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Abstract: As a raw material for clean energy supply for the new generation, the soybean is condu-

cive to the realization of global energy transition and sustainable development in the context of 

“carbon neutrality”. However, global warming has been affecting soybean yields in recent years. 

How to clarify the correlation between meteorological factors and soybean yields, so as to ensure 

the security of soybean growth and development and the stability of renewable energy develop-

ment, is a key concern of the government and academia. Based on the data of temperature, precipi-

tation, sunshine duration and active accumulated temperature during the soybean growing season 

in Hulunbuir, Inner Mongolia Autonomous Region from 1951 to 2019, and soybean yield data of 

the city from 1985 to 2019, this paper adopted statistical methods such as the Trend Analysis 

Method, the Rescaled Range Analysis Method and so on to analyze the trends of yield changes, 

characteristics of abrupt changes and periodic patterns of climate factors and soybean yields in 

Hulunbuir. A Pearson Correlation Analysis and a Grey Relation Analysis were used to explore the 

correlation between climatic factors and soybean yields, followed by a comprehensive impact 

model of the combined effect of temperature and precipitation on soybean yields established by the 

Method of Integral Regression. The results showed that temperature and active accumulated tem-

perature are the dominant factors affecting soybean yields in Hulunbuir, while the decrease in pre-

cipitation is unfavorable to the improvement of soybean yields. Meanwhile, temperature and pre-

cipitation have different effects on the growth and development of the soybean at different stages. 

The conclusion of this paper is of great practical significance for Hulunbuir to promote the sustain-

able development of clean energy. 

Keywords: clean energy; sustainable development; climate change; soybean yield 

 

1. Introduction 

The soybean is the world’s largest oil crop and one of China’s important agricultural 

products, whose planting area is second only to maize, wheat and rice. Because of its high 

content of cell wall polymers, proteins and other components, as well as its lower energy 

costs and more environmentally friendly oil-refining process, it is often used as the most 

common raw material for renewable diesel production and has great potential in the field 

of bioenergy, which is the new generation raw materials of clean energy [1,2]. Since the 

introduction of the concept of “carbon neutrality” in countries around the world, promot-

ing the transformation of non-renewable energy such as oil and natural gas to clean re-

newable energy such as biomass energy is necessary to ensure energy security and stim-

ulate the recovery of the green economy [3,4]. Currently, China’s renewable energy 
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sources are taking an increasing share of the energy mix; in particular, the use of biofuels, 

such as renewable diesel, is gradually increasing. Therefore, the soybean industry is not 

only an effective driving force for promoting the healthy and green development of agri-

culture, but also conducive to the realization of energy transition and sustainable devel-

opment. Soybean production is the basis of renewable diesel supply, and the increase in 

the frequency of renewable diesel use will lead to a surge in soybean demand. Based on 

this, China attaches great importance to the production improvement situation in the 

main soybean-producing areas, deeply promotes the soybean revitalization plan and pro-

poses to vigorously implement the soybean and oilseed capacity improvement project in 

the Central Document No. 1 released in 2022 to promote the improvement of the soybean 

self-sufficiency rate. 

However, The Sixth Assessment Report of Intergovernmental Panel on Climate 

Change (IPCC) in 2021 showed that the global climate is undergoing significant changes 

characterized by warming, and the warming of the global climate system will gradually 

affect all sectors of industrial production and people’s daily lives [5]. Soybean planting is 

an agricultural activity that “counts on the weather”, and soybean yields are extremely 

and directly affected by climate change. For example, the increase in the frequency, dura-

tion and impact of extreme weather events such as droughts and high temperatures will 

lead to habitat deterioration in most soybean cropping areas, greatly restricting the nor-

mal functioning of farmland ecosystems and causing a decline in soybean yields and qual-

ity, thus seriously threatening the supply of green and renewable energy and the stable 

development of the national economy [6,7]. Therefore, on the basis of accurately compre-

hending the trend of future climate change, clarifying the correlation between climate 

change and changes in soybean yields and avoiding the negative effects of climate change 

to the greatest extent, will ensure the security of soybean growth and accelerate the devel-

opment and application of renewable energy, which is also of great significance to the 

transition towards a green economy. 

The impact of climate change on soybean yields has been studied by both natural 

science researchers, mainly in agronomy, and social science researchers, mainly in eco-

nomics, from the perspectives of their respective disciplines [8–10]. Particularly, the 

changing patterns of soybean yields, climatic potential productivity and the response of 

the soybean industry to climate change in the context of global warming have become hot 

issues in current research. Climate change seriously confines the soybean industry in 

terms of soybean quality, growth rate, growth stability, etc. The existing studies have 

mainly adopted the Meteorological Yield Separation Method, the Wavelet Analysis 

Method, the First-Order Difference Methods of yield and climate factors, the Mann–Ken-

dall Test and other mathematical and statistical methods, and integrated the knowledge 

of phenology to explore the influence of meteorological factors such as precipitation and 

temperature on soybean yields [11–13]. Some researchers have also paid attention to the 

role of the combination of different climatic factors, thus using crop yield models, such as 

the Difference Model, the CERES-Rice Model and the APSIM Model, in synchronization 

with climate patterns, to comprehensively assess the trend of soybean growth under the 

influence of different meteorological factors [14,15]. However, most studies have focused 

on the effects of temperature and precipitation on soybeans, while neglecting the effects 

of other meteorological elements such as cumulus temperature and light on soybean 

growth. The climatic potential productivity is an important indicator of the biological 

yields that can be determined by a region’s climate resources [16]. For now, many studies 

have utilized scientific methods such as Production Potential Modeling, Crop Growth 

Modeling and Sensitivity Analysis to calculate the potential productivity of climate re-

sources such as water, light and heat, and to identify the main climate factors that promote 

or limit soybean growth to further guide agricultural production [17,18]. Nevertheless, 

most of the current studies are limited to the effects of one or a few meteorological ele-

ments on soybean growth or a certain reproductive stage, and lack a systematic approach, 
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especially for the systematic assessment of climate change effects on the whole reproduc-

tive period of the crop. 

In terms of the response of soybean planting to climate change, most scholars have 

regulated the changes in meteorological factors according to different future climate 

change scenarios in order to synthesize the combinations that will lead to the optimum 

growth comfort for soybeans in the future. For example, Feng et al. (2021) took the global 

fraction values of soybean-harvested area (FSHA) as the basic data and climate and soil 

conditions as predictors, and developed the MaxEnt Model to explore the potential global 

soybean planting areas and changes under future climate change scenarios (RCP 2.6, RCP 

4.5 and RCP 8.5) by virtue of various global circulation models (IPSL-CM5A-LR, BCC-

CSM 1.1 and MIROC-ESM-CHEM), with the aim of addressing the threats posed by global 

warming [19]. Lin et al. (2021) employed the Integrated Science Assessment Model to es-

timate changes in global soybean yields from 2021 to 2100 in response to changes in cli-

mate and CO2 concentrations and agricultural management practices, and found that the 

increases in CO2 concentrations in the future would enhance soybean yields and mitigate 

the negative impacts of climate changes on soybean productivity [20]. The disadvantage 

is that there are regional differences in the effects of climate change on soybean growth, 

and most of the studies are conducted in national or provincial areas, while the study of 

specific regions, especially the main soybean-producing areas, is still weak and uneven. 

In view of the above, this paper presents a comprehensive analysis of soybean yields 

and regional climate change characteristics in Hulunbuir based on soybean yield data in 

this region from 1985 to 2019 and a long time series of regional temperature, precipitation, 

sunshine duration and active cumulative temperature (≥10 °C) during the soybean grow-

ing season from 1951 to 2019, in order to conclude a comprehensive analysis of soybean 

yields and regional climate change characteristics in Hulunbuir, and complete a quantita-

tive analysis of the response of soybean yield to climate change across the region. The aim 

is to provide effective suggestions for soybean security and green economic development 

in the context of climate change, so as to significantly reduce the loss of clean and sustain-

able energy development caused by climate change. 

We chose Hulunbuir as the study area to investigate the influence of meteorological 

elements on soybean yield for three main reasons. One is that Hulunbuir, as the main 

soybean-producing area in China, is located in the northern temperate zone 

(115°31′~126°04′ E, 47°05′~53°20′ N), with a significant continental climate, a short frost-

free period, sufficient sunshine, high effective temperature utilization and climate re-

sources. The climate resources have obvious horizontal and vertical zonality, in which 

heat resources are more obvious and suitable for soybean growth and development [21–

23]. Second, soybeans in Hulunbuir have the advantages of good quality and high oil 

yield, with an average protein content of up to 43.2% and an average fat content of up to 

20.3%, which is the leading variety of soybean production in the country [24]. Third, soy-

bean planting areas in Hulunbuir actively respond to the national strategic deployment 

of stabilizing grain, expanding beans and increasing oil, and deeply implementing soy-

bean capacity enhancement projects, which can provide timely and efficient feedback on 

national policies. Therefore, the analysis and discussion of the paper using Hulunbuir as 

the study area is highly representative and convincing. 

Compared with the existing studies, the innovations of this paper are as follows: 

First, in terms of research methodology, this paper takes into account the changes in 

meteorological factors and the effects of combined impacting factors, and adopts the 

Method of Rescaled Range Analysis to analyze the consistency of past and future trends 

under meteorological factors and the method of Grey Relation Analysis to determine the 

dominant factors affecting yields, and establishes an Integral Regression Model accord-

ingly, enriching the evaluation method of climate–crop dynamic change. 

Second, in terms of application value, previous scholars have mostly discussed the 

role of meteorological factors in relation to soybean yield or development days from na-

tional or provincial perspectives, and relatively few analyses have been conducted for the 



Energies 2022, 15, 8347 4 of 21 
 

 

main production areas, resulting in generalized conclusions that do not precisely cover 

specific regions. This paper analyzes the study area in Hulunbuir, a major soybean-pro-

ducing area in China, and provides an important reference for the local government to 

formulate a soybean energy policy, which is targeted to contribute to the sustainable de-

velopment of green resources in Hulunbuir, and to help China realize the transformation 

and upgrade of renewable energy by regulating soybean policies in the main producing 

area. 

The paper is elaborated in the following sequence: data sources and research meth-

odology in Part II, results and analysis in Part III, further discussion in Part IV and con-

clusions and policy implications in Part V. 

2. Data Sources and Research Methodology 

2.1. Data Sources 

The meteorological data in this paper were accessed on 15 March 2022 from the China 

Meteorological Data Sharing Network (http://cdc.cma.gov.cn/), from which daily meteor-

ological data (temperature, precipitation, sunshine duration, active accumulated temper-

ature (≥10 °C)) were selected from two national benchmark climate stations and seven 

national basic meteorological stations in Hulunbuir with good data continuity during the 

soybean growing season (from May to September) from the year of 1951 to 2019. The data 

here were processed as interannual data for the convenience of research. In this paper, the 

total soybean yield data and the corresponding grain planting area data of Hulunbuir 

from 1985 to 2019 were obtained through the National Bureau of Statistics, the Hulunbuir 

Bureau of Statistics and the Hulunbuir Statistical Yearbook to calculate the grain yield per 

unit area from year to year, thus effectively excluding the interference of grain planting 

area fluctuation from the analysis. To ensure the continuity and validity of the data, the 

missing meteorological data and yield data in this paper were interpolated and corrected 

by the software of Matlab. 

2.2. Research Methodology 

This paper explored the trends and characteristics of soybean yield and meteorolog-

ical factors in Hulunbuir through a series of mathematical and statistical methods, and 

analyzed the correlation and influence mechanisms between them. Specifically, this paper 

used trend analysis, rescaled extreme difference analysis, M-K test and grain yield decom-

position to analyze the trends, abrupt changes and cyclical patterns of climate factors and 

soybean yield in Hulunbuir, followed by Pearson correlation analysis and gray correlation 

analysis to study the correlation between climate factors and soybean yield and find out 

the dominant climate factors affecting soybean yield. Finally, we used the principle of 

integral regression to construct a comprehensive model of the influence of dominant cli-

mate factors on soybean yield. 

2.2.1. The Method of Moving Average 

The Method of Moving Average refers to calculating the moving average by sequen-

tially increasing and decreasing period by period in a long series of year-by-year data. It 

is usually used to eliminate the outliers from the original data and avoid the associated 

interference to the research results. The formula is: 

�̅�𝑗 =
1

𝑘
∑ 𝑋𝑖+𝑗−1

𝑘
𝑖=1 , (j = 1, 2…n – k + 1), k = 5 (1) 

Here, �̅� is the smoothed time series, X is the original time series and n is the total 

number of samples; k is the sliding length, and its value selection will directly affect the 

smoothing effect on the data, so 5 is taken in this paper to eliminate the effect of short-

period fluctuations. 
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2.2.2. The Method of Rescaled Range Analysis 

The Method of Rescaled Range Analysis uses continuous and significant climate data 

of the past to make a scientifically sound analysis of climate change trends in some certain 

area to predict future climate transitions between warm and cold, which is the application 

of fractal theory on the field of climate change [25]. It is based on measuring the fractal 

dimension D and using the patterns of change on small time scales to predict changes on 

large time scales. Based on this, the British hydrologist Hurst proposed the Hurst Expo-

nent to measure the magnitude of the change trends. The steps to calculate the Hurst Ex-

ponent and the value of the fractal dimension D are as follows: 

Assuming a time series of length T, firstly divide the time series {𝑋𝑖} into n equal sub-

sequences of length n, where the length of n is W (the integer part of T/n), consecutive 

subsequences 𝐹𝑑 (d = 1, 2…, W) and the elements in each subsequence are denoted as 

𝑄𝑟,𝑑. 

Calculate the average value 𝐺𝑑 of each subsequence 𝐹𝑑: 

𝐺𝑑 =
1

𝑛
∑ 𝑄𝑟,𝑑

𝑛

𝑟=1

 (2) 

Calculate the cumulative deviation 𝑋𝑡,𝑑 of 𝐹𝑑 from the subsequence mean 𝐺𝑑: 

𝑋𝑡,𝑑 = ∑ (𝑄𝑟,𝑑 − 𝐺𝑑)𝑡
𝑟=1  t = 1, 2…n (3) 

Calculate the range 𝑅𝑑 of each subsequence 𝐹𝑑: 

𝑅𝑑 = 𝑚𝑎𝑥1≤𝑡≤𝑛(𝑋𝑡,𝑑) − 𝑚𝑖𝑛1≤𝑡≤𝑛(𝑋𝑡,𝑑) (4) 

Calculate the standard deviation 𝑆𝑑 of each subsequence 𝐹𝑑: 

𝑆𝑑 = [
1

𝑛
∑(𝑄𝑟,𝑑 − 𝐺𝑑)

2
𝑛

𝑟=1

]

1
2

 (5) 

Compare different types of time series by dividing the standard deviation 𝑆𝑑 by the 

range 𝑅𝑑: 

(𝑅/𝑆)𝑑 =
𝑅𝑑

𝑆𝑑
 (6) 

Repeat the above steps to get a rescaled range sequence and calculate its mean: 

(𝑅
𝑆⁄ )

𝑛
=

1

𝑤
∑(𝑅

𝑆⁄ )
𝑑

𝑤

𝑑=1

 (7) 

Increase the time length of the subsequence by 1 each time, and keep repeating the 

above steps, and end when n = M/2. 

Hurst established the following relation: 

(𝑅
𝑆⁄ )

𝑛
= 𝜌ℎ𝐻 (8) 

Introduce the explained variable 𝑙𝑛(𝑅 𝑆⁄ )𝑛 and the explanatory variable lnn, use the 

least squares method to calculate the coefficient H of the explanatory variable, and the 

obtained coefficient of the explanatory variable, which is the Hurst exponent H value: 

𝑙𝑛(𝑅 𝑆⁄ )𝑛 = 𝐻𝑙𝑛𝑛 + 𝑙𝑛𝜌 (9) 

The formula of Hurst Exponent and fractal dimension D is: 

𝐷 = 𝐷𝑇 + 1 − 𝐻 (10) 

𝐷𝑇 is the topological dimension of the fractal object, which is taken as 1 for a one-

dimensional time series. 
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The Hurst Exponent and fractal dimension D are mainly divided into the following 

four cases: H = 0.5, D = 1.5, indicating that the change trend in the past is not related to the 

future; 0.5 < H < 1, 1 < D < 1.5, indicating the change trend in the past consistent with the 

future one; 0 < H < 0.5, 1.5 < D < 2, indicating that the change trend in the past is opposite 

to the future change trend; H = 1, indicating that the analyzed time series is a completely 

specified time series. 

2.2.3. The Mann–Kendall Test 

The Mann–Kendall Test is a non-parametric test method recommended by the World 

Meteorological Organization and has been widely used. This method does not require the 

variables to follow a normal distribution and is not disturbed by a few outliers, so it is 

advantageous in testing the variability of hydrological and meteorological series. The 

Mann–Kendall Trend Test can estimate whether the trend of time series changes is signif-

icant by calculating the test value (Z value). In a mutation test, the significance level α is 

selected for programming calculation (α = 0.05 in this paper, the critical value U0.05 = ±1.96), 

and two columns of data are obtained of UF and UB. The two curves of UF and UB and 

the two critical lines U0.05 = ±1.96 are plotted on the same graph. If UF > 0, it indicates that 

the time series shows an upward trend; otherwise, it represents a downward trend. When 

UF exceeds the critical line, it means that the time series has a notable upward or down-

ward trend. If there is an intersection between the two curves and the intersection is be-

tween the two critical lines, the time corresponding to the intersection is the time when 

the mutation begins. 

2.2.4. The Method of Wavelet Analysis 

The Method of Wavelet Analysis decomposes the time series into time and fre-

quency, which can effectively analyze the periodic structure and anomalous variation pat-

terns of the series on different time scales, and is widely used in the periodic analysis of 

hydrological and meteorological time series [26]. Morlet Wavelet Analysis in MATLAB is 

used to calculate the wavelet coefficients and wavelet variance of each factor with the 

following formula: 

𝑊𝑓(𝑎, 𝑏) = 1 √𝑎⁄ ∫ 𝑓(𝑡)�̅�
+∞

−∞

[(𝑡 − 𝑏) 𝑎⁄ ]𝑑𝑡 (11) 

𝑉𝑎𝑟(𝑎) = ∫ |𝑊𝑓(𝑎, 𝑏)|
2

𝑑𝑏
+∞

−∞

 (12) 

Here, 𝑊𝑓(𝑎, 𝑏)  is the wavelet coefficient, 𝑉𝑎𝑟(𝑎)  is the wavelet variance, 

�̅�[(𝑡 − 𝑏) 𝑎⁄ ] is the basal wavelet function, Morlet wavelet function is selected as the pri-

mary function, a is the time scale factor and b is the time position factor. 

The contour line of the Re of the wavelet coefficient can reflect the periodic change of 

the sequence under different time scales and the distribution in the time domain. If the Re 

coefficient is positive, it means that the wavelet coefficients are relatively high; if the Re 

coefficient is negative, it means that the wavelet coefficients are relatively low. The more 

intensive the contour line, the stronger the signal is. The wavelet variance represents the 

magnitude or capacity of the periodic fluctuation in the time series. The larger the value 

of the wavelet variance, the more significant the periodic variation characteristic of the 

corresponding time scale. 

2.2.5. Decomposition of Grain Yield 

Grain yield is affected by a combination of natural and eco-social factors. Generally, 

the grain yields caused by technological progress, economic and social advancement and 

other factors are defined as the trend yields, and those influenced by fluctuations in cli-

matic factors are defined as meteorological yields. The grain yield in Hulunbuir is decom-

posed into three parts: 



Energies 2022, 15, 8347 7 of 21 
 

 

𝑌 = 𝑋𝑡 + 𝑋𝑤 + 𝑋𝑒 (13) 

Here, Y is the actual grain yield per unit area (kg/hm2); 𝑋𝑡 is the trend yield (kg/hm2); 

𝑋𝑤 is the meteorological yield (kg/hm2); and 𝑋𝑒 is the random fluctuating yield (kg/hm2), 

which can be neglected because of its relatively small impact. 

At the same time, in order to quantitatively analyze the influence of climatic factors 

on grain yield, the meteorological yield is separated from formula (13) and the result is as 

follows: 

𝑋𝑤 = 𝑌 − 𝑋𝑡 (14) 

In this formula, 𝑋𝑤 is the meteorological yield (kg/hm2); Y is the actual grain yield, 

(kg/hm2), which is the actual yield data per unit area in the statistical yearbook; and 𝑋𝑡 is 

the trend yield (kg/hm2), calculated by the 5 years moving average method. 

In order to demonstrate the influence of climatic factors on grain yields more visu-

ally, the concept of relative meteorological yield is introduced, and the formula is as fol-

low: 

𝑋𝑟 =
𝑋𝑤

𝑋𝑡
 (15) 

Here, 𝑋𝑟 is the relative meteorological yield (%). When 𝑋𝑟 ≥ 10%, it means that the 

meteorological factors of the year are favorable for the growth of soybeans, which is a 

climatically favorable year; when 𝑋𝑟 ≤ −10%, it means that the meteorological factors of 

the year are not conducive to the growth of soybeans, which is a climatically unfavorable 

year; when −10% < 𝑋𝑟 < 10%, it means that the meteorological factors of the year are nor-

mal. 𝑋𝑡 is the trend yield (kg/hm2); 𝑋𝑤 is the meteorological yield (kg/hm2). 

2.2.6. The Method of Grey Relation Analysis 

The Method of Grey Relation Analysis is the method to measure the degree of corre-

lation between factors based on the trend of the same or different historical data series 

between factors [27]. It is commonly used in multi-factor analysis to determine the domi-

nant factor by calculating the correlation between multiple factors and the same reference 

series. Taking grain yields as an example, the correlation between grain yields and mete-

orological factors is calculated as follow: 

𝑆̅ =
1

𝑛
× ∑ 𝑆(𝑡)

𝑛

𝑡=1

 (16) 

Here, 𝑆̅ is the degree of correlation between the t-th comparison series and the refer-

ence series; n is the length of the time series; and S(t) is the correlation coefficient between 

the meteorological factor index of the comparison series and the reference series in the t-

th year, and its calculation formula is: 

𝑆(𝑡) =
∆𝑚𝑖𝑛 + 𝜌 × ∆𝑚𝑎𝑥

∆(𝑡) + 𝜌 × ∆𝑚𝑎𝑥
 (17) 

Here, ∆𝑚𝑖𝑛 and ∆𝑚𝑎𝑥 are the minimum and maximum values of the absolute differ-

ence between the comparison and the reference series in year t, respectively; ∆(t) is the 

absolute difference between the comparison and the reference series in year t; and ρ is the 

resolution difference, which is usually 0.5. 

2.2.7. The Method of Integral Regression 

The Method of Integral Regression can be used to explore the combined effect of dif-

ferent meteorological factors on the whole process of soybean growth and development. 

Its formula is: 
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𝑌�̂� = 𝑐 + ∑ ∫ 𝛼𝑖(𝑡)𝑋𝑖

𝑖

0

𝑘

𝑖=1

(𝑡)𝑑𝑡, (𝑖 = 1, 2, … , 𝑘) (18) 

Here, 𝑌�̂� is the estimated yield of meteorological elements at each time period; k is 

the number of meteorological elements; 𝛼𝑖(𝑡) is the effect of the i-th meteorological ele-

ment at time t + ∆t on the grain yield when the ith meteorological element changes by one 

unit; 𝑋𝑖(𝑡) is the ith meteorological value at time t + ∆t; and c is a constant term. In prac-

tice, the time-orthogonal polynomial function expansion of 𝛼𝑖(𝑡) is: 

𝛼𝑖(𝑡) = ∑ 𝛼𝑖𝑗

𝑚

𝑗=0

𝜑𝑗(𝑡), (𝑖 = 1, 2, … , 𝑘;  𝑗 = 0, 1, 2, … , 𝑚) (19) 

Here, 𝑚 is the number of the polynomial expansion and 𝜑𝑗(𝑡) is the time-orthogo-

nal polynomials. 

Then, Equation (1) can be expressed as: 

𝑌�̂� = 𝑐 + ∑ ∫ ∑ 𝛼𝑖𝑗

𝑚

𝑗=0

𝑗

0

𝑘

𝑖=1

𝜑𝑗(𝑡)𝑋𝑖(𝑡)𝑑𝑡 (20) 

Setting ∫ 𝜑𝑗(𝑡) 𝑋𝑖(𝑡)𝑑𝑡 = 𝜌𝑖𝑗, then the formula (20) can be expressed as: 

𝑌�̂� = 𝑐 + ∑ ∑ 𝜌𝑖𝑗𝛼𝑖𝑗

𝑚

𝑗=0

𝑘

𝑖=1

(𝑡) (21) 

In practice, the formula for calculating 𝜌𝑖𝑗is: 

𝜌𝑖𝑗 = 𝑐 + ∑ 𝜌𝑗

𝑚

𝑡=1

(𝑡)𝑋𝑖(𝑡), (𝑡 = 1, 2, 3, … , 𝑛) (22) 

Here, n represents different biological periods. 

3. Results and Analysis 

3.1. Characteristics of Climate Change 

The average temperature, precipitation, sunshine duration and active accumulated 

temperature of the soybean growing season (May to September) in Hulunbuir from 1951 

to 2019 were 15.16°C, 338.14mm, 1296.85h and 2283°C respectively, with different magni-

tudes of changes in various climate elements (Figure 1). Among them, the annual average 

temperature and active accumulated temperature showed a remarkable upward trend 

(p<0.01), and the precipitation showed a fluctuating decline with a significant downward 

trend (p<0.05), while the change trend of sunshine hours was not distinct (p>0.05). Ac-

cording to the Hurst Exponent and the fractal dimension D of each climate element (Table 

1), the future trend of all four climate elements is consistent with the past, among which 

the Hurst Exponent of temperature is the largest and the value of the fractal dimension D 

is the smallest, indicating that the future trend of temperature is the most distinct one and 

its trend is the strongest in terms of continuity. The above analysis reflects the warming 

and drying trend of climate change in Hulunbuir. 

As shown in Figure 2, the UF and UB curves of temperature and active cumulative 

temperature in Hulunbuir both produce an intersection in 1991, and combined with the 

description in Section 2.2.3, it can be seen that both temperature and active cumulative 

temperature in Hulunbuir underwent an abrupt change around 1991, experiencing a shift 

from a cold to a warm trend and entering a relatively warm climate state, and this warm-

ing trend after 1992 exceeds the confidence level of a = 0.05. This warming trend exceeded 

the a = 0.05 confidence level after 1992, indicating a significant temperature increase in 

Hulunbuir. The UF curve intersects the UB curve in 1963, indicating that the precipitation 
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changed abruptly in 1963 and the decreasing trend exceeded the a = 0.05 confidence line 

in 2003, indicating a significant decreasing trend of precipitation in Hulunbuir. The de-

creasing trend of precipitation is significant. The UF and UB curves of sunshine hours in 

Hulunbuir intersected at 1951 and 2017, which proved that the sudden change of sunshine 

hours occurred in 1951 and 2017; however, both UF and UB curves did not exceed the 

critical line, so the change of sunshine hours was more volatile in 69a, and the upward or 

downward trend was not significant. 

 

Figure 1. Change characteristics of meteorological factors in the soybean growing season from 1951 

to 2019 in Hulunbuir. 
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Figure 2. The Mann−Kendall Mutation Test results of meteorological factors in the soybean growing 

season in Hulunbuir from 1951 to 2019. 

The highest peaks of the wavelet variance of temperature, precipitation, sunshine 

duration and active accumulated temperature in Hulunbuir are all located at the time 

scale of 52a (Figure 3). Combined with the description of Section 2.2.4, it can be seen that 

the main period of variation of all four types of meteorological elements is about 52a. In 

addition, the second main period of temperature is characterized by a time scale of 10a, 

and the third and fourth peaks correspond to timescales of 6a and 25a, respectively, indi-

cating that the fluctuations of these four periods determine the characteristics of Hulun-

buir temperature changes in the entire time domain. Precipitation can be found in the 

second main period of 11a and quasi-period around 8a; sunshine duration exists in the 

second main period of 8a, and subperiods around 16a and 28a; active accumulated tem-

perature exists in the second main period of 27a, and the subperiod around 6a, 10a and 

15a. 
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Figure 3. Wavelet variance of meteorological elements in Hulunbuir from 1951 to 2019. 

On the time scale of the first main period, the annual average temperature in the 

soybean growing season in Hulunbuir from 1951 to 2019 has experienced two relatively 

complete high–low transformations. From 1956 to 1969 and from 1987 to 2003, there were 

high-temperature periods. From 1951 to 2019, soybean growing season precipitation in 

Hulunbuir experienced two relatively complete periods of wet and dry changes, with 

1951–1969 in the wet period, 1970–1987 in the dry period, 1988–2004 in the wet period and 

2005–2019 in the dry period. At the same time, the sunshine duration hours and active 

accumulated temperature during the soybean growing season in Hulunbuir experienced 

two relatively complete high–low transformations, and the period of changes is the same 

as the trend and the annual average temperature (Figure 4). 
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Figure 4. The contour line of the Re of the wavelet coefficients of meteorological elements from 1951 

to 2019 in Hulunbuir. 

3.2. Characteristics of Soybean Yield Changes 

From 1985 to 2019, the actual yield data of soybeans per unit area in Hulunbuir fluc-

tuated from 610.88 to 3244.70 kg/hm2, with a marked trend of increase (p < 0.05). Before 

2003, soybean yield fluctuated naturally. In 2003, it was hit by a rare and serious natural 

disaster, and the yield per unit area fell to a minimum of 610.88 kg/hm2. After that, the 

overall upward trend was restored under the regulation of the government and various 

social parties. The trend yield is generally on the rise, rising from 1900.87 kg/hm2 to 

3189.06 kg/hm2, showing that scientific and technological progress as well as social and 

economic development have greatly improved grain production capacity and increased 

soybean yield per unit area (Figure 5). 
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Figure 5. Characteristics of soybean yield changes in Hulunbuir from 1985 to 2009. 

To further explore the trend of soybean yield changes in Hulunbuir, the meteorolog-

ical yields and relative meteorological yields of soybean were analyzed. As shown in Fig-

ure 5, the relative meteorological yield is consistent with the meteorological yield, and the 

trend of change fluctuates remarkably. The Z-value of climatic yield did not pass the 90% 

reliability test, so the changes of meteorological yield in Hulunbuir during 35 years fluc-

tuated slightly with no significant change point (Table 1). The good or poor harvest of 

soybean is closely related to the meteorological conditions. Years with high temperature 

and long sunshine duration hours are shown as good harvest years, and vice versa. Ac-

cording to the definition in this paper of relative meteorological yields, the soybean yields 

in Hulunbuir in the past 35 years includes 11 climatically favorable year, 14 climatically 

unfavorable year, and the rest were normal years. 

Table 1. Change tendency rate of soybean yields and regional meteorological factors in Hulunbuir, 

the values of the Mann–Kendall Trend Test and the Rescaled Range Analysis. 

Parameter 
Yield of per Unit 

Area/kg/hm2 

Meteorological 

Yield/ 

kg/hm2 

Temperature/ 

°C 

Precipitation/ 

mm 

Sunshine 

Duration/ 

h 

Active Accumulated 

Temperature/ 

°C 

Change tendency 

rate (10a) 
322.84 −4.54 0.35 −8.97 1.62 58.46 

The value of Z 2.56 * −1.24 7.12 ** −2.54 * 0.32 7.23 ** 

Hurst Exponent 0.88 0.72 0.99 0.76 0.69 0.72 

The fractal dimen-

sion D 
1.12 1.28 1.01 1.24 1.31 1.28 

Note: The signs of ** and * represent passing the significance tests at 0.01 and 0.05 levels, respec-

tively. 

It can be seen from Table 1that the past increments of actual soybean yields and me-

teorological yields are positively correlated with the future increments, indicating that the 

overall direction of future changes of the two is consistent with the past changes, where 

the Hurst Exponent of actual yields is greater than that of meteorological yields and the 

fractal dimension D is smaller than that of meteorological yields. It demonstrates that the 

trend of future changes in meteorological yields is less consistent than that of actual yields 

and that its trend is more complex on that time scale. 

The Wavelet Analysis was conducted on the meteorological yields of soybean in 

Hulunbuir from 1985 to 2019 to explore the period of changes in the meteorological yields 

of soybean. In the wavelet variance, there are four distinct peaks, corresponding in turn 

to the time scales of 21a, 15a, 53a and 4a (Figure 6). The largest peak corresponds to a time 

scale of 21a, indicating that the period around 21a oscillates more strongly and is the 1st 

main period of soybean variability; the 2nd main cycle is characterized by a 15a time scale, 
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and the 3rd and 4th peaks correspond to time scales of 53a and 4a, respectively. It is shown 

that fluctuations in these four periods determine the characteristics of soybean meteoro-

logical yield changes in Hulunbuir throughout the overall time domain. 

 

Figure 6. The wavelet variance of meteorological yield of soybeans and the contour line of the Re of 

the wavelet coefficient in Hulunbuir from 1985 to 2019. 

On the first main time period scale, soybean meteorological yield in Hulunbuirexpe-

rienced two relatively complete high–low transformation from 1985 to 2019, with 1985–

1992, 2000–2006 and 2014–2019 being periods of low yield, and 1993–1999 and 2007–2013 

being periods of high yield (Figure 6). The analysis in Section 3.1 shows that the lower 

yield periods overlap to a greater extent with the dry and low-temperature periods in 

Hulunbuir, whereas the higher yield periods overlap to a greater extent with the abundant 

and high-temperature periods, so it is conjectured that soybean yield changes are corre-

lated with changes in temperature and precipitation. 

3.3. Influence Mechanism of Meteorological Factors on Soybean Resources 

3.3.1. Response of Soybean Yield to Climate Change 

In order to explore the response of soybean yield to climate change in Hulunbuir, the 

correlation between soybean yield per unit area, meteorological yield and meteorological 

factors in Hulunbuir from 1951 to 2019 was studied by employing the methods of Pearson 

Correlation Analysis and Grey Relation Analysis, respectively, and the results are shown 

in Table 2. 

Table 2. The Pearson correlation coefficient and Grey Relation Analysis of soybean yield and mete-

orological factors in Hulunbuir. 

Parameter 

Soybean Yields per Unit Area Meteorological Yields of Soybean 

Temper-

ature 

Precipita-

tion 

Sunshine 

Duration 

Active Accu-

mulated 

Temperature 

Tempera-

ture 

Precipita-

tion 

Sunshine 

Duration 

Active Accu-

mulated 

Temperature 

The Pearson Correla-

tion Analysis 
0.526 * 0.448 * −0.214 0.515 * 0.674 ** 0.603 * 0.326 0.669 ** 

The Grey Relation 

Analysis 
0.658 0.537 0.449 0.642 0.776 0.591 0.526 0.757 

Note: The signs of ** and * represent the significant correlation at the 0.05 and 0.01 levels, respec-

tively. 
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The Pearson Correlation Analysis shows that soybean yields in Hulunbuir from 1985 

to 2019 were moderately positively correlated with temperature, active cumulative tem-

perature and precipitation with significant correlation (p < 0.05), while the correlation with 

sunshine duration hours was not significant (p > 0.05). For soybean meteorological yields 

in Hulunbuir in the past 35 years, they had a strong positive correlation with temperature 

and active cumulative temperature, and a significant positive correlation with precipita-

tion (p < 0.05), which was weaker than the former ones. The negative correlation between 

meteorological yields and sunshine duration in Hulunbuir was weak and insignificant (p 

> 0.05). We can conclude from it that temperature and active cumulative temperature are 

the main factors determining the soybean growth rate, which influences the span of the 

growing season. In addition, a moderate increase in precipitation has a positive effect on 

soybean yield, whereas the role of sunshine duration hours is not significant. 

Soybean yields per unit area and meteorological yield changes in Hulunbuir have 

shown different correlation sequences with meteorological factors in the last 35a. The cor-

relation between soybean yields and meteorological factors in Hulunbuir was 0.449–0.678, 

which was influenced by temperature and active cumulative temperature to a greater ex-

tent, followed by precipitation to a lesser extent, and least influenced by sunshine hours. 

In contrast, the correlation between meteorological yields and meteorological factors in 

Hulunbuir was greater at 0.526–0.776, with meteorological yields being more strongly cor-

related with temperature and active cumulative temperature, followed by precipitation, 

and least influenced by sunshine duration. Therefore, soybean yields and meteorological 

yields in Hulunbuir City responded to the four types of meteorological factors in the same 

order, while the degree of correlation was different, and the degree of correlation between 

meteorological yields and meteorological factors was higher. This result is consistent with 

the results of the Person correlation analysis, which shows that temperature is the domi-

nant factor in soybean yield variation, followed by precipitation. 

3.3.2. Effects of Dynamic Changes of Temperature and Precipitation on Soybean Yields 

From the results of analysis in Section 3.3.1, it can be seen that high temperature in 

synchronization with abundant precipitation during the growth season of soybean plant-

ing areas in Hulunbuir are the key impacting factors for the growth and yields of soybean. 

Therefore, the Method of Integral Regression was used to quantitatively analyze the rela-

tionship between soybean yield in Hulunbuir and the daily average temperature and 

daily precipitation during the growing period in this area every ten days. 

The soybean growth period in Hulunbuir is about from early May to late September. 

Therefore, ifthe whole soybean growth period is divided into 15 periods (n = 15), and the 

temperature and precipitation are set as independent variables x, and m is taken as 5, then: 

𝑌𝐶 = 𝑐 + ∑ 𝛼𝑗(𝑡)

5

𝑗=0

𝜌𝑗(𝑋), (𝑗 = 0, 1, 2, 3, 4, 5) (23) 

Calculate the 𝜌𝑖 of temperature and precipitation according to the formula, and set 

𝜌0-𝜌5 as the temperature item, 𝜌6 − 𝜌11 as the precipitation item and 𝑌𝑐 = 12. Then, the 

established multiple regression equation is as follows: 

𝑌 = −237.12 − 0.261𝜌2 − 0.091𝜌3 − 0.0075𝜌9 + 0.000082𝜌11 (24) 

It can be seen that the 2nd and 3rd terms of temperature and the 9th and 11th terms 

of precipitation have a significant impact on soybean yields. The combined effects of the 

two factors constitute the soybean yield forecast equation. According to the yield predic-

tion equation, the 𝑎(𝑡) value of the influence of temperature and precipitation on soy-

bean yield can be calculated, and then the 𝑎𝑇(𝑡) curve and 𝑎𝑅(𝑡) curve of the influence 

of temperature and precipitation on soybean yield can be obtained. 

As shown in Figure 7A, during the soybean sowing period, emergence period and 

flower bud differentiation period (i.e., from mid to late May to early July), temperature 
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mainly played a negative role in its growth and development, and the negative effect was 

the strongest in mid-June. It shows that the continuous high temperature will delay the 

emergence and germination of seeds, causing the putrefactive phenomenon of seeds and 

affecting the yields. During the flowering, podding and grain–bursting stages of soybeans 

(i.e., mid-July to early September), temperature has a significant positive effect on their 

growth and development. In a certain range, the higher the temperature, the faster the 

growth, and the lack of heat in this period will have a great impact on soybean yield. 

Temperature had a significant negative effect on soybean growth and development from 

the late bulge period to the maturity of soybeans. The high temperature during the period 

will affect the accumulation of dry matter, which will then lead to the reduction in soy-

bean yields. 

 

Figure 7. The influence of temperature and precipitation on soybean yields. 

As shown in Figure 7B, during the soybean sowing period, emergence period, flower 

bud differentiation period and flowering period, the precipitation mainly has a positive 

effect on its growth and development, and the positive effect is the greatest in June, indi-

cating that sufficient water supply at the seedling stage is the key to high yields. In the 

early stage of soybean podding and maturity, the increase in precipitation will be detri-

mental to the growth and development of soybeans, resulting in the phenomenon of fall-

ing flowers and pods and reduced yields. In the middle and late stages of soybean ma-

turity, precipitation has a positive impact on its growth and development. Therefore, it is 

necessary to ensure sufficient moisture at this stage. 

4. Further Discussion 

Soybean production is fundamental to ensuring the supply of green and renewable 

diesel. Climatic factors are closely related to changes in soybean yields. Not only do they 

directly affect soybean growth, but they also indirectly influence soybean growth suita-

bility by altering the effects of non-climatic factors such as irrigation and fertilizer [7,10]. 

Therefore, exploring the variation pattern of meteorological factors and soybean yield and 

analyzing the correlation between the two can, to a certain extent, be used to promote the 

improvement of soybean yield by changing climatic conditions, thus ensuring the smooth 

transition to green and renewable energy. 

Previous studies have shown that the meteorological factors that have a relatively 

greater impact on soybean yields mainly include light, heat and water [28,29]. Therefore, 

this paper firstly analyzes the change characteristics and trends of the annual average 

temperature, annual precipitation, annual sunshine duration and annual active accumu-

lative temperature in the soybean growing season in a long time series in Hulunbuir, and 

it was found that the four types of climatic factors all had a main change period of about 
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52a, which was close to the third period of soybean meteorological yields of 53a, indicat-

ing that soybean yields responded to the dynamic changes of the four types of climatic 

factors. 

The Pearson Correlation Analysis of the four meteorological factors to soybean yield 

and meteorological yield in Hulunbuir from 1985 to 2019 showed that soybean yield and 

meteorological yield were both strongly influenced by the average growing season tem-

perature and active cumulative temperature, and were also significantly and positively 

correlated with growing season precipitation, while the number of hours of sunshine dur-

ing the growing season had little effect on soybean yield and meteorological yield. To 

confirm the reliability of the results, a Grey Relation Analysis was employed to determine 

the dominant climatic factors affecting soybean yield in this study. The results showed 

that soybean yields per unit area and meteorological yields in Hulunbuir had the same 

order of correlation with meteorological factors; that is to say, they were more strongly 

correlated with temperature and active accumulative temperature followed by precipita-

tion, and were least influenced by sunshine duration. The mature deliberation of the 

above two methods of analysis show that temperature is the dominant factor affecting the 

fluctuation of soybean yields in Hulunbuir, and the two are positively correlated. It can 

be attributed to the fact that the geographical location of Hulunbuir makes the heat con-

ditions of crops in the growing season not ideal, yet the warming of the climate has en-

hanced the heat resources in the region, which is beneficial to the increase in the crop 

photosynthesis rate, thus prolonging the growing season, and shortening the frost period, 

improving the multiple cropping index and diversifying the planting varieties [18,30], 

thereby boasting the grain yield per unit area. The result is in line with the study by Li et 

al. (2015) [31]. At the same time, it is concluded in this paper that there is also a significant 

positive correlation between precipitation in the soybean growing season and soybean 

yields. It can be explained by the fact that soybeans store more water at each growth stage, 

and sufficient precipitation can supplement the water lost by evapotranspiration and en-

sure physiological activities such as respiration, thus promoting efficient uptake and uti-

lization of CO2 by soybeans and then resulting in higher yields [32]. Wang et al. (2021) 

found that temperature and precipitation were the dominant meteorological factors af-

fecting soybean protein content in northeastern Inner Mongolia, while the dominant me-

teorological factor affecting soybean fat content was temperature, and that yield, protein 

content and fat content had the same dominant factor—temperature. Therefore, it can be 

assumed that the increase in temperature in Hulunbuir not only helped to improve soy-

bean yield, but also contributed significantly to the promotion of high-quality soybean 

production [24]. 

However, the results of the integral regression model revealed that the effects of tem-

perature and precipitation on soybean growth and development at all stages were not 

significantly linear, and there were also negative effects of both meteorological factors in 

certain growth stages. Through the analysis of the effect of each period, it was found that 

drought had the greatest impact on yield at the seedling stage, and that adequate water 

supply at the seedling stage was necessary for high yields. Meanwhile, moderate low-

temperature regulation at the seedling and maturity stages could prolong the time for 

soybeans to absorb nutrients and to accumulate organic matter, to produce more full-

grained soybeans. Wang et al. (2021) concluded that the podding-drum stage is a common 

critical period affecting the protein and fat content of soybeans in northeastern Inner Mon-

golia, and that high temperature and precipitation during this stage are favorable for pro-

tein accumulation and fat content, also indicating that elevated temperature and supple-

mental precipitation during the flowering-drum-drum stage have positive effects on soy-

bean yield and quality improvement [24]. 

The soybean is a light- and temperature-sensitive crop, and moderate increases in 

light and improved light and heat conditions can enhance organic matter synthesis in soy-

beans, which is beneficial to soybean growth and yields [33]. Wang et al. found that 

Hulunbuir enjoys sufficient sunshine duration during the growing season, within the 
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range of hours required for soybean growth within most years [34], while Jin et al. con-

cluded that sunshine suitability in Hulunbuir was generally stable in the past and future 

[35], so the effect of sunshine duration on soybean yield was insignificant. 

In addition, this paper found that the correlation between the soybean yield per unit 

area of Hulunbuir and the four types of climatic factors from 1985 to 2019 was weak to 

moderately strong. Jin et al. (2019) also held that the future climate trend in Hulunbuir 

had a weak positive effect on soybean production [36], indicating that the actual soybean 

yields per unit area are also affected by other factors. Most studies have shown that, com-

pared with the factor of climate change, crop management practices have a greater impact 

on the sowing, emergence and maturity of soybeans. The coordination of water and heat 

conditions with other non-climatic factors is the key to increase crop yields [36,37]. For 

example, the combination of temperature and irrigation is conducive to the improvement 

in crop yields [38], while fertilizer combined with a certain amount of light, temperature 

and precipitation can better regulate soil fertility to increase yields [39]. Therefore, the 

increase in soybean yields in Hulunbuir may be connected to the continuous improve-

ment of agricultural production technology, fertilizer application amount and frequency 

and acreage of irrigation. At the same time, the cultivation of high-yielding varieties can 

also promote the improvement of soybean yields. 

5. Conclusions and Policy Implications 

5.1. Conclusions 

Based on the data of the climate factors of Hulunbuir from 1951 to 2019, the charac-

teristics of climate change and soybean yield response in Hulunbuir City were analyzed 

as follows: 

Firstly, during the soybean growing season in Hulunbuir from 1951 to 2019, the an-

nual average temperature and the annual active accumulated temperature showed a sig-

nificant upward trend, while the annual precipitation registered a significant downward 

trend and the annual sunshine duration fluctuated. The future change trend is consistent 

with the past one, indicating that the climate in Hulunbuir would be warming and drying. 

Secondly, the actual output of soybeans in Hulunbuir from 1985 to 2019 was affected 

by natural disasters, technological progress and socioeconomic development, and showed 

a fluctuating trend of falling at the beginning and then rising. Meteorological yields fluc-

tuated and their change period corresponds to the change period of climatic factors. The 

relative meteorological yields were consistent with the change trend of meteorological 

yields. The soybean yields in Hulunbuir in the past 35 years included 11 climatically fa-

vorable years and 14 climatically unfavorable years, and the rest were normal years. 

Thirdly, changes in soybean yields in Hulunbuir are mainly influenced by tempera-

ture and active cumulative temperature. The increase in temperature within a certain 

range and the accelerated ground temperature increment will contribute to the improve-

ment in grain yield per unit area, while the increase in precipitation will also have a pos-

itive effect on the improvement of soybean yield, while sunshine duration has no signifi-

cant effect on soybean yield in this region. In addition, high temperature in synchroniza-

tion with abundant precipitation during the growth season of soybean planting areas in 

Hulunbuir is the major meteorological factor promoting yields of soybean. 

Fourthly, temperature and precipitation have different effects on the growth and de-

velopment of soybeans at different growth stages. Temperature had a negative effect on 

the growth and development of soybeans at the seeding–emergence–bud differentiation 

stage and from the late bulge period to the maturity of soybeans, whereas it had a positive 

effect on the flowering, podding and grain–bursting stages of soybeans. Precipitation had 

a negative effect on the sowing–flowering stage and the mid-to-late-maturity stage of soy-

bean development, whereas it had a positive effect on the podding to early-maturity stage 

of development. 
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5.2. Policy Implications 

In recent years, Hulunbuir has focused on safeguarding grain production, making 

efforts in disaster prevention and mitigation, optimizing structure, environmental-

friendly production and implementing major projects. For example, it has expanded the 

planting area of soybeans, introduced other high-yielding grain crops, provided greater 

policy support, accelerated the retrofitting of machinery and equipment and vigorously 

promoted the research and development of special machinery and equipment. In addi-

tion, it gives full play to the leading role of subsidy policies in order to ensure a steady 

increase in soybean yields. Here are the policy implications for soybean planting in 

Hulunbuir provided by this paper: 

First of all, this paper found that the synchronization of water and heat is the key to 

promoting the improvement of soybean yield in Hulunbuir, in which temperature plays 

a leading role, and the two factors have different effects on soybean growth and develop-

ment in each period. It is also clear from the study of Wang et al. that the flowering-drum-

ming-pod stage is a critical period affecting fat and protein accumulation in soybeans [24]. 

This paper suggests that adequate irrigation should be ensured in the soybean seedling 

stage, and appropriate low-temperature regulation should be performed to prolong the 

time for soybean to absorb nutrients and to accumulate organic matter. In the podding 

and grain–bursting stages of soybeans, sufficient heat supply should be in place and ex-

cessive irrigation should be prevented, so as to avoid the phenomenon of falling flowers 

and pods. In the middle and late stages of soybean maturity, sufficient water should be 

maintained and moderate low-temperature regulation is welcome, in order to guarantee 

full-grained soybeans. 

Second, the combined effect of meteorological factors and crop management prac-

tices affects soybean yields. Therefore, in accordance with the current climate and soil 

moisture conditions, the government should fully apply technologies such as full-scale 

smashing and returning of straw, deep ploughing, formula fertilization, fertilizer control, 

drug reduction, etc., and choose varieties that are high-yield, high-quality, disease-re-

sistant, adaptable, suitable for mechanical planting and appropriate for planting in the 

region. Meanwhile, the government should also strengthen the prevention and control of 

pests and weeds, promote the application of technologies that support high-yields, en-

hance technical training and guidance and pay attention to the synchronization of water 

and heat to enhance soybean yields. 

6. Limitations and Research Gaps 

This paper analyzes the characteristics of changes in different climatic factors over 

long time scales and the response of soybean yields in Hulunbuir to provide a reference 

for ensuring stable soybean yields and optimizing planting plans. It should be noted that, 

taking into account the availability of data, the selected weather stations are limited, 

which may have minor discrepancies from the real status. Moreover, in exploring the ef-

fects of temperature and precipitation on the whole process of soybean growth and de-

velopment, this paper uses relatively uniform sowing and harvesting periods, thus ignor-

ing the spatial and temporal specificity of soybean development in different growing ar-

eas, which affects the accuracy of the soybean fertility data. In addition, changes in the 

quality of soybean fat and protein in Hulunbuir also have an important impact on green 

energy supply by affecting the oil yield and thus the refining process of renewable diesel. 

Therefore, it is worthwhile to further refine and explore the characteristics of soybeans’ 

response to climatic factors in various periods within the growing season at different me-

teorological stations in Hulunbuir, to explore the changes in soybean fat, protein and other 

nutrients in relation to meteorological factors, and to further improve the soybean plant-

ing policy in Hulunbuir City as a direction worthy of attention in future research. 
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