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Abstract

:

Drought, as a widespread natural calamity, leads to the most severe agricultural losses among all such disasters. Alterations in the yield of major global agricultural products are pivotal factors influencing food prices, food security, and land use decisions. China’s rapidly expanding demand for sustenance will persist over the forthcoming decades, emphasizing the critical need for an accurate assessment of drought’s impact on food production. Consequently, we conducted a comprehensive evaluation of the drought risk in China and its repercussions on agricultural output. Additionally, we delved into the underlying factors driving changes in yield for three primary grain crops (wheat, corn, and rice), which hold particular relevance for shaping effective strategies to mitigate future drought challenges. The findings divulge that both the number of drought months (DM) and the drought magnitude index (DMI) have displayed an upward trajectory over 60 years with a correlation coefficient of 0.96. The overall severity of meteorological drought has escalated across China, and it is particularly evident in regions such as the southwest and central parts of the Huang-Huai-Hai region, the northwestern middle region, and the Xinjiang region. Conversely, there has been some relief from drought conditions in southern China and the Yangtze River Delta. Shifts in the total grain output (TGO) during this period were compared: it underwent three stages, namely “fluctuating growth” (1961–1999), then a “sharp decline” (2000–2003), followed by “stable growth” (2004–2018). Similarly, changes in the grain planting area (GPA) experienced two stages, “continuous reduction” (1961–2003) succeeded by “stable growth” (2004–2018), while maintaining an upward trend for grain yield per unit area (GY) throughout. Furthermore, it was revealed that the drought grade serves as a significant constraint on continuous expansion within China’s grain output—where the drought damage rate’s influence on the TGO outweighs that from the GY. Our research outcomes play an instrumental role in deepening our comprehension regarding how drought impacts agricultural production within China while furnishing the scientific groundwork to devise efficacious policies addressing these challenges.
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1. Introduction


Climate change has led to a continuous rise in global temperatures [1], causing an acceleration of the hydrological cycle and increasing the probability of extreme drought events [2], even in humid regions, where droughts are now occurring more frequently than ever before [2]. Over the past 20 years, the duration and frequency of droughts worldwide have increased by 29% [3], and increasingly frequent and severe drought events are undermining the achievement of sustainable development goals [4] and having a significant impact on agricultural production [5,6]. Drought events are often associated with complex emergencies involving multiple and compound disasters, such as food shortages. In 2021, there were 15 severe drought events globally, and Asia was one of the most severely affected regions [7]. Drought-induced crop production losses exceed 30 million tons per year, making it one of the most serious meteorological and agricultural disasters threatening China’s food security and social development [8,9]. Therefore, understanding the distribution features of droughts and their relationship with crop production is crucial for drought prediction, drought management, and agricultural production [10].



Different disciplines have different needs, and the definition of drought varies accordingly [11]. The International Centre for Disaster Risk Reduction (CRED) notes that drought is a long-term, gradual natural disaster that is different from short-term, sudden disasters such as floods and hurricanes. Drought usually takes a long time to form and has widespread impacts, including water shortages, declining crop yields, economic losses, and social unrest. Therefore, it is important to plan and prepare for drought in the long term, including establishing effective early warning systems, developing rational water management policies, and promoting water-saving technologies [12]. Drought is typically classified into four types based on the varying degrees of water scarcity [13]. The causes of all drought types are essentially the same; when the available water volume in different components of the hydrological cycle falls below expected levels, this leads to water scarcity [2,14,15,16]. The major impact of meteorological drought is reflected in crop yield reduction and groundwater depletion [11]. The impact of meteorological drought on drought propagation varies across different seasons. During the summer, meteorological drought significantly exacerbates agricultural drought, leading to an increased probability of agricultural drought occurrence as the severity of meteorological drought intensifies, consequently resulting in reduced grain yield [17]. At the same time, it is projected that global food demand will increase by 30% to 62% above the level of 2010 by 2050 [18]; therefore, in addition to improving crop varieties, the most effective and long-lasting approach is to reduce the limitation of water scarcity on crop yields through irrigation and other means [19]. In warm regions, a temperature rise will intensify the drought pressure, shorten the growing period, increase the variability of crop yields, and increase the risk of crop failure [20,21]. In cold regions, however, climate warming may extend the growing period and increase crop yields [22]. Against the backdrop of climate change, the profound effects of extreme weather and climate variability on agricultural production cannot be overstated [23]. The occurrence of meteorological drought as the initial stage in the development of other types of drought underscores its critical importance in research, contributing to addressing disaster prevention and mitigation, as well as ensuring food production in agriculture, rural areas, and for farmers [24].



Meteorological drought is a physical process that describes the water deficit at the land surface and atmospheric interface [25]. It is difficult to prevent and control the occurrence and development of such droughts, but measures for mitigation can be implemented to alleviate or halt the adverse impacts of agricultural and hydrological droughts [16]. Currently, the research on loss and damage is more focused on rapid-onset disaster events, while slower-occurring droughts receive comparatively less attention [26]. Some studies predict meteorological drought by measuring the water content in chlorophyll, using the vegetation health index, etc. [27]. The precision, efficiency, and convenience of drought indices make them a focal point in the research on drought monitoring and early warning systems, leading to extensive studies on both the suitability of existing indices and the development of new ones [28,29,30,31,32]. The modified Palmer drought index is believed to have better performance in meteorological drought monitoring and assessment in China [33,34,35]. Many studies have evaluated the suitability of different types of drought indices in China, and it has been found that the sc-PDSI is the most suitable drought index [36,37]. Some studies have explicitly stated that sc-PDSI is widely used for drought monitoring, and the characteristics of sc-PDSI are more suitable for measuring longer-term drought [34,38,39,40]. The extent of the impact of drought is closely related to the drought intensity grade expressed by the drought index and is also affected by the frequency and duration of drought [41,42]. There have been many studies focusing on the temporal trends and spatial distribution of drought [43,44,45,46], drought disaster prevention and prediction [47,48,49], or on analyzing the impact of drought disasters on the TGO based on crop models or statistical models [50,51,52]. However, there has been a lack of analysis on the changes in the GY and GPA, as well as on the impact of drought on the rate of change in the TGO. Overall, the current research on the spatial and temporal distributions of drought on agricultural production is still not comprehensive. A large number of studies have shown that crop yields are affected by drought [53,54,55], but there is a lack of diversified crop yield indicators, and there is also a lack of analysis on the impact of different levels of drought on the rate of change in the TGO. The rate of change in the TGO reflects the sustainable development of agricultural production. How drought affects the TGO change rate and the change rate of the GY, how the TGO responds to different levels of drought, and whether the disaster rate has the same impact on the TGO and the GY need to be further strengthened.



The primary aims of this study are to (1) analyze the temporal and spatial trends in the DM and DMI to assess the evolving pattern of drought in China from 1961 to 2018; (2) elucidate the spatial distribution characteristics and temporal structural changes in the TGO and GY across all 31 provinces, municipalities, and autonomous regions in China from 1961 to 2018; (3) examine the distribution features of drought and its correlation with the rate of change in the TGO as well as the rate of change in the GY, while evaluating the impact of crop damage rate on the TGO and GY; and (4) to investigate the temporal and spatial changes in corn, rice, and wheat planting areas and their impact factors on yield. The research results are expected to deepen our understanding of the evolution of drought in China and its impact on agricultural production, thereby providing a scientific basis for weather disaster early warnings and targeted disaster prevention and reduction measures.




2. Materials and Methods


2.1. Site Description


The vast expanse of China spans multiple climatic zones, with a high frequency of drought occurrences, and the characteristics of droughts caused by climate change show obvious spatial heterogeneity. According to the “Handbook of Meteorological Geographical Classification” issued by the China Meteorological Administration [56], the land meteorological geographical division of China is divided into 10 regions (Figure 1). The division takes into account the terrain and climate types and reflects China’s different geographical features, relying on the advantage of rain and heat brought by the monsoon occurring at the same time, on the grain production pattern being “rice in the south and wheat in the north”, and on the grain crops transitioning from one crop per year or two crops in three years in the north to two crops per year in the south.




2.2. Database


This paper uses daily climate data from 1961 to 2018 (including temperature and precipitation data) from 1978 meteorological stations in China, which were sourced from http://data.cma.cn (accessed on 1 January 2024).



The food data for the period from 1961 to 2018 uses a spatial scale of provincial units and were sourced from the China Agricultural Statistical Data, which was accessed at http://www.stats.gov.cn (accessed on 1 January 2024).




2.3. Data Analysis Method


	(1)

	
Calculation of the sc-PDSI







The PDSI can be expressed as follows [57]:


    X   i   = 0.897   X   i − 1   + ( 1 / 3 )   Z   i    



(1)







In the equation,     X   i     and     Z   i     represent the PDSI and moisture anomaly index for the i-th month, respectively.



In this paper, we use the self-calibrated PDSI, referred to as sc-PDSI, which can be expressed as:


  sc - PDSI   = X   i   K  



(2)







In this equation, K is calculated using Equations (3) and (4), where K′ is a general approximate value of PDSI for the climate characteristics of a certain location [57].


    K   ′   = 1.5     log   10    ⁡    (     P E  ¯  +   R  ¯  +   R O  ¯      P  ¯  +   L  ¯    + 2.80 ) /   D  ¯      + 0.50  



(3)






  K =   16.84     ∑  1   12        D K   ′    ¯        K   ′    



(4)







In Equation (3),     P E  ¯    represents the average potential evapotranspiration,     R  ¯    represents the average soil moisture supply,     R O  ¯    represents the average soil runoff,     P  ¯    represents the average precipitation,     L  ¯    represents the average soil moisture loss, and     D  ¯    represents the average soil moisture deficit. Equation (4) is used to modify the     K   ′     value [57]. The drought severity levels of the sc-PDSI can be referenced against the drought classification standard established by Wells et al. [39].



	(2)

	
Drought months (DM)







The number of DM is the proportion of months with drought occurring during the study period, expressed as [58]:


  M =   n   N    



(5)







In this formula,   n   represents the number of months with drought (sc-PDSI Z ≤ −1), and   N   represents the total number of months.



	(3)

	
Drought magnitude index (DMI)







The DMI is used to evaluate the severity of drought in the study area. When the drought reaches the cumulative value of 1, which is the sc-PDSI value, the higher the value, the more severe the drought, and the lower the value, the lighter the drought. The calculation formula is as follows [58]:


  MI =   ∑  n = 1   n        Z   i   − S      



(6)







In this formula, Zi represents the sc-PDSI value at the i-th grid point (i = 1, 2, 3, …, k), and S is the drought index threshold, which is set to −1 in this paper.



	(4)

	
Linear trend coefficient







When analyzing the frequency of droughts and changes in grain yields, the linear trend rates are calculated using linear regression equations, which are as follows [34]:


Xi = a + bti, i = 1, 2, 3, …, n



(7)







In this formula, Xi represents a factor, t represents the corresponding time for Xi, and b represents the linear trend.



	(5)

	
Rate of change








   ∆   Y   i   =     Y   i   −   Y   i − 1       Y   i − 1     × 100 %   



(8)





In the formula,   ∆   Y   i     represents the rate of increase or decrease in the TGO or GY; i represents a specific year, and i−1 represents the year prior to the year i;     Y   i     represents the TGO or GY in the year i (i = 1, 2, 3, …, k); and     Y   i − 1     represents the TGO or GY in the previous year i−1.





3. Results


3.1. Drought Characteristics


From the spatial distribution of the average number of DM from 1961 to 2018 (Figure 2a), it can be seen that the duration of droughts is mostly between 4–6 months. By calculating the trend of DM at each site using linear trend fitting (Figure 2b), it was found that the sites with a change trend in DM exceeding 50% were concentrated in the western NE, eastern NM, NC, central NW, northern CC, and SW regions. The area where the DM had increased is in the region connecting the northeast and southwest and is roughly around the Hu’s line. The change rate of DM in the XJ, southern CC, central EC, eastern NE, and northwestern SW regions was negative, indicating that the duration of droughts in their respective regions was decreasing.



The average DMI (Figure 2c) shows that the drought level at most sites is at level 6 or above, which is closely related to the longer duration of drought at most sites. The trend for the change in the DMI (Figure 2d) has a similar spatial distribution to the trend for the observed change in the duration of drought (Figure 2b), and the sites with a change rate in the DMI exceeding 100% are mostly concentrated near the Hu’s line. The NE, NC, CC, NW Midwest, and SW regions have the largest change rates, indicating that these areas have a gradually increasing DMI and increasing drought, which is consistent with the analysis earlier. The areas where the DMI shows an increasing trend also show an increasing trend in the number of DM. The XJ, the southern part of the CC, the central and southern part of the EC, the eastern part of the NE, and the northwestern part of the SW regions have negative change rates in the DM, indicating that the DMI in these areas has decreased and the drought situation has improved.



The interdecadal variations in the drought duration and intensity are highly consistent, showing an “up–up–down–up–up–down” pattern. Although the drought duration and intensity have shown a downward trend in the past 10 years, the DM and DMI have shown an upward trend on a 60-year scale (Figure 3). The correlation between drought duration and intensity is extremely high, with the correlation between the annual average DM and DMI reaching 0.92 (Figure 4a) and the correlation between annual DM and DMI reaching 0.96 (Figure 4b).




3.2. Characteristics of the Drought Trend


From 1961 to 2018, the sc-PDSI experienced a rate of change of −0.01/decade, signifying a marginal overall escalation in the severity of meteorological drought across China (Figure 5). Notable amplifications in drought patterns were evident in the SW, CC, NC, and NW’s middle and eastern regions, with the sc-PDSI index exhibiting a rate of change of less than 0/decade (Figure 5a) and demonstrating statistical significance through tests (p < 0.05 or p < 0.01) (Figure 5b). Provinces (cities, autonomous regions) manifesting substantial drought trends encompass Liaoning, Hebei, Shandong, Shanxi, Henan, Shaanxi, Ningxia, southern Gansu, southeastern Sichuan, Chongqing, Guizhou, and Yunnan. The trend in drought in the Xinjiang, Sichuan, and Jiangnan regions is greater than zero, indicating that there has been some relief from drought or even a trend toward moisture; moreover, the moisture trend in Xinjiang passed significance tests.




3.3. Characteristics of Changes in Grain Yields


The TGO of China is roughly divided by the Hu’s line, showing a pattern of more in the southeast and less in the northwest (Figure 6a). The annual average grain output of Henan, Sichuan, Shandong, Heilongjiang, Jiangsu, Hunan, Anhui, and Hebei is all over 2000 × 104 t. The provinces with the fastest growing grain output are Heilongjiang and Henan, with an increase of over 1000 × 103 t/decade, and thanks to the abundant land resources and the vigorous development of agriculture, the grain output has been continuously increasing (Figure 6b). The economically developed provinces of Zhejiang, Guangdong, Beijing, Shanghai, and Chongqing show a downward trend in their TGO. The main grain-producing areas of Heilongjiang, Inner Mongolia, Jilin, Shandong, Henan, and Hebei are affected by drought to a greater extent; if these areas frequently suffer from drought, it may cause food security problems and undermine social stability.



The distribution of the GPA and TGO is highly consistent, generally showing an east–west imbalance (Figure 6c). The provinces with a GPA exceeding 8000 × 103 ha are Henan, Heilongjiang, Sichuan, and Shandong. The province with the highest GPA growth rate exceeding 1000 × 103 ha/decade is Heilongjiang, thanks to the government’s strong support for agricultural development (Figure 6d). Due to the rapid urbanization process, most provinces in the country have seen a decline in their GPA.



Provinces with grain yields exceeding 4.2 t/ha are mainly concentrated in economically developed regions such as the Yangtze River Delta and the Beijing–Tianjin–Hebei region, largely because these areas have lower GPAs (Figure 6e). Excluding this factor, the high yields and lower planting areas in Hunan and Jilin make their grain yields relatively high. Looking at the trend in grain yield changes, the change rate of grain yield in all the regions of the country is increasing, with a general pattern of being low in the east and high in the west (Figure 6f). The change rate of grain yield in Heilongjiang is lower than 0.6 t/decade, while that in Tibet is higher than 1.2 t/decade.



The changes in TGO can be divided into three stages: fluctuating growth from 1961 to 1998, a sharp decrease from 1998 to 2003, and stable growth from 2003 to 2018, with a rate of change of 0.97 × 108 t/decade, −1.59 × 108 t/decade, and 1.617 × 108 t/decade, respectively. The changes in GPA can be divided into two stages: a decline from 1961 to 2002 and continuous growth from 2002 to 2018, with a rate of change of −0.38 × 108 ha/decade and 0.13 × 108 ha/decade, respectively. The trend in the GY is relatively consistent, showing an upward trend, with a rate of change of 0.78 t/ha. As shown in Figure 7a–c, the TGO and GPA have been changing constantly, while the GY has always maintained a stable upward trend, indicating that grain yield is also affected by other factors, such as drought and agricultural technology level. To eliminate the influence of other factors, further analysis of the rate of change in grain unit area yield over a long time sequence shows that the rate of change in the GY is decreasing at a rate of −0.1064%/decade (Figure 7d).




3.4. The Impact of Drought on Crop Yields


The annual variation rate of the TGO shows an upward trend with fluctuations, and it is negatively correlated with the drought index level (Figure 8a). In years with high drought index levels, the annual variation rate of TGO is low, and the valley of the drought index curve corresponds to the peak of the annual variation rate of TGO. As the drought index fluctuates upwards with a growth rate of 0.80/decade, the annual variation rate of TGO fluctuates downwards at a rate of −0.89/decade (Figure 8a). The change in GY is less constrained by climate factors and is more comparable, being unaffected by time and spatial geographical factors, and it represents the difference in TGO between the two periods. If the result is positive, it means an increase in grain yield, and if it is negative, it means a decrease. It can be seen that the sensitivity of the GY to drought is higher, with a decline rate of—1.064/decade (Figure 8b). This shows that the drought grade is an important factor restricting the continuous growth of China’s grain yield.



The fluctuations in the disaster incidence rate and the fluctuations in the rate of change in the TGO also show a “peak to trough” relationship, but because the affected area, no matter how large or small, always directly affects the change in the rate of change in TGO, the trend of the change is consistent, showing a downward trend (Figure 8c). Similarly, the fluctuations in the disaster incidence rate and the rate of change in the TGO also show the same downward trend, and the “peak to trough” relationship is even more pronounced (Figure 8d). This shows that when drought disasters affect agricultural production, the growth rate of the TGO will be affected.



To further illustrate the impact of crop drought on the TGO, an analysis was conducted on the relationship between the disaster incidence rate and the TGO and GY. With the continuous improvement of agricultural disaster prevention and reduction levels, the disaster incidence rate has been declining at a rate of 1.31% per decade. The decline in the disaster incidence rate has led to an upward trend in TGO, with an increase rate of 0.85×105 kt/decade (Figure 9a). The TGO and disaster rate show a significant negative correlation, with a correlation coefficient of 0.65. As the disaster rate decreases, the GY also increases significantly, growing by 0.78 t/ha/decade (Figure 9b). The correlation coefficient between GY and the disaster rate is 0.6, indicating that the impact of the disaster rate on TGO is greater than that of the GY.





4. Discussion


This study analyzed the correlation between drought and grain yield, concluding that drought constitutes a significant meteorological threat to China’s food security. Despite the escalating impact of other disasters on agricultural production, drought remains the primary concern affecting China’s agricultural output [59]. The predominant crops in China include corn, rice, and wheat, with rice predominantly cultivated in the southern regions and wheat and corn serving as the main staples in northern China [60]. Drought exerts an influence on the yield of these three major food crops; however, their respective impact mechanisms are not uniform.



4.1. Mechanisms of Corn Yield Impact


Corn is an important crop for dry land, being mainly grown in semi-humid and semi-arid areas [61]. It is widely distributed in China and mainly concentrated in the NE, NW, and SW regions (Figure 10a,b), forming a roughly elongated corn cultivation belt from the NE to the SW, accounting for about 65% of the national corn output. The provinces with the largest planting areas are Shandong, Jilin, Hebei, Heilongjiang, Liaoning, Henan, and Sichuan. Between 2000 and 2018, the majority of the new corn planting areas were concentrated in the NE and NW, which had abundant sunlight and soil conditions (Figure 10c). During this period, China’s corn output generally increased. However, the unit area yield of corn in Shanghai, Hubei, and Guizhou showed a downward trend, which may be due to the drought trend in the EC, CC, and SW regions during this period, affecting the corn output. The climate in NW is suitable for corn growth, and the corn yield has been steadily increasing. In the SW and CC regions, there are risks of local flooding and waterlogging, and there is a risk of high temperature and drought in the Sichuan Basin and the lower reaches of the Yangtze River. Sudden water and drought disasters and high temperatures and drought are not conducive to an increase in corn output. Related studies have indicated that drought prevention in corn-growing areas is very important [62,63]. The NC region has a wide area of corn cultivation due to its favorable precipitation, soil, topography, and good policy orientation, accounting for over 26% of the national corn planting area and producing about 29% of China’s total corn output [64]. Recent research indicates a significant warming trend in the global climate since 2000, resulting in substantial improvements in heat conditions within the northeastern region located in the subarctic zone. This has led to a notable decrease in the probability of frost damage. With the amelioration of heat conditions, the primary factor influencing spring corn production has shifted from temperature to moisture levels. As a result, drought currently represents the foremost natural hazard to spring corn yields. However, certain studies have suggested that average annual precipitation does not exert a significant impact on corn harvests. The key climatic factor affecting corn yields remains minimum temperatures, and it is expected that further climate change will enhance corn production in the northeastern region [65]. In addition to the impact of climatic factors, returning corn straw to the fields also has a promoting effect on corn yield in the NC region [66]. The NC Plain, similar to Northeast China, is a highly productive region for corn in China [67]. However, the issue of drought in the North China region is more pronounced, and further research has confirmed that drought stress is the primary limiting factor for corn yield [68]. Based on a quantitative analysis, it has been indicated that under moderate drought, severe drought, and extreme drought conditions, corn yields would decrease by 4.91%, 10.44%, and 7.34%, respectively. The intensification of drought conditions has amplified the variability in corn yield [69], and no matter which drought index is used, the conclusion is that drought will affect corn yield [70,71,72].




4.2. Mechanisms of Rice Yield Impact


Rice is concentrated in planting areas south of the Qinling–Huaihe Line, and there is scattered distribution in some water source areas in the NW and NC regions (Figure 11). Rice salt production is affected by both alkali soil and drought stress, and studies have shown that drought will reduce the rice growing period and cause a decrease in rice yield. The combined stress of saline–alkaline soil and drought leads to a more significant decrease in yield, mainly due to insufficient water resources and imperfect irrigation facilities [73]. Drought is one of the non-biological constraints on rice production [74], and current studies have found that rice exhibits leaf curling to reduce the excessive water loss caused by a water deficit, thus adapting to drought and other unfavorable environmental conditions [75]. The response of rice yield to drought is most pronounced on a 4-month time scale in autumn, with vulnerability manifested as decreased yield. Rice-growing areas are typically concentrated in humid regions with abundant water and heat, but limited sunlight hours result in a longer response time to drought [76]. Rice is a pivotal food crop, particularly for developing countries, providing sustenance for the majority of the global population. However, approximately 45% of rice-growing areas worldwide are affected by drought stress, leading to significant reductions in yields due to water scarcity. Therefore, the exploration and development of drought-resistant rice varieties represent an effective approach to addressing this challenge [77].




4.3. Mechanisms of Impact on Wheat Yield


Wheat, as a prevalent cereal crop, exhibits sensitivity to temperature factors in its growth and production. Against the backdrop of climate warming, there are anticipated changes in the duration of wheat’s maturation and growing periods, which ultimately impact the grain yield [78]. The main wheat production areas in China are mainly concentrated in the NC, NW, and NC regions, and the increase in wheat planting areas from 2000 to 2018 was mainly distributed in the NC Plain (Figure 12). A study conducted on the winter and spring wheat yields of the northern provinces from 1979 to 2017 found that drought had a greater impact on crop yields than high temperatures, and pointed out that irrigation could offset the effects of high temperatures and drought on yields to some extent [60]. However, most wheat-growing areas are rain-fed agriculture, and non-irrigated areas have little impact on wheat yields [79]. With climate warming, any increase in temperature below the optimal temperature in the northern cold regions is beneficial to the improvement of wheat yield [80], but warming and drought have offset the benefits of CO2 increases on wheat yield in the past 60 years [79]. Winter wheat in the NW region is affected by spring, summer, and winter droughts, seriously threatening its yield [81]. After 2000, the decline and fluctuation in wheat yield in the central Gansu Province of the NW region decreased significantly, and the frequency of major disasters also decreased significantly. The major disaster-prone areas shifted from the south to the north in terms of spatial position [82]. Therefore, separating the long-term specificity and spatial specificity of drought effects on winter wheat yield can better help explain yield losses [83]. For nearly 60 years, winter wheat in North China has suffered from severe drought during the growing season, especially during the jointing and heading stages, with an average annual deficit of 350 mm of water, which has had a significant impact on its yield [84]. The drivers of drought encompass both climate change and human activities. In the NC Plain region, the contribution of climate change to agricultural drought outweighs that of human activities. Long-term droughts induced by climate change can impact the net primary productivity of winter wheat, while simultaneously, human activities also exert a significant influence on its net primary productivity [85]. Elevated temperatures, prolonged drought, and ozone exposure can all lead to significant reductions in wheat yields. However, there has been a continuous increase in O3 concentrations, and studies indicate that current O3 levels would result in an 8–9% decrease in global wheat production compared with pre-industrial levels [86].





5. Conclusions


The number of DM and the DMI have both shown an upward trend over the 60 years, with a high correlation (0.96) on an annual scale. The sc-PDSI has shown a decreasing trend of −0.01/decade, suggesting an overall increase in meteorological drought severity across China. Notably significant increases in drought trends were observed along the Hu’s line, which traverses the SW region through to the central, NE, and NC regions. In contrast to changes in the TGO during this period—which experienced “fluctuating growth” (1961–1999), a “sharp decline” (2000–2003), and “stable growth” (2004–2018)—the GPA underwent continuous sharp declines from 1961 to 2003 followed by stable continuous growth from 2004 to 2018. Conversely, GY has consistently increased. Furthermore, there is a negative correlation between the annual variation rate of TGO and the DMI, while TGO is significantly negatively correlated with the disaster rate. These findings suggest that drought severity plays a crucial role in constraining sustained growth of China’s grain yield; additionally, drought damage rate exerts greater influence on the TGO than on the GY.



The occurrence and development of drought have a propagation process, and the agricultural adaptation to drought is also the result of multiple factors, including natural environmental factors and human factors. However, this study only analyzed the impact of meteorological drought on agriculture. As the drought propagation deepens, the impact mechanism of drought on agriculture will be different. For example, the impact process of sustained mild drought and sudden severe drought on agriculture will be different. Additionally, drought is closely related to other natural disasters such as wildfires and water shortages. In our future work, we will refine the process of drought propagation, delve deeper into the impact of different drought propagation and different drought patterns on agricultural production, and further explore the factors that influence drought.
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Figure 1. Study area. 
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Figure 2. Distribution of the drought months (a), trend in drought months (b), drought magnitude index (c), and trend in the drought magnitude index (d) in China from 1961 to 2018. 
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Figure 3. Time distribution characteristics of the annual average drought months (a) and drought magnitude index (b) from 1961 to 2018. 
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Figure 4. Correlation between the drought months and drought magnitude index at different scales: (a) site scale; (b) site average. 






Figure 4. Correlation between the drought months and drought magnitude index at different scales: (a) site scale; (b) site average.



[image: Water 16 01713 g004]







[image: Water 16 01713 g005] 





Figure 5. The trend and significance test for the sc-PDSI from 1961 to 2018. 
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Figure 6. Spatial distribution and trends of the total grain output, grain planting area, and grain yield per unit area. 
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Figure 7. Total grain output, grain planting area, and grain yield per unit area and the change rate of grain yield per unit area from 1961 to 2018. 
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Figure 8. Comparison of the rate of change in the drought magnitude index (1961–2018) and disaster incidence rate with the rate of change in the total grain output and grain yield per unit area. 
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Figure 9. The trends in the disaster incidence rate and total grain output (a) and grain yield per unit area (b). 
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Figure 10. Spatial changes in the corn planting area from 2000 to 2018. 
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Figure 11. Spatial changes in the rice planting area from 2000 to 2018. 
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Figure 12. Spatial change in the wheat planting area from 2000 to 2018. 
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