations in the east of Northwest China (ENWC), 132 stations in North China (NC), 88 stations in Northeast China (NEC), 114 stations in Southwest China (SWC) and 152 stations in South China (SC).
[image: Figure 1]FIGURE 1 | Geographical locations of meteorological stations used in this study. Six sub-regions, including WNWC, ENWC, NC, NEC, SWC, and SC are also shown.
2.2 Calculation of SPEI
The standardized precipitation evapotranspiration index (SPEI) is calculated based on precipitation and potential evapotranspiration, with different time scales and good spatial comparability, which can be used to monitor different types of droughts, such as meteorological, agricultural, hydrological, and social droughts (Vicente-Serrano et al., 2010). Before getting SPEI, potential evapotranspiration (PET) needs to be calculated, and this paper uses the FAO Penman-Monteith equation to calculate the PET (Allen et al., 1998). The general steps for calculating SPEI are as follows.
1. Calculation of PET
[image: image]
Where [image: image] is the slope of the saturated vapor pressure curve; [image: image] is monthly average net solar radiation; [image: image] is the soil heat flux density, and the daily estimated value is 0; [image: image] is monthly average temperature which is replaced by the average of monthly maximum temperature and minimum temperature in this study; [image: image] is the wind speed at a height of 2 m; [image: image] and [image: image] represent the saturated vapor pressure and actual vapor pressure at temperature [image: image]; [image: image] is the humidity constant with a value of 0.0677.
2. Accumulate the difference between monthly precipitation and evapotranspiration on a given time scale.
[image: image]
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Where [image: image] represents the monthly difference between precipitation and evapotranspiration; [image: image], [image: image], and [image: image] represent given year, month, and time scale, respectively; [image: image] represents cumulative series.
3. Calculate the probability distribution function of cumulative series based on three-parameter Log-Logistic distribution.
[image: image]
Where [image: image], [image: image], and [image: image] represent scale, shape, and position parameter, respectively.
4. Normalize the distribution function to get SPEI.
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when [image: image],
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when [image: image],
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Where [image: image], [image: image], [image: image], [image: image], [image: image], [image: image].
More detailed information referring this calculation can be found in Vicente-Serrano et al. (2010).
SPEI has different time scales, of which 3-month SPEI generally reflects the meteorological drought, 6-month SPEI reflects the agricultural drought, 12-month SPEI reflects the hydrological drought, and 24-month SPEI reflects the social drought (Szalai et al., 2000; Vicente-Serrano and López-Moreno, 2005; Vicente-Serrano et al., 2010). This study mainly focuses on the meteorological drought, 3-month SPEI is thus selected to investigate the characteristics of drought changes in China. The drought classification based on SPEI is shown in Table 1.
TABLE 1 | The drought grades according to SPEI values.
[image: Table 1]2.3 Drought metrics
Drought frequency:
This index is used to represent the occurrence frequency of drought in a certain station during a certain period.
[image: image]
Where [image: image] is the drought frequency, [image: image] is the number of months which SPEI [image: image]-1.0 during the interested period, [image: image] is the total number of months, and [image: image] is the site. This work mainly discusses the drought frequency in three periods of 1961–1979, 1980–1999, and 2000–2019, and the frequency of seasonal drought is defined as the proportion of dry months in a specified season during the studying period.
Drought intensity:
This index is used to describe the drought severity in a certain station during a certain period, which is defined as the average SPEI value of the dry months in that period.
[image: image]
Where [image: image] is the drought intensity, [image: image] is the number of months which SPEI [image: image]-1.0 during the studying period, and [image: image] is the site. This work mainly discusses the drought intensity in three periods, and the intensity of seasonal drought is defined as the average of SPEI of dry months in a specified season during the study period.
Consecutive drought events:
In this work, the continuous drought of SPEI [image: image]-1.0 for at least 6 months is recorded as a consecutive drought event.
Drought station ratio:
This index is used to represent the impacted area of drought in a certain region.
[image: image]
Where [image: image] is the drought station ratio, [image: image] is the number of drought stations in a region in a certain month, and [image: image] is the number of total stations in this region. This work mainly discusses seasonal drought station ratios.
2.4 Mann-Kendall trend test
Mann-Kendall (MK) test is a non-parametric test used to detect the trend of samples over time, which does not require samples to follow a specific distribution and is not easily disturbed by abnormal values. This method is used here to explore the spatial patterns of changing trends for annual and seasonal SPEI. The annual SPEI is taken as the average of 12 months, the spring SPEI is taken as the average of March, April, and May. The specific steps of MK test are as follows:
[image: image]
Where [image: image] and [image: image] represent the jth and kth values in the sample sequence (j>k), respectively.
[image: image]
In the case of no identical values in the sample series, the variance of S is given by the following method:
[image: image]
Finally, the standard normal statistical variables Z are obtained:
[image: image]
In this paper, [image: image] indicates an increasing trend of SPEI series (wetting trend); on the contrary, [image: image] indicates a decreasing trend (drying trend). [image: image] indicates that the trend passes the significance test at the 90% (95%) confidence level.
3 RESULTS
3.1 Changing characteristics of drought over China
We first analyze the changing trends of SPEI across China. The spatial distributions of MK trends for annual and seasonal SPEI in China from 1961 to 2019 are shown in Figure 2. Most stations in ENWC and SWC have shown significant drying trends over the past decades, while most stations in WNWC, some stations in NEC and SC have shown significant wetting trends (Figure 2A). From seasonal perspective, the trends of SPEI in four seasons show great spatial difference. In spring, there are drying trends in ENWC, NC, and northwestern NEC, while wetting trends are clear in WNWC, northern SWC, and southeastern NEC (Figure 2B). In summer, most parts of China tend to get wet, especially some stations in Xinjiang, Qinghai, Neimeng, Heilongjiang, and Sichuan provinces, where the wetting trends are much more significant. However, the Yunnan province is observed to toward drier in summer during the past decades (Figure 2C). In autumn, there is a drying belt from NEC to SWC across China, including the regions of NEC, NC, ENWC, and SWC, while a wetting trend is reported to be dominated over WNWC and SC (Figure 2D). In winter, we can see the significant wetting trends in WNWC, NEC, northern NC, and SC, but the significant drying trends mainly prevail over ENWC and SWC (Figure 2E). Meanwhile, we calculate the linear trends of the average SPEI for each region during the past decades (figure not shown). In terms of annual mean, the SPEIs in WNWC, NEC, and SC show an upward trend, and the trend in WNWC is significant with a rate of 0.121 per decade, while the SPEIs in ENWC, NC, and SWC exhibit a downward trend. From the perspective of seasons, the region of WNWC presents a significant wetting trend in summer, autumn, and winter, with SPEIs increasing by 0.174, 0.168, and 0.122 per decade, respectively. The wetting trend over NEC is much more obvious in winter than that in other seasons, with the tendency of 0.102 per decade, which plays a key role in the annual wetting trend in this region.
[image: Figure 2]FIGURE 2 | Spatial distributions of MK trends for (A) annual and (B–E) seasonal SPEI in China during 1961–2019. The significance levels of 5% and 10% are shown.
Figure 3 shows the spatial distributions of drought frequency during three periods of 1961–1979, 1980–1999, and 2000–2019 in China, as well as their associated changes. Clearly, the drought frequency in China has shown decrease first and then increase during the past decades. That is, from the 1960 s to the end of the 20th century, the dry condition was eased in China, but droughts began to become more frequent again since the early 21st century. This conclusion is line with results of the previous work (e.g., Chen and Sun, 2015). Specifically, the 1960 s and 1970 s are the periods with the most frequent droughts in China, and the drought frequencies in WNWC, NC, and SC are 29.6%, 20.6%, and 20.1%, respectively (Figure 3A). In the 1980 s and 1990 s, the frequencies in all regions decreased compared with the previous period, and the relatively declining proportion in WNWC is 43.7%, followed by respectively 23.0% and 11.5% in SC and NC, this proportion is less than 10% in the other three regions (Figure 3D). However, since the beginning of the 21st century, droughts have become more frequent again in the other five regions except for WNWC. The changes in ENWC and SWC are more obvious, with increasing proportions of 33.3% and 24.8%, respectively, followed by NC, NEC, and SC, where the frequencies increased by 18.3%, 17.2%, and 17.0%, respectively (Figure 3E).
[image: Figure 3]FIGURE 3 | Spatial distributions of drought frequency in China for the period of (A) 1961–1979, (B) 1980–1999, and (C) 2000–2019. (D) Shows the relative changes of drought frequency between 1980–1999 and 1961–1979, and (E) shows the difference between 2000–2019 and 1980–1999. Units: %.
The changes in drought intensity present similar spatial patterns with that in frequency. As shown in Figure 4, the 1960 s and 1970 s are the periods with the greatest drought intensity in China, and the averaged drought intensities in WNWC, NC, and SC are −1.56, −1.53, and −1.53, respectively (Figure 4A). Compared with the period of 1961–1979, drought intensity was reported to decrease across China during the period of 1980–1999 (Figure 4D). The largest decrease can be observed in SC, with the value of approximately 9.1%, followed by 6.5% and 5.5% in NC and WNWC, respectively. This proportion is smaller in the other three regions, where the intensity decreased by about 1.8% in SWC, 1.4% in NEC, and 1.0% in ENWC. During the period of 2000–2019, the droughts over NEC became much more severe, with the averaged intensity of −1.53. Compared to the period of 1980–1999, the intensity increased by 6.6% in NEC and 5.9% in SC, followed by 3.6%, 2.7%, and 2.0% in NC, SWC, and ENWC, respectively (Figure 4E).
[image: Figure 4]FIGURE 4 | Spatial distributions of drought intensity in China for the period of (A) 1961–1979, (B) 1980–1999, and (C) 2000–2019. (D) Shows the relative changes of drought intensity between 1980–1999 and 1961–1979, and (E) shows the difference between 2000–2019 and 1980–1999.
Compared with the short-term drought, the consecutive drought events can generally exert a more serious impact on agricultural and animal husbandry production, ecological environment, and human society. We can see from Figure 5 that there were many consecutive drought events across China in the 1960 s and 1970 s, mainly concentrated in WNWC, ENWC, NC, SWC, and southeastern coastal areas (Figure 5A). Few consecutive droughts can be observed in the 1980 s and 1990 s, which were mainly manifested in NC, ENWC, and WNWC (Figure 5B). According to the statistics of the sum of the events for each region, the number of consecutive drought events decreased by 103 times in SC, 98 times in WNWC, 90 times in NC, 44 times in SWC, 19 times in ENWC, and 5 times in NEC during the period of 1980–1999 compared to the period of 1961–1979 (Figure 5D). However, the frequency of consecutive drought events has increased again since the early of this century, and the provinces of Yunnan, Guizhou, Gansu, and Neimeng are the regions with the high incidences of such events (Figure 5C). In the 2000 s and 2010 s, except for WNWC, where the number of consecutive drought events has continued to decrease, an increase prevailed over most stations of the other five regions (Figure 5E). Compared to the period of 1980–1999, the consecutive drought events increased by 77 times in SWC, 60 times in SC, 38 times in NEC, 11 times in NC, and 2 times in ENWC during the period of 2000–2019. In terms of the regional average over the whole study period, the consecutive drought events are more likely to occur in northern China, especially in WNWC, with an average of 6 consecutive drought events occurring at each station during the past decades.
[image: Figure 5]FIGURE 5 | Spatial distributions of consecutive drought events in China for the period of (A) 1961–1979, (B) 1980–1999, and (C) 2000–2019. (D) Shows the changes of consecutive drought events between 1980–1999 and 1961–1979, and (E) shows the difference between 2000–2019 and 1980–1999.
We also investigated the changes of seasonal droughts in China over the past decades. Table 2 shows the statistics of seasonal drought frequency and intensity for different periods. In the 1960 s and 1970 s, droughts in China mainly occurred in summer and winter. The summer droughts mostly broke out in northern regions, with the highest frequency of 33.6% in WNWC, while the winter droughts mostly broke out in WNWC and NC, with drought frequency of 27.7% and 23.5%, respectively. Except for autumn, drought intensities of the other three seasons all reached the level of severe drought, led by winter. The strongest winter drought occurred in SC, with an intensity of −1.60. In the 1980 s and 1990 s, the frequency and intensity of seasonal droughts decreased in most areas of China compared with that in the previous period. During this period, the droughts mainly occurred at the autumn and winter seasons, and the autumn droughts mostly occurred in ENWC and NC with drought frequency of respective 22.9% and 19.3%, while the winter droughts mainly occurred in NEC and SC with the value of respective 21.0% and 19.1%. Additionally, the droughts in all seasons were at a moderate level with the intensity of approximately −1.44 in summer, autumn, and winter, while the spring droughts presented much weaker, particularly in SC. After entering the 21st century, the drought frequency over China is reported to increase in spring, summer, and autumn, but decrease in winter. Different from the change in drought frequency, the drought intensity during the 2000 s and 2010 s is observed to increase in all seasons compared to the 1980 s and 1990 s. Furthermore, the droughts can be observed to mainly occur in spring, especially over the regions of ENWC, NC, WNWC, and SC, with the occurring frequencies of 27.6%, 24.0%, 22.2%, and 20.4%, respectively. Additionally, the region of NEC has experienced the strongest drought in spring in recent 2 decades.
TABLE 2 | Statistics of seasonal drought frequency (left column) and drought intensity (right column) during three periods (1961–1979, 1980–1999, 2000–2019) in different regions and China.
[image: Table 2]To further explore the changes in the drought impacted area for different seasons, we use drought station ratio here to represent the drought coverage for different regions. Before the 1990 s, the drought station ratios showed a decline tendency for all seasons and then increased, as shown in Figure 6. From the early 1960 s to the late 1980 s, the whole region was dominated by summer and winter droughts (Figure 6A), as indicated before. In the 1990 s, the droughts over China mainly occurred in autumn. However, more droughts can be observed in spring since the early 2000 s, and the coverage of spring droughts stabilized at the top of the four seasons. The changes in seasonal drought station ratios also differed greatly among regions. For WNWC (Figure 6B), more stations experienced droughts in summer and autumn before the early 1990 s and the ratios in all seasons showed a decreasing trend. Afterwards, the ratios started to increase, especially for the spring season. For ENWC (Figure 6C), the ratios for the four seasons presented an obvious interdecadal variability during the past 6 decades. The droughts mainly occurred in summer before the mid-1970 s, and then the autumn droughts mainly prevailed from the mid-1980 s to the late 1990 s. However, since the early of this century, the region of ENWC was prone to spring droughts. For NC (Figure 6D), the dominant seasonal droughts have transitioned from summer and winter droughts to autumn droughts and then to spring droughts, with dividing lines of the mid-1980 s and the late 1990 s. For NEC (Figure 6E), the station ratios for summer and autumn droughts showed an obvious interdecadal variability since the late 1970 s, with a trend of first decrease, then increase, and decrease again. The ratio for winter droughts showed a decreasing trend since the mid-1990 s, and the ratio for spring droughts showed an increasing tendency from the early 1980 s to the early 1990 s, but then decreased until the early 2010 s. For SWC (Figure 6F), we can see an increasing trend from the mid-1980 s to the late 2000 s for autumn droughts, and during the 1990 s and 2000 s, the number of stations occurring autumn droughts is the most in the four seasons. For SC (Figure 6G), the drought station ratios in summer, autumn, and winter exhibited a fluctuating decline over the last 60 years, but the ratio in spring has experienced an obvious process of decreasing first and then increasing, with the dividing line of the early 1990 s. Overall, analyses of changing characteristics for seasonal droughts indicate that since the beginning of this century, spring droughts have become the dominant seasonal droughts in China, no matter in frequency, intensity, or impacted area.
[image: Figure 6]FIGURE 6 | Plots of 11-year moving average of seasonal drought station ratios in (A) China and (B–G) six sub-regions (WNWC, ENWC, NC, NEC, SWC, SC) during the period of 1961–2019.
3.2 Roles of meteorological factors on drought changes
Drought is extremely complex and influenced by many factors. From the FAO Penman-Monteith equation, we can see that drought is not only affected by precipitation, but also influenced by temperature, wind speed, humidity, and other meteorological factors. Thus, a key issue would be raised about the contribution of these factors to drought changes in China. To explore this question, we set up four sensitivity experiments, assuming precipitation, temperature, wind speed, and humidity fixed as constant (the average from 1961 to 1980), respectively, and the true values are used for the other factors from observations, to recalculate the SPEI. Then, the differences between the true SPEI and the recalculated SPEI are considered as the impacts of the specified factor. For example, when considering the effect of precipitation, we assume precipitation as constant, but the actual observations of temperature, wind speed, humidity and other factors are still adopted, then using the new SPEI to calculate drought frequency over the last 20 years (2000–2019) and comparing it with the frequency under actual conditions, to get the potential contribution of precipitation anomalies to the drought changes.
Results show that precipitation and wind speed anomalies generally have inhibited the increase of droughts (Figure 7). Specifically, precipitation has a stronger negative effect on droughts in South and Northwest China, especially in northern Xinjiang, eastern Qinghai, and southeastern coastal areas (Figure 7A). Due to the precipitation variations, the drought frequency decreases by about 28.2%, 28.0%, and 22.1% in WNWC, SC, and ENWC, respectively, while relatively smaller in NEC and SWC with the value of 11.0% and 10.1%, respectively. The wind speed anomalies have greater influence on the droughts in northern China, and the drought frequency in WNWC, NC, NEC, and ENWC decreases by about 60.1%, 28.4%, 25.4%, and 22.8%, respectively, but this inhibiting effect is much weaker in SC and SWC with the value of both 4.8% (Figure 7C). The roles of temperature and humidity are opposite to that of precipitation and wind speed, increasing temperature and decreasing humidity can promote the occurrence of droughts. Compared with southern China, the droughts in northern China are more sensitive to temperature variations (Figure 7B). Approximately 46.7%, 25.2%, 19.9%, and 17.4% of the observed droughts in WNWC, ENWC, NC, and NEC have been caused by temperature anomalies in recent 20 years, respectively, but this proportion decreases to 6.5% and 6.4% in SC and SWC, respectively. The effects of humidity variations on drought changes are not as great as that of the other three meteorological elements, which present slightly stronger in eastern regions than that in western regions (Figure 7D). There are about 4.9%, 4.2%, and 3.9% of the observed droughts in SC, NEC, and NC being caused by humidity variations, followed by 2.8% and 1.2% in SWC and ENWC, respectively. However, in WNWC, humidity variations have a slight inhibition on the occurrence of droughts, with the frequency decreasing by about 4.7%.
[image: Figure 7]FIGURE 7 | Response of drought frequency to the changes of (A) precipitation, (B) temperature, (C) wind speed, and (D) relative humidity during recent decades (2000–2019). Here, the response is defined as the relative change between actual drought frequency and the frequency under experimental conditions. Units: %.
4 CONCLUSIONS AND DISCUSSION
In this work, FAO Penman-Monteith method is used to calculate the potential evapotranspiration, and we get the monthly SPEI values of 613 stations in China from 1961 to 2019. Based on SPEI, the variations of SPEI and the changes in drought frequency, drought intensity, and consecutive drought events during the past decades have been explored. Furthermore, the effects of changes in precipitation, temperature, wind speed, and humidity on drought changes are also investigated, which is the highlight of this paper.
Results indicate that the region of WNWC and some parts of SC and NEC are reported to have experienced a significant wetting trend, while some parts of SWC, ENWC, and NC have experienced a significant drying trend during the last 6 decades. The changing trends of droughts over China are similar to the results from previous studies (e.g., Wu et al., 2020; Wu et al., 2020). Further analyses show that the wetting tendency in WNWC mainly happened in the seasons of summer, autumn, and winter, while the drying trend in spring is the most prominent in ENWC. NC was dominated by the drying trend in spring and autumn but the wetting trend in summer and winter. Most parts of NEC are reported to have the wetting trends, especially for the season of winter. Some parts of SWC have suffered from the significant aridification in autumn and winter, while the wetting tendency is almost dominated over SC in summer and winter.
The changing features of drought frequency, drought intensity, and consecutive drought events during the period of 1961–2019 in China consistently indicate that there is an obvious interdecadal variability existing in the drought changes across China. The droughts were more frequent and severe for the periods of 1961–1979 and 2000–2019, but relatively fewer and weaker for the period of 1980–1999. The interdecadal variations of droughts are similar to the earlier study by Chen and Sun. (2015), who found that more droughts occurring before the 1980 s and in the 2000 s compared with the 1980 s and 1990 s. From the perspective of the changes in seasonal droughts, the summer and winter droughts prevailed over China in the 1960 s and 1970 s, but then the autumn and winter droughts became more prominent in the 1980 s and 1990 s. Since the beginning of this century, more severe and frequent spring droughts have become the dominant drought events across China. Especially in recent years, extreme droughts were observed to occur in South and Southwest China in the spring of 2018 and 2021, respectively (Zhang et al., 2020; Liu et al., 2022).
We further explore the potential effects of different meteorological factors on drought changes during recent decades. The relevant results show that the precipitation anomalies generally have exerted a great inhibiting effect on droughts in China. Drought frequency decreases by 28.2%, 28.0%, and 22.1% in WNWC, SC, and ENWC, respectively, due to the precipitation changes. The roles of wind speed variations in drought changes are like that of precipitation variations, which make a stronger inhibition on droughts in the regions of WNWC (60.1%), NC (28.4%), NEC (25.4%), and ENWC (22.8%). Contrary to the effects of the former two factors, temperature and humidity anomalies contribute to the increase of droughts. There are approximately 46.7%, 25.2%, 19.9%, and 17.4% of the observed droughts over the last 2 decades in WNWC, ENWC, NC, and NEC being caused by temperature changes, respectively. Humidity variations generally present a slightly greater influence on the droughts in eastern China, which bring about 4.9%, 4.2%, and 3.9% of the droughts in SC, NEC, and NC, respectively. It should be admitted that this work also has some limitations. The types and causes of droughts are complicated, and the dry conditions cannot be reflected via only one index. Here, our analyses of changes in drought characteristics are just based on SPEI. Thus, it is more objective and appropriate to combine multiple drought and hydrological indices when monitoring drought changes in the future. Additionally, the effects of meteorological factors on droughts are non-linear, but we explore the contributions of these factors to drought changes by controlling variables from linear perspectives, which requires more in-depth analyses in further work. Moreover, the changes in drought events are not only associated with the local meteorological factors, but also modulated by the dynamical and thermodynamic processes of atmospheric circulation systems. Some studies have made efforts to identify the related atmospheric physical mechanisms for the changes in droughts in China. For example, Li et al. (2018) revealed that the decline of Barents Sea ice in March is the key factor leading to the hot drought events over northeastern China in July-August of 2016. The warm sea surface temperature anomalies over central equatorial Pacific have an important contribution to the severe droughts over east China from August to October 2019 (Ma et al., 2020). But the occurrences and changes in droughts are quite complex, more studies especially connecting to the underlying physical mechanisms are needed in the future.
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