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ABSTRACT

Shortage of agricultural water resources and low agricultural water use efficiency (WUE, which is
the economic output per unit of water, and is divided into WUE_,, the ratio of yield to evapotranspi-
ration and WU, the ratio of yield to irrigation volume) have become important factors that restrict
agricultural development in northwest China. In the middle oasis of the Heihe River Basin (HRB), the
major causes for loss of agricultural water and low irrigation efficiency are large irrigation quotas,
the uneven spatial distribution of agricultural water resources and unreasonable irrigation schedules.
A full understanding of the spatial distribution of agricultural water consumption and water pro-
ductivity in the middle oasis of HRB is a prerequisite for improving agricultural WUE and ensuring
food production security under the premise of existing agricultural water supply. In this study, by
using the AquaCrop-RS model, the spatial distribution of water consumption and water productivity
in the middle oasis of HRB was analyzed under the current irrigation schedules. Simulations were
conducted to study the deficit irrigation scenarios in this region, preliminarily arriving at appropri-
ate irrigation quotas for different irrigation districts. A multi-objective optimization model and the
genetic algorithm NSGA-II with an elitist strategy were used in optimizing the irrigation schedule
for each irrigation unit. Irrigation schedules that meet the highest yield and the highest WUE_, for
the middle oasis were obtained. Results show that the irrigation quota of corn in the middle oasis
after irrigation schedule optimization is reduced by 0-657 mm under different irrigation schedules,
WUE,_, is increased by 4.13%-5.13% and WUE, rises by 69%-91%, thereby preliminarily achieving the
water-saving and high-yield goals for corn in the middle oasis.

Keywords: Genetic algorithm; Multi-objective optimization; Irrigation schedule optimization;

AquaCrop-RS

1. Introduction

The expected increase of population in the coming 20 y
imposes higher requirements on the security of agricultural
production; thus, sustainable development of agriculture
remains an issue for China [1]. The Heihe River Basin (HRB)
is the second-largest inland river basin in China. The mid-
dle oasis of HRB is an important grain-producing area in the
Hexi region, and the agricultural irrigation water accounts
for 84% of the total surface water [2]. The climate of HRB is
dry, and the annual rainfall is relatively small. The shortage of
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water resources especially limits agricultural development in
the region. In recent years, to restore the downstream ecolog-
ical environment, the surface water for the agricultural irri-
gation of the middle oasis has been reduced, thereby result-
ing in excessive exploitation of groundwater. Groundwater
level has been seriously degraded, and the eco-environmen-
tal problems of the middle oasis have become increasingly
apparent [3,4]. Extensive irrigation methods and unreason-
able irrigation management resulted in severe leakage losses
[5]. Therefore, developing water-saving irrigation, formu-
lating scientific management indicators for irrigation quota,
and optimizing the allocation of water resources during
crop development are important means to minimize water
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wastage, improve agricultural water use efficiency (WUE)
and ensure sustainable agricultural development [6,7].

In the 1970’s, the Australian Institute of Continuous
Irrigation Agriculture proposed the concept of regulated
deficit irrigation, and the research of domestic scholars on
field experiments in subsequent decades proved that it was
an effective water-saving irrigation method [8], thereby
contributing to considerable economic and ecological bene-
fits for areas that suffer from water shortage [9]. Kang et al.
[10] revealed the mechanism of water-saving and yield-in-
creasing measures under regulated deficit irrigation and
proposed a regulated deficit irrigation schedule to achieve
the dual goals of the highest yield and highest WUE for
corn in the Loess Plateau region of northern China. Kang
et al. [11] also emphasized that the best irrigation practice
for corn in semi-arid areas of northwest China was severe
water deficit during the seedling stage (with soil moisture
at 40%-50% of field capacity) and mild water deficit during
the jointing stage (with soil moisture at 55%-65% of field
capacity).

Improvement of irrigation schedule is not only essen-
tial to the efficient use of agriculture water in the middle
oasis of HRB, but it is also the main research content of agri-
cultural water management [12]. Scholars have attempted
many times to optimize irrigation schedules. Wang et al.
[13], by using the Jensen model and the dynamic program-
ming model, optimized the irrigation schedule for the win-
ter wheat of Jinzhong in Shanxi province and obtained the
optimal irrigation schedules for different initial soil mois-
tures and different irrigation quotas for each growth stage
of crops. Shang and Mao [14] optimized the irrigation sched-
ules for winter wheat in north China by using the water
productivity function and the soil moisture balance model
combined with the nonlinear search method, thus arriving
at the maximum yield of winter wheat under limited irriga-
tion quotas. Yu and Shang [15], based on the farmland water
balance model and the Jensen model, optimized the irriga-
tion schedule for crop rotation of winter wheat and summer
corn in north China with multi-objective optimization and
genetic algorithm (GA) and determined the optimal irriga-
tion period of the crops. Wen et al. [16] optimized the irriga-
tion time for mulched spring wheat in the Shiyanghe River
Basin under different deficit irrigations based on the opti-
mization simulation model to improve crop yield and water
productivity. The above findings are all based on many
field experiments. For a larger scale, however, the growth
of crops is subject to climate, soil texture, and field manage-
ment, which implies that the optimal irrigation schedules
for crops will produce some spatial variability. Furthermore,
the model based on the water productivity function needs
to be validated with numerous long time series of field data,
which involve regional constraints and are difficult to obtain
[17].

Understanding the dynamic changes of agricultural
hydrology in farming areas is the premise and basis for
implementing water-saving irrigation. However, conducting
a survey of crop water consumption, soil moisture dynamics,
and spatial distribution of irrigation water loss throughout
the middle oasis requires considerable labor and resources,
and the resulting data are seldom regionally representative
because they do not reflect the actual spatial variation for the

study region. The AquaCrop model can be used to simulate
water consumption, change in soil moisture, and deep-layer
leakage. The AquaCrop-RS model, which was developed on
the basis of 3’S technology, is an extension of the regional
application of the AquaCrop model [18]. It considers the
combined effects of spatial variability of meteorology, soil
texture, management for irrigation, planting dates, and spe-
cifically, the effects of the underlying surface on crop param-
eters (mainly fertility stress in this paper). The AquaCrop-RS
model provides a reasonable track and description of the
dynamics of agricultural water in the region. In addition, the
model is simple in structure and easy to combine with the
optimization model, thereby providing good conditions for
regional irrigation schedule optimization.

As reported by previous studies, the AquaCrop-RS
model was first used to evaluate the current irrigation sched-
ule in the middle oasis of HRB. The existing irrigation time
was kept unchanged, and the irrigation quotas in the region
were adjusted with different proportions, which allowed
the model to obtain the appropriate range of irrigation quo-
tas. The AquaCrop-RS model was then coupled with the
multi-objective optimization model. With the simulation
units as the basic optimization units and the maximization
of yield and WUE for the entire middle oasis as the objec-
tives, hierarchical optimization was conducted on the irri-
gation schedule in the region. The study may provide some
technical support and guidance for the rational allocation of
agricultural water resources in the middle oasis of HRB, thus
helping improve agricultural WUE.

2. Materials and Methods
2.1. Experimental site

This study focuses on the middle oasis of HRB. The loca-
tion spans 38°52'-39°52" N and 98°57'-100°52' E (Fig. 1). This
district is dominated by typical continental arid and semi-
arid climate with annual average temperatures from 6°C
to 8°C, annual insolation duration of 3,000-4,000 h, annual
evaporation capacity of 1,410 mm and an average annual
rainfall of only 140 mm. The elevation varies between 1,200
and 3,600 m, and a significant spatial variation is observed
in both temperature and soil type. The region is mainly gov-
erned by three counties (Ganzhou, Linze, and Gaotai) and
divided into 24 irrigation districts, each of which is managed
by an irrigation management office. Agricultural irrigation
of the middle oasis is mostly supplied by surface water and
supplemented by groundwater.

The total irrigated area of the oasis is ~2.2 million mu
(147 ha.), of which farmland accounts ~85%. The major crops
include wheat, corn, barley, melons, and other cash crops. In
particular, corn and wheat comprise ~51% and 17% of the
planting area, respectively. Rotation irrigation is practiced;
however, the irrigation schedules vary from region to region
based on statistics from the irrigation management offices in
the districts.

2.2. Field experiments and data collection

Field experiments were conducted in the Yingke
Irrigation District from April 2012 to October 2013, and the
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Fig. 1. Location of the study region.

data were used to calibrate and validate the model. The sow-
ing date, irrigation schedule, and yield in the middle oasis
were surveyed and sampled in 2012, 2015, and 2016, in which
14, 30, and 148 sampling points were obtained, respectively.
The spatial distribution of the sampling points for these is
shown in Fig. 2.

The meteorological stations in the study region include
Zhangye, Linze, and Gaotai stations (Fig. 1). The meteoro-
logical data were obtained from the China Meteorological
Data Service Center (http://data.cma.cn/). The dataset of land
use in the HRB was obtained from the Heihe Planning Data
Management Center [19,20].

The soil texture of the middle oasis, which was obtained
from the Institute of Soil Science, Chinese Academy of
Sciences, is characterized by two layers (0-30 cm and
30-100 cm in depth). The spatial distribution of soil texture
is shown in Fig. 3. The 0-30 cm layer in this region involves
multiple soil types, but the soil for the 0-100 cm depth layer is
mostly sandy in the middle and lower reaches of the middle
oasis, and the upper reaches is mostly loam. The soil hydrau-
lic parameters were estimated with Rosetta software based
on soil particle size composition [21-23].

2.3. Model description
2.3.1. AquaCrop-RS model

The AquaCrop-RS model is developed from the
AquaCrop model by incorporating 3’aS technology. The
model considers variations in the sowing date based on
the meteorological conditions and uncertainties of crop
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Fig. 2. Spatial distribution of sampling points in the middle oasis.

parameters, which depend on the varying underlay surface,
thereby significantly improving the simulation accuracies of
regional yield and water consumption. The principle for the
formation of crop yield in the model is shown as Egs. (1)-(3).
Additional information on the AquaCrop-RS model can be
found in Han et al. [18].

Tr = (Ks Kc,, )ET, 1)
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Fig. 3. Spatial distribution of soil texture in the middle oasis for the planting region of corn, (a) 0-30 cm and (b) 30-100 cm.
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where Tr is crop transpiration (mm d); ET, is reference
crop evapotranspiration (mm d) evaluated by the Penman-—
Monteith formula; Ks is the soil moisture stress coefficient
(Ks < 1); Kc,, is the crop transpiration coefficient; B is abo-
veground dry biomass (mg ha™); Ks,, is the water produc-
tivity coefficient subject to soil fertility stress (Ks,,, < 1); WP*
is normalized water productivity in terms of dry biomass
(mg ha™), a coefficient related to atmospheric CO, concentra-
tion; Y is economic yield (mg ha™); and HI is the comprehen-
sive harvest index (%).

The AquaCrop-RS model divides the crop water con-
sumption process into two parts, namely, soil evaporation and
crop transpiration. Crop transpiration capacity is affected by
soil water content in the root zone. When the soil water con-
tent in the root zone of the crop cannot meet the atmospheric
evaporation demand, Ks is <1, and then crop transpiration
will be inhibited. When soil nutrient becomes insufficient,
soil fertility stress increases, Ks,,, decreases accordingly, and
dry biomass accumulation will be inhibited.

The simulation of soil moisture changes is based on
the water balance formula in the AquaCrop-RS model. The
study area is located in the arid region of northwest China.
The climate is dry, the evaporation is large, and rainfall
mainly occurs in the flood season. Therefore, the surface
runoff in the water balance formula is not considered. At
the same time, in recent years, the groundwater level in the
middle oasis has dropped seriously, and groundwater can-
not sufficiently replenish root zone moisture; for this reason,
the groundwater replenishment item is also not considered.
Therefore, the soil water balance formula in this study can be
written as Eq. (4).

W _,—-W._

end ini

=P+I-Tr-E-D )
r

where W_  and W, are the soil water content in the depth of
100 cm at the end of the growth period and the beginning of
the growth period, respectively; P is precipitation during the
development stages; I is irrigation quota; Tr and E are crop
transpiration and soil evaporation, respectively; and D, is
leakage. All units are in mm.

2.3.2. Optimization objectives of irrigation schedules

The contradiction between the supply and demand of
agricultural water in the middle oasis of HRB has become
increasingly prominent. For the sake of food production
security, improving agricultural WUE is the key method for
the sustainable development of agriculture in this region.
Here, we attempt to optimize irrigation schedules under
certain irrigation quotas, with the maximum yield and the
highest WUE,_, of corn as the objectives. The total yield in
the middle oasis is considered the sum of the yield of all the
simulated units in this region, and the WUE,_ is regarded as a
comprehensive value of this region. The calculation formulas
are shown as Egs. (5) and (6).

Yield = Z:(Z yield]./,. x area/.yi] ®)
i=1

izzAll(zzlzlyieldj,x x areai'{)

oasis ___J

WUE = The total yield
The total water consumption i

(6)
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(Z;(EN +Tr,, area/.yi))

=1

where i is the ith simulation unit in a certain irrigation dis-
trict; n is the number of simulation units in a certain irrigation
district; j is the number of irrigation districts in the middle
oasis, with 24 irrigation districts being studied here; E is soil
evaporation; Tr is crop transpiration; area , is the area of the
ith simulation unit in the jth irrigation district; and yieldl./,. is
the yield per unit of the ith simulation unit in the jth irriga-
tion district.
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2.3.3. Optimization model

With the consumption of water resources, the avail-
able water for agriculture is becoming increasingly scarce.
Therefore, the maximum economic benefit cannot be used
as the sole target for the optimization of agricultural water
resources [24]. Socio-economic development and regional
ecological benefits should be considered simultaneously,
but the two are conflicting to a certain extent. Therefore, the
traditional single-objective optimization method for water
resources is no longer applicable. Multi-objective optimiza-
tion has multiple optimization goals and can maximize the
optimal use of limited water resources.

The multi-objective optimization model, with irrigation
date (D) and irrigation quota (I) as the independent variables
and yield (Y) and WUE as the dependent variables, is con-
structed as follows [25]:

The objective function is

maxY = f (D, I)

maxWUE,, = f (D, I) @
The constraint conditions are
I<I_ ., Z”:Il =1I,1,260 mm [10], (8)
i1
30 <d, <140,

where Y is the total yield of corn in the middle oasis (kg);
WUE,, is the comprehensive water use efficiency of corn
(kg/m®); D =[d, d,, d,..., d], with d, representing the ith
irrigation date, to be counted consecutively following the
sowing date (the average growth time of corn is reportedly
150 d in this region, and no irrigation is allowed within
10 d before the crop is harvested, and the first irrigation
is done 30 d later after sowing date when the root of corn
seedlings is deep enough); I. is the ith irrigation quota
(mm; given the local water supply conditions, the irriga-
tion times are set as 3, 4, 5, and 6 times); and I__ is irriga-
tion volume when the yield reaches the maximum under
deficit irrigation.

2.3.4. Optimization algorithm

The application of the GA to multi-objective optimization
has become a popular research topic in recent years. GA is a
global optimization search technique inspired by the natural
selection and genetic mechanism of natural evolution [26].
The optimization algorithm NSGA-II, with the introduction
of the elitist strategy, is applied to our multi-objective opti-
mization [27]. The algorithm expands the sampling space
and ensures that good elements are not abandoned during
the genetic calculation process, thereby improving the pop-
ulation level. At the same time, the fast non-dominated sort-
ing approach, crowding-distance, and crowded-comparison
operator are proposed to reduce computational complex-
ity and ensure population diversity. The principle of the
algorithm is shown in Fig. 4 [28,29].

2.4. Research path

The year 2015 was set as the “current year” in the study.
The spatial distribution of water consumption and WUE_,
of corn in the middle oasis were simulated by using the
AquaCrop-RS model. Regulated deficit irrigation at propor-
tions of 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%,
60%, and 65%, as compared to the current irrigation volume,
was rendered. The yield and WUE_, for the regulated deficit
irrigation scenarios were compared with current yield and
WUE,,. The irrigation quota was set as the lower limit when
yield or WUE,_, reached the maximum, and the irrigation vol-
ume was set as the upper limit when the reduction of yield
or WUE_ reduced by 10%. Then, the irrigation schedule was
optimized with the multi-objective optimization model and
the NSGA-II algorithm based on the irrigation quota deter-
mined above for the lower limit, thereby resulting in com-
paratively high agricultural WUE_, in the middle oasis. The
research path is shown in Fig. 5.

3. Results and Discussion
3.1. Evaluation of current irrigation schedule

Local farmers were asked to share information about
irrigation time and irrigation amount based on traditional
production experience. Reportedly, irrigation volume cannot
be controlled reasonably by following the crop requirement,
thereby causing serious leakage loss, and agricultural WUE
was generally low. According to the survey, the average irri-
gation for the Heihe irrigation districts in the middle oasis
was five times, and the average irrigation was three times for
the irrigation districts along the mountain due to insufficient
water supply. By using the AquaCrop-RS model, the spatial
distribution of water consumption in the middle oasis in 2015
was simulated. The spatial distributions of irrigation volume
for corn, leakage loss, crop transpiration, and WUE in the
farming areas are shown in Figs. 6a—d.

As shown in Fig. 6a, the spatial distribution of agri-
cultural water resources in the middle oasis is extremely
uneven, and the spatial distribution is significantly different.
The leakage loss in the farming area (Fig. 6b) and the irriga-
tion amount is spatially and positively correlated to a certain
extent, and both show an increasing trend from upstream to
downstream. The leakage in the upper reaches of the middle
oasis is between 58 and 281 mm, and that in the middle and
lower reaches is between 282 and 534 mm. According to anal-
ysis, the evapotranspiration in the upper reaches is 102% of
the irrigation amount, but the rate drops to 60% in the mid-
dle and lower reaches, which suggests that the irrigation vol-
ume in some areas of the middle oasis exceeds the amount
of water needed for a crop, and great potential remains for
water-saving measures in this region.

As shown in Fig. 6d, the WUE_, of corn in the middle
oasis is between 2.0 and 2.3 kg/m?®, and the spatial difference
is insignificant. However, the spatial variability of WUE, is
obvious because it is generally between 1.24 and 3.35 kg/m?,
and this phenomenon is mainly caused by the uneven distri-
bution of irrigation. By comparing their distribution, WUE,
is generally greater than WUE,_, in the upper reaches of the
middle oasis, but the trend is opposite in the middle and
lower reaches, thereby proving that agricultural irrigation
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Fig. 4. Operating principle of NSGA-IL

water in the upper reaches is more effectively used than those
in the middle and lower reaches.

As shown in Figs. 6c and e, transpiration and yield of corn
are spatially correlated to a certain extent. However, yield
depends not only on crop transpiration but is also affected
by soil fertility. The content of sand in the lower reaches of
the middle oasis is relatively high, and soil fertility is poor.
Therefore, the nutrient supply during the growing period of
corn is insufficient, and the accumulation of dry biomass is
limited. Han et al. [18] confirmed this finding in their study
by using the spatial distribution of B_,, which is a crop param-
eter used to analyze soil fertility stress based on the inversion
of remote sensing data. On the basis of yield distribution, the
yield per unit in the upper and middle reaches of the middle
oasis is relatively high, in which the values vary between 13.2
and 13.7 ton/ha, whereas it is low in the lower reaches at val-
ues between 11.7 and 12.7 ton/ha. The irrigation quota in the
lower reaches of the middle oasis is 62% higher than that in
the upper reaches, but the yield per unit is lower by 4%.

Fig. 7 shows the total irrigation volume, the ratio of soil
evaporation to irrigation and the ratio of leakage to irriga-
tion for the irrigation districts in the middle oasis of HRB.
Considering that the irrigated area in upper reaches of the
middle oasis (mainly Ganzhou) accounts for 58% of the total
irrigated area, a large portion of irrigation volume (47% of
total irrigation volume in the middle oasis) is consumed in
this area. The middle reaches of the middle oasis (mainly
Linze) accounts for 25% of the total irrigated area and con-
sumes 27% of the irrigation volume. For the lower reaches
(mainly Gaotai), the rates are 17% and 26%. In the middle
oasis, corn is mulched, and thus, the spatial difference of
soil evaporation is not obvious. As evident from the distri-
bution of soil texture in the middle oasis, the sand content
in the middle and lower reaches of the middle oasis is rel-
atively high, which indicates poor water holding capacity
for soil, thus resulting in extensive deep-layer leakage. The
average leakage in this area is ~40% of the irrigation volume.
However, the irrigation districts of Xiaotun, Nijiaying, Xinba,
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and Hongyazi are mostly composed of loam, and therefore,
leakage is relatively low at ~25% on the average.

In summary, the irrigation quota in the study area is
high, which indicates serious leakage loss, and the spatial
distribution is also unreasonable. Therefore, practising reg-
ulated deficit irrigation and further optimizing the irrigation
schedule are important measures to minimize leakage loss,
save agricultural water, and improve WUE under the current
situation.

3.2. Water-saving effect of regulated deficit irrigation and analysis
of appropriate irrigation quotas

Figs. 8a and b show the spatial variation of Ayield and
AWUE,, for corn in the different irrigation districts under
varying regulated deficit scenarios. Yield and WUE_, have
significantly decreased with the increase in the degree of defi-
cit reduction in the upper reaches of the middle oasis after
the deficit reduction has reached a certain level. However, the
trends in the middle and lower reaches of the middle oasis
are not obvious, which indicates that the amount of irrigation
in the area is large and a certain degree of deficit adjustment
will not have a significant effect on the yield and WUE_ in
the region.

By referring to the criteria for regulated deficit irrigation,
the appropriate irrigation quotas for each irrigation district
were obtained. The results are shown in Table 1. On the basis
of the irrigation quota in Table 1, irrigation volume decreases
by 205-371 mm on the average in the middle oasis, and leak-
age decreases by 180-233 mm on the average. Under the

v v

Water consumption and water
use efficiency in HRB

current conditions, the WUE, of the middle oasis of HRB is
1.78 kg/m® and the WUE__ is 2.06 kg/m?®. As for the lower and
upper deficit limits, the corresponding WUE, values are 2.48
and 3.39 kg/m?, and the corresponding WUE__ values are 2.07
and 2.04 kg/m?®. Therefore, the proposed regulated deficit irri-
gation can be adopted to significantly increase WUE, without
substantially changing WUE,,.

3.3. Optimization of irrigation schedules and assessment of WUE

On the basis of the irrigation quotas determined in
Section 3.2, the irrigation schedules are further optimized
by using the optimization algorithm NSGA-II such that the
limited water can be distributed more rationally throughout
the development stages. One group of optimized irrigation
schedules is shown in Table 2. The spatial distribution of the
changes of corn yield, WUE_,, and WUE, for different irriga-
tion times after optimization are shown in Figs. 9a—c. Fig. 9a
shows that the spatial variation of Ayield is obvious in the
middle oasis after optimization. As evident from Figs. 9b and
¢, both WUE_ and WUE, tend to increase after optimization,
with WUE_, increasing by 4.13%-5.13% on the average and
WUE, increasing by 69%-91% on the average.

The average irrigation quota for each irrigation district
in the middle oasis after optimization is shown in Fig. 9d.
Statistics show that the irrigation quotas for the irrigation
districts decrease by 0-657 mm after optimization. However,
the water-saving effect is not notable in the Huazhaizi and
Anyang irrigation districts because the current irrigation quo-
tas are already low, thus leaving not much room for further
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reduction, but significant improvements in yield and WUE
can be realized by both irrigation districts. Thus, the optimi-
zation of irrigation schedules can further improve the use effi-
ciency of agriculture water of corn in the irrigation districts.

4. Conclusions

The distribution of water consumption of corn in the mid-
dle oasis of HRB was accurately simulated by using the dis-
tributed crop model (i.e.,, AquaCrop-RS model), particularly
by considering the comprehensive effects of soil texture, soil
fertility, and meteorology. The results show that the spatial
distribution of irrigation volume in the middle oasis is sig-
nificantly different. Owing to soil texture, meteorology, man-
agement, and other factors, WUE, is spatially heterogeneous
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Fig. 6. Production factors in the study area (a) irrigation quota, (b) leakage loss, (c) crop transpiration, (d) spatial distribution of WUE,

and ranges from 1.24 to 3.35 kg/m®. The leakage in the middle
oasis is large, and the trends of spatial leakage variation and
irrigation volume are essentially the same. The deep leakage
in the middle and lower reaches of the middle oasis is high
at 282-534 mm, and it accounts for ~40% of the irrigation vol-
ume. Therefore, the potential for water saving is high in the
middle oasis.

Unreasonable field management is an important factor
affecting agricultural WUE. In this study, the irrigation quota
of corn in the middle oasis of HRB was initially determined
by regulated deficit irrigation, and the multi-objective opti-
mization model was used to optimize further the irrigation
schedule of corn in the region. The results show that the irri-
gation quotas of the middle oasis can decrease by 0-657 mm
with the optimized irrigation schedule, and WUE (WUE_,
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Fig. 8. Spatial variation of (a) Ayield and (b) AWUE_, in the middle oasis under different regulated deficit scenarios.
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Table 1
Appropriate irrigation quotas for each irrigation district in the middle oasis of HRB
Ganzhou Linze Gaotai
Irrigation district Irrigation Irrigation Irrigation Irrigation Irrigation
quota (mm) district quota (mm) district quota (mm)

Daman 386-594 Pingchuan 294-462 Dahuwan 381-476
Wujiang 371-675 Bangiao 315-405 Sanging 378-473
Xigan 383-638 Liaoquan 294-420 Luotuocheng 327421
Ganjun 361-460 Yanuan 294-504 Xinba 351-468
Shangsan 373-533 Xiaotun 323-419 Hongyazi 344-497
Huazhaizi 260-347 Shahe 294-420 Youlian 389-486
Anyang 318-489 Nijiangying 314-419 Liuba 345-444
Yingke 362-603 Xinhua 324-405 Luocheng 352-452
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Optimized irrigation schedules for each irrigation district in the middle oasis of HRB
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Irrigation District

Irrigation Schedule

Daman
Wujiang
Xigan
Ganjun
Shangsan
Huazhaizi
Anyang
Yingke
Nijiaying
Xiaotun
Pingchuan
Liaoquan
Xinhua
Bangiao
Shahe
Yanuan
Sanging
Liuba
Youlian
Dahuwan
Xinba
Hongyazi
Luocheng

Luotuocheng

Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time
Quota (mm)
Time

Quota (mm)

5/29
83
5/28
72
6/6
74
5/30
88
6/6
79

6/7
77
5/29
87
5/25
73
5/30
60
5/27
60
5/30
76
5/30
62
6/1
74

5/23
79
6/4
65
5/24
71
5/21
76
5/28
82
5/26
121
6/2
113
6/7
78

6/17
61
6/18
67
6/23
60
6/21
60
6/30
60
6/20
118
6/12
114
6/24
60
6/18
60
6/12
60
6/16
60
6/14
60
6/18
60
6/16
60
6/19
60
6/11
100
6/11
60
6/20
60
6/12
60
6/10
60
6/13
62
6/20
63
6/23
60
6/22
62

7/16
87
7/16
80
7/21
94
7/16
71
7/23
89
7/20
70
7/12
159
7/22
109
7/15
62
7/8
60
7/14
72
7/9
60
7/13
62
7/8
61
7/14
60
7/11
71
7/6
60
7/8
60
7/5
61
7/6
60
7/9
61
7/20
103
7/23
105
7/19
75

7/31
105
7/31
97
8/6
109
8/1
97
8/7
92
8/4
158
8/8
152
8/10
108
7/30
85
7/23
85
7/29
100
7/24
88
7/28
84
7/24
89
7/29
89
7/27
133
7/21
108
7/23
88
7/20
95
7/21
98
7/24
101
8/4
95
8/7
65
8/3
81

8/15
73
8/15
78
8/22
83
8/17
62
8/23
70

8/29
84
8/14
61
8/7
78
8/13
70
8/8
71
8/12
61
8/7
69
8/13
61
8/11
89
8/5
86
8/7
65
8/4
82
8/5
87
8/8
79
8/19
72
8/23
65
8/18
69

8/30
63
8/30
70

9/1
66
9/7
63

8/29
61
8/22
60
8/28
63
8/23
66
8/27
61
8/23
62
8/28
60

8/20
63
8/22
60
8/19
65
8/20
68
8/24
65
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Fig. 9. Spatial distributions of (a) Ayield, (b) AWUE_, (c) AWUE, and (d) irrigation quotas for different irrigation districts after

optimization.

and WUE)) exhibits an increasing trend, with WUE_, increas-
ing by 4.13%-5.13% and WUE, increasing by 69%-91% on the
average, thus initially achieving the goal of high water pro-
ductivity in the middle oasis.
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