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Abstract

:

Drought is one of the most destructive natural disasters in China and can cause serious environmental and socio-economic impacts. Based on monthly precipitation and temperature data from 571 meteorological stations, the Standardized Precipitation Evapotranspiration Index (SPEI) was calculated on a 12-month scale (SPEI-12) from 1985 to 2018 in mainland China, and it was compared with the records of the Bulletin of Flood and Drought Disasters in China to verify its drought monitoring accuracy. Then, run theory was used to explore in depth the spatiotemporal distribution of drought characteristics and trends in various climatic sub-regions. The results showed that: (1) the comparison with the Bulletin of Flood and Drought Disasters in China indicated that the results of SPEI-12 monitoring drought had high accuracy and could identify drought events in mainland China. (2) About 70% of the regions in mainland China experienced droughts more than 50 times, and about 43% of the regions had drought durations of between 100 and 110 months. Nearly 11% of the regions had drought severities of more than 130, which were mainly located in the Northwest Desert (NWC), the southern part of Northeast China (NEC), and the western part of North China (NC). (3) In the past 34 years, the droughts in the Northwest Desert (NWC), the western part of Inner Mongolia (IM), and the Qinghai-Tibet Plateau (TP) showed an aridity trend, while the droughts in South China (SC) and eastern Central and South China (CSC) presented a mitigation tendency. (4) Specifically, the droughts in South China (SC) were more influenced by precipitation, while those in the Northwest Desert (NWC) and Northeast China (NEC) were influenced by temperature and potential evapotranspiration, and the evolution of drought in North China (NC) and the Qinghai-Tibet Plateau (TP) was mainly influenced by soil moisture. The study could provide scientific guidance and a reference for drought response and sustainable development in China.
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1. Introduction


Drought is recognized as an environmental event with high frequency, long duration, and wide impact, which severely restricts agricultural production, disturbs ecosystem stability, and affects sustainable socio-economic development [1]. It is reported that the extreme heat will reach critical tolerance thresholds for agricultural production and human health more frequently due to rising global temperatures, further leading to increased climate change and continued increases in the frequency and severity of drought [2]. Therefore, timely and effective drought monitoring will help to reasonably respond to drought events and improve drought mitigation capabilities [3,4].



Based on the drought formation mechanism, numerous drought indicators have been established and extensively used in drought monitoring and assessment. The commonly used drought indices mainly include the Standardized Precipitation Index (SPI) [5], Palmer Drought Severity Index (PDSI) [6], and Standardized Precipitation Evapotranspiration Index (SPEI) [7]. The SPI with multiple time scales has been widely used for meteorological drought monitoring, but SPI only considers precipitation and ignores the effect of surface evapotranspiration, which is not conducive to characterizing monthly drought variations [8]. Although PDSI takes into account the impact of evapotranspiration on surface water balance, its applicability is limited by its large data requirement and the fact that some parameters can only be calculated empirically [9]. Vicente-Serrano et al. proposed [10] the SPEI based on precipitation and potential evapotranspiration (PET), which not only combines the advantages of SPI and PDSI, but it also has clear physical significance, and has thus become a more desirable index for drought monitoring at the moment.



Currently, the SPEI has been used by numerous academics to carry out a variety of studies that have mostly focused on drought characteristics [11,12], the spatiotemporal evolution of droughts [13,14], comparisons with other drought indices [15,16,17], regional applicability [18,19], and improvement of SPEI [20,21]. In recent years, numerous studies have been conducted on meteorological drought characteristics at regional scales [22], mainly focused on spatial patterns, but the evolution of drought characteristics has received less attention [23,24]. However, the temporal evolution of drought characteristics is an important aspect in the field of drought research. Therefore, there was a need to evaluate the trends of drought characteristics under different climate sub-regions in China. In addition, global warming increases concerns about the hydrological cycle. Water availability is often affected by abnormal climatic conditions that can increase or decrease precipitation and affect main parameters of the hydrological cycle (temperature, soil moisture, and evaporation), with a significant impact on the occurrence of drought [25]. However, the response mechanisms of drought to climate change are complex, and the main climate factors affecting each climate partition in China are still unclear. Therefore, the analysis of the relationship between drought and climate factors in different subregions can raise the awareness of major drought events and drought management.



China is one of the countries in which drought disasters are common and have the most severe impact. Meteorological disaster losses account for around 61% of natural disaster losses, while drought losses account for 55% of meteorological disaster losses, thus severely restricting ecological security and sustainable socioeconomic development [26,27]. The characteristics and causes of drought in different regions of China have been examined in previous studies using SPEI from a variety of angles, although the majority of the research has been conducted in the northern arid regions, mainly in the northwest, and less in the southern humid regions [28]. In recent years, severe drought events have occurred frequently in the humid regions of eastern and southern China, causing significant impacts on the production and livelihood of local people and socio-economic development. For instance, an extreme winter–spring drought occurred in southwestern China in 2009 to 2010 and in the summer of 2022, and the middle and lower reaches of the Yangtze River experienced the most severe drought in nearly 50 years of records [29]. All the above drought events have had severe adverse impacts on agriculture, the environment, and water resources, and thus a better understanding of the spatial and temporal characteristics of historical droughts is critical to mitigating the impacts of drought. In addition, due to the obvious differences in climatic conditions and drought-causing factors among regions leading to variability in the SPEI monitoring capability in each climatic sub-region and the significant changes in drought occurrence characteristics with global warming, there are few in-depth studies on the changes of drought characteristics in each climatic sub-region in mainland China. Therefore, it is necessary to conduct studies on the drought evolution characteristics of different sub-regions.



In this study, we first calculated the SPEI-12 using the meteorological data over mainland China from 1985 to 2018. Combined with the Bulletin of Flood and Drought Disasters in China, we assessed the drought monitoring capability of SPEI at the station-scale. Second, run theory was used to identify the drought characteristics while the Mann–Kendall (M–K) test was used to analyze their spatiotemporal variations in each climate sub-region. Therefore, the main objectives of this study were: (1) to assess the applicability of SPEI in drought monitoring; (2) to analyze the drought characteristics (frequency, duration, and severity) in each sub-region, and (3) to explore the spatial and temporal evolutionary trends of drought characteristics in each sub-region. The results of this study will contribute to our understanding of drought in China and provide scientific guidance for water planning and management.




2. Materials and Methods


2.1. Study Area


China is located in East Asia (73°40′ E–135°2′ E, 3°52′ N–53°33′ N), with a land area of about 9.6 × 106 km2. The terrain is high in the west and low in the east, with a three-step distribution. Considering the significant differences in seasonal and regional precipitation, China is divided into 7 climate sub-regions [30], which include the temperate and warm-temperate desert of Northwest China (NWC), the temperate grassland of Inner Mongolia (IM), the temperate humid and sub-humid Northeast China (NEC), the warm-temperate humid and sub-humid North China (NC), the subtropical humid Central and South China (CSC), the Qinghai-Tibetan Plateau (TP), and the tropical humid South China (SC) (Figure 1). In addition, the drought-prone northeastern and southwestern regions of China were selected as typical regions to further evaluate the applicability of SPEI (Figure 2).




2.2. Data Sources


Meteorological data were obtained from the China Meteorological Data Service Center (http://data.cma.cn (accessed on 5 May 2022)), which contained monthly precipitation and mean temperature measurements at 571 stations from 1985 to 2018. Outliers or missing data were interpolated by calculating the arithmetic mean for the month in the study period. The historical drought events were obtained from the Bulletin of Flood and Drought Disasters in China (http://www.mwr.gov.cn/sj/tjgb/zgshzhgb (accessed on 5 May 2022)) and the Yearbook of Meteorological Disasters in China [31].



Digital elevation model data with a spatial resolution of 90 m were obtained from the Geospatial Data Cloud site, Computer Network Information Center, Chinese Academy of Sciences (http://www.gscloud.cn (accessed on 25 July 2022)). The soil moisture data with a spatial resolution of 0.05° were obtained from the National Tibetan Plateau Data Center (http://data.tpdc.ac.cn (accessed on 25 July 2022)).




2.3. Research Methods


2.3.1. Standardized Precipitation Evapotranspiration Index


SPEI is a meteorological drought index based on the difference between precipitation and PET, with multiple time scales [32]. Considering the relatively stable variation of SPEI-12, it can better reflect the interannual variation characteristics of drought. Therefore, the SPEI-12 was used to reflect the drought variation characteristics of mainland China. The degree of drought is classified by the SPEI and the classified criteria are shown in Table 1. The SPEI was calculated as follows:



If p ≤ 0.5:


  w =   − 2 ln ( p )    



(1)






  S P E I = w −    c 0  +  c 1  w +  c 2   w 2    1 +  d 1  w +  d 2   w 2  +  d 3   w 3     



(2)







And for p > 0.5:


  w =   − 2 ln ( 1 − p )    



(3)






  S P E I = − ( w −    c 0  +  c 1  w +  c 2   w 2    1 +  d 1  w +  d 2   w 2  +  d 3   w 3    )  



(4)




where c0 = 2.515517, c1 = 0.802853, c2 = 0.010328, d1 = 1.432788, d2 = 0.189269, and d3 = 0.001308; p denotes the probability of exceeding the determined moisture gain/loss. Among them, the calculation of PET is mainly referred to as the Thornthwaite method by Vicente-Serrano, which was calculated as follows:


  P E T = 16.0 ×   (   10  T i   H  )  A   



(5)






  H =   ∑  i = 1   12     H i  =   ∑  i = 1   12      (    T i   5  )   1.514        



(6)




where     T   i     and   H   are the monthly average temperature and annual heat index, respectively; and   A   is a constant determined by   H  :


  A = 0.49 + 0.179 H − 0.0000771  H 2  + 0.000000675  H 3   



(7)








2.3.2. Drought Event Identification


Run theory was used to identify the drought characteristics of SPEI-12 (where +R and −R represent drought index values), and the schematic diagram of the run theory to extract the drought characteristics is shown in Figure 3 [11]. A “run” is interpreted as part of the time series of the drought parameter at all values below or above the selected threshold, and s therefore called a “negative run” or “positive run”, respectively [33]. The drought duration indicates the time from the beginning to the end of a drought event, drought frequency is the total number of drought events in a period, and drought severity is the cumulative value of the difference between the drought index and its threshold during the drought duration. Setting three threshold R0, R1, R2 (R0 = −1, R1 = −0.5, R2 = 0) levels, the identification process of drought characteristics was as follows:




	(1)

	
If the SPEI was less than R1, it was tentatively determined that a drought occurred that month, meaning that a, b, d, and e are four possible drought events.




	(2)

	
When the drought duration was one month and the SPEI was greater than R0, it was not identified as a drought event (e).




	(3)

	
For two consecutive events occurring only one month apart (b and d) and if the SPEI of the intervening month was less than R2, the two drought events were considered as one drought event. The drought duration was D = Db + Dc + 1 and the drought severity was S = Sb + Sc. Conversely, they were identified as two separate events.










2.3.3. Sen’s Slope and Mann-Kendall Test


Sen’s slope method is unaffected by outliers and follows no specific distribution, which is a robust nonparametric calculation method with better judgment for long time series data and is now widely used in climate change and hydrological series analysis [34]. Sen’s slope method was used in this study to reflect the trend change in drought characteristics. The equation was expressed as follows:


  β = m e d i a n    x j  −  x i    j − i    



(8)




where β is the slope;     x   i     and     x   j     are the time series values at moments i and j, respectively; and n is the total number of the time series, 1 < i < j < n. A positive β means an increasing trend, while a negative β means a decreasing trend.



The Mann–Kendall (M–K) test can quantify the trend and significance of long time series data and is widely used to detect trends in hydrometeorological time series [35]. In this study, the M–K test was employed to detect the significance of the changing trends in drought characteristics [36]. The M–K test was calculated as follows:


    S =   ∑  i = 1   t − 1   i    ∑  j = i + 1  t   s i g n (    Y i  −  Y j  )  



(9)






    s i g n    X i  −  X j    =     − 1 ,  Y i  <  Y j      0 ,  Y i  =  Y j      1 ,  Y i  >  Y j       



(10)




where S is the statistical variable; Yi, and Yj are the specific data points at locations i and j, respectively; and t is the size of the series. The significance level corresponding to the trend of change Z was defined as follows:


    Z =     ( S − 1 ) /   V a r ( S )   , S > 0     0     ( S + 1 ) /   V a r ( S )   , S < 0      



(11)







In this study, the trend test was performed at a specific α significance level. When the significance level α= 0.05, |Z| > Z1−α/2 = 1.96.




2.3.4. Pearson Correlation Analysis


The Pearson correlation coefficient (R) was used to analyze the correlation between SPEI and meteorological factors such as precipitation, temperature, and evapotranspiration. It was calculated as follows [37]:


  R =     ∑  i = 1  m   (  x i  −  x −    ) (  y i  −  y −  )       ∑  i = 1  m   (  x i  −  x −     ) 2        ∑  i = 1  m     (  y i  −  y −  )  2         



(12)




where     x   i     is the series value of SPEI;     y   i     is the series value of meteorological factor;     x  −    is the average of the SPEI series;     y  −    is the average of meteorological factor series; m is the number of stations; and i represents the series number of the observation month.






3. Results


3.1. SPEI-12 Applicability Based on Typical Historical Drought Events


In this study, the accuracy of the SPEI-12 in monitoring drought events was verified in combination with Bulletin of Flood and Drought Disasters in China. As recorded, severe drought events were frequent in 2007 and 2009. Since February 2007, drought conditions have been severe due to the decrease in precipitation and insufficient water storage in water conservancy projects in Chongqing, Sichuan, and other places. In early August 2007, severe drought occurred in Heilongjiang, western Jilin, eastern Inner Mongolia, Jiangxi, southwestern Hunan, and northwestern Guangxi. In 2009, the drought was severe and widespread. Early February was the peak of the winter–spring drought, and central Shanxi, south-central Hebei, northeastern Henan, western Shandong, northwestern Anhui, and other areas continued to receive less rainfall. The drought-affected area of crops reached 1.02 × 105 km2. Mid-August was the peak of the summer drought, and Liaoning, Jilin, Heilongjiang, Inner Mongolia, Hebei, and Shanxi were more severely affected by this drought event.



The ability of the SPEI-12 to monitor drought conditions was assessed using typical drought events from 2007 to 2009. As shown in Figure 4, moderate and above droughts occurred in the spring of 2007 in Sichuan, Chongqing, northern Guizhou, southern Gansu, and Ningxia, with Sichuan, Chongqing, and central to southern Ningxia suffering the most. In the summer of 2007, a relatively extreme drought appeared in Heilongjiang, western Jilin, eastern Inner Mongolia, northern Jiangxi, and Guangxi, with the northeastern region of Inner Mongolia and northern Jiangxi experiencing extreme drought. Drought monitoring results were mostly consistent with historical drought records according to comparisons. In the spring of 2009, Shaanxi, south-central Shanxi, Gansu, northwestern Shandong, and northeastern Henan all experienced drought conditions above mild drought, with Gansu, central Shanxi, and northeastern Henan experiencing severe drought. This indicated that the SPEI-12 monitoring results on the extent and severity of drought were highly consistent with the actual conditions. In the summer of 2009, mild and above droughts occurred in Liaoning, western Jilin, Inner Mongolia, northern Shanxi, and northeastern Hebei, and severe drought was experienced in Inner Mongolia and northeastern Hebei, which were basically consistent with the severity and range of drought events. In general, the SPEI was effective in drought monitoring and could effectively identify the evolution of drought development.




3.2. SPEI Drought Event Identification in Typical Regions


To further verify the accuracy of SPEI, the drought-prone northeastern and southwestern parts of China were selected as typical regions. According to the Yearbook of Meteorological Disasters in China, a severe drought affected Northeast China from 2004 to 2005, with the worst affected regions primarily being western Liaoning, central Jilin, and southwestern Heilongjiang. Figure 5a shows that the regions with the highest frequency of drought occurrence were mostly concentrated in west-central Jilin and southern Liaoning. SPEI monitored droughts of long duration and high severity mainly in northwestern Liaoning, southwestern Heilongjiang, and west-central Jilin, which was generally consistent with records, and the identification results were in general agreement with the findings of Xue et al. [38].



According to the 2009 Bulletin, the southwest of China suffered from a widespread and prolonged autumn–winter–spring drought from the fall of 2009 to the spring of 2010. In February 2010, extreme drought regions in the southwest expanded, and most regions of Yunnan, western Guizhou, and northwestern Guangxi all reached extreme drought conditions in March. Yunnan was extremely damaged by the drought and was the province that suffered the largest area of damage in southwest China. As demonstrated in Figure 5b, the high frequency areas where drought occurred were mainly in Guizhou and Yunnan. The areas with long duration of drought were mainly concentrated in most of Yunnan, southern Sichuan, and northwestern Guangxi, and the drought duration was between 10 and 25 months. The areas with higher drought severity in southwest China were mainly concentrated in Yunnan. The descriptions of drought extent and severity by SPEI-12 were close to the records and more consistent with the results of Li et al. [39].




3.3. Spatial Distribution of Drought Characteristics


Figure 6a depicts the spatial distribution of the drought frequency in each climate sub-region. The drought frequency was between 50 and 64 times in 70% of the stations nationwide, which were mainly concentrated in the southern NEC, western NC, and eastern CSC regions. Drought frequency was lower in the western IM, southern CSC, and southern TP regions, with frequencies below 40 times. It can be seen that 43% of the national stations had drought durations of 100–110 months, and the drought duration in the south was generally short and low in severity. Meanwhile, the regions with drought durations over 120 months were mainly concentrated in the NWC, southern NEC, and eastern NC regions (Figure 6b). Drought severity and duration had a certain similarity in spatial distribution, and the corresponding drought severity was greater in areas with longer drought duration (Figure 6c). Overall, the distribution of meteorological drought characteristics in China was uneven. Although droughts were less frequent in the NWC region, they were longer in duration and more severe, whereas droughts in the SC region were more frequent but shorter in duration and less severe.



To further analyze the drought conditions in each climate sub-region of China, the frequency, duration, and severity of drought events in each sub-region from 1985 to 2018 were summarized in this study. The maximum drought frequency occurred in the NC region, and the minimum frequency occurred in the TP region (Figure 7a). From Figure 7b it can be seen that the drought durations in the NWC and TP regions were more concentrated above 110 months, while the durations in the CSC region were concentrated between 100 and 110 months. This was attributed to the fact that the former mostly belongs to the northwest arid region and the Qinghai-Tibet alpine region, while the latter belongs to the humid and sub-humid region of China, resulting in a greater degree of interannual variation in the calculated drought characteristics. Lastly, compared with other regions, the drought degree in NWC was deeper, with a drought severity above 130. In the TP and SC regions, the drought severity was relatively low, mostly below 120 (Figure 7c). The findings presented above were more consistent with the analysis of Wang et al. [40] of the spatial distribution characteristics of drought in mainland China.




3.4. Spatial Patterns of Trends in Drought Characteristics


Figure 8 depicts the spatial variations of drought characteristics in each climate sub-region. The frequency of drought in the southeastern NWC, northern TP, and southwestern IM regions and most stations in the NC region showed a significant increasing trend (p < 0.05), while the stations with a significant decreasing trend were mainly located in the CSC region. Most of the stations that did not pass the significance test showed an increasing trend, indicating an increase in the frequency of drought throughout the region (Figure 8a). The interannual trend of drought duration is depicted in Figure 8b. Most of the stations showed an increasing trend of drought duration from the southeast region to the western inland, indicating that the drought duration was increasing annually, and the drought duration in the NWC and TP regions had a significantly increasing trend. Figure 8c depicts the increasing trend in the severity of drought at most stations during the past 34 years. Drought severity increased in the NWC, northwestern IM, western NEC, southwestern CSC, and TP regions, with Xinjiang, Qinghai, Gansu, Ningxia, and Sichuan having the most significant upward trends. Qin et al. [41] found that precipitation in northwestern China showed an increasing trend, and the severe drought regions were mainly distributed in the junction part of Xinjiang, Qinghai, and Gansu. However, the climate of this region generally showed a slowing down of warming and humidification, which was basically consistent with the conclusion obtained in this study.



Figure 9a shows that the trends in drought frequency indicated that droughts became more frequent in the NWC and IM regions, with drought frequency increasing approximately 0.45% per 5 years. There was a consistent trend in the severity and duration of droughts, such as in the NWC, IM, and TP regions. Most regions showed an increasing trend in the severity of droughts, with a general trend towards warming and dryness, while droughts in the SC region presented a mitigation tendency (Figure 9b,c).





4. Discussion


4.1. Applicability and Impact Factor of SPEI


By comparing the above SPEI monitoring results with historical disaster records in typical regions, the SPEI showed better applicability in the eastern monsoon region, but there were some differences from historical drought records in the NWC and TP regions. The common characteristics of the NWC and TP regions were complex climates and topography and low average temperatures [42]. The NWC region is deeply inland, far from the ocean, and it is influenced by mountainous terrain and a monsoon climate. Large spatial variations in temperature and precipitation resulted in significant differences in the spatial and temporal distribution of the drought characteristics. The Thornthwaite method for calculating PET overestimates the effect of precipitation deficit on drought severity, thus causing the SPEI to deviate from the actual situation in the region [43]. The reason for the low reliability of SPEI in the TP region was that climate change studies in the TP region have been limited by the scarcity of observations, especially at the extremely sparse stations in the western part of the plateau [44]. The low spatial density of meteorological stations in TP region increased the uncertainty of SPEI calculations using data from this region. Additionally, the proportion of evapotranspiration anomalies (caused by temperature changes) in the surface water balance of the TP region was relatively large, and the contribution of temperature to drought was often overestimated by SPEI, thus causing some of the variation.



Precipitation is the dominant factor affecting drought, but factors such as temperature, air pressure, and wind speed also affect the drought process by influencing evapotranspiration [45]. To quantify the influence of climatic conditions on SPEI drought monitoring results, this study calculated correlation coefficients between SPEI and meteorological factors, including precipitation, temperature, PET, and soil moisture, in seven climate sub-regions (Figure 10). The response of precipitation to drought was more sensitive in the SC region, followed by that in the CSC and NC regions. The temperature response to drought was more sensitive in the NWC, NEC, and IM regions. The continued increase in temperature due to global warming has intensified the aridification trend in the region. The higher response of PET to drought was distributed in the NWC and NEC regions, indicating that drought in the above regions depends to a greater extent on PET. The response of soil moisture to drought was higher in the NC and TP regions, which showed that drought in the above regions is influenced by soil moisture to a greater extent.



For the NWC and IM regions, both belong to the northwest arid zone with little influence of the marine monsoon in the summer and thus have low precipitation and high evapotranspiration. In the context of global warming, extreme heat wave events were frequent in the NWC region, and the higher temperature caused an increase in evapotranspiration, which further affected the water deficit and thus aggravated drought severity. The contribution of temperature would further increase drought severity, which was consistent with the conclusion reached in the study by by Li et al. [46]. For the SC, NC, and CSC regions, which belong to the same eastern monsoon region under the influence of a humid monsoon climate, precipitation is more abundant but the spatiotemporal distribution is extremely uneven and easily triggers long-term and large-scale drought. Therefore, precipitation was the direct cause of drought in the above regions. The atmospheric circulation anomalies resulting in precipitation anomalies had a greater impact on drought in the eastern monsoon region. This is directly related to the increased frequency of summer winds in the highlands and the increased intensity of subtropical high pressure in recent years [47]. It was also found that when high values of drought regions and drought severity occurred, the corresponding annual mean temperature in the eastern monsoon region was relatively high, indicating that the climate in the eastern monsoon region became warmer and drier with global warming and local droughts became extreme. While the TP region belongs to the high-altitude region with low temperatures and low moisture evaporation, the degradation of the permafrost layer under the influence of climate warming has led to the reduction of surface soil moisture, which is the main cause of drought. Therefore, soil moisture was closely related to drought, which was consistent with the results of a previous study [48].



In summary, SPEI is more applicable to drought monitoring in humid regions and less applicable in arid and semi-arid regions. The findings of this study provide a scientific basis for initiating and enhancing drought adaptation measures on a large scale in mainland China, especially in the NWC region. Related studies suggest that the future climate in northern China will become warmer and wetter, with drought intensity being mitigated. However, our work indicated that drought in these regions still requires more consideration in the future [49]. Based on temperature and precipitation data, SPEI mainly considers the influence of water balance on drought and takes less account of PET, soil, atmospheric circulation, and other factors. Therefore, it has failed to fully reflect the impact of climate change on actual drought and the drought impact factors require further research.




4.2. Analysis of Physical Mechanisms of Trends in Drought Characteristics


Comparing the spatial distribution of different drought characteristics in mainland China indicated that droughts in the NWC region were long in duration and had high severity. Related studies indicated that the lack of precipitation and the sudden intensification of climate warming were the main factors leading to the occurrence of drought in northwest China due to the transition from warm-dry to warm-wet in recent decades [50]. In addition, El Niño (ENSO) events also aggravated the drought in the northwest region. The abnormal atmospheric circulation resulted in the inability of cold and warm air masses to converge, which was a major reason for the aggravation of drought [51]. Therefore, in this study, drought in the NWC region showed a pattern of long duration and high severity. The high drought frequency occurring in the southern part of the NEC region could be explained by changes in the intensity of the southeastern monsoon, which have significantly weakened precipitation and resulted in a higher drought frequency [52]. The higher frequency of droughts may also be related to changes in the subsurface resulting from the development of large-scale agriculture through four periods. The sudden warming of the temperature in the NEC region is directly related to the large-scale development of the wetlands in the Sanjiang Plain. In conclusion, precipitation and temperature play a common role in the drought variation patterns in the NEC region [53].



Relevant studies have shown that a significant spatial difference in precipitation between the southern and northern parts of the TP region occurs, with water vapor from the south contributing more to the increase in precipitation in the northern part of the plateau while higher temperatures increase evapotranspiration, thus offsetting the contribution of increased precipitation to soil moisture [54]. The shortage of soil moisture increases the aridity in the northern part of the TP region; at the same time, the increase in cumulus temperature due to the continuous increase in temperature also intensifies the aridity in the northern part of the plateau [55]. On the one hand, the IM region experiences low precipitation in the spring and winter and the low connotation of surface water sources, thus greater evaporation will further aggravate drought. On the other hand, since Inner Mongolia is located at the edge of the East Asian summer wind influence region, precipitation in the southeastern region may be severely constrained by the summer wind [56]. Since the 1970s, the intensity of the East Asian summer wind has generally shown a significant weakening trend, resulting in a non-significant increasing trend in drought in the southern IM region. This may also be related to the accelerated transpiration of vegetation and reduced soil moisture due to global warming. Vegetation (especially grassland) growth has been suppressed and the grassland has become degraded, leading to intensified drought [57].



However, the western part of the NC region was vulnerable to drought and the drought frequency was high. The weakened interdecadal variability of the North Pacific Ocean in North China has led to a reduction of the East Asian summer wind, which directly led to the reduction of summer precipitation in the western part of the NC region [58]. In terms of atmospheric circulation changes, the main reason for the occurrence of meteorological droughts in the NC region was the influence of ENSO events. In terms of global changes, drought was mainly affected by rapid urbanization and global warming [59]. The SC region is a tropical-south subtropical monsoon climate with high temperature and rainfall that borders on tropical oceans. Additionally, the region is under the joint influence of low-latitude tropical weather systems and mid- and high-latitude temperate weather systems, with abundant annual precipitation but extremely uneven spatial and temporal distribution. Combined with the effects of high solar radiation and intense evaporation, seasonal and regional droughts are prominent in South China [60]. It has been shown that El Niño events (ENSO) are the main cause of droughts in South China. When an ENSO event occurs, it causes more rain in South China in autumn and changes the atmospheric circulation, thus affecting drought events. Therefore, ENSO events were an important factor for the frequent occurrence of low-intensity and short-term droughts in the region [61,62].





5. Conclusions


In this study, based on monthly precipitation and temperature data from 571 meteorological stations across mainland China from 1985 to 2018, the Thornthwaite method was used to estimate the potential evapotranspiration for the study period and then the SPEI was calculated on a 12-month timescale. The drought monitoring capability of SPEI was evaluated in comparison to the typical drought events recorded in the Bulletin of Flood and Drought Disasters in China, and the drought characteristics and variation trends of each climate sub-region were analyzed. The results of the study indicated that:




	
The descriptions of the extent and severity of drought by SPEI-12 basically matched the real drought events, indicating that SPEI-12 can better reflect the development process of drought events.



	
Over the last 34 years, the spatial distribution of drought characteristics in mainland China has changed significantly. About 70% of the regions had drought frequencies between 50 and 64 times, and about 43% of the regions had drought durations between 100 and 110 months. Nearly 11% of the regions had drought severities of more than 110, with the NWC, southern NEC, and eastern NC regions being more severely affected.



	
The spatial patterns indicated that regions with higher drought severity were associated with higher drought duration. The NWC, western part of IM, and TP regions all showed a significant increasing trend, while a decreasing trend was observed in the SC and eastern CSC regions.



	
The SPEI was more applicable to drought monitoring in humid regions and less applicable in arid and semi-arid regions. Precipitation had the greatest positive correlation with drought in the SC region, indicating that drought was more sensitive to precipitation. The evolution of drought in the NWC and MEC regions was mainly influenced by temperature and PET, while soil moisture was more responsive to drought in the NC and TP regions.
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Figure 1. Locations of meteorological stations and the division of seven sub-regions in China. 
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Figure 2. Location of the study area and typical drought regions: (a) Northeast China; (b) Southwest China. 
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Figure 3. Identification of drought characteristics using run theory. 
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Figure 4. Typical drought event monitoring based on SPEI-12. 
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Figure 5. Spatial distribution of typical drought event characteristics in Northeast and Southwest China. (a) Northeast China; (b) Southwest China. 
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Figure 6. Spatial distribution of drought characteristics: (a) drought frequency; (b) drought duration; (c) drought severity. 
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Figure 7. Statistical results of annual drought characteristics in different climate sub-regions: (a) drought frequency; (b) drought duration; (c) drought severity. 
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Figure 8. Spatial patterns of trends in drought characteristics: (a) drought frequency; (b) drought duration; (c) drought severity. 
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Figure 9. Trends in annual drought characteristics in different climatic sub-regions of China: (a) drought frequency; (b) drought duration; (c) drought severity. 
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Figure 10. Correlation coefficients of SPEI with each meteorological factor in different climate sub-regions: (a) precipitation; (b) temperature; (c) PET; (d) SM. 
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Table 1. Categories of drought based on SPEI.
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	Degree of Drought
	SPEI Values





	No drought
	SPEI ≥ −0.5



	Mild drought
	−1.0 ≤ SPEI < −0.5



	Moderate drought
	−1.5 ≤ SPEI < −1.0



	Severe drought
	−2.0 ≤ SPEI < −1.5



	Extreme drought
	SPEI ≤ −2.0
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