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ABSTRACT

It is very important for regional agricultural sustainable development by researching the relationship
between water consumption and yield, determining the reasonable irrigation threshold and propos-
ing the optimal irrigation schedule. The Aquacrop model was verified by the measured data, and
then, the variations of water consumption, yield, and water productivity for winter wheat under var-
ious irrigation schedules in North China Plain were analyzed by this model. Meanwhile, the irriga-
tion thresholds under the highest yield and the highest water productivity were determined. Finally,
the optimal irrigation schedules for the winter wheat were proposed after taking irrigation water
use productivity IWP) and water consumption productivity (WP) as the objective, respectively. The
results show that (1) the determination coefficient (R2) > 0.747 between the simulated and observed
values of the soil water content and canopy cover, and the Nash efficiency coefficient (EF) > 0.482, and
R2 > 0.865 between the simulated and observed values of the biomass and yield, and EF > 0.864, so
the model can simulate the soil water content, canopy cover, crop biomass, and final yield accurately.
(2) When irrigation amount ranged from 150 to 400 mm, the water consumption increased along with
the increase in irrigation amount. When the irrigation amount reached 400 mm, the water consump-
tion remained unchanged. (3) When the irrigation amount ranged from 150 to 300 mm, the yield and
WP increased with the increase in irrigation amount, and the increasing trend of the yield and the
WP slowed down and even reduced when the irrigation amount exceeded 300 mm. (4) Optimization
of irrigation schedule in various hydrological years shows that after taking the maximal IWP as the
objective, the yield reached 3,821-5,959 kg hm™ with the irrigation frequency of two times, and the
optimal irrigation amount of 140-220 mm. After taking the maximum WP as the objective, the yield
reached 6,727-6,926 kg hm™ with irrigation frequency of three times, and the irrigation amount of
240-330 mm. For the areas with the shortage of water resource such as North China Plain, this study
may provide theoretical basis for irrigation water management of winter wheat.
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1. Introduction has been “reached or broken” in this area, which impacts
economic development, people’s living standard, and
regional ecological environment [1-8]. As winter wheat is
the largest grain crop in this area, its yield accounts for 50%—
61% in China [9]. As affected by monsoon, the precipitation
during the growth period of winter wheat is only 25%—-40% of
* Corresponding author. the water requirement [10,11], so the water requirement must

be supplemented through irrigation. At present, the irrigation

North China Plain has the area of more than 400,000 km?
and occupies 23% of agricultural acreage and 40% of the grain
yield in China. But the utilization limit of water resource
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amount of winter wheat reaches 70% of the agricultural water
use in this area [12]. For optimization of irrigation schedule
for winter wheat in North China, it is important to relieve the
shortage of water resource by reducing water consumption
of winter wheat when maintaining moderate winter wheat
yield.

Most studies have investigated crop water consumption
characteristics and yield from various irrigation schedules
using field experiments and propose the proper water man-
agement under the current precipitation condition through
the analysis of yield and water use efficiency under different
treatments [13-22]. But it has large limitation, bad practica-
bility, and long period due to manpower, material resources,
and precipitation randomness [23,24]. However, studying
the crop water consumption using the model may shorten
the experimental cycle, reduce the cost, increase the system
observable, eliminate the interference factors, and find out
the real relationship between experimental factors [25,26].

There are two main types of models in optimizing crop
irrigation schedule. One type is the programming model,
which is represented by dynamic programming model
[27,28]. For the programming model, in order to solve the
optimum allocation of irrigation water among different crop
growth stages, the crop yield is calculated by the crop water
production function, but the water consumption process and
the yield formation mechanism are considered simply [29].
Meantime, for the programming model, the optimization
results of irrigation schedule mainly depend on the ratio-
nality of the parameter of crop water production function.
Therefore, the parameter of crop water production function
is calculated from unreasonable experimental design or no
representative hydrological year, which could be caused by
unreasonable optimization results of irrigation schedule.
The other type is the model of crop growth and develop-
ment, which mainly considers the influence of soil moisture
and nutrient on crop growth. It has advantages such as clear
explanation, wide application, the consideration of many
influencing factors, and easy to control, so it can provide deci-
sion support for crop growth management [30,31]. However,
most crop growth models are complex, lack the transpar-
ency, and need many input parameters. Thus, the Food and
Agricultural Organization (FAO) has proposed the Aquacrop
model based on crop growth by water driving. Compared
with other crop growth models, the Aquacrop model has
advantages such as fewer input parameters, easy operation,
and relatively high precision [32-35]. The coupling between
the Aquacrop model and the soil water balance model may
simulate the process of crop growth under water stress con-
dition and calculate the daily water consumption during the
crop growth period, which reflects the responding mecha-
nism between crop growth and water use, so this model can
be as a tool for the optimization of the irrigation schedule.
Since the Aquacrop model is developed, lots of researches
are done about the suitability of the model around the world
and the yield formation mechanism of various crops under
different irrigation treatments [36-49]. Researches are also
conducted about the response to climate change [50,51], the
optimization of irrigation schedule [52,53], the assessment of
economic benefit [54], and so on.

In many researches, the optimization objective of irri-
gation schedule is maximum yield or maximum economic

value [55,56]. However, for the most severe water shortage in
North China, it is better to decrease the regional water con-
sumption with stable production that the irrigation water use
efficiency has been increased, which would be benefit to sus-
tainable utilization of regional water resources. Accordingly,
in this study, the Aquacrop was calibrated and validated by
the field observed data, and then, the variations of water con-
sumption, yield, and water productivity were analyzed using
the model for winter wheat under various hydrological years
and different irrigation schedules. At last, based on the objec-
tive of WP or irrigation water use productivity (IWP), respec-
tively, the optimal irrigation schedules were presented to
provide theoretical basis in irrigation management of winter
wheat in North China Plain.

2. Materials and methods
2.1. Experimental site

The field experiments were conducted during October
2008-June 2010 at the Irrigation Experiment Station of China
Institute of Water Resources and Hydropower Research
(IWHR) at Daxing in Beijing (39°37'N latitude, 116°26'E lon-
gitude and 40.1 m a.s.l. elevation), about 15 hm=. The mean
annual temperature is 12.1°C, the annual accumulated tem-
perature is 4730°C (>10°C), the mean frost-free days is 185 d,
and the annual sunshine duration is about 2,600 h, and the
site belongs to a semiarid and continental monsoon climate.
The irrigation water source is from ground water with the
depth of about 10 m. The soil texture in the experiment site is
mainly sandy loam with high organic matter content. Table 1
shows soil physical properties in the profile within 0-100 cm.

2.2. Experimental design

Winter wheat (Jingmai 9428) was taken as experimental
crop. In 2008-2009, the sowing date and the harvesting date
of winter wheat are October 9, 2008 and June 12, 2009, respec-
tively, and the precipitation was 120 mm during the growth
period. In 2009-2010, the sowing date and the harvesting
date of winter wheat are October 12, 2009 and June 20, 2010,
and the precipitation was 169 mm during the growth period.
During the experimental period, the irrigation amount for
preseeding was 60 mm for water supply during the seedling
stage of winter wheat. After turning green, water treatment
was started. And irrigation was started when the soil water
contents reached the lower irrigation limits at 70% and 50%

Table 1
Soil physical properties in the profiles

Depth (cm) Soil dry Water content Field Wilting
bulk density of saturated  capacity point
(gm?3) soil (M m?®) (m*m?P) (m°m?)
0-10 1.30 0.46 0.32 0.09
10-20 1.46 0.46 0.34 0.13
20-40 1.48 0.47 0.35 0.10
40-60 1.43 0.45 0.33 0.11
60-100 1.39 0.44 0.31 0.16
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of the field capacity, respectively. Two water treatments are
high water and low water, and each treatment was repeated
three times, and the experimental plots were arranged ran-
domly. The management measures such as seeding, fertiliz-
ing, and cultivating were the same as local peasants.

2.3. Measurements
2.3.1. Soil water content

The soil water contents at the 0-20, 20-40, 40-60, 60-80,
and 80-100 cm layers are measured with the TRIMER-T3/
IPH. Measurements were done every 3-5 d and additional
measurement after irrigation and rainfall.

2.3.2. Leaf area index and canopy cover

The leaf area index (LAI) was measured every 10 d.
Selecting 10 representative plants from each plot, the length
and width of all leaves in each plant were measured, and
then, the leaf area of individual plant was calculated taking
0.75 as the coefficient for wheat leaf area. The LAI was calcu-
lated based on the planting density. Canopy cover (CC) was
obtained by the LAI with the following formula [32]:

CC=1.005[1-exp(~0.6 LAT)] " (1)
2.3.3. Biomass

When winter wheat comes out, the aboveground biomass
was measured every 10 d. Selecting 10 representative plants
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from each plot, the aboveground parts were cut out. After
drying to constant weight, the biomass was weighed using
an electronic balance with the precision of 0.01 g. And then,
the aboveground biomass per unit area was calculated based
on the planting density.

2.3.4. Yield

Yield of winter wheat was measured after harvesting.
Selecting a 1 m? plot from each plot, grain weight was mea-
sured after natural drying, and then, the yield per hectare
was converted.

2.3.5. Meteorological data

Solar radiation, wind speed, air temperature, relative
humidity, precipitation, and other meteorological data are
measured using the automatic meteorological station at the
field, and the meteorological data are recorded every 30 min.
The reference crop evapotranspiration (ET,) is calculated
according to the Penman-Monteith equation recommended
by FAO [57]. Fig. 1 shows the changing of the air temperature,
precipitation, and reference crop evapotranspiration (ET,).

2.4. Irrigation schedules design

By analyzing the precipitation frequency during the
years 19602009 in Daxing, the multiyear average precipi-
tation during the winter wheat growth period is 128 mm,
and the precipitations in the 25% (wet), 50% (normal),
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Fig. 1. Changes of weather variables during the growth period of winter wheat.
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75% (dry), and 90% (extremely dry) frequency years are 163,
114, 79, and 57 mm, respectively. According to the precipita-
tion, the corresponding years of wet, normal, dry, extremely
dry, and average are in the years 2005, 1962, 1974, 1975, and
1997, respectively.

Design of irrigation schedules for winter wheat considers
mainly the soil moisture content and the irrigation amount
per time. In the design of irrigation schedules, soil readily
available water in the root-zone soil (RAW) is the maximum
amount of water that a crop can extract from 1 m layer with-
out inducing stomata closure and reduction in crop transpi-
ration [32]. Besides rain-fed condition, there are 12 relative
soil moisture content levels, that is, 125%, 120%, 110%, 100%,
90%, 80%, 70%, 60%, 50%, 40%, 30%, and 20% of the RAW,
and there are 9 irrigation levels, that is, 30, 40, 50, 60, 70,
80, 90, 100, and 110 mm, respectively, totally 109 irrigation
schedules.

2.5. Water productivity

The IWP and the WP were respectively calculated as
follows:

wp=r—Y%

@)

Y

WP =—
ET

®)

where IWP is the irrigation water use productivity (kg m=),
Y is the yield under irrigation treatment (kg hm), Y, is the
yield under rain-fed treatment (kg hm™), I is the irrigation
amount (mm), WP is the water consumption productivity
(kg m™®), and ET is the actual water consumption during the
growth period of winter wheat (mm).

2.6. Model description

The main characteristics of the Aquacrop model included
in the following [58], (1) dividing the evapotranspiration into
evaporation and transpiration can guarantee the crop bio-
mass estimation is only relevant to the crop transpiration,
(2) calculating the water consumption based on growth and
aging of the crop canopy can avoid the error of model simula-
tion from uncertain processes such as the LAI calculation, (3)
the effects of environmental stress on biomass and harvest
index are distinguished according to the different response
of biomass and harvest index to environmental stress, and (4)
the influence of soil water stress on crop growth is described
in detail, the model can be used to simulate the crop yield
under various irrigation schedules, and it has more advan-
tage in the arid region and semi-arid region where irrigation
influences crop growth remarkably. The input data of the
model include the meteorological parameters, crop param-
eters, soil parameters, and field and irrigation management
data. The calculation principle and the operational process of
the model are referred to the literature [32-34].

2.7. Simulated evaluation indexes

Four evaluation indexes, such as the root-mean-square
error (RMSE), mean absolute error (MAE), mean bias error

(MBE), Nash efficiency coefficient (EF), were calculated as
follows [59-61]:

RMSE = %ZL(M, -0y )

MAE== ¥ |M,-0, ®)
1 n

MBE = ;[zﬂ(Mi -0))] ©6)

EF=10-2——— %)

where O, M, O are the measured value, simulated value, and
average measured value, and 7 is the times of measurement.

3. Results and discussion
3.1. Calibration and verification of Aquacrop model

From Fig. 2, the difference of soil water content between
high and low water treatment during the growth period of
winter wheat (October 2009-June 2010) was larger than that
during October 2008-June 2009. In order to improve the
model capability under nonstress or stress condition sepa-
rately, the Aquacrop model was calibrated by the measured
data during the growth period of winter wheat (October
2009-June 2010) and then verified by the measured data
(October 2008-June 2009). Table 2 shows main parameters
for Aquacrop simulation of winter wheat in North China
Plain, and Figs. 2—4 show the results of model calibration and
verification.

From Fig. 2 and Table 3, except for large deviation of soil
moisture simulation at the seedling stage, the measured soil
water content coincided well with the model simulation after
the seedling stage. During the calibration and verification
of the model, the RMSE and MAE between the simulation
and the observed values of soil water content were less than
1.702% and 1.537%, respectively, with R? of more than 0.747
and EF of more than 0.593, showing that the model simu-
lation had higher fitting degree and accuracy for soil mois-
ture, which can meet the simulation precision requirement of
water consumption.

As shown in Fig. 3 and Table 4, the canopy cover was
lower than 20% after the winter wheat emerged and entered
into the overwintering stage, increased quickly after the
seedling stage in March of the following year, reached the
maximum at the heading stage, and declined with the matu-
rity stage. The RMSE and MAE between the simulated and
observed values of the canopy cover were less than 9.808%
and 8.600% respectively during calibration and verification
of the model, and the simulation error was acceptable, with
R? of more than 0.811 and EF of more than 0.482, showing
that the results for simulation of the canopy cover were accu-
rate and credible.

Fig. 4 and Table 5 show that the simulated value coin-
cided well with the measured value of the biomass, and
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Fig. 2. Comparison of the simulated and measured values of soil water content in the 0-100 cm layers. (a) Calibration, (b) validation.

Table 2
Preliminary input parameters for the winter wheat in Aquacrop

Parameter

Model input
Cutoff temperature (°C) 26
Crop coefficient (K, x) 1.2
Upper and lower thresholds of soil water depletion factor 0.15-0.60
Shape factor for water stress coefficient for canopy expansion 4.5
Soil water depletion fraction for stomatal control (p — sto) — upper threshold 0.65
Shape factor for water stress coefficient for stomatal control 2.5
Canopy growth coefficient (CGC) 0.02937
Canopy decline coefficient (CDC) 0.16106
Maximum canopy cover (CC ) in fraction soil cover 0.92
Minimum effective rooting depth (1) 0.3
Maximum effective rooting depth (m) 1.0
Building up of harvest index starting at flowering (days) 34
Normalized water productivity (WP) (g m?) 18
Harvest index (percentage) 39
Number of plants per hectare 5,200,000

all points were around 1:1, and the RMSE, MAE, and MBE
between the simulated and observed values of biomass were
194.708, 173.620, and —6.945 kg hm™, respectively, with the
R? of 0.994 and EF of 0.988, indicating that the model can

simulate the change in dry mass accumulation of winter
wheat well [62-64]. The RMSE, MAE, and MBE between
the simulated and observed values of yield were 154.213,
128.750, and 13.750 kg hm, respectively, with R? of 0.865 and
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Table 3
Evaluation indexes to simulations of soil water content for high and low water treatments

Treatment R? RMSE (%) MAE (%) MBE (%) EF
Calibration High water 0.836 0.773 0.666 0.176 0.814
Low water 0.873 1.424 1.230 —0.426 0.593
All data 0.871 1.146 0.948 -0.125 0.742
Validation High water 0.798 1.483 1.231 —0.258 0.698
Low water 0.747 1.702 1.537 -0.122 0.658
All data 0.816 1.620 1.418 -0.175 0.768
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Fig. 3. Comparison of the simulated and measured values of canopy cover. (a) Calibration, (b) validation.

Table 4
Evaluation indexes to simulations of canopy cover for high and low water treatments

Treatment R RMSE (%) MAE (%) MBE (%) EF
Calibration High water 0.862 8.570 6.111 4111 0.768
Low water 0.889 9.808 8.600 8.600 0.482
All data 0.849 9.242 7421 6.474 0.660
Validation High water 0.836 6.148 4.600 3.800 0.618
Low water 0.811 6.506 5.333 0.000 0.811

All data 0.850 6.346 5.000 1.727 0.819
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Table 5

Evaluation indexes to simulations of biomass and yield for high and low water treatments

R? RMSE (kg hm?) MAE (kg hm?) MBE (kg hm) EF
Biomass 0.994 194.708 173.620 -6.945 0.988
Yield 0.865 154.213 128.750 13.750 0.864
All data 0.999 175.631 151.185 3.403 0.999

EF of 0.864, illustrating that the model can simulate the yield
of winter wheat well.

Thus, the Aquacrop model can simulate the dynamic
change of soil moisture and the canopy cover during the
growth period of winter wheat, the biomass, and the yield
for various irrigation schedules, so the model can be used to
study the relationship between the irrigation and the yield of
winter wheat [65-67].

3.2. Water consumption characteristics of winter wheat under
different irrigation schedules

Fig. 5 shows water consumption (ET) during the growth
period of winter wheat for different irrigation schedules. The
water consumption increased with the increase in irrigation
amount. When the irrigation amount increased to 400 mm,
water consumption was not increased with the increase in
the irrigation amount. When the irrigation amount was less
than 400 mm, the total water consumption of winter wheat
was higher in the wet year than in the dry year.

The change of soil water storage in the 0-100 cm layers
under different irrigation schedules is shown in Fig. 6. When
there was no irrigation or low irrigation amount, the crop
roots can absorb the water from deep soil and then reduced
soil moisture storage capacity. Otherwise, the soil water stor-
age showed an increasing trend when the irrigation amount
was large. For the precipitation during the growth period of
winter, wheat was small under all hydrological years; mean-
while, soil water storage capacity was limited, so the differ-
ence of soil water storage in various hydrological years was
not obvious under same irrigation amount.

3.3. Change of winter wheat yield under different irrigation
schedules

Fig. 7 illustrates the changing of winter wheat yield
under different irrigation schedules. For different hydro-
logical years, the change trend of the winter wheat yield is
consistent. When the irrigation amount ranged from 150
to 300 mm, yield increased with the increase in irrigation
amount, but when the irrigation amount reached 300 mm,
the yield reached 7,000 kg hm™. Since the coupling between
precipitation distribution and water demand of winter wheat
was bad, the water shortage was serious during the winter
wheat growth period. Thereby, if there was no irrigation,
the winter wheat yield was very small or even no harvest.
When the irrigation amount was less than 300 mm, the winter
wheat yield was higher in the wet year than in the dry year,
and if the irrigation amount exceeded 300 mm, the difference
of winter wheat yield was not obvious under various precip-
itation years.

3.4. Winter wheat water productivity under different irrigation
schedules

The IWP of winter wheat under different irrigation sched-
ules is illustrated in Fig. 8. When the irrigation amount was
around 150 mm, the yield of each irrigation schedule under
different hydrological years was more than 2,773 kg hm?,
and its IWP was higher than 2.0 kg m~, even to 2.7 kg m=
in the wet and average years. When the irrigation amount
exceeded 150 mm, the overall IWP declined with the increase
in irrigation amount. When the irrigation amount ranged
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Fig. 7. Yield of winter wheat under different irrigation schedules. (a) Wet, (b) normal, (c) dry, (d) extremely dry, (e) average,
(f) comparison among hydrological years
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from 150 to 300 mm, the difference of the IWP was large
under different irrigation schedules. In Fig. 8(f), if fixed irri-
gation amount, for example, when the irrigation amount was
less than 300 mm, and the IWP was higher in the wet year
than in the dry year, but when the irrigation amount was
more than 300 mm, the difference of IWP was not obvious
under various hydrologic years.

Fig. 9 shows the WP of winter wheat under various irri-
gation schedules. During the growth period, when the irriga-
tion amount was less than 100 mm, the crop growth mainly
depends on limited precipitation or small irrigation to main-
tain crop water requirement, so the WP of winter wheat was
very low or even invalid water consumption. When the irri-
gation amount exceeded 150 mm, the overall WP showed an
increasing trend with the increase in the irrigation amount.
When the irrigation amount exceeded 300 mm, the increasing
trend of its WP was slow, even the decreasing trend with the

35

increase in the irrigation amount. In addition, the difference
of WP was large under different irrigation schedules when
the irrigation amount ranged from 150 to 300 mm during the
growth period of winter wheat. In Fig. 9(f), when the irri-
gation amount was less than 300 mm, the WP was higher in
the wet year than that in the dry year, but the difference of
WP was not obvious in various hydrological years when the
irrigation amount exceeded 300 mm.

3.5. Optimization of irrigation schedule

According to the 109 irrigation schedules, and taking the
maximal IWP or WP as the objective, respectively, the opti-
mal irrigation schedules of winter wheat were obtained for
various objectives and different hydrological years.

Table 6 shows the optimal irrigation schedule after taking
maximal IWP as the objective. The irrigation amount pretime
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Fig. 9. WP of winter wheat under different irrigation schedules. (a) Wet, (b) normal, (c) dry, (d) extremely dry, (e) average,
(f) comparison among hydrological years

Table 6
Optimization of irrigation schedule after taking maximal IWP as the objective
Hydrological Irrigation regimes ET (mm) IWP(kgm?® WP (kgm?®  Yield (kg hm=?)
year Irrigation frequency  Irrigation amount (mm)
Wet 2 140 402 3.79 1.32 5,294
Normal 2 180 332 212 1.15 3,821
Dry 2 200 370 2.85 1.54 5,708
Extremely dry 2 220 351 2.53 1.58 5,557
Average 2 160 387 3.72 1.54 5,959
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Table 7

Optimization of irrigation schedule after taking maximal WP as the objective

Hydrological year Irrigation regimes ET (mm) IWP (kgm?® WP (kgm?®) Yield (kg hm?)
Irrigation frequency  Irrigation amount (mm)

Wet 3 240 433 2.87 1.59 6,905

Normal 3 300 430 2.30 1.60 6,895

Dry 3 330 410 2.06 1.66 6,784

Extremely dry 3 330 404 2.04 1.66 6,727

Average 3 270 424 2.57 1.64 6,926

ranged from 70 to 110 mm under various hydrological
years, with the irrigation frequency of two times. When the
irrigation amount ranged from 140 to 220 mm, the water con-
sumption varied with 332-402 mm, and the IWP of winter
wheat reached the peak, in the range of 2.53-3.79 kg m™.
Moreover, the irrigation amount and the IWP were lower in
the dry year than in the wet year.

The optimal irrigation schedule is shown in Table 7 after
taking maximal WP as the objective. The irrigation amount
pretime ranged from 80 to 110 mm in various hydrological
years, with the irrigation frequency of three times. When
the irrigation amount ranged from 240 to 330 mm, the water
consumption varied with 404433 mm, and the WP reached
the peak, in the range of 1.59-1.66 kg m=. Furthermore, the
WP was greater in the dry year than in the wet year.

4. Conclusions

In summary, the following conclusions can be drawn
from our study:

¢ The Aquacrop model can simulate the dynamic change of
the soil water content and the crop growth process during
the growth period of winter wheat, and final biomass and
yield under various irrigation schedules in North China
Plain accurately.

* Along with the increase in irrigation amount, the propor-
tion of irrigation in water consumption increased. When
the water consumption was increased about 500 mm, the
increasing trend of the water consumption slowed down
or even decreased.

*  When the irrigation amount ranged from 150 to 300 mm,
the yield and WP increased with the increase in irrigation
amount. When the irrigation amount exceeded 300 mm,
the increasing trend of the yield and WP slowed down or
even decreased.

*  When the irrigation amount ranged from 150 to 300 mm,
the differences in the yield, IWP, and WP were larger.
When the irrigation amount was less than 300 mm, the
water consumption, yield, and IWP and WP were lower
in the dry year than in the wet year.

¢ The optimization of irrigation schedule under different
hydrological years shows that the yield reached 3,821-
5,959 kg hm™ with irrigation frequency of two times
and irrigation amount of 140-220 mm after taking max-
imal IWP as the objectives, and the yield reached 6,727-
6,926 kg hm™ with irrigation frequency of three times and

the irrigation amount of 240-330 mm after taking maxi-
mal WP as the objectives.
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