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Quantitatively projecting the impact of future climate change on the socio-economy and exploring its internal mechanism are of great practical significance to adapt to climate change and prevent climate risks. Based on the economy-climate (C-D-C) model, this paper introduces a yield impact of climate change (YICC) model that can quantitatively project the climate change impact. The model is based on the YICC as its core concept and uses the impact ratio of climate change (IRCC) indicator to assess the response of the economic system to climate change over a long period of time. The YICC is defined as the difference between the economic output under changing climate condition and that under assumed invariant climate condition. The IRCC not only reflects the sensitivity of economic output to climate change but also reveals the mechanism of the nonlinear interaction between climate change and non-climatic factors on the socio-economic system. Using the main grain-producing areas in China as a case study, we use the data of the ensemble average of 5 GCMs in CMIP6 to project the possible impact of climate change on grain production in the next 15–30 years under three future scenarios (SSP1-2.6, SSP2-4.5, SSP5-8.5). The results indicate that the long-term climate change in the future will have a restraining effect on production in North region and enhance production in South region. From 2021 to 2035, climate change will reduce production by 0.60–2.09% in North region, and increase production by 1.80–9.01% in South region under three future scenarios. From 2021 to 2050, compared with the climate change impact in 2021–2035, the negative impact of climate change on production in North region will weaken, and the positive impact on production in South region will enhance with the increase in emission concentration. Among them, climate change will reduce grain output in North region by 0.52–1.99%, and increase output in South region by 1.35–9.56% under the three future scenarios. The combination of economic results and climate change research is expected to provide scientific support for further revealing the economic mechanism of climate change impacts.
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INTRODUCTION
The impact of climate change on the social economy is an important field and a main link in research on climate change impacts. The sustainable development of human society and the economy has been severely affected by climate change, and this phenomenon will continue. From the Chinese region at the small scale to the global region at the large scale, climate not only has the characteristics of drastic seasonal and interannual changes at the short time scale [1–3] but also has obvious interdecadal changes at the long time scale [4,5]. Climate change not only indirectly affects the economic system through direct impacts on water resources, ecosystems, and land surface conditions but also increases the negative effects of meteorological disasters caused by extreme events on the economic system [6]. The risk climate change poses for the economic system is expected to increase with global warming at 1.5°C and further increase with warming at 2°C [1]. How humans respond and adapt to climate change is an issue of combining natural science with socioeconomic applications. It is necessary to link the results of climate change with economic theories to conduct multidisciplinary studies on the impact of future climate change [7,8]. Therefore, exploring a quantitative method for projecting the impact of future climate change on the economic system is of great significance to the prevention of climate change risks.
In the future, the impact of climate change on the socioeconomic system may become greater under different greenhouse gas emission scenarios [3]. At present, there are many methods used to study the economic impact of climate change in China and abroad, which mainly include non-model methods and model-based methods. Non-model methods include statistical regression [9,10], historical experience comparison [11], questionnaire survey [12], literature review [13], and meteorological output methods [14]. However, most statistical regression methods have the disadvantages of ignoring the long-term trend climatic changes and the nonlinear interaction between climate change and the economy. The other methods are subjective and uncertain. The model methods include empirical statistical models [15], natural mechanism models [16,17], and economic mechanism models, which are currently common methods for studying the impact of future climate change. Among them, the natural mechanism model based on crop models is a purely natural experimental research method, which requires a solid experimental observation basis and generally does not involve socioeconomic factors. Economic mechanism models quantitatively assess the impact of climate change on different economic systems from an economic perspective, including the Ricardian model [18–20], computable general equilibrium (CGE) model [21,22], and economy-climate (C-D-C) model [23,24]. Among them, the C-D-C model can integrate climatic and economic factors and deal with the climatic factor parameters on the average climate state, taking into account the long-term trend of climatic factors. In addition, the model is relatively simple, with convenient data acquisition and easy operation. Therefore, we select the economy-climate model to develop a model that can project the impact of future climate change on the economic system on a long-term scale.
The C-D-C model is mainly applicable for evaluating the impact of climate change on economic output by the incorporation of climatic and socioeconomic factors. Essentially, it does not focus on the natural science of climate change itself but uses climate change as an economic factor to analyze its contribution to economic development. Its effectiveness has been tested mostly on wheat, maize, and rice in China’s grain-producing areas [25,26]. The climate change impact assessment part of the model focuses on analyzing the impact of climate change on economic output based on the output elasticity of climatic factors. In recent years, studies have used the C-D-C model to analyze the effects of temperature and precipitation changes on the rice yield in different regions [27,28], initially developed the concept and method of “the yield impact of climate change” [24], and assessed the regional sensitivity of crop yields to changes in comprehensive climate factors [26]. The persistent improvement in the simulation capabilities of climatic models and the continuous emergence of future prediction data of CMIP6 have enabled the use of the C-D-C model, and prediction data have made it possible to quantitatively predict the impact of future climate change.
Based on the above, this study aims to further introduce and popularize the yield impact of the climate change (YICC) model to explore the impact of future climate change on economic output. In addition, it carries out a case study on the model in the North and South regions of China’s main grain-producing areas. In other words, this study’s objective is to derive a YICC model based on the C-D-C model, use the impact ratio of the climate change index to project the impact of future climate change on economic output, and apply it to China’s main grain-producing areas. As critical areas in China, the main grain-producing areas are a breadbasket but also areas vulnerable to climate change. Among them, the North region presents a warm, dry trend with increasing temperature and decreasing precipitation, while the South region presents a warm-humidification trend with increasing temperature and precipitation [29]. This uneven and obvious trend of climate change inevitably affects agricultural production and economic development. The goal is therefore to use the findings to inform and support policies towards preventing the risk climate change poses to crops and improving the sustainable development of the agricultural economy. The section that follows discusses the methods and case study.
THEORETICAL BASIS OF THE ECONOMY-CLIMATE MODEL
The economic system is a complex system, an organic combination of the relationships among economic elements [24]. Economic output is subject to the combined influence of socio-economic and climatic factors. Climate change impacts are a complex nonlinear system that is subject to the interaction of many factors, and it is necessary to integrate economics and climatology for cross-disciplinary study [30,31]. In addition, climate change has economic characteristics. First, climate change is an exogenous factor and has external effects. As a public natural resource, climate change is regarded as a public good in the field of economics and is not controlled by any individual or state. Therefore, it has randomness and uncertainty. Climate change, characterized by rising global temperatures, is mainly caused by excessive emissions of greenhouse gases in certain countries, and its impacts not only involve the emitting regions but also spread across borders to other countries and regions [32]. Climate change has no borders. Second, climate resources are not restricted by national boundaries, so they are shared natural resources. They do not require investment or payment of any usage fees and entail no cost and profit calculations. Third, economic growth is mainly caused by external environmental factors and internal economic activities. As one of the external factors, climate change needs to be combined with economic activity factors to take effect. Evaluation of the economic impact of climate change does not focus on the natural science of climate change itself but uses climate change as an economic factor to analyze its contribution to or impact on economic development, that is, to analyze the economic impact of climate change from a socio-economic perspective [30]. Climate change has these economic characteristics that are basically consistent with economic growth. Scholars have used “climate change” as an economic input factor to construct an economy-climate (C-D-C) model to evaluate the impact of climate change on economic growth [23].
The Cobb-Douglas production function model (C-D model) is a classic mathematical model in the field of economics. It is easy to operate and widely used and has the advantages of convenient parameter retrieval in modeling [33]. The C-D-C model is based on the C-D production function model and adds climatic factors to construct an econometric model to evaluate the impact of climate change on the economic system [23]. In addition, with this study, we introduce into the model the comprehensive climate factor (CCF), a new factor constructed in previous studies, and analyze the economic impact of changes in the comprehensive climate factor on the yields of different crops in China’s main grain-producing areas over the past 35 years (1981–2015) [5]; [26]. The C-D-C model represents the functional relationship between the number of input factors and the economic output in the production process over a long period of time (more than 10 years), and its formula is shown in Eq. 1. where Y is the economic output, [image: image] is the economic factor (i ≥ 3), [image: image] is the output elasticity corresponding to the economic factor, C is the comprehensive climate factor, [image: image] is the output elasticity corresponding to the climatic factor (also called “climatic output elasticity”), [image: image] represents the sum of the influence of factors other than economic and climatic factors, and [image: image] is expressed as the sum of the effects of factors other than climate change on economic output. This model has some advantages:
A. The dimension of variables does not need to be considered in modeling, and the function formula can be logarithmically linearized into Eq. 2, which is easier to process and calculate.
B. Both short time scale meteorological factors and long time scale climatic factors can be added as input factors.
C. The comprehensive climate factor is a combination of a variety of climate factors (such as temperature, precipitation, sunshine hours), reflecting the main change trend of a variety of climatic factors, and its formula is shown in Eq. 3, where n represents the number of climate factor variables, [image: image] is the i-th climatic factor, and [image: image] is the weight corresponding to the i-th climatic factor. This factor was calculated by principal component analysis (PCA) method.
D. The model expresses the relationship between economic output and its influencing factors in the form of an exponential product, reflecting the nonlinear interaction between economic and climatic factors in the production process.
E. Output elasticity is an economic concept. It reveals the change rate of economic output caused by the change rate of an input factor under the condition that other input factors remain unchanged. The sensitivity to changes in the input factors can also simply distinguish the influence of climatic and economic factors on economic output. For example, the output elasticity corresponding to the climate change factor is γ, which means that under the condition that non-climatic factors remain unchanged, every 1% increase in climatic factors increases economic output by γ%.
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When assessing the impact of climate change on economic output, we mainly use climatic output elasticity as the evaluation index to focus on the analysis of the impact of changes in climatic factor C, and use the output elasticity of climate change factors to reflect the contribution of climate change to economic output. The model schematic diagram is shown in Figure 1, which mainly includes three parts. The first part is the selection of indicators, including input and output factors. The input factors are composed of climatic and non-climatic factors. The second part is the construction of the model. The selected indicators are introduced into the model for calculation and simulation to obtain the output elasticity corresponding to the climatic factor. The third part is the impact assessment, which analyzes the impact of climate change on economic output by the output elasticity of the climatic factors.
[image: Figure 1]FIGURE 1 | Schematic diagram of the economy-climate (C-D-C) model. Y is an economic output, xi is an economic factor (i≥3), βi is an output elasticity corresponding to the economic factor, C is a climatic factor, γ is an output elasticity corresponding to climatic factor (called “climatic output elasticity”), α represents the sum of the influence of factors other than economic and climatic factors.
From Equations 1–2, it can be seen that as long as the economic data and climate change data are obtained, the output elasticity of each input element can be calculated. Historical economic data can be obtained through the National Bureau of Statistics and the Statistical Yearbook in China. Historical and future climatic data can be obtained not only through observational data from the National Meteorological Administration in China but also through simulations using different climate models in the international CMIP6 experiment. However, due to the randomness and uncertainty of the economic development laws of the country and society, it is difficult to obtain future economic data. Therefore, the C-D-C model has been widely used to assess the impact of historical climate change on food production [26–28]. To solve the difficulty of predicting the impact of future climate change, it is necessary to further explore a new method based on the C-D-C model.
MECHANISM OF THE YICC MODEL
Global climate change has significant interdecadal characteristics, and there are multiple time-scale changes in China [4]. Climate has its own changing trend on the interdecadal time scale, which affects the economic system. As the output of the production system, economic output is the result of the nonlinear interaction between socio-economic factors and natural factors rather than the linear superposition of their individual effects. To distinguish the impact of climate change on economic output under nonlinear conditions and to compensate for the limitations of the C-D-C model in predicting the impact of future climate change, we introduce a method for projecting the impact of climate change—the yield impact of climate change (YICC) model.
The Yield Impact of Climate Change
The yield impact of climate change is different from the meteorological yield, which linearly decomposes crop yield into three parts: technical yield, meteorological yield and random yield. However, it does not consider the long-term trend of climatic factors and the changes in yield caused by factors such as crop sown area [14,34]. On decadal or even longer time scales (decades or even hundreds of years), the climate has a changing trend. Therefore, in the process of studying the impact of future climate change, long-term climate change cannot be ignored and must be considered.
The variation in economic output not only depends on the input of production factors but is also affected by many factors, such as the scientific level, technological progress, policies, and the natural environment. It is the result of the combined effects of various factors. Therefore, under the comprehensive effects of climatic and economic factors, the following method quantitatively distinguishes the effects caused by climatic factors.
After n years (the first n years, [image: image]), economic output presents a state of economic growth. After another n years (next n years), we assume that the climatic state remains unchanged in the first n years, and the economic output will have another state of economic growth under continuous changes in nonclimatic factors, denoted as [image: image]. It is important to emphasize here that [image: image] is a hypothetical situation. If continuous changes in climatic state are taken into account, there will be another growth state in economic output, denoted as [image: image]. It needs to be highlighted that [image: image] is an actual situation, that is, the economic state under the influence of continuous changes in both climatic and nonclimatic factors. Compared with the former, the latter will change. In short, the remaining state after [image: image] is removed from [image: image] is the influence caused by climatic factors. Thus, the goal of quantitatively distinguishing the influence caused by climatic factor is achieved. This change is the impact of climate change on economic output. We define this change as the yield impact of climatic change (YICC). In other words, the impact of climate change is the difference between [image: image] and [image: image], denoted as [image: image]. The schematic diagram is shown in Figure 2. What we want to study is the difference between economic output under a changing climatic state and that under a constant climatic state to indicate the impact of climate change on economic output.
[image: Figure 2]FIGURE 2 | Schematic diagram of the yield impact of climate change. Y1 is the economic growth state (idealized state) when the climate does not change, and Y2 is the actual state of future economic growth. ∆ represents the impact of climate change on economic output, that is, the difference between Y2 and Y1. (−) indicates that the impact of climate change is negative, (+) indicates that the impact of climate change is positive.
Model Mechanism
Over time, climatic factors and nonclimatic factors change, so the actual economic outputs are the result of the comprehensive effect of these two changes. The C-D-C model reflects this situation. In the YICC, [image: image] is only a hypothetical value and has no actual data, so the results of climate model predictions can be used. Therefore, the C-D-C model cannot be used directly to predict the impact of climate change in the future, and further derivation is needed. First, four preconditions need to be made:
A. Assume that the mean states of economic output, nonclimatic and climatic factors are [image: image], [image: image], and [image: image] in the first n years (1, 2, 3..., n,[image: image]), respectively. The climatic output elasticity is [image: image], as shown in Eq. 4.
B. Assuming that the climatic state does not undergone continuous changes during the next n years (still [image: image]) and the economic state does undergone continuous changes ([image: image]), then [image: image] is the amount of economic output that meets this condition, as shown in Eq. 5
C. Assuming that the climatic and economic states in the next n years (n + 1, n + 2..., 2n) will undergone continuous changes, then the mean states of economic output, nonclimatic factors and climatic factors are [image: image], [image: image], and [image: image]. The climate output elasticity is [image: image], as shown in Eq. 6.
D. Since statistical data on the future economy are not available, the climatic output elasticity [image: image] in the future cannot be calculated by the C-D-C model. We thus set [image: image] = [image: image], which is based on the historical climatic output elasticity, and assume that the future climate factors will continue to change in accordance with the elastic changes over historical time.
Finally, we define the difference (∆Y) between [image: image] and [image: image] as the “yield impact of climate change” in the next n years. The mathematical formula is shown in Eq. 7. It should be emphasized that the mean state values here are all multi-year averages for n years.
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Indicator for the Impact Ratio of Climate Change
The yield impact of climate change (∆Y) is mainly determined by the future economic output ([image: image]), the mean state of future climatic factor change ([image: image]), and the mean state of past climatic factor change ([image: image]). The inability to accurately know the future economic output ([image: image]) and other socio-economic factor data make it difficult to directly calculate the impact of climate change. [image: image] is an imaginary value, and there are no actual data to use. Therefore, to project the impact of future climate change on economic output, ∆Y needs to be further derived and transformed into Eq. 8. [image: image] is called the impact ratio of climate change (IRCC).
[image: image]
The impact ratio of climate change is a benefit indicator that measures the impact of climate change on economic output and reflects the weight of the impact of climate factors on actual economic output. From an economic point of view, the greater the ratio is, the greater the proportion of the yield impact of climate change, in other words, the greater the impact of climate change on economic output. If the ratio is positive, it means that climate change has a positive effect on economic output. If the impact ratio of climate change is negative, it means that climate change has a negative impact on economic output. In addition, the forecast of the IRCC reflects that future economic output is the result of the nonlinear interaction of climatic factors and nonclimatic factors. We apply the IRCC model to the main grain-producing areas in China to project the impact of climate change on grain production in the next 15–30 years. The framework diagram of the economy-climate model is shown in Figure 3.
[image: Figure 3]FIGURE 3 | A framework diagram of the economy-climate model for predicting the yield impact of climate change. Y is an economic output, xi is an economic factor (i≥3), βi is an output elasticity corresponding to the economic factor, C is a climatic factor, γ is an output elasticity corresponding to climatic factor (called “climatic output elasticity”), α represents the sum of the influence of factors other than economic and climatic factors. ΔY/Y2 is the impact ratio of climate change (IRCC).
CASE STUDY
Study Area
The main grain-producing areas are important bases for grain production and an important contribution to food security. A total of 72.2% of the country’s mean annual grain production comes from 13 main grain-producing areas in China (Figure 4), and their mean annual grain production concentration from 1981 to 2015 totaled 73.8% [29]. According to previous studies, the main grain-producing areas can be divided into the North and South regions [26]. The North region includes Heilongjiang (HeiLJ), Jilin (JiL), Liaoning (LiaoN), Hebei (HeB), Shandong (ShanD), and Henan (HeN) Provinces. The South region includes Anhui (AnH), Jiangsu (JiangS), Jiangxi (JiangX), Hubei (HuB), Hunan (HuN), Guangdong (GuangD), and Sichuan (SiC) Provinces.
[image: Figure 4]FIGURE 4 | The main grain-producing areas in China. The yellow area presents the North region, and the blue area shows the South region.
Data
The climate model data include historical data and future scenario data of average temperature (unit: K), precipitation (unit: mm), surface downward shortwave radiation flux (unit: w/m2) and CO2 concentration (unit: mol/mol), which are derived from five global climate models tested in Coupled Model Intercomparison Project Phase 6 (CMIP6) (https://esgf-node.llnl.gov/search/cmip6/). The historical period is from April to September in 1981–2014, and the future period is from April to September in 2021–2050. The basic information of the five global climate model data is shown in Table 1. The future scenario data are predicted data under three different shared socio-economic paths (SSP1-2.6, SSP2-4.5, SSP5-8.5). The SSP-RCP scenario is an SSP scenario constructed based on the RCP scenario. This comprehensive scenario can better analyze the links and impacts of climate change and the social economy [35]. Among them, SSP1-RCP2.6 (SSP1-2.6) is the scenario with the lowest greenhouse gas emissions under sustainable development conditions. SSP2-RCP4.5 (SSP2-4.5) is described as a scenario with moderate greenhouse gas emissions under moderate development conditions. SSP5-RCP8.5 (SSP5-8.5) is described as the scenario with the highest greenhouse gas emissions under conventional development conditions. Since the resolution of each model is different, we need to first interpolate the model data to a grid station with a resolution of 0.5˚ × 0.5˚ through the bilinear interpolation method. Multi-model ensemble average (MME) is the equal-weight arithmetic average of multi-model simulation results. The climatic index (C) selected in this study is the comprehensive climate factor (CCF). It is constructed by the principal component analysis method from the average temperature, precipitation, radiation flux, and CO2 concentration. The method description is shown in a previous study by Chou et al. [5].
TABLE 1 | Information regarding five CMIP6 climate models used in this study.
[image: Table 1]The economic indices include the number of rural employed persons (unit: 10,000 persons), sown area of grain crops (unit: 1,000 ha), total power of agricultural machinery (unit: 10,000 kW), volume of effective component of chemical fertilizer (unit: 10,000 tons) and areas covered by natural disasters (unit: 1,000 ha). The economic output index is the output of grain crops (unit: 10,000 tons). The economic data come from the National Bureau of Statistics (http://www.bjstats.gov.cn) and the “Statistical Yearbook” of the provinces from 1981 to 2015. Since economic data are statistical data and cannot be used directly, they need to be preprocessed to enhance the credibility, rationality and consistency of the variable data used in the modeling. Both climatic data and economic data were preprocessed by the administrative area weight method and the three-point moving average method. The processed data can be found in Supplementary Tables 1–4.
The Current Situation of Grain Production in China
In the past 34 years (1981–2014), the interdecadal variation in total grain production in the North region has shown a clear increasing trend, while the interdecadal variation in production in the South region has shown a decreasing trend (Figure 5A). In particular, the total grain production in the North region has increased at a faster rate, reaching 9,669,300 tons/(10a). There have been obvious interdecadal differences in the grain production level of each province over the past 34 years (Figure 5B). In the North region, the total grain production of Heilongjiang and Henan Provinces has increased rapidly. In the South region, the production of Anhui Province has increased rapidly, but the interdecadal changes in the production of Guangdong and Sichuan Provinces have shown a downward trend.
[image: Figure 5]FIGURE 5 | The interdecadal changes in the grain production in the China’s main grain-producing areas. (A), the interdecadal grain production changes in the North and South regions from 1981 to 2014. (B), the interdecadal changes in grain production in 13 provinces from 1981 to 2014, the first six provinces belong to the North region, and the last seven provinces belong to the South region. The North region (NR) includes Heilongjiang (HeiLJ), Jilin (JiL), Liaoning (LiaoN), Hebei (HeB), Shandong (ShanD) and Henan (HeN) Provinces. The South region (SR) includes Anhui (AnH), Jiangsu (JiangS), Jiangxi (JiangX), Hubei (HuB), Hunan (HuN), Guangdong (GuangD) and Sichuan (SiC) Provinces.
Characteristics of Future Climate Change
Temperature, sunshine, and water are the most direct natural conditions for crops, and they are also important natural factors that affect crop production and sustainable development. In our previous research, we have found that changes in the climate elements in various provinces show complex, varying and regional characteristics of cold-warm and dry-wet cycles [29]. Different climatic conditions and regions have various possible impacts on grain production in China during the growth season. We thus chose average temperature, precipitation, radiant flux and CO2 concentration as input factors for climate.
Driven by the complex and changeable climate system, the global climate model has become a powerful tool for studying future climate change and a vital tool for climate projection under different greenhouse gas emission scenarios [36]. With the increase in anthropogenic greenhouse gas emissions and changes in land use, the CMIP6 plan provides key data support for future climate change mechanism research and climate change mitigation and adaptation research based on various shared social and economic paths [37]. However, the climate models in the plan differ greatly in terms of mechanisms, climate forcing, model resolution, and scenario design, so they have different performances in simulating climate change. We first interpolate each model data to a grid with a resolution of 0.5˚ × 0.5˚ through the bilinear interpolation method, and then perform equal-weight arithmetic averages on the five model data. To visually observe the changing trend of future climate factors, we determine the difference between the average state of climate factors in the future time and the past time period.
The climate change in China’s main grain-producing areas in the next 15 and 30 years will be similar under three different climate scenarios. Compared with the past 34 years (1981∼2014), the climate change in the North region in the next 15 years (2021–2035) will present a trend of increasing temperature, slightly increasing precipitation and radiation flux, and a significant increase in CO2 concentration. The trend of climate change in the South region is a slight increase in temperature, a slight decrease in precipitation, and a significant increase in radiant flux and CO2 concentration (Figure 6). The temperature change in the North region is larger than that in the South region, and the radiant flux change in the South region is greater than that in the North region, mainly due to the latitude. The climate change in the next 30 years (2021∼2050) is consistent with the change trend in 2021∼2035, and climate change will be strengthened (Figure 7).
[image: Figure 6]FIGURE 6 | Distribution of changes in climatic factors in China’s main grain-producing areas in the next 15 years (2021–2035) under three future scenarios. (A, B,C) are the spatial distribution of mean temperature in SSP1-2.6, SSP2-4.5 and SSP5-8.5 scenarios, respectively. (D, E,F) are the spatial distribution of precipitation in SSP1-2.6, SSP2-4.5 and SSP5-8.5 scenarios, respectively. (G, H,I) are the spatial distribution of radiation in SSP1-2.6, SSP2-4.5 and SSP5-8.5 scenarios, respectively. (J, K,L) are the spatial distribution of CO2 concentration in SSP1-2.6, SSP2-4.5 and SSP5-8.5 scenarios, respectively. The value is the difference between the mean annual value from 2021 to 2035 and the mean annual value from 1981 to 2014.
[image: Figure 7]FIGURE 7 | Distribution of changes in climatic factors in China’s main grain-producing areas in the next 30 years (2021–2050) under three future scenarios. (A, B,C) are the spatial distribution of mean temperature in SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios, respectively. (D, E,F) are the spatial distribution of precipitation in SSP1-2.6, SSP2-4.5 and SSP5-8.5 scenarios, respectively. (G, H,I) are the spatial distribution of radiation in SSP1-2.6, SSP2-4.5 and SSP5-8.5 scenarios, respectively. (J, K,L) are the spatial distribution of CO2 concentration in SSP1-2.6, SSP2-4.5 and SSP5-8.5 scenarios, respectively. The value in the figure is the difference between the mean annual value from 2021 to 2050 and the mean annual value from 1981 to 2014.
In fact, the growth and development of crops is not an independent impact of a single climatic factor but is an integrated effect of multiple climatic factors. This study constructed the main climatic factors (i.e., air temperature, precipitation, radiation flux and CO2 concentration) into a Comprehensive Climate Factor (CCF) and quantitatively analyzed the impacts of integrated climate change in China’s main grain-producing areas. This is a creative research method that combines complex factors in order to study main trends. The CCF is an important evaluation indicator that integrates information from climatic factors and provides a new perspective for research on regional responses to integrated climate change.
Projection of the Yield Impact of Future Climate Change
The year 2021 is the first year of China’s “14th Five-Year Plan”, and China has entered a new stage of accelerating the development of agricultural modernization and comprehensively promoting rural revitalization. The year 2035 is the last year for China to basically realize socialist modernization, and the grain planting area will remain generally stable by 2035 [38]. The year 2050 is the last year for China to become a powerful modern socialist country. China’s social and economic development trends and patterns will inevitably undergo great changes from 2021 to 2050. Moreover, 2035 and 2050 can reflect China’s phased economic development and changes. Based on this, we use the years 1981∼2014 as the base period to predict the average change in the next 15 years (2021∼2035) and the next 30 years (2021∼2050).
First, the climatic output elasticity of the North and South regions from 1981 to 2014 is calculated. According to Eqs. 1, 2 of the C-D-C model, the comprehensive climate factor and economic factor data are introduced into the C-D-C model to obtain the output elasticity of the comprehensive climate factor. Among them, the climatic output elasticity is 0.037 in the North region and -0.211 in the South region. The climatic output elasticity of the North region passes the 1% significance level, which shows that climate change in the past 34 years has promoted the total grain production. The climate output elasticity of the South region is negative, but the negative impact of climate change on the total grain output is not significant. Under the condition that other nonclimatic factors remain unchanged, for every 10% increase in the comprehensive climate factor, the production in the North region increases by 0.37%, and the production in the South region decreases by 2.11%. The main reason may be that: environment and climate in the North region are affected by global warming, which reduces the damage caused by natural disasters (e.g., low temperature and frost damage). Moreover, agricultural production conditions have improved significantly, such as gradual improvements in agricultural production, the strengthening of agricultural infrastructure construction, increase in agricultural subsidy support policies, and continued agricultural technological development, which has increased the enthusiasm of farmers to grow food production in the North region. Based on these findings, the total grain production in the North region has increased rapidly, particularly in Northeast China. However, the increases in temperature and precipitation in the South region might increase the impact of agricultural natural disasters, such as those caused by high temperature, heat damage, and summer drought. In addition, the rapid development of industry in the South region has reduced the crop planting area, and the rural labor force has been continuously diminishing, which has accelerated the decrease in grain prodution in the South region.
Finally, the impact ratio of climate change in the next 15– years is calculated. The impact ratio of climate change reflects the weight of the impact of CCF on actual grain output. Taking the climatic output elasticity from 1981 to 2014 as the benchmark, the climatic output elasticity and the mean annual of CCF under the three future scenarios of 2021–2035 and 2021–2050 are introduced into the YICC model to obtain the IRCC, according to Eq. 8.
From 2021 to 2035, the impact ratio of climate change in the North region is negative, and decreases with the increase of emission concentration. The ratio in the South region is positive, and increases with the increase of emission concentration (Figure 8). Under the SSP1-2.6 scenario, climate change will cause a 0.60% drop in grain output in the North region and an increase of 1.80% in grain output in the South region. Under the SSP2-4.5 scenario, climate change will cause a 2.09% drop in grain output in the North region and an increase of 9.01% in the South region. Under the SSP5-8.5 scenario, climate change will cause a 1.86% drop in grain output in the North region and an increase of 7.17% in the South region. The main reason may be that temperature and CO2 concentration in the North region increase with the increase of the emission concentration, which leads to a warmer climate and is not conducive to the suitable growth of crops. The reduction in precipitation and radiation may cause damage to crops by natural disasters such as high temperature or drought, leading to a decline in grain output. The temperature in the South region may be suitable, the precipitation increases, and the radiation increases, which is conducive to the growth of crops. The future climate change in the South region will have a greater positive impact on food production than in the North region. The increase in CO2 concentration is beneficial to alleviate or offset the negative effects caused by climate warming and increase grain production.
[image: Figure 8]FIGURE 8 | The impact ratio of climate change in the main grain-producing areas from 2021 to 2035.
The change trend of the impact ratio of climate change from 2021 to 2050 is consistent with the change region from 2021 to 2035. Compared with the impact of climate change in the next 15 years (2021–2035), the negative impact of climate change on the grain production in the North region in the next 30 years will weaken as the emission concentration increases (Figure 9). Among them, the grain output affected by climate change in the North region is reduced by 0.52% under the SSP1-2.6 scenario, 1.99% under the SSP2-4.5 scenario, and 1.76% under the SSP5-8.5 scenario. The main reason may be that the temperature and precipitation in the next 30 years will be higher than the changes in the next 15 years, which may reduce the impact of natural disasters such as low temperature and cold damage and provide sufficient water resources for crop growth. As a result, the negative impact of climate change is reduced in the North region. For the South region, climate change still has a positive impact on grain production. Compared with the impact of climate change in the next 15 years, the climate impact in the next 30 years on grain production in the South region will be strengthened under the SSP2-4.5 and SSP5-8.5 scenarios, and weakened under the SSP1-2.6 scenario.
[image: Figure 9]FIGURE 9 | The impact ratio of climate change in the main grain-producing areas from 2021 to 2050.
CONCLUSIONS AND DISCUSSIONS

1) Based on the traditional C-D-C model and the method for projecting the climate change impact, this paper introduces a comprehensive climate factor to improve the accuracy of the model and simplify the parameters. Combined with the new prediction achievements of the climate model of CMIP6, we further introduce the concept of the yield impact of climate change (YICC). The YICC represents the difference between economic output under a changing climatic state and a constant climatic state. It not only comprehensively considers the interaction between climate change and socio-economic factors but also takes into account the influence of the interdecadal climate change trend, thereby improving the accuracy of projecting the impact of future climate change.
2) To improve the impact assessment system of the economy-climate model, the yield impact of climate change (YICC) model is further introduced on the basis of the C-D-C model. The model can well project the impact of long-term climate change on economic output and reflect the sensitivity of economic output change to climate change by the impact ratio of climate change (IRCC) indicator in the model.
3) A case study of the yield impact of climate change model applied to the main grain-producing areas in China finds that the impact of climate change in the future 15– years on the grain output in the South region is beneficial under the three future scenarios, but it will have a negative impact on the grain output in the North region. From 2021 to 2035, the increase rate of grain production in the South region will range from 1.80 to 9.01% under the three future scenarios, and the rate of production reduction in the southern region will range from −2.09% to −0.60%. From 2021 to 2050, the production increase rate in the South region will be between 1.35% and 9.56%, and the production reduction rate in the North region will be between −1.99% and −0.52%. This modeling method has good prospects for application, and we will pay more attention to its application and promotion in future research.
To accurately and quantitatively project the impact of climate change on economic output in the next 15–30 years, this study combines the prediction achievements of the climatic model with econometrics and provides a new idea and method for studying the impact and adaptation of global change. It also provides a scientific basis for responding to climate change and preventing climate change risks in the socio-economic system. This study selects 5 GCMs in CMIP6, based on the shared socio-economic paths, and simulates the change range of future grain production in China and quantitatively gives the probability of increasing or decreasing grain production under the low-force scenario (SSP1-2.6), the medium-force scenario (SSP2-4.5), and the high-force scenario (SSP5-8.5). The application of the multi-model ensemble averaging method to the research of agricultural impact assessment can reduce the uncertainty of the impact of climate change on crop production. Grain production is affected by many factors, such as nature, economy and society. Among these factors, agricultural policies and government decisions play a leading role in China’s agricultural production. For example, in 1998, China began to actively promote the strategic adjustment of agricultural and rural economic structures. In 2006, China exempted agriculture from taxes and other regulatory policies. Increasing grain production has been an important policy focus. In 2012, China has introduced a food security policy of “ensuring basic self-sufficiency of grain and absolute security of staple food” and established a national strategy on food security featuring self-sufficiency based on domestic grain production, guaranteed food production capacity, moderate imports, and technological support. Socioeconomic and climate change factors jointly affect China’s grain production. Facing the changes in the spatial and temporal patterns of climate change in China’s main grain-producing areas, humans can use real-time agricultural technology, combined with meteorological monitoring and forecasting techniques to monitor the real-time dynamics of climate factors such as temperature and precipitation and to prevent possible natural disasters.
Among previous studies, Ma et al. [39] found that climate change in northeast China from 2031 to 2040 would lead to a 5.3% reduction in maize production using the integral regression method. Li et al. [40], Li et al. [41], and Sun et al. [42] using crop models, found that the average production reduction of maize, rice, and wheat in China would be 3.7, 7.49, and 5.2%, respectively, under the background of a temperature increase of 1.5°C. Although the method in this study is not as strong as the mechanism of the crop model, it uses long-term economic and climatic data to project the impact of climate change for analysis. It analyzes the relationship between climatic factors and economic output under the interaction of climate factors and economic factors. When projecting the future, it still includes the interaction between climate and economy and the long-term change trend. Therefore, the results may be more consistent with the actual situation. Of course, this method has some issues to be improved, such as the limitations of the economic-climate model itself and the uncertainty of the scenario data predicted by the climate model. The existence of these problems will inevitably lead to uncertainty in the assessment results of the impact of climate change, which needs to be further explored in future work.
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