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ABSTRACT

Climate change elements are important indicators for assessing the impact of climate change on the agricultural
economy. A Comprehensive Climate Factor (CCF) that is composed of three indicators, growing season mean
temperature, precipitation and sunshine hours indicators was developed. These indicators are aggregated into a
single index that is a measure of the sensitivity of regionally integrated climate change. This paper uses this factor
to explore the integrated climate variations over China's grain-producing areas in 1981-2015, divide the areas
into climate change-sensitive zones, and quantitatively assess the impact intensity of CCF variation on grain yield.
The results indicate that the growing season mean CCF basically increased in most grain-producing areas. The
climatic tendency of the North plate is greater than that of the South plate, reaching 0.52 decade™?, and the South
plate has a quasi-4a periodic variation. The patterns of the impact of climate change on grain yield show that the
impact intensity of climate change gradually decreased in each decade (from 0.25 to 0.2) and was stronger in the
southwest than in the northeast. This research can be applied to improve the accuracy of economic-climate model
simulations and predictions and to provide a theoretical reference and scientific support for assessing the impact

and risk of climate change.

1. Introduction

Responding to and resisting the potential negative impacts of climate
change on food security is a major challenge facing humanity in the 21st
century, and it is also a hotspot in academic research. Since the reform
and opening up, the total grain output has shown a rising trend. Food
production is affected by climate change and faces increasing risks
against the backdrop of China's continued climate warming (Alexander
et al.,, 2006; IPCC et al., 2014; C.M.A., 2018). Food security will be
increasingly uncertain in the future (Cantelaube et al., 2004; Holst et al.,
2013; Niles et al., 2015). China's grain-production areas are critical areas
for ensuring national food security. From the perspective of economic
development, it is useful to research the sensitivity and risk of climate
change in typical areas. Understanding climate change in China's
grain-producing areas is a prerequisite to addressing and adapting to the
impact of climate change on grain yield. Exploring the climate change
characteristics and the identification of climate-sensitive zones in
grain-producing areas is urgently needed to address climate change risks
during the growth season in China's grain-producing areas.
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The growth and development of different grain crops are affected by
different climatic factors in different regions. In the study of the impact of
climate change on regional food production, many scholars have per-
formed valuable work, and different studies have used different models
and data to draw different findings and conclusions. Tang et al. (2000)
used the general circulation model and the agro-ecological zone model to
assess the impacts of temperature, precipitation and sunshine hours on
China's agricultural production in the 2020s and 2050s and found that
the increasing temperature and rainfall in northeastern and northwestern
China had a positive influence on food production; conversely, the
increasing temperature and decreasing rainfall in eastern, central and
southwestern China had a negative influence on food production. Liu
et al. (2004) used the Ricardian model to research the economic impacts
of temperature and precipitation on China's agriculture and found that
under most climate change scenarios, higher temperature and more
precipitation would have a positive impact on agricultural production in
east and central of China. Hui et al., 2005 used regional climate scenarios
and crop models to assess the impact of precipitation on China's wheat
yield in the 2070s and found that more precipitation in the future would
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Fig. 1. Distribution of the annual mean grain concentration in the provinces (1981-2015) (Green bars indicate that the grain concentration is more than 1.00%, and

blue bars indicate that the grain concentration is less than 1.00%.).

have an adverse impact on rainfed wheat yields. Chou et al. (2011) used
the economic-climate model (C-D-C) to assess the impacts of climate
change on grain yield and found that climate change in Northeast China,
North China and Central China had a negative elasticity with regional
grain yield. Holst et al. (2013) used a function model to analyze the
impacts of temperature and precipitation on China's grain yield and
found that a 1 °C increase in the annual mean temperature could reduce
national grain output by 1.45% and that an increase in the total annual
precipitation of approximately 100 mm could increase national grain
output by 1.31%. Xiong et al. (2014) used multiple regression models to
explore the effects of growing-season climate warming on the different
crop yields in China and found that maize, wheat and soybean had sig-
nificant negative yield responses to high growing-season mean temper-
ature. Previous studies have focused on the impact of different climatic
factors on different kinds of crops in different regions, but the research on
targeted exploration of grain-production areas as typical areas is still
incomplete. At the same time, most studies have focused on the study of
single climatic factors, while comprehensive research on multiple cli-
matic factors in a region is still lacking. In fact, the growth and devel-
opment of crops is not an independent impact of a single climatic factor
but is an integrated effect of multiple climatic factors. At present,
research on comprehensive climatic factors requires further exploration.
Therefore, this study constructed the main climatic factors (i.e., air
temperature, precipitation, and sunshine hours) into a Comprehensive
Climate Factor and quantitatively analyzed the impacts of integrated
climate change in China's grain-producing areas. This is a creative
research method that combines complex factors in order to study main
trends. Assessing the characteristics of integrated climate change in the
growth season and introducing climate change factors into models (e.g.,
the economic-climate model) to assess the impact of climate change on
food production in the future are thus crucial for decisions related to

climate change mitigation.

Identifying the climate change zones of grain-producing areas is an
important way to study climate change and its influence in agricultural
regions. Climate change-sensitive areas are the main driving force behind
food production risks, and identifying these areas is of great significance
for adapting to climate change (Giorgi, 2006; Wu et al., 2012; Wu et al.,
2017; Li et al., 2018). The Comprehensive Climate Factor would serve as
a new indicator to supplement single climate elements and facilitate the
identification of climate change-sensitive zones and the further study the
impact of climate changes on food production.

In this study, we addressed the issues of changes in the Comprehen-
sive Climate Factors during the growth season. The objectives of this
study were (1) to construct a comprehensive climate change indicator
that reflects the sensitivity of grain output, (2) to determine the changes
in integrated climate variability, (3) to reflect the spatial sensitivity of

Table 1
The division and distribution of China's grain-producing areas.
Plate Area Province Location
North  Northeast China Liaoning, Jilin, Heilongjiang Approximately
Plate (NEC) 30°-50°N
North China (NC) Hebei, Shanxi, Shandong 70°-140°E
Northwest China Shaanxi, Gansu
(NWQ)
Xinjiang Xinjiang Uygur Autonomous
Region
South  East China (EC) Jiangsu, Zhejiang, Anhui Approximately
Plate South China (SC) Guangdong, Fujian 10°-30° N
Central China (CC) Henan, Hubei, Hunan, Jiangxi 100°-120°E

Southwest China
(SWC)

Sichuan, Yunnan, Chonggin,
Guizhou,

Guangxi Zhuang Autonomous
Region
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Fig. 2. Distribution of China's grain-producing areas (The dotted line represents the approximate dividing line between the North and South plates, and the letters are

abbreviations of the grain-producing areas in Table 1.).

this climate change, and (4) to assess the impact intensity of climate
change on food production.

2. Research area and data method
2.1. Data sources and preprocessing

The climate data were obtained from the Climate Dataset of the China
Meteorological Data Service Center (http://data.cma.cn) and the China

Meteorological Administration, and they included the monthly precipi-
tation (unit: mm), mean air temperature (unit: Kelvin) and sunshine
hours (unit: hour) recorded at 140 stations across China from 1981 to
2015 during the growth season (April-September).

Since the original data were monthly station data, with regards to the
data processing, we performed the following steps:

Step 1. The average values of the monthly station data over 6 months
(April-September) were used as the growing season station data.

Step 2. The station mean values of growing season station data for
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each province were used as province data. The data for the eight grain-
producing areas and two plates were obtained by the statistical method
of the area-weighted mean.

Step 3. The data from Step 2 were all standardized to obtain the
standardized growing season data for the climatic factors.

2.2. Identification of China's grain-producing areas

The grain production concentration in each region refers to the pro-
portion of grain production in a certain region at a certain time to the
total grain output of the country. It is generally used to measure regional
food production, and its changes can reflect the status change of the re-
gion in terms of national food production (Lu an Mei, 2007). Considering
that climate change represents an average change state over many years,
in order to unify the time scale, this paper used the annual mean grain
yield to calculate the annual mean grain-production concentration
(AMGPCQ).

The criteria for the identification of grain-producing areas were based
on the following: (i) The agricultural economic indicator, grain-
production concentration: Fig. 1 showes the distribution of the AMGPC
of the 28 provinces in China. The data were derived from the statistics of
the National Bureau of Statistics of China (http://data.stats.gov.cn).
From 1981 to 2015, the national annual mean grain yield was about 470
million tons. A province with an AMGPC of more than 1.00% has an
annual mean grain-production level of at least 7.6 million tons, while a
province with an AMGPC of less than 1.00% has an annual mean grain-
production level of less than 2.5 million tons. Therefore, this paper used
an AMGPC of 1.00% as the threshold for identifying the grain-production
areas. The 23 provinces with AMGPC more than 1.00% were identified as
grain-production areas, and their annual mean grain yields accounted for
95.7% of the nationwide grain yield. (ii) China's agricultural regionali-
zation rule: agricultural development is closely related to government
leadership and policy implementation. Statistical data are compiled by
administrative region. On the basis of the eight grain-production areas
divided by the “China Comprehensive Agricultural Regionalization”
program (Liu et al., 2009), this paper maintained relative consistency
between agricultural regions and administrative regions and identified
the eight new grain-production areas. (iii) Differences in climate char-
acteristics between southern and northern China: the Qinling-Huaihe line
was used as the north-south boundary line in China. The northern and
southern areas were divided into the climate change sensitive zones in
China (Yan and Zheng, 2001; Liu et al., 2009; Zhang et al., 2012).

In summary, the specific divisions and distribution of China's grain-
production areas are shown in Table 1 and Fig. 2.

Chou et al. (2019) used a geographical detector to analyze the
North-South regional division of China's main grain-producing areas with
spatial stratified heterogeneity (SSH). The g-value in the geographical
detector measures the differentiation of the main grain-production areas

Table 2
Statistical results of climate factors obtained by PCA for China's grain-producing
areas.
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and can explain the geographical phenomenon that the variance within
the region is smaller than the interregion variance. The larger the g-value
is, the more obvious the SSH of the variable, and the greater the
contribution of the corresponding impact factor. Therefore, this paper
used the geographical detector to identify the division of the North and
South plates based on the growing season mean temperature, precipita-
tion and sunshine hours, and used the g-value to obtain the influence
degrees of the different climatic factors on the zoning of grain-producing
areas. The factor detector of the geographical detector found that the
g-values of precipitation and sunshine hours were higher (gp,=0.836,
gsun = 0.838). This illustrated that there was significant spatial hetero-
geneity in the climate characteristics and the grain-producing level be-
tween the North and South plates, that is, the division of the North and
South plates had a certain rationality and reference value.

2.3. Research methods

In this paper, principal component analysis was used to incorporate
the mean temperature, precipitation and sunshine hours into the
Comprehensive Climate Factor (CCF). The climatic tendency and wavelet
analysis methods were used to explore the climate variations character-
istics of CCF, and then the impact intensity of climate change on grain
yield was assessed by a geographical detector model. The detailed
methods are described below.

2.3.1. Principal component analysis

Principal component analysis (PCA) can replace original indicators
with fewer indicators and comprehensively reflect information produced
from more indicators (Huang, 2004; Brunetti et al., 2006). Suppose that
there are n sites in a climatic field and that each station has p climatic
elements, i.e., there is a climatic field such as

X= (%), ™

Suppose that there is a new variable Y that satisfies Y=VX. Then, Y =
(¥i5),n is the main component. In the formula, V = (Vj), is a feature vector
obtained from the correlation matrix of climatic field X. In general, when
the cumulative contribution of the current principal component (m)
variance (G (m)) > 80%, the first m principal components can reflect the
main information and characteristics of the entire climatic field.

2.3.2. Morlet wavelet analysis

The wavelet analysis method can analyze the periodic components
contained in climate data, fully reflecting the trends of climate systems
on different time scales (Dai and Chou, 1995; Jung et al., 2002). The
principles and methods of wavelet analysis were described in previous
results, and it was been found that Morlet wavelet analysis appropriately
represents detailed features of time series data (Torrence and Webster,

Table 3
Simulation of the Comprehensive Climate Factor over China's grain-producing
areas.

Plate Area Z1 Z1% z2 Z2% Plate Area Comprehensive Climate Factor Equation
North North Plate 1.87 62.3% 0.78 25.9% North North Plate C =0.766*T + 0.392*P — 0.008*S
Plate NEC 1.82 60.7% 0.82 27.6% Plate NEC C = 0.314*T + 0.336*P + 0.822*S
NC 1.53 51.0% 1.09 36.3% NC C = 0.694*T + 0.270*P + 0.542*S
NwWC 1.62 53.9% 0.88 29.2% NWC C = 0.680*T + 0.420*P + 0.030*S
Xinjiang 1.94 64.6% 0.73 24.4% Xinjiang C = 0.395*T + 0.803*P + 0.015*S
South South Plate 1.49 49.7% 0.99 32.8% South South Plate C = 0.398*T + 0.658*P + 0.141*S
Plate EC 1.90 63.3% 0.80 26.7% Plate EC C =1.460*T + 0.250*P + 0.339*S
SC 1.92 64.1% 0.76 25.4% SC C =0.339*T + 0.906*P + 0.265*S
CcC 1.60 53.4% 0.85 28.4% cC C = 0.690*T + 0.408*P + 0.003*S
SWC 1.59 53.1% 0.84 27.9% SWC C = 0.695*T + 0.409*P — 0.004*S
National 1.55 51.6% 0.98 32.8% National C =0.392*T + 0.697*P + 0.182*S

(Note: Z1 and Z2 represent the eigenvalues of the first and second principal
components; Z1% and Z2% represent the variance contribution rates of the
principal components).

(Note: T, P, S and C are the standardized temperature, precipitation, sunshine
hours, and Comprehensive Climate Factor (dimensionless) during the growth
season).
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Fig. 3. Temporal and spatial patterns of variations in the Comprehensive Climate Factor in China's grain-producing areas (1981-2015) (The CCF climate tendency can
clearly show the variation trend in CCF. In figure (a-b), the blue dotted line is the 10-year moving average of the CCF; the red dotted line in (a) is the linear trend of the
CCF in the North plate: y = 0.052x - 0.94, P < 0.05; the red dotted line in (b) is the linear trend of the CCF in the South plate: y = 0.025x - 0.441, P < 0.05.).

1999; Qian et al., 2014; Gallegati, 2018). The formula is as follows:

1/4

y(t)= 7" exp(—iwot) exp(—1 /2) (2)

where wy is a dimensionless constant (wy > 5).

2.3.3. Geographical detector model

The grain yield and its related influencing factors are spatially
different. If the intensities of the influencing factors and grain yield are
spatially significant, that is, if their g-values are high and the spatial
heterogeneity is significant, it indicates that this factor is decisive in the
changes in grain yield. A geographical detector is a statistical method for
identifying the spatial stratified heterogeneity (SSH) of geographic ele-
ments and revealing the causes (driving forces) of the SSH. The principles
and methods of the geographical detector were described by Wang et al.
(2016); Wang and Xu (2017), and who found that the geo-detection
index g-values of the influencing factors could not only explain the
demarcation of geospatial space but could also explain the impact in-
tensity of the influencing factors on grain yield. The g-value formula is as
follows:

L
1— SiiNio;

No? @)

q =
where N is the number of units, 62 is the variance of Y, and Y is composed
of L strata (h = 1, 2, ..., L). Ny is the number of units, and aﬁ is the
variance of Y in stratum h. The purposes of using the geo-detector to
analyze the SSH of related influencing factors are: First, the zoning of the
North and South plate (Fig. 2) is detected according to various climatic

factors to verify the rationality and scientificity of the zoning; The second
is to quantitatively analyze the impact intensity of integrated climate
factors on food production.

3. Analysis and results
3.1. Comprehensive climate factor establishment

The climatic resource conditions (i.e., temperature, precipitation and
sunshine hours) are the basic conditions for grain production. The
growth and development of crops are inseparable from the temperature,
precipitation and sunshine hours. Additionally, crops are affected by
these climatic resources. It is necessary to integrate multiple climatic
factors into a new climatic factor that can reflect the main features of the
elements. The standardized values of the growing season mean temper-
ature, precipitation and sunshine hours were analyzed by PCA to
construct a Comprehensive Climate Factor. The eigenvalues of the first
two principal components and their variance ratios were obtained
(Table 2).

The cumulative variance ratios of the first principal component and
the second principal component in each area exceeded 80% (Table 2).
This indicated that the first two principal components in each area could
explain most of the local climate characteristics. The corresponding
eigenvalue in each area was used as the weight, and the first two prin-
cipal components were weighted to construct a Comprehensive Climate
Factor (Table 3).

The paper defined the Comprehensive Climate Factor (CCF) as an
integrated statistical indicator consisting of various climatic factors (i.e.,
temperature, precipitation and sunshine hours) and its formula is
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C=a,*T + a,*P + a3*$ @
where C is the growing season mean CCF (dimensionless). T, P and S are
the mean temperature (unit: °C), precipitation (unit: mm) and sunshine
hours (unit: hour) during the growth season. a;, ay, as are the weights
corresponding to the climatic factor variables. The CCFs calculated by
formula (4) could reflect local climate information (e.g., temperature,
precipitation and sunshine). The original complex climate change in-
formation could now be used to discuss China's climate change and its
regional sensitivity over the past 35 years using a CCF. Thus, there are
advantages to creating a CCF.

The CCFs constructed by the PCA method are standardized variables.
If the standardized value of the CCF was positive, the CCF anomaly was
positive, which indicated that the CCF changes over time were large
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relative to the annual values. If the standardized value of the CCF was
negative, the CCF anomaly was negative, which indicated that the CCF
was abnormally small relative to the annual value.

3.2. Comprehensive climate factor variation characteristics

Based on the CCF equations in Table 3, the growing season CCF was
calculated for 1981-2015. The characteristics of the trend changes and
periodic variations were studied.

3.2.1. Comprehensive climate factor trend changes

Over time, the CCF showed a positive climate tendency in China's
grain-producing areas. The variation in the CCF over the North plate
showed a significant increasing trend, with a value of 0.52 decade™!.
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Fig. 4. Wavelet transform for the growing season mean comprehensive climate factor over the North plate(The color depth indicates the size of the wavelet co-
efficients; the ordinate is the time scale in years, with an interval of 5 years; and the abscissa is the time series of 1981-2015. The range enclosed by the red solid line is

the 95% significance test.).
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That of the South plate showed an obviously increasing trend with a
variation rate of 0.25 decade™’. Both passed the 95% significance test.
With regard to the trend value over time, the mean CCF continued to
increase over the North plate every ten years in 1981-2015. CCF
increased from -0.648 in the 1980s to 0.736 in the mid-2010s, with a net
increase of 1.384 (Fig. 3(a)). The CCF increased from -0.409 in the 1980s
to 0.256 in the 2000s over the South plate but then fell to 0.142
(Fig. 3(b)).

In spatial terms, there were large regional differences among the CCF
variations in the North plate. The maximum value of the CCF was located
in NWC, and the minimum value was located in NEC. The range was 0.59
decade™!. The CCF growth rate in several areas of the South plate was
between 0.3 and 0.4 per decade. The minimum value of the CCF was
located in NEC, at only -0.09. The maximum value of the CCF was located
in EC, reaching 0.73. The values showed a decreasing trend from
southwest to northeast.

At the regional scale, the growth rate of the CCF over the North plate
was shown to follow the order of NWC (0.5 decade’l) > Xinjiang (0.32
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decade™) > NC (-0.01 decade™ 1) > NEC (-0.09 decade ™). The values for
NWC and Xinjiang passed the 99% significance test. The change in the
CCF was thus characterized by a pattern of being larger in the west than
in the east over the North plate. The possible reasons for this finding were
that the mean temperature increased by 0.4 °C decade™! and the pre-
cipitation increased by 3.5 mm decade ™! over NWC, which led to the
fastest change in the CCF for the region. The growth rate of the CCF over
the South plate was shown to follow the order of EC (0.73 decade™) >
CC (0.37 decade™ 1) > SWC (0.36 decade ™) > SC (0.3 decade’l), and all
passed the 95% significance test. The possible reasons for this finding
were that the mean temperature increased by 0.33 °C decade™! and the
precipitation increased by 17.7 mm decade ! over EC, which led to the
fastest change in the CCF for the region.

3.2.2. Comprehensive climate factor periodic variations

Section 3.2.1 shows the time series trends of the growing season
mean CCF in China's main grain-producing areas. It was evident that the
CCF fluctuated from 1981-2015 and that it was difficult to identify a

1985 1990 1995 2000 2005 2010 2015

Time (year)
(e) SWC
10
; 0
’ 4
4 ) g

1985 1990 1995 2000 2005 2010 2015
Time (year)

Fig. 5. Wavelet transform for the growing season mean comprehensive climate factor over the South plate.
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pattern in the fluctuations The effects of the periodical variation in the
CCF can thus be sufficiently observed through the wavelet analysis
method.

There was no significant periodic variation over the North
plate from 1981 to 2015, and there was a significant quasi-3a
main periodic variation (P < 0.05) only in 1992-1999
(Fig. 4(a)). At each regional scale, there was a significant quasi-3a
(P < 0.05) main periodic variation over NEC and NC (Fig. 4(b-c)).
There was no significant cyclical variation over NWC or Xinjiang
(Fig. 4(d-e)).

The South plate had a significant periodic quasi-4a variation (P <
0.05) in 1990-2005, and the CCF underwent a 4-year cyclical alternation
process from small to large values, indicating that the South plate had a
main period of quasi-4a (Fig. 5a). At each regional scale, there was a
significant quasi-4a main periodic variation (P < 0.05) in 1990-2002 and
2005-2015 over EC (Fig. 5(b)). There was a significant quasi-4a main
periodic variation (P < 0.05) in 1992-2010 over SC (Fig. 5(c)). There was
no significant main cycle variation in CC (Fig. 5(d)). There was a sig-
nificant quasi-4a main periodic variation (P < 0.05) in 1990-2005 over
SWC (Fig. 5(e)).
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3.3. Climate change-sensitive zones in China's grain-producing areas

To determine the responses to comprehensive climate change in
different regions, we combined the variation rates of the CCF to identify
climate change-sensitive zones in China's grain-producing areas.

The trend values and variation rates for the time series of climate
elements could be used as the basis of climate change zoning to fully
reflect the regional impacts of climate change and risk factors (Shi et al.,
2014; Wu et al., 2017). In this study, the CCF is a newly constructed
comprehensive indicator that measures the characteristics of climate
change. Section 3.2 has shown the variations in the growing season mean
CCF and analyzed the historical integrated climate characteristics in
China's grain-producing areas. Based on the variation rate (0.3 decade™)
of the mean CCF at the national scale, we uesd the absolute value of the
CCF variation rate (indicated by the letter V) over each grain area to
classify each area into three grades of climate change sensitivity:
low-sensitivity (V < 0.3), medium-sensitivity (0.3 < V < 0.4), and
high-sensitivity (0.4 < V). These regions are shown in Fig. 6.

The high-sensitivity areas were distributed in NWC and EC (Fig. 6).
The low-sensitivity areas were distributed in NEC and NC. The medium-
sensitivity areas were distributed in Xinjiang, SC, CC and SWC. From the
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Fig. 6. China's climate change-sensitive zones in China's grain-producing areas (1981-2015 growth season) (The climate change-sensitive zones are divided by the
climate tendency of Comprehensive Climate Factor, which can show the regional sensitivity to climate change.).
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Fig. 7. The mean decadal growth rate of grain yields over China's grain-producing areas (1981-2015).

perspective of the national pattern, the climate change sensitivity of
China's grain-producing areas mainly weakened from southwest to
northeast. Generally, the climate change sensitivity weakened from
Xinjiang to NEC in the North plate and increased from SWC to EC in the
South plate.

3.4. Quantitative analysis of the impact intensity of comprehensive climate
factor variations on grain yields

To explore the spatial and temporal impacts of CCF variations in
China's grain-producing areas on grain yield, we used a geographical
detector to quantitatively analyze CCF and grain yield based on the
variations in the characteristics of actual grain yield.

We separately calculated the decadal growth rate and mean decadal
growth rate of the grain yield over China's eight grain-producing areas
from 1981 to 2015. Based on the mean decadal growth rate (11.2%) of
the national grain yield, we divided the mean decadal growth rate
(indicated by the letter P) over each grain region into four grades: ab-
solute grain reduction (P < 0), low-speed grain increase (0 < P<11.2%),
high-speed grain increase (11.2% < P<33.6%), and overspeed grain in-
crease (P > 33.6%). We then obtained the hierarchical distribution map
(Fig. 7) for the mean decadal growth rate of the grain yield over China's
eight grain-producing areas over 35 years.

China's grain-producing areas mainly underwent grain increase.
China's grain reduction areas were concentrated in SC (Fig. 7). The low-
speed grain increase areas were distributed in EC and SWC. The high-
speed grain increase areas were distributed in NC, NWC and CC. The
overspeed grain increase areas were distributed in NEC and Xinjiang.

Food production is significantly affected by climate change. Exploring
the impacts of climate change factors on grain yield has always been the
focus of many scholars. Based on the spatial differences in grain yield
discussed above, this paper attempted to use the CCF as an indicator in
different periods by the geo-detector method to determine the influence
intensity of the CCF on the SSH of the grain yield. Through the above
discussion of the classifications of the CCF and grain yield, the corre-
sponding values were entered into the geo-detector model for data pro-
cessing, and the influence intensity value of the CCF (geographic detector
g-value) was calculated. The results obtained from the geo-detector
showed that the influence intensities of the CCF were 0.25 in
1991-2000, 0.23 in 2001-2010, and 0.2 in 2011-2015. The influence
intensity of the CCF gradually weakened over time, indicating that the

sensitivity of the grain yield to climate change gradually decreased in
each decade. This might be due to the rapid development of China's
agricultural mechanization, the strengthening of agricultural ecological
engineering construction, and the increased investment in agricultural
subsidy policies, which have strengthened the ability of food crops to
address and adapt to climate change and improved China's capacity for
disaster prevention and mitigation.

4. Discussion

The CCF is an important evaluation indicator that integrates infor-
mation from three climatic factors (temperature, precipitation and sun-
shine hours) and provides a new perspective for research on regional
responses to integrated climate change. There is great application po-
tential for the CCF. To further develop and improve the CCF indicator,
more natural factors (e.g., extreme temperature, extreme precipitation,
typhoons, sea level rise) can be considered in the calculation process.
Baettig et al. (2007) constructed a climate change index. The index takes
into account changes in extreme temperature events and extreme pre-
cipitation events, and it measures the natural variability of future climate
change. At the same time, the identification of climate change-sensitive
zones is an important measure for use in agriculture for addressing and
adapting to climate change, and other factors affecting grain production
(e.g., grain planting area, fertilizer, rural labor) can be considered as the
zoning criteria. In future work, the CCF should be introduced into impact
assessments that use the economic-climate model (the C-D-C model) to
further reduce the uncertainty of the impact of climate change on grain
production.

According to the research and analysis in this paper, the impact in-
tensity of CCF variations on grain yield has gradually weakened in each
decade, indicating that the ability to address and adapt to climate change
has been enhanced in China's grain-producing areas. In fact, food pro-
duction 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 1995,
China began to implement a responsibility system for food governors that
required them to take responsibility for the balance of food resources in
the region. 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 (nullK). Liu et al.
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(2009) found that the per capita arable land area, grain planting area and
other conditions were important factors affecting grain production, and
the dependence of grain yield on cultivated land resources was
increasing. Yang and Lu (2010) used a spatial econometric model to
analyze the factors influencing grain production in China's counties and
found that technology input and production technology had positive
effects on food production, while urbanization and per capita GDP had a
negative impact on grain production. It can be seen that socioeconomic
and climate change factors jointly affect China's grain yields. Facing the
changes in the spatial and temporal patterns of comprehensive climate
change in China's 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.

With regards to the correlation between the integrated climate
change characteristics and regional climate sensitivity, areas that were
highly sensitive to climate change were concentrated in most grain-
producing areas, and the corresponding grain concentration reached
65.87% (Fig. 1). This study suggests that China's grain production and
security can be improved with agricultural science and technology and
with disaster prevention and mitigation mechanisms for food production
in grain-producing areas. Through advanced agricultural science and
technology, grain-producing areas have combined the real-time dynamic
monitoring of comprehensive climate change characteristics and of nat-
ural factors to better address and adapt to climate change and improve
food production capacity.

5. Conclusion

This paper identified China's grain-producing areas and North-South
plate of grain production, constructed a Comprehensive Climate Factor,
analyzed the integrated characteristics of climate change and its sensi-
tivity over China's grain-producing areas during the past 35 years, and
quantitatively assessed the impact intensity of climate change on grain
yield. The major conclusions are as follows:

(1) The integrated climate change characteristics of China's grain-
producing areas showed that there was a basically positive trend
of the CCF in 1981-2015 (the increase in the North plate is faster
than that in the South plate, 0.52 decade™! > 0.25 decade ™), and
the climatic tendency followed a decreasing pattern from south-
west to northeast. The growing season mean CCF of the North
plate had no significant periodic variation, while the South plate
had a main period of quasi-4a. The main periods of NEC and NC
were quasi-3a, and the main periods of EC, SC and SWC were
quasi-4a.

(2) According to the climatic tendencies of the CCF, the climate
change-sensitive zones of China's grain-producing areas were
identified. The climate change sensitivity mainly showed a spatial
pattern of weakening from southwest to northeast. Among the
examined regions, the high-sensitivity areas were distributed in
NWC and EC, and the medium-sensitivity areas were distributed
in Xinjiang, SC, CC and SWC.
The impacts of CCF variations on grain yield were as follows: over
the decades, the impact intensity of climate change on the grain
yield gradually weakened, and the sensitivity of the grain yield to
climate change also gradually weakened. Spatially, the grain yield
increased from southwest to northeast, and the sensitivity to
climate change weakened from southwest to northeast.

(4) Combining the variations in grain yield with the climate change
sensitivity of the CCF, the main areas that are sensitive to climate
change impacts on China's food production were identified. SC
was the medium-sensitivity area that showed an absolute grain
reduction, EC was the high-sensitivity area that showed a low-
speed grain increase, and SWC was the medium-sensitivity area
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that showed a low-speed grain increase. This reflected that the
risks to food production in grain-producing areas were relatively
high.

Based on the above results, this research transitioned from the anal-
ysis of the characteristics of a singular climate factor to a CCF impact
analysis based on multiple climatic factors. This not only accurately re-
flected the climate change characteristics of the crop regions during the
growth season but also reflected the sensitivity of climate change and its
impact on food production. This study provided climate change in-
dicators to improve the accuracy and parameterization of model simu-
lations and predictions, which could be applied to improve simulations
and predictions of the fluctuation of grain production and impact as-
sessments The climate change impact analysis and the identification of
climate change-sensitive zones in China's grain-producing areas could
provide scientific support for countries or localities in addressing climate
change, assessing the impact of climate change on grain yield and
improving risk management.
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