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Abstract: Quantitatively assessing the spatial divergence of the sensitivity of crop yield to climate
change is of great significance for reducing the climate change risk to food production. We use socio-
economic and climatic data from 1981 to 2015 to examine how climate variability led to variation
in yield, as simulated by an economy–climate model (C-D-C). The sensitivity of crop yield to the
impact of climate change refers to the change in yield caused by changing climatic factors under
the condition of constant non-climatic factors. An ‘output elasticity of comprehensive climate factor
(CCF)’ approach determines the sensitivity, using the yields per hectare for grain, rice, wheat and
maize in China’s main grain-producing areas as a case study. The results show that the CCF has a
negative trend at a rate of −0.84/(10a) in the North region, while a positive trend of 0.79/(10a) is
observed for the South region. Climate change promotes the ensemble increase in yields, and the
contribution of agricultural labor force and total mechanical power to yields are greater, indicating
that the yield in major grain-producing areas mainly depends on labor resources and the level of
mechanization. However, the sensitivities to climate change of different crop yields to climate change
present obvious regional differences: the sensitivity to climate change of the yield per hectare for
maize in the North region was stronger than that in the South region. Therefore, the increase in the
yield per hectare for maize in the North region due to the positive impacts of climate change was
greater than that in the South region. In contrast, the sensitivity to climate change of the yield per
hectare for rice in the South region was stronger than that in the North region. Furthermore, the
sensitivity to climate change of maize per hectare yield was stronger than that of rice and wheat in
the North region, and that of rice was the highest of the three crop yields in the South region. Finally,
the economy–climate sensitivity zones of different crops were determined by the output elasticity of
the CCF to help adapt to climate change and prevent food production risks.

Keywords: climate change; economy–climate model; crop yield; sensitivity; impact

1. Introduction

While the issue of food security is currently receiving a lot of attention and more
detailed research on the topic is being carried out, the study of the impacts of climate
change on food production has always been of importance. The occurrence of historical
climate change and predicted future climate change affect food security through increasing
temperature, precipitation variation and increased frequencies of extreme events [1–3]. The
variations in climatic conditions suitable for the growth and development of crops will
become more pronounced in the future [4,5]. Facing the severe challenge of global warming,
the number of catastrophic agrometeorological disasters will increase [6,7], the risks of
climate change on food production will increase [8,9], and it will become more difficult to
guarantee food security [10,11]. The assessment of climate change impact is an important
link and foundation of the assessment of climate change risk [12–14]. Understanding
the sensitivities of different varieties of crop yields to the impacts of historical climate
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change is essential for scientifically and rationally assessing climate change impacts and
appropriately instituting measures to prevent climate change risks.

Sensitivity assessment and quantitative analysis of food production affected by climate
change are important considerations to adapt food production to climate change and
achieve sustainable agricultural development. Scholars have used different models to
study the impacts of changes in key regional climatic indicators on main crop yields.
For example, the crop model was used to analyze the impact of changes in temperature
and precipitation in different regions on the future main crop yields (e.g., wheat and
maize) [15–17]; the Ricardian model was used to analyze the sensitivity of different crop
yields to marginal changes in response to different climatic factors [18–20]; the Computable
General Equilibrium model (CGE) was used to analyze the impacts of climate change in
different regions on the economic costs of food production [21]; and the “meteorological
output” model [22] was used to separate crop output into three parts—technical output,
meteorological output, and random output—and to evaluate the impacts of meteorological
factor fluctuations on output variations [23,24]. Studies on the impacts of climate change
on food production based on these models are limited as only single and independent
climatic factors are evaluated, and the interaction between climatic factors and agricultural
economic factors is not considered. In fact, the impact of climate change on food production
is a complex nonlinear system that is affected by many factors, and it is necessary to
integrate economic and climatological theories for cross-study [25,26]. In view of this, Chou
et al. combined climatic factors with economic factors to construct an economy–climate
model (C-D-C) [27,28]. Compared with other economic models that study the impacts
of climate change [29], the C-D-C model can not only reveal the nonlinear relationship
between economic factors and natural factors for food production but also quantitatively
analyze the impact of changes in climatic factors on changes in food production from
a socioeconomic perspective. The model has been widely used and improved in many
fields and studies [30–32] and reveals the advantages of comprehensively considering the
nonlinear relationship between economic and natural factors, and the long-term trend of
climatic factors.

Rice, wheat, and maize are the three main crops in China; China is the largest producer
of rice and wheat and the second largest producer of maize in the world [33,34]. Stably
increasing the yield of the three main crops is not only related to national economic
development and social stability [35], but is also the core of ensuring food security in China
and the world [36]. Here we constructed a comprehensive climate factor (CCF) to reveal
the ensemble information of different climatic elements and introduce it into the model
as a climatic indicator. We also analyzed the output elasticity variations of the main crop
yields as a result of climate change and economic factors in the past 35 years using the
C-D-C model and assessed the sensitivities of crop yields to climate change impacts and
their spatial distribution.

2. Materials and Methods
2.1. Division of Main Grain-Producing Areas

This paper took China’s main grain-producing areas as the research area. The main
grain-producing areas are the core of grain-production areas in China, and they are impor-
tant for ensuring national food security [37–39]. Based on the eight grain-producing areas
in China [40], we selected 13 provinces as the main grain-producing areas, with annual
average grain production concentrations exceeding 3% (Figure 1a), annual average grain
yields accounting for 72.2% of the country’s total, and crop sown areas accounting for 68.3%
nationally. This showed that these provinces could represent the main force in national food
production, and their production directly affected the overall level of national food produc-
tion. At the same time, we divided the 13 provinces into two major regions, the North and
South regions, based on the geographical division principle of the Qinling–Huaihe River
(Figure 1b). Moreover, the division roughly matched the climatic zone divisions of China.
The North region was located in a temperate monsoon climate zone, and the South region
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was located in a subtropical monsoon climate zone [32]. The North region included the
Heilongjiang, Jilin, Liaoning, Hebei, Shandong and Henan provinces, and the South region
included the Anhui, Jiangsu, Jiangxi, Hubei, Hunan, Guangdong and Sichuan provinces.
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2.2. Data Sources and Preprocessing

The meteorological observation data of 417 stations included the monthly precipitation
(unit: mm), mean air temperature (unit: ◦C) and sunshine hours (unit: hour) in China’s
grain-producing areas [40] during the growing season (April–September) from 1981 to
2015. These data were obtained from the Climate Dataset of the China Meteorological
Data Service Center (http://data.cma.cn) and the China Meteorological Administration.
The mean temperature data were given in Kelvin (K) units. The data of each province
were given as the arithmetic average of the station data from April to September in each
province, and the data for large regions were provided as the weighted mean of the area of
the administrative region of all provinces in the region.

The agricultural economic data were obtained from the National Bureau of Statistics
(http://www.bjstats.gov.cn) and the “Statistical Yearbook” of provinces. The data were
based on the province and included the rural labor force (unit: ten thousand people), the
sown area of total grain, rice, wheat, maize (unit: 1000 hectares), agricultural fertilizer (unit:
10,000 tons), disaster area (unit: 1000 hectares), total power of agricultural machinery (unit:
10,000 kW), and the yields per hectare for grain, rice, wheat and maize (unit: 10,000 tons)
from 1981 to 2015. Among them, the yield per hectare (or sown area) for grain includes the
total yields (or total sown area) of different crops such as rice, wheat, soybeans and maize.
The sown area of different crops and disaster area should be calculated in 10,000 hectares,
and the per unit area yield should be calculated in 10,000 kg/10,000 ha. Since economic data
were statistical data and it was not possible to use them directly, they were pre-processed
to make the data credible, reasonable and consistent. Therefore, we used the three-point
moving average method to preprocess economic and climatic data.

2.3. Methods

We first used the principal component analysis method to include multiple climate
factors in the comprehensive climate factor (CCF) index. The CCF was then introduced
into the economy–climate model (C-D-C) to simulate the regional changes in the output
elasticity of crop yield as a result of climate change. Finally, the sensitivity of crop yield
to climate change impact was evaluated according to the output elasticity index of the
comprehensive climate factor. The specific methods and indicators are as follows:

http://data.cma.cn
http://www.bjstats.gov.cn
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2.3.1. Principal Component Analysis Method

The principal component analysis method (PCA) is a dimensionality reduction statis-
tical method that can combine multiple indicators to yield a comprehensive indicator in
such a way [41,42] so that the comprehensive indicator reflects as much of the information
of the individual indicators as possible. The specific calculation steps are as follows [43,44]:

Step 1: Calculate the correlation coefficient matrix (or covariance matrix) of variable X:

R =
(
rij
)

pn, (1)

Step 2: Calculate the eigenvalue (λi(i = 1, 2, ···, p)) of R and its corresponding eigen-
vector (ei(i = 1, 2, ···, p)) by the maximum variance method and the least square method.

Step 3: Calculate the contribution rate and cumulative contribution rate of the principal
component Y.

Step 4: Calculate the principal component load:

vij = p
(
zi, xj

)
=
√

λiei, (2)

Step 5: Calculate the principal component Y = VX.

2.3.2. Economy–Climate Model (C-D-C)

The Cobb–Douglas production function (C-D model) is an economic model based
on economic theory. It has mainly been used for economic analysis of the contribution of
factor input to output in the agricultural production process. Since then, other economists
have continued to make modifications and improvements, and found that the C-D pro-
duction function model was more suitable than other functional forms to describe the
process of grain input and output [27]. Chou et al. introduced a variable climate factor
into it and developed an economic–climate model (C-D-C) [27]. This model has been em-
pirically tested and can evaluate, analyze and predict the impact of climate change on
China’s grain production in a general manner. According to the status of China’s food
production and the availability of statistical data, we introduced five agricultural economic
factors—the sown area of crops, agricultural labor, agricultural fertilizer, disaster area
and total power of agricultural machinery—into the C-D-C model together with the com-
prehensive climate factor (Formula (3)). To facilitate parameter estimation, the logarithm
of the parameters in Formula (3) were used to linearize the model (Formula (4)). Then
the output elasticity values of µ, γ, β1, β2, β3, β4 and were calculated using the multiple
regression method. In Formulas (3) and (4), Y is the yield per unit area for grain, rice,
wheat or maize. X1, X2, X3, X4, and X5 are the agricultural labor force, the sown area of
crop, agricultural fertilizer, power of agricultural machinery, and disaster area, respectively.
β1, β2, β3, β4 and β5 are the output elasticities corresponding to X1, X2, X3, X4, and X5,
respectively. µ represents the sum of other factors affecting crop yield except for economic
and climatic factors. Nc = Xβ1

1 ···µ represents the sum of the effects of non-climatic factors
on yield. γ is the output elasticity of the comprehensive climate factor; for every 1% in-
crease in the comprehensive climate factor under the condition of constant non-climatic
factors, the yield will increase by γ%.

Y =

(
X1

X2

)β1

X2
β2

(
X3

X2

)β3
(

X4

X2

)β4

X5
β5 Cγµ = NcCγ, (3)

lnY = β1 ln
(

X1

X2

)
+ β2lnX2 + β3 ln

(
X3

X2

)
+ β4 ln

(
X4

X2

)
+ β5lnX5 + γlnC + lnµ, (4)
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2.4. Evaluation Indicators
2.4.1. Comprehensive Climate Factor (CCF) Indicator

During the growth and development stages of crops, they are subject to the common
influence of different climatic factors (such as temperature, precipitation and sunshine
hours). Based on this, we tried to integrate three key climatic factors (temperature, pre-
cipitation, and sunshine hours) into a comprehensive climate factor to explore how the
yield respond to the combined effect of the three different climatic factors. Temperature,
precipitation and sunshine hours had significant impacts on the growth and development
of crops [45,46], and they were also the main climatic factors that were generally believed
to affect yield changes in most regions [47–49]. Based on this, we selected temperature,
precipitation and sunshine hours to construct a Comprehensive Climate Factor (CCF) using
the principal component analysis method and introduced it into the C-D-C model. In
previous studies [40], we have used the principal component analysis method to combine
multiple climatic factors (e.g., temperature, precipitation) into a Comprehensive Climate
Factor (Formula (5)). Here, CCF is the comprehensive climate factor (dimensionless), n is
the number of climate factor variables, x is the climate factor variable, and a is the weight
corresponding to the climate factor variable x. For example, we combined the temperature
(T), precipitation (P) and sunshine hours (S) to construct a comprehensive climate factor,
which is shown in Formula (6). CCF reveals the ensemble variation of different climatic
factors and reflects the combined characteristics of climate change. When CCF is a positive
value, this indicated that climate change has a positive trend. When CCF is a negative
value, this indicated that climate change has a negative trend.

CCF =
n

∑
i=1

(an ∗ xn), (5)

CCF = a1 × T + a2 × P + a3 × S, (6)

2.4.2. Climate Output Elasticity

The sensitivity of crop yields to the impact of climate change refers to the change in
yield caused by the change in the climatic factors under the condition of constant non-
climatic factors. It was directly expressed by the output elasticity γ of the comprehensive
climate factor in the C-D-C model. We also referred the output elasticity of the compre-
hensive climate factor as the climate output elasticity. The climate output elasticity was
the output elasticity of the climatic factors that influence changes in food production—for
every 1% increase in the comprehensive climate factor under the condition of constant
non-climatic factors, grain yield will increase by γ%. The larger the value, the greater the
sensitivity of food production to climate change.

3. Results
3.1. Characteristics of the Comprehensive Climate Factor
3.1.1. Simulation of the Comprehensive Climate Factor

The overall effect which was revealed by a new comprehensive climatic factor de-
serves specific attention, considering the simplification of parameters and the improvement
of accuracy in the model. Here, we selected three climatic factors—temperature, precip-
itation and sunshine hours—to construct a comprehensive climate factor (CCF). Firstly,
the calculation of the regional CCF equation. Based on the previous research method [40],
we calculated the regional CCF equation using the mean temperature, precipitation, and
sunshine hours of the six grain-producing areas. According to the results of the variance
ratios of the first two principal components, we weighted the first two principal compo-
nents to construct a comprehensive climate factor of the six areas (Table 1). Secondly, the
CCF value of the province was calculated. In fact, each province was affected by regional
climate change. We adopted the ensemble idea and calculated the CCF value of provinces
within the area range using the regional CCF equation. For example, the time series values



Atmosphere 2021, 12, 172 6 of 16

of mean temperature, precipitation, and sunshine hours in Jilin province were introduced
into the CCF equation of Northeast China, and the CCF value of Jilin province was then
calculated. The CCF values of other provinces can be obtained in the same way. The CCF
time series values of 13 provinces are in Appendix A Table A1.

Table 1. Comprehensive climatic factor equations by principal component analysis (PCA) for China’s grain-producing areas
(1981–2015 growing season).

Area V1% V2% Comprehensive Climate Factor Equation

Northeast China 85.3 \ C = 1.037 × T + 0.123 × P − 0.053 × S
North China 74.0 25.9 C = 0.820 × T + 0.220 × P + 0.400 × S
East China 99.87 \ C = 1.054 × T + 0.173 × P + 0.057 × S

South China 95.4 \ C = −0.044 × T + 1.468 × P + 0.649 × S
Central China 79.1 20.9 C = 0.820 × T + 0.250 × P − 0.050 × S

Southwest China 77.4 22.5 C = 0.800 × T + 0.270 × P − 0.040 × S

V1% and V2% represent the variance contribution rates of the principal components. The variance ratios of the first principal component
in Northeast China, East China and South China exceed 85%, and only the first principal component is needed to construct the regional
comprehensive climate factor (CCF). The cumulative variance ratios of the first two principal components in the remaining areas exceed
85%, and the first two principal components are weighted to construct the regional CCF. T, P, S, C are the mean temperature (unit: K),
precipitation (unit: mm), sunshine hours (unit: hour) and comprehensive climate factor (dimensionless). Northeast China includes
Heilongjiang, Liaoning, and Jilin provinces; North China includes Hebei, Shanxi, and Shandong provinces; East China includes Jiangsu,
Zhejiang, and Anhui provinces; South China includes Guangdong and Fujian provinces; Central China includes Henan, Hubei, Hunan, and
Jiangxi provinces; Southwest China includes Sichuan, Yunnan, Chongqin, Guizhou provinces, and Guangxi Zhuang Autonomous Region.

3.1.2. Characteristics of the Comprehensive Climate Factor

The comprehensive climate factor can reflect the information of temperature, precip-
itation and sunshine hours. The CCF showed a negative trend at a rate of −0.84/(10a)
during the growing season from 1981 to 2015 in the North region (Figure 2a), reflecting the
characteristics of increasing temperature (at a rate of 0.3 ◦C/(10a)) (Figure 2a-1), decreasing
precipitation (at a rate of −1.1 mm/(10a)) (Figure 2a-2) and decreasing sunshine hours
(at a rate of −5.0 h/(10a)) (Figure 2a-3). The CCF showed a weak positive trend at a rate
of 0.79/(10a) in the South region (Figure 2b), reflecting the characteristics of increasing
temperature (at a rate of 0.3 ◦C/(10a)) (Figure 2b-1), increasing precipitation (at a rate
of 0.7 mm/(10a)) (Figure 2b-2) and decreasing sunshine hours (at a rate of −2.4 h/(10a))
(Figure 2b-3).

3.2. Regional Sensitivity of Different Crop Yields to Climate Change

The output elasticity of the comprehensive climate factor in the C-D-C model reflects
the sensitivity of crop yield to climate change. The larger the absolute value of the output
elasticity, the more sensitive the grain yield is to climate change, and vice versa. We
introduced agricultural economic factors and a comprehensive climate factor into the
C-D-C model to simulate the output elasticity of different input elements in the production
process of different crops (Table 2). This was to reveal the contribution of different economic
and climatic factors to the variations of yield per unit area of different crops. From the
results of the correlation coefficient R2 of the model in Table 2, it can be seen that the C-D-C
model had a relatively good fit when simulating changes in the yields of different crops.
Besides, most of the climate output elasticities were relatively small, which may be due
to the existence of the statistical data we collected and deviations that we ascertained.
Furthermore, the smaller climate impact in the model is due to the fact that we use China’s
main grain-producing areas as the research area, and we use large-scale data sets. This
data make the significant information interact and cancel each other out through the
model, making the result less satisfactory. This is a problem caused by the large-scale big
data effect.
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Table 2. Output elasticities corresponding to various input factors of different crop yields simulated based on the economy–
climate (C-D-C) model.

Output
Elasticity

Grain Yield Rice Yield Wheat Yield Maize Yield

North
Region

South
Region

North
Region

South
Region

North
Region

South
Region

North
Region

South
Region

β1 0.412 * 0.344 * 1.101 0.801 * 1.269 0.765 * 0.7 * 0.725 *
β2 0.275 * 0.207 * 1.53 ** 0.448 * 2.534 * 1.433 * 0.765 0.709
β3 1.099 ** 0.995 ** 1.431 *** 1.273 * 1.361 1.429 * 0.977 * 0.606 *
β4 0.485 0.654 * 1.114 0.742 * 1.508 0.979 0.646 ** 0.333 *
β5 −0.205 ** −0.118 * −0.244 −0.091 −0.172 −0.173 −0.307 * −0.091
γ 0.055 ** 0.067 ** 0.059 * 0.104 0.056 * −0.007 0.075 ** 0.061 **
R2 0.97 0.952 0.827 0.931 0.913 0.916 0.892 0.928

Yield refers to the per unit area yield. β1 is the output elasticity of rural labor per unit area, β2 is the output elasticity of the sown area of
crop, β3 is the output elasticity of agricultural fertilizer per unit area, β4 is the output elasticity of total power of agricultural machinery per
unit area, β5 is the output elasticity of disaster area, γ is the output elasticity of comprehensive climate factor, and R2 is the correlation
coefficient. ***, **, and *, respectively, show that the impact is significant at the levels of 1%, 5%, and 10%.
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3.2.1. The Yield per Hectare for Rice

The climate output elasticities were both positive in the North and South regions,
which showed that climate change promoted an increase in rice yield. Moreover, the
climate output elasticity of the rice yield in the South region was greater than that in the
North region, reflecting that the sensitivity to climate change of rice yield in the South
region was stronger than that in the North region.

Under the condition that other factors remained unchanged, for every 10% increase
in the CCF, the yield per hectare for rice increased by 0.59% over the North region, and
by 1.04% in the South region. Among them, the climate output elasticity of the North
region passed the 10% significance level test. The main reason for these changes may
be that climate warming has pushed the boundaries of the planting system in the South
region northward, expanding the planting area of rice. This was particularly conducive
to the increase in rice production observed in Northeast China, such as in Heilongjiang
province [50,51].

For non-climatic factors, the rice sown area in the North region had the greatest impact
on rice yield and passed the 5% significance level test, followed by agricultural fertilizer.
The agricultural fertilizer in the South region had the greatest impact on rice yield and
passed the 10% significance level test. Under the condition that other factors remained
unchanged, for every 10% increase in the rice sown area, the yield increased by 15.3% in the
North region. For every 10% increase in the agricultural fertilizer input, the yield increased
by 14.31% in the North region, and by 12.73% in the South region.

3.2.2. The Yield per Hectare for Wheat

The climate output elasticity had a negative value in the South region during the
1981–2015 growing season, but it failed the significance level test. However, the climate
output elasticity in the North region was positive and passed the 5% significance level test,
and climate change promoted an increase in wheat yield. Under the condition that other
factors remained the same, for every 10% increase in the CCF, the yield decreased by 0.07%
in the South region, while yield increased by 0.56% in the North region.

Farmers can increase wheat yield by increasing the wheat sown area inputs in the
North and South regions and both passed the 5% significance level test. Wheat sown area
had the greatest impact on wheat yield. Under the condition that other factors remained
unchanged, for every 10% increase in the wheat sown area, the yield increased by 25.34%
in the North region, and by 14.33% in the South region.

3.2.3. The Yield per Hectare for Maize

The climate output elasticities both had positive values and both passed the 5%
significance level test, which showed that climate change promoted an ensemble increase
in maize yield in the North and South regions. In addition, the climate output elasticity of
the maize yield in the North region was greater than that in the South region, reflecting
that the sensitivity of the maize yield to climate change in the North region was stronger
than that in the South region. When other non-climatic factors remained unchanged, for
every 10% increase in the CCF, the yield increased by 0.75% in the North region, and
by 0.61% in the South region. Maize is a thermophilic crop and has certain temperature
and moisture conditions requirements. The positive changes in the CCF in the South
region were manifested by increasing temperature and precipitation, which provided
sufficient heat and water for maize planting. For the North region, climate warming
reduced the impact of low-temperature damage or frost on local maize and thus increased
maize production.

Regarding non-climatic factors, the agricultural fertilizer in the North and South
region had a significant impact on maize yield and both passed the 10% significance level
test. Under the condition that other factors remained unchanged, for every 10% increase in
the agricultural fertilizer, the yield increased by 9.77% in the North region, and by 6.06% in
the South region.
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3.2.4. The Yield per Hectare for Grain

The climate output elasticities of the North and South regions both had positive values
and both passed the significance level test, indicating that climate change promoted an
ensemble increase in grain yield in the North and South regions. Moreover, the climate
output elasticity in the South region was greater than that in the North region, reflecting
that the grain yield in the South region was more sensitive to climate change than that in
the North region. When other non-climatic factors remained unchanged, for every 10%
increase in the CCF, the yield increased by 0.55% in the North region, and by 0.67% in the
South region. The main reason for this increase may be that: global warming has improved
the heat resources in the North region and reduced the damage caused by agricultural
natural disasters (e.g., low temperature and frost damage). Moreover, after the 1990s,
gradual improvements in agricultural production, such as the strengthening of agricultural
infrastructure construction, increase in agricultural subsidy support policies, and continued
agricultural technological development, increased the enthusiasm of farmers to grow food
production in the North region. Based on these findings, the total grain yield per unit area
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 yields in the South region. At the same time,
adjustments and upgrades to the agricultural structure have been relatively slow and have
not allowed the South region to effectively address climate change, resulting in a slow
increase in total grain yields per unit area.

For non-climatic factors, the agricultural fertilizer and total power of agricultural
machinery had the greatest impact on the grain yield and passed the 5% or 10% significance
level test, indicating that the yield mainly depended on the level of mechanization in the
North and South regions. Under the condition that other factors remained unchanged, for
every 10% increase in the agricultural fertilizer, the yield increased by 10.99% in the North
region, and by 9.95% in the South region. For every 10% increase in the total power of
agricultural machinery, the yield increased by 4.85% in the North region, and by 6.54% in
the South region.

3.3. Division of Economy–Climate Sensitivity Zones

As mentioned above, there were obvious regional differences in the sensitivities of
the three main crop yields to climate change in the North and South regions. To further
understand the spatial distribution of sensitivities and explore the sensitive zoning of crop
yields affected by climate change, provincial administrative regions were taken as the
research unit, and the climate output elasticities of 13 provinces in China’s main grain-
producing areas were simulated using the C-D-C model. There were obvious differences
in the spatial distribution of the climate output elasticity of the three main crop yields
(Figure 3).
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wheat, maize and total grain per unit area in provinces, respectively.

The climate output elasticity not only considered the comprehensive influence of
natural factors and socioeconomic factors but also reflected the relationship between
climate change input factors and crop yields from the perspective of food economic benefits.
The absolute value reflected the sensitivity of food production to climate change. On the
basis of Figure 3, the economy–climate sensitivity zones corresponding to different crops
were divided according to the division threshold standards of different crops. The zoning
threshold was determined by the climate output elasticity according to the “mean-standard
deviation” method [52,53].

For different crops, there were obvious differences in the sensitivity of crop yields to
climate change in different regions. High-sensitivity regions for rice yield per unit area
included Liaoning Hebei and Sichuan provinces; medium-sensitivity regions included Jilin,
Shandong, Anhui, Jiangsu, Hubei and Hunan provinces; low-sensitivity regions included
Heilongjiang, Henan, Jiangxi and Guangdong provinces (Figure 4a). The high-sensitivity
regions for wheat yield per unit area were Liaoning, Jiangsu and Jiangxi provinces; medium-
sensitivity regions were Heilongjiang, Hebei, Shandong, Henan, Hunan and Sichuan
provinces; low-sensitivity regions were Jilin, Anhui, Hubei and Guangdong provinces
(Figure 4b). The high-sensitivity regions for maize yield per unit area were Jilin, Liaoning,
Hebei and Sichuan provinces; medium-sensitivity regions were Heilongjiang, Anhui,
Hunan and Guangdong provinces; low-sensitivity regions were Shandong, Henan, Jiangsu,
Jiangxi and Hunan provinces (Figure 4c). The high-sensitivity regions of grain yield per
unit area were Hebei, Guangdong and Sichuan provinces; medium-sensitivity regions were
Heilongjiang, Liaoning, Shandong, Anhui, Jiangsu and Hubei provinces; low-sensitivity
regions were Jilin, Henan, Hunan and Jiangxi provinces (Figure 4d).
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4. Discussion

Combining economics and climate change science to conduct interdisciplinary scien-
tific research is an important and valuable direction. The 2018 Nobel Prize in Economics
was awarded to American economists William D. Nordhaus and Paul M. Romer for their
outstanding contribution to innovation, climate, and economic growth. The contributions
of Romer and Nordhaus focused on methodology and together provided a basic perspec-
tive on the cause and effect of future research on technological innovation and climate
change. Although they did not give a conclusive answer to the issue, their research has
brought us one step closer to answering the issue of how to achieve sustainable global
economic development. As the Royal Swedish Academy of Sciences stated in the press
release, at its heart, economics dealt with the management of scarce resources. Nature
dictated the main constraints on economic growth and our knowledge determined how
well we dealt with these constraints [54]. Studying and exploring China’s food security
from the perspective of the intersection of economics and climate change science requires
the use of economic theories and natural scientific research methods as tools. Economic
research adopts a different method from that of natural science. If we want to combine
the scientific research of two different thinking frameworks and conceptual categories, we
cannot stick to pure quantitative relationships.

The economy–climate model is a functional relationship in which economic factors and
climate factors interact and influence each other. It combines economic theory, economic
reality, and climate change research results, and was used to analyze the economic impact
of climate change on food production from a cross-field perspective. It also used multiple
economic factors and climate factors as explanatory variables to analyze the impact of
climate change on food production. On the one hand, we believe that if economic factors
and climate factors are equally considered to explain the impact on food production, then,
for a sector that can be controlled by humans, the impact of climate is small compared to
the economic impact. The economic–climate model is simulated in this way. This is also
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the case with the research results of this paper. This research was based on the economy–
climate model (C-D-C model) that combined climatic and economic factors to analyze their
impacts on yields. The simulation results of the model showed that climatic factors had
less impact on yield than economic factors. On the other hand, if the effects of climate
factors are to be analyzed separately, the quantitative results of their effects will inevitably
be relatively large, but this is not in line with reality, because it is impossible to separate
the two influencing factors, climate and economy, in actual changes in food production.
They interact and influence food production. Based on this, we chose the economy–climate
model to analyze the effect of climate change on food production under the combined
effect of economic and climatic factors, and how changes in food production respond to
changes in climate factors. This is of great significance to the research on the prevention of
climate change risks in food production in reality.

Under the co-action and interaction of economic and climatic factors in food produc-
tion, the contribution of climatic factors is much smaller than that of economic factors.
However, in reality, crop growth is closely related to the natural environment and climate
change, and it is necessary to analyze the impact of climate change on crop yields. Under
the combined action of climatic factors and economic factors, even if the impact of climate
change is relatively small, it still exists. According to our research results, we found that
there were regional differences in the spatial distribution of crop yields in response to cli-
mate change. This is necessary to explore the law of spatial differentiation by distinguishing
differences through grade division.

Comparing the conclusions drawn from the model analysis with the results of the
literature research, most of the previous studies have conducted independent impact as-
sessments through changes in a single climatic factor or changes in multiple climatic factors.
For example, Xiong et al. (2013) [55] inferred that China’s past climate change (temper-
ature and precipitation) had increased the yields for rice by roughly 2.5%, but reduced
yields for wheat by about approximately −5%. Lu et al. (2019) [31] found that changes in
temperature and precipitation were beneficial to rice production in Northeast China. The
output elasticity of temperature was 0.32, and the output elasticity of precipitation was
0.01. The simulated results of the model vary across these studies, mainly depending on
the methods of evaluation, data used, areas and periods of assessment, etc. Although the
yield and climatic data used in this study are aggregated from province and observation
values, which are different from previous studies, our analysis agrees with some of the
previous studies. Compared to the yields in 1981–2015, we estimate that comprehensive
climate change has a positive impact on the yield of major crops in the North and South
regions, but it harms the yield of wheat in the South region, which roughly matches the
estimation of Xiong et al. [55] and Lu et al. [31].

There are some issues relating to this work that needed further discussion and im-
provement. Firstly, the comprehensive climate factor reveals the ensemble information of
multiple climatic factors, and the impact of their changes on yield highlights the combined
effects of different climatic factors on yield changes. However, we only used the PCA
method to construct a linear comprehensive climate factor equation. In the future, we
should consider adding higher-order terms of climate factors to PCA analysis to improve
the precision and accuracy of CCF [56,57]. Moreover, climate warming will increase the
frequency of extreme weather and climate events, and the adverse effects of extreme events
on food production will become more obvious—a further climate change factor that should
be considered. Crop yields are affected by many factors—agricultural policies, farmers’
behavior, market operation scale, and natural environment, etc. Due to the difficulty in
obtaining data for some factors, we did not consider the influences of policy and market
scale factors.

Secondly, during the growth and development of crops, April–September was a period
of severe climate change, and it was also a common period of growth and development
for most crops. For unification and calculation convenience, we uniformly defined April–
September as the growing season as the research period. It was necessary and meaningful
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to analyze the combined impact of climate change from April to September on different
crop yields. In addition, mathematically, the input factors in the model must be positive.
Economically speaking, climate change factors must be regarded as input factors for food
production. The parameter C in the model must be positive. Based on this, the climate
change factors we chose were the temperature, precipitation and sunshine hours during the
growing season (April–September). Obviously, these three factors all meet the requirements
of the model’s mathematical formula and input factors.

At last, the economic–climate model (C-D-C) has limitations and uncertainties. It
reveals the relationship between input and output for food production and economic and
climatic factors from an economic benefit perspective. Furthermore, it is different to a crop
model that explains the causes and mechanisms behind changes in food production from
the perspective of crop growth mechanisms [29]. We improved the selection of the climatic
factor index (C) in the model and extended the application of the model in the field of
climate change impact assessment in China’s main grain-producing areas.

5. Conclusions

We introduced a comprehensive climate factor and agricultural economic factors (i.e.,
labor, sown area, machinery, fertilizer) into the C-D-C model, quantitatively evaluated the
sensitivity of yields for rice, wheat, maize, and grain according to the CCF and economic
factors, and used CCF to divide the economy–climate sensitivity zones. The results showed
that under the background of climate change, the CCF trend for the North region was
negative and a weak positive trend in the CCF was observed for the South region. There-
fore, the impacts of climate change and economic factors on yields had obvious regional
differences. The main conclusions are as follows:

(1) Climate change promoted an ensemble increase in grain yield in the North and South
regions, but the sensitivities of different crop yields to climate change were different.
Climate change was conducive to an increase in the yields for rice and maize in the
North and South regions. Among them, the sensitivity of the yield for maize in the
North region to climate change was stronger than that in the South region, while the
sensitivity of the yield for rice in the South region was stronger.

(2) The sensitivities of yields in different regions to climate change had differences in
crop varieties. In the North region, climate change increased the yields for the three
main crops. Maize yield had the highest sensitivity to the effects of climate change. In
the South region, climate change led to increases in the yields for rice and maize, and
the rice yield was more sensitive to climate change.

(3) Climate change factors are the main constraints for food production, but they have a
relatively little impact on yields, and other economic factors account for a large proportion.

(4) Although climate change has little impact on crop yields, it is indispensable. Therefore,
under the constraints of other economic factors, to focus on the research on the impact
of climate change factors, we can divide the main grain-producing areas into sensitive
regions for climate change response according to the output elasticity of climate
factor changes.

(5) According to the climate output elasticity for each province, they were divided
into three levels of economy–climate sensitivity zones (i.e., high, medium and low
sensitivity). Among them, high-sensitivity regions to climate change in terms of
the grain yield were located in Hebei, Guangdong and Sichuan provinces. High-
sensitivity regions in terms of rice yield were Liaoning, Hebei and Sichuan provinces.
High-sensitivity regions in terms of wheat yield were Liaoning, Jiangsu and Jiangxi
provinces. High-sensitivity regions in terms of maize yield were Jilin, Liaoning, Hebei
and Sichuan provinces.

According to the above research results, to better adapt to future climate change
and reduce climate change risks on grain production in China’s main grain-producing
areas, the construction of the climate information forecasting and prevention system
needs to be strengthened. Only in this way can it help farmers take effective defensive
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measures to mitigate the adverse effects of climate change. The construction of agricultural
infrastructure needs to be strengthened so that the ability of agriculture to address climate
change and the levels of disaster reduction and prevention can be continuously improved.
According to the regional differences in the sensitivity of crop yields to the impacts of
climate change, the planting structure and layout of crops and improved planting varieties
need to be reasonably adjusted to adapt to climate change and increase yields. In addition,
in the context of this new period and era, if China wants to embark on a road to establishing
food security in its own way, it must strictly observe the protection of 120 million hectares
of cultivated land to steadily improve the capacity of main crop production.
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Appendix A

Table A1. Comprehensive climate factor values (dimensionless) of the 13 provinces in China’s main grain-producing areas
(1981–2015 growing season).

Year Heilongjiang Jilin Liaoning Hebei Shandong Henan Anhui Jiangsu Jiangxi Hubei Hunan Guangdong Sichuan

1981 297.08 299.71 301.19 359.20 336.06 249.64 343.94 342.07 277.56 259.56 268.73 467.87 263.76
1982 294.56 296.46 299.97 358.10 334.27 260.39 346.26 342.37 278.37 274.58 276.95 415.17 259.02
1983 298.45 301.89 304.38 354.93 332.19 258.80 352.19 344.89 292.71 283.01 277.38 414.06 260.21
1984 298.12 298.81 303.06 355.29 333.52 265.13 348.83 344.81 287.14 267.36 271.26 453.40 262.05
1985 297.53 301.80 309.78 352.82 339.82 255.35 343.87 344.86 273.40 264.71 264.18 433.12 262.42
1986 294.76 303.05 305.23 363.56 342.02 247.07 344.19 344.92 272.21 266.01 269.55 425.46 256.63
1987 296.83 300.34 302.66 364.11 343.14 253.14 349.23 347.48 276.89 272.49 273.26 415.47 260.94
1988 297.55 298.76 302.61 354.07 338.58 251.33 343.23 340.99 279.55 266.80 275.78 413.48 259.90
1989 294.01 298.33 298.20 356.52 321.55 253.86 347.56 343.89 284.53 276.38 275.01 394.15 260.55
1990 297.96 301.57 305.20 354.59 356.44 256.24 344.68 348.41 277.70 264.92 270.93 390.35 261.34
1991 298.13 299.75 303.08 359.04 335.86 254.80 357.29 354.28 268.63 276.00 269.98 366.07 259.67
1992 295.22 298.96 300.42 351.82 336.02 252.09 340.73 341.93 277.32 261.29 269.45 440.80 257.03
1993 297.46 298.36 301.16 352.22 335.23 250.66 344.64 344.22 289.30 268.80 281.88 500.13 260.42
1994 298.93 303.08 307.99 362.38 349.26 253.83 342.96 340.43 293.29 264.71 284.04 484.78 253.46
1995 294.33 301.16 306.95 353.36 342.94 254.58 345.19 341.80 293.38 267.97 280.30 421.16 258.22
1996 296.33 299.20 304.57 350.18 330.29 259.60 348.71 343.21 280.25 276.36 279.86 415.91 256.61
1997 296.49 297.57 300.24 354.16 346.94 244.56 342.16 340.88 290.97 260.97 274.62 495.14 254.37
1998 299.61 303.65 306.94 350.89 338.88 264.75 349.97 346.87 289.64 278.99 281.16 427.31 266.38
1999 293.50 297.29 299.37 348.90 334.87 250.85 349.93 344.30 303.12 270.29 293.04 405.31 261.96
2000 295.39 299.47 299.04 355.33 334.32 265.39 346.17 345.69 278.27 269.57 273.21 427.03 260.59
2001 292.93 297.64 301.85 352.80 338.94 246.82 339.33 340.74 279.48 254.89 269.55 555.05 260.36
2002 296.32 298.81 299.26 342.99 328.64 254.74 347.12 341.84 294.28 272.63 293.55 443.96 256.11
2003 298.87 299.49 302.81 340.06 325.59 265.59 349.61 346.54 274.71 271.92 272.50 403.73 262.14
2004 294.13 298.22 303.67 350.11 342.31 260.73 345.97 341.88 278.49 272.36 278.00 378.18 259.65
2005 297.38 304.42 306.48 351.31 337.67 262.67 349.34 348.78 281.30 272.12 270.34 460.14 260.95
2006 296.36 298.95 302.47 340.15 327.16 256.98 346.14 346.00 287.31 262.09 274.17 477.58 252.30
2007 293.38 299.08 302.65 347.93 333.34 259.25 347.02 347.45 272.85 271.24 273.10 416.63 257.80
2008 295.52 300.50 303.78 343.50 327.37 259.35 347.67 345.34 278.15 273.56 271.36 511.67 259.22
2009 297.72 298.03 300.45 352.95 329.20 256.82 346.35 345.97 273.89 267.53 270.04 407.56 259.06
2010 296.16 304.36 308.87 345.52 325.77 264.11 347.44 344.58 297.35 276.07 287.26 465.04 261.06
2011 295.10 297.95 303.06 349.26 326.14 254.76 346.26 346.70 274.06 262.83 263.23 368.39 255.32
2012 298.99 302.54 306.76 352.27 329.93 254.09 346.05 342.75 291.84 265.53 281.12 417.68 263.03
2013 300.19 302.59 304.48 345.39 339.38 252.31 347.29 343.30 275.67 272.24 273.68 483.35 262.74
2014 298.72 298.62 298.99 344.06 325.34 256.69 347.35 345.89 289.18 268.71 279.68 431.76 262.25
2015 297.74 299.37 300.29 347.19 328.61 255.74 349.10 351.57 293.25 268.62 279.57 436.99 261.10
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