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As global warming issues become increasingly serious, grain yield and socioeconomic development have been seriously threatened. The key to ensuring grain yield is to recognize the risks caused by climate change. In this paper, the trends of temperature and precipitation over the next thirty years in China are analysed using CMIP6 under the SSP1–2.6, SSP2–4.5 and SSP 5–8.5 climate scenarios. The resilience indicators of grain yield are proposed for the first time. We find that the higher the emission concentration is, the greater the temperature increase will be and further northward the precipitation belt will move. Meanwhile, the resilience varies across different climate zones. The temperate monsoon climate zone has a stronger resilience to adapt to climate change compared to that of other areas. The resilience of the temperate continental and plateau alpine climate zones are moderate. However, the resilience of the subtropical and tropical monsoon climates zones are poor.
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INTRODUCTION
Grain security is the foundation for the overall sustainable development of the economy. Climate change poses significant risks and uncertainties for the sustainable development of grain production in all countries. The Intergovernmental Panel on Climate Change (IPCC) notes that significant impacts from climate change have become widespread and widely sensed across different regions and areas of the world (IPCC et al., 2014; CMACCC, 2018). Among them, agriculture is the industry that is most directly affected by and sensitive to climate change, mainly because climate change can cause high-temperature heat waves, droughts and floods as well as increasingly severe and frequent extreme weather and climate events, resulting in fluctuations in grain yield. Climate change is the most important natural factor affecting grain yield (Holst et al., 2013; Tao et al., 2014; Belyaeva and Bokusheva, 2018; Osman et al., 2020). Climate change presents significant risks and uncertainties to the global grain yield.
Identifying the resilience of grain yield under climate change and determining the temporal and spatial scales of their impacts are key factors in coping with climate change and promoting the sustainable development of grain production. Many theoretical and numerical models have attempted to reveal the connection between changes in grain yield and global warming. There are two primary research methods in this field. First, statistical modelling methods use multiple regressions, first-order differences, deep neural networks and other methods to establish statistical models for grain to forecast the influence of climate change on grain output (Crane-Droesch, 2018; Lu et al., 2019; Wang et al., 2019). The reliability of this method can be assessed through statistical testing, but it is difficult to detect a clear intensity change trend in the observation results. The second is the crop model simulation method. By inputting parameters describing soil, sunlight, temperature, precipitation and other conditions required for crop growth, crop growth conditions under future climate change conditions can be simulated (Abraha and Savage, 2006; Devkota et al., 2013; Mishra et al., 2013; Masud et al., 2019). However, the crop model simulation does not include socioeconomic factors such as policy, management, economy, technology, etc., so the results may have more uncertainty than the actual situation.
Grain yield is the result of the interaction between climatic factors and socioeconomic factors; therefore, comprehensive multidisciplinary and multidomain cross-analysis is required (Chou et al., 2004). With continuous changes in the global climate, the risks of climate change are increasing, which seriously affects the safety and sustainable development of China’s grain yield. The importance of improving the resilience of China’s grain yield has become a consensus in response to climate change. There are different types of resilience in the context of climate. Holling, an ecologist, first proposed resilience. He defined resilience as the ability of a system to absorb disturbances and continue to exist (Holling, 1973). Later, scholars in various fields, such as engineering, society, and economics, continued to enrich the connotation of resilience. In the field of climate change, the IPCC defines resilience as the ability of a system to adapt to the adverse effects of climate change and recover and resist. The National Research Council (NRC) of the United States defines resilience as the ability to prepare, plan, absorb, recover and more successfully adapt to adverse events. In this definition, resilience is composed to capability, process, and goal (Cutter et al., 2013). Based on the theory of resilience, this article innovatively constructs an evaluation index for the resilience of grain yield under the background of climate change. This article defines "resilience" as the ability to achieve sustainable and stable production through policy, economy, and technology in the face of increasingly severe climate conditions. The lower the resilience of an area is, the higher the risk of climate change; the higher the resilience is, the lower the risk of climate change. This article takes China as an example to carry out an analysis of a grain yield and resilience assessment under different climate scenarios.
In addition, this article considers that the influence of precipitation and temperature on grain yield is a significant nonlinear relationship. To solve this problem, a comprehensive climate factor was constructed to reflect the influence of grain yield under global climate change. This article chiefly applies the economy-climate model as a bridge to connect the analysis of natural science and humanities with socioeconomic analyses. Duzheng Ye and Jieming Chou and Du, 2006 proposed an economic-climate model based on the traditional production function model (C-D) (Chou and Ye, 2006). This model was used to build an input-output model of grain yield that systematically reveals the changing trends in the future pattern of grain yield under different emissions situations; it also identifies areas of higher resilience to determine key production areas and generate breakthroughs in future grain security work. This study provides a scientific basis and policy recommendations for promoting the realization of sustainable development goals (SDGs).
MATERIALS AND METHODS
Previous studies on China's grain yield have mostly examined changes in grain output on the basis of subregions such as the north and south regions (Chou et al., 2019), the three major zones, and the eight major grain-producing regions (Xu and Zhu, 2015). The North and South regions are divided with the Qinling Huai River acting as the boundary. The three major zones include the eastern coastal zone (Liaoning, Hebei, Tianjin, Beijing, Shandong, Jiangsu, Shanghai, Zhejiang, Fujian, Guangdong, Guangxi and Hainan), the central zone (Heilongjiang, Jilin, Inner Mongolia, Shanxi, Anhui, Jiangxi, Henan, Hubei and Hunan) and the western zone (Shaanxi, Gansu, Ningxia, Qinghai, Xinjiang, Sichuan, Yunnan, Guizhou and Tibet). The eight major grain-producing regions in China are the Sanjiang Plain, Songnen Plain, Jianghuai Area, Taihu Plain, Jianghan Plain, Poyang Lake Plain, Dongting Lake Plain and Chengdu Plain.
It is difficult to fully reflect the natural geographical future of all of China. As shown in Figure 1, China's north-south latitude is wide, and it is located within five major climate regions. The amount of heat received from the sun varies from place to place. Within the same climate zone, the basic characteristics of the climate are similar. This article divides the grain production areas in China into five regions by climate zone (see Table 1) and discusses the changes in temperature and precipitation in the different climate regions under SSP1–2.6, SSP2–4.5, and SSP5–8.5. It also analyses the influence of climate change on grain yield in the different climate regions and proposes a resilience evaluation for grain yield under global climate change.
[image: Figure 1]FIGURE 1 | Distribution of five climatic regions for grain yield in China
TABLE 1 | The division of five climatic regions for grain yield in China.
[image: Table 1]DATA AND METHODS
Data
Data Sources
The historical data used in this article are climate and economic data from twenty nine provinces and autonomous regions in China from 1981 to 2018. The climate data include the monthly precipitation and average temperature of each province during the growing period (April to September), which were obtained from the National Meteorological Information Center (http://data.cma.cn). The economic data include the annual data on rural labour, grain sown area, agricultural fertilizer, grain yield and population. The data were obtained from the China National Statistical Center (http://www.bjstats.gov.cn) and the China Statistical Yearbook.
Future climate data include the monthly average of the 2020–2050 growth period (April-September) output by the BCC-CSM2-MR, which is newly developed by the National Climate Center. It is a mode resolution model participating in the sixth phase of the Coupled Model Intercomparison Project (CMIP6). The ability of the BCC-CSM2-MR climate model to simulate the climate mean state and global warming trend, quasi-biennial oscillation (QBO), tropical intraseasonal oscillation (MJO) and diurnal variation in precipitation in the 20th century has significantly improved. (Wu et al., 2019). CMIP6 designed a series of new scenario prediction experiments based on the possible anthropogenic emissions and land use changes caused by the energy structure in different shared socioeconomic paths. This paper mainly focuses on the three radiative forcing scenarios shown in Table 2 (Pu et al., 2020). These three different radiative forcing scenarios represent three future emissions levels, e.g., low, moderate and high, and provide a theoretical basis for studying the impacts of different climate changes on grain yield.
TABLE 2 | CMIP scenario experimental design.
[image: Table 2]Method
Economy-Climate and Grey System Model
Grain yield is affected not only by the input of socioeconomic elements such as rural labour, grain cultivation area, and agricultural fertilizer but also by meteorological elements, including climatic elements. This article is based on the Cobb-Douglas, which can map the relationship between input and output under certain technical conditions. Chou et al. presented a novel approach by introducing the comprehensive climatic factor into the Cobb-Douglas model. It is called the economy-climate model (C-D-C model) (Chou and Ye, 2006). Then, we use grey system model GM(1,1) to predict the future socioeconomic data. GM(1,1) establishes a grey differential prediction model through a small amount of incomplete information to make long-term fuzzy information. It is of higher adaptability and accuracy (Yin, 2013). We use economy-climate and grey system models to construct a comprehensive model to predict the future grain yield using the following equations:
[image: image]
Its logarithmic function is as follows:
[image: image]
where Yit represents grain yield; X1, X2, and X3 represent the rural labour, the grain cultivation area, and the agricultural fertilizer in each province, respectively; β1, β2, β3, and γ are the coefficients of each element; and µ represents the other elements.
Construct Comprehensive Climate Factor C by Principal Component Analysis
Principal component analysis (PCA) is probably the most commonly used dimensionality reduction method. To ensure that the original information is not missing or is missing as little data as possible, this method uses a few unrelated comprehensive indexes to express the majority of interrelated indexes (Brunetti et al., 2006). Let the original index temperature and precipitation be X1 and X2 and the main components be F1 and F2.
[image: image]
First, a sample matrix was constructed. Suppose a provincial administrative region in China has a sample size of monthly mean temperature precipitation from 1981 to 2018, and the observed climate indicator is temperature and precipitation.
[image: image]
Second, the principal component was determined. MATLAB was used to normalize the original climate data and calculate the relevant coefficient matrix r, principal component correlation coefficient [image: image] and eigenvalues of the matrix [image: image]
[image: image]
According to Eq. 5, the variance contribution rate [image: image] was obtained. Then, the correlation coefficient [image: image] of the i–th index in the j–th principal component was calculated according to Eq. 6.
[image: image]
Finally, the index weight was calculated, and the coefficient of each index was calculated according to Eq. 7.
[image: image]
The weight vector was constructed, and Eq. 8 was used to calculate the weight of each index of the original data matrix.
[image: image]
PCA was used to determine the weight of the comprehensive climatic factor C (Chou et al., 2019). It can represent the relative importance of a certain indicator. If the weight is greater, it means that it has a greater influence overall.
[image: image]
where X1 and X2 are the temperature and precipitation, respectively, [image: image] and [image: image] are the weights obtained by PCA calculation. Although the comprehensive climate factors of the different provinces were calculated in the same way, their weights in the principal component analysis were differed due to various factors, such as terrain and climate, that lead to differences in the comprehensive climate factors of each province.
Resilience Indicators
Resilience in physics refers to the ability of an object to resist the deformation of external forces and spring back into shape. Ecologically, resilience is defined as the stability of an ecosystem. In the field of disaster science, Patton defined resilience as the ability of the system to maintain its regular function, as well as its ability to cope with alterations and adjustments under extraneous conflict (Paton and Johnston, 2001). Bruneau believes that resilience focuses on the ability to quickly recover from disasters (Bruneau et al., 2003). Cai believes that resilience is the unique capability of an ecosystem to preserve the operation of its main functions when the system resolves a crisis (Cai et al., 2012). The United Nations defines resilience as the ability of a city to confront risks to withstand, maintain and cope with the influence of risk in a prompt and effective way. Climate change poses significant risks and uncertainties for the sustainable development of grain yield in all countries. As one of the important means of identifying grain yield status in grain yield areas, the assessment of grain yield has attracted the attention of many scholars, and there has been a lot of theoretical, methodological and applied research on this topic (Xu et al., 2013; Ji et al., 2014; Davenport et al., 2015). To quantitatively assess the resilience of future grain yield in China, this paper innovatively proposes climate change resilience indicators for grain yield. "Resilience" is used to indicate the ability of grain-producing areas to recover from the disturbance of climate change and realize stable grain production. Due to the obvious spatial heterogeneity of grain yield affected by climate change, the resilience of grain yield varies across different climate regions. Considering the negative correlation between grain yield resilience and climate change risk, previous research has developed grain yield risk indicators under global climate change (Wu et al., 2017; Sun et al., 2020). The article quantitatively assesses the sustainability of grain yield using two factors: grain output per person and grain unit yield.
We define the resilience index of grain output per person as the ratio of the 2000–2018 average annual grain output per person to the 2020–2050 grain output per person under global climate change. The index is calculated as follows:
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where Gjm is the grain yield of province m in year j, Pjm is the population of province m in year j, Fjm is the grain output per person of p mrovince in year j, and Hm is the average annual grain output of province m. F’wm is the grain output per person of province m in year w, Gwm is the grain yield of province m in year w, Pwm is the population of province m in year w, and Swm is the grain output per person resilience index of province m in year w.
We define the resilience index of grain unit yield as the ratio of the 2000–2018 average grain unit yield to the 2020–2050 grain unit yield under global climate change. The index is calculated as follows:
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where Gjm is the grain yield of province m in year j, Ajm is the grain sown area of province m in year j, Mjm is the grain unit yield of province m in year j, and Nm is the average annual grain unit yield of province m. M′wm is the grain unit yield of province m in year w, Gyi is the grain yield of province m in year w, Awm is the planting area of province m in year w, and Rwm is the grain unit yield resilience index of province m in year w.
Based on socioeconomic and climatic data, this paper forecasts the grain yield for SSP1–2.6, SSP2–4.5, and SSP5–8.5. Figure 2 is the flow chart of China’s grain yield resilience under global climate change.
[image: Figure 2]FIGURE 2 | Flow chart of China’s grain yield resilience under global climate change.
RESULTS AND DISCUSSION
Temperature and precipitation differences under different scenarios in China.
Due to the complexity and variability of climate systems, climate models have become a powerful tool for studying future climate systems and climate change. CMIP6 simulation results are an important basis for climate predictions and climate change risk assessments. However, due to the differences in their mechanisms, structural principles, climate forcing parameters, resolutions and emissions scenario designs, different climate models predict different impacts from climate change. The simulation performance of climate change models is also quite variable. The prediction of temperature change trends in China in the 21st century show good consistency among models, but there are large differences in predictions between precipitation simulations. We selected the BCC-CSM2-MR model, which belongs to a medium resolution model. This model was developed by the National Climate Center of China. This model is closer to the actual distribution of precipitation in China and is more realistic. Therefore, the BCC-CSM2-MR model in CMIP6 was selected for this paper. The ability of the BCC-CSM2-MR climate system model to simulate quasi-biennial oscillation (QBO), tropical intraseasonal oscillation (MJO) and diurnal variation in precipitation in the 20th century has been significantly improved. (Wu et al., 2019).
Figure 3 shows the BCC-CSM2-MR model simulated the situations in temperature and precipitation differently between 2050 and 2015 under different scenarios. The temperature and precipitation in 2050 are the average values from 2046 to 2055. Compared with the historical climate data of 2015, the annual mean temperature for SSP5–8.5 is significantly higher than that for SSP2–4.5 and SSP1–2.6. In other words, the temperature changes are larger for higher emission scenarios. The areas with faster warming rates in the future are mainly concentrated in the central subtropical and northern temperate monsoon climate zones.
[image: Figure 3]FIGURE 3 | Temperature and precipitation difference between 2050 and 2015 under different scenarios; (A) SSP1–2.6 temperature, (B) SSP2–4.5 temperature, (C) SSP5–8.5 temperature, (D) SSP1–2.6 precipitation, (E) SSP2–4.5 precipitation, and (F) SSP5–8.5 precipitation.
The precipitation values in each climate region in China presents a fluctuating trend from 2015 to 2050. In the low emission scenario SSP1–2.6, the precipitation centers are mainly concentrated in the south of the temperate monsoon region; in the medium emission scenario SSP2–4.5, the precipitation center area is further expanded; in the high emission scenario SSP5–8.5, the precipitation center moves further toward the north. The driving force of the northward movement of the rain belt in China is the summer monsoon. The strength of the summer wind power depends on the thermal difference between the terrace and ocean, which is located between the Eurasian continent and Pacific Ocean. Global warming will increase the thermal difference between the terrace and ocean, which is located between Eurasia and the Pacific Ocean, strengthening the summer monsoon and moving the rain belt northward faster and wider.
Discussion and Analysis of the Future Grain Yield in China
In the process of agricultural planting development, grain yield is tightly related to diverse aspects of the external environment, such as the sowing area and temperature. They are comprehensive actions of socioeconomic elements and climate elements. The report of the 19th National Congress of the Communist Party of China points out that from 2020 to 2035, China will be built into a powerful socialist country. Therefore, we will take 2035 as our boundary. Figure 4 shows the future grain yield of provinces in China in the next fifteen years (2021–2035) and in 2036–2050 under the different emissions scenarios.
[image: Figure 4]FIGURE 4 | China's total grain yield in 2020–2050 under different emissions scenarios (A) SSP1–2.6, (B) SSP2–4.5, (C) SSP5–8.5.
Generally, China's grain yield is mainly concentrated in the zone of the monsoon climate (temperate and subtropical monsoon climates). The monsoon climate is a comprehensive phenomenon under the combined influence of three factors, including the thermal effects of the land-sea distribution, seasonal variations in atmospheric circulations and specific topographies. During the period of rainfall and heat in the monsoon area, water is provided at times when crops grow vigorously, i.e., when they need it most, which is very beneficial to agricultural development. The provinces with the highest future grain yield are mainly concentrated in the temperate continental climate zone to the north of the Qinling Mountains, and Heilongjiang Province is the largest producer of grain in China. In addition, Heilongjiang's grain production is most affected by global warming; it has the highest grain yield under SSP1–2.6. This is because as emissions increase, the temperature will gradually increase; thus, the crop growth period will lengthen, and the cultivation system will also change accordingly. In addition, the cold damage that affects crops will also be significantly reduced or disappear. As the climate warms, more food will be harvested at high latitudes. For subtropical and tropical monsoon climate regions at middle-low latitudes, the difference in grain yield under the different emissions scenarios is relatively small. The grain yield in the high-emissions scenario, SSP5–8.5, is slightly lower than that in the moderate-emissions scenario, SSP2–4.5, and low-emissions scenario, SSP1–2.6. Temperature warming has a negative effect on grain yield at middle and low latitudes. For the plateau alpine and the temperate continental climate regions, there is no significant difference under the different scenarios.
Resilience Assessment of Grain Yield in China From 2020 to 2050
Climate change presents great risks and uncertainties to the sustainable development of grain yield worldwide. In assessments of grain yield systems, the stability of grain production is an important focus. In this paper, "resilience" is used to indicate the ability of grain-producing areas to recover from the disturbance of climate change and realize stable grain production. This paper discusses the resilience from the aspects of grain output per person and grain unit yield to characterize the influence of climate change on China's grain yield.
Resilience Assessment for Grain Output per Person in China From 2020 to 2050
This article analyses the resilience of grain output per person from the perspective of the grain supply balance, i.e., grain yield and grain consumption. Considering the negative correlation between grain yield resilience and climate change risk, previous research has developed grain yield risk indexes (Wu et al., 2017; Sun et al., 2020). This paper defines the resilience index of grain output per person as the ratio of the 2000–2018 average grain output per person to the 2020–2050 grain output per person under different scenarios. According to the principle of dividing by the grain production risk index, the risk index for grain output per person is as follows: if the risk index value is greater than 1.20, there is no risk, and a value under 1.20 is risky. If the risk index value is higher than 1.00, there is a low risk to grain production; if the value is below 0.90, there is high risk; and values between the two indicate moderate risk (Sun et al., 2020). Therefore, "resilience" here is inversely proportional to the risk indicator, i.e., the reciprocal of the risk indicator. In this paper, we define a resilience index of grain yield per capita value of less than 0.83 as a high resilience; other values indicate fragile conditions. A value of less than one indicates moderate resilience; a value of higher than 1.11 indicates poor resilience; and values between them indicate low resilience.
In Figure 5, the regions with poor resilience for grain output per person in China are mainly concentrated in the regions of the subtropical monsoon climate and the tropical monsoon climate. At the same time, under SSP1–2.6, SSP2-4.5, and SSP5-8.5, with increased emissions, the resilience of grain output per person in the regions of the subtropical monsoon climate and the tropical monsoon climate worsens. The gradual increase in temperature exceeds the appropriate temperature required for grain yield, resulting in a reduction in grain yield. Therefore, in subtropical monsoon climate regions and tropical monsoon climate regions, energy-saving measures and emission reductions are important measures for maintaining and stabilizing local grain yield. The grain output per person depends on the grain demand and grain supply. The eastern coastal provinces are located in the tropical monsoon climate region. The cities include Jiangsu, Zhejiang, Fujian, and Guangdong. Due to reform and opening-up policies, the spatial pattern of China's grain-producing areas has changed significantly, the regional differences between grain yield and population flow have gradually increased, and the population has gradually flowed to areas with higher urbanization levels. In the eastern coastal provinces, industrialization, urbanization and internationalization activities are much higher than those in other provinces and cities, which lead to a poor resilience. However, the resilience of grain output per person in the temperate monsoon climate region remained high under the different scenarios; at the same time, with the increase in the emissions intensity under SSP1–2.6, SSP2–4.5, and SSP5–8.5, the resilience of grain output per person improved. The resilience of grain output per person in temperate continental climate regions and plateau alpine climate regions did not change significantly under SSP1–2.6, SSP2–4.5, and SSP5–8.5, and the resilience of grain output per person was maintained in these regions.
[image: Figure 5]FIGURE 5 | Resilience assessment for grain output per person under different scenarios; (A) 2035 SSP1–2.6, (B) 2050 SSP1–2.6, (C) 2035 SSP2–4.5, (D) 2050 SSP2–4.5, (E) 2035 SSP5–8.5, (F) 2050 SSP5–8.5.
Resilience Assessment for Grain Unit Yield in China From 2020 to 2050
Grain security is not only based on grain supply and demand but rather grain yield also reflects the land production capacity, and the agricultural production level is also an important factor in determining grain security. Considering the negative correlation between grain yield resilience and climate change risk, previous research has developed grain yield risk indexes (Wu et al., 2017; Sun et al., 2020). This paper defines the resilience index of the grain unit yield as the ratio of the 2000–2018 average grain unit yield to the 2020–2050 grain unit yield under SSP1–2.6, SSP2–4.5, and SSP5–8.5. According to the principle of dividing by the grain production risk index, the risk index for grain unit yield is as follows: if the risk index value is greater than 1.75, there is no risk; however, a value under 1.75 is risky. If the risk index value is higher than 1.50, there is a low risk to grain production; if the value is below 1.25, there is high risk; and values between the two indicate moderate risk (Sun et al., 2020). Therefore, "resilience" here is inversely proportional to the risk indicator, i.e., the reciprocal of the risk indicator. In this paper, we define a resilience index of grain unit yield value of less than 0.57 as a high resilience; other values indicate fragile conditions. A value of less than 0.67 indicates a moderate resilience; a value of higher than 0.8 indicates a poor resilience; and values in between indicate a low resilience.
Figure 6 shows that, in general, the resilience of grain unit yield in China's temperate monsoon climate regions is higher than that in the other climate zones in China. This is mainly due to the rapid growth of grain yield in temperate monsoon regions; on one hand, it is due to the development and upgrading of the industry; on the other hand, it benefits from global warming, which has led to an increase in the multiple cropping index and an increase in land production capacity. The increase in grain unit yield in the high-latitude area (Heilongjiang) is obvious. Due to the quick industrialization of subtropical and tropical monsoon climate regions, the loss of cultivated land in these regions is severe. In the process of balancing occupied and available cultivated land, the difference in the quality of occupied and available field land causes a decline in terms of grain production, resulting in a lower grain yield sustainability. In addition, the average temperatures in the subtropical and tropical monsoon climate zones are higher during the grain growth period than that in other climate zones. In the high-emissions scenario, SSP5–8.5, the higher the emissions intensity is, the greater the temperature increase. This increase would exceed the appropriate temperature for crop growth, weakening the land production capacity, which is also a key factor causing the low resilience of grain unit yield. In the SSP5–8.5 scenario, the resilience of grain unit yield in the monsoon region will gradually decrease from north to south. In the future, the resilience of grain unit yield in temperate continental climate regions and plateau alpine climate regions will not change substantially. Because the temperate continental climate zone is located inland, rainwater is not sufficient for crop growth; the increase in water discharge leads to temperature increases that further aggravate water shortages (Liu and Lin, 2007). The results show that the increase in temperature in the plateau alpine climate region aggravates the melting of ice and sown, increases the area of ice lakes, and increases the risk of glacier debris flows and ice lake breaks (Cui et al., 2014). However, the change in grain yield in these areas mainly depends on improving production efficiency, increasing investments in science and technology, strengthening farmland infrastructure conditions, increasing the promotion of water-saving irrigation technology, and adjusting the regional layout and variety structure of grains to a achieve sustainable and stable grain unit yield.
[image: Figure 6]FIGURE 6 | Resilience assessment for grain unit yield under different scenarios; (A) 2035 SSP1–2.6, (B) 2050 SSP1–2.6, (C) 2035 SSP2–4.5, (D) 2050 SSP2–4.5, (E) 2035 SSP5–8.5, and (F) 2050 SSP5–8.5.
CONCLUSION AND DISCUSSION
Based on the economy-climate and grey system models, we find that forecasts of the grain yield show obvious regional differences under different emissions scenarios (SSP1–2.6, SSP2–4.5, and SSP5–8.5). To quantify the impact of climate change on grain yield, we propose a resilience index of grain yield. Main contributions of this work are as follows:
>(1) The higher the emission concentration is the greater the temperature increase will be, and the more northward the precipitation belt moves in the future.
(2) In the future (2020–2050), China's grain yield will be mainly concentrated in the temperate and subtropical monsoon climate zones. China's grain yield in the temperate monsoon climate zone will maintain rapid growth, while that in the subtropical monsoon climate zone will grow slowly. Grain transportation from north to south will be further intensified.
(3) The resilience of grain output per person and grain unit yield in temperate monsoon climate regions is relatively high and positively affected by climate change. The high latitudes of the temperate monsoon climate region will significantly reduce or eliminate cold damage to crops.
(4) The resilience of grain output per person and grain unit yield in the regions with subtropical and tropical monsoon climates is poor. These areas are located at middle and low latitudes. Climate change will have negative impacts in these zones.
(5) The resilience of grain output per person and grain unit yield in temperate continental and plateau alpine climate regions is fair.
Overall, this paper uses a multidisciplinary approach to assess the sustainability of China's grain yield under the impacts of climate change and creatively defines a resilience index for grain yield. Future research should consider the potential effects of climate change more carefully by viewing, for example, the impact of extreme weather on grain yield. Due to space limitations, this study only used the BCC-CSM2-MR model, and the aggregate average of multiple models still needs to be further studied.
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