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Abstract

:

Under global climate warming, the global water cycle is further accelerating, the risk of drought is increasing, and the instability and sustainability of agricultural production are seriously threatened. Northeast China, as the “granary” of China, located in the mid-high latitudes of the Northern Hemisphere, is one of the regions strongly influenced by droughts. Thus, studying the spatial and temporal distribution of drought is helpful for the development of methods for forecasting potential drought hazards in Northeast China. This study used observed data from 86 meteorological stations in Northeast China from 1961 to 2020 to calculate the standardized precipitation evapotranspiration index (SPEI) at different time scales for the past 60 years and analyzed the spatial and temporal characteristics of drought in Northeast China based on the run theory and the Mann-Kendall test. The SPEI at the annual scale showed decreasing trends with no significant mutation point. Seasonally, there was a decreasing trend of the SPEI in summer and autumn and an increasing trend in spring and winter, which indicates that drought in Northeast China has decreased in winter and spring. The annual drought frequency ranged from 25.5% to 37.6%, and the spatial characteristics of the frequency of moderate drought, severe drought, and extreme drought, respectively, showed the following distribution patterns from the western region to the central region and then to the eastern region of Northeast China: “high-low-high”, “low-high-low”, and “gradually decreasing”.
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1. Introduction


Meteorological disasters represent a common global challenge. Drought, a common meteorological disaster, is often recognized as a complex and multifaceted phenomenon [1]. Drought is a recurring extreme climatic event characterized by below-average precipitation in a given area for months to years [2]. The complexity of a drought’s internal structure, uncertainty of its frequency, and wide-ranging impacts make it one of the most destructive natural disasters [3,4,5], with devastating impacts on regional agriculture, water resources, the environment, and land desertification [6,7]. Also, droughts have far-reaching impacts in the increasingly globalized world [8,9,10,11].



Drought causes considerable losses in agricultural production [12] and creates ecological and environmental problems. Below et al. [13] found that more than 50% of all deaths associated with natural disasters were caused by drought-induced famine. Keshavarz et al. pointed out that 33% of all disasters worldwide are closely related to droughts [14]. According to statistics, China has lost 70–80 million tons of grain annually owing to drought, accounting for 17% of the total grain production [15]. The northeastern region serves as China’s main production area for cash crops (corn, rice, and soybeans). It accounts for nearly 50% of the national soybean production. The northeastern region suffers from frequent drought disasters because it borders the semi-arid northern region and the Mongolian Plateau [16]. Recently, the severity and extent of droughts in this region have been increasing [17]. Therefore, there is an urgent need to analyze drought risk using a rational and comprehensive methodology to mitigate its adverse effects on agriculture and the economy.



There are a large number of indices currently used to characterize drought. Three of these common drought indices monitor agricultural drought and soil water balance. The Palmer Drought Severity Index (PDSI) [18] includes surface precipitation, soil moisture, and potential evapotranspiration. Considering the effects of temperature and initial weather on drought is a significant advantage of this widely cited index [2]. However, the difficulty in obtaining parameters, the complexity of calculations, and fixed time scales in applying this index have resulted in its ineffective use for long-term studies. McKee et al. combined different timescales with drought and proposed the Standardized Precipitation Index (SPI) [19]. Scientists have widely used the SPI owing to its computational simplicity. However, it does not include the possible effects of temperature; therefore, this index is not applicable in the present era of global warming [20,21,22,23]. As the climate warms, changes in evapotranspiration caused by significant changes in surface meteorological factors (e.g., temperature) have significantly impacted wet and dry conditions in recent decades [24,25]. Vicente-Serrano et al. proposed a Standardized Precipitation Evapotranspiration Index (SPEI) based on SPI calculations that thoroughly consider the possible effects of temperature [26]. The SPEI is considered the most appropriate index for drought studies in various regions [27,28]. The multi-scale nature of the SPEI makes it suitable for different types of drought analyses and monitoring. The SPEI retains the advantages of SPI and PDSI while overcoming their shortcomings. Researchers often use SPEI to analyze the spatial and temporal characteristics of different regions and trends, which has proven to be more effective in characterizing dry and wet conditions in the context of global climate change [21,27,29,30,31,32,33]. Using SPEI to characterize droughts is becoming increasingly common across China, particularly in Northern China [34]. Shi et al. [35] compared SPEI monitoring results with historical drought records in typical areas and found that SPEI has better applicability in the eastern monsoon region.



Recently, run theory has become increasingly popular in identifying the duration and intensity of droughts [36]. Run theory is a time-series analysis method based on selecting appropriate thresholds, i.e., identifying the beginning, persistence, or end of a drought based on the relationship between the drought indicator values and thresholds. Studies have shown that run theory identifies regional drought events, especially annual and seasonal droughts, better than traditional methods [37,38,39,40]. Identifying the duration (D) and intensity (I) of drought through run theory can aid in providing more efficient analyses of drought changes in the northeast.



Numerous studies have used different drought indicators to analyze the characteristics of the spatial and temporal changes in drought in Northeast China [41,42,43]; however, there is little discussion of the combined analysis methods such as drought multiscale and propensity rate [44,45]. Characteristic analysis of different time-scale droughts and drought frequency can help us better understand the evolution of drought events in Northeast China, providing theoretical support for the prevention and mitigation of drought. Understanding the occurrence patterns of drought events is helpful for the government to rationally utilize and allocate water resources, optimize agricultural production layout, and improve agricultural drought resistance, thus promoting the sustainable development of the economy in drought-stricken areas.



Thus, this paper calculated the multi-scale SPEI values based on the observed data of 86 meteorological stations from 1961 to 2020, examined drought durations, intensities, and frequency in Northeast China based on the run theory, and characterized the drought and drought frequency in different time scales. The objectives of this study were (1) to explore the trend of drought in Northeast China by integrating the methods of multiple time scales and propensity rate; (2) to analyze the spatial and temporal evolution characteristics of drought duration, intensity, and frequency in Northeast China at different time scales. The results can reveal temporal-spatial characteristics of droughts in Northeast China and provide scientific basis and data support for agrometeorological disaster prevention and mitigation in Northeast China.




2. Study Area and Data Sources


2.1. Study Area


As an agricultural area, Northeast China has an average elevation of approximately 50–100 m and displays flat, deep, and undulating soil layers. The landforms are mainly mountainous but flat with rich and fertile black soil resources. The study area is located at 38°43′–53°33′ N and 115°53′–135°05′ E, with a total area of approximately 845,300 km2. Northeast China is located in the middle temperate zone, with a monsoon climate, average annual temperature of 5.4 °C, and annual precipitation of 400–700 mm in the east and 250–400 mm in the west. However, frequent droughts can always occur in study areas at high latitudes (the winters are frigid and long). Since the 21st century, drought events in the northeastern provinces have occurred more frequently [17].




2.2. Data Sources


The meteorological observation data for this study were obtained from the China Meteorological Science Data Sharing Network (http://cdc.cma.gov.cn, accessed on 10 July 2023). Daily monitoring data from 186 national standard weather stations in Northeast China from 1961 to 2020 were selected. During the processing, the continuity of the weather station data was first checked, deleting weather stations with cumulative data missing for more than 1 year. The remaining anomalous or missing data were corrected and interpolated using the linear method and data from neighboring stations in the same year. Finally, 86 stations were selected from the 186 stations to obtain complete and consistent data. Figure 1 shows the distribution of meteorological stations in the study area.





3. Methodology


3.1. Standardized Precipitation Evapotranspiration Indices


The SPEI was proposed by Vicente-Serrano based on the SPI and is easy to calculate by adding the effects of precipitation and evapotranspiration on drought to the original basis. Thus, the progress of droughts can be characterized by the SPEI from the perspective of surface water scarcity and accumulation. As it reflects a broad scale of events, the impact of temperature rises on drought, and the temporal and spatial changes characterizing drought in the northeastern provinces were caused by recent precipitation and temperature rise. The specific calculation steps are as follows.




	
The calculation formula for potential evapotranspiration is as follows [46]:










  P E T = 16 K      (    10 T  I   )   m    and  



(1)






  m = 6.75 ×   10   − 7    I 3  − 7.71 ×   10   − 5    I 2  + 1.79 ×   10   − 2   I + 0.492 ,  



(2)




where T, I, m, and K are the average monthly temperature (°C), annual heat sum (calculated as the sum of the 12-month heat index), constant (the value of which depends on I), and the correction coefficient as a function of the latitude and month, respectively.




	2.

	
The monthly differences in precipitation and evapotranspiration were calculated as follows:











   D i  =  P i  − P E  T i  ,  



(3)




where Pi and PETi are the monthly precipitation and potential evapotranspiration, respectively.




	3.

	
A three-parameter log-logistic function was used to fit the difference series with the following probability density function:











  f ( x ) =  β α     (    x − γ  α   )       [  1 +  (    x − γ  α   )   ]    − 2   ,  



(4)




where α, β, and γ denote scale, shape, and position parameters, respectively. We used Equation (4) to obtain the cumulative probability distribution function of the sequence:


  F ( x ) =    [  1 +  (   α  x − γ    )   ]    − 1   .  



(5)







The normalized F (x) values were used to calculate the SPEI values at different timescales:


  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    .  



(6)







When the cumulative probability was p > 0.5, we transformed P to 1–P. The constants were C0 = 2.515517, C1 = 0.802853, C2 = 0.010328, d1 = 1.432788, d2 = 0.189269, and d3 = 0.001308.



The magnitude of the SPEI value indicates dryness and humidity. The higher the SPEI value, the wetter it is, and vice versa. Considering factors such as low precipitation in Northeast China, this study focused on the detailed grading of SPEI values in Table 1 under drought conditions in Northeast China based on the national meteorological drought grade standard (GB/T20481-2017) [47].



As Northeast China is often accompanied by a temperate monsoon climate and four distinct seasons, interannual and seasonal variations differ significantly. To better analyze the evolution of the SPEI in Northeast China, the seasonal-scale (SPEI-3) and annual-scale (SPEI-12) SPEI values were used to discuss the drought change state. Spring was defined as March–May, summer as June–August, fall as September–November, and winter as December–February.




3.2. Run Theory


Run theory, also known as the theory of runs or the theory of soft time, is one method for the analysis of time series data, drought characteristics, and conception. A “run” is a phenomenon when events with the same attributes happen persistently, and run length is defined by the duration of events with the same attribution occurrence. Drought duration (D) is a period between the beginning and end of a continuous drought event. Drought severity (S) is a cumulative deficiency of a continuous drought parameter under the critical value. The principle of run theory is shown in Figure 2. When the value of SPI is less than R1, there may be four drought events: a, b, c, and d. On this basis, for a drought event that lasted one unit period (such as a and d), if the drought index value is less than R2 (such as a), it will be defined as a drought event. Otherwise, there is no drought (such as d). When the interval between two drought events (such as b and c) has only one unit period (such as e), and the index value of e in the interval period is less than R0, the two events will be merged into one drought event. The drought duration of the merged drought event is   D =  d    b    +  d    c    + 1  , and the severity is   S =  s b  +  s c   .




3.3. Drought Frequency


Drought frequency is the proportion of months during the study period in which drought occurred about the entire month. A larger value indicates a higher drought frequency:


  D F I  =   (   m M   )  × 100 % ,  



(7)




where DFI is the frequency (%) of drought at a site, m is the number of months in which drought occurs, and M is the total number of months during the study period.




3.4. Mann-Kendall Mutation Test


The Mann-Kendall trend test, recommended by the World Meteorological Organization as a rank-based nonparametric trend test, constructs a standard Z-statistic to represent the trend detection value. The advantage is that the samples do not have to follow a sample-specific distribution and are not disturbed by outliers.



For a time series of n samples, the standardized test statistic Z is:


  Z =  {      S − 1     var ( S )       S > 0     0   S = 0       S + 1     var ( S )       S < 0      



(8)







Among them:


  S  =    ∑  i = 1   n − 1      ∑  j = i + 1  n   sgn (  x j  −  x i  )      



(9)






  sgn (  x j  −  x i  ) =  {    1    x j  −  x i  > 0     0    x j  −  x i  = 0     − 1    x j  −  x i  < 0     ,  



(10)






  Var ( S ) =   n  (  n − 1  )  ( 2 n + 5 ) −   ∑  p = 1  q    t p  (  t p  − 1 ) ( 2  t p  + 5 )     18    



(11)




where xj is the number of j in sequence x, q is the number of arrays, and tp represents the number of data points in the array of p.



The UF statistic measures the difference between the number of rising and falling extremes in a data series. Based on this, the variable UF(S) is:


  U F ( S ) =    [  S − E ( S )  ]      Var ( S )      



(12)







The UB statistic is used to measure the time interval between extremes. Defining the reverse sequence X′= {Xn, Xn−1,…, X1}, repeat the above calculation process to obtain the trend sequence UF′(S), and the UB(S) is:


  U B ( S ) = −   U F  ′  ( S )  



(13)







When UF intersects with UB, it is considered that the intersection point is the mutation point of the time series.




3.5. Climate Propensity Rate


Climate propensity rate is a regression coefficient applied in climate studies that expresses the relationship between temperature and year in a single linear equation. According to this equation, the annual change in temperature can be expressed as a trend rate of change equation, whose slope multiplied by 10 is known as the climate propensity ratio.





4. Results and Analysis


4.1. Spatial and Temporal Variation Characterizations of the SPEI


4.1.1. Inter-Annual Variation Characteristics of the SPEI


In this study, the SPEI-12 was calculated for Northeast China from 1961 to 2020, and the M-K mutation test was performed to explore trends of the SPEI-12 (Figure 3). Northeast China as a whole has shown a decreasing trend from 1961 to 2020, with a decrease of 0.051/10 a, ranging from −1.25 to 1.00. Meanwhile, fluctuations in the SPEI values were relatively smooth before 1998. The fluctuations in the SPEI values were relatively smooth from 1999 to 2004; no droughts occurred in 2003. For the remaining years, the SPEI was less than −0.5, which indicated that the drought was relatively severe. From 2009 to 2020, the fluctuation in the SPEI was the most positive and negative. Overall, the annual average SPEI index of Northeast China over the past 60 years was less than −2.0, showing a decreasing trend. This indicates that drought severity in Northeast China has increased significantly. In Figure 3, the UF values were positive from 1961 to 1969 (except 1967 and 1968), indicating an “upward” trend in the SPEI-12 index during this period, in other words, a relatively wet period. All UF values from 1970 to 2020 (except 1987 and 1995) and after 1995 are less than 0, which means that the average annual SPEI index shows a significant downward trend during this period, indicating that this period is a relatively dry period in Northeastern China. Within the critical line at the significance level of 0.05, the UF and UB curves frequently intersected in 1968, 1970–1973, and 1985–1987, indicating an abrupt change from wet to dry.



To further analyze the spatial variability of the inter-annual propensity rate of SPEI, this study analyzed the spatial characteristics of the multi-year average propensity rate of SPEI-12 during the last 60 years in Northeast China (Figure 4). The interannual propensity rates in Northeast China generally showed an increasing trend from the south to the north. Among them, the annual scale propensity rates in Liaoning Province were all negative, ranging from −0.2093 to −0.0131, with the lowest propensity rate in Dawa County of Liaoning Province. Eighteen stations in Jilin Province had negative propensity rates, indicating that most of the stations were in a drought trend; high-value areas were distributed in the southeastern part of Jilin Province, with the highest propensity rate of 0.0554 in Huadain City of Jilin Province and the lowest −0.2554 in Changbai City of Jilin Province. Most of the stations in Heilongjiang Province showed a wet trend, among which Suifenhe City of Heilongjiang Province had the highest propensity rate, with a value of 0.1679, indicating that Suifenhe City had the most apparent wet trend in the past 60 years. Changbai City of Jinlin Province and Yingkou City of Liaoning Province had the lowest tendency rate, with values of −0.2554 and −0.2489, respectively, indicating that the two stations had a drought trend in the past 60 years. This indicated an aggravating drought trend in the southern part of Northeast China, whereas the northern part showed a humid trend.




4.1.2. Seasonal Variation Characteristics of the SPEI


To explore the seasonal trends in Northeast China, the variation characterizations of the SPEI-3 based on the M-K test were performed (Figure 5). The slope of the SPEI in the spring of 1961–2020 in Northeastern China is 0.166/10a, with little overall fluctuation (Figure 5a). There were 9 drought years (1965–1969, 1971, 2005, 2007, 2010), which accounted for 15% of the total number of years, and 29 normal years. The value in 2007 was the smallest (−0.93) and the driest spring in the last 60 years. The SPEI-3 experienced mutations in 1963, 1984, 1986, 1988, 2006, and 2010, and before 1988, the UF and UB curves intersected frequently and with UF > 0, indicating that they experienced multiple alternations of dryness and wetness in spring. During the summer (Figure 5b), SPEI values declined at a rate of 0.056/10a over the years. The more severe drought years were mainly concentrated in 2000~2010, with a total of 10 years of drought occurrence, including two years of medium drought in 2000 and 2007, 16.7% of the total number of years of drought occurrence, and 40 years of normal years. The 2000 value was the smallest (−1.27), the driest summer in the last 60 years. The UF and UB curves overlap in 1965, 1984, and 1985, i.e., there was an abrupt summer drought increase in 1965, 1984, and 1985. In autumn (Figure 5c), SPEI values decreased at a rate of 0.063/10a. It is clear from the figure that droughts are mainly concentrated after 2000, with a total of 10 years of drought occurring, 1968, 1999, 2001, 2002, 2005, 2006, 2007, 2008, 2011, and 2019, accounting for 16.7% of the total number of years, three of the medium-drought years were 2001, 2005 and 2008, and there were 38 normal years. The lowest value (−1.39) of SPEI appeared in 2001 and had the driest fall in the last 60 years. The UF and UB curves intersected two times, in 1967 and 1995. The rate of increase in SPEI in winter (Figure 5d) was 0.113/10a, which is related to lower temperatures and less evaporation in winter. Drought occurs more frequently in winter; the occurrence of drought years totaled 16 years, of which four years of medium drought years were 1974, 1977, 1996, and 2012. The occurrence of drought years accounted for 26.7% of the total number of years. There are 27 normal years, and the smallest value of the year 2012 (−1.16) was the driest winter season in the past 60 years. The winter SPEI-3 index UF and UB curves intersected in 2004.



The SPEI-3 index in Northeast China from 1961 to 2020 shows a steady trend, with a decreasing trend in summer and fall and an increasing trend in spring and winter, i.e., it indicates that the drought in spring and winter has been reduced, while the drought in summer and fall has been aggravated.



Then, we analyzed the spatial characterizations of the slope of SPEI in different scales in Northeast China (Figure 6). The slope ranges of SPEI in Northeast China in spring (Figure 6a) were from -0.2487 to 0.2356, and the spatial distribution of the trend of the slope of SPEI gradually decreasing from the eastern region to the western region of Northeast China, with the high-value areas located in the eastern part of Heilongjiang Province around Suifenhe, Mudanjiang and Jixi City, and lower values in the northern part of Heilongjiang Province and the western part of Liaoning Province, with the smallest value in Dawa City of Liaoning Province of −0.2491. The slope ranges of SPEI in Northeast China in summer (Figure 6b) were from −0.2426 to 0.1050, and the spatial distribution shows a decreasing trend from the north to the south, with the high-value area concentrated in the northern part of Heilongjiang Province, in which Suifenhe City has the largest value of 0.1025, and Changbai City of Jinlin Provence has the lowest value of −0.2706; The slope of SPEI in autumn (Figure 6c) had a value of −0.2550 to ~0.0743. Only seven stations had a positive propensity rate, which were concentrated in the northern and eastern parts of Heilongjiang Province. Xingcheng City of Liaoning Province had the lowest value. The spatial distribution of the propensity rate in winter (Figure 5d) is roughly the same as in summer, but the overall values are high, with only 14 stations having negative values. This indicates an overall wet state in winter, with the lowest site being Yingkou City of Liaoning Province with a value of −0.0988 and the highest value near Yilan County of Heilongjiang Province at 0.3457. Generally, the low values of the propensity rate in summer and autumn in Northeast China from 1961 to 2020 tended to be drier, while the high values in winter tended to be moister.





4.2. Spatial and Temporal Characterizations of Drought Duration and Intensity in Northeast China


4.2.1. Temporal Characterizations of the Drought Duration and Intensity


The annual and seasonal variation characteristics of the drought duration and intensity can be used to analyze the drought strength. Therefore, this study identified the annual and seasonal drought duration and intensity in Northeast China using the run theory (Figure 7). At the inter-annual scale, the longest duration of droughts was 50 months (July, 1999–August, 2003), and the minimum value of the drought intensity was −1.16, during which a severe drought of up to 8 months occurred from November 2000 to June 2001, which had a severe impact on the climate of Northeast China. Drought also occurred frequently from 2014 to 2019, which is also consistent with the years when droughts occurred in Northeast China. The longer the duration of a drought, the lower the drought intensity, and vice versa.



As shown in Figure 7a, the spring drought in 1975 lasted for three months on a seasonal scale. The summer drought lasted for three months in 2000, and the same phenomenon also happened consecutively in 2001. Droughts in the autumn of 1999, 2001, 2006, and 2011 lasted longer than the others. The winter drought in 2008 lasted for three months. Figure 7b shows that SPEI seasonal drought intensity generally converges with interannual drought intensity. The greatest SPEI drought intensity occurred in the winter of 1996, at −1.15; the spring of 2001 also had a low drought intensity of −1.11.




4.2.2. Spatial Characterizations of the Drought Duration and Intensity


To explore the spatial characteristics of the drought duration and intensity in Northeast China from 1961 to 2020, the IDW interpolation method in ArcGIS was utilized to spatially interpolate the processed data and analyze their spatial distribution characteristics.



Figure 8 shows the spatial distributions of the seasonal and interannual drought durations. The range of annual drought durations (Figure 8a) in Northeast China is 7.55 to 15.69 months. Overall, the trend of interannual variability was higher in the west than in the east. The area with the longest drought was Zhangwu County of Liaoning Province (15.71 months). The distributions of drought duration in spring (Figure 8b), summer (Figure 8c), and winter (Figure 8e) differed significantly from the interannual distribution. The region with the longest drought duration was concentrated in the northern part of Heilongjiang Province. Drought duration in autumn (Figure 8d) was more consistent with the interannual variation, and the region with the longest drought duration was located in the northwestern part of Liaoning Province and the western part of Jilin Province (2.53–4.50 months). Longer drought durations in summer and autumn than in spring and winter indicate that although the summer and autumn seasons in Northeast China are characterized by the rainy season, precipitation is concentrated but accompanied by higher temperatures, leading to severe drought.



Figure 9 shows the spatial distribution of seasonal and interannual drought intensities in Northeast China. The spatial distribution of interannual drought intensity (Figure 9a) in the Northeast region ranges from −1.13 to −0.79, and spatially, lower values of drought intensity in the northern parts of Liaoning and Heilongjiang provinces represent more intense droughts. The lowest values of drought intensity occurred near Tonghe County of Heilongjiang Province, with values as low as −1.13. The lowest drought intensity value was in spring, between −1.30 and −1.37. Low-value areas of spring drought intensity (Figure 9b) are concentrated in Jilin Province. The spatial distribution of drought intensity in summer (Figure 9c) was similar to that in spring, with a range of −1.30 to −1.01. The lowest value occurred around Xingcheng City of Liaoning Province, with a value as low as −1.30. Autumn drought intensity (Figure 9d) showed a spatial decreasing trend from north to south, and the low-value area was distributed in Changbai County of Jilin Province and Dunhua City of Jinlin Province, with a value of −1.30. The overall high winter drought intensity (Figure 9e) values indicate a relatively less intense drought. The area of low drought intensity is concentrated in the northern part of Liaoning and Heilongjiang Provinces, with the lowest value occurring in Tonghe County of Heilongjiang Province, with a value of −1.28. The drought intensity generally changed from the north to the south in the four seasons, with a weakening of the aridity trend. The winter drought intensity was more consistent with the spatial distribution of the interannual drought intensity, which was low in the northern part of the south and high in the central part of the study area.





4.3. Spatial and Temporal Variation Characterizations of Drought Frequency in Northeast China


4.3.1. Temporal Characterizations of the Drought Frequency in Northeast China


Figure 10 shows the annual and seasonal drought frequency with different degrees of drought in Northeast China from 1961 to 2020. The drought frequency in Northeast China at the interannual and seasonal scales had apparent similarities. The overall ratio of the frequency of light, moderate, severe, and exceptional droughts was approximately 15:11:5:2. A comparison of the drought frequencies of different grades revealed that light and moderate droughts dominated the study area. The frequency of severe and exceptional droughts was relatively low. The probability of seasonal drought frequency was as follows: winter > fall > summer > spring. The frequency of light drought was approximately 15%. The frequency of moderate drought in winter was higher than that in the other three seasons; the frequency of severe drought in all seasons was approximately 5%. Additionally, the frequency of extreme drought was highest in the fall (1.80%). The frequency of extreme drought in winter was low at only 0.49%.




4.3.2. Spatial Characterization of Drought Frequency in Different Drought Degrees in Northeast China


This drought frequency in different drought degrees at each station of Northeast China was calculated over the past 60 years. The interpolation results are presented in Figure 11. There were also significant differences in drought frequency in different drought degrees. The frequency of mild drought (Figure 11a) in Northeast China ranged from 8.4% to 23.3%, showing a spatial distribution characterized by a high level from southeast to northwest and a low level in the rest of the region. The maximum value occurs in the central part of Heilongjiang Province, with a frequency of up to 23.3%, while the low value is concentrated in the western and southern parts of Liaoning Province, with a small amount distributed in the Heilongjiang Province. The spatial distribution of the frequency of moderate droughts (Figure 11b) in Northeast China is roughly opposite to the distribution of light droughts, with higher frequency of moderate drought in central, southwestern, and Northeast China, lower frequency of moderate drought in the north, and drought in western Liaoning Province and southwestern Heilongjiang Province mainly dominated by moderate drought. Anshan City of Liaoning Province was the station with the lowest number of moderate droughts among the three northeastern provinces, with only 7 occurrences, and the southern part of Liaoning Province had the highest number of moderate droughts, with 110 occurrences near Changhai County of Liaoning Province, and the frequency of moderate droughts was as high as 15.51%; The spatial distribution of the frequency of severe drought (Figure 11c) is concentrated in southern Liaoning Province, western Jilin Province, and western and northern Heilongjiang Province, with a relatively even distribution. Among them, Anshan City of Liaoning Province has never experienced a severe drought. The number of severe drought occurrences around Daxinganling of Heilongjiang Province and Changchun City of Jilin Province was high. The station with the highest number of severe drought occurrences was Yilan County of Heilongjiang Province, where severe drought occurred as often as 67 times, with a frequency of 9.54%. There were 65 cities with a frequency of severe drought ranging from 4.23% to 7.48%. The spatial distribution of the frequency of extreme drought (Figure 11d) is mainly concentrated in the eastern part of Liaoning Province, the northwestern part of Jilin Province, and the northern part of Heilongjiang Province; the overall distribution shows more in the northwest and less in the southeast. Shenyang City of Liaoning Province had the highest number of special drought occurrences, totaling 27 occurrences, with a frequency of 3.81%. The least number of occurrences were found in Jiaohe City of Jilin Province and Chaoyang City of Liaoning Province, with only one occurrence of special drought. Among them, Wafangdian City of Liaoning Province and 29 other cities had no more than 10 occurrences of special drought.






5. Discussion


Droughts led to water scarcity, which limits the growth of crops. Long-term continuous drought will lead to a decrease in the quantity and variety of crops, thereby reducing the stability and regenerative capacity of the ecosystem. In this paper, by analyzing the spatiotemporal distribution patterns of droughts in Northeast China, we can assist the government in developing targeted drought resistance strategies for the Northeast drought-stricken areas. At the same time, we can provide a certain scientific basis for relevant departments to adopt reasonable and feasible measures to prevent and resist drought, thereby strengthening and avoiding the threat of drought.



The SPEI has a flexible time scale and fully considers the influence generated by temperature, and the drought events obtained from the treatment tend to be consistent with previous research results [41,48]. Temporal changes in annual-scale drought in Northeast China had prominent interannual characteristics, with the most significant positive and negative fluctuations occurring over the last 10 years; the frequency of severe drought events was higher after 2000. The underlying cause may be global warming and the weakening of the East Asian summer winds in recent years. Yang [49] pointed out that in years with weaker East Asian summer winds, rainfall in northern China is below normal, leading to droughts. At the same time, enhanced East Asian summer winds also bring water vapor into northern China, leading to increased rainfall in northeastern China. However, Wang [50] found that the East Asian summer winds have been weakening since the late 1970s. In terms of the performance of meteorological elements, it is mainly due to the decrease in precipitation and relative humidity and the increase of average and maximum air temperature [51]. The occurrence of severe drought in the 1985–1987 mutation was similar to that reported by Bordi et al. [52] and Yu et al. [53]. Drought became increasingly severe from the 1970s onwards. Ji et al. [54] found that droughts in Northeast China were mainly concentrated in the south and west, and severe droughts mainly occurred in southwest Liaoning, similar to this study. Liu et al. [55] showed that the SPEI had an increasing trend in spring and winter, no significant trend in summer, and a decreasing trend in autumn, which is basically consistent with the results of this study. This study combined the spatial distribution of annual and seasonal propensity rates to analyze drought, which can provide a more comprehensive understanding of the drought characteristics and help to provide the theoretical basis for water resource managers in Northeast China.



The causes of drought are complex and closely related to the climatic conditions, geomorphology, and socioeconomic factors of the study area [56,57,58]. Recently, remote sensing technology has been applied in large-scale, high-resolution applications in the fields of agriculture, meteorology, and hydrology [43,59,60]. Some studies have also proposed the SPEI with a daily scale, which has a more flexible timescale [61,62]. Thus, future research should combine remote sensing with field observation data to better understand the development and distribution of droughts. Besides, while the work presented here assessed drought duration, severity, and frequency in Northeast China, there are some limitations that still need to be addressed. There are other factors that could also be considered, including drought persistence and peak, and the mutual correlations between variables could also be explored [63,64,65]. Thus, a non-stationary approach for the estimation of the joint return period of multidimensional drought variables will be a key addition in future studies.




6. Conclusions


In this study, the Standardized Precipitation Index with two-time scales of 12 and 3 months was calculated and used to identify drought events, including their duration and intensity, based on the run theory in Northeast China. The frequency was analyzed to reveal the spatio-temporal distribution characteristics of droughts. The main conclusions are as follows:




	
From the perspective of the value of SPEI, although there were no extreme drought events in Northeast China from 1961 to 2020, the number of drought years increased significantly. The slope of the interannual SPEI indicates that the drought in the southern part of Northeast China is exacerbating, while the northern part is showing a wetting trend. In summer and autumn, the slope of the SPEI is low, indicating a drying trend and the high value is more common in winter, showing a wet state.



	
From the perspective of the drought duration and intensity, the variations of drought duration are more significant than drought intensity. The drought durations in summer and autumn were longer than that in spring and winter. The spatial distribution characteristics of seasonal drought intensity are generally consistent, showing a gradual weakening from the northern region to the southern region of Northeast China.



	
From the perspective of the frequency of droughts, the frequency of moderate drought in Northeast China is higher than that of severe and extreme drought on the annual scale, and the spatial distribution of severe and extreme drought is similar. The spatial distribution characteristics of drought frequency was a higher frequency in the northern region and a lower frequency in the southern region of Northeast China.
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Figure 1. Distribution of meteorological stations in Northeast China. 
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Figure 2. Identification of drought characteristics based on SPEI using the run theory. 
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Figure 3. Temporal variation characterizations of the SPEI-12 based on the M-K test in Northeast China from 1961 to 2020. 
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Figure 4. Spatial characterizations of the propensity rate of the SPEI-12 in Northeast China from 1961 to 2020. 
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Figure 5. Changes in SPEI-3 and M-K Mutation in the three northeast provinces from 1961 to 2020. (a) Spring; (b) summer; (c) autumn; (d) winter. 
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Figure 6. Spatial distribution map of the seasonal propensity rate in Northeast China from 1961 to 2020. (a) Spring; (b) summer; (c) autumn; (d) winter. 
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Figure 7. The seasonal variation characteristics of the drought duration and intensity in Northeast China from 1961 to 2020. (a) Drought duration; (b) drought intensity. 
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Figure 8. The annual and seasonal spatial distribution of drought duration in Northeast China. (a) Annual scale; (b) spring; (c) summer; (d) autumn; (e) winter. 
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Figure 9. The spatial distribution of drought intensity in Northeast China. (a) Annual scale; (b) spring; (c) summer; (d) autumn; (e) winter. 
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Figure 10. The annual and seasonal variation characteristics of drought frequency in Northeast China from 1961 to 2020. 
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Figure 11. The frequency distribution of droughts in different degrees in Northeast China. (a) Mild drought; (b) moderate drought; (c) severe drought; (d) extreme drought. 
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Table 1. Classification of meteorological drought levels [47].
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	Drought Level
	Drought Free
	Mild Drought
	Moderate Drought
	Severe Drought
	Extreme Drought





	SPEI
	>−0.5
	(−1.0, −0.5]
	(−1.5, −1.0]
	(−2.0, −1.5]
	≤−2.0
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