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Abstract

:

The Loess Plateau is located at the transition zone between agriculture and livestock farming; its spatial and temporal pattern of drought is the key for an appropriate adaptation to climate change. This study investigated monthly meteorological observation data of 79 meteorological stations from 1955 to 2014 to calculate the standardized precipitation evapotranspiration index at different time scales. The spatial and temporal characteristics and persistence of drought were analyzed. The results showed the following: (i) The drought trend is most apparent in spring (0.096/10a) and lower in summer (0.036/10a) and autumn (0.009/10a). (ii) A higher drought level indicates a lower frequency of droughts occurrence and vice versa. The frequency of light drought was highest (11.36%), while that of extreme drought was lowest (0.12%). (iii) The mean drought intensity was highest in summer, followed by spring, autumn, and winter. The drought intensity was mainly light, showing a pattern of severe drought in the northwest and light drought in the southeast. (iv) The Loess Plateau will continue a trend of drought in the future, but the season of the continuous intensity will differ. Droughts in spring and summer are highly persistent, autumn drought trends continue but may slow, and winter droughts become random events.
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1. Introduction


The Intergovernmental Panel on Climate Change (IPCC) fifth assessment report pointed out that since the 1950s, the trend of global warming has become more apparent. The average increasing rate of the earth’s surface temperature is 0.12 °C/10 a, thus increasing the frequency and degree of meteorological disasters [1]. More than 45% of the world’s land is therefore threatened by drought [2]. The frequent occurrence of meteorological disasters causes severe losses of lives and reduces property security [3]. The study of dry and wet conditions of the earth’s surface has attracted increasing attention from the scientific community. Land aridification is most severe in Eurasia and Africa [4]. The characteristics of drought, such as wide range, high frequency, and long duration, have the most direct impact on agricultural activities and cause enormous losses. In recent years, the drought situation in northern China has increased in severity [5], and it has been predicted to worsen in the coming decades [6,7]. The Loess Plateau region is located in the transition zone between humid and semi-humid and arid and semi-arid regions, and, in China, this is an area where agriculture and livestock farming intersect. It is most significantly affected by climate change and a region with a very fragile ecological environment [8].



Scholars have presented theoretical and empirical studies on drought of the Loess Plateau. With regard to the spatial and temporal pattern of drought and its evolution, Sun et al. [9] studied the drought characteristics of the Shaanxi Loess Plateau over the last 40 years based on the standardized precipitation index (SPI) of 68 meteorological stations. Zhang et al. [10] used the comprehensive meteorological drought index (CI) to analyze the spatial and temporal variation characteristics of drought in the Loess Plateau region of Gansu province over the past 50 years from the perspective of drought rate, drought intensity, and drought frequency. Wang et al. [11] studied the evolution of soil drought using the modified Palmer drought index and extended the empirical orthogonal decomposition function (EEOF) based on 40 years of meteorological observation data from 51 stations on the Loess Plateau. Investigating drought periodicity and mutation year, Zhang et al. [12] used wavelet analysis, sliding t-test, and other methods to detect the occurrence cycle and mutation point of drought and waterlogging in the middle reaches of the Yellow River based on historical and data of 18 representative meteorological stations. Huang et al. [13] used both wavelet analysis and the Mann-Kendall (MK) test to identify and detect the periodicity and mutation of drought. With regard to the seasonal variation characteristics of drought, Xu et al. [14] used the relative humidity index to discuss and analyze the spatial and temporal variability in drought occurrence during the winter wheat growing season in the Huang-Huai-Hai region and their response to climate change. Ma et al. [15] used precipitation and temperature data from 12 meteorological stations on the Loess Plateau in Gansu province, and used the standardized precipitation evapotranspiration index (SPEI) to analyze the drought characteristics during seasons. Yao et al. [16] used a drought index based on relative humidity to study the spatial and temporal changes and the evolutionary characteristics of spring drought in the Loess Plateau from 1961 to 2010, and reported that the change of spring drought intensity presented apparent distribution characteristics of a strong central region and a weak peripheral region. The literature review showed that a number of studies investigated the annual climate change of the Loess Plateau [17,18]. However, most studies focus on analysis of the spatial and temporal characteristics of drought in the Loess Plateau, and only focus locally on the Loess Plateau, ignoring previous studies on multi-time-scale changes, spatial differentiation, and future trends of regional drought in the Loess Plateau.



The Palmer drought severity index (PDSI) [19], the SPI [20], and the SPEI [21] can be used to measure drought severity. Empirical studies showed that an increase in temperate significantly affects the degree of drought [22]. However, SPI only considers the precipitation factor, and as such ignores the influence of water balance and temperature, and, hence, fails to reflect the influence of temperature on the changing drought trend [23]. SPEI combines the advantages of PDSI and SPI, and is extremely sensitive to temperature, which exerts a large impact on drought, and can more objectively express the surface dry-wet change based on the difference between precipitation and evapotranspiration. Therefore, it is suitable for the study of drought characteristics in the context of the warming of the Loess Plateau [24,25]. Consequently, this study selected the SPEI as the index to measure the drought in the Loess Plateau, analyzed the spatial and temporal pattern of drought over the last 60 years from multiple time scales, and predicts the future drought development trend based on Hurst index. Analyzing the spatial and temporal changes of the frequency and intensity of drought is of great scientific significance not only to understand the regional response to global climate change, but also for a scientific assessment of the water situation in the Loess Plateau region, as well as for regional agricultural production, drought monitoring, and drought prevention.




2. Materials and Methods


2.1. Overview of the Study Area and Data Sources


The Loess Plateau is located in the hinterland of China, in the middle and upper reaches of the Yellow River and the Haihe river, covering seven provinces of China. The terrain is high in the northwest and low in the southeast, with a total area of about 6.44 × 105 km2 [26] (Figure 1). The climate type is defined as continental monsoon, with an annual average temperature of 10–12 °C, and an annual total precipitation of 150–900 mm. The ecological environment of the Loess Plateau is extremely fragile due to the dual effects of natural factors and human activities. The monthly precipitation and temperature data of a total of 79 meteorological stations (Figure 1b) on the Loess Plateau and its surrounding areas were obtained from the monthly dataset of China’s surface climatic data, provided by the national meteorological information center (http://data.cma.cn/). The time series ranged from 1955 to 2014, covering a total of 60 years. The SPEI values of each meteorological station were calculated and the drought frequency and intensity of nearly 60 years in the Loess Plateau were calculated.




2.2. Methods


(1) Standardized Precipitation Evapotranspiration Index



SPEI is an index that combines precipitation, evaporation, and transpiration and enables a reasonable estimate of drought on multiple time scales. The calculation principle of SPEI characterizes the degree of drought in a region in which the difference between precipitation and evapotranspiration deviates from the average. The calculation formula is as follows [21]:


PET=16K(10TI)m



(1)




where K represents the modified coefficient calculated according to latitude, T represents the monthly average temperature, I represent the annual total heating index, and m represents the coefficient determined by I.



The difference between monthly precipitation and potential evapotranspiration is:


Di=Pi−PETi



(2)




where Pi represents the monthly precipitation and PETi represents the monthly potential evapotranspiration.



The three-parameter log-logistic distribution fitting formula of Di is as follows:


f(x)=βα(x−γα)β−1[1+(x−γα)β]−2



(3)






F(x)=∫0xf(t)dt=[1+(αx−γ)β]−1



(4)




where α is the scale parameter, β is the shape parameter, γ is the origin parameter, f(x) represents the probability density function, and f(x) represents the probability distribution function.



SPEI’s normalized normal processing:


SPEI=W−C0+C1+C2W21+d1w+d2w2+d3w3



(5)






W=−2ln(P)



(6)







Here, when p ≤ 0.5, p = F(x); when p > 0.5, p = 1−F(x); the other parameters are C0 = 2.515517, C1 = 0.802853, C2 = 0.010328, d1 =1.432788, d2 = 0.189269, and d3 = 0.001308.



(2) Drought frequency



Drought frequency (Pi) represents the degree of drought frequency during a certain period of time at a meteorological station. The calculation formula is as follows:


Pi=nN×100%



(7)




where N represents the number of years with meteorological data at a station; n represents the total number of years in which drought occurred in this station.



(3) Drought severity



The formula to calculate drought severity is as follows:


Sij=1m∑i=1m|SPEIi|



(8)




where m represents the number of stations in which drought occurs, and SPEIi represents the absolute value of SPEI in which drought occurs. Combined with the actual situation of drought in the research area and relevant literature [27,28] criteria for the classification of drought levels in the Loess Plateau were defined (Table 1).



(4) Drought stations proportion



Drought station proportion uses the proportion of the number of stations with drought occurrence in the region to the total number of stations to evaluate the scope of the drought influence; the calculation formula is as follows:


Pj=mM×100%



(9)




where m represents the number of stations where drought occurs and M represents the number of meteorological stations in the study area. Pj represents the extent of occurrence of drought within a certain region, and indirectly reflects the impact degree of drought.



(5) Mann-Kendall (MK)



The MK test is a commonly used non-parametric trend test method to detect the changing trends in meteorological elements. The curve trend of UF and UB can be used to analyze the variation trend of SPEI, and the time of mutation and the range of significant changes can be defined. The formulas are as follows:


Z={S−1s(S)S>00S=0S+1s(S)S<0}



(10)






Z={S−1s(S)S>00S=0S+1s(S)S<0}



(11)






Z={S−1s(S)S>00S=0S+1s(S)S<0}



(12)






s=n(n−1)(2n+5)18



(13)




where SPEIi and SPEIj represent the SPEI of meteorological stations in the ith and jth years, n represents the length of the time series, and sgn is a symbolic function. Under the given significance level (p < 0.05/0.01), there is a significant change when |Z| ≥ 1.69/2.575.



(6) Hurst index



Hurst analysis was introduced by the British hydrologist Hurst [29], and has since been widely used to investigate the duration or anti-duration intensity of the change trend of time series of meteorological elements [30]. The calculation steps are as follows, for the time series of SPEIi, i = 1,2,3,4,5,…,n:


SPEI¯(τ)=1τ∑t=1τSPEI(τ) τ=1,2,3,…,n



(14)






X(t, τ)=∑t=1t(SPEI(t)−SPEI¯(τ)) 1≤t≤τ



(15)






R(τ)=max1≤t≤τX(t,τ)−min1≤t≤τX(t,τ) τ=1,2,3,…,n



(16)






S(τ)=[1τ∑t=1τ(SPEI(t)−SPEIτ)2]12 τ=1,2,3,…,n



(17)






R(τ)S(τ)=(cτ)H



(18)




Iuy87ywhere H is the Hurst index, and the logarithm of both sides of formula (18) is the empirical formula of Hurst. Based on the time series of SPEI and using the Hurst empirical formula to obtain a cluster of H values for least square fitting, the obtained slope of the line is the corrected Hurst index (H). The Hurst index H (0 < H < 1), 0.5 < H < 1, indicates that the future change of time series will be consistent with the changing trend in the past, and the closer the H value is to 1, the stronger the continuity will be. H = 0.5, this time series is a random event, and the changes before and after the time series of climate elements are independent. 0 < H < 0.5 indicates that future changes of the time series will show an opposite trend from the past, and the closer the H value is to 0, the stronger this anti-continuity will be.





3. Results


3.1. SPEI Multi-Time-Scale Feature Analysis


3.1.1. SPEI Seasonal Variation


Due to the influence of the monsoon, the water and heat conditions of the Loess Plateau vary greatly during seasons; therefore, the analysis of the seasonal variation of SPEI can provide a more objective and in-depth understanding of the climate change in this region. SPEI below −0.5 indicates a year in which drought occurred (Table 1). According to the seasonal variation of SPEI on the Loess Plateau from 1955 to 2014 (Figure 2), the years with drought in spring were 1955, 1997, 1998, 1999, 2003, 2004, 2006, and 2012. In 1997, the smallest SPEI was detected, indicating that the drought was the most severe in that year, which was consistent with the continuous severe drought in the Yellow River basin in 1997, and the longest and highest times of flow interruption in the main flood season recorded in the Lijin station in the lower Yellow River [31]. The years with drought in summer were 1962 and 1995. The only year of autumn drought was 1996. The years of winter drought were 1992 and 1999. In general, the Loess Plateau shows a large fluctuation range in spring and winter, and remains relatively stable in summer and autumn; in spring, the trend was the most obvious, with a tendency rate of 0.096 10 a−1 (p < 0.01); in summer and autumn, the trend was lower, with tendencies of 0.036 10 a−1 and 0.009 10 a−1, respectively, but neither passed the significance test.




3.1.2. SPEI Monthly and Annual Variability Characteristics


According to the time series changes of the monthly SPEI scale (Figure 3a), the SPEI values is characterized by a general downward trend of −0.004 10 a−1 (p < 0.01), indicating that the drought on the Loess Plateau gradually increased from 1955 to 2014. Since 1997, the amplitude of the monthly SPEI fluctuations increased significantly, indicating that the moisture conditions fluctuated violently. The annual SPEI also exhibited an overall decreasing trend, with a trend rate higher than the monthly SPEI, reaching −0.137/10 a (p < 0.01). The fluctuation frequency of SPEI in a monthly time-scale was higher than the annual scale (Figure 3b), indicating that regional precipitation and temperature changes had significantly different effects on SPEI at different time scales. A larger time scale indicated a weaker impact of precipitation and temperature, while a shorter time scale indicated a stronger influence. The time series variation of the annual SPEI shows that the longtime sequence drought occurred from 1996 to 2014, which was a period of frequent droughts. According to the drought grading criteria (Table 1), light droughts occurred in 1966, 1998–2002, 2005–2007, and 2009 (SPEI < −0.5). The only year where moderate drought occurred (−1.5 < SPEI ≤ −1) was 1955, with the smallest SPEI value (the SPEI value generally maintained a downward trend −1.4), indicating the most severe drought. Figure 2c shows that the years with Pj ≥ 70% in the Loess Plateau during the recent 60 years were 1955, 1999, and 2000, respectively. Pj ≥ 50% indicates that more than half of the meteorological stations in the study area have regional drought [32], and the corresponding years were 1955, 1965, 1986, 1998, 1999, 2000, 2001, 2002, 2005, 2006, 2007, and 2010, which are 12 years in total. The average drought station proportion was 24.4%, and there were 17 years with a drought station proportion above 40%. The drought station proportion showed an obvious increasing trend, with an increasing rate of 0.056 10 a−1 (p < 0.01), indicating that the drought range of the Loess Plateau had a significant trend from 1955 to 2014.




3.1.3. Temporal Mutation Characteristics of Drought


The MK mutation test curve of SPEI changes in the Loess Plateau in spring (Figure 4a) shows that the Loess Plateau followed an obvious trend of drought since the early 1990s. In 2005, the UF curve exceeded the critical line (U0.05 = −1.96), indicating that the spring drought of the Loess Plateau was significantly intensified after 2005. The UF curve interested the UB curve in 1995, indicating that the drought in the early 1990s was a remarkable mutation, specifically beginning in 1995. The MK mutation test curve of SPEI variation in the Loess Plateau in summer (Figure 4b) showed an obvious trend of drought in 1996, and the intersection of UF and UB curves in 2002 and 2004 indicates this trend of drought has intensified significantly. However, the UF curve did not reach significance; therefore, the summer drought trend of the Loess Plateau was not significant. According to the MK mutation test curve of SPEI variation in the autumn of the Loess Plateau (Figure 4c), an obvious trend of drought has been found in autumn since 1975, and the UF curve exceeded the threshold in 1997, indicating a significant drought trend after 1997. At the same time, the UF curve and UB curve intersected in 1984, indicating that this year was a mutation year of autumn drought on the Loess Plateau. This is consistent with the results obtained by Zhao et al. [33] indicating that the temperature of the Loess Plateau increased significantly after 1997. The MK mutation test curve of SPEI variation in the Loess Plateau in winter (Figure 4d) shows that the UF and UB curves intersected many times, and the UF curve did not exceed the threshold, indicating that the dry and wet condition of the Loess Plateau fluctuated in winter. The MK mutation test curve of the annual SPEI variation in the Loess Plateau (Figure 4e) shows that the UF curve in the early 1990s followed a significant trend of drought, which is closely related to a significant increase of temperature in the early 1990s in the Loess Plateau. This indicates that drought is significantly affected by temperature. The UF curve exceeded the critical line in 2009, indicating that the Loess Plateau was significantly arid after 2009. The UF and UB curves intersected in 2000 and 2004, indicating a mutation change in the drought trend.





3.2. Analysis of Spatial Characteristics of Drought


3.2.1. Spatial Distribution of Drought Frequency


This enabled the effective identification of the spatial pattern of the frequency of drought in the Loess Plateau (Figure 5). Figure 5a–d shows that the areas with the highest drought frequency in spring are mainly distributed in Inner Mongolia, Shaanxi, and Shanxi provinces in the north of the Loess Plateau. Gansu province, Ningxia, and southern Shaanxi, followed by southern Shanxi, southeastern Shaanxi, and Henan province had the lowest drought frequency. The areas with high drought frequency in summer are mainly distributed in the northeast of the Loess Plateau, Inner Mongolia, the border area of Shaanxi and Shanxi provinces, and Henan, Shaanxi, and southern of Shanxi provinces. In autumn, arid regions are mainly distributed in Gansu province in the west of the Loess Plateau, and the lowest drought frequency was found for Henan province. In winter, the drought-prone areas are concentrated in the southwest margin of the Loess Plateau, mainly in the Qinling mountains, with the lowest drought frequency in Henan province, the south of Shanxi Province, and the southeast of Shaanxi province. Overall, Table 2 shows that the average drought frequency of the Loess Plateau is highest in spring (16.67%) and summer (14.32%), followed by autumn (14.14%), and winter (13.30%). The drought-prone provinces, mainly Inner Mongolia and Gansu, had a drought frequency of 16.89% and 16.20%, respectively, while Henan province had the lowest frequency of 5.6%.



Figure 5a–d shows that the western regions of Ningxia (12.15%), Shaanxi (12.05%), and Inner Mongolia (11.90%) have a higher frequency of light drought, while the eastern regions of Inner Mongolia (7.51%) and Gansu (7.43%) have a higher frequency of moderate drought. Most regions of Shanxi and Henan have a lower frequency of moderate drought. The areas with high probability for severe drought are mainly the north of Shaanxi, the southwest of Inner Mongolia, and the west of Ningxia. The frequency of extreme drought is extremely low in most areas of the Loess Plateau, with a 1–2% probability of extreme drought in Gansu province. In general, the frequency of drought in the northwest region of the Loess Plateau is higher than that in the southeast region, and high drought levels are concentrated in the western region, while the low drought levels are widely distributed throughout the entire Loess Plateau. A higher drought level indicates a lower frequency of occurrence, and a lower drought level indicates a higher frequency of occurrence. The frequency of light drought was highest (11.36%) and that of extreme drought was lowest (0.12%).




3.2.2. Spatial Distribution of Drought Intensity Levels


The spatial pattern of drought intensity in each season in the Loess Plateau was calculated based on the SPEI value (Figure 6a–d). Table 3 shows the statistical results of drought intensity for each province. The regions with higher drought intensity in spring were mainly distributed in Inner Mongolia, Ningxia, western and northern Shaanxi, and eastern Gansu. Of these, Ningxia, Inner Mongolia, and Shaanxi had higher drought intensities with averages of 0.89, 0.85, and 0.83 respectively. Henan province had the lowest drought intensity of 0.38. In summer, the drought intensity of the Loess Plateau is high and its affected range is large. Except for Henan province and a small part of Shanxi Province on the southeastern edge of the Loess Plateau, the drought intensities are relatively low. Inner Mongolia, Gansu, and Ningxia have the most severe droughts, with drought intensities of 0.93, 0.92, and 0.92, respectively. The intensity of drought decreased in autumn, mainly distributed in Ningxia, northern Shaanxi, central Inner Mongolia, and eastern Gansu. Gansu and Ningxia had the highest drought intensities (0.84 and 0.85, respectively), while Henan province and the eastern part of Shanxi Province had the lowest drought intensities (0.36 and 0.68, respectively). In winter, the drought intensity of the Loess Plateau is higher in the south, but lower in the middle and east. This may be due to the higher temperature in the southern Loess Plateau in winter, which accelerates the evaporation of water in the region and exacerbates drought. In general, the mean value of drought intensity in seasons was highest in summer (0.80), followed by spring (0.75), and autumn (0.72), and it was lowest in winter (0.62). The drought was most severe in Gansu (0.84) and Ningxia (0.83). The drought intensity in the northwest was higher than that in the southeast, and gradually decreased from northwest to southeast. The area with low drought intensity gradually increased from spring to winter.



Figure 6e–h shows the spatial pattern of different drought levels (light drought, moderate dryness, severe drought, and extreme drought) in the Loess Plateau. The regions characterized by the highest drought intensity under light drought level were concentrated in Inner Mongolia, Ningxia, western Gansu, Shaanxi, and northern Shanxi. The drought in Shaanxi and Inner Mongolia was the most severe, with average drought intensities of 0.75 and 0.74, respectively, while Henan had the lowest drought intensity with only 0.44. Compared to the light drought, the areas with high drought intensity under moderate drought level affected a smaller area, which was concentrated in Inner Mongolia, northern Shaanxi, northern Shanxi, and eastern Gansu. The area with the lowest drought intensity expanded from Henan province to the southeast of Shaanxi province. Under the severe drought level, the high value of drought intensity was distributed in Inner Mongolia, Ningxia, and northern Shaanxi. The areas with low drought intensity continued to expand westward, covering most of Shaanxi and eastern Gansu. The regions with high drought intensities under the extreme drought level were found in a small part of the eastern parts of Gansu and Qinghai. Regions with low drought intensity extended to most areas of the Loess Plateau, indicating that the probability of extreme drought on the Loess Plateau was extremely low and spatially concentrated in the interior of the Loess Plateau where extremely poor hydrothermal conditions are prevalent. In general, over the past 60 years, drought on the Loess Plateau has been dominated by light drought, with a spatial drought distribution similar to that of seasons. The provinces suffering the most severe droughts were Gansu province (0.92) and Ningxia province (0.89). The drought intensity shows a pattern of severe drought in the northwest and light drought in the southeast. With increasing drought intensity, the low value of drought intensity gradually expanded from the southeast to the northwest and covered most of the study area.





3.3. Persistence of Drought


According to the variation of SPEI in the Loess Plateau over the past 60 years, the R/S method was used to analyze the future variation trend of drought, and the obtained results are shown in Figure 7. The drought trend of the Loess Plateau in the future showed clear seasonal differences, indicating that the trend of the drought in each season was different. The Hurst indexes of SPEI in spring and summer were 0.82 and 0.80, respectively, both far exceeding 0.5. This shows a strong continuity, indicating that the existing warming trend (i.e., persistent drought) will continue. In autumn, the Hurst index of SPEI was 0.6, indicating a weak Hurst phenomenon and further indicating that the trend of drought in this region will continue in the future as a whole, while the extent of drought may be reduced in the future. In winter, the Hurst value will be 0.5, indicating that drought will be a random event in the future, and the time series of climate elements are not correlated. Overall, the Hurst index of interannual SPEI in the Loess Plateau is 0.82, indicating that the trend of drought may keep persistence in the future, but the intensity of persistence will differ in each season, and the trend during spring and summer probably will be more apparent, while the phenomenon of winter drought will be random.





4. Discussion


The drought in the early 1990s was a mutation phenomenon, specifically beginning in 1995. This result directly reflects that the abrupt change of temperature on the Loess Plateau has significantly increased since 1990 [26] and the abrupt change of precipitation in the mid-1980s or early 1990s has significantly decreased [34]. The mean drought frequency of the Loess Plateau was highest in spring (16.67%) and summer (14.32%), followed by autumn (14.14%), and winter (13.30%). The drought intensity was highest in summer (0.80), followed by spring (0.75), autumn (0.72), and winter (0.62). The results of the ranking of drought intensity in seasons that showed the highest frequency of spring drought on the Loess Plateau were consistent with the conclusions of relevant studies [35,36]. According to the research on drought frequency of the Yellow River basin [24], the seasonal ranking of drought intensity was consistent; however, the ranking of drought frequency is summer > spring > autumn > winter partially differs from the conclusion of this study. On the one hand, this could be ascribed to the different number and location of selected meteorological stations; on the other hand, these results are inconsistent with the research period and scope. The study found that the drought station proportion on the Loess Plateau showed a clear increasing trend, with an increasing rate of 0.056 10 a−1, indicating that the drought scope was continuously expanding. The Hurst index of interannual SPEI was 0.82, indicating that the drought trend of the Loess Plateau will be highly persistent in the future, which was consistent with the conclusion that the drought in the Yellow River basin was aggravated by the analysis of the spatial and temporal variation characteristics of drought with regard to drought scope, frequency, and trend [37,38]. In China, an average of 6.67–26.67 million hm2 of farmland is affected by drought every year (up to 40 million hm2) and the annual output of grain will be reduced significantly to 30 million t [39]. Therefore, future research needs to focus on the spatial pattern of drought during the crop growing season and its response to climate change, and explore the occurrence and evolution of agricultural drought under climate change and its impact on the net primary productivity of farmland, to provide a drought-resistant basis for agricultural production in the Loess Plateau from the perspective of meteorological drought.




5. Conclusions


This study used SPEI as the drought index, and quantitatively analyzed the spatial and temporal pattern of drought. Furthermore, its future trend was predicted from the aspects of inter-annual variation, seasonal variation, frequency, and intensity of drought. The following conclusions were obtained:

	(1)

	
For the annual time scale of drought in the Loess Plateau, drought occurred in a long-term sequence from 1996 to 2014, which was a period of frequent drought. At seasonal scale, SPEI fluctuates widely in spring and winter, and remains relatively stable in summer and autumn. In spring, the tendency was most obvious (0.096/10 a). In summer and autumn, the tendency was lower, 0.036 10/a and 0.009/10 a, respectively; in winter, the trend was not obvious. On a monthly scale, SPEI maintained a decline rate of −0.004/10 a.




	(2)

	
The average drought frequency of the Loess Plateau was highest in spring and summer, followed by autumn and lowest in winter. Drought events in Inner Mongolia and Gansu, had a drought frequency of 16.89% and 16.20% respectively, while Henan province had the lowest frequency of 5.6%. At each drought level, a higher drought level indicated a lower frequency of occurrence, and a lower drought level indicated a higher frequency of occurrence. The frequency of light drought was highest and that of extreme drought was lowest.




	(3)

	
The mean drought intensity was highest in summer, followed by spring and autumn, and was lowest in winter. The seasonal drought intensity was highest in summer, followed by spring and autumn, and lowest in winter. The drought was most severe in Gansu and Ningxia. The drought intensity in the northwest was higher than in the southeast, and gradually decreased from northwest to southeast. Over the past 60 years, the loess plateau has been mainly affected by light drought, and provinces that suffered the most severe drought events were Gansu and Ningxia.




	(4)

	
The interannual Hurst index of SPEI in the Loess Plateau was 0.82, indicating that the future trend of drought will continue, but the duration intensity of each season will differ. The Hurst indexes of SPEI in spring and summer were 0.82 and 0.80, respectively, indicating a strong persistence of drought. SPEI’s Hurst index was 0.6 for autumn, indicating that the trend toward drought continues but the extent decreased. In winter, the obtained Hurst value was 0.5, and winter drought will turn into a random event.
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Figure 1. Distribution of the study area in China (a) and meteorological stations in the Loess Plateau (b). 
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Figure 2. Seasonal variations of SPEI on the Loess Plateau from 1955 to 2014. 
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Figure 3. SPEI at the monthly (a) and annual scales (b) and drought station proportion (c). 
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Figure 4. The Mann-Kendall test of drought in the Loess Plateau ((a) Spring, (b) Summer, (c) Autumn, (d) Winter, (e) Yearly). 
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Figure 5. Drought frequency in different seasons and different drought levels of each meteorological station. 
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Figure 6. Drought intensity in different seasons and different drought levels of each meteorological station. 
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Figure 7. Interannual and seasonal Hurst index in the Loess Plateau from 1955 to 2014. 
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Table 1. The drought level of SPEI in the Loess Plateau.
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	Drought Level
	No Dry
	Light Drought
	Moderate Dryness
	Severe Dryness
	Extremely Dryness





	SPEI
	−0.5 < SPEI
	−1.0 < SPEI ≤ −0.5
	−1.5 < SPEI ≤ −1.0
	−2.0 < SPEI ≤ −1.5
	SPEI ≤ −2.0










[image: Table]





Table 2. Drought frequency of different seasons and different drought levels.
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	Province
	Area (104 km)
	Spring (%)
	Summer (%)
	Autumn (%)
	Winter (%)
	Mean (%)
	Light Drought (%)
	Moderate Dryness (%)
	Severe Dryness (%)
	Extreme Dryness (%)
	Mean (%)





	Gansu
	10.92
	16.23
	15.28
	17.11
	16.19
	16.20
	11.63
	7.43
	1.62
	0.51
	5.30



	Shanxi
	0.01
	16.22
	14.88
	14.40
	12.75
	14.56
	11.47
	5.58
	1.30
	0
	4.59



	Henan
	1.81
	18.30
	7.03
	5.71
	5.60
	9.16
	9.06
	3.36
	0.36
	0
	3.20



	Nei Mongol
	15.53
	18.88
	17.83
	15.53
	15.31
	16.89
	11.90
	7.51
	2.23
	0
	5.41



	Ningxia
	5.25
	17.05
	14.40
	16.76
	14.62
	15.71
	12.15
	6.51
	2.75
	0.12
	5.38



	Qinghai
	3.38
	12.62
	15.92
	15.10
	14.77
	14.60
	11.27
	4.03
	2.33
	0.22
	4.46



	Shaanxi
	13.05
	17.37
	14.88
	14.40
	13.87
	15.13
	12.05
	6.49
	1.30
	0
	4.96



	Mean
	
	16.67
	14.32
	14.14
	13.30
	
	11.36
	5.84
	1.70
	0.12
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Table 3. Drought intensity of different seasons and different drought levels.
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	Province
	Area (104 km)
	Spring
	Summer
	Autumn
	Winter
	Mean
	Light Drought
	Moderate Dryness
	Severe Dryness
	Extreme Dryness
	Mean





	Gansu
	10.92
	0.82
	0.92
	0.85
	0.75
	0.84
	0.73
	1.21
	1.10
	0.64
	0.92



	Shanxi
	15.94
	0.73
	0.79
	0.68
	0.49
	0.67
	0.65
	1.12
	0.93
	0.00
	0.68



	Henan
	1.81
	0.38
	0.38
	0.36
	0.33
	0.36
	0.44
	0.72
	0.19
	0.00
	0.34



	Nei Mongol
	15.53
	0.85
	0.93
	0.75
	0.74
	0.82
	0.75
	1.22
	1.37
	0.00
	0.84



	Ningxia
	5.25
	0.89
	0.92
	0.84
	0.65
	0.83
	0.73
	1.21
	1.46
	0.14
	0.89



	Qinghai
	3.38
	0.73
	0.77
	0.74
	0.71
	0.74
	0.62
	0.67
	0.59
	0.63
	0.63



	Shaanxi
	13.05
	0.83
	0.87
	0.82
	0.69
	0.80
	0.70
	1.17
	1.05
	0.00
	0.73



	Mean
	
	0.75
	0.80
	0.72
	0.62
	
	0.66
	1.05
	0.96
	0.20
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