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Abstract: Water and thermal resources are changing significantly because of climate change, further
affecting important crops, such as grains, worldwide. Previous studies on climate change trends and
their impacts on grain yield were mainly conducted on a single time scale, with few studies conducted
on multiple time scales. Therefore, here, climate data and grain yield statistics from 1978–2021 in
the Henan Province were used to assess how water and thermal changes impact grain yield on
multiple time scales. Water and thermal variation were analyzed using the least squares method,
Mann-Kendall method, and wavelet analysis method, and grain yield impacts were analyzed using
gray correlation method. Results showed increasing trends for ≥0 ◦C and ≥10 ◦C accumulated
temperature and precipitation, with decreased precipitation in spring. The lowest daily minimum
temperature increase was 2–3 times the highest daily maximum temperature. Additionally, grain
yield fluctuations were caused by climate change. Climate change affected grain yield on all time
scales, fluctuating more in autumn than in summer, which was mainly due to changes in temperature
followed by precipitation and extreme precipitation. This study provides a scientific basis for the
maintenance of food security under climate change.

Keywords: climate change; time scale; grain yield; water and thermal resources; 24 solar terms

1. Introduction

The Sixth Assessment Report by the Intergovernmental Panel on Climate Change
(IPCC) states that the global average temperature increased by approximately 1.0 ◦C from
1850–1900 and 1.09 ◦C from 2011–2020, and predicts that the global average temperature
will rise by 1.5 ◦C during the 2021–2040 period [1]. With the intensification of global
warming trend, the instability of the climate system and the frequency and intensity of
extreme climate events have increased, harming many natural systems [2–5]. Agricul-
ture is particularly sensitive to climate change, and water and thermal resources are the
two most important climate elements that affect the agricultural system [6]. However,
changes in water and thermal resources during crop growth and development under differ-
ent climatic conditions have a massive impact on crop quality and yield, crop irrigation
scheduling, and the layout of agricultural production systems, threatening global food
security [7–9]. According to The State of Food Security and Nutrition in the World 2021,
which was produced by the Food and Agriculture Organization of the United Nations
(FAO), an increase in moderate or severe global food insecurity has been observed since
2014, with nearly 12% of the global population facing severe food insecurity in 2020 due
to factors such as conflict, climate change, extreme climate events, economic slowdowns
and recessions [10]. Hence, it is vital that the variation characteristics of water and thermal
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resources and their effects on food production are studied to ensure food security under
climate change.

Several researchers have investigated the variation characteristics of water and ther-
mal resources over the crop growing period on the seasonal or annual scale [11–15]. Yu
et al. [16] investigated the trend in the date at which the four seasons begin in China using a
phenological method to divide the seasons, and found that spring and summer are starting
earlier throughout the country, whereas autumn and winter are beginning later. The results
also indicated an increasing trend for summer and winter temperatures in the northern
regions. Huang et al. [17] examined seasonal temperature and precipitation trends in the
Yellow River basin from 1979–2019, with results revealing a significant warming trend
in all seasons and varying trends in seasonal precipitation. Based on the CMIP5 model,
Lin et al. [18] investigated the variation trends of climate droughts in the Huaihe River
Basin and concluded that aridity is likely to increase in the future. Dong et al. [19] explored
the variation characteristics of winter temperature (December–February) across the entire
Ningxia region based on data from 1961–2013, with results showing an overall increase in
the winter temperature and a significant decrease in the <0 ◦C accumulated temperature. In
general, thermal resources in China show an increasing trend on an annual scale; however,
the magnitude of this increase is inconsistent between different regions [20,21], and spatial
and temporal differences in precipitation include an increasing trend on the southeast
coast and in the northwest, and a decreasing trend in the northeast, north, central, and
southwest [22].

Numerous studies have investigated the effects of climate change on crop growth
and grain yield. For example, climate warming has been found to expand crop cultivation
boundaries at higher latitudes and altitudes, prolonging the potential growth periods
of crops [23–25]. However, the associated accelerated crop growth ultimately results in
reduced biomass and dry matter accumulation with lower quality grain and reduced
yield [26]. Based on the trend analysis and Mann-Kendall analysis methods, Zhao et al. [27]
analyzed the grain yield response to climate change in the Guanzhong region of the
Shaanxi Province and found an increasing trend in yield from 1983–2016, indicating that
climate yield is positively correlated with temperature. Influenced by both temperature
and precipitation, the potential climatic productivity of maize in the Henan Province has
shown an inverted U-shaped dynamic change over time [28]. Zhang et al. [29] explored the
sensitivity of grain yields to climate change using a nonlinear regression model, with results
indicating that wheat and summer maize yields in the Henan Province were most sensitive
to average temperate and total sunshine hours during the reproductive season. Pang
et al. [30] comprehensively assessed the annual variation in agricultural climate resources
(light, temperature, and water) during the rice growing season in the southwest region and
found that precipitation is the main factor affecting the potential climatic productivity of
single-season rice. In a study by Yang et al. [31], the relationship between grain yield and
cultivated land in Tibet was analyzed to identify the main factors affecting grain yield. The
results suggested that the most important factors are cultivated area, ≥0 ◦C accumulated
temperature, and precipitation during the growing season. Zai et al. [32] pointed out that
crops do not fully use climate resources when their productivity is based on annual climate
elements, and suggested that the research time scale should be shortened.

The above studies explored climate change trends and their effects on grain yield
in different regions; however, there are still some shortcomings. First, most studies have
used physical periods or months to distinguish the seasons, with few studies based on the
24 solar terms. The 24 solar terms have a guiding value for agricultural farming activities,
mainly because they reflect climate changes in temperature, precipitation, and season,
which still have a guiding effect on agricultural farming. Second, these studies have been
conducted on a single time scale, with fewer studies conducted on multiple time scales. The
Henan Province is not only one of the major grain-producing regions in China but is also
the birthplace of the 24 solar terms [33,34]. Hence, it is essential that the trend of climate
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change in Henan Province and its effect on grain yield is analyzed based on multiple
time scales.

In this study, ground observation data and grain yield statistics data from 1978–2021
for Zhengzhou City, Henan Province, were analyzed, and ≥0 ◦C accumulated temperature,
≥10 ◦C accumulated temperature, precipitation and extreme climate were selected as
indicators. The main objectives of this study were to: (1) analyze the variation trends
and cycles in water and thermal resources at annual and seasonal scales, (2) analyze the
variation characteristics of grain yield and climate yield, and (3) discuss the correlations
between climate indicators and grain yield in Zhengzhou City, Henan Province. Our study
provides a scientific basis upon which water and thermal resources can be utilized, ensuring
food security in Henan Province under climate change.

2. Data and Methods
2.1. Study Area

The Henan Province ranges from 31◦23′ to 36◦22′ N latitude, 110◦21′ to 116◦39′ E
longitude, and borders Anhui Province and Shandong Province in the east, Hebei Province
and Shanxi Province in the north, Shaanxi Province in the west, and Hubei Province
in the south, covering a total area of 16,700 km2. The Henan Province also includes
approximately 0.815 million hectares of crop planting area and produces approximately
10% of the total grain yield in China, rendering it a major grain-producing region. The
province is characterized by a continental monsoon climate with four distinct seasons in
terms of rain and heat, with wheat and maize comprising the main grain crops. Zhengzhou
was selected as the study area, as it represents the climate change characteristics over the
entire province (Figure 1).
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Figure 1. Map of the study area. Colors represents the elevation and dot represents the study site at
Zhengzhou City in Henan Province.

2.2. Data

In this study, the meteorological data are the daily mean temperature, daily maximum
temperature, daily minimum temperature, and daily precipitation of Zhengzhou city
(site 57083, 113◦65′ E, 34◦72′ N, altitude 110.4 m) from 1978–2021, which were obtained
from the China Meteorological Data Network (https://www.data.cma.cn/, accessed on 3
July 2022). Linear interpolation methods were used to fill in any missing measurements.
Grain yield data from 1978–2021, summer grain yield and autumn grain yield from 2000–

https://www.data.cma.cn/
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2021 were obtained from the Henan Statistical Yearbook [35] and the Henan Provincial
People’s Government (https://www.henan.gov.cn/2021/12-11/2363731.html, accessed on
9 August 2022).

2.3. Methods
2.3.1. Indicators Used for Water and Thermal Elements

(1) Accumulated temperature. The accumulated temperature is the sum of the daily av-
erage temperatures above the biological lower-limit temperature over a certain period [36]
and is calculated using:

A =
n

∑
i=1

Ti (Ti ≥ B, when Ti < B, Ti = 0) (1)

where A represents the accumulated temperature (◦C); Ti is the daily mean temperature on
the ith day in the period (◦C); B is the biological lowest limit temperature (◦C); n is the total
number of days in the studied period (d).

The ≥0 ◦C and ≥10 ◦C accumulated temperatures are important indicators for mea-
suring the thermal resources in a region. The biological lowest limit temperature is 0 ◦C for
winter wheat and 10 ◦C for summer maize [37,38]. The farming style in the Henan Province
is mainly based on the winter wheat–summer maize shifting mode; therefore, the ≥0 ◦C
and ≥10 ◦C accumulated temperatures were calculated on different time scales. Solar
terms indicating the beginning of spring, summer, autumn, and winter were used to divide
the seasons.

(2) Daily temperature range. Daily temperature range is an important factor that
influences crop growth and refers to the difference between the minimum and maximum
temperatures on a specific day, reflecting the magnitude of the temperature change on
that day.

(3) Extreme temperature and extreme precipitation. The extreme temperature indicates
the highest daily maximum temperature and of the lowest daily minimum temperature
in a specific period. The extreme precipitation indicator represents the maximum daily
precipitation during a period.

2.3.2. Calculation of Changing Water and Thermal Trends

The least squares method was used to analyze the variation trends using the equation:

y = b + ax (2)

where y is a climate indicator; x is the corresponding year; a and b are the regression
coefficients; and the change rate of the climate indicators is 10 × a. Significance analysis of
the fitted regression equation was performed using a t-test with a test level of 0.05.

The Mann-Kendall method [39] was used to determine sudden change points in the
variables, as follows:

(1) First, the order column Sk that corresponds to time series Xi is calculated with n
samples in the sequential case.

Sk =
k

∑
i=1

ai(k = 1, 2, 3, . . . , i) (3)

ai =

{
1 (xi > xj, j = 1, 2, 3, . . . , i)
0 (xi ≤ xj, j = 1, 2, 3, . . . , i)

(4)

(2) The average value and variance of Sk is then determined:

E(Sk) =
k(k− 1)

4
(5)

https://www.henan.gov.cn/2021/12-11/2363731.html
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Var(Sk) =
k(k− 1)(2k + 5)

72
(6)

(3) The UFk statistics are calculated as:

UFk =
Sk − E(Sk)√

Var(Sk)
(7)

(4) Finally, the time series Xi of n samples is inverted into xn, xn−1,· · · , x1, to obtain
the inverse order series of Sk and UBk.

UBk = −UFk (k = n, n− 1, n− 2, . . . , 1) (8)

The generated UF and UB curves and the critical value at a given significance level
(significance level of 0.05, critical value U0.05 = ±1.96) are then plotted; the indicators are
considered to have undergone sudden change when UF line crosses the critical value line
that begins at the intersection of the UF and UB lines.

2.3.3. Wavelet Analysis

Wavelet analysis can reveal the variation characteristics of a time series and was
therefore used to determine the change cycles in the generated time series [40]. Molet
wavelet analysis is useful for describing non-smooth signals and was therefore selected to
analyze the change cycles in each time series.

For a given wavelet function ψ(t), the continuous wavelet in time series f (t) ∈ L2(R) is
transformed as follow:

W f (a, b) = | a|−
1
2

∫ +∞

−∞
f (t)ψ(

t− b
a

)dt (9)

where a is the scale parameter that reflects the period length of the wavelet; b is the
paralleling parameter that reflects paralleling over time; ψ(t) is the complex conjugate
function of ψ(t); and Wf(a, b) is the wavelet transform coefficient. Since time series are often
discrete in practice, the discrete form of the above equation was used:

W f (a, b) = | a|−
1
2 ∆t

N

∑
k=1

f (k∆t)ψ(
k∆t− b

a
) (10)

The graph of the wavelet transform coefficient is a two-dimensional contour graph for
Wf(a, b), with b taken as the horizontal axis and a as the vertical axis. The variation character-
istics in the time series were obtained from the wavelet transform
coefficient graph.

Wavelet variance is obtained by integrating the square of the wavelet transform
coefficients of a in the time domain and was calculated using:

Var(a) =
∫ +∞

−∞

∣∣∣W f (a, b )|2db (11)

2.3.4. Climate Yield

The grain yield is composed of two parts: trend yield and climatic yield. Trend
yield represents the yield obtained by economic development and increased productivity,
whereas climate yield represents the yield obtained due to changes in climatic factors [41].
The climate yield is obtained by removing the trend yields from the actual grain yield.

ct = yt − gt (12)

where t is the sample volume; ct is the climate yield (kg/hm2); yt is the grain yield (kg/hm2);
and gt is the yield trend (kg/hm2).
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The HP filtering method [42] is used to obtain the trend yield solving the minimization
problem.

min(M) = min

{
n

∑
t=1

(yt − gt)
2 + λ

n

∑
t=3

[(gt − gt−1)− (gt−1 − gt−2)]
2}

(13)

Finding the first-order derivative of g1, g2, . . . gn for M and assuming a value of 0 for
the derivative generates the equation:

c1 = λ(g3 − 2g2 + g1)
c2 = λ(g4 − 4g3+5g2 − 2g1)

. . .
cn = λ(gn − 2gn−1 + gn−2)

(14)

Equation (14) can be converted to produce Equations (15) and (16).

g = (λF + I)−1y (15)

F =



1 −2 1 0 . . . . . . . . . 0
−2 5 −4 1 0 . . . 0
1 −4 6 −4 1 0 0

. . .
0 0 1 −4 6 4 0
0 0 1 −4 5 2
0 . . . . . . 0 1 −2 1


(16)

λ is obtained from the time scale of the time series and was taken as 100 for annual,
1600 for seasonal, and 14,400 for monthly time series [43].

2.3.5. Gray Correlation Analysis

The Gray correlation analysis is used to measure the degree to which specific factors
are correlated. Mathematical and statistical methods are limited by the number of samples
and the regularity of sample distribution, while Gray correlation analysis is not affected by
such limitations [44]. Gray correlation analysis is therefore used to calculate the correlation
degree between the reference series and the comparison series, where the grain or climate
yields are represented by reference series X0 and ≥0 ◦C accumulated temperature, ≥10 ◦C
accumulated temperature, precipitation, daily temperature range, and extreme precipitation
represent the comparison series Xi. The specific calculation steps are as follows:

(1) The initial value of each time series is first calculated.

X′i =
Xi

xi(1)
= (x′i (1), x′i (2), . . . , x′i (k)), i = 0, 1, 2, . . . , m; k = 1, 2, . . . , n (17)

(2) The absolute value sequence of the difference between the initial value of the X0
and Xi is generated.

∆i(k) =
∣∣x′0 (k)− x′i (k) | , i = 1, 2, . . . , m (18)

(3) The maximum and minimum values of the absolute value sequence are produced.

M = max
i

max
k

∆i(k) (19)

N = min
i

min
k

∆i(k) (20)

(4) The correlation coefficient is calculated.

γ0i(k) =
N + ξM

∆i(k) + ξM
, i = 1, 2, . . . , m (21)
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where ζ is the resolution coefficient, normally taken as 0.5.
(5) The degree of correlation between X0 and Xi is found as:

γ0i =
1
n

n

∑
k=1

γ0i(k) (22)

where γ0i denotes the degree of correlation between X0 and Xi. The value of γ0i is closer to
1 in this study, indicating significant correlation between X0 and Xi.

3. Results
3.1. Variation Characteristics of the Accumulated Temperature from 1978–2021
3.1.1. Variation Trends

The variation trends in the accumulated temperature from 1978–2021 are presented in
Table 1. The temporal variation trends for ≥0 ◦C accumulated temperature and ≥10 ◦C
accumulated temperature was consistent on different time scales, with increasing trend
observed in both (at 0.05 significance). The increase was greater in magnitude for
≥10 ◦C accumulated temperature as compared to ≥0 ◦C accumulated temperature (except
for winter). Under an annual scale, the variation rates are 215.70 ◦C/10 a and 221.75 ◦C/10 a
for ≥0 ◦C accumulated temperature and ≥10 ◦C accumulated temperature, respectively,
both show significant increasing trends. However, the increasing trend of ≥0 ◦C accumu-
lated temperature was only significant in spring, summer, autumn, whereas that of ≥ 10 ◦C
was significant in summer, autumn, and winter on the seasonal scale, with results showing
75.16 ◦C/10 a, 54.88 ◦C/10 a, 49.92 ◦C/10 a and 35.74 ◦C/10 a for ≥ 0 ◦C accumulated
temperature in spring, summer, autumn, and winter and 85.91 ◦C/10 a, 54.97 ◦C/10 a,
57.85 ◦C/10 a and 23.01 ◦C/10 a for ≥ 10 ◦C accumulated temperature, respectively.

Table 1. The variation trends and significance of water and thermal elements in Henan Province from
1978–2021 under different time scales. The * represents passing the 0.05 significance test.

Time Scale ≥0 ◦C Accumulated
Temperature (◦C/a)

≥10 ◦C Accumulated
Temperature (◦C/a)

Precipitation
(mm/a)

Spring 7.516 * 8.591 −0.345
Summer 5.488 * 5.497 * 2.043 *
Autumn 4.992 * 5.785 * 1.199
Winter 3.574 2.301 * 0.306

Year 21.570 * 22.175 * 3.202

On an annual scale, the UF statistic was positive and passes the 0.05 significance
level after 1995, whereas the intersection of the UF and UB was outside the confidence
interval (Figure 2i,j). This indicates that the warming trend in Henan Province only became
significant after 1995. However, no significant sudden change characteristics were observed
in either the ≥0 ◦C accumulated temperature or ≥10 ◦C accumulated temperature on
an annual scale. The position of the intersection between UF and UB, which was within
the confidence interval on the seasonal scale, indicates that a sudden significant change
occurred in both ≥0 ◦C accumulated temperature and ≥10 ◦C accumulated temperature
(except summer) on a seasonal basis (Figure 2a–h). In addition, a sudden increase was
observed in both ≥0 ◦C accumulated temperature and ≥10 ◦C accumulated temperature,
mainly between the mid to late 1990s to the beginning of the 21st century.
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Figure 2. The sudden change characteristics of accumulated temperature in Henan Province from
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spring, (c,d) represent summer, (e,f) represent autumn, and (g,h) represent winter. (i,j) represent the
annual scale.

3.1.2. Variation Cycles

The variation in the ≥0 ◦C accumulated temperature and ≥10 ◦C accumulated tem-
perature was consistent, with both presenting alternating positive and negative centers
in cycles of approximately 25–30 a throughout the study period (Figure 3a,b). Two low
centers and three high centers were observed for ≥0 ◦C accumulated temperature and
≥10 ◦C accumulated temperature from 1978–2021, with low centers in 1990 and 2008 and
high centers in 1982, 2000 and 2016 (Figure 3). Furthermore, no closed center was observed
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after 2016 (Figure 3). These results indicate that the ≥ 0 ◦C and ≥ 10 ◦C accumulated
temperatures will continue to increase in the future in Henan Province. Additionally, the
seasonal variation cycles for ≥0 ◦C and ≥10 ◦C accumulated temperatures show the same
regularity as the annual cycles. Therefore, the seasonal wavelet transform coefficient graph
has not been included in this study.
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Figure 3. The wavelet transform coefficient graph of accumulated temperature in Henan Province
from 1978–2021 at the annual scale. (a) represent ≥0 ◦C accumulated temperature, and (b) represent
≥10 ◦C accumulated temperature.

The main water and thermal cycles in the Henan Province were obtained on different
time scales for 1978–2021 using wavelet variance, as shown in Table 2. The first main cycle
in ≥0 ◦C and ≥10 ◦C accumulated temperatures lasted 28 a on both annual and seasonal
scales; however, the second main cycle for ≥0 ◦C and ≥10 ◦C accumulated temperatures of
10 a and 11 a, respectively, occurred only in spring. The results suggest that the variation in
≥0 ◦C and ≥10 ◦C accumulated temperatures in the Henan Province is likely to decrease
over 28 a, along with a short variation cycle of around 10 a in spring.

3.2. Variation Characteristics of Precipitation from 1978–2021
3.2.1. Variation Trends

A non-significant increasing trend in precipitation was observed from 1978–2021 on
the annual scale, with a variation rate of 32.02 mm/10 a (Table 1). However, a decreasing
trend that was observed for precipitation in spring on the seasonal scale was non-significant,
while the increasing trend in summer was significant (passing the 0.05 significance test), and
non-significant in autumn and winter. Variation rates of −3.45 mm/10 a, 20.43 mm/10 a,
11.99 mm/10 a and 3.06 mm/10 a were observed for spring, summer, autumn and winter,
respectively (Table 1). Overall, the climate in the Henan Province is expected to be “warmer
and wetter” in the future, both on an annual scale and in the summer, autumn, and
winter on a seasonal scale; however, the region is expected to become “warmer and drier”
in spring.

The UF statistic was positive in 1978–1980, 1982–1987, and after 2003 on the annual
scale; however, this was within the confidence interval (i.e., it did not pass the 0.05 signifi-
cance level), which indicated the increasing trend in precipitation observed for the Henan
Province during the study period was insignificant (Figure 4e). On a seasonal scale, the UF
statistic was positive in summer after 1998, passing the 0.05 significance level (Figure 4b).
A significantly increasing trend in summer precipitation was observed after 1998. Similarly,
a non-significantly increasing trend in spring precipitation was observed during the 1978–
1980 and 1989–2004 periods (Figure 4a), with a non-significantly increasing trend in autumn
precipitation in 1978–1989 and after 2010 (Figure 4c) and a non-significantly increasing
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trend in winter precipitation after 1988 (Figure 4d). Several UF and UB intersections were
within confidence intervals. Sudden change in precipitation occurred on an annual scale in
1979, 1983, 1998, 2006, 2009, and 2020. However, more sudden changes were observed on a
seasonal scale.

Table 2. The main cycles of water and thermal elements in Henan Province from 1978–2021 under
different time scales.

Treatments Time Scale The First Main
Cycle (a)

The Second
Main Cycle (a)

The Third Main
Cycle (a)

≥0 ◦C
accumulated
temperature

Spring 28 10
Summer 28
Autumn 28
Winter 28

Year 28

≥10 ◦C
accumulated
temperature

Spring 28 11
Summer 28
Autumn 28
Winter 28

Year 28

Precipitation

Spring 8 21 13
Summer 18 30 9
Autumn 29 15 6
Winter 22 6 8

Year 27 18 8
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3.2.2. Variation Cycles

Three variation precipitation cycles of approximately 23–28, 15–20, and 7–10 years
were observed throughout the study period on the annual scale, (Figure 5). Precipitation
reached three low and two high centers during the study period, with lows in 1980, 1995
and 2015, and highs in 1988 and 2005. Precipitation is expected to continue to increase
after 2021 (Figure 5). Three main cycles were also observed on the annual scale 27, 18, and
8 years. The main cycle on the annual scale differed to that on the seasonal scale, with
similarity observed only in the main precipitation cycle during autumn (Table 2).
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3.3. Variation Characteristics of the Extreme Temperature and Precipitation from 1978–2021

The variation trends for extreme temperature and precipitation in the Henan Province
from 1978–2021 at different time scales are presented in Table 3. A significant increasing
trend was observed in extreme temperature on all time scales, except the highest daily
maximum temperature in winter. We also found that the increase in the lowest daily
minimum temperature was approximately two to three times greater than the change in
the highest daily maximum temperature. This implies that climate warming in the Henan
Province has occurred diurnally and asymmetrically over the last 43 years, mainly because
the daily maximum temperature occurs in the daytime and the daily minimum temperature
occurs at night. On a seasonal scale, the highest daily maximum temperature varied most
in spring followed by summer and autumn, while the smallest was in winter, with variation
rates of 0.7 ◦C/10 a, 0.3 ◦C/10 a, 0.2 ◦C/10 a, and 0 ◦C/10 a, respectively. The lowest daily
minimum temperature also varied most in spring; however, this was followed by winter,
with the smallest in summer and autumn, with variation rates of 1.2 ◦C/10 a, 0.9 ◦C/10 a,
0.9 ◦C/10 a, and 1.0 ◦C/10 a, respectively.

Table 3. Variation trends of extreme temperature and extreme precipitation in Henan Province from
1978–2021 under different time scales. The * represents passing the 0.05 significance test.

Treatments

Extreme Temperature

Extreme PrecipitationThe Maximum Value
of Daily Maximum

Temperature

The Minimum Value
of Daily Minimum

Temperature

Spring 0.07 * 0.12 * −0.12
Summer 0.03 * 0.09 * 1.69
Autumn 0.02 * 0.09 * −0.19
Winter 0 0.1 * 0.15 *

Year 0.03 * 0.1 * 1.69
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Due to asymmetric warming (Table 3), the daily temperature range in the Henan
Province decreased in all four seasons from 1978–2021, with variation rates of −0.2 ◦C/10 a,
−0.4 ◦C/10 a, −0.5 ◦C/10 a, and −0.5 ◦C/10 a, during spring, summer, autumn, and
winter, respectively (Figure 6a–d). This phenomenon may be related to the fact that clouds
are generally at lower altitudes during the day [45]. The two means by which ground
temperature can increase are short-wave radiation reaching the ground through the clouds
and blocking the emission of long-wave radiation from the ground. The higher cloud
cover and the decrease in the low- and medium-altitude cloud cover at noon implies
that the ground received more solar short-wave radiation during this time, resulting in
a higher temperature. Of note, the largest decrease in the daily temperature range was
obtained in summer and autumn, implying that heat wave events are more intense during
these seasons.
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A non-significant increasing trend was observed for extreme precipitation on an
annual scale, with variation rate of 16.9 mm/10 a (Table 3). On a seasonal scale, ex-
treme precipitation showed a non-significant decrease in spring and autumn, a non-
significant increase in summer, and a significant increase in winter, with variation rates
of −1.2 mm/10 a, −1.9 mm/10 a, 16.9 mm/10 a, and 1.5 mm/10 a, respectively (Table 3).
These results demonstrated an increase in the intensity of extreme precipitation events
in summer.
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3.4. Variation Characteristics in the Grain Yield from 1978–2021

The grain yield in the Henan Province increased with high fluctuation over the 1978–
2021 period, during which it increased by 192.40 kg/(hm2·a) with an average yield of
8801.95 kg/hm2. The climate yield fluctuated widely during this period, over the range
of –1838.12 to 797.49 kg/hm2 (Figure 7a). The peaks and valleys for grain yield were
consistent with those of the climate yield, indicating that climate change was responsible
for the fluctuations. For example, in the autumn of 2003, the increase in the number of low
temperature and precipitation days meant that the accumulated temperature was below
average during the crop growth period, and the severely flooded fields led to an autumn
grain yield of only 3062 kg/hm2 (Figure 7b).
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The average summer and autumn grain yields of 5574.68 kg/hm2·and 4967.21 kg/hm2

for the Henan Province from 2000–2021, respectively, showed an increasing trend of
99.93 kg/(hm2·a) and 40.58 kg/(hm2·a), respectively, which fluctuated significantly and
was greater in the summer than in the autumn (Figure 7b). The fluctuation in the autumn
grain yield was also greater than that in summer. These results suggest that climate change
has the highest impact on grain production during autumn in the Henan Province.

3.5. Correlation Analysis

The correlation between grain yield and water and thermal elements indicators in
the Henan Province under different time scales are presented in Table 4. On an annual
scale, the grain yield in the Henan Province was more correlated with ≥0 ◦C accumulated
temperature, ≥10 ◦C accumulated temperature, and precipitation (the correlation degree
ranged from 0.606–0.636), followed by daily temperature range and extreme precipitation
(with correlation ranging from 0.475–0.577). Climate yield was equally correlated with all
indicators. On the seasonal scale, the summer grain yield in the Henan Province was most
correlated with the daily temperature range (correlation degree of 0.976), followed by≥0 ◦C
accumulated temperature, ≥10 ◦C accumulated temperature, and precipitation (correlation
degree of 0.901–0.924), and least correlated with extreme precipitation (correlation degree
of 0.588); autumn grain yield was most correlated with ≥0 ◦C accumulated temperature,
≥10 ◦C accumulated temperature, and daily temperature range (correlation degree of
0.946–0.964), followed by precipitation (correlation degree of 0.926), and least correlated
with extreme precipitation (correlation degree of 0.901). Evidently, the grain yield in the
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Henan Province is most correlated with temperature followed by precipitation and extreme
precipitation at the different time scales.

Table 4. The correlation degree between grain yield and indicators of water and thermal elements in
Henan Province under different time scales.

Time Scale Yield Type
≥0 ◦C

Accumulated
Temperature

≥10 ◦C
Accumulated
Temperature

Precipitation
Daily

Temperature
Range

Extreme
Precipitation

Year
Grain yield 0.606 0.611 0.636 0.577 0.475

Climate yield 0.786 0.786 0.788 0.787 0.779

Spring-autumn-
winter Summer grain yield 0.924 0.901 0.911 0.976 0.588

Summer Autumn grain yield 0.959 0.964 0.926 0.946 0.901

4. Discussion
4.1. Variation Characteristics of Water and Thermal Elements

In the present study, we found an increasing trend for both the ≥0 ◦C and ≥10 ◦C
accumulated temperatures and precipitation on both the annual and seasonal scales (except
for spring). Overall, the climate in the Henan Province is expected to become “warmer
and wetter” in the future, while spring will be “warmer and drier”. The results of this
study were similar to those reported by Tao et al. [46] and Xiao et al. [47], who predicted an
increase in both temperature and precipitation on the North China Plain from 2041–2070,
implying that the water supply pressure on crop production might be relieved later in the
Henan Province. Hu et al. [21] investigated the distribution and variation characteristics of
the agricultural thermal resources in China from 1961–2010, with results showing increases
in the ≥0 ◦C and ≥10 ◦C accumulated temperatures of 69.6 ◦C/10 a and 71.1 ◦C/10 a,
respectively. The ≥10 ◦C accumulated temperature in the Henan Province showed a
decreasing trend in the 1960s and 1980s, followed by an increasing trend during the 1970s,
1990s, and in the 2000–2009 period [48]. The increasing rate of accumulated temperature
obtained in this study was larger than that obtained in a previous study, probably because
of the different periods studied. Moreover, the worsening warming trend implies that the
increase in accumulated temperature will be greater because of the later start and end of
the study period. A non-significant decrease in precipitation that was previously observed
in North China from 1961–2014 differed from the present results [20]. This is likely because
the studies are concentrated on different regions in China.

Although climate change has enriched the water and thermal resources in the Henan
Province, the intensity of extreme temperature and precipitation increased. In this study,
we noticed that the warming trend in the Henan Province was greater at night than during
the day. Moreover, the increase in the daily minimum temperature was approximately
two to three times higher than that of the daily maximum temperature. Tan et al. [49]
pointed out that increases in the surface land temperature have been significantly faster at
night over the past 50 years globally, with the warming rate 1.4 times higher at night than
during the day. The diurnal asymmetric warming observed in this study was consistent
with the findings of Tan et al. [49]; however, the warming rate obtained in this study was
considerably greater.

4.2. Effect of Climate Change on Grain Yield

Climate change is associated with both opportunities and challenges for agricultural
production in the Henan Province. The increase in the accumulated temperature and
precipitation provides more water and thermal resources for crops, which is beneficial for
late maturing crops and enriching the layout diversity within the region [50]. However, the
increase in accumulated temperature has shortened the crop growth period, reducing the
amount of time available for crop photosynthesis and decreasing biomass accumulation,
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which will eventually reduce crop yields [51]. Furthermore, climate warming has height-
ened extreme climate events and agricultural disasters, with problems such as heat waves,
droughts, floods, plant diseases, and insect pests negatively impacting grain yield [52,53].
Rosenzweig et al. [54] noted that increased temperatures improved agricultural productiv-
ity at high altitudes and limited agricultural productivity at low and medium altitudes [55].
Climate change, therefore, has both positive and negative impacts on grain yield; however,
the negative impact on grain yield is more significant in most regions [56].

In this study, we found that climate change caused fluctuating changes in the grain
yield of the Henan Province, hindering growth to some extent (Figure 6). We also found
that grain yield was not reduced in years with lower precipitation, while reductions were
observed in years with higher precipitation (Figure 7a,b). For example, despite the different
degrees of drought in the spring, summer, and autumn of 2013, the grain yield in Henan
Province did not decrease, with a grain yield of 11262.14 kg/hm2, while the autumn
grain yield in 2021 decreased because of an extreme precipitation event in the central and
northern parts of Henan from 17–22 July. Extreme weather events reduce agricultural
production efficiency [57]. The results revealed that the relevant agricultural departments
and farmers can take appropriate management measures to mitigate against agricultural
drought but lack the appropriate management measures and treatment plans in response
to extreme precipitation and secondary flooding.

Our study investigated how water and thermal resources are changing grain yields
in Henan Province, China, because of climate change. Despite the significant correlations
between climate change and grain yields, our study did not explain the impact of climate
factors on crop water consumption during the growth period of winter wheat-summer
maize, nor did it predict future changes in crop yield. Crop modeling driven by projected
future climate data is a useful tool to study the likely impacts of climate change on crop
yield [58]. Therefore, we recommend that further studies should using crop modeling
to analyze the impact of climate change on crop yield and crop water consumption in
Henan Province.

4.3. Measures to Respond the Climate Change

To respond to the impact of climate change on grain yield, it is necessary to explore
and develop coping strategies with adaptation or mitigation characteristics. Hardelin
et al. [59] proposed a method that could improve the resilience of agriculture to climate
change in three ways: strengthening the adaptive capacity of agriculture, establishing
beneficial environmental conditions, and utilizing technological tools. In the future, we
should respond to climate change by improving resource utilization through sustainable
production intensification, improving water management measures, and enhancing the
resilience of small-scale farmers to climate change by using biotechnological innovations
such as crop varieties that can tolerate high temperatures, droughts and floods, plant
diseases, and pests [55,60,61].

5. Conclusions

In this study, the trends of water and thermal resources change and their impacts
on grain yield were evaluated for Henan Province on multiple time scales. The trends
in water and thermal resources change were analyzed using the least squares method,
Mann-Kendall method, and wavelet analysis method, respectively, and their impacts on
grain yield were evaluated using the gray correlation analysis method. The major results
can be concluded as follows:

(1) The climate in the Henan Province has become “warmer and wetter” over the last
43 years on an annual scale, while it is “warmer and drier” in spring and “warmer and
wetter” in summer, autumn, and winter on a seasonal scale.

(2) The temperature in Henan Province has shown a diurnal asymmetric warming over
the last 43 years. The increase in the lowest daily minimum temperature was approximately
two to three times greater than the change in the highest daily maximum temperature.
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Extreme precipitation in Henan Province has exhibited a non-significant increasing trend
over the last 43 years at the annual scale. On a seasonal scale, the intensity of extreme
precipitation events has increased during the summer.

(3) Climate change caused fluctuations in the grain yield of the Henan Province.
Moreover, the impact of climate change on the grain yield of the Henan Province had a
time scale effect. Summer and autumn grain yields showed a fluctuating upward trend
from 2000–2021, while the autumn grain yield fluctuated more than the summer grain yield.
These results emphasize the need to focus on the impact of climate change during autumn
in the future.

(4) The grain yield in Henan Province was most correlated with temperature, followed
by precipitation and extreme precipitation at different time scales.
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