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Abstract

:

Drought has become an important natural disaster, affecting the development of Inner Mongolia, as an important animal husbandry region in China. In this study, the characteristics and trends of the Inner Mongolia drought are thoroughly analysed by calculating the standardised precipitation evapotranspiration index (SPEI) at different time scales, based on monthly precipitation and temperature data from 40 national meteorological stations in Inner Mongolia from 1958 to 2019. Subsequently, the area drought intensity (ADI), which is a comprehensive evaluation indicator for evaluating drought intensity within the region, is proposed, taking into account the effects of the persistent drought on drought intensity. The results show that drought has increased during this period, with a remarkable increase in the frequency and the area of drought. The areas with stronger drought intensity are mainly located in the west, north central, and the western area of the east. Since 2000, March to October are identified as drought-prone months and April is characterised as the month with the highest frequency of drought. The inflection points of SPEI and climate conditions both appeared in 1990s and it is speculated that the increase in drought may have been caused by excessive temperature rise. The frequency, coverage area, and continuous duration of drought have increased greatly after climate mutation in this region. According to the changes in the spatial distribution of the ADI and frequency of drought occurrence, the drought-stricken areas shifted from the southeast to the northwest after climate mutations. The findings from this study provide a theoretical basis for the drought management of Inner Mongolia.
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1. Introduction


Drought is a complex and multivariate phenomenon influenced by diverse physical and biological processes [1], whose characteristics vary significantly with geography and climate [2]. As a recurring natural disaster, drought is difficult to identify, (including the start, end, extent, and intensity), predict, and mitigate [3]. Drought has many negative effects on agriculture, animal husbandry, water resources, as well as natural and social ecosystems [4]. The multiple severe and long-lasting droughts in South Asia have posed tremendous impacts on growing economies and furthered the water crisis and food scarcity of the region [3]. El Niño-Southern Oscillation, Asian monsoons and tropical Atlantic sea surface temperatures have played a large role in the recent drying [5], and the additional presence of a positive Indian Ocean dipole event severely exacerbates El Niño’s drought-inducing effect over large areas of monsoon and temperate Asia, including Southeast Asia, Indonesia, eastern China and much of continental Asia north and west of the Himalayas [6]. Studies have identified the presence of a widespread drought at the global land level, with the most severe drought in Eurasia and Africa [7]. Since the 1970s, global aridity has increased significantly due to recent drying over Africa, eastern Australia, East and South Asia, and southern Europe [5]. Global warming is expected to increase the frequency and intensity of droughts in the twenty-first century [8]. Meanwhile, climate models project increased aridity in the twenty-first century over most of the Americas, southern Europe and the Middle East, and most of Africa, Australia, and Southeast Asia [5]. Under the influence of climate warming, subtropical dry regions are expected to get drier and expand polewards [9]. Indeed, for the past several decades, drought events have increased in both Central Asia [10] and South Asia [3]. The frequency, duration, and scope of droughts in China continue to expand in recent decades [11], especially in northern China, where severe and extreme drought events occur more frequently [12,13,14].



At present, the drought index is used by most scholars to describe the degree of regional drought. To assess the frequency, duration, severity, and spatial extent of meteorological drought, hundreds of drought indices have been so far developed [15], among which, the Palmer drought severity index (PDSI) [16,17], the standardized precipitation index (SPI) [18,19], and the standardized precipitation evapotranspiration index (SPEI) [4,20,21,22], which are popularly used around the world. Despite their widespread use, the PDSI and the SPI have their own shortcomings. For instance, the PDSI has a strong subjectivity in defining the drought level [20] and the SPI only considers precipitation factors, without considering the influence of temperature and other factors [23]. The SPEI combines the advantages of the PDSI and the SPI; it not only retains the advantage of the PDSI, i.e., considering evapotranspiration sensitive to temperature, but also shows the multi-scale characteristics of the SPI and the calculation results are more reliable. Therefore, the SPEI is more suitable for evaluating regional drought in the context of global warming and has become an ideal indicator for evaluating drought [24,25]. Currently, SPEI has been widely used in drought monitoring and evaluation around the world, including North America, Asia, Europe, Africa, and Australia [26,27,28,29,30,31,32,33].



Inner Mongolia has a large east-west span, mostly located in arid and semi-arid areas, hence it is more sensitive and vulnerable to climate change [34]. Many scholars have used the PDSI [35], meteorological drought comprehensive index (MCI) [36], precipitation anomaly percentage [37], SPI [38], SPEI [39], and other drought indicators to analyse the drought situation in the entire or part of Inner Mongolia. Since the principle, emphasis, and purpose of the calculation methods of different drought indicators are different, the conclusions of those studies are different. Meanwhile, the length of the time series of the meteorological data will also affect the results for some indicators. For many of these indicators, the results are mainly determined using only precipitation data. Nevertheless, in areas with a large potential evapotranspiration (PET), the degree of drought is more affected by the PET [40]. Therefore, in this study, the SPEI, which considers the effects of evapotranspiration, is selected as the main evaluation index. In the context of climate warming, droughts have continually occurred during recent years and continuous droughts will have a certain cumulative effect and cause greater damage to the economic and social development. Therefore, in order to better reflect the degree of damage, caused by drought, and its spatial distribution, this study considers the impact of continuous drought on the drought intensity on the basis of the SPEI to identify the area drought intensity (ADI). This study aims to (1) analyse the drought situation in Inner Mongolia from 1958 to 2019, using the SPEI, as the main evaluation indicator, combined with the ADI; (2) evaluate the impact of climate warming on drought, through analysing the drought situation in time intervals according to the changes in climate conditions.




2. Study Area


The Inner Mongolia region is located in the northern border of China and in the mid-latitude inland of East Asia (97°12′–126°04′ E, 37°24′–53°23′ N), with a narrow and long terrain. Inner Mongolia is rich in natural forest and grass, resources and ecological types, so it is sensitive to global warming. This region is the largest animal husbandry province of China, and its economic production is greatly affected by grassland animal husbandry and agriculture. In 2019, the total annual grain output of the region was 36.55 billion kg, and the annual meat output of pig, cattle, sheep and poultry was 2.57 million tons. Indeed, its social and economic development is susceptible to natural disasters, especially drought [39]. When drought occurs, the lack of agricultural irrigation water affects crop yield, and the growth of forage is limited, which leads to the shortage of forage for cattle and sheep, and then affects the development of animal husbandry. The degree of impact on agriculture and animal husbandry depends on the severity of drought. Affected by the global warming, droughts occur frequently in the region. Therefore, it is of practical significance to explore the characteristics of drought changes in Inner Mongolia. The entire area is about 1.183 million km2, accounting for 12.1% of the total area of China. The area is characterised by forests, grasslands, farmlands, deserts, and other ecosystems [36]. Inner Mongolia is located in the south-eastern part of the Mongolian Plateau, with a high altitude. Most of its areas are >1000 m above sea level. From the north-east to the south-west, there are staggered plains, mountains, and plateaus. The complex terrain has an impact on the surface distribution of hydrothermal conditions, thus forming a unique natural resource condition in the region [41]. The average annual temperature is −4~9 °C in this region, where summers are short and hot and winters are long and cold. The precipitation is small and uneven with a total annual precipitation of 35~550 mm and shows a decreasing trend from the north-east to the south-west [42].




3. Materials and Methods


3.1. Data Source


The monthly temperature and precipitation observation data from 1958 to 2019 are collected from 46 meteorological stations in Inner Mongolia, provided by the China meteorological data sharing service system. The reliable observation data of most stations are from 1958, so we choose this year as the starting time. The pre-processing of data mainly includes: (1) Excluding the sites with more than 1.61% missing rate of precipitation or temperature data. This missing rate corresponds to 12 missing data of precipitation or temperature. Hence, six sites are excluded from our dataset. (2) Interpolating the stations with fewer missing measurements and using the cubic spline function to interpolate the missing values. The cubic spline interpolation method is selected because of its good smoothness and approximation effect [43]. Finally, 40 stations with a complete sequence are obtained. Figure 1 presents the distribution of the stations in the study area. The total data number of monthly temperature and precipitation data from 40 meteorological stations for this period (i.e., from 1958 to 2019) is 59,520, with 107 missing data, resulting in a missing rate of only 0.18%.




3.2. SPEI and Its Calculating Methods


The drought in a region can be characterised using the SPEI, by calculating the degree to which the difference between precipitation and potential evapotranspiration deviates from the average state [44,45]. The SPEI has multiple time scale features. In this study, the SPEI values from 40 sites at different time scales including 1, 3, 6, and 12 months are obtained and the SPEI value of the entire study area is also obtained using the Thiessen polygon method. The Thiessen polygon method is a method to calculate the area average precipitation based on the precipitation of discrete precipitation stations. This method has high precision and a simple principle [46], and is suitable for calculating the SPEI value of the entire study area.



The study analyses the monthly droughts, characterised by the SPEI, from January to December on a one month time scale (i.e., SPEI-1), as well as the droughts of spring (March to May), summer (June to August), autumn (September to November), and winter (December to February), characterised by the SPEI on May, August, November, and February on the 3-month time scale (SPEI-3), respectively. Furthermore, the droughts in the plant growth period (March–August), characterised by the SPEI on August on the 6-month time scale (SPEI-6), and the interannual droughts, characterised by the SPEI on December on the 12-month time scale (SPEI-12) are calculated in this study. The Thornthwaite method is a simple way to parameterize PET because of its low requirement for input data: only monthly mean temperature and the latitude of the location are necessary [13]. The data needed by this method is relatively complete and accurate in the study area, so this method is selected to calculate the PET. The calculation process is, as follows [20,47]:



Firstly, we use the Thornthwaite method to calculate the PET.



Then, we calculate the difference between monthly precipitation and evapotranspiration, as follows:


   D i  =  P i  −   PET  i  ,  



(1)




where Di is the difference between precipitation and evapotranspiration, Pi is monthly precipitation, and PETi is monthly evapotranspiration.



The difference between precipitation and evapotranspiration at different time scales is calculated, as follows:


   D n k  =   ∑  i = 0   k − 1     (   P  n − i   −   PET   n − i    )    ,   n ≥ k ,  



(2)




where k is the time scale (months) and n is the calculation frequency.



Lastly, the 3-parameter log-logistic probability distribution is used to normalize the cumulative probability density to obtain the SPEI series.



The drought magnitude is classified according to the value of the SPEI and the classification criteria are shown in Table 1 [20].




3.3. ADI and Its Calculating Methods


In previous studies [37,38,39], some researchers used the spatial distribution of the occurrence frequency of different types of drought to analyse the spatial distribution of drought intensity in the study area. In this way, it is necessary to prepare a large quantity of maps about the distribution of the occurrence frequency of various degrees of drought, which is not simple and direct, furthermore, none of the maps, solely, would be representative of the drought intensity distribution of the area. Therefore, some scholars used the value of the drought evaluation index to define the drought intensity and evaluate the drought intensity with the spatial distribution of the well-defined drought intensity in space. This method is relatively straightforward, however, the drought intensity of a site in space is just a value that integrates the drought conditions of all years and it cannot represent a good picture of the distribution of drought throughout time. Indeed, it cannot show the continuity of drought. However, the drought of the same frequency causes greater damage to the local social and economic development when it occurs continuously.



In order to better reflect the intensity distribution of drought, the ADI based on the SPEI value is proposed, taking into account the effect of continuous drought on the drought intensity in order to evaluate the drought intensity of each site in this study. The calculation formula is as follows:


  ADI =  1 m    ∑  i = 1  m    |    SPEI  i   - t   |    ×  a  a ¯   ,    SPEI - t  < 0 ,  



(3)




where SPEI-t is the SPEI value at time scale of t, m is the number of years in which SPEI-t < 0,  a  is the number of years of consecutive drought on the site, and   a ¯   is the average number of years of continuous drought for the entire sites in the study area.



To evaluate whether a continuous drought has occurred in a certain year, we define the continuous drought as follows. In the continuous droughts in time series, the droughts in other years are considered as continuous droughts except for the beginning year. For instance, the drought which occurred in 2016, after a drought happened in 2015, will be considered as continuous drought.



It should be noted that the calculation formula of the ADI adopts a concept of relative value, comparing the number of years of continuous drought at each site with the average value of the entire study area, so the result, obtained by the algorithm, is a relative value. In other words, the magnitude of the value has no corresponding drought intensity grading and the magnitude of the value represents the magnitude relationship of the drought intensity at a certain area, in a certain period of time.




3.4. Mann-Kendall Test


The Mann-Kendall trend test is a non-parametric statistical test [47,48], with no requirement for the sample to follow a certain distribution and is not disturbed by a few outliers. In this study, the MK test is used to analyse the change trends and mutation-points of drought and the climate conditions of the study area.



The test defines statistics   U  F k    and   U  B k   . When the   U  F k    curve exceeds the critical lines, corresponding to different significance levels ( α ), it indicates that the upward or downward trend is significant at the significance level. If   U  F k    curve and   U  B k    curve intersect between the critical lines, then, the intersection point is the mutation-point.





4. Results and Discussion


4.1. The Changes in SPEI Characteristics over the Years


The Thiessen polygon method is applied to get the overall SPEI values of the study area. Overall, from 1958 to 2019, Inner Mongolia experienced a wetter period, followed by very frequent droughts. Figure 2a shows the change of the annual SPEI in Inner Mongolia. The SPEI-12 in December can be used to characterise the annual droughts. As it can be seen, the SPEI value shows a clear drop, since 1997. The SPEI values of most years from 1958 to 1996 are positive; only the SPEI value of 1965 is less than −0.5 (referred as mild drought). After 1996, the SPEI values are almost all negative. During the last 23 years (i.e., from 1997 to 2019), only the SPEI values in 1998, 2003, 2012, 2013, and 2018 are positive. As observed from the SPEI cumulative curve, the cumulative value of SPEI shows a general upward trend before 1997, reaching a maximum value of 13.47 in 1996, followed by a downward trend. According to the change of the SPEI values, the frequency of drought began to increase near 1997, experiencing a dramatic change.



As previously mentioned, Inner Mongolia is a major province of agriculture and animal husbandry in China and the growth of crops and grasslands affects its agriculture and animal husbandry, respectively. Therefore, in this study, the changes of SPEI values are analysed during plant growth period over the years in the study area. The SPEI-6 in August can be used to characterise droughts during the plant growing season. From the overall trend of the SPEI values during the plant growth period in Figure 2b, the drought characteristics of the plant growth period are similar to the annual drought characteristics. Droughts occurred less frequently from 1958 to 1996 and began to occur more frequently since 1997.



To further analyse the drought characteristics in the Inner Mongolia area, the interannual changes of SPEI values in four seasons are analysed (Figure 3). On the whole, the change trends of the SPEI values in spring, summer, and autumn are similar to those of annual and plant growth periods, i.e., mainly humid before 1990s and mainly drought after 1990s. However, the characteristics of trend in winter is contrary to other seasons, showing a phenomenon of drought first, followed by a wet period.




4.2. The Spatial Distribution Characteristics of ADI


The spatial distribution of the drought intensity under different time scales in the entire study area is obtained using the inverse distance weighted interpolation method to interpolate the ADI values at different time scales of each station (Figure 4 and Figure 5).



Figure 4 demonstrates the spatial distribution of ADI values in annual and plant growth periods. As present, the spatial distribution of drought intensity between the annual and plant growth periods is basically the same. The drought intensity is high in the western region and low in the central region, in which the north-central has higher values than the south-central. There are different degrees of drought intensity in the eastern region, with a higher value at the north-west and south-east corners.



Figure 5 represents the spatial distribution of the ADI values in four seasons. As observed, spring and summer are characterised by similar spatial drought intensity distribution to the annual and plant growth periods, with a higher intensity at the western area, compared to the central and eastern regions. The drought intensity of the central region is lower than that of the eastern region in spring, while, similar in both regions in summer. The spatial distribution of the drought intensity in autumn and winter differs greatly from the annual and plant growth periods. The drought intensity in autumn is higher in the east of the eastern region and a small part of the central region, while lower in other regions. The drought intensity in winter is higher at the north-east corner, and the distribution of drought intensity in other areas has no obvious regularity with various degrees of drought intensity.




4.3. The Variation Characteristics of Drought Area over the Years


Figure 6a represents the changes in the percentage of drought area to the entire study area. According to the change in the five-year moving average of the proportion of drought area, in general the drought area shows rise and fall fluctuation but upward trend, reaching its maximum in 2000s, and tends to decrease after 2010. The drought area has significantly changed since 1997. In 1996, the proportion of drought area is a relatively small value of 8.42%, while, the subsequent 1997 is a mild drought year, in which the drought area has rapidly expanded, reaching up to 62.19%. After that, the drought appears to fluctuate up and down, however, the drought area has significantly increased, compared to years before 1997. Before 1997, there are only few years with drought areas exceeding 50% and the frequency of large-scale drought events increases significantly after 1997. During these 23 years, 14 years present the drought areas exceeding 50%, while, for the 8 years, the drought area exceeded 70%. The drought area reaches to its maximum (i.e., 94.28%) in 2000.



From the perspective of drought types, from 1958 to 1996, the study area is characterised by mainly mild drought and the frequency of severe drought and extreme drought is extremely small. Between 1997 and 2019, while the drought area is greatly expanded, the type of drought is no longer dominated by the mild drought, moreover, the frequency of moderate drought, severe drought and extreme drought have increased. On the whole, the change characteristics of the drought area are consistent with that of the drought situation, analysed above, both of which take the 1990s as the change point and after the 1990s the drought situation suddenly became severe. Indeed, on the one hand, the drought area began to expand rapidly. On the other hand, the degree of drought has intensified, changing from the mild drought to a coexistence of various degrees.



Figure 6b and Figure 7 demonstrate the interannual changes in the proportion of the drought area in the plant growth period and all seasons, in which, the changes of the plant growth period and the annual are basically the same. While, the changes of drought area in each season has its own characteristics with an overall increasing trend in the spring, summer, and autumn, with the expansion of the severe and extreme drought areas. The summer, autumn, and winter seasons show the characteristics of regional droughts for consecutive years, with occurrence of regional droughts every year from 1958 to 2019. In spring, the increase in drought area is relatively uniform, with no obvious catastrophic year. The summer drought area suddenly increased in 1999. The drought area during the period between 1999 and 2019 has significantly increased, compared to the previous period, meanwhile, the drought area has declined since 2010. The drought area in the autumn shows an overall increasing trend from 1958 to the 2000s, except the unusually considerable increase in 1962, 1965, and 1966, as well as a downward trend after 2010, which is the same as that in summer. The overall drought area in the winter shows a slight downward trend. However, the drought area in 1995 and 2011 shows unusually great increase, both exceeding 80%. The drought types are mainly dominated by the mild and moderate drought.




4.4. Intra-Annual Variation Characteristics of Drought


In this study, the intra-annual distribution of drought in Inner Mongolia is analysed using the SPEI values on a 1-month scale (Figure 8). As presented, the frequency of droughts is low before 2000, including mainly the mild droughts. Among the 504 months from 1958 to 1999, only six months show the moderate droughts and one month has a severe drought, with no extreme drought. Since 2000, the drought frequency has increased, with more concentration in March–October. The drought types are mainly dominated by the mild drought and the moderate drought, and only one month has experienced severe drought, with no occurrence of the extreme drought. According to the frequency of drought in each month, the frequency of drought in April shows the highest value of 27.4%, while, the drought in January is recorded at its lowest value of 9.7%. According to the drought types, July is the month with the highest frequency of mild drought at 19.4%, April is the month with the highest frequency of moderate drought at 9.7%, while, June and November are the months with the highest frequency of severe drought at 1.6%. The three months of winter (i.e., December–February) are characterised by occurrence of only mild droughts. According to the pattern of drought occurrence in different months, corresponding drought resistance measures should be formulated. For instance, drought-relief workers should be prepared to prevent mild drought impacts in winter, such as applying for a small amount of transferring water.




4.5. M-K Test


Based on the previous analysis of the changes in the SPEI values over the years, the SPEI values have significantly changed since the 1990s, hence, the M-K test is used to perform mutation tests on the SPEI values (Figure 9). As observed, the SPEI values begin to have a clear downward trend in 2004 (under the significance level of 0.01). The intersection point of UF and UB is located near 1993, within the critical line of the significance level of 0.01, so the SPEI value mutation has occurred around 1993.



Precipitation and temperature are considered as the two main factors affecting the SPEI value. SPEI characterizes drought by calculating the degree to which the difference between precipitation and PET deviates from the average state. Therefore, the effect of precipitation and PET on SPEI is obvious. In this study, the Thornthwaite method is selected to calculate the PET, in which only monthly mean temperature and latitude of the location are necessary input data. The latitude of the location will not change, so the change of temperature is the main factor determining the change of the PET and then affecting the SPEI. To further understand the cause of SPEI value mutation, the M-K test is performed on precipitation and temperature. Figure 10 demonstrates the M-K test results of annual average precipitation and annual average temperature of Inner Mongolia. As shown in the figure, no significant change is observed in the precipitation of the Inner Mongolia region, while, the temperature shows a very significant increase in 1993 (under a significance level of 0.01), with the mutation occurrence of near 1991, which is close to the mutation time of the SPEI value. Therefore, it is speculated that the rapid increase in temperature has caused the rapid decline in the SPEI value.




4.6. Effects of Climate Warming on Drought Frequency, Duration, and Spatial Distribution


According to analysis in the Section 4.5, the climate conditions in the Inner Mongolia region show an abrupt change in 1993, leading to aggravation of drought. In order to analyse the change of drought situation before and after the sudden change of climate conditions, the drought occurrence frequency and the longest drought duration are calculated before and after the mutation (Table 2). As shown in the table, the occurrence frequency of drought from 1993 to 2019 is 48.15%, which is 16.85 times that of 2.86% before the abrupt climate change. The occurrence frequency of mild drought is 7.78 times of that before, with occurrence of only mild drought before the climate mutation. The frequency of moderate drought after the mutation is 25.93%, with no severe or extreme drought occurrence before and after the mutation. From the analysis of drought duration, the longest drought duration is seven months before the mutation and 48 months after the mutation, respectively. Furthermore, only the mild drought occurs before the mutation, while, the moderate drought and the severe drought begin to occur after the mutation. After the mutation, the longest durations of the mild drought and the moderate drought are both 13 months, while the longest duration of the severe drought is one month.



In order to further analyse the spatial change of drought in Inner Mongolia before and after the abrupt change of climate conditions, the change trend of the SPEI value at each station is calculated in time intervals, and the inverse distance weighted interpolation method is used to obtain the change trend in the entire study area (Figure 11). Due to occurrence of the abrupt climate change in 1993, the time period is divided into 1958–1992 and 1993–2019. It should be noted that the time period is divided according to the change point of sudden climate change and the figure represents the spatial variation of the SPEI in the two periods, not the spatial drought severity. As shown in Figure 11, before the abrupt change of climate, the eastern regions mostly show a humid trend, while most of the western and central regions show a weak drought trend. However, after the abrupt change of climate, the western regions show a very strong drought trend. Meanwhile, a small part of the central regions show a strong drought trend, the southwest of the central region experiences a weaker humid trend, and the other central regions show a weak drought trend. The humid area in the eastern region still occupies a large area, a few areas indicate a strong drought trend, while, the drought trend is weak at the remaining areas.




4.7. The Spatial Variation Characteristics of Drought Intensity and Frequency


In order to further analyse the spatial distribution of drought in the study area, the inverse distance weighted interpolation method is used to interpolate the ADI and drought occurrence frequency of each station in order to obtain the distribution of drought intensity and occurrence frequency of the entire study area and to compare the spatial distribution of the ADI and the frequency of droughts at different degrees in 1958–1992 and 1993–2019 (Figure 12 and Figure 13).



As shown in Figure 12, from 1958 to 1992, the small areas of south-west and south-east show a strong drought intensity (ADI), compared to the weak ADI in the other regions. While from 1993 to 2019, the drought intensity in the north-west of east, north-west, north-central, and east central regions is strong and in other regions experience a weak ADI. Comparing the two figures, the region with stronger drought intensity has shifted from the south-east to the north-west, after the abrupt climate change.



The spatial distribution of drought occurrence frequency before and after the abrupt change in climate is consistent with that of the drought intensity, and the drought-prone area has shifted from the south-east to the north-west (Figure 13a). The frequency of drought in the south-east before the abrupt climate change is higher, with a maximum of 33.49%. After the abrupt change of climate, the drought frequency in the north-west is higher, with a maximum of 70.68%. Although the drought frequency of the whole region has increased after the abrupt climate change, the drought centrality has indeed shifted after the mutation, compared to the spatial distribution of the drought, before the mutation.



The spatial distribution of different types of drought are analysed in Figure 13b–e. From 1958 to 1992, the frequency of various types of droughts is low, with more concentration in the south-east, which is consistent with the spatial distribution of total drought. Furthermore, the frequency of mild drought is the highest, mainly occurring in the adjacent areas of the west and central regions. The frequencies of the moderate and the severe droughts are lower than that of the mild droughts, mainly covering the south-central regions. The frequency of the extreme drought is the lowest, only occurring in the small areas of the central and north-eastern regions with the highest value of 3.91%. From 1993 to 2019, the frequency of all types of droughts has significantly increased, showing a clear trend of shifting from the south-east to the north-west in areas with the moderate and severe droughts. The highest frequency of mild drought occurred in the eastern region, with a maximum of 29.32%, while the moderate drought occurred in the north-west corner, with a maximum of 32.41%. Finally, the severe drought occurred in a small area of the north-central regions and the north-west corner, with a maximum of 18.21%. The distribution of extreme droughts is relatively scattered and the frequency of occurrence is relatively low, reaching a maximum of 8.64%.





5. Conclusions


In this study, the drought situation of Inner Mongolia is studied in detail to analyse the annual change trend, intensity distribution, area range, and intra-year distribution of droughts. Furthermore, the change point of drought mutation and the reasons behind it are explored, and the drought conditions before and after mutation are analysed. It should be noted that the effect of continuous drought is considered in the study of drought intensity. As for the intensity of drought, the future research focus is to find the criteria that can quantify the cumulative effect of continuous drought. The main findings of our study are as follows:




	(a)

	
The drought in 1958–2019 shows an overall intensifying trend, with occurrence of a mutation around 1993. Since 1993, the drought situation has rapidly become severe. The changes of droughts in annual, plant growth period, spring, summer, and autumn are all humid at first, followed by a dry situation. However, the trend of drought in winter is opposite to that in other seasons, which is first dry and then humid.




	(b)

	
In general, the drought intensity in the west, north central, and western part of the east regions is relatively strong, while, mostly weak in other regions. The strong drought intensity is located in the western region during spring, in the western and the west-central region in summer, at the eastern border and the small area in the south of the central region during autumn, and in the north-east corner in winter.




	(c)

	
The drought coverage area has increased from 1958 to 2019, showing also an increased degree of drought. From 1958 to 1996, the drought is mainly composed of the mild drought, while, from 1997 to 2019, the drought type is no longer dominated by the mild drought, as the frequency of other types of drought has increased. The changes in the drought area in spring, summer, autumn, and plant growth period are consistent with that of the annual drought, showing an increasing trend, while a slight decreasing trend is observed in winter.




	(d)

	
The intra-annual distribution of droughts in Inner Mongolia has significantly changed since 2000. Before that, the frequency of droughts was low, mostly dominated by the mild drought. After 2000, drought has begun to occur more frequently, with more concentration in March–October. Moreover, the drought type is dominated by the mild and moderate droughts. April is the month with the highest drought frequency of 27.4%, while, January is the month with the lowest drought frequency of 9.7%.




	(e)

	
The climate conditions of Inner Mongolia show an abrupt change in the 1990s, with a clear upward trend of temperature, which can be considered as the reason for the increase of drought in the study area. After the abrupt change of the climate conditions, the frequency and the coverage area of drought, and the duration of continuous drought have significantly increased.




	(f)

	
According to the spatial distribution of drought intensity and drought frequency before and after the abrupt climate change, the drought key areas have shifted from the south-east to the north-west, after the abrupt climate change. Among them, this change trend is more obvious in areas with the moderate and severe droughts. Considering the changing trend of the spatial distribution of drought, relevant departments should formulate appropriate response policies, such as developing water-saving agriculture and allocating water resources scientifically, to ensure the normal progress of social and economic development, especially the agricultural and animal husbandry production.
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Figure 1. The elevation and distribution of meteorological stations in Inner Mongolia. 
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Figure 2. The (a) changes of annual standardised precipitation evapotranspiration index (SPEI) values and (b) plant growth period SPEI values, over the years. 
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Figure 3. The changes of SPEI values in (a) spring, (b) summer, (c) autumn, and (d) winter, over the years. 
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Figure 4. The spatial distribution of area drought intensity (ADI) values in (a) annual and (b) plant growth period. 
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Figure 5. The spatial distribution of ADI values in (a) spring, (b) summer, (c) autumn, and (d) winter. 
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Figure 6. The changes in the proportion of drought area in (a) annual and (b) plant growth period, over the years. 
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Figure 7. The changes in the proportion of drought area in (a) spring, (b) summer (c) autumn and (d) winter, over the years. 
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Figure 8. Intra-annual distribution and frequency of droughts. 
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Figure 9. The M-K test result of annual SPEI values. 
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Figure 10. The M-K test results of (a) annual average precipitation, and (b) annual average temperature. 
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Figure 11. The annual SPEI spatial changes in (a) 1958–1992 and (b) 1993–2019. 






Figure 11. The annual SPEI spatial changes in (a) 1958–1992 and (b) 1993–2019.



[image: Water 12 01715 g011]







[image: Water 12 01715 g012 550] 





Figure 12. The spatial distribution of ADI values in (a) 1958–1992 and (b) 1993–2019. 
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Figure 13. The spatial distribution of (a) drought, (b) mild drought, (c) moderate drought, (d) severe drought, and (e) extreme drought, in 1958–1992 (left-hand side), and 1993–2019 (right-hand side). 
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Table 1. Classifications of drought magnitude based on SPEI value.
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	No Drought
	Mild Drought
	Moderate Drought
	Severe Drought
	Extreme Drought





	−0.5 < SPEI
	−1 < SPEI ≤ −0.5
	−1.5 < SPEI ≤ −1
	−2 < SPEI ≤ −1.5
	SPEI ≤ −2
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Table 2. Comparison of drought frequency and longest drought duration between 1958–1992 and 1993–2019.
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Item

	
Degrees

	
1958–1992

	
1993–2019






	
Probability (%)

	
Drought

	
2.86

	
48.15




	
Mild

	
2.86

	
22.22




	
Moderate

	
0

	
25.93




	
Severe

	
0

	
0




	
Extreme

	
0

	
0




	
Longest duration (number of months)

	
Drought

	
7

	
48




	
Mild

	
7

	
13




	
Moderate

	
0

	
13




	
Severe

	
0

	
1




	
Extreme

	
0

	
0
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