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ABSTRACT. Deficit irrigation has been shown to increase crop water use efficiency (WUE) under certain conditions, even
though the yield is slightly reduced. In this study, the Root Zone Water Quality Model (RZWQOM) was first calibrated with
measured data from a large weighing lysimeter from 1998 to 2003 at the Yucheng Experimental Station in the North China
Plain for daily evapotranspiration (ET), soil water storage (0-120 cm), leaf area index (LAI), aboveground biomass, and
grain yield. The calibrated model was then used to explore crop responses to ET-based irrigation management using
weather data from 1958 to 2015 and identify the most suitable ET-based irrigation schedules for the area. Irrigation amount
was determined by constraining irrigation to a percentage of potential crop ET (40%, 60%, 80%, and 100% ET.) at the
various growth stages of wheat [planting to before winter dormancy (P-D), green up to booting (G-B), booting to flowering
(B-F), and flowering to maturity (F-M)] and of maize [planting to silking (P-S) and silking to maturity (S-M)], subject to
seasonal water availability limits of 100/50, 200/100, 300/150, and 400/200 mm and no water limit for wheat/maize seasons,
respectively. In general, wheat was more responsive to irrigation than maize, while greater influence of weather variation
was simulated on maize than on wheat. For wheat with seasonal water limits, the highest average WUE was simulated with
the highest targeted ET. levels at both the G-B and B-F stages and lower targeted ET. levels at the P-D and F-M stages.
However, the highest average grain yield was simulated with the highest targeted ET, levels at all four growth stages for
no water limit and the 400 mm water limit, or at both the G-B and B-F stages for the 300 and 200 mm water limits. For
maize, lower targeted ET. levels after silking did not significantly affect maize production due to the high season rainfall,
but irrigation of 60% ET. before silking was recommended. These results could be used as guidelines for precision irrigation
along with real-time weather information.
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ater is the main limiting factor for crop yield

in semiarid or water-limited areas, such as the

North China Plain. Thus, irrigation is neces-

sary to maintain high yield in such areas. As
a result, excessive exploitation of groundwater and surface
water is threatening the sustainability of agricultural produc-
tion in these regions (Liu et al., 2001; Scanlon et al., 2012).
Many studies have been carried out to investigate how to
better manage limited irrigation water in arid or semiarid ar-
eas (Geerts and Raes, 2009; Fang et al., 2010a; Kang et al.,
2017). Deficit or limited irrigation (Geerts and Raes, 2009;
Du et al., 2015) has been evaluated for different crops, e.g.,
maize (Mansouri-Far et al., 2010; Gheysari et al., 2017) and
wheat (Zhang et al., 2004; Tari, 2016). Deficit irrigation has
also been scheduled based on various indicators, such as soil
water balance, crop water stress indices, and evapotranspira-
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tion (ET), to increase water use efficiency (WUE) without
substantially reducing crop yield (Hedley and Yule, 2009).
Identifying the most sensitive growth stages to water
stress and the optimal irrigation levels (water stress inten-
sity) at these growth stages are the keys to effectively apply-
ing deficit irrigation (Fereres and Soriano, 2007). In the
North China Plain, Fang et al. (2007) found that a single ir-
rigation at the jointing stage of wheat produced higher crop
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yield than applying water at the booting or grain filling
stages based on a two-year field experiment. In the same re-
gion, Zhang et al. (2013) investigated the crop performance
under limited water supply from 2005 to 2011 and found that
a single irrigation after the recovering stage (green up) of
wheat resulted in higher yield and WUE than water applied
at planting for a good start of crop growth. In Nebraska,
based on a two-year experiment at different irrigation levels
(100%, 75%, 60%, and 50% of full irrigation treatment),
Djaman and Irmak (2012) found that 60% or 75% of full
irrigation treatment produced similar crop yield and WUE
but saved 40% or 25% of the irrigation water, respectively,
compared with the full irrigation treatment. In another
study, Aydinsakir et al. (2013) found that the highest irri-
gation use efficiency was obtained for the 50% of full irri-
gation treatment, while the highest maize yield was pro-
duced under the 100% irrigation treatment. These field ex-
periments provided useful guidelines for improving WUE
with limited irrigation, but they showed high variability in
crop yield and WUE due to variabilities of weather (espe-
cially precipitation), soil type, and agronomic practices
across different regions (e.g., Zwart and Bastiaanssen,
2004; Fang et al., 2010a).

To address these issues, crop models have been used to
explore deficit irrigation strategies for improving crop yield
and WUE across various climate and soil conditions, such as
APSIM (Kloss et al., 2012), AquaCrop (Steduto et al., 2009),
CROPSYST (Marsal and Stockle, 2012), DSSAT-CERES-
Wheat (He et al., 2013), and RZWQM (Fang et al., 2010a;
Saseendran et al., 2008). In an early study in California,
Stockle and James (1989) used CROPSYST to evaluate the
effects of different irrigation schedules on maize yield and
net income. They found that a slight water deficit produced
higher net benefits than full irrigation, but severe deficits re-
duced grain yield obviously. In the North China Plain, irri-
gation schedules for wheat and maize were optimized for
higher WUE and less decline in the groundwater table using
long-term simulations with APSIM (Chen et al., 2010; Sun
etal.,2015) and RZWQM (Fang et al., 2010b, 2013). Similar
simulation studies on evaluating deficit irrigation strategies
were carried out using the DSSAT-CERES-Maize model in
the U.S. (He et al., 2013; Kisekka et al., 2016) and the Ag-
uaCrop model in Bolivia (Geerts et al., 2010). These studies,
however, were generally based on fixed irrigation (amount
and timing), and did not reflect the crop water requirement
across seasons as influenced by weather variability and
crop growth. ET-based irrigation schedules have rarely
been studied in the North China Plain, especially using
long-term simulations with agricultural system models.
The objectives of this study were to use the calibrated
RZWQM model to simulate crop water use and production
in response to various ET-based irrigation levels at differ-
ent growth stages of wheat and maize under different sea-
sonal water limits, and to identify the optimal ET-based ir-
rigation schedules for wheat and maize under seasonal irri-
gation water limits.
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Table 1. Monthly precipitation (mm) during the experimental period
from 1998 to 2003 or averaged from 1958 to 2015 at the Yuncheng
Experimental Station in the North China Plain.

1998-  1999- 2000- 2001-  2002-
Crop Month 1999 2000 2001 2002 2003 Avg.
Winter  Oct. 9 61 104 29 9 39
wheat  Nov. 0 11 0 4 0 18
Dec. 0 0 0 2 13 7
Jan. 0 12 40 3 4 4
Feb. 0 12 25 0 1 7
Mar. 19 1 4 27 13 10
Apr. 21 24 16 45 177 31
May 55 23 3 44 15 40
June 99 55 164 56 66 70
Maize  July 78 182 92 43 143 174
Aug. 24 198 37 19 84 125
Sept. 33 107 81 43 49 61

MATERIALS AND METHODS
SITE DESCRIPTION

The field experiments were conducted from 1998 to 2003
at the Yucheng Experimental Station in the North China
Plain (36° 50" N, 116° 34" E, 28 m above mean sea level),
one of 36 agricultural ecosystem stations of the Chinese Eco-
logical Research Network (CERN). Wheat and maize are the
main crops in the region and are generally rotated with each
other. The growing season is from early October to early
June of the next year for wheat and from mid-June to late
September for maize. The silt loam soil is formed from sed-
iments carried by the Yellow River and is rich in phosphorus
and potassium. Detailed information on the experimental
site can be found in Fang et al. (2010b, 2014a) and Yu et al.
(2006). Annual mean air temperature and daily solar radia-
tion at Yucheng from 1958 to 2015 was 13.7°C and 11.3 MJ
m? d!, respectively.

Influenced by the monsoon climate, the area is character-
ized by high temperatures and high rainfall in the summer,
with mean annual rainfall of 586 mm (1958 to 2015; table 1).
Most of the rainfall (70% to 80%) occurs from July to late
September (maize season), while only 20% to 30% occurs
from October to early June during wheat season, resulting in
severe water deficits for wheat in the region (Fang et al.,
2010a). The monthly rainfall from 1998 to 2003 is generally
comparable with the long-term averaged data (table 1), except
for the maize season in 2002 with rainfall of 105 mm, which
was lower than the average value (360 mm) for the area.

LYSIMETER EXPERIMENT AND DATA MEASUREMENTS
The large weighing lysimeter at the Yucheng Experi-
mental Station has a surface area of 3.14 m? (2 m interior
diameter) and a cylindrical soil column to a depth of 5 m
below the ground. The soil column weight was measured
twice a day at 8:00 a.m. and 8:00 p.m. using a weighing sys-
tem with a sensitivity of 60 g (0.02 mm). The surface area of
3.14 m? was used to calculate ET from the lysimeter, which
may be smaller than the actual effective area of the lysime-
ter, especially during the middle to later growth stages and
result in overestimation of ET, as discussed by Allen et al.
(2011). A detailed description of the lysimeter experiment
was given by Yang et al. (2007). Winter wheat (variety
Zhixuan 1) and maize (variety Yedan 22) were planted in
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early October and mid-June, respectively. Management
practices, such as planting density, tillage, irrigation, and fer-
tilizer management, were similar across years according to
the management practices of local farmers in the area. In
general, three irrigations (>300 mm in total) were uniformly
surface applied by hand at the planting, jointing, and booting
stages of wheat, respectively, and one irrigation was applied
at planting (about 80 mm) for maize because rainfall was
generally enough for maize growth. The total irrigation and
rainfall were adequate for crop water requirements.

Soil water content in the 0-120 cm depth was measured
with a neutron probe at 10 cm intervals in the middle of the
lysimeter. Leaf area index (LAI) and aboveground biomass
of the same crop in the field adjacent to the lysimeter were
measured at five to seven day intervals. Final grain yield at
harvest was measured in the lysimeter and in the field adja-
cent to the lysimeter. Detailed information on the data meas-
urements can be found in Yu et al. (2006) and Liu and Luo
(2010). Meteorological data, including daily minimum and
maximum temperatures, relative humidity, rainfall, wind
speed, and solar radiation, were collected from a meteoro-
logical station at the site. The measured lysimeter data from
1998 to 2003 were used in the study.

RZWQM MODEL

The Root Zone Water Quality Model (RZWQM?2) with
the DSSAT 4.0 crop modules were used in this study (Ma et
al., 2006). The model uses the Green-Ampt equation to esti-
mate infiltration and the Richards equation to estimate soil

water redistribution. The modified Brooks-Corey equations
(Brooks and Corey, 1964) were used to describe the soil wa-
ter retention curve. Based on previous studies at the Yucheng
Experimental Station (Yu et al., 2006; Fang et al., 2010b),
we used soil water content at 333 kPa to estimate Brooks-
Corey parameters, as described by Fang et al. (2014b). Soil
hydraulic conductivity in the model can be estimated based
on effective porosity (Ahuja et al., 1989) or from mean val-
ues of soil texture class (Rawls et al., 1982). Two water
stress factors, turgor factor (TURFAC) and soil water factor
(SWFACQC), were calculated based on potential root water up-
take and crop potential transpiration in the model, and the
detailed calculations for the water stress factors can be found
in Ma et al. (20006).

The model provides options to calculate daily potential
evapotranspiration (PET) based on the Shuttleworth-Wal-
lace method (Shuttleworth and Wallace, 1985), which is
used as a surrogate for potential crop ET (ET.) to determine
the irrigation requirement. Actual irrigation amount is calcu-
lated from a percentage of ET. less the rainfall amount oc-
curring between irrigation events and is also constrained by
soil water holding capacity. Based on the results of an ET-
based deficit irrigation experiment, Ma et al. (2012) found
that the RZWQM2-simulated PET was consistent with the
PET estimated from the reference ET and crop coefficient,
and the simulated irrigation amounts and crop yield for these
irrigation schedules were also in good agreement with meas-
ured data. The irrigation interval and seasonal amount limit
can be set as inputs for the ET-based irrigation management

Table 2. Initial values, ranges, and final values of soil water content at 333 kPa (813) and saturated hydraulic conductivity (KG.,) used for calibrating

RZWQM at the Yucheng Experimental Station.

Soil Layer Bulk Density Ky (cm hh 0,5 (m> m?)
(cm) Soil Type (g cm™) Initial® Range Final Initial® Range Final
0-10 Loam 1.423 5.5 0.1to 10 1.14 0.19 0.15t0 0.27 0.26
10-30 Loam 1.423 1.32 0.1to 10 0.46 0.23 0.20 to0 0.30 0.28
30-60 Loam 1.423 1.20 0.1to 10 0.64 0.27 0.24 t0 0.35 0.31
60-90 Silty loam 1.32 0.68 0.1to5 0.45 0.29 0.24 t0 0.35 0.32
90-120 Silty loam 1.32 0.50 0.1to5 0.63 0.30 0.24 t0 0.35 0.27
120-180 Silty loam 1.32 0.32 0.1to5 0.73 0.29 0.24 t0 0.35 0.27
180-250 Sandy loam 1.42 0.32 0.1to5 1.35 0.25 0.20 to 0.30 0.21

[a] nitial values and ranges based on previous studies at the Yucheng Experimental Station (Fang et al., 2010b, 2014a; and Yu et al., 2006).

Table 3. Initial and final values of crop cultivar genetic parameters for calibrating RZWQM at the Yucheng Experimental Station (values in

parentheses are ranges used for calibration).

Initial® Final (Range)

Wheat parameters

P1V Days at optimum vernalizing temperature required to complete vernalization (days). 50 45 (25 to 70)
P1D Relative amount by which development is slowed when plants are grown in a photoperiod that is 60 57 (25 to 70)
1 h shorter than the optimum (photoperiod response parameter, %).
P5 Relative grain filling duration based on thermal time (degree days above a base temperature of 1°C). 430 440 (400 to 500)
Gl Kernel number per unit weight of stem (less leaf blades and sheaths) plus spike at anthesis (g). 27 23 (15to 45)
G2 Kernel filling rate under optimum conditions (mg d™). 25 21 (20 to 35)
G3 Non-stressed dry weight of a single stem (excluding leaf blades and sheaths) and spike when 1 2(0.5t03)
elongation ceases (g).
PHINT  Phyllochron interval (°C). 85 80 (75 to 90)
Maize parameters
P1 Thermal time from seedling emergence to the end of juvenile phase during which the plants are 230 236 (130 to 300)
not responsive to changes in photoperiod (degree days).
P2 Extent to which development is delayed for each hour increase in photoperiod above the longest 0.4 0.36 (0.2t0 0.7)
photoperiod at which development is at maximum rate.
P5 Thermal time from silking to physiological maturity (degree days). 830 700 (600 to 1000)
G2 Maximum possible number of kernels per plant. 760 796 (600 to 1000)
G3 Grain filling rate during the linear grain filling stage and under optimum conditions (mg d™"). 6 8.5(4to 15)
PHINT  Phyllochron interval (degree days). 39 38 (35 to 50)
(o] Tnitial values and ranges based on previous studies at the Yucheng Experimental Station (Fang et al., 2010b, 2014a; Yu et al., 2006).
60(6): 2053-2065 2055



option in the model. The ET-based irrigation scheduling
method was applied to derive better targeted irrigation levels
for maize in northeastern Colorado (Fang et al., 2014b).

MODEL SIMULATIONS

The initial soil hydraulic parameters (table 2) and crop
parameters (table 3) were based on previous studies at the
Yucheng Experimental Station (Fang et al., 2010b, 2014a;
Yu et al., 2006). Soil nutrient parameters were set according
to Fang et al. (2010b). Because the model was calibrated at
the Yucheng Experimental Station under different experi-
mental treatments, these parameters were considered reason-
able for the current experimental conditions. However, we
manually adjusted these parameters within narrow ranges to
further improve the model simulations using the trial-and-
error method. Specifically, based on a previous study at the
experimental site (Fang et al., 2010b), the model was first
calibrated with measured data, including soil water content
in the 0-120 cm depth, aboveground biomass, LAI, and grain
yield, from the lysimeter experiment with full irrigation from
1998 to 2003. After calibration, the model-simulated daily
ET values were compared with measured daily ET from the
lysimeter during this period.

After calibration, the model was run from 1958 to 2015
under different deficit irrigation levels at different crop
growth stages to investigate crop water use and production.
Based on the crop growth phenology information (Xiao et
al., 2013; Liu and Luo, 2010) and the common irrigation
management by local farmers in the area, four growth stages
were selected for winter wheat: planting to before winter
dormancy (P-D), green up to booting (G-B), booting to flow-
ering (B-F), and flowering to maturity (F-M). No irrigation
was applied during the winter dormancy period. To account
for the changes in these growth stages associated with
weather variations, the long-term simulated dates for these
wheat growth stages from 1958 to 2015 were used. Specifi-
cally, the simulated date from 1958 to 2015 for dormancy,
green up, booting, flowering, and maturity were set as 61 to
72 days after planting (DAP) (4-17 December), 133 to 144
DAP (13-24 February), 180 to 194 DAP (3-17 April), 204 to
219 DAP (29 April to 12 May), and 235 to 246 DAP
(27 May to 7 June), respectively. Similarly, for the maize
seasons, two growth stages before and after the simulated
silking date (6-12 August, 51 to 57 DAP) were selected. In-
itial soil water content at planting was set for each year at
70% field water capacity in the 0-120 cm soil depth, based
on the averaged long-term simulations under rainfed condi-
tion from 1958 to 2015, to eliminate its effects on soil water
use and crop growth across seasons.

For the long-term simulations, winter wheat and maize
were planted on 5 October and 15 June, respectively, each
year and harvested on 7 June and 27 September, respec-
tively, each year, according to the prevailing practice in the
area. Furrow irrigation is the main irrigation method,
adopted by about 70% of farmers in northern China (Blanke
et al., 2007), and was implemented every five days during
the selected growth stages according to a recent study on op-
timizing irrigation intervals for ET-based irrigation schedul-
ing (Mbabazi et al., 2017). Other management information,
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such as planting density, row spacing, fertilizer application,
and tillage, were set according to experimental management.
Irrigation was scheduled to meet a certain percentage of crop
potential ET (ET.) demand estimated by the Shuttleworth-
Wallace method (i.e., 40%, 60%, 80%, and 100% ET,) dur-
ing the crop growth stages (four growth stages for winter
wheat and two growth stages for maize). The number of sce-
narios was 256 for winter wheat (e.g., 40/40/40/40 denotes
targeting 40% ET. during each of the four growth stages of
wheat) and 16 for maize (e.g., 40/40 denotes targeting 40%
ET. during planting to silking (P-S) and silking to maturity
(S-M), respectively). These scenarios were simulated either
without a seasonal irrigation limit or with seasonal water
limits of 400, 300, 200, and 100 mm for wheat and 200, 150,
100, and 50 mm for maize. The total scenarios were 256 x
5= 1024 for wheat and 16 x 5 = 80 for maize. A program
was developed to write the model input data for all these sce-
narios, which were run with the batch simulation option from
the model interface.

STATISTICAL CRITERIA

To evaluate the model performance, mean difference
(MD), root mean squared error (RMSE), relative RMSE
(RRMSE), Nash-Sutcliffe model efficiency (ME; Nash and
Sutcliffe, 1970), and coefficient of determination (R?) were
used.

RESULT AND DISCUSSION
MODEL CALIBRATION

For model calibration, the simulated soil water storage
(SWS) in 0-120 cm soil profiles showed good response to
water inputs (rainfall plus irrigation) and similar trends with
measured data in the lysimeter experiment from 1998 to
2003 (fig. 1a). The corresponding RMSE, R?, ME, and
RRMSE values for simulated SWS were 33 mm, 0.25, 0.18,
and 0.10, respectively (fig. la and table 4). SWS was over-
simulated during the maize seasons (June to September in
2001), probably due to the under-simulated ET (fig. 1e). The
under-simulated SWS during the winter (December to Feb-
ruary) in 2001 and 2003 was consistent with a previous sim-
ulation study at the site (Fang et al., 2010b). The statistical
results for simulated SWS in table 4 were comparable with
the previous RZWQM simulation studies at the site with
RMSE values of 30 to 50 mm (Yu et al., 2006; Fang et al.,
2010b, 2014a).

The simulated aboveground biomass was close to the
measured data across the crop seasons (fig. 1b), except for
under-simulations for maize in 1999 and over-simulations
for maize in 2001 and for wheat in 2002 during the calibra-
tions. The simulated LAI values were generally higher than
measured for the wheat seasons, especially during the later
growth stages (fig. 1c). Similar simulation results with
RZWQM at the experimental site were reported by Fang et
al. (2014a). The simulated LAI values were closer to the
measured data for the maize seasons than for wheat (fig. 1c).
The overall RMSE, R, ME, and RRMSE values from 1998
to 2003 were, respectively, 1979 kg ha'!, 0.87, 0.86, and 0.31
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Figure 1. Comparisons between (a) soil water storage in 0-120 cm profile (SWS, mm), (b) aboveground biomass (Mg ha™), (¢) leaf area index (LAI,
m’ m?), (d) final grain yield (Mg ha™), and (e) daily evapotranspiration (ET, mm) simulated by RZWQM and observed from lysimeter experiments
in wheat (January to June) and maize (July to October) rotations from 1998 to 2003 (water input includes rainfall and irrigation).

for aboveground biomass and 1.40 m?> m?, 0.57, -0.01, and
0.60 for LAI (table 4). These results are comparable with
previous simulation studies with RMSE values of 1500 to
3800 kg ha' (RRMSE values of 0.23 to 0.47) for above-
ground biomass and RMSE values of 0.88 to 1.34 m?> m™
(RRMSE values of 0.38 to 0.87) for LAI at the site (Yu et
al., 2006; Fang et al., 2014a).

Grain yield was slightly over-simulated by 360 kg ha’!,
with RMSE, R?, ME, and RRMSE values of 798 kg ha’!,
0.78, 0.60, and 0.15, respectively, for the calibration period
from 1998 to 2003 (fig. 1d and table 4). Over-simulations
occurred in the maize seasons of 2000 (15%), 2001 (29%),
and 2002 (14%) (fig. 1d). Similar crop yield simulations
were previously obtained at the experimental site, with
RMSE values of 455 and 950 kg ha'!' for wheat and maize,

respectively (Fang et al., 2014a; Yu et al., 2006). The simu-
lated anthesis and maturity dates for both wheat and maize
were close to the observed data for 1998 to 2003, with MD
values of -1.1 and -3.6 days, respectively, which are compa-
rable with the simulation results of Fang et al. (2010b).

The calibrated model produced daily ET values close to
the 1998 to 2003 measured lysimeter data, with RMSE, R?,
and ME values of 1.4 mm d"!, 0.58, and 0.56, respectively
(table 4 and fig. 1e). A detailed comparison of the simulated

Table 5. Comparisons of daily evapotranspiration (ET, mm) simulated
by RZWQM and measured by fully irrigated lysimeter experiments
across different crop seasons from 1998 to 2003 (ET»= mean measured
daily ET, ETs= mean measured simulated ET, MD = mean difference,
RMSE = root mean square error, R? = coefficient of determination,
ME = model efficiency, and RRMSE = relative RMSE).

Crop Season ET, ET, MD RMSE R? ME RRMSE
1999
Table 4. Statistical results (MD = mean difference, RMSE = root mean Winter wheat 1.97 174 -023 109 0.75 0.71 0.56
square error, R? = coefficient of determination, ME = model efficiency, Maize 355 326 -028 1.14 0.62 0.59 0.32
and RRMSE = relative RMSE) for RZWQM-simulated soil water 2000
storage (SWS, mm), leaf area index (LAI, m’> m?), aboveground Winter wheat 1.81 1.60 -0.21 086 0.75 0.73 0.48
biomass (AGB, kg ha™), final grain yield (GY, kg ha!'), and daily and Maize 420 3.05 -1.15 1.60 049 0.03 0.38
seasonal evapotranspiration (ET, mm) based on lysimeter experiments 2001
from 1998 to 2003 at the Yucheng Experimental Station. Winter wheat 2.12  1.70 -042 1.18 0.67 0.62 0.56
MD RMSE R? ME RRMSE Maize 350 321 -029 155 030 0.19 0.44
SWS 3 34 0.25 0.18 0.10 2002
LAI 0.88 1.40 0.57 -0.01 0.60 Winter wheat 1.61 1.88 0.27 094 0.71 0.68 0.58
AGB 531 1979 0.87 0.86 0.31 Maize 285 3.66 0.81 150 044 -035 0.53
GY 360 798 0.78 0.60 0.15 2003
Daily ET -0.3 1.4 0.58 0.56 0.56 Winter wheat 223 1.74 -0.49 0.86 0.80 0.50
Seasonal ET -35 68 0.24 -0.41 0.17 Maize 3.14 249 -0.65 0.22 0.10 0.60
60(6): 2053-2065 2057



and measured daily ET is shown in table 5. The daily ET was
generally under-simulated, as shown by the negative MD
values, except for the wheat and maize seasons in 2002 (ta-
ble 4). Similar results were reported by Fang et al (2014a),
and high measured daily ET from the lysimeter may be due
to several factors, such as “bloom effect” and errors in cal-
culating the effective area of the lysimeter, as discussed by
Allen et al. (2011). The daily ET was generally over-simu-
lated during early wheat seasons (January to March) and
later maize seasons (September to October) and under-sim-
ulated during middle to late wheat seasons and early maize
seasons (fig. 1e). The RMSE and RRMSE values for the sim-
ulated daily ET across these seasons ranged from 0.86 to
1.87 mm d!' and from 0.32 to 0.60, respectively (table 5).
This result is comparable with previous daily ET simulation
results at the site, with RMSE (RRMSE) values of 1.80 to
2.64 mm d!' (0.46 to 0.75) (Fang et al., 2014a) and 1.14 to
1.91 mm d"! (0.47 to 0.65) (Yu et al., 2006). The inadequate
simulation of daily ET for the maize seasons may be partly
due to inaccurate soil moisture and crop growth simulations
in the maize seasons (fig. 1). The lysimeter surface area

(3.14 m?) used to calculate daily ET may be less than the
effective area of canopy cover during August, which would
also result in over-calculated ET in the lysimeter.

OPTIMIZING ET-BASED IRRIGATION SCHEDULING
IN WHEAT SEASONS
Unlimited Seasonal Water Availability

When deficit irrigation was applied at only one of the four
growth stages during the wheat seasons, the simulated grain
yields across the seasons generally increased with targeted
ET, levels at the G-B or B-F growth stages, but simulated
yields increased only slightly with targeted ET. levels at the
P-D or F-M growth stages (fig. 2a). Similar results were ob-
tained for simulated WUE across the seasons (fig. 2b), where
simulated WUE decreased as the targeted ET. levels in-
creased at the P-D or F-M growth stages. Increasing the tar-
geted ET, levels (reducing water stress) at the four growth
stages of wheat reduced the variations in simulated crop
yield and WUE across seasons (fig. 2). Little or no reduction
in simulated average wheat yield for the lowest (40%) tar-
geted ET, level at the F-M growth stage was mainly due to
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Figure 2. Box plots for simulated (a) crop yield (Mg ha') and (b) water use efficiency (kg ha' mm™) across seasons when water stress occurred at
only one of the four growth stages for wheat (P-D = planting to dormancy, G-B = green up to booting, B-F = booting to flowering, and F-M =
flowering to maturity) or at one of the two growth stages for maize (P-S = planting to silking and S-M = silking to maturity) based on long-term
simulations for 1958 to 2015 under unlimited water conditions 40, 60, and 80 indicate targeted 40%, 60%, and 80% potential crop ET, and 100
indicates targeted 100% potential crop ET with no water stress for wheat and maize.The box plots show Sth, 25th, 50th, 75th, and 95th percentiles.
The dots and lines in the boxes indicate the mean and median values across years, respectively. The crosses indicate the minimum and maximum

values across years.
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the simulated moderate soil water content during the period
(64% field capacity averaged from 1958 to 2015 for the
100/100/100/40 irrigation levels). This result was mainly
due to the relatively high rainfall amounts during May and
June (table 1) and high residual soil water content from the
previous growth stage (B-F) with the 100% targeted ET.
level.

These results indicate that the winter wheat growth stages
most sensitive to water stress were the middle stages (G-B
and B-F). Field experiments also demonstrated that wheat
growth was most sensitive to water stress at the jointing
stage (Zhang et al., 1999; Fang et al., 2007) and the booting
stage (Bian et al., 2016; Araya et al., 2017), while other ex-
periments showed that limited irrigation at other growth pe-
riods (pre-planting or grain filling) produced high grain yield
and WUE (Zhang and Oweis, 1999; Li et al., 2005). The
growth stage most sensitive to water stress varied among
these short-term (one to three years) experiments, as dis-
cussed by Fang et al. (2010a), and was demonstrated by the
simulated high variations in crop yield and WUE across dif-
ferent seasons (fig. 2). Based on figure 2, reasonable irriga-
tion levels for achieving both high crop yield and WUE
should be at or above 80% ET. for the G-B and B-F growth
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stages and below 60% ET. for the P-D (early) and F-M (late)
growth stages for wheat. In a previous field study on limited
irrigation based on soil water deficit, Kang et al. (2002) also
found that mild to severe soil water depletion at the early
growth period and maturity of winter wheat was optimal for
deficit irrigation scheduling in the Loess Plateau of China.

Contour plots (fig. 3) were used to explore the effects of
these targeted ET, levels at any two of the four growth stages
on one crop variable (e.g., grain yield and WUE). The simu-
lated average wheat yield across seasons increased from
1848 kg ha'! at targeted 40% ET. levels to 4829 kg ha™! at
targeted 100% ET. levels at the four growth stages (fig. 3a).
Much more increase in grain yield occurred with the targeted
ET, levels at the G-B and B-F stages than at the P-D and F-
M stages. Grain yield was greater than 4500 kg ha™! (white
areas in fig. 3a) with targeted levels of 100% ET. at the G-B
and B-F stages and with targeted levels of 40% ET. at the P-
D and F-M stages. The targeted ET. levels at both the G-B
and B-F stages to obtain grain yield higher than 4500 kg
ha! were reduced to 60% to 80% ET, levels when irrigation
at the other two stages (P-D and F-M) was increased to 100%
ET. (white areas in fig. 3a).

The simulated average irrigation requirement and ET
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Figure 3. Responses of averaged (a) crop grain yield (GY, Mg ha™), (b) water use efficiency (WUE, kg ha' mm™), (c) irrigation amount (mm), and
(d) evapotranspiration (ET, mm) across seasons to the various targeted ET levels (40% to 100% potential crop ET) at the four growth stages of
wheat (P-D = planting to dormancy, G-B = green up to booting, B-F = booting to flowering, and F-M = flowering to maturity) based on long-term

simulations for 1958 to 2015 under the no water limit condition.
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Table 6. The selected most reasonable irrigation schedules with mean values of irrigation amount, grain yield (GY), evapotranspiration (ET), and
water use efficiency (WUE) when water stress occurred at the four stages of wheat (e.g., 40/40/40/40 denotes targeting 40% potential crop ET
(ET.) level at planting to dormancy, green up to booting, booting to flowering, and flowering to maturity, respectively) or at the two stages of
maize (e.g., 40/40 denotes targeting 40% ET. level at planting to silking and at silking to maturity, respectively) based on long-term simulations
with RZWQM under the no water limit condition, under 400, 300, 200, and 100 mm seasonal water available levels for wheat, and under 200, 150,

100, and 50 mm seasonal water available levels for maize.

Water Limit Targeted ET. Levels Irrigation GY ET WUE
Crop (mm) (%) (mm) (kg ha™") (mm) (kg ha! mm™)
Wheat No limit 100/100/100/100 502 4751 621 7.7
100/100/100/40 411 4751 561 8.5
40/100/100/40 348 4500 499 9.1
40/100/80/40 320 4367 475 9.3
40/80/80/40) 294 3976 449 8.9
400 40/100/100/40 336 4476 489 9.2
300 40/100/100/40 289 4299 454 9.5
200 40/100/100/40 196 3271 379 8.6
100 40/100/100/40 96 1700 287 5.8
Maize No limit 100/100 173 5716 402 14.2
100/60, 100/80 165 5715 401 14.3
80/80, 80/60 140 5629 390 144
200 100740, 100/60, 100/80 141 5603 389 14.3
150 80/100 118 5486 382 14.3
100 60/100 87 5229 368 14.1
50 100740, 100/60, 100/80 47 4905 347 13.9

across seasons with no water limit increased from 175 and
328 mm for the 40/40/40/40 irrigation scenario to 504 and
625 mm, respectively, for the 100/100/100/100 irrigation
scenario (figs. 3¢ and 3d). The simulated irrigation require-
ments reached 200 mm with targeted ET. levels of
40/60/60/40, 300 mm with targeted levels higher than 80%
ET, at two of the four growth stages, and 400 mm with tar-
geted levels higher than 60% ET. at all four growth stages
(fig. 3c). The simulated irrigation requirement and ET for
high targeted ET, levels were generally higher than the val-
ues measured in field experiments (Fang et al., 2007; Zhang
et al., 2006) and simulated under uniform irrigation manage-
ment in the area (Chen et al., 2010; Fang et al., 2010b, 2013).
One main reason for the discrepancy was the high soil water
content across the seasons with high irrigation levels and
short irrigation intervals (five days), which resulted in high
soil evaporation, especially during early and later growth
stages. For example, targeting ET. levels of 100/40/40/100
with 328 mm of irrigation resulted in soil evaporation of
188 mm, while targeting ET. levels of 40/100/80/40 with
322 mm of irrigation produced only 147 mm of soil evapo-
ration. The corresponding crop yield and WUE were, respec-
tively, 2070 kg ha™! and 4.6 kg ha”! mm' for 100/40/40/100
and 4450 kg ha! and 9.4 kg ha! mm for 40/100/100/40.
Avoiding high irrigation levels at the early (P-D) and later
(S-M) growth stages can reduce soil evaporation and im-
prove WUE (fig. 3b), which is consistent with the results of
field experiments in the study area (Fang et al., 2007; Zhang
et al., 2004) and other semiarid areas (Kang et al., 2002).
Because the simulated average WUE across the wheat
seasons also increased more rapidly (close contour lines)
with the targeted ET. levels at the G-B stage than at the B-F
stage and decreased less with the targeted ET. level at the P-
D stage than at the F-M stage, WUE reached a maximum
value at the targeted ET. levels of 40/100/80/40 (fig. 3b).
This result was mainly due to the higher response of grain
yield to irrigation at the G-B stage than at the B-F stage
(fig. 3a) and the smaller amount of irrigation required to
meet the targeted ET. levels at the P-D stage than at the F-M
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stage (fig. 3c). The above simulation results (figs. 3a and 3b)
indicate the competing goals for obtaining the highest wheat
yield and WUE under the no water limit condition. This re-
sult was mainly due to the different responses of crop yield
and WUE to ET, as confirmed by the results of field experi-
ments in the study area (Zhang et al., 2004, 2013; Fang et
al., 2007) and other semiarid regions (Xue et al., 2014).

To cope with the increased water deficit and groundwater
crisis in the North China Plain, higher WUE along with
suboptimal grain yield and reduced irrigation amounts was
preferred when optimizing irrigation schedules for wheat
(Fang et al., 2010b; Du et al., 2015). When deficit irrigation
occurred at one, two, three, and all four growth stages of
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Figure 4. Cumulative probabilities (CP) for (a and d) simulated irriga-
tion amount (mm), (b and e) grain yield (Mg ha™), and (c and f) water
use efficiency (WUE, kg ha! mm™) for 1958 to 2015 for the selected
most reasonable irrigation targets levels (table 6) under no water limits.
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wheat, the most reasonable targeted ET. levels with the high-
est WUE and suboptimal yield across seasons were
100/100/100/40, 40/100/100/40, 40/100/80/40, and 40/80/
80/40, respectively (table 6). The irrigation requirements be-
low 400 mm occurred in 47%, 78%, 89%, and 95% of the
simulated seasons from 1958 to 2015, respectively, for these
four irrigation scenarios (fig. 4a). The 100/100/ 100/100 ir-
rigation scenario resulted in irrigation requirements higher
than 400 mm in 89% of simulated seasons (fig. 4a). The
100/100/100/40 irrigation scenario compared with the
100/100/100/100 irrigation scenario produced the same av-
erage grain yield (4750 vs. 4750 kg ha™!) but higher WUE
(8.5 vs. 7.7 kg ha'! mm™") with lower irrigation amounts (411
vs. 502 mm) across the seasons (figs. 4a, 4b, and 4c). The
simulated WUE increased further for the 40/100/100/40 and
40/100/80/40 irrigation scenarios compared with the
100/100/100/40 scenario, with reduced grain yield and irri-
gation amounts across the seasons (table 6 and figs. 4a, 4b,
and 4c¢). All of the above irrigation scenarios produced grain
yields higher than 4000 kg ha! in more than 79% of simu-
lated seasons and WUE higher than 8.0 kg ha™! mm™! in more
than 48% of simulated seasons (figs. 4b and 4c¢). Deficit ir-
rigation at all four growth stages (40/80/80/40) produced
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wheat yields lower than 4000 kg ha™! in 50% of simulation
seasons but higher WUE values than the 100/100/100/40 ir-
rigation scenario (figs. 4b and 4c).

Limited Seasonal Water Availabilities

Similar to the no water limit condition (figs. 3a, 3¢, and
3d), the highest average grain yield, irrigation amount, and
ET were also simulated with the highest targeted ET. levels
at all four growth stages (figs. 5a, 5c, and 5d). The simulated
average WUE was also maximized with the highest targeted
ET, levels at both the G-B and B-F stages and with the low-
est targeted ET. levels at both the P-D and F-M stages, which
were close to the no water limit condition when targeting the
same ET. levels at these stages (fig. 5b vs. fig. 3b). When
targeting 60% or higher ET. levels at the P-D or F-M stage,
the simulated average WUE values were generally higher
with less simulated irrigation amount and ET with the
400 mm water limit (figs. 5b, 5S¢, and 5d) compared with the
no water limit condition (figs. 3b, 3¢, and 3d). The most rea-
sonable irrigation scenario was 40/100/100/40, which pro-
duced a suboptimal average wheat yield of 4476 kg ha™! but
the highest WUE 0f 9.2 kg ha”! mm™! and irrigation amounts
of 336 mm (table 6).
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Figure 5. Responses of averaged (a) crop grain yield (GY, Mg ha™), (b) water use efficiency (WUE, kg ha' mm™), (c) irrigation amount (mm), and
(d) evapotranspiration (ET, mm) across seasons to the various targeted potential crop ET levels (40% to 100% ET.) at the four growth stages of
wheat (P-D = planting to dormancy, G-B = green up to booting, B-F = booting to flowering, and F-M = flowering to maturity) based on long-term

simulations for 1958 to 2015 under the 400 mm water limit condition.
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Figure 6. Responses of averaged (a) crop grain yield (GY, Mg ha™), (b) water use efficiency (WUE, kg ha' mm™), (¢) irrigation amount (mm), and
(d) evapotranspiration (ET, mm) across seasons to the various targeted potential crop ET levels (40% to 100% ET.) at the four growth stages of
wheat (P-D = planting to dormancy, G-B = green up to booting, B-F = booting to flowering, and F-M = flowering to maturity) based on long-term

simulations for 1958 to 2015 under the 300 mm water limit condition.

With 300 mm seasonal water limits (fig. 6a), average
grain yield higher than 4000 kg ha! was simulated with tar-
geted ET, levels higher than 80% at both the G-B and B-F
stages. However, the highest average WUE values (>9.0 kg
ha"! mm™") were generally higher than that with the 400 mm
water limit (fig. 5b vs. fig. 6b). Different from the no limit
and 400 mm water limit conditions (figs. 3 and 5), the simu-
lated highest average grain yield and WUE were coincident
with the highest targeted ET. levels at the G-B and B-F
stages and the lowest targeted ET. levels at the P-D stage
(figs. 6a and 6b). The 200 mm seasonal water limit can only
meet the targeted ET. levels of 40/60/60/40 and 40/40/40/40
according to the simulated irrigation requirement with no
water limit (fig. 3c). The simulated grain yield and WUE
were also maximized when the high targeted ET. levels were
at both the G-B and B-F stages. The 100 mm seasonal water
limit, which was inadequate to meet the lowest targeted ET.
levels of 40/40/40/40 (fig. 3¢), resulted in the lowest average
grain yield (1354 to 1734 kg ha!) and WUE (4.5 to 5.7 kg
ha! mm™), with little or no response to these targeted ET.
levels. The most reasonable targeted irrigation scenarios
were 40/100/100/40 with deficit irrigation at early and later
growth stages, which produced both the highest average
wheat yield and WUE values of, respectively, 4299 kg ha!
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and 9.5 kg ha! mm™! for the 300 mm water limit, 3271 kg
ha! and 8.6 kg ha! mm™! for the 200 mm water limit, and
1734 kg ha'! and 5.7 kg ha"! mm™! for the 100 mm water limit
(table 6). Field experiments (Zhang et al., 2006; Bian et al.,
2016) and long-term model simulations (Fang et al., 2010b;
Chen et al., 2010) also showed that scheduling limited irri-
gations from early stages to middle stages of wheat increased
grain yield and WUE in the area. Quantifying the responses
of crop yield, WUE, irrigation amount, and ET to the various
targeted ET, levels at different growth stages (figs. 3 through
6) could be used to develop ET-based irrigation decision
support systems for better managing the limited irrigation
water and achieving higher WUE in the area.

OPTIMIZING ET-BASED IRRIGATION SCHEDULING
IN MAIZE SEASONS
Unlimited Seasonal Water Availability

The simulated maize yield and WUE were more sensitive
to irrigation at the P-S stage than at the S-M stage (fig. 2),
which indicates that maize was more sensitive to water stress
in the early growth period (P-S stage). The high targeted ET.
level at the P-S stage also reduced the seasonal variations in
simulated maize yield and WUE (fig. 2). Little or no reduc-
tion in simulated average yield by targeted ET. levels lower
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than 100% at the S-M stage was mainly due to the high rain-
fall during this period (186 mm for August and September;
table 1) and the high soil water content during the previous
P-S stage (174 mm for July; table 1). The reasonable targeted
ET. levels for higher yield and WUE were at or above 80%
ET. for the P-S growth stage and below 80% ET. for the
S-M growth stage. Previous studies reported that irrigation
at maize planting was required under low initial soil water
conditions in the area (Zhang et al., 2006; Fang et al.,
2010b), and irrigation during later growth periods caused lit-
tle increase in maize yield due to adequate seasonal rainfall
in the area (Zhang et al., 2006). However, in semiarid areas
with limited seasonal rainfall, meeting crop water require-
ments during the reproductive stages is very important for
obtaining higher yield and WUE (Dominguez et al., 2012;
Fang et al., 2014b). In northern Colorado, with seasonal rain-
fall of 161 mm (1992-2013), Fang et al. (2014b) explored
maize yield responses to irrigation levels of 40%, 60%, 80%,
and 100% ET. from 1992 to 2013 and found that the highest
grain yield and WUE were obtained for irrigation levels be-
tween the vegetative (before tasseling) and reproductive (af-
ter tasseling) stages of 100/100 for the no limit condition and
500 mm water limit, 80/100 for 400 mm water limit, and
60/100 for 300 mm water limit, respectively.

The simulated average grain yield, irrigation requirement,
and ET across seasons (1958 to 2015) increased from 5175
kg ha'', 93 mm, and 363 mm, respectively, at the 40/40 ET.
irrigation levels to 5716 kg ha'!, 173 mm, and 402 mm, re-
spectively, at the 100/100 ET. irrigation levels. The simu-
lated average irrigation requirements reached 100 mm with
targeted ET. levels of 40/60 and 150 mm with targeted ET.
levels of 80/80, and the corresponding average grain yields
were 5230 and 5629 kg ha™!, respectively. The most suitable
targeted ET. levels with no water limit were 100/60 and
100/80 with deficit irrigation only at the S-M stage and 80/60
and 80/80 with deficit irrigation at both the P-S and S-M
stages (table 6 and fig. 4). Simulated irrigation amounts
higher than 200 mm occurred in 22%, 33%, and 38% of sim-
ulated seasons for the irrigation scenarios of 80/60, 100/60,
and 100/100, respectively (fig. 4d). These irrigation scenar-
ios produced similar grain yields and WUE values across the
seasons (figs. 4e and 4f).

Compared with the wheat seasons, the simulated average
maize yield and WUE increased less at the targeted ET. lev-
els, mainly due to the high seasonal rainfall (average rainfall
of 411 mm) but showed higher variations across seasons
(fig. 2), indicating greater influence of weather variation on
maize than on wheat in the area. Fang et al. (2013) also iden-
tified daily air temperature and radiation, not irrigation, as
the most influencing factor for maize yield in the region. Ir-
rigation management for maize should consider the high
yearly variability in grain yield and WUE associated with
weather variations, as shown in figs. 4d, 4e, and 4f.

Limited Seasonal Water Availabilities

Similar to the no water limit condition, the selected reason-
able targeted ET. levels were also higher at the P-S stage (80%
to 100% ET,) than at the S-M stage (40% to 80% ET,) for the
200 mm water limit and produced slightly lower maize yield
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with lower irrigation amounts (table 6). However, with the
150 and 100 mm seasonal water limits, the most reasonable
targeted ET. levels for maize were 80% to 60% ET. at the P-
S stage and 100% ET. at the S-M stage (table 6). Under the 50
mm water limit, the most reasonable irrigation levels were
consistent with no limit and 200 mm water limit (table 6). This
result indicates that reasonable water stress levels (targeted
ET. levels) between the two growth stages of maize varied
with the different irrigation water constraints in the area.

CONCLUSIONS

Compared to a field lysimeter study, the model calibra-
tion resulted in acceptable simulation of daily ET, soil water,
and grain yield across seasons from 1998 to 2003. These re-
sults were generally comparable with previous simulation
studies in the area. For the long-term simulations with the
calibrated model, the simulated average crop yield, WUE,
irrigation amount, and ET responded less to irrigation in the
maize seasons than in the wheat seasons. The most sensitive
growth stages to water stress were from green up to flower-
ing for wheat (middle growth stages) and from planting to
silking for maize (early growth stages) in the area. The high-
est wheat yield across the seasons was simulated with the
highest targeted ET. levels at all four growth stages under no
limit and 400 mm water limit conditions. Under 300 and
200 mm water limits, however, the highest wheat yield was
obtained with the highest targeted ET. level at both the G-B
and B-F stages and with lower targeted ET. level at the P-D
stage. The highest average wheat WUE across the seasons
was simulated with the highest targeted ET. levels at both
the G-B and B-F stages and with the lowest targeted ET. lev-
els at the P-D stage for all water constraints. When obtaining
higher WUE is a top priority to cope with the severe irriga-
tion water deficits in the region, the most suitable ET-based
irrigation schedules for wheat are recommended as
40/100/100/40 for the 400, 300, 200, and 100 mm water lim-
its, with irrigation amounts of 336, 289, 196, and 96 mm,
respectively. During the maize seasons, higher targeted ET
levels at the P-S stage (80% to 100% ET,) than at the S-M
stage (40% to 80% ET.) are recommended for obtaining high
grain yield and WUE, with corresponding irrigation amounts
ranging from 47 to 173 mm for all water limit conditions.

The currently optimized ET-based irrigation schedules
from the long-term model simulations accounted for crop
water requirement and crop responses to water stress and
timing (selected growth stages) across or within seasons.
The advantage of ET-based irrigation scheduling over uni-
form irrigation scheduling make this method applicable in
precision irrigation using real-time weather information
(Vellidis et al., 2016). Other simple PET estimation meth-
ods, such as the Penman-Monteith equation, can be more
practical for developing ET-based irrigation schedules, but
they require real-time data on crop growth parameters (crop
coefficient) and soil water status, which are usually unavail-
able or difficult to obtain. On the other hand, ET-based irri-
gation with small irrigation intervals (five days in the study)
may induce high soil evaporation, especially at high targeted
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ET levels, and require more labor and cash inputs. Under this
condition, sprinkler or drip irrigation is needed to handle the
small irrigation amounts. ET-based irrigation may not be
reasonable during early growth stages with high soil evapo-
ration and low crop transpiration. Because ET-based irriga-
tion scheduling does not account for soil water status, future
research should consider combining this method with soil
water stress indictors to derive irrigation schedules from
crop growth simulations.
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