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To quantitatively reveal the characteristics of the spatial and temporal distribution and
the influencing factors of the maize water requirement in Shaanxi Province, the
Penman-Monteith model and path analysis were used to systematically analyze the
interannual variation and spatial distribution of the maize water requirement at
different growth stages in three climatic zones in Shaanxi Province. And the
relationship between the water requirement and meteorological factors based on
daily meteorological data in Shaanxi Province for the past 60 years. The results
showed that the maize water requirement during the whole growth period
decreased from 1960 to 1989, with a rate of change of −2.08mm/a, increased
from 1989 to 2019, with a rate of change of 0.38mm/a, and decreased from 1960 to
2019, with a rate of change of −0.46mm/a. The water requirement of maize
decreases from north to south during the whole reproductive period. That of
seedling and male stage are more in the Guanzhong, followed by the north and
the least in the south. Thewater requirement ofmaize at jointing stage increased from
north to south. And the water requirement distribution is more in the north, followed
by the south and the least in the Guanzhong area during the maturity period. The
average temperature and the duration of the sunshine are the key factors that affect
maize water requirement in Shaanxi Province, and have an increasing effect on water
requirement, wind speed has an increasing effect on water requirement but is not
obvious, water vapor pressure and relative humidity have an inhibiting effect onwater
requirement. For spring maize, the promoting effect of the duration of the sunshine
on maize water requirement was gradually strengthened from north to south. The
promoting effect of mean temperature and wind speed decreased gradually. The
inhibitory effect ofwater vapor pressure and relative humidity decreases continuously.
This study can provide a scientific basis for the management of irrigation quota in
maize growing areas under similar cropping conditions.
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1 Introduction

China is a large agricultural country. In 2021, the total planted area of food crops in
China accounted for about 70% of the total planted area of crops in the country, of which
the planted area of rice, wheat and maize accounted for 83% of the total planted area of
food crops (China Statistical Yearbook, 2022). Meanwhile, China is also a country with
scarce water resources, and agricultural water, being the largest industrial water use,
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accounts for 61% of the total water resources used in the country
(China water resources bulletin, 2022). Shaanxi Province is
located in the northwest of China where water resources are
scarce, and is one of the most water-stressed provinces in the
country. The distribution of water resources in the province is
seriously uneven, with the southern region, which accounts for
36% of the province’s land area, having more than 70% of the
province’s water resources, while the northern and central
regions have serious water shortages and largely affect the
region’s food production (Ren et al., 2017). In order to
promote sustainable and healthy development of agriculture,
there is an urgent need for spatial allocation of water
resources. Understanding the laws of agricultural water use
can, on the one hand, save water resources and alleviate the
contradiction between water supply and water use in Shaanxi
Province, and on the other hand, explore the relationship
between maize water requirement and yield to achieve optimal
yield and increase economic benefits.

To alleviate the problem of water stress, water-saving
irrigation needs to be developed, and water-saving irrigation
urgently needs to clarify the water requirements and growth
characteristics of crops. Maize as the third crop in China’s main
grain cultivation area, the average multi-year water requirement
in 285–987 mm/year, with significant differences in water
requirement in different regions (Shang et al., 2022). From the
national spatial distribution, the water requirement of maize in
the northwest is higher than that in the southeast. From the time
series analysis, due to the large area of China and the obvious
differences between different regions, the trend of maize water
requirement over time varies among provinces and needs to be
further studied by province and region. Many scholars have
analyzed the spatial and temporal distribution characteristics
of maize water requirement at the national, watershed and
provincial scales, but studies involving maize water
requirement in Shaanxi Province are lacking, and they are
mainly concentrated in Guanzhong area. Liu et al. (2009)
studied the national crop water requirement and analyzed in
the Jin-Shaan-Gan region and obtained the conclusion that the
water demand of spring maize crop is between 450 and 750 mm
while that of summer maize is between 250 and 450 mm. The
study area is too broad and the range of water requirements is too
large to guide agricultural production. Wang and Niu (2014)
studied the summer maize water demand in the Guanzhong
irrigation area and obtained values between 400 and 500.
Their study area was only the Guanzhong area and spatial and
temporal characteristics were not analyzed. At present, there is a
lack of research on the spatial and temporal distribution of maize
water requirement at the provincial scale in Shaanxi Province.
Supplementing this part of research can save water resources for
agriculture and alleviate the contradiction of water supply in
Shaanxi Province.

Under the background of climate warming, the interaction
between meteorological factors changes simultaneously, which
changes the spatial-temporal pattern of soil moisture and climate
productivity, thus affecting maize growth and agricultural water
use (Kuwagata et al., 2018; Jinger et al., 2022). Research on the
spatial and temporal variation of maize growth water
requirement under climate change has become an important

measure to ensure food production, reduce irrigation water
input and improve water use efficiency (Babu et al., 2015;
Soleymani and Shahrajabian, 2017; Liu et al., 2021).
Meteorological factor is an important factor affecting crop
water requirement. In order to explore the influence degree of
various meteorological factors on crop water requirement under
climate change and promote the sustainable development of
agriculture, many scholars have conducted a lot of studies on
the relationship between temporal and spatial evolution of crop
water requirement and meteorological factors (Cao et al., 2008;
Xing et al., 2022; Wu and Yang, 2023). The relationship between
crop water requirements and meteorological factors can be
investigated from two perspectives: full fertility and sub-
fertility stages, each of which has its own growth and
management requirements (Muneer et al., 2018; Mthembu
et al., 2022), and different fertility stages have different
sensitivity to meteorological factors (Luo and Batur, 2017; Xue
et al., 2018).

As a typical region with severe water scarcity, Shaanxi Province
has a large amount of irrigation water and obvious spatial variability
in water distribution. Meanwhile, the natural environment is
obviously different, from north to south across the three
monsoon climate zones of temperate, warm temperate and
northern subtropical. As maize is the main crop grown in
Shaanxi Province, this study subdivides Shaanxi Province into
three study areas based on climatic and geographical conditions,
and divides the time series into two time periods according to the
magnitude of changes to study in depth the characteristics of spatial
and temporal changes in maize water requirement at different
fertility stages and meteorological factor attribution analysis. This
study could supplement the lack of research on maize water
requirement in Shaanxi Province and provide scientific support
for crop agricultural water management in the maize growing region
of Shaanxi Province.

2 Methods

2.1 Data source

Based on the principle that the data time series are as long as
possible and as many stations are selected as possible, and due to
the different years of meteorological stations in Shaanxi
Province, this paper selects day-by-day meteorological data
from 34 stations in Shaanxi Province from 1960 to 2019. The
data set includes rainfall, sunshine, average temperature,
maximum temperature, minimum temperature, wind speed,
relative humidity, etc. The meteorological data were obtained
from the China Meteorological Data Network.

2.2 Study area

Shaanxi Province straddles three climatic zones, from north to
south, the temperate zone, the warm temperate zone and the
northern subtropical zone, with marked climatic differences
within its borders. The distribution of annual precipitation
decreases from south to north and is significantly influenced by

Frontiers in Environmental Science frontiersin.org02

Duan et al. 10.3389/fenvs.2023.1210256

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1210256


the mountainous terrain. The spatio-temporal distribution of water
resource in Shaanxi Province is uneven, which is one of the most
water-stressed provinces. The terrain of Shaanxi Province is
generally high in the north and south, low in the middle, with
the northern mountains and the Qinling Mountains dividing
Shaanxi into three natural regions: the northern Shaanxi Plateau
in the north, the Guanzhong Plain in the center and the Qinba
Mountains in the south.

The main grain crops in Shaanxi Province are wheat, rice, maize
and soybeans, etc. The maize growing area is spread all over the
province, and maize accounts for 24.30% of the area sown with grain
crops. In 2019, Shaanxi’s maize output reached 6,095,800 tons,
accounting for 49.51% of the total. Among them, maize
production in the Guanzhong region accounted for 55.18% of the
province’s maize production. Soil fertility has a direct impact on
land productivity. The chestnut soil and black soil in northern
Shaanxi, the podzolic soil and primitive soil in mountainous
areas in southern Shaanxi, and the aeolian sand and saline-alkali
soil in various regions generally have poor fertility and low
production level, while the distribution areas of the oil soil in
Guanzhong Basin and paddy soil in Hanjiang Valley are
relatively high yielding areas. In this paper, Shaanxi Province is
divided into three regions based on geographical location and
climatic differences, including northern Shaanxi, Guanzhong and
southern Shaanxi. Based on the combination of climatic
environment and topographic features, northern Shaanxi and
southern Shaanxi are suitable for annual spring maize, while
Guanzhong is suitable for growing summer maize. The
distribution map of the study area and meteorological stations is
shown in Figure 1.

2.3 Crop water requirement

The crop water requirement refers to the amount of water
consumed by maize during the growth season, which is relatively
stable in specific crop yield conditions and areas. Water requirement
of maize is mainly calculated through field experiments, and can also
be calculated by theoretical methods. In this paper, the crop
coefficient method recommended by FAO is adopted for
calculation, and the formula is shown in the following equation
(Allen et al., 1998):

ETc � Kc · ET0 (1)
Where ETc is the crop water requirement, mm; Kc is the crop
coefficient; and ET0 is the reference crop evapotranspiration, mm.

The reference crop evapotranspiration is calculated by the
Penman-Monteith method recommended by FAO56 as follows
(Allen et al., 1998),

ET0 � 0.408Δ Rn − G( ) + γ 900
T+273U2 es − ea( )

Δ + γ 1 + 0.342U2( ) (2)

Where Δ is the slope of saturated water vapor pressure-air
temperature curve, kPa/°C; Rn is the net radiation on crop
surface, MJ/(m2·d); G is the soil heat flux, MJ/(m2·d); γ is the
psychrometric constant, kPa/°C; T is the mean daily air
temperature,°C; U2 is the wind speed at 2 m height above the
ground, m/s; es is the saturated water vapor pressure, kPa; and ea
is the actual water vapor pressure, kPa.

In this paper, maize fertility is divided into four stages according
to the characteristics of maize growth: seedling stage, jointing stage,
male stage and maturity stage. The time points of each fertility stage
are based on experiments and studies conducted by other scholars
(Liang et al., 2011; Li et al., 2015; Qin et al., 2016; Cheng et al., 2018)
and are shown in Table 1. The Guanzhong Plain is suitable for
growing summer maize due to the advantages of soil and climate, so
its planting time is quite different from other areas.

Crop coefficients: The piecewise single value average method
recommended by FAO-56 in 1998 was adopted to calculate the crop
coefficient, which should be revised according to the actual local
situation when used. The value of the modified maize coefficient was
referred to the studies of Liang (2011), Kang (1990), Liu (2009), Lu
et al. (2019), and the revised values of crop coefficients are shown in
Table 2.

2.4 Path analysis

All meteorological factors can directly or indirectly affect crop
water requirement with different degrees of influence. In order to
analyze the direct or indirect effect of each meteorological factor on
crop water requirements, this paper uses the path analysis method.
When n independent variables and one dependent variable y
interact with each other, the following regression equation can be
established:

y � b0 + b1x1 + b2x2 + . . . + bnxn (3)
where bn is an unstandardized coefficient.

FIGURE 1
Study area and distribution of stations.
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The above equation can be mathematically converted into a
regular matrix equation:

1 γx1x2 . . . γx1xn
γx2x1
..
.

1
..
.

. . .
..
.

γx2xn
..
.

γxnx1 γxnx2 . . . 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Px1y

Px2y

..

.

Pxny

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ �

γx1y
γx2y

..

.

γxny

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (4)

where, γxixj(i � 1, 2, . . . , n; j � 1, 2, . . . , n) is the correlation coefficient
of xi and xj; Pxiy(i � 1, 2, . . . , n) is the direct pass-through coefficient,
which is the direct effect of the independent variable xi on the dependent
variable y, the greater the absolute value of the coefficient, the stronger the
direct effect; γxiy is the total indirect effect of the independent variable xi

on the dependent variable y through the other independent variables,
γxixjPxiy is the indirect pass-through coefficient, which is the indirect
effect of the independent variable xi on the dependent variable y through
the independent variable xj, the greater the absolute value of the
coefficient, the stronger the indirect effect.

The decision coefficients is:

R2
i � b2i + 2∑

j≠i
biγijbj (5)

where R2
i is the decision coefficient, which reflects the combined

determining role of xi on y, including the direct and indirect
determining role of xi on y. If R2

i >0, it indicates that xi plays an
enhancing role on y. If R2

i <0, it indicates that xi plays a limiting role
on y. The greater the absolute value of the decision coefficient, the
stronger the comprehensive determining effect of xi on y.

2.5 Data processing

The meteorological data were rigorously checked and
corrected, and ETo Calculator was used to calculate the

potential evapotranspiration of the crop. The P-M formula
and the single-crop coefficient method were used to calculate
the maize water requirement at 34 meteorological stations. The
spatial distribution map of maize water requirement was mapped
by the inverse distance weight interpolation method of Arcgis
software. The relationship between meteorological factors and
maize water requirement was studied by using correlation
analysis and path analysis.

TABLE 1 Development stages of spring and summer maize.

Partition Seedling stage Jointing stage Male stage Maturity

Northern Shaanxi (spring maize) the last 10-day period of April middle of June the first 10 days of July the last 10-day period of August

Guanzhong (summer maize) middle of June the first 10 days of August the first 10 days of September the last 10-day period of September

Southern Shaanxi (spring maize) the first 10 days of April middle of July the last 10-day period of July the last 10-day period of August

TABLE 2 Revised maize coefficients at different growth stages.

Partition Seedling stage Jointing stage Male stage Maturity

Northern Shaanxi (spring maize) 0.56 0.73 1.16 0.9

Guanzhong (summer maize) 0.61 0.93 1.27 1.07

Southern Shaanxi (spring maize) 0.55 0.8 1.18 1.18

FIGURE 2
Variation process of maize water requirement during growth
period in Shaanxi Province.
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3 Results

3.1 Spatial and temporal trends in water
requirement of maize

3.1.1 Temporal characteristics
In Shaanxi Province, the water requirement of maize during the

whole reproductive period 1960–2019 showed a decreasing trend
with a rate of change of −0.59 mm/a. The maximum value of water
requirement was 598.17 mm in 1972, and the minimum value was
453.73 mm in 1989. The trend and rate of change of water
requirement of maize in different reproductive periods were
different, and all reproductive stages showed a decreasing trend
on the whole (Shown in Figure 2). The decreasing trend of water
requirement of maize at the jointing stage was the most obvious,
with a rate of change of −0.20 mm/a, followed by a rate of change
of −0.16 mm/a at the maturity. Then it shows a slightly decreasing
trend of −0.09 mm/a at the male stage, and an almost negligible
trend of −0.01 mm/a at the seedling stage.

From Figure 2, it can be seen that the overall water requirement
of maize showed a decreasing trend, with an abrupt change in
1989 and a significant difference in the amplitude before and after
1989, with a decreasing trend of −2.09 mm/a from 1960 to 1989 (first
period) and an increasing trend of 0.38 mm/a from 1989 to 2019
(second period). The different growth periods of maize also showed
different trends in the first and second periods. The water

requirement of maize at the seedling stage showed a decreasing
trend with a rate of change of −0.11 mm/a in the first period and an
increasing trend with a rate of change of 0.11 mm/a in the second
period. The water requirement of maize at the jointing stage showed
a decreasing trend with a rate of change of −1.00 mm/a in the first
period and an increasing trend with a rate of change of 0.10 mm/a in
the second period. The water requirement of maize at the male stage
showed a decreasing trend with a rate of change of −0.36 mm/a in
the first period and the rate of change in the second period was
0.08 mm/a. The rate of change of maize water requirement in the
maturity period was −0.62 mm/a and in the second period was
0.10 mm/a (Shown in Table.3). By comparing the change trend of
maize water requirement at two time stages, it can be concluded that
the change rate of maize water requirement at jointing stage and
maturity stage increases most obviously.

As can be seen from Figure 3, the proportion of water
requirement of maize at each fertility stage was different in
different regions. Shaanxi Province from north to south
transition into temperate zone, warm temperate zone and north
subtropical zone, and the climate difference is obvious. Spring maize
is planted in the north, which is in the temperate zone and the
maturity period accounts for a large proportion. Summer maize is
planted in Guanzhong area, which is in the warm temperate zone,
and the jointing period accounts for a large proportion. Springmaize
is planted in the south of Shaanxi province, which is located in the
north subtropical zone. The water requirements of different growth
stages in the first stage in northern Shaanxi are 17.65 mm,
172.58 mm, 79.81 mm and 276.78 mm, accounting for 3.23%,
31.56%, 14.60% and 50.62% respectively. The proportion of water
requirement in seedling stage and male stage in the second period
increased by 0.30% and 0.11% compared with that in the first period,
respectively. The proportion of jointing stage and mature stage
decreased by 0.12% and 0.29% compared with the first stage. In
Guanzhong area, the water requirements at different growth stages
in the first stage were 46.84 mm, 240.94 mm, 143.01 mm and
69.54 mm, accounting for 9.36%, 48.46%, 28.58% and 13.90%,
respectively. Compared with the first period, the proportion of
water requirement in jointing period and maturity period
increased by 0.03% and 0.37% respectively. The proportion of
seedling stage and tasseling stage decreased by 0.24% and 0.15%
compared with the first stage, respectively. The water requirements
of different growth stages in the first stage in southern Shaanxi
were.9.51 mm, 316.57 mm, 51.73 mm and 146.10 mm, accounting
for 1.82%, 60.42%, 9.87% and 27.89%, respectively. The proportion
of water requirement at seedling stage, jointing stage and tasseling
stage in the second period increased by 0.08%, 0.72% and 0.01%,
respectively, compared with the first period. The proportion of
mature period decreased by 0.80% compared with the first period.

TABLE 3 Variation trend of water requirement of maize at different growth stages.

Seedling stage Jointing stage Male stage Maturity Whole growth period

First period −0.11 mm/a −1.00 mm/a −0.33 mm/a −0.78 mm/a −2.23 mm/a

Second period 0.11 mm/a 0.10 mm/a 0.07 mm/a 0.12 mm/a 0.41 mm/a

Full period −0.01 mm/a −0.20 mm/a −0.08 mm/a −0.21 mm/a −0.59 mm/a

FIGURE 3
I (1960–1989) and II (1989–2019) variation in water requirements
of maize at different time stages of each growth stage.
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3.1.2 Spatial characteristics
The spatial distribution of maize water requirement during the

whole reproductive period and each reproductive stage is shown in

Figure 4, which shows an overall decreasing trend from north to
south during the whole reproductive period of maize in Shaanxi
Province, with a range of 180.37–640.26 mm for the first period and

FIGURE 4
Spatial dynamic process of water requirement of maize. (A)Whole growth period. (B) Seedling stage. (C) Jointing stage. (D)Male stage. (E)Maturity.
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174.29–610.05 mm for the second period (Shown in Figure 4A). The
spatial distribution of the average annual water requirement of
maize in the two periods remained basically unchanged.

The distribution of maize water requirement at different fertility
stages is obviously different, shown in Figures 4B–E. The water
requirement at the seedling stage and the male stage is more in the
central part of the province, followed by the northern part and the
least in the southern part. Maize water requirement at jointing stage
increased from north to south, and reached the minimum in the
central and southern part of Ankang City in southern Shaanxi
Province. The distribution of water requirement at maturity stage
is higher in the north, second in the south and least in the
Guanzhong area. The spatio-temporal distribution in the first
period and the second period is basically the same, but the range
of high and low values is slightly reduced, indicating that the water
requirement of maize in Shaanxi Province presents the same range
of change in the whole province.

The multi-year average water requirement of maize was greater
in the first time period than in the second time period, decreasing by
10.08 mm in the whole reproductive period and by 0.31 mm,

3.59 mm, 2.06 mm, and 4.00 mm in the seedling, jointing, male,
and maturity stages, respectively. The spatial distribution of maize
water requirement at different periods was basically the same, but
the high and low values were slightly different.

3.2 Analysis of factors influencing maize
water requirement

3.2.1 Correlation analysis
There are many meteorological factors affecting crop water

requirement. In this paper, sunshine duration, average
temperature, wind speed, average water vapor pressure and
relative humidity are selected as the key factors affecting maize
water requirement. Through the correlation analysis of each
meteorological factor and maize water requirement, we obtained
that the water requirement of maize in Shaanxi Province was
positively correlated with sunshine, average temperature and
wind speed, with correlation coefficients of 0.852, 0.395 and
0.646, respectively; and negatively correlated with average water

FIGURE 4
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vapor pressure and relative humidity, with correlation coefficients
of −0.494 and −0.721, respectively. The sample data in this paper
consisted of 60 groups, and the critical correlation coefficient value
was calculated to be 0.254. The correlation coefficients of

meteorological factors were all greater than the critical
correlation coefficient value, indicating that the correlation
between meteorological factors and maize water requirements
was significant. Among them, sunshine hours, wind speed and

FIGURE 5
Trends in the transformation of maize water requirement and meteorological elements from 1960 to 2019.
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relative humidity were strongly correlated, while average
temperature and water vapor pressure were moderately
correlated. The trends in the transformation of maize water
requirement and meteorological elements from 1960 to 2019 are
shown in Figure 5.

Correlation analysis has confirmed that the meteorological
factors selected in this paper are significantly correlated with
maize water requirements, but the degree of correlation could
not be determined. Multiple meteorological factors have a
complex transfer process, and to further reveal the mechanism of
each meteorological factor on maize water requirement, a more
comprehensive analysis of the interaction between the variables is
needed. In this paper, Shaanxi province was divided into three study
areas according to topography and climate characteristics, and
maize was divided into four growth stages according to its
growth characteristics, and the direct and indirect effects of
meteorological factors on maize water requirements in different
regions and growth stages under time variation were understood by
using path analysis to clarify the extent of their effects.

3.2.2 Path analysis
The results of the water requirement flux analysis for maize are

shown in Tables 4, 5. From the analysis of the influence of
meteorological factors on maize water requirement, the decision
coefficients of sunshine hours, average temperature and wind speed
were greater than zero, indicating that these factors promoted maize
water requirement (positive factor), while the decision coefficients of
water vapor pressure and relative humidity were less than zero,
indicating that these factors inhibited maize water requirement
(negative factor), regardless of the time stage, region and fertility

stage. Among the positive factors, the promotion effect of sunshine
hours and average temperature was the most obvious; the
promotion effect of wind speed was comparatively obvious.

From the analysis of time nodes, the influence of sunshine hours,
wind speed and relative humidity on maize water requirement in
northern Shaanxi decreased with the change of time stages, which
were 2.32%, 7.53%, and 35.32%, respectively, indicating that the
promoting effect of sunshine hours and wind speed on maize water
requirement and the inhibiting effect of relative humidity have been
weakening in the last 30 years, and the influence of average
temperature and water vapor pressure on maize water
requirement has been increasing with a rise of 19.55% and
15.3%, respectively. The influence of wind speed and relative
humidity on maize water requirement at each stage of
reproduction was basically the same as that at the whole
reproductive period, and the degree of influence was decreasing,
while the influence of average temperature on maize water
requirement at the jointing and male stages was increasing with
time, but decreased by 10.17% and 21.63% at the seedling and
maturity stages, respectively. The effect of water vapor pressure on
the water requirement of the maize increased at the jointing, male
and maturity stages, but decreased by 7.31% at the seedling stage.

In Guanzhong region, the promotion effect of meteorological
factors on maize water requirement was decreasing, meaning that
the effect of positive factors on maize water requirement was
decreasing with time, while the inhibitory effect of negative
factors was increasing, so maize water requirement was
decreasing with time stage. The degree of influence of
meteorological factors was inconsistent at different stages of
fertility, for example, the contribution of sunshine hours to maize

TABLE 4 Analysis table of meteorological factors for the whole growth period.

Northern Shaanxi Guanzhong Southern Shaanxi

I II I II I II

Path coefficient Sunshine 0.34 0.40 0.29 0.47 0.50 0.56

Average temperature 0.20 0.41 0.35 0.64 0.24 0.42

Wind speed 0.38 0.33 0.29 0.30 0.20 0.19

Vapor pressure −0.06 −0.28 −0.23 −0.46 −0.13 −0.27

Humidity −0.31 −0.05 −0.07 0.19 −0.11 0.08

Indirect coefficient Sunshine 0.54 0.38 0.63 0.21 0.46 0.34

Average temperature 0.43 0.29 0.48 −0.01 0.51 0.15

Wind speed 0.30 0.29 0.46 0.25 0.68 0.61

Vapor pressure −0.60 −0.27 −0.46 −0.07 −0.32 −0.06

Humidity −0.52 −0.78 −0.85 −0.90 −0.75 −0.05

Decision coefficients Sunshine 0.48 0.46 0.45 0.41 0.72 0.68

Average temperature 0.22 0.41 0.46 0.39 0.30 0.30

Wind speed 0.37 0.29 0.34 0.23 0.31 0.27

Vapor pressure −0.08 −0.23 −0.27 −0.27 −0.10 −0.11

Humidity −0.43 −0.07 −0.12 −0.31 −0.17 0.00
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TABLE 5 Analysis table of meteorological factors by growth stage.

Seedling stage Jointing stage Male stage Maturity

Northern
Shaanxi

Guanzhong Southern
Shaanxi

Northern
Shaanxi

Guanzhong Southern
Shaanxi

Northern
Shaanxi

Guanzhong Southern
Shaanxi

Northern
Shaanxi

Guanzhong Southern
Shaanxi

I II I II I II I II I II I II I II I II I II I II I II I II

P

S 0.24 0.31 0.4 0.49 0.43 0.28 0.14 0.29 0.39 0.48 0.45 0.53 0.36 0.47 0.42 0.45 0.62 0.65 0.47 0.46 0.42 0.57 0.51 0.46

A 0.52 0.48 0.49 0.42 0.68 0.7 0.11 0.39 0.33 0.22 0.33 0.31 0.18 0.32 0.11 0.58 0.67 0.91 0.56 0.39 0.28 0.17 0.52 0.74

W 0.32 0.32 0.24 0.2 0.27 0.24 0.44 0.3 0.24 0.22 0.12 0.06 0.29 0.2 0.22 0.14 0.12 0.06 0.38 0.2 0.11 0.11 0.13 0.08

V −0.34 −0.25 −0.29 −0.43 −0.41 −0.43 0.12 −0.41 −0.18 −0.1 −0.14 −0.07 0 −0.15 0.08 −0.28 −0.39 −0.4 −0.64 −0.37 −0.13 0.09 −0.31 −0.4

H −0.35 −0.08 0.23 0.29 0.17 0.05 −0.57 0.11 −0.06 −0.16 −0.17 −0.24 −0.3 −0.11 −0.43 0.16 0.09 0.11 0.39 0 −0.25 −0.42 0.02 0.14

I

S 0.44 0.54 0.51 0.45 0.51 0.67 0.63 0.56 0.55 0.47 0.48 0.39 0.56 0.4 0.52 0.48 0.34 0.31 0.33 0.44 0.5 0.36 0.44 0.49

A 0.28 0.24 0.35 0.41 0 0.08 0.43 0.35 0.53 0.53 0.48 0.38 0.54 0.49 0.7 0.25 0.11 −0.37 0.24 0.27 0.5 0.29 0.28 0.11

W 0.17 0.14 0.55 0.48 0.25 0.54 0.32 0.24 0.59 0.58 0.51 0.65 0.55 0.31 0.77 0.93 0.16 0.15 0.17 0.22 0.43 0.39 0.52 0.49

V −0.31 −0.36 −0.54 −0.28 0.13 0.36 −0.86 −0.72 −0.29 −0.44 −0.38 −0.27 −0.87 −0.61 −0.57 −0.68 0.56 0.67 0.19 −0.26 −0.52 −0.3 0.18 0.38

H −0.52 −0.77 −1.18 −1.19 −1.01 −0.81 −0.24 −0.46 −0.84 −0.75 −0.72 −0.61 −0.65 −0.81 −1.25 −2.03 −0.99 −1.24 −1.23 −0.91 −0.71 −0.39 −0.92 −1.04

D

S 0.27 0.43 0.56 0.68 0.63 0.45 0.2 0.41 0.59 0.68 0.63 0.7 0.54 0.6 0.61 0.64 0.8 0.83 0.53 0.61 0.6 0.73 0.72 0.67

A 0.56 0.46 0.59 0.53 0.84 0.6 0.11 0.42 0.47 0.29 0.43 0.33 0.22 0.41 0.16 0.63 0.59 1.5 0.58 0.36 0.36 0.13 0.55 0.7

W 0.21 0.2 0.32 0.23 0.21 0.32 0.48 0.24 0.34 0.31 0.14 0.09 0.4 0.17 0.39 0.27 0.05 0.02 0.28 0.13 0.11 0.1 0.15 0.08

V −0.32 −0.25 −0.4 −0.43 0.06 −0.12 −0.19 −0.77 −0.13 −0.1 −0.12 −0.04 −0.01 −0.21 −0.09 −0.45 −0.29 −0.37 −0.03 −0.33 −0.15 −0.05 −0.01 −0.14

H −0.49 −0.13 −0.49 −0.6 −0.31 −0.08 −0.59 −0.09 −0.11 −0.26 −0.28 −0.35 −0.47 −0.18 −1.24 −0.61 −0.16 −0.26 −0.8 0.01 −0.42 −0.51 −0.03 −0.28

P: path coefficient; I: indirect coefficient; D: decision coefficients; S: sunshine; A: average temperature; W: wind speed; V: vapor pressure; H: humidity.
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water requirement was increasing at each stage of fertility, increasing
by 11.67%, 8.81%, 2.39%, and 13.61%, respectively. The contribution
of average temperature tomaize water requirement was enhanced by
47.06% at the tasseling stage, but decreased at seedling, jointing and
maturity stages decreased by 5.95%, 17.48% and 23.25%,
respectively. It can be seen that meteorological factors have
different effects on maize water requirements throughout the
reproductive period and at different stages of fertility, and the
sensitivity of different fertility stages to water is different.
Therefore, the study by growth stage can better understand the
changing trend of maize water requirement under climate change,
which is of great significance for determining maize irrigation
system and irrigation water.

The effects of sunshine hours, wind speed and relative humidity on
maize water requirement in southern Shaanxi decreased with time,
decreasing by 4.09%, 3.73% and 17.12%, respectively, indicating that the
promoting effect of sunshine hours and wind speed on maize water
requirement and the inhibiting effect of relative humidity are
weakening. The influence of average temperature and water vapor
pressure on maize water requirement is strengthening, increasing by
0.60% and 0.33%, respectively. This is directly related to the warming
climate and increasing temperature. The promoting effect of sunshine
hours on the water requirement of maize at the jointing andmale stages
was enhanced by 7.18% and 3.07%, while that at the seedling and
maturity stages was reduced by 17.62% and 5.85%, respectively. The
promoting effect of average temperature on the water requirement of
maize at the tasseling stage was the greatest. The promoting effect of
wind speed on the water requirement of maize at the seedling stage was
the greatest. The inhibiting effect of water vapor pressure on the water
requirement of maize at the tasseling stage was the greatest. The
inhibiting effect of relative humidity on the water requirement of
maize at the nodulation stage was the greatest.

From spatial distribution, for spring maize, the promoting effect
of sunshine hours on maize water requirement gradually
strengthened from north to south. The promoting effect of
average temperature and wind speed gradually decreased from
north to south. The inhibiting effect of water vapor pressure and
relative humidity continuously decreased from north to south. In
conclusion, the inhibitory effect of meteorological factors on the
water requirement of maize gradually increased from north to south,
while the promoting effect gradually decreased. That is, the water
requirement of maize gradually decreased from north to south.

In summary, the meteorological factors are mutually binding and
influencing each other. Sunshine hours and average temperature are the
main meteorological factors affecting maize water requirement in
Shaanxi Province, and they affect maize water requirement together
with wind speed, water vapor pressure and relative humidity.

4 Discussion

This study points out that the overall trend of maize water
requirement in Shaanxi Province is decreasing, and the spatial
distribution is gradually decreasing from north to south with
obvious spatial variability. This is because from north to south,
Shaanxi Province gradually overflows into three climatic zones:
temperate, warm temperate and north subtropical, with large
differences in climate and significant differences in

meteorological factors. In this study, the water requirement is
calculated on the basis of meteorological conditions, so there is a
large difference between the north and south values. In order to
facilitate scientific irrigation, this paper divides maize growth into
four fertility stages for study. The water requirement of maize at the
fertility stage is the sum of daily water requirements, and the sowing
time and duration of each fertility stage differ in different climatic
zones, so the water requirement of the crop at different fertility
stages also has significant differences. The division of maize growth
time nodes in this paper was obtained from experimental studies by
others and has been confirmed to be feasible (Liang et al., 2011; Li
et al., 2015; Qin et al., 2016; Cheng et al., 2018).

The distribution of water resources in Shaanxi Province is more
in the north and less in the north, but the distribution of water
requirement is more in the north and less in the south, which
indicates that spatial water transfer is needed for irrigation to meet
crop growth requirements. The study of fertility stages can clarify the
growth pattern of crops, and the high water requirement at the
jointing stage indicates that irrigation should focus on timely
irrigation at the jointing stage.

With the deepening influence of human activities on the natural
environment, meteorological factors have obvious fluctuating
variability over time. For example, the acceleration of climate
warming process causes the average temperature to rise (Qin
et al., 2014), and the excessive consumption of energy causes the
serious phenomenon of haze (Tang et al., 2017), which further
affects sunshine (Dale P and Yun, 2002). At the same time, the
expropriation of land and the construction of tall buildings have a
serious impact on air convection to some extent (Yi et al., 2021).
Exploring the trends of crop water requirements in time series and
the attribution analysis are important for agricultural irrigation and
water resources allocation.

5 Conclusion

In this paper, PM formula and crop coefficient approach are used to
calculatemaize water requirement, and thewater requirements ofmaize
at each reproductive stage were comprehensively analyzed in terms of
time series and spatial distribution. And the degree of influence of
different meteorological factors on the maize water requirements was
analyzed using the path analysis method. The main conclusions of this
paper are as follows.

(1) The water requirement of maize in Shaanxi Province during the
whole fertility period of 1960–2019 showed a decreasing trend.
The water requirement of maize at each reproductive stage also
showed a decreasing trend, with the most obvious decrease in
maize water requirement at the maturity stage, with a change
rate of −0.16 mm/a; followed by the jointing stage, with a change
rate of −0.20 mm/a; and the rate of change at seedling stage is
only −0.008 mm/a.

(2) From the trend of decreasing water requirement of maize in the
last 60 years, it was found that 1989 was an inflection point, and
the water requirement of maize showed a clear decreasing trend
from 1960 to 1989 and a clear increasing trend from 1989 to
2019, so it was studied in two time periods. It was found that the
multi-year average water requirement of maize was greater in
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the first time period than in the second time period, with a
decrease of 10.08 mm in the whole reproductive period and
0.31 mm, 3.59 mm, 2.06 mm and 4.00 mm in the seedling,
jointing, male and maturity stages, respectively.

(3) The water requirement of maize decreased from north to south
in the whole growth period. The water requirement at seedling
stage and male stage was higher in the central part of the
country, followed by the northern part and the southern
part. The water requirement at jointing stage increased from
north to south. The distribution of water requirement at
maturity stage is higher in the north, second in the south
and least in the Guanzhong area. The variation of maize
water requirement with temporal stages had minimal effect
on the overall trend of spatial distribution.

(4) There are some correlations between meteorological factors and
maize water requirements, with sunshine hours, average
temperature and wind speed positively correlated with maize
water requirements, and water vapor pressure and relative
humidity negatively correlated with maize water
requirements. Among them, sunshine hours, wind speed and
relative humidity were strongly correlated, while average
temperature and water vapor pressure were moderately
correlated.

(5) From the results of the path analysis, it can be seen that the
average temperature and sunshine hours are the key factors
influencing maize water requirement in Shaanxi Province, both
by region and by time period, and have an enhancing effect on
water requirement, while wind speed has an enhancing effect on
water requirement but is not significant. And water vapor
pressure and relative humidity have an inhibiting effect on
water requirement.
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