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Abstract: Understanding the spatial and temporal distribution of irrigation water requirements
is significant to realize the rational allocation of water resources and also serves as the basis for
analyzing agricultural water-saving potential. This study refers to the standard irrigation regions
in southwestern, northern, central, southern, and eastern Shandong province. The irrigation water
requirements at 20 weather stations in Shandong Province from 1968 to 2016 were calculated, and the
spatial and temporal distribution characteristics were analyzed. The results indicated the following:
(a) The trend of the annual irrigation water requirements for summer maize and winter wheat
showed an insignificant increase in the eastern Shandong irrigation region, a significant decline
in northern and southwestern Shandong irrigation regions, and an insignificant decrease in the
other irrigation regions. (b) The multi-year average irrigation water requirement for summer maize
generally presents a spatial distribution characteristic which is less in the southwest, more in the
northeast, less in the south, and more in the north, while the spatial distribution characteristic for
winter wheat is less in the southeast, more in the northwest, less in the south, and more in the north.
(c) The main meteorological factors affecting the irrigation water requirements for summer maize
are precipitation and sunshine duration, while relative humidity is the main factor affecting winter
wheat in Shandong Province.

Keywords: temporal and spatial changes; irrigation water requirements; irrigation region; M–K test;
inverse distance weighted interpolation

1. Introduction

With the continuous development of society and population growth, demand for food
has been increasing. However, water shortages are becoming a crucial limiting factor in
food production [1]. Globally, the gap between supply and demand for irrigation water is
expected to become very large by the end of 2050, as the population continues to grow [2].
Meanwhile, water shortages are further exacerbated by the fact that large amounts of
irrigation water are wasted or not effectively managed in fields [3].

China is the largest developing country in the world and also suffers from serious
water shortages. Its agriculture has always played a pivotal role in the development of the
national economy. China’s total agricultural water consumption is 368.2 billion m3, account-
ing for 61.2% of the total national water consumption (China Water Resources Bulletin,
2019), while 90% of the total agricultural water consumption is used for irrigation [4].

Shandong Province is a major agricultural province in China, and it is one of the
provinces experiencing serious water shortages. The per capita water resources in Shan-
dong Province are only one-seventh of the national per capita and 4.0% of the world’s per
capita resources. In 2018, the total water consumption of the province was 21.266 billion m3,
among which the agricultural water consumption was 13.346 billion m3, accounting for
62.8% of the total water consumption, while the agricultural irrigation water consumption
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was 11.468 billion m3, accounting for 85.9% of the agricultural water consumption [5]. In
addition, Shandong Province has a warm temperate monsoon climate. The precipitation in
Shandong Province is concentrated in summer, and the spatial-temporal distribution of
water resources is very uneven. Therefore, it is particularly important to make efficient and
reasonable use of water resources, especially the irrigation water needed for crop growth.
As such, we need to fully understand the growth demand of different crops, the spatial-
temporal variation of precipitation, and the spatial-temporal variation of irrigation water,
which are of great significance for the rational allocation of water resources in different
areas of Shandong Province.

The purpose of irrigation is to supplement natural rainfall. The difference between
crop water requirements and effective rainfall is generally used to determine the irrigation
water requirements of crops. The irrigation water requirements are crucial for optimizing
agricultural water management and reallocation. To date, many studies have been con-
ducted on the spatial-temporal variation of the irrigation water requirements of different
crops using the water balance method at large regional scales [6,7].

Reference evapotranspiration (ET0) is the basis for calculating crop water requirements
and irrigation water requirements, and the accuracy of its estimation directly affects the
accuracy of the resulting irrigation water requirements. Through a combination of experi-
mental and theoretical analyses, researchers have proposed many methods to calculate ET0,
including the temperature method, radiation method, synthesis method, and evaporation
pan method. The Penman–Monteith (P–M) formula has shown superiority in all climate
regions, and it has been recommended by the Food and Agriculture Organization of the
United Nations as the standard method for calculating ET0 [8–13].

Previous studies have mainly focused on large regional or watershed scales in China.
In North China, the variation trend of water requirements for major crops has been ana-
lyzed from 1950 to 2000, and it was concluded that the irrigation water requirements for
winter wheat in Beijing increased significantly, at a rate of 9.8 mm/10a, while the crop
water requirements in other regions showed a decreasing trend [14]. The change of climate
in recent years had a certain influence on the growth period, and the irrigation water
requirements of winter wheat in the west of North China showed a decreasing trend [15].
The spatial distribution of irrigation water requirements has been studied based on the
water balance method, and it was found that the irrigation water requirements in wheat-
growing areas are higher [16]. In Hebei province, the variation in trends of crop water
requirements and water shortages associated with winter wheat and summer maize have
been studied from 1965 to 1999, and it was found that, although the water shortages of
major crops in Hebei province tended to increase with time, the differences did not pass
the significance test [17]. In Southwest China, the irrigation water requirements for rice
have been calculated by applying the difference between crop water requirements and
effective rainfall, and it was found that the tillering and heading stage was the key period
of water requirements for rice growth and development [18]. In Guizhou province, the net
irrigation water requirements and irrigation demand index over the past 60 years were
calculated based on the long-term data and agricultural data at meteorological stations
and their surrounding counties, and the spatial distribution was studied [19]. Cui et al.
have calculated the reference evapotranspiration and explored the appropriate calculation
methods in different climate regions based on the daily meteorological data of nine meteo-
rological stations in typical regions with different climates in China in the long term [20].
However, much less research has focused on the irrigation water requirements of major
crops in Shandong Province. In this study, the M–K mutation test, IDWI (inverse distance
weighted interpolation), and Pearson correlation regression analysis were used to study the
spatial-temporal distribution and main influencing factors of the irrigation water, consider-
ing the demands of summer maize and winter wheat in each irrigation region in Shandong
Province. These results are expected to provide a scientific basis for optimizing water
resource allocation, effectively utilizing agroclimatic resources, and facilitating regional
sustainable development in Shandong Province.
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2. Materials and Methods
2.1. Data Sources

The climate of Shandong is of the warm temperate monsoon climate type, with con-
centrated precipitation, rain, and heat in the same season, a short spring and autumn, and
a long winter and summer. The annual average temperature in Shandong is 11–14 ◦C, in-
creasing from the northeast coast to the southwest inland. The annual average temperature
of Jiaodong Peninsula and the Yellow River Delta is below 12 ◦C, while that of southwestern
Shandong is above 14 ◦C. The accumulated temperature is generally 3800–4600 ◦C, which
can meet the heat requirements of crops twice a year. Sunshine hours are abundant; the
average annual number of sunshine hours in Shandong province is 2290–2890 h, and the
sunshine percentage is 52–65%. The annual average precipitation in Shandong province is
generally between 550 and 950 mm, decreasing from southeast to northwest. The annual
average precipitation in southern and eastern Shandong is generally above 800–900 mm,
while the annual average precipitation in northwestern Shandong and the Yellow River
delta is below 600 mm. Most of the precipitation is concentrated in summer and autumn,
and the seasonal distribution is uneven. A total of 60–70% of the annual precipitation
is concentrated in June, July, and August, making these months prone to flooding. The
precipitation from September to November is generally 100 to 200 mm. The precipitation
rom December to February is only 15 to 50 mm, and from March to May, it is below 100 mm.
As such, winter and spring are prone to droughts.

For this study, we used 49 years of meteorological data from 20 meteorological sta-
tions in Shandong Province from 1968 to 2016, all of which were provided by the China
Meteorological Science Data Sharing Service Network (http://cdc.Cma.Gov.cn/; accessed
on 6 March 2018). The meteorological information collected includes the daily maximum
temperature, daily minimum temperature, average temperature, average wind speed, du-
ration of sunshine, average relative humidity, average air pressure, and daily precipitation.
Among the meteorological data collected by meteorological stations, there were some
unreasonable and missing data. The specific treatment carried out was as follows.

Data rationality analysis: All data should meet the following conditions, and those
that do not meet the conditions should be deleted.

(1) Temperature: −50 to 50 ◦C;
(2) Precipitation: 0–200 mm;
(3) Wind speed at 2 m: 0–20 m/s;
(4) Relative humidity: 0–100%;
(5) Duration of sunshine: 0–20 h.

Regarding wind speed, precipitation, and individual absence of sunshine hours, data
interpolation, mean substitution, and average values taken from all other data were used
to fill in the missing values.

If one of the three temperatures (daily minimum temperature, daily average temper-
ature, daily maximum temperature) is missing, it can be converted using the other two
temperatures. If two temperatures are missing, they can be converted according to the
temperature difference. Meanwhile, if all three temperatures are missing and the number
of days having missing data is less than five, the temperatures can be obtained by inter-
polation; that is, the missing data were interpolated and replaced by the average of the
five days surrounding the date.

In this study, according to the local standards of Shandong Province, the 20 meteoro-
logical stations in Shandong Province were divided into 5 irrigation regions: southwest,
north, middle, south, and east Shandong Province. According to the principles of the
geographical location of the site and the closeness of the agricultural areas, the long time
series of the meteorological data (more than 20 years), and the relatively complete data,
the meteorological stations were divided into the irrigation regions. A map showing the
distribution of the meteorological stations in each irrigation region is given in Figure 1.

http://cdc.Cma.Gov.cn/
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Figure 1. The distribution of meteorological stations in the irrigation regions of Shandong Province.

2.2. Research Methods
2.2.1. Calculation of Irrigation Water Requirements

(1) The reference crop evapotranspiration
The daily reference crop evaporation was calculated by using the standard Penman–

Monteith (P–M) method, as amended by the United Nations Food and Agriculture Orga-
nization (FAO) in 1998, with the influencing factors of daily temperature values, relative
humidity, sunshine hours, and wind speed. The formula is as follows:

ET0 =
0.408∆(Rn − G) + γ 900

T+273 U2(es − ea)

∆ + γ(1 + 0.34U2)
(1)

where ET0 is the reference crop evapotranspiration (mm/d); Rn is the net radiation on the
surface of the canopy (MJ/(m2·d)); G is the soil heat flux, G = 0; γ is the psychrometric
constant (kPa/◦C); T is the average temperature (◦C); U2 is the wind speed at 2.0 m above
ground altitude (m/s); es is the air saturated vapor pressure (kPa); ea is the actual vapor
pressure of air (kPa); and ∆ is the slope of the saturated vapor pressure-temperature curve
(kPa/◦C)(2) Crop coefficient (Kc).

The crop coefficient (Kc) reflects the biological characteristics of crops themselves and
is closely related to the crop type, variety, growth period, and population leaf area index.
It is based on the water requirements measured in the field each month and the reference
crop water requirements calculated using meteorological factors for the same time period.

Using the segmented single-value average method recommended by the FAO, the
crop coefficient is close to the value measured at the irrigation test station, indicating that it
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is feasible for the crop coefficient determined by this method to be used for the prediction
of water requirements in water resource planning [21].

The segmented single-value average crop coefficient allows us to generalize the change
process of the crop coefficient during the whole growth period into several stages. Accord-
ing to the change law of leaf surface transpiration and soil surface evaporation at each
stage, the average value of a period is used to represent the crop coefficient at this stage.

The segmented single-value average method mainly generalizes the crop reproduc-
tive period into three values (Kcini, Kcmid, Kcend) in four stages (initial growth, rapid
development, mid-fertility, and maturation).

The basic crop coefficients of the main crops in this study were obtained from FAO-56
under standard conditions, and the Kcmid and Kcend values of crops were revised according
to the following formula:

Kc = Kctb + [0.04(U2 − 2)− 0.04(RHmin − 45)](
h
3
)0.3 (2)

where Kctab is the crop coefficient in the corresponding growth stage; U2 is the daily average
wind speed at 2 m height in the corresponding growth stage; RHmin is the average value of
daily minimum relative humidity in the corresponding growth stage; and h is the average
height of the crop in the corresponding growth stage. If there is no measured minimum
relative humidity, RHmin can be calculated using the daily maximum temperature Tmax
and minimum temperature Tmjn.

Using the segmented single-value crop coefficient method recommended by the
FAO, combined with relevant data, the fertility stage of summer maize and winter wheat
in Shandong Province was divided according to the relative main crop data, and the
crop coefficients for each period were calculated. The basic crop coefficients for the
main crops—summer maize and winter wheat—in Shandong Province are shown in
Appendix A and Tables A1 and A2. The annual Kc of crop production was calculated
according to the basic crop coefficients of each growing stage, which was used to calculate
the daily crop water requirements.

(1) Crop water requirements:
According to the scope of research and data collection in this study, the crop water

requirement method recommended by the FAO, with good stability and generality, was
used to calculate the crop water requirements [21]. The formula is as follows [22]:

ETc = Kc × ET0 (3)

where ETC denotes the crop water requirements (mm/d); ET0 is the reference crop evapo-
transpiration (mm/d); and Kc is the crop coefficient.

(2) Effective rainfall:
Effective rainfall refers to the portion of water that can be used by crops during the

period of crop growth and development. At present, most of the empirical formulas for
calculating the effective rainfall of different crops summarized in China require the calcula-
tion of corresponding parameters according to the local soil properties, crop characteristics,
meteorological conditions, and other factors; as such, they are more complicated to apply.
Liu Yu et al. have used the following simplified method to calculate the effective rainfall
every ten days [21]. The calculation accuracy of this method was considered to meet the
requirements of our research. The calculation formula is:

Pc =

{
P

ETc

P < ETc
P ≥ ETc

(4)

Pc =
n

∑
i=1

Pci (5)
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where Pci is the effective precipitation in a period of time (mm); P is the accumulated
precipitation in a period of time (mm); Pc is the effective precipitation in the crop growth
period (mm); and n is the number of growth period groups.

(3) Irrigation water requirements
Following FAO 46, the irrigation water requirement is the difference between the crop

water requirement and effective rainfall [23]. This method is suitable for areas with a low
groundwater table, which is the case in most areas of the North China Plain [24], where
the water is stored in the soil at the beginning of each individual growing season, and the
leaching requirements are ignored [23,25]. Shandong is located on the eastern edge of the
North China Plain, so the simplified water balance formula was adopted to estimate the
irrigation water requirements in Shandong province.

The calculation formula is:

IR =

{
ETc − Pc

0
ETc > Pc
ETc ≤ Pc

(6)

where IR is the irrigation water requirements (mm) and Pc is the effective rainfall (mm).
The multi-year average irrigation water requirements were calculated using the arith-

metic average method,
IR = (IR1 + IR2 + . . . + IRn)/n (7)

where IR is the multi-year average irrigation water requirements (mm); IRn is the nth
irrigation water requirements (mm); and n is the number of irrigation water requirements.

2.2.2. M–K Mutation Test

The Mann–Kendall (M–K) test is a non-parametric statistical test. Compared with
parameter testing, the advantage of M–K trend testing is that its samples do not need to
follow a certain distribution and are not affected by a few outliers. It is more suitable for
application to type variables and sequence variables, and it has become a widely used
trend analysis method in hydrology and meteorology research in recent years [26,27].

The calculation principle of the M–K test method is as follows: in the process of
studying the problem, the actual measured value is synthesized into a time-series Xt = (x1,
x2, . . . , xn). When performing trend analysis, we first determine all dual values for the
time-series (xi, xj, j > i); the relationship is determined as:

Sk =
k

∑
i=1

Ri(k = 2, 3, 4 . . . n) (8)

when xi > xj, Ri = 1, and when xi ≤ xj, Ri = 0.
The statistics defined by the trend test are:

UFk =
[SK − E(SK)]

[Var(Sk)]
1/2 , (k = 2, 3, 4 . . . n) (9)

where UF1 = 0, and E(Sk) and Var(Sk) are the mean and variance of the cumulative count,
SK, respectively.

When the M–K method is used for the mutation test, it is necessary to calculate
UBk, the reverse sequence of time-series Xt, where UBk = −UFk (k = n, n − 1, n − 2, . . . ,
1) and UB1 = 0. When the value of UFk or UBk is greater than 0, it indicates that the
sequence presents an upward trend. When the value is less than 0, it indicates that the
sequence presents a downward trend. If the value of UFk or UBk exceeds the critical
value (−1.96, 1.96), it indicates that the trend of sequence change is relatively significant.
When the UFk curve intersects the UBk curve, and the intersection point is between the
critical boundary (−1.96, 1.96), the time corresponding to the intersection point is the
beginning moment of mutation.
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In this study, the M–K mutation test method was used to analyze the variation trend
and mutation of irrigation water requirements of summer maize and winter wheat in
Shandong Province over 49 years.

2.2.3. Spatial Interpolation

Inverse distance weighted (IDW) interpolation is an optimal interpolation method
based on the similarity principle. It takes the distance between the interpolation point and
the sample point as the weight for the weighted average. The closer the sample point is to
the interpolation point, the greater the weight. This method is simple and easy to operate.
We used the spatial analysis function of the ArcGIS software (Esri, RedLands, CA, USA)
and the IDW method to create the spatial distribution map of the annual average crop water
requirements, overall irrigation water requirements, and irrigation water requirements in
the growing cycle.

2.2.4. Pearson Correlation Analysis

Pearson correlation analysis is a method to detect whether x and y are correlated
and related properties. The size of the correlation coefficient, as well as its sign, represent
different correlations. It is calculated as follows:

r = ∑ (x − x)(y − y)√
∑ (x − x)2•∑ (y − y)2

(10)

The value range of the correlation coefficient r is (−1, 1), and when its absolute value
is within 0.8–1.0, 0.6–0.8, 0.4–0.6, 0.2–0.4, or 0.0–0.2, it represents a very strong correlation,
strong correlation, moderate correlation, weak correlation, or no correlation, respectively.

3. Results
3.1. Calculation of Irrigation Water Requirements
3.1.1. Multi-Year Average Crop Water Requirements

According to Formula (3) for crop water requirements, the multi-year average crop
water requirements of summer maize and winter wheat at the 20 meteorological stations
in Shandong Province from 1968 to 2016 were calculated. The multi-year average crop
water requirement of summer maize was 333.66 mm, and the water requirement of winter
wheat was 420.66 mm. Due to the influence of seeding time, growing cycle, meteorological
conditions, and crop growth, the summer maize and winter wheat had different water
requirements. The multi-year average crop water requirements of summer maize and
winter wheat are shown in Tables 1 and 2.

Tables 1 and 2 show the multi-year average crop water requirements for summer
maize and winter wheat in Shandong Province, respectively. These results suggest that
there were obvious differences in the multi-year average crop water requirements of sum-
mer maize and winter wheat among the irrigation regions. The order of the multi-year
average crop water requirements for summer maize and winter wheat in the irrigation re-
gions were Northern Shandong > Southwestern Shandong > Central Shandong > Eastern
Shandong > Southern Shandong and Eastern Shandong > Northern Shandong > Central
Shandong > Southern Shandong > Southwestern Shandong, respectively. Among the
20 meteorological stations, the multi-year average crop water requirement value was the
highest at Jinan Station, about 12% higher than the average crop water requirement for
summer maize and about 18% higher than the average crop water requirement for winter
wheat in Shandong Province. Mount Tai station had the lowest multi-year average crop
water requirement for summer maize, about 18% lower than the average crop water re-
quirement in Shandong Province. Rizhao station had the lowest multi-year average crop
water requirement for winter wheat, with a value about 14% lower than the average crop
water requirement for winter wheat in Shandong Province.
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Table 1. The multi-year average of water requirements for summer maize crops from 1968 to 2016.

Number Irrigation Regions Weather Station Crop Water
Requirements (mm)

Average Value of
Irrigation Regions (mm)

I Southwestern Shandong Dingtao 340.79 340.79

II Northern Shandong

Huimin 338.25

348.2
Ling County 347.88

Kenli 369.67
Shen County 336.99

III Central Shandong

Yanzhou 346.78

334.84
Jinan 374.66

Mount Tai 273.22
Yiyuan 331.67

Weifang 344.68

IV Southern Shandong
Rizhao 322.92

316.32Ju County 301.07
Fei County 324.98

V Eastern Shandong

Chengshan Cape 278.75

331.36

Haiyang 321.19
Longkou 359.61
Fushan 355.41
Pingdu 332.66

Qingdao 328.79
Changdao 343.14

Table 2. The multi-year average water requirements of winter wheat crops from 1968 to 2016.

Number Irrigation Regions Weather Station Crop Water
Requirements (mm)

Average Value of
Irrigation Regions (mm)

I Southwestern Shandong Dingtao 372.24 372.24

II Northern Shandong

Huimin 426.31

430.24
Ling County 431.77

Kenli 439.58
Shen County 423.28

III Central Shandong

Yanzhou 380.9

409.47
Jinan 497.61

Mount Tai 369.42
Yiyuan 368.99

Weifang 430.44

IV Southern Shandong
Rizhao 359.7

387.95Ju County 381.91
Fei County 422.25

V Eastern Shandong

Chengshan Cape 383.22

444.1

Haiyang 401.56
Longkou 471.77
Fushan 497.25
Pingdu 452.03

Qingdao 419.92
Changdao 482.95

3.1.2. Multi-Year Average Irrigation Water Requirements

According to the formulas for crop water requirements and effective rainfall, the
multi-year average irrigation water requirements of summer maize and winter wheat at
the 20 meteorological stations in Shandong Province during 1968–2016 were calculated.
The multi-year average irrigation water requirement for summer maize was 127.99 mm,
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while the water requirement for winter wheat was 282.44 mm, showing a significant
difference between the two crops. The main reason for this phenomenon is that the
seeding time of summer maize is mostly concentrated in June, and its growth cycle is
from June to September. However, the growth cycle of winter wheat is from October
to June of the next year, during which there is less precipitation, which cannot meet
the normal growth requirements of winter wheat, and a large amount of irrigation is
needed to ensure the proper growth of crops. Therefore, the average irrigation water
requirement for winter wheat is higher than summer maize. The multi-year average
irrigation water requirements of summer maize and winter wheat irrigation region are
shown in Tables 3 and 4, respectively.

Table 3. The multi-year average irrigation water requirements of summer maize from 1968 to 2016.

Number Irrigation Regions Weather Station Irrigation Water
Requirements (mm)

Average Value of
Irrigation Regions (mm)

I Southwestern Shandong Dingtao 133.79 133.79

II Northern Shandong

Huimin 135.55

142.18
Ling County 140.15

Kenli 145.62
Shen County 147.39

III Central Shandong

Yanzhou 125.77

113.59
Jinan 138.65

Mount Tai 57.18
Yiyuan 104.33

Weifang 142.01

IV Southern Shandong
Rizhao 112.12

101.76Ju County 92.48
Fei County 100.67

V Eastern Shandong

Chengshan Cape 122.66

140.6

Haiyang 123.68
Longkou 155.51
Fushan 154.88
Pingdu 131.46

Qingdao 144.33
Changdao 151.66

It can be seen, from Tables 3 and 4, that the multi-year average irrigation water
requirements for summer maize and winter wheat differed among the irrigation re-
gions of Shandong Province. The multi-year average irrigation water requirements for
summer maize and winter wheat in the irrigation regions were ranked as Northern
Shandong> Eastern Shandong > Southwestern Shandong > Southern Shandong > Central
Shandong and Northern Shandong > Eastern Shandong > Central Shandong > Southwest-
ern Shandong > Southern Shandong, respectively. Among the 20 meteorological stations,
Longkou Station had the highest multi-year average irrigation water requirements, and
Mount Tai station had the lowest multi-year average irrigation water requirements for sum-
mer maize. Jinan Station had the highest multi-year average irrigation water requirements,
and Rizhao station had the smallest multi-year average irrigation water requirements for
winter wheat.

3.2. The Temporal Variation Law of Irrigation Water Requirements
3.2.1. Study on Inter-Annual Variation of Irrigation Water Requirements

The M–K test method was used to analyze the variation trend and test the mutation of
the irrigation water requirements at each meteorological station in each irrigation region. By
analyzing the statistical sequences UF (sequential statistical curve), UB (reverse statistical
curve), and the critical curve of confidence level 95% Y = 1.96 and Y = −1.96, the variation
trends for the irrigation water requirements of summer maize and winter wheat in each
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irrigation region were further analyzed, and the times at which abrupt changes occurred
were determined.

Table 4. The multi-year average irrigation water requirements of winter wheat from 1968 to 2016.

Number Irrigation Regions Weather Station Irrigation Water
Requirements (mm)

Average Value of
Irrigation Regions (mm)

I Southwestern Shandong Dingtao 258.81 258.81

II Northern Shandong

Huimin 316.32

321.82
Ling County 324.25

Kenli 324.88
Shen County 303.78

III Central Shandong

Yanzhou 261.12

281.74
Jinan 371.16

Mount Tai 220.41
Yiyuan 256.06

Weifang 299.96

IV Southern Shandong
Rizhao 216.07

239.13Ju County 237.71
Fei County 263.61

V Eastern Shandong

Chengshan Cape 222.55

288.00

Haiyang 256.23
Longkou 319.05
Fushan 336.17
Pingdu 300.05

Qingdao 258.74
Changdao 323.19

(1) Summer maize irrigation water requirements
The change in summer maize irrigation water requirements in Shandong Province

from 1968 to 2016 is shown in Figure 2.
The irrigation water requirements of summer maize in the northern Shandong irriga-

tion region, central Shandong irrigation region, southwestern Shandong irrigation region,
and southern Shandong irrigation region fluctuated with time and showed downward
trends, with a change tendency rate of −2.9 mm/10a, −4.93 mm/10a, −9.64 mm/10a,
and −0.05 mm/10a, respectively. The change of irrigation water requirements for sum-
mer maize in the northern Shandong irrigation region after 2010, in the central Shandong
irrigation region after 2004, in the central Shandong irrigation region after 2012, in the
southwestern Shandong irrigation region after 1992, and in the southern Shandong irri-
gation region after 2007 did not reach a significant level (α = 0.05). The irrigation water
requirement for summer maize in the eastern Shandong irrigation region fluctuated with
time and showed an upward trend, with a change tendency rate of 3.24 mm/10a. After
1979, the irrigation water requirement of summer maize in the eastern Shandong irrigation
region did not reach a significant level (α = 0.05).

(2) Winter wheat irrigation water requirements
The variation trends of irrigation water requirements for winter wheat in different

irrigation regions in Shandong Province from 1968 to 2016 are shown in Figure 3.
The irrigation water requirements for winter wheat in the central and southern Shan-

dong irrigations region fluctuated with time and showed an insignificant downward trend,
with change tendency rates of −6.92 mm/10a and −4.21 mm/10a, respectively. The irriga-
tion water requirements for winter wheat in the central Shandong irrigation region after
1982 and in the southern Shandong irrigation region after 1990 did not reach a significant
level (α = 0.05). The irrigation water requirements for winter wheat in the northern and
southwestern Shandong irrigation regions fluctuated with time and showed an insignifi-
cant downward trend, with change tendency rates of −10.73 mm/10a and −7.26 mm/10a,
respectively. The irrigation water requirement for winter wheat in the northern Shan-
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dong irrigation region showed a significant downward trend since 1982 and reached a
significant level in 1989 (α = 0.05). The irrigation water requirement for winter wheat in
the southwestern Shandong irrigation region showed a significant downward trend since
1982 and reached a significant level in 1989 (α = 0.05). The position where the UF curve
intersects with the UB curve is called a mutation point. The mutation point for the northern
Shandong irrigation region was 1982. The irrigation water requirement for winter wheat
in the southwestern Shandong irrigation region showed a significant downward trend
since 1972 and reached a significant level in 1986 (α = 0.05). The mutation point for the
southwestern Shandong irrigation region was 1972. The irrigation water requirement of
winter wheat in the eastern Shandong irrigation region showed an upward trend after 1980
but did not reach a significant level (α = 0.05).
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3.2.2. Monthly Variation of Irrigation Water Requirements in Growing Season

In this paper, the monthly variations of irrigation water requirements of summer maize
and winter wheat from 1968 to 2016 in the irrigation regions of Shandong Province were
calculated, providing support for the rational allocation of water resources and sufficient
irrigation of summer maize and winter wheat in the critical water requirement period.

(1) Irrigation water requirements of summer maize
In Shandong Province, summer maize has a short growing season. It is generally

sown in June and harvested at the end of September, and the long season is generally four
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months. The irrigation water requirement for each month in the summer maize growing
season over 49 years in each irrigation region of Shandong Province is shown in Figure 4.
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irrigation region, respectively.

It can be seen, from Figure 4, that the monthly average irrigation water requirements in
the summer maize growing season for all irrigation regions in Shandong Province show a
trend of rising first and then falling, and the distribution is uneven throughout the growing
season. The maximum value appears in August, and the minimum value appears in June.
The irrigation water requirement for summer maize was the lowest in June in Shandong
province, accounting for 14% of the irrigation water requirements over the whole growing
cycle. In July, the irrigation water requirements increased to 23%. The irrigation water
requirement in August was the maximum over the whole growth cycle, accounting for
39%. The irrigation water requirement of summer maize showed a decreasing trend in
September, accounting for 24% of the growing season. This was because July and August
are when the heading and filling stage occurs for summer maize in Shandong Province,
and the associated crop water requirements are large, making this the key period of crop
water requirements. In order to ensure the normal growth of summer maize, it is necessary
to increase the irrigation intensity; as such, the irrigation water requirements in July and
August account for more than 60% of the requirements for the summer maize growing
season. However, June and September are the seedling and mature periods of summer
maize, during which the crops need less water, so the irrigation water needs are lower in
June and September.
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(2) Irrigation water requirements of winter wheat
Winter wheat in Shandong province is usually sown in October and harvested in June,

with a nine-month growing cycle. The irrigation water requirements for each month in the
winter wheat growing season over 49 years for each irrigation region of Shandong Province
are shown in Figure 5.

It can be seen, from Figure 5, that the monthly average irrigation water requirement
during the growth cycle of winter wheat in Shandong Province was unevenly distributed,
where the overall trend was first decreasing, then increasing and decreasing again. The
maximum irrigation water requirement appeared in April of the next year, while the
minimum irrigation water requirement appeared in January of the next year. The irrigation
water requirement for winter wheat was low in October, accounting for 8% of the whole
growing cycle. In November, the irrigation water requirement showed a downward trend,
accounting for 5%, and this continued to decline in December, accounting for 3%. January
and February of the next year were basically the same as December, maintaining at 3–4%.
From December to February, the irrigation water requirements for the whole growth cycle
were minimal as, during this period of time, the winter wheat is in the over-wintering stage.
Therefore, the winter wheat stops growing, the crop water requirements decrease, and the
irrigation water requirements decrease sharply. In March, the temperature in Shandong
rises, the wheat resumes normal growth, and the irrigation water requirement shows a
rising trend, accounting for 12%. The winter wheat irrigation water requirements in April
and May continue to rise to about 29%, being the highest water requirement months over
the whole growth period. As April and May are the months in which the booting and earing
period occurs, winter wheat growth requires a lot of water. In Shandong, in April and May,
temperatures continue to rise, and transpiration and evapotranspiration are significant,
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such that the irrigation water requirements are increased in these months. The irrigation
water requirement of winter wheat in June showed a downward trend, accounting for 8%
of the growing period. This is because June was the mature stage of winter wheat, and so,
its water requirement was significantly lower than in April and May.
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3.3. Spatial Distribution of Irrigation Water Requirements

Due to the different natural conditions, such as rainfall, topography, and meteorol-
ogy, as well as the different growth characteristics and growth cycles of summer maize
and winter wheat, there were some differences in the spatial distribution of irrigation
water requirements for summer maize and winter wheat in each irrigation region of
Shandong Province.

3.3.1. Spatial Distribution of Multi-Year Average Irrigation Water Requirements of
Summer Maize

The spatial distribution of the multi-year average irrigation water requirements of
summer maize in Shandong Province from 1968 to 2016 is shown in Figure 6 (the spatial
resolution of the data is 1695 m × 1695 m). The irrigation water requirements of summer
maize in Shandong Province were distributed in a strip pattern, showing a spatial distribu-
tion characteristic of less in the southwest (ranging from 92.48–133.79 mm), more in the
northeast (ranging from 122.66–155.51 mm), less in the south, and more in the north.

The overall distribution of irrigation water requirements in the northern Shandong
irrigation region (II), eastern Shandong irrigation region (V), and southwestern Shandong
irrigation region (I) was relatively even. The irrigation water requirements in the southern
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Shandong irrigation region (IV) and the central Shandong irrigation region (III) showed a
trend of gradual increase from west to east. Among the five irrigation districts, the areas
with the highest irrigation water requirements were mainly distributed in the eastern Shan-
dong irrigation region (V), while the areas with the lowest irrigation water requirements
were mainly distributed in the central Shandong irrigation region (III). The meteorological
station with the highest irrigation water requirement was Longkou Station, with a value of
155.51 mm, while the station with the lowest requirement was Mount Tai Station, with a
value of 57.18 mm.
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3.3.2. Spatial Distribution of Multi-Year Average Irrigation Water Requirements of
Winter Wheat

The spatial distribution of the multi-year average irrigation water requirements for
winter wheat in Shandong Province from 1968 to 2016 is shown in Figure 7 (the spatial
resolution of the data is 1695 m × 1695 m). The irrigation water requirements of winter
wheat in Shandong Province showed a zonal distribution, with the spatial distribution
characteristics being low in the southeast (ranging from 216.07–299.96 mm), more in the
northwest (ranging from 220.41–371.16 mm), less in the south, and more in the north.
The overall distribution of irrigation water requirements in the southwestern Shandong
irrigation region (I), northern Shandong irrigation region (II), and southern Shandong
irrigation region (IV) was relatively even. The irrigation water requirements in the central
Shandong irrigation region (III) showed a gradually increasing trend from south to north,
while the irrigation water requirements in the eastern Shandong irrigation region (V)
showed a trend of gradually decreasing from west to east. Among the five irrigation
regions, the area with the largest irrigation water requirements was mainly distributed in
the northern Shandong irrigation region (II), and those with the lowest irrigation water
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requirements were mainly distributed in the central Shandong irrigation region (III). The
meteorological station with the highest irrigation water requirement was Jinan Station, with
a value of 371.16 mm, while the station with the lowest requirement was Rizhao Station,
with a value of 216.07 mm.
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3.4. Analysis of Influencing Factors of Irrigation Water Requirements

The irrigation water requirements of summer maize and winter wheat in Shandong
province are comprehensively affected by meteorological factors, such as air pressure,
temperature, sunshine duration, relative humidity, wind speed, and precipitation. As
the factors affecting irrigation water requirements are relatively complex, we adopted
Pearson correlation analysis on the basis of previous studies. The correlations between
the irrigation water requirements of summer maize and winter wheat and meteorological
factors in Shandong province were analyzed in order to clarify the main influencing factors
of the irrigation water requirements of summer maize and winter wheat in Shandong
Province. The correlation coefficients and significance relative to the relationships between
the irrigation water requirements of summer maize and winter wheat, respectively, and
meteorological factors are given in Tables 5 and 6.
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Table 5. Correlation coefficients and significance between irrigation water requirements of summer
maize and meteorological factors.

Irrigation Regions Mean
Pressure

Mean
Temperature

Maximum
Temperature

Minimum
Temperature

Relative
Humidity

Sunshine
Hours Precipitation Wind Speed

Eastern Shandong −0.254 * 0.118 0.219 −0.044 −0.404 ** 0.523 ** −0.587 ** 0.178
Southern Shandong −0.195 0.058 0.261 −0.049 −0.200 0.286 −0.691 ** 0.044
Central Shandong −0.288 * 0.091 0.142 −0.111 −0.357 * 0.389 * −0.632 ** 0.206

Northern Shandong −0.023 0.035 0.244 −0.172 −0.094 0.250 −0.528 ** 0.196
Southwestern Shandong −0.134 0.044 0.161 −0.287 * −0.302 * 0.636 ** −0.546 ** 0.154

Note: *, significant correlation at 0.05 level (bilateral); **, significant correlation was found at the level of
0.01 (bilateral).

3.4.1. Correlation Analysis between Summer Maize Irrigation Water Requirements and
Climate Factors

It can be seen, from Table 5, that the main meteorological factors affecting the irrigation
water requirements of summer maize in Shandong province were precipitation and sun-
shine duration. Precipitation was significantly negatively correlated with irrigation water
requirements: the greater the precipitation, the smaller the irrigation water requirement.
Meanwhile, there was a significant positive correlation between sunshine duration and
irrigation water requirements. Average temperature, maximum temperature, and wind
speed were positively correlated, while average pressure, minimum temperature, and
relative humidity were negatively correlated.

Table 6. Correlation coefficients and significance between irrigation water requirements of winter
wheat and meteorological factors.

Irrigation Regions Mean
Pressure

Mean
Temperature

Maximum
Temperature

Minimum
Temperature

Relative
Humidity

Sunshine
Hours Precipitation Wind Speed

Eastern Shandong −0.108 0.052 0.140 −0.028 −0.434 ** 0.440 ** −0.265 0.001
Southern Shandong −0.292 * 0.098 0.126 −0.159 −0.610 ** 0.428 ** −0.291 * 0.015
Central Shandong −0.0086 0.020 0.027 −0.084 −0.598 ** 0.429 ** −0.27 0.215

Northern Shandong −0.037 0.302 * 0.072 −0.147 −0.411 ** 0.375 −0.12 0.254
Southwestern Shandong −0.079 0.070 0.175 −0.127 −0.677 ** 0.465 ** −0.082 0.279

Note: *, significant correlation at the 0.05 level (bilateral); **, significant correlation was found at the level of
0.01 (bilateral).

There were also some differences in meteorological factors affecting the irrigation
water requirements of summer maize in Shandong Province among the different irrigation
regions. The first meteorological factor affecting the irrigation water requirements of sum-
mer maize was precipitation, and the second meteorological factor affecting the irrigation
water requirements of summer maize was sunshine duration in the eastern Shandong irri-
gation region, southern Shandong irrigation region, central Shandong irrigation region, and
northern Shandong irrigation region. Sunshine duration was the first factor, and precipita-
tion was the second factor affecting the irrigation water requirements of summer maize in
the southwestern Shandong irrigation region. The third factor affecting the irrigation water
requirements of summer maize was relative humidity in the eastern Shandong irrigation
region, central Shandong irrigation region, and southwestern Shandong irrigation region,
while the third factor affecting the irrigation water requirements of summer maize was the
maximum temperature in the southern Shandong irrigation region and northern Shandong
irrigation region. The fourth to eighth factors affecting the irrigation water requirements of
summer maize in different irrigation regions had no obvious regularity.

3.4.2. Correlation Analysis between Winter Wheat Irrigation Water Requirements and
Climate Factors

It can be seen, from Table 6, that the main meteorological factors affecting the irriga-
tion water requirements of winter wheat in Shandong province were relative humidity
and sunshine duration. The relative humidity was negatively correlated with irrigation
water requirements: the higher the humidity, the lower the irrigation water requirements.
There was a significant positive correlation between sunshine duration and irrigation water
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requirements. Mean air temperature, maximum air temperature, and wind speed were pos-
itively correlated, while average air pressure, minimum air temperature, and precipitation
were negatively correlated.

There were also some differences in meteorological factors affecting the irrigation
water requirements of winter wheat in Shandong Province among the different irrigation
regions. The first meteorological factor affecting the irrigation water requirements of winter
wheat was relative humidity, and the second meteorological factor affecting the irrigation
water requirements of summer maize was sunshine duration in the southern Shandong
irrigation region, central Shandong irrigation region, northern Shandong irrigation region,
and southwestern Shandong irrigation region. Sunshine duration is the first factor and
relative humidity is the second factor affecting the irrigation water requirements of winter
wheat in the southwestern Shandong irrigation region. The third to eighth factors affecting
the irrigation water requirements of winter wheat in different irrigation regions showed no
obvious regularity.

4. Discussion

In this paper, the crop coefficient method recommended by the FAO was used to
calculate the crop water requirements, and the difference between the crop water require-
ments and effective rainfall was used to calculate the crop irrigation water requirements.
The results for the irrigation water requirements of summer maize in Shandong province
obtained in this paper were consistent with the spatial distribution characteristics for the
irrigation water requirements of major crops in China described by Liu Yu et al. [21]. The
irrigation water requirements for winter wheat in Shandong province obtained in this
paper were also consistent with the spatial distribution characteristics of irrigation water
requirements of main crops in China by Liu Yu et al., and the range and distribution law of
irrigation water requirements for winter wheat in Shandong province were consistent with
the results of Shuang Sun et al. [21,28].

Compared to the existing research, the values estimated for the middle and late sea-
sons of winter wheat were reasonable, and the differences were derived from the length
of the initial stages, as winter wheat has an over-wintering period [29]. The multi-year
average irrigation water requirement values in this study were 282.44 mm and 127.99 mm
for winter wheat and summer maize, respectively. Areas with a large amount of IR are
mainly located in northern Shandong [30]. The average annual precipitation in Shandong
province generally ranges between 550 and 950 mm, decreasing from the southeast to
the northwest. The crop water requirements are high, and lower rainfall leads to large
irrigation water requirements in northern Shandong. The irrigation water requirements
of summer maize and winter wheat in Shandong province were studied over a large time
scale, and we concluded that the annual change in the irrigation water requirements of
summer maize and winter wheat in Shandong Province showed no significant downward
trend, except for in the eastern Shandong irrigation region. This is consistent with the trend
of summer maize and winter wheat irrigation water requirements in the recent 50 years
determined based on data from North China by Xiaoying Liu et al. [14]. Meanwhile, the
irrigation water requirements of summer maize and winter wheat in the eastern Shandong
irrigation region showed an insignificant upward trend; this is because eastern Shandong
is more developed than other areas in Shandong province. In recent years, irrigation
water requirements have shown an increasing trend, and the increase in irrigation water
requirements may be related to the urban heat island effect. Urban high temperatures are
caused by a large amount of artificial heat, high heat storage (due to, e.g., buildings and
roads), and the reduction of green spaces. The weather stations in the eastern Shandong
irrigation region are national standard weather stations. With the accelerating urbanization
process, the locations of these weather stations have become urban areas. Therefore, the
irrigation water requirements may have been affected by the urban heat island effect.

The agriculture industry is vulnerable to the effects of climate change [31,32]. Irriga-
tion water requirements are affected by complex factors [33]. In this study, we considered
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the meteorological factors influencing irrigation water requirements throughout the growth
cycle of summer maize. Effective precipitation was observed to be the most important indi-
cator affecting irrigation water requirements during the growth period. Precipitation is the
main influencing factor determining regional humidity and is also an important source of
farmland water, thus affecting crop irrigation water requirements by changing soil dry and
wet conditions. Throughout the whole province, there was a negative correlation between
the summer maize irrigation water requirements and precipitation—that is, there was a
decreasing trend with the increase of precipitation—and the differences between regions
were small, with the correlation coefficient ranging from −0.528 to −0.691. Precipitation
showed a very significant negative correlation with irrigation water requirements and
was the main meteorological factor affecting the irrigation water requirements of summer
maize in all irrigation regions (except for southwest Shandong province), the second being
sunshine duration.

The results indicated that relative humidity was the main meteorological factor
affecting the irrigation water requirements of winter wheat in Shandong province, with
the second being sunshine hours. The correlations of relative humidity and sunshine time
with winter wheat irrigation requirements were extremely significant, and the average
correlation coefficients were 0.546 and 0.427, respectively. Relative humidity and the
irrigation water requirements were negatively correlated, while sunshine time and
irrigation water were positively correlated. These trends were evident in the Penman–
Monteith analysis. Estimating the irrigation water requirements during the growth
period of wheat is conducive to the adoption of targeted measures to effectively respond
to climate change and increase wheat production. Thus, water could be supplemented
in a timely manner during the critical water requirement period, improving water use
efficiency and crop yield [33].

5. Conclusions

Based on daily meteorological data of 20 meteorological stations in Shandong Province
from 1968 to 2016, we analyzed the trends in the multi-year average irrigation water
requirements for summer maize and winter wheat over time and the associated spatial
distribution pattern. The following conclusions were obtained:

(1) There were obvious differences in the change trends of the annual irrigation water
requirements for both summer maize and winter wheat in the various irrigation
regions of Shandong Province. The annual irrigation water requirements of sum-
mer maize and winter wheat in the eastern Shandong irrigation regions showed
overall insignificant upward trends, the annual irrigation water requirements of
winter wheat in northern Shandong and southwestern Shandong irrigation regions
showed significant downward trends, while the annual irrigation water require-
ments of summer maize and winter wheat in other irrigation regions showed overall
insignificant downward trends;

(2) The multi-year average irrigation water requirements of summer maize in the irri-
gation regions of Shandong Province increased first and then decreased, with the
maximum value appearing in August. The multi-year average irrigation water re-
quirements of winter wheat first decreased, then increased and decreased again. The
maximum value appeared in April of the following year. This characteristic may lead
to a higher risk of water scarcity in August for summer maize and in April of the
following year for winter wheat in Shandong Province;

(3) The multi-year average irrigation water requirements of summer maize and winter
wheat in Shandong Province both presented zonal distributions. The spatial distri-
bution of multi-year average irrigation water requirements for summer maize was
less in the southwest, more in the northeast, less in the south, and more in the north.
The multi-year average irrigation water requirements for winter wheat presented the
spatial distribution characteristics of being less in the southeast, more in the northwest,
less in the south, and more in the north;
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(4) Precipitation and sunshine duration were the two most important meteorological
factors affecting the irrigation water requirements of summer maize in Shandong
province, while the main meteorological factors affecting the irrigation water re-
quirements of winter wheat were relative humidity and sunshine duration. Rational
utilization of groundwater resources and South-to-North water transfer is recom-
mended in order to deal with extreme weather and to achieve the rational allocation
of water resources in Shandong province.
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Appendix A

Table A1. Crop coefficients of summer maize as day of the year.

Irrigation
Regions

Weather
Station

Plant
Date

The End Date of the First
Trimester of Childbearing

Starting Date of Critical
Childbearing Period

End Date of Critical
Childbearing Period

Harvest
Date

Initial KC
Medium
Term KC

Telophase KC

Southwestern
Shandong Dingtao 162 181 202 241 261 0.55 1.13 0.56

Northern
Shandong

Huimin 163 182 203 242 263 0.56 1.14 0.57
Ling

County 165 185 206 244 266 0.53 1.12 0.55

Kenli 164 183 204 243 265 0.55 1.14 0.56
Shen

County 165 185 205 245 266 0.54 1.13 0.55

Central
Shandong

Yanzhou 162 181 202 241 261 0.55 1.13 0.56
Jinan 164 184 204 244 263 0.56 1.14 0.57

Mount Tai 165 184 205 244 264 0.5 1.2 0.65
Yiyuan 163 184 203 245 263 0.55 1.13 0.56

Weifang 172 189 209 248 266 0.66 1.15 0.59

Southern
Shandong

Rizhao 171 190 209 249 265 0.65 1.16 0.58
Ju County 172 192 211 247 265 0.67 1.15 0.59
Fei County 170 190 210 248 262 0.66 1.17 0.57

Eastern
Shandong

Chengshan
Cape 172 193 212 249 268 0.68 1.16 0.56

Haiyang 174 195 215 251 270 0.67 1.15 0.58
Longkou 173 194 214 250 269 0.69 1.17 0.59
Fushan 172 193 212 249 270 0.66 1.15 0.55
Pingdu 174 195 215 250 268 0.67 1.16 0.56

Qingdao 173 193 213 249 269 0.68 1.16 0.57
Changdao 172 194 212 248 268 0.69 1.17 0.58



Water 2022, 14, 1051 22 of 24

Table A2. Crop coefficients of winter wheat as day of year.

Irrigation
Regions

Weather
Station

Beginning Date
of Initial

Growth Period

End Date of
Initial Growth

Period

Beginning Date of
Overwintering

End Date of
Overwintering

Period

Beginning Date of
Mid-Term Fertility

Mid-Term
Termination

Date

Harvest
Date Initial KC

Overwintering
KC

Medium Term
KC

Telophase
KC

Southwestern
Shandong Dingtao 282 314 355 421 452 480 521 0.6 0.4 1.15 0.4

Northern
Shandong

Huimin 269 294 333 427 460 486 523 0.6 0.4 1.15 0.4
Ling County 271 295 335 429 463 488 526 0.6 0.4 1.16 0.4

Kenli 274 297 338 432 464 490 528 0.6 0.4 1.16 0.4
Shen County 273 295 337 432 465 491 529 0.6 0.4 1.17 0.4

Central
Shandong

Yanzhou 282 314 355 421 452 480 521 0.6 0.4 1.18 0.4
Jinan 286 305 350 423 467 489 526 0.6 0.4 1.17 0.4

Mount Tai 283 301 347 425 463 486 524 0.6 0.4 1.16 0.4
Yiyuan 281 312 354 419 450 477 520 0.6 0.4 1.15 0.4

Weifang 283 302 347 429 470 490 531 0.6 0.4 1.16 0.4

Southern
Shandong

Rizhao 288 307 350 432 474 494 535 0.6 0.4 1.18 0.4
Ju County 285 305 349 431 472 493 534 0.6 0.4 1.18 0.4
Fei County 284 305 349 433 475 492 536 0.6 0.4 1.18 0.4

Eastern
Shandong

Chengshan
Cape 270 293 344 435 472 494 536 0.6 0.4 1.17 0.4

Haiyang 268 291 341 432 469 492 532 0.6 0.4 1.18 0.4
Longkou 271 294 345 435 472 496 537 0.6 0.4 1.19 0.4
Fushan 274 296 348 439 475 500 540 0.6 0.4 1.19 0.4
Pingdu 276 298 351 439 476 501 542 0.6 0.4 1.19 0.4

Qingdao 273 295 349 436 472 497 538 0.6 0.4 1.18 0.4
Changdao 276 297 350 437 474 500 541 0.6 0.4 1.19 0.4
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