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Abstract: The North China Plain is a major grain-producing area, but faces water scarcity, which
directly threatens food security. The problem is more severe under climate change and the seasonal
impact of climate change on winter wheat is different. Thus, it is of great importance to explore
the spatiotemporal characteristics of irrigation requirements (IR) and the factors influencing IR in
different growth periods of winter wheat, but it has not received much attention. Therefore, we used
relative contribution, partial correlation and path analyses to assess the spatiotemporal characteristics
of the IR and primary factors influencing the IR of winter wheat in various growing stages in the
North China Plain. The results indicated that wind speed and net solar radiation showed a significant
downward trend; no prominent trend was noted in IR (multiyear average, 302.3 mm). Throughout
the growing season of winter wheat, IR increased gradually from the southern to northern extent of
the North China Plain. The irrigation demand of winter wheat in stage P2 (green-up to heading) was
the largest. Furthermore, the dominant drivers of IR in terms of spatial distribution and inter-annual
variation were phenological period (Phe), effective precipitation (Pe) and relative humidity (RH);
however, the degree of their effects varied across the growth stages and growing regions of winter
wheat. Each factor exerted both direct and indirect effects on IR and Phe exhibited the strongest
indirect effect on IR. The major factors contributing most to IR were Pe and RH in the P1 stage (sowing
to green-up) and Phe, Pe and RH in the P2 and P3 (heading to maturity) stages. Pe and RH limited
IR, whereas Phe promoted it. Our findings will help improve agricultural water management in
the future.

Keywords: climate change; irrigation demand; meteorological factors; phenological period; winter
wheat; North China Plain

1. Introduction

Climate change and population growth have led to severe water scarcity, which
threatens food security. Furthermore, the overexploitation of groundwater causes various
ecological problems. Because agricultural irrigation is a major mode of water use and
the agricultural domain is quite extensive in China, the implications of climate change on
water resources and crop production are alarming, particularly in Northern China [1]. The
North China Plain is a key agricultural production base, mainly growing winter wheat
and summer maize, with 70% of the country’s wheat grown in this region [2,3]. Although
large areas of arable lands and extensive irrigated areas are present in the North China
Plain, the proportion of water resources does not correspond to the existing population,
arable land distribution or agricultural productivity in this area. Moreover, owing to
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frequent drought, this region of China is ecologically fragile. According to the Sixth
Assessment Report (2021) issued by the Intergovernmental Panel on Climate Change
(https:/ /www.ipcc.ch/report/sixth-assessment-report-cycle/, accessed on 6 March 2022),
the temperature in 2001-2020 was 0.99 °C higher than that in 1850-1900. Global warming is
expected to worsen in the future unless adequate measures are taken immediately. Climate
change alters not only atmospheric circulation, the hydrological cycle and precipitation
patterns [4-6] but also the physiological characteristics of crops, thus, inevitably affecting
crop water requirements (CWR) and crop growth and development [7]. This, in turn,
affects crop yield and quality. Therefore, the spatiotemporal characteristics of irrigation
requirements (IR) for different winter wheat growth stages and factors influencing IR
must be explored to devise relevant strategies for ensuring high crop yield and to develop
targeted measures for timely water replenishment during critical periods, such as drought.
This will ensure high crop growth under optimal water conditions.

Climate change reportedly affects the CWR and IR of crops. Liu et al. [8] studied
the spatiotemporal variation characteristics of meteorological factors and IR of spring
wheat, winter wheat, spring maize and summer maize during their growing seasons in the
Yellow River basin between 1974 and 2017; they identified effective precipitation (Pe), net
solar radiation (Rn) and relative humidity (RH) to be the primary meteorological factors
affecting the change in crop IR. Luo et al. [9] revealed that the decreasing trend noted
in the IR of rice in South China between 1953 and 2017 was mainly due to a decrease in
CWR and an increase in precipitation; precipitation had a major effect on IR. In addition,
Xu et al. [10] studied the IR of wheat in the Beijing-Tianjin-Hebei region between 1960 and
2019; precipitation, wind speed (wind) and RH exhibited a decreasing trend, whereas the
average temperature showed an increasing trend. The IR of wheat gradually increased
from the south to the north and from the west to the east in the North China Plain. The
overall change in IR showed the highest association with potential evapotranspiration;
however, the annual change in regional IR was dependent primarily on wind, RH and Rn.
Using the CropWat model, Ruan et al. [11] assessed CWR in the Syr Darya basin, Central
Asia, between 2000 and 2018 to evaluate the spatiotemporal variation characteristics of the
CWR of major crops at the urban scale. Based on sensitivity analysis, they identified the
changes in cropland (65.0%) and climate (35.0%) to be the predominant factors affecting
the change in CWR. Furthermore, Xu et al. [12] evaluated the effects of climate change on
maize IR at different growth stages and under different climate change conditions; they
reported that climate change in the future may further limit irrigation for the cultivation of
maize in the Northeast agricultural region. Maize is more sensitive to a water deficit and
requires more frequent irrigation at the mid-season stage than at other stages. Using the
water balance equation, Wu et al. [13] estimated the IR of the winter wheat-summer maize
rotation system between 1980 and 2012. The changes in the IR of winter wheat, summer
maize and the rotation system exhibited no significant trend; the multiyear averages were
341.1, 250.5 and 592.5 mm, respectively. The high-IR regions were mainly clustered in the
northern part of Shandong Province. The IR of the crops grown in most regions in the
northern part of the Yellow River basin, the northern part of the North China Plain and
the junction of Hebei and Shandong provinces exhibited an increasing trend and those in
other regions showed a decreasing trend. Yang et al. [14] analyzed the trends in and spatial
distribution of the CWR and IR of cotton between 1965 and 2016 and reported a decreasing
trend in CWR because of substantial decreases in R#, sunshine hours and wind.

There are two primary methods to evaluate IR. The first type of approach is crop model
simulation [12,13,15], which requires a complex set of parameters (e.g., meteorological
data, genetic parameters, physical and hydrological properties) and field experimental
calibration. The second type is a combination of the water balance equation and crop
coefficient method, which has been more widely used in water demand studies due to the
simplicity of parameter acquisition [8,9,16]. In this paper, we also use the water balance
model combined with the crop coefficient method to assess IR.
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Most studies focused on the correlation between CWR or IR and meteorological factors
throughout the growth period of crops in a single region. However, crop growth responds
differently to climate change across growing regions and growth stages; in addition to
meteorological indicators, phenological period (Phe) affects IR. However, to the best of our
knowledge, these aspects have not been explored adequately.

In this study, we assessed the effects of meteorological factors and Phe on the IR of
winter wheat in the North China Plain between 2000 and 2020. The evaluations were
performed considering various growing regions and growth stages of this crop. For this
study, we used the water balance model and contribution, partial correlation and path
analyses. Specifically, the study objectives were as follows:

(1) To assess the trends in the independent factors (minimum temperature (Tmin), max-
imum temperature (Tmax), wind, RH, Rn, Pe and Phe) and IR and the spatiotem-
poral characteristics of IR and the probability of exceedance (PoE) of IR between
2000 and 2020.

(2) To identify the primary drivers of IR and indirect effects of each factor on IR.

(3) To determine the relative contribution rate of each factor to the IR of winter wheat.

2. Materials and Methods
2.1. Study Area

The North China Plain is located in the eastern part of China and covers an area
of approximately 300,000 km? that includes Beijing, Tianjin, Hebei, Shandong, Henan,
Jiangsu and Anhui. This alluvial plain is composed of loamy soil textures that favor
arable farming [17]. The prominent crops grown in this region are winter wheat and
summer maize. However, winter wheat is short of water in the region because rainfall
is concentrated between June and October, when winter wheat grows from October to
June of the following year. The North China Plain has a semi-humid monsoon climate
with distinct seasonal variations and annual average precipitation that decreases from
the south to the north. As depicted in Figure 1a, we divided the North China Plain
into three subregions based on Pe: I (Pe > 250 mm), II (200 mm < Pe < 250 mm) and III
(Pe < 200 mm). From the China Meteorological Center (http://data.cma.cn/, accessed on
25 February 2022), data on daily minimum temperature, maximum temperature, sunshine
duration, relative humidity, wind speed and precipitation between 2000 and 2020 were
obtained from a total of 68 meteorological stations. The MOD09A1 data product was
used to determine surface reflectance of MODIS bands 1-7 at a 500 m spatial resolution
(Google Earth; https://developers.google.com/earth-engine/datasets/catalog/MODIS_
006_MODO09A1?hl=en, accessed on 25 February 2022).
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Figure 1. Study area: the location of the meteorological stations (a) and crop regions of winter wheat
(b) in the North China Plain.
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2.2. Preprocessing

The best 8-day synthetic remote sensing observations were considered by eliminating
partial cloud interference using the maximum value composite method. The growing re-
gions of winter wheat in the study area were marked using the MODIS-NDPI intertemporal
data sequence waveform-matching method and further processed through Savitzky-Golay
filtering for noise reduction [18]. We divided major winter wheat regions into grids with
a spatial resolution of 25 km (613 grids in total) and assumed that each grid had uniform
meteorological conditions and planting structures. The remote sensing and meteorolog-
ical data in each grid were derived as the mean values of all winter wheat pixels in the
grid. Moreover, The Kriging method was used for spatial interpolation to obtain daily
meteorological data in each grid from 2000 to 2020. Finally, the dynamic threshold method
was used to identify the key phenological period of winter wheat; this method is used to
estimate phenological characters based on remote sensing data [19]. In the present study,
the growth Period of winter wheat was divided into three major growth stages: P1 (sowing
to green-up), P2 (green-up to heading) and P3 (heading to maturity).

2.3. Methods
2.3.1. IR Calculation

According to the field water balance model, the water storage capacity of the wheat
field before irrigation or drainage on the t-day is calculated as follows:

Wi—W,_,=P—F—ET, 1)

where W, is the field water storage before irrigation or drainage on the t-day (mm), W;_; is
the field storage at the end of the previous day (mm), P is the rainfall on the t-day (mm),
F is the amount of the field leakage on the t-day (mm), though in this paper, the daily field
leakage was ignored and ET. is the actual evapotranspiration.

Therefore, IR can be estimated according to the following principle [20]:

IR = ET.— P, @)

where IR is the irrigation water requirements of winter wheat (mm d=!) and P, is the
effective rainfall during the growth period of winter wheat, excluding surface runoff, deep
infiltration and evaporation (mm d=1). When ET, < P, (i.e., IR < 0), no irrigation is needed.
The CWR of winter wheat can be estimated using the single-crop coefficient approach
recommended by the Food and Agriculture Organization (FAO), where the daily value is
determined by multiplying the reference evapotranspiration by the crop coefficient [21].

ET. = ETy x K. @)

where ET. (mm d ') is the actual CWR, ET, (mm d~!) is the reference crop evapotranspi-
ration and K. (dimensionless) is the crop coefficient. In this paper, we referred to [10,22,23]
and set the crop coefficients of winter wheat at the P1, P2 and P3 stages as 0.8, 1.2 and 0.95,
respectively.

The Penman-Monteith equation proposed by FAO is the most widely used method
for quantifying reference evapotranspiration and is only influenced by local geographical
and climatic conditions [21]. In the present study, the Penman-Monteith equation was used
to calculate the ET( for each weather station.

ET_OABMK¢%”+7%%WAQ—Q)
0= A+ (14 0.34uy)

4)

where ET( (mm d 1) is the reference crop evapotranspiration, R, (M] m~2 d~ 1) is the net
canopy surface solar radiation, G (M] m~2 d 1) is the soil heat flux, ¢ (kPa °C~!) is the
psychrometric constant, T (°C) is the mean temperature, 1 (m s~ !) is the average daily
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wind at a 2 m height, e;(kPa) is the saturation vapor pressure, ¢, (kPa) is the actual vapor
pressure and A(kPa °C~1) is the slope of the saturation vapor pressure curve.

The effective precipitation at each growth stage of winter wheat is the net precipitation
that reaches the root layer of the crop at that stage, representing the effective fraction of
the total precipitation. In this study, we used the effective precipitation calculation method
recommended by the Natural Resources Conservation Service of the US Department of
Agriculture [8]:

P x (417 —02P)/417, P <83 mm
Pe=19 4174 0.1P, P > 83mm ®)

where P, (mm d ') is the effective daily precipitation and P (mm d~!) is the total daily
precipitation.

2.3.2. Contribution Rate Analysis

The contribution analysis method was used to assess the average relative contribution
rate of each factor to the IR of winter wheat.

To eliminate the confounding effects of non-climatic factors, the first-difference estima-
tor approach was used, which reduces the effects of long-term trends due to technology or
management [24,25].

We first calculated the trend in each parameter using a one-dimensional linear regres-
sion model with year as the independent variable:

£(0) = T, x year + by ©)

where f(i), T; and b; are the function value, slope and intercept of factor i (IR, Tmin, Tmax,
Wind, RH, Rn, Pe or Phe), respectively.

AIR = Zi[":fJSk x ATy| +¢ @)

where AIR is the first-order difference in the IR of winter wheat; f1, ... , f; are Tmin, Tmax,
wind, RH, Rn, Pe and Phe, respectively; Sy is the sensitivity of the IR of winter wheat to each
factor; and ATy is the first-order difference for the mean of each factor.

The multiple regression model developed to calculate the trend in the IR of winter
wheat is as follows:

Tie = Y4, 156 x T (®)

where T i is the trend in the IR of winter wheat under the influence of each factor and Ty
represents the trend in IR in response to various factors in the corresponding period.

Therefore, the contribution of a single variable (e.g., Tmin) to the IR of winter wheat
can be expressed as follows:

RCryyy = pmin X Ttin ., 1009, ©)
Yl ISk x T

The average relative contribution rate of Tmin (RCTmin) can be calculated using the
following equation:

an:1 RCTmin,m
L= fi |E5i=1 RCim|

where RCrmin ;n denotes the relative contribution rate of Tmin for grid m and RCy ,, repre-
sents the relative contribution rate of each factor for grid m.

The average relative contribution rates of Tmax, wind, RH, Rn, Pe and Phe were also
calculated using this method.

FTmin = x 100% (10)
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2.3.3. Correlation Analysis

Partial correlation analysis was performed to determine the linear correlation between
two variables under the condition that the linear effects of other variables were controlled
for and the index used was the partial correlation coefficient. Therefore, the relationship
between winter wheat IR and each factor can be fully revealed under comprehensive
meteorological conditions.

Path analysis is independent of the interactions between variables. This analysis helps
in determining the relative importance of multiple independent variables. In addition, it
helps clarify the direct and indirect effects of each particular variable on the dependent
variable, which facilitates the determination of the interaction between variables and the
degree of the effect of the particular variables on the dependent variable. In this study, we
first developed a multiple regression model using the independent variables (Tmin, Tmax,
wind, RH, Rn, Pe and Phe) and the dependent variable (IR) to obtain the partial regression
coefficient b for each independent variable; subsequently, the standard deviations S; , and
Sy were calculated for the independent and dependent variables, respectively. Thus, the
direct and indirect path coefficients can be expressed as follows:

S

Piy = bix 3 a1
¥

IPi’]"y = 1’1"]' X P]'/y (12)

where P; , is the direct path coefficient of independent variable i to the dependent variable
y, IP; ;, is the indirect path coefficient of the independent variable i and of the independent
variable j to the dependent variable y and r; ; is the Pearson correlation coefficient of the
independent variables i and ;.

2.3.4. Probability of Exceedance (PoE) of IR

The PoE indicates the probability of a specified threshold being breached. It is used
in weather forecasting and extreme event prediction. Based on the study conducted by
Gao et al. [26], we used the PoE curve to describe the likelihood of exceeding a certain
amount of irrigation between 2000 and 2020.

2.3.5. Trend Analysis

The Sen’s slope test and Mann—Kendall test were used to analyze and test the signifi-
cance of the trends of Tmin, Tmax, wind, RH, Rn, Pe, Phe and IR. The Sen’s slope test is a
robust nonparametric statistical method for trend analysis. The method is computationally
efficient, insensitive to measurement error and niche data and suitable for the trend analy-
sis of lengthy time-series data. The Mann—Kendall test is a nonparametric test, which is
superior in its ability to help analyze a linear or nonlinear trend. The specific formula was
described by Li et al. [27].

3. Results
3.1. Temporal Variation in IR and Independent Factors

The trends in IR and the factors influencing winter wheat IR in the North China
Plain between 2000 and 2020 are presented in Figure 2. Tmin, Tmax and Phe exhibited
increasing trends; however, the changes were not significant. Conversely, wind, RH, Rn
and Pe exhibited decreasing trends; only wind and Rn decreased significantly (p < 0.01 and
p < 0.05, respectively). No prominent trend was noted in IR and the multiyear average
value of IR was 302.3 mm.
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Figure 2. Trends in Tmin (a), Tmax (b), wind (c), RH (d), Rn (e), Pe (f), Phe (g) and IR (h) and each
impact factor in 2000-2020 (p < 0.05 indicates significance; p < 0.01 indicates high significance).

3.2. Spatiotemporal Patterns of IR

3.2.1. Spatial Variation in IR

Figure 3 shows the spatial distribution of and trends in multiyear average IR during
different growth stages of winter wheat in the North China Plain between 2000 and 2020.
The multiyear average IR of winter wheat in the P1, P2 and P3 stages was 45.5, 151.2 and
146.5 mm, respectively. IR increased gradually from the south to the north of the plain
throughout the growth period (Figure 3a—c). In the P1 stage, IR exhibited a decreasing trend
in the east but an increasing trend in the west (Figure 3d). In the P2 stage, IR exhibited a
decreasing trend in most areas except for the western and southern parts of Henan Province
(Figure 3e). In the P3 stage, the southwestern part exhibited a decreasing trend; the central
and northern parts exhibited an increasing trend, particularly at the junction of Henan,
Hebei and Shandong. However, no trend was evident in other areas (Figure 3f).
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Figure 3. The average (a—c) and trends (d—f) distribution of the irrigation water requirements in P1
(a,d), P2 (b,e) and P3 (c,f) stages of winter wheat from 2000 to 2020.
3.2.2. Comparison of PoE for IR in Different Growth Stages of Winter Wheat
During the P1 stage, the probability of irrigation in subregions I, Il and III was 60.9%,
89.9% and 99.2%, respectively (Figure 4a). In the P2 and P3 stages, this probability was
approximately 100% in the study area (Figure 4b,c). The PoE of a water deficit grad-
ually increased from the south to the north of the plain. In different growth stages of
winter wheat, the average probability of IR exceeding a certain value in the study area
exhibited the following order: >50 mm, P2 (97.6%) > P3 (95.4%) > P1 (46.6%); >100 mm,
P2 (82.0%) > P3 (55.6%) > P1 (10.7%); and >150 mm, P2 (48.4%) > P3 (8.4%) > P1 (0.3%).
Thus, winter wheat exhibited the highest probability of a water deficit in the P2 stage.
1001 — e b 100 —== — 100 ——=
\\\ :euhrc:uion 1 \‘\\ N \
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Figure 4. Probability of exceedance (%) of irrigation requirements (IR) in P1 (a), P2 (b) and P3 (c)

stages of winter wheat from 2000 to 2020 (negative value of IR indicates no irrigation demands).

3.3. Correlation Analysis
3.3.1. Partial Correlation Analysis

To compare the magnitude of correlations between IR and the respective variables in
different growth stages and growing regions of winter wheat, we calculated the average
partial correlation coefficients of various factors considering the I, Il and III subregions and
P1, P2 and P3 stages.
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IR had significant correlations with all factors in the spatial distribution (Table 1). The
absolute magnitudes of correlations exhibited the following order: Phe > wind > Pe > RH >
Tmax > Tmin > Rn in the P1 stage, Phe > RH > Rn > wind > Pe > Tmax > Tmin in the P2 stage
and Phe > RH > Pe > wind > Rn > Tmax > Tmin in the P3 stage. Regarding regions, the order
was as follows: Phe > Pe > RH > wind > Tmax > Rn > Tmin in subregion I, Phe > RH > wind >
Pe > Tmax > Rn > Tmin in subregion II and Phe > RH > wind > Rn > Pe > Tmin > Tmax

in subregion III

Table 1. Partial correlation coefficient and significance between IR and various factors in spatial
distribution in P1, P2 and P3 stages of winter wheat.

Subregion I Subregion II Subregion III
Factors P1 P2 P3 P1 P2 P3 P1 P2 P3
Tmin 0.217 ** 0.209 ** 0.408 ** 0.486 ** 0.222 ** 0.282 ** 0.587 ** 0.381 ** 0.260 **
Tmax 0.697 ** 0.599 ** 0.455 ** 0.556 ** 0.704 ** 0.344 ** 0.269 ** 0.514 ** 0.400 **
wind 0.887 ** 0.537 ** 0.694 ** 0.905 ** 0.885 ** 0.695 ** 0.941 ** 0.841 ** 0.797 **
RH -0.750*  -0.825*  —-0.907*  —-0.885*  —0930* —-0918*  -0932*  —-0.972*  —0.906 **
Rn 0.165 * 0.778 ** 0.702 ** —0.157 * 0.805 ** 0.608 ** 0.793 ** 0.821 ** 0.813 **
Pe —-0.946*  —-0.843*  —-0.895*  —-0.755**  —-0.595**  —-0.797*  —-0925*  —-0.638**  —0.751**
Phe 0.931 ** 0.961 ** 0.989 ** 0.935 ** 0.947 ** 0.976 ** 0.940 ** 0.948 ** 0.982 **
Note: * indicates significance (p < 0.05); ** indicates high significance (p < 0.01).
In terms of interannual variation, IR had significant correlations with all factors except
Tmin (Table 2). The absolute magnitudes of the correlations exhibited the following order:
Pe > RH > wind > Rn > Phe > Tmax > Tmin in the P1 stage, Phe > Pe > RH > wind > Rn >
Tmax > Tmin in the P2 stage and Phe > Pe > RH > wind > Rn > Tmax > Tmin in the P3 stage.
Regarding regions, the order was as follows: Pe > Phe > RH > wind > Rn > Tmax > Tmin in
subregion I, Pe > RH > Phe > wind > Rn > Tmax > Tmin in subregion Il and Pe > RH > wind >
Rn > Phe > Tmax > Tmin in subregion III.
Table 2. Partial correlation coefficients and significance of interannual variation between IR and
various factors in P1, P2 and P3 stages of winter wheat.
Subregion I Subregion II Subregion III
Factors P1 P2 P3 P1 P2 P3 P1 P2 P3
Tmin 0.136 0.328 0.042 0.053 0.480 —0.006 —0.089 —0.128 0.080
Tmax 0.612* 0.106 0.674 ** 0.539 * 0.050 0.765 ** 0.348 0.813 ** 0.661 *
wind 0.711 ** 0.753 ** 0.804 ** 0.797 ** 0.777 ** 0.879 ** 0.841 ** 0.792 ** 0.842 **
RH —-0.924*  -0.888*  —0.939*  —-0910*  —-0.753** —0966*  —0.886**  —0.879*  —0.964 **
Rn 0.651 * 0.743 ** 0.688 ** 0.617 * 0.738 ** 0.772 ** 0.552 * 0.831 ** 0.926 **
Pe -0.991*  -0950*  -0.986*  —0974*  —-0914* -0986*  —-0.955**  —-0.893**  —0.953 **
Phe 0.901 ** 0.974 ** 0.989 ** 0.679 ** 0.942 ** 0.993 ** 0.102 0.964 ** 0.988 **

Note: * indicates significance (p < 0.05); ** indicates high significance (p < 0.01).

Overall, the dominant drivers of IR were Phe, Pe and RH, both in terms of spatial
distribution and interannual variation. IR exhibited significantly negative correlations with
Pe and RH but positive correlations with Tmin, Tmax, wind, Rn and Phe.

3.3.2. Path Analysis

Given the complex dynamics of climate and phenological changes of winter wheat,
we found it necessary to analyze the effects of various factors, rather than a single factor,
on IR. Therefore, path analysis was used to evaluate the indirect effects of each factor on IR

(Figures 5 and 6).
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Figure 5. Each factor on the path analysis chart for the irrigation water requirements of winter wheat
in spatial distribution in P1 (a—c), P2 (d—f) and P3 (g-i) stages in subregions I (a,d,g), II (b,e,h) and III
(¢ f,i) (DPC represents the direct path coefficients, OC represents the overall correlation coefficients
and the rest are indirect path coefficients).
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Figure 6. Interannual variation in each factor on the path analysis chart for the irrigation water
requirement of winter wheat in P1 (a—c), P2 (d-f) and P3 (g-i) stages in subregions I (a,d,g), II (b,e,h)
and III (c,f,i) (DPC represents the direct path coefficients, OC represents the overall correlation
coefficients and the rest are indirect path coefficients).
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Regarding spatial distribution (Figure 5), in the P1 stage, RH, Phe and Pe exerted the
largest total effect in subregions I, IT and III, respectively; the corresponding factors that
exerted the largest indirect effects were Pe, Phe and Phe, respectively. In the P2 stage, Phe,
RH and Tmax exerted the largest total effect in subregions I, I and III, respectively, whereas
Pe, Rn and RH exerted the largest indirect effects, respectively. In the P3 stage, Phe exerted
the largest total effect in subregions I, I and III; the corresponding factor with the largest
indirect effect was Pe. In general, Phe exerted the largest indirect effect on IR. Tmin, Tmax,
wind, RH and Rn mainly limited IR through Phe, whereas the indirect effects of Pe on IR
through Phe were reflected in the facilitating role.

Regarding interannual variation (Figure 6), in the P1 stage, Pe, Pe and RH exerted the
largest total effect in subregions I, I and III, respectively. RH, RH and Pe exerted the largest
indirect effects in subregions I, II and III, respectively. In the P2 stage, RH exerted the
largest total effect in subregions I, Il and III and Pe exerted the largest indirect effect. In the
P3 stage, RH exerted the largest total effect in subregions I, Il and III; Pe, Pe and Phe exerted
the largest indirect effects in subregions I, I and III, respectively. During the entire growth
period of winter wheat, RH, Pe and Tmin limited IR, whereas the other factors promoted
it. Although the direct effect of Trmax on IR was small, its overall effect was large, which
resulted primarily from the indirect effect of Tmax on IR through RH and Pe; this promoted
IR. Notably, the overall effects of Tmax and Tmin on IR were opposite, probably because an
increase in Tmax led to a decrease in RH and Pe, thus, increasing IR, whereas Tmin exerted
an opposite effect.

3.4. Relative Contribution

Relative contribution rates for the factors to the IR of winter wheat in 2000-2020 are
presented in Figure 7. The factors with the highest average contribution rate in the three
subregions were Pe (36.4%) and RH (27.2%) in the P1 stage; Phe (41.1%), Pe (19.3%) and RH
(14.1%) in the P2 stage; and Phe (44.7%), Pe (18.8%) and RH (13.5%) in the P3 stage. RH and
Pe negatively contributed to IR in the study area during the entire growth period of winter
wheat, which reduced IR. By contrast, Tmin, Tmax, wind, Rn and Phe contributed positively,
which increased IR. The contribution rates of RH, Tmax, wind and Phe increased from the
south to the north of the study area, whereas that of Pe decreased in the same direction.
With the growth and development of winter wheat, the contribution rates of wind, RH and
Pe decreased gradually, whereas that of Phe increased. These results indicated that IR in the
study area was mainly affected by Phe, Pe and RH. Pe and RH limited the increase in IR,
whereas Phe promoted it. The contribution of each factor to the IR of winter wheat varied
by growing area.

Factors
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EEETmin EEERTT BT
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Subregion I

RC (%}

1 (b)

Subregion II

Subregion 111

Pl
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Figure 7. Average relative contribution of each factor to the irrigation water demand in P1, P2 and
P3 stages of winter wheat in subregions I (a), II (b) and III (c).

4. Discussion

No significant trend was noted in the IR of winter wheat in 2000-2020; this finding
is consistent with that of [13]. However, Liu et al. [28] suggested that the crop water
requirement of winter wheat in the North China Plain exhibited a decreasing trend between
1950 and 2000. Thus, the effect of climate change on IR may vary over time. In addition, Pe
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may exert a strong effect on IR. Liu et al. [8] predicted an increasing trend in the IR of wheat
and maize in the Yellow River basin under future climate change. Therefore, the variability
and related determinants of IR are dependent on the growing region of crops. These are
associated with not only regional climatic conditions and geomorphological background
but also the complex mathematical relationships between climate factors and IR [29].

In this study, most factors (e.g., Tmin, Tmax, wind, Rn and Phe) had positive correla-
tions with the IR of winter wheat, whereas RH and Pe had negative correlations with IR.
However, because RH and Pe exhibited a decreasing trend and Tmin, Tmax and Phe showed
an increasing trend in 2000-2020, all these led to an increase in IR. The trend in the IR of
winter wheat was not significant, which might be because of the significant decreases in
wind and Rn. Atmospheric circulation is responsible for the decrease in wind; the latitudinal
circulation is enhanced and meridional circulation is weakened in Asia [30]. Rising temper-
ature may reduce atmospheric pressure at the near-surface level and decrease temperature
differences and pressure gradients between land and adjacent oceans [31]. This, in addition
to the effects of human activities, can reduce the strength of atmospheric circulation and
wind in China. The reduction in wind decreases the intensity of surface-atmosphere energy
exchange. The decrease in radiation results from an increase in aerosol concentration,
which inhibits stomatal opening and reduces plant transpiration [32]. Therefore, wind and
Rn exert limiting effects on IR. Water deficit was most severe in the P2 stage. The PoE of IR
increased gradually from the south to the north of the plain, mainly because Pe was smaller
and Phe was longer in the north. Therefore, targeted measures should be taken to replenish
water in critical periods and regions in a timely manner to ensure high crop growth under
optimal water conditions.

The independent variables not only affected IR directly but also indirectly by influ-
encing other independent variables. The increase in Tmax resulted in an increase in the IR
of winter wheat, mainly by reducing RH and Pe and providing energy to the evaporation
surface; however, the contribution of Trmax to IR was relatively low and it was offset by
the changes due to other factors that limited IR in 2000-2020. We found that IR responded
differently to Tmax and Tmin in terms of interannual variability and the total correlation
coefficient between Tmax and IR was positive, whereas that between Tmin and IR was
negative. This might be because an increase in Tmin affects the changes in IR due to other
factors, thus, exerting an indirect effect on IR. Moreover, increases in both Tmin and Tmax
shortened Phe, which reduced the effects of climate change (warming) to some extent. In
addition, the results of the correlation analysis performed in our study revealed that the
effect of temperature on IR was smaller than that of Phe, Pe, RH, Rn and wind. This suggests
that the overall effect of climate warming on IR in the study area was relatively limited.
The reduced importance of temperature shows that global warming may not necessarily
lead to an increase in atmospheric evaporation demand [33]. This further suggests that a
water shortage in China may be more likely to be attributable to a population increase and
human activities than from climate change.

The effects of each factor on IR varied across the growth stages and growing regions of
winter wheat. Phe, Pe and RH contributed the most to IR during the entire growth period
of winter wheat. Pe and RH exerted the largest effects on IR in the P1 stage, whereas Phe
exerted the largest effect in the P2 and P3 stages. The effect of Pe decreased gradually from
the south to the north of the North China Plain, whereas that of RH and Phe correspondingly
gradually increased.

This study has some limitations. The effects of soil type, altitude, crop area and human
activities on IR were not assessed. To understand how to mitigate or avoid the negative
effects of climate change, these aspects should be probed in future studies.

5. Conclusions

Using the water balance model and contribution, partial correlation and path analyses,
we assessed the spatiotemporal variability in the IR of winter wheat in the North China
Plain between 2000 and 2020. In addition, the characteristics of climatic and phenological
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changes and their effects on IR were studied. Tmin, Tmax and Phe exhibited an increasing
trend in 2000-2020, but the changes were not significant. Conversely, wind, RH, Rn and
Pe exhibited a decreasing trend; however, only wind and Rn decreased significantly. IR
exhibited no significant trend, but it was strongly associated with significant decreases in
wind and Rn. The multiyear average value of IR was 302.3 mm, which showed an increasing
trend from the south to the north of the North China Plain. The PoE of IR increased from the
south to north, with the highest probability of a water deficit noted in the P2 stage. Phe, Pe
and RH exhibited the highest correlation with IR, both in terms of spatial distribution and
interannual variation. However, the degree to which the factors affected IR varied across
the growth stages and growing regions of winter wheat. Each factor exerted not only direct
but also complex indirect effects on IR. An increase in temperature affected the change in
Phe and, thus, limited the increase in IR; hence, the overall effect of climate warming on IR
was relatively limited in the study area. The factors with the highest contribution to IR in
the North China Plain were Phe, Pe and RH. Pe and RH had the largest contribution in the
P1 stage, whereas Phe had the largest contribution in the P2 and P3 stages. Phe promoted
IR, whereas Pe and RH limited it. The contribution of Pe decreased gradually from the
south to the north of the North China Plain, whereas that of RH and Phe increased.
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