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Abstract
There is an urgent need to ensure regional food security and increase irrigation water productivity in response to water short-
ages in arid and semi-arid regions. Previous studies of the optimal allocation of irrigation water did not consider simultane-
ously optimizing across multiple crops or at different growth stages. This paper describes the development of an irrigation 
water optimization model that uses a crop water allocation priority (CWAP) model. The CWAP value was determined by 
quantifying the changes in three indicators: yield, economic benefits, and irrigation water productivity. Maximum yield, 
maximum economic benefits, and minimum irrigation shortage (at the critical crop and growth stage) were used as the objec-
tive functions of a non-linear multi-objective optimization model. The largest irrigation district in the northern arid area of 
China, Hetao Irrigation District (HID), was chosen to prototype this model. The optimization results, using CWAP, showed 
that yield, economic benefits, irrigation water productivity, and water productivity could be increased, respectively, by up to 
13.38%, 13.40%, 2.30%, and 6.29%, for most crops when compared with optimization results without CWAP. Comparison 
of the optimized net irrigation quantities with the actual net irrigation quantities showed that optimization reduced water 
usage by up to 60.77% for wheat, 51.24% for corn, and 63.59% for sunflower. Blue water utilization under optimal irrigation 
conditions decreased by 1.12% for wheat, 2.91% for corn, and 9.91% for sunflower, compared with those in actual irrigation 
scenario. This method of optimizing irrigation water allocation in arid areas using CWAP provides decision-makers with 
accurate water-saving irrigation protocols that will reduce demand for water resources and promote sustainable agriculture.

Introduction

Climate change, population growth, and environmental 
destruction have intensified the incompatibility of increased 
water shortages and increased food demand. Water shortage 
is the principal constraint of sustainable agriculture, espe-
cially in arid and semi-arid regions (FAO 2013; Doulgeris 
et al. 2015; Mandal et al. 2020). The Yellow River Basin 
(YRB) is one of the driest basins in the world. Its population 
is 100 million, the irrigated area is 4.59 million hectares, 
and annual water withdrawal is 49.8 billion cubic meters 
(Omer et al. 2021). In the late 1990s, YRB suffered 226 
consecutive days of drought in the downstream basin, due 
mainly to excessive water diversion for upstream irrigation 
(Omer et al. 2021; Tang et al. 2008). Hetao Irrigation Dis-
trict (HID), in the upper and middle reaches of YRB, is the 

largest irrigation district in YRB. About 14.3% of the water 
in YRB is diverted into HID, and about 90% of that water is 
used for agricultural irrigation (White et al. 2020; Xue et al. 
2020). However, allowable annual water diversions from 
YRB in HID have recently been reduced from 5 to 4 billion 
cubic meters (Niu et al. 2016). Wang (2017) estimated that 
the irrigation water use coefficient (the ratio of irrigation 
water consumed by field crops to water from natural water 
sources diverted into the canal system) in HID was 0.487 in 
2020, below the national average of 0.55 (Gao et al. 2018). 
Increased irrigation water demand, reduced water diversion 
in YRB, and low irrigation water use efficiency have exacer-
bated regional water shortages (Li et al. 2020c; Omer et al. 
2020). Thus, there is an urgent need to ensure more effective 
allocation of irrigation water in HID.

An optimization model is commonly used to allocate 
water resources in a region. Optimization techniques include 
linear programming, non-linear programming, multi-objec-
tive programming, and interval programming (Naghdi et al. 
2021; Zhang et al. 2019a; Li et al. 2016). Irrigation water 
management is a complex task due to climate variability, 
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complex soil conditions, long-term human activity, a multi-
plicity of stakeholders, and delicate social economies (Tang 
et al. 2019; Liu et al. 2014). An effective irrigation water allo-
cation scheme must therefore balance conflicts among vari-
ous stakeholders. A number of approaches can be taken to 
achieve this goal. Different water users can be prioritized by 
importance to assist water managers (Karatayev et al. 2017; 
Gómez-Limón et al. 2020). Irrigation areas can be prioritized 
for water distribution, and an optimized water resource allo-
cation model can then determine the best allocation of irriga-
tion water resources to meet the priorities assigned (Zhang 
et al. 2019a; Luo et al. 2021b). The studies mentioned investi-
gated the criteria used to prioritize irrigation water allocation 
that were not specific to the crops in the region. Some studies 
have used the crop-specific water sensitivity index (WSI) to 
prioritize irrigation water allocation in the water resources 
allocation model (Tang et al. 2019; Zhang et al. 2019b). WSI 
is defined in such a way that it can only be used to prioritize 
water allocation for different growth stages of a specific crop, 
and cannot be used to prioritize allocation among different 
crops (Shang 2013; Doorenbos and Kassam 1979; Jensen 
1968). Thus, it is impractical to use WSI to determine water 
allocation for multiple crops.

A crop water allocation priority (CWAP) model is pro-
posed to optimize irrigation water allocation based on the 
prioritization of different crops and their growth periods. 
CWAP takes into account the complex responses of crop 
growth to natural environmental factors (climate and soil) 
and agricultural management factors (irrigation schemes and 
economic benefits). CWAP also makes trade-offs between 
multiple crops by allocating irrigation water in conform-
ity with any allocation principles used in water deficient 
regions, such as prioritizing allocation at critical crop 
growth stages or to crops with high water productivity or 
great economic benefits (Zhang et al. 2021c; Mandal et al. 
2020; Stetson et al. 2011). The CWAP model can be opti-
mized to allocate water to ensure growth of the crop that 
needs it most, thereby increasing water productivity and 
ensuring food security.

The CWAP model was used to optimize irrigation water 
allocation for various crops in HID, to alleviate the effects 
of the water shortage in HID. The study was divided into 
four components. (1) Establish the CWAP model by deter-
mining the values of three weighted evaluation indexes. (2) 
Develop a non-linear multi-objective optimization model 
based on CWAP model to allocate irrigation water for mul-
tiple crops. (3) Apply the optimized model to HID, where 
an optimal allocation of irrigation water is urgently needed. 
(4) Compare the optimized results using CWAP with the 
results of optimized allocation that did not use CWAP. This 
study provides an empirical template for decision-makers 
in similar regions to optimize irrigation and meet economic 
goals with reduced irrigation water resources.

Study system

Study area

Hetao Irrigation District (HID) (40°9′36″–41°20′24″ N, 
106°19′48″–109°34′48″ E) is an important commodity 
grain and oil production region in China, in the west of the 
Inner Mongolia Autonomous Region (Fig. 1). It is one of 
three super-large irrigation districts in China with an area 
of 11,900  km2 and an irrigation area of 5700  km2 (Zhang 
et al. 2021c). It includes five irrigation subareas: UulanBuh, 
Jiefangzha, Yongji, Yichang, and Urat.

The climate of the study area is semi-arid temperate con-
tinental that is characterized by low rainfall and high evapo-
ration. Average annual precipitation is less than 200 mm. 
Precipitation varies greatly within the year, with 70% in 
July–September. Average annual evaporation is more than 
2000 mm. Agriculture in the region depends critically on 
irrigation water.

The major irrigation method is surface irrigation; the 
ratio of surface irrigation to groundwater irrigation is almost 
9:1 in HID (Gao et al. 2018). Irrigation water is diverted 
from the middle reaches of YRB. Irrigation water salinity is 
approximately 0.58 g  L−1. Average annual irrigation water 
use is about 4.84 billion  m3 per year (Luo et al. 2021a). 
However, allowable annual water diversion from YRB has 
recently been reduced from 5 billion  m3 to 4 billion  m3 
(Niu et al. 2016). Growers over-irrigate, resulting in inef-
ficient and wasteful water use, and shallow groundwater. 
Groundwater depth dropped from 1.90 m in 2004 to 2.22 m 
in 2019. It is still very shallow and varies between 0.5 and 
3.0 m within a year (Zhang et al. 2021c; Ren et al. 2016). 
The shallow groundwater causes severe salinity, and about 
70% of arable land is saline to some degree (Zhang et al. 
2021a). The reduction in water diversion from YRB and 
consequently lower irrigation water use coefficient have led 
to a water shortage in HID. Water shortage and soil saliniza-
tion are two critical problems facing sustainable agricultural 
development in HID (Zhang et al. 2021c; Li et al. 2020a; 
Sun et al. 2016; Qi et al. 2018).

The main crops in the study area are wheat, corn, 
and sunflower; they account for more than 80% of total 
cropland land use (Luo et al. 2021a; Zhang et al. 2021b). 
Crop planting by area is 19.05% wheat, 30.67% corn, and 
31.61% sunflower. Wheat is grown mainly from April to 
July, corn from May to September, and sunflower from 
June to September.

Data sources

This study was devised to optimally allocate irrigation water 
in an area of water shortage, HID. A typical dry year, 2011, 
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was selected as the baseline year (Zhang et al. 2021b), and 
the basic data used in the study were for 2011. Meteorologi-
cal data were obtained from the China Meteorological Data 
Service System (http:// data. cma. cn/) included precipitation 
(Table 1), wind speed, temperature, and sunshine hours. 
Reference evapotranspiration ET0 was calculated using the 
Penman–Monteith equation (Allen et al. 1998). Maximum 
actual evapotranspiration ETm (Table 1) was calculated 
using the single-crop coefficient method recommended in 
FAO56 (Allen et al. 1998; Gao et al. 2018). Crop informa-
tion and field data (Table 2) were derived from the local 
statistical yearbook and previous research results (Zeng 
et al. 2016a; Tong et al., 2015; Gao et al., 2018; Miao et al., 
2016; Ren et al. 2018). WSI (Table 1) was obtained from 
published research (Tian et al. 2015; Zeng et al. 2016b; Yun 
et al. 2015; Tang et al. 2019). Previous research was also 
the source of characteristic crop parameters and seasonal 
yield impact factors, and electrical conductivity of the soil 
obtained from saturated solution of soil in the crop root layer 
(Allen et al. 1998; Zeng et al. 2016a; Tong et al. 2015; Xue 
et al. 2020). The groundwater recharge coefficient in HID 
was 20% (Luo et al. 2021b). The crop purchase prices were 
$0.43 for wheat, $0.31 for corn, $0.98 for sunflower (unit: 
USD  kg−1). The price of surface water was $0.00465 and 
of groundwater was $0.0124 (unit: USD  m−3). Available 
water diversion for irrigating these three crops from YRB 
(accounting for 80% of the total water diversion from YRB) 
was 2.08 billion  m3, and available well water was 232 mil-
lion  m3, in 2011(Luo et al. 2021a).

Methods

Study framework

The framework of this study is shown in Fig. 2. The work 
was carried out in three stages, shown as three boxes in 
the Fig. 1 Crop growth simulation. The soil water balance 
equation and crop water production function (the Jensen 
model) were used to calculate crop water consumption and 
crop yield. The crop growth model simulates the complex 
response of crop growth to environmental factors (climate, 
soil, and water) in irrigated agricultural production. (2) 
Quantification of CWAP. Change in yield, change in eco-
nomic benefit, and change in irrigation water productivity 
were chosen as the three evaluation indexes of CWAP. The 
coefficient of variation was used to determine two initial 
weightings for each evaluation index that were derived from 
growth period and crop type. The CWAP coefficient was 
then calculated by a function that combined the growth 
period weight and the crop type weight. The CWAP coef-
ficient was then used to weight each evaluation index to pro-
duce the CWAP value for each crop type and each growth 
period. The CWAP value represents the irrigation priority 
for the crop and its growth period. (3) Optimal allocation 
of irrigation water for multiple crops. The non-linear multi-
objective optimization model, which balances food security, 
economic benefits, and the environment, was created from 
the CWAP model to allocate irrigation water for each growth 
month of the various crops grown in HID.

Fig. 1  The location of the study 
area

http://data.cma.cn/
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Table 1  Precipitation, 
crop actual maximum 
evapotranspiration and water 
sensitivity index

The crop water sensitivity index (WSI) indicates the effect of water shortage on yield during the crop 
growth period

Subarea Month Precipitation 
in 2011 (mm)

Maximum actual evapotranspira-
tion in 2011
(ETm, mm)

Water sensitivity index 
(WSI)

Wheat Corn Sunflower Wheat Corn Sunflower

UulanBuh April 0.00 90.558 0.481
May 0.70 170.128 112.406 0.729 0.031
June 10.00 235.167 167.716 127.610 0.340 0.248 0.117
July 17.00 60.620 212.960 200.860 0.077 0.361 0.365
August 17.30 138.513 138.513 0.070 0.387
September 0.00 34.840 29.820 0.006 0.137

Jiefangzha April 0.30 73.688 0.155
May 1.00 148.675 115.810 0.628 0.001
June 5.50 229.620 163.760 124.600 0.463 0.016 0.090
July 6.70 80.010 192.060 181.148 0.080 0.239 0.357
August 21.40 130.900 130.900 0.194 0.301
September 3.20 35.620 41.820 0.011 0.063

Yongji April 0.50 74.542 0.173
May 0.80 149.720 116.624 0.373 0.032
June 12.50 245.358 174.984 133.140 0.575 0.149 0.543
July 4.10 75.530 202.400 190.900 0.566 0.347 0.402
August 18.90 139.650 139.650 0.248 0.033
September 4.00 46.085 57.720 0.068 0.002

Yichang April 0.80 76.296 0.227
May 1.30 160.472 111.096 0.369 0.008
June 17.00 215.452 165.121 97.510 0.498 0.076 0.031
July 11.00 53.136 206.655 194.525 0.252 0.404 0.171
August 25.40 140.504 147.452 0.428 0.053
September 4.00 36.381 61.180 0.086 0.003

Urat April 2.00 75.684 0.227
May 3.50 153.712 107.894 0.369 0.008
June 16.60 220.942 168.423 101.850 0.498 0.076 0.031
July 45.20 53.928 208.259 175.085 0.252 0.404 0.171
August 34.90 143.558 192.480 0.428 0.053
September 11.50 34.980 55.835 0.086 0.003

Table 2  Crop information and field data

Subarea Utilization coefficient 
of surface irrigation

Initial soil mois-
ture content (%)

Soil dry bulk 
density (g  cm−3)

Field 
capacity 
(%)

Wilting point (%) Planting area in 2011 (ha)

Wheat Corn Sunflower

UulanBuh 0.39 14.27 1.48 21.40 8.00 5228 13,820 14,744
Jiefangzha 0.42 24.68 1.56 37.00 12.00 24,538 31,868 14,115
Yongji 0.40 15.01 1.45 22.50 6.00 19,659 50,135 43,915
Yichang 0.36 21.06 1.32 31.58 15.70 30,233 33,440 50,120
Urat 0.34 16.25 1.50 24.37 10.79 24,449 38,321 49,849
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Crop growth simulation

Assuming that each crop grows independently, therefore 
crop root response to water and salt stress are also inde-
pendent. There are differences in magnitude in the param-
eters for different crops (water and salinity sensitivity index, 
crop yield, planting area, and economic benefit), so they 
cannot be directly compared. Four irrigation scenarios 

therefore were identified: full irrigation and three deficit 
irrigation scenarios. Differences in parameters between 
deficit irrigation and full irrigation scenarios were used to 
eliminate the differences in magnitude. The three deficit 
irrigation scenarios were 70%, 50%, and 30% of full irriga-
tion (O’Shaughnessy et al. 2017). The three deficit irriga-
tion scenarios were applied in every growth month for each 
crop except for the final month of the growth period, which 

Fig. 2  Calculation of optimal allocation of irrigation water among multiple crops by developing the CWAP model

Table 3  Irrigation schemes for three crops in four irrigation scenarios

M11,  M12, and  M13 are the full irrigation quantities for wheat in April, May, and June, respectively;  M21,  M22,  M23, and  M24 are the full irrigation 
quantities for corn in May, June, July, and August, respectively;  M31,  M32, and  M33 are the full irrigation quantities for sunflower in June, July, 
and August, respectively

Crop type Irrigation scenarios Irrigation treatments

April May June July August

Wheat Full irrigation M11 M12 M13

Deficit irrigation 0.7/0.5/0.3M11 M12 M13

M11 0.7/0.5/0.3M12 M13

M11 M12 0.7/0.5/0.3M13

Corn Full irrigation M21 M22 M23 M24

Deficit irrigation 0.7/0.5/0.3M21 M22 M23 M24

M21 0.7/0.5/0.3M22 M23 M24

M21 M22 0.7/0.5/0.3M23 M24

M21 M22 M23 0.7/0.5/0.3M24

Sunflower Full irrigation M31 M32 M33

Deficit irrigation 0.7/0.5/0.3M31 M32 M33

M31 0.7/0.5/0.3M32 M33

M31 M32 0.7/0.5/0.3M33
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was without irrigation as it was the period of maturity for 
the crop (Ren et al. 2018). Thus, there were 33 irrigation 
treatments for wheat, corn, and sunflower in HID, as shown 
in Table 3.

The soil water balance equation [Eq. (1)] modeled crop 
water consumption to calculate the irrigation quantity and 
water stress coefficient for each crop. The full irrigation 
quantity calculated by Eq. (1) was the irrigation quantity for 
which soil moisture content reached field capacity (as shown 
in Table 2) in the full irrigation scenario (O’Shaughnessy 
et al. 2017). Irrigation water amounts for deficit irrigation 
scenarios were calculated according to the desired ratio of 
deficit irrigation to full irrigation, as shown in Table 3. Soil 
moisture content was less than field capacity in the deficit 
irrigation scenarios, resulting in a decrease in water absorp-
tion by crop roots and thus crop water stress. The water 
stress coefficient Kwlijt indicated the effect of soil water stress 
on crops. Soil salinity is significant in HID, and the salinity 
stress coefficient Ksj indicated the effect of soil salinity on 
crop growth (Allen et al. 1998). Actual crop evapotranspira-
tion was calculated using Eq. (8), which takes account of soil 
water stress and soil salinity. Crop yields for different irri-
gation treatments were calculated using the Jensen model. 
The specific model is described in the following paragraphs. 
Definitions of all parameters used in this paper are shown in 
Appendix Table 4.

(1) Calculation of irrigation quantity by the soil water 
balance equation

The parameters in Eq. (1) were calculated by

There was no excess drainage, because soil moisture con-
tent did not exceed field capacity, so Dlijt = 0 and Rlijt = 0 
(Sonkar et al. 2019; Moldero et al. 2021).

(2) Water stress coefficient (Allen et al. 1998)

(3) Soil salinity stress coefficient (Allen et al. 1998)

(1)
Wlijt = Wlij(t−1) + Peijt +Mlijt + ETglijt − ETalijt − RElijt − Dlijt.

(2)Wlijt = �lijtZrjt

(3)W
0ij = �

0i × Zr0

(4)Peijt = �t × Pijt

(5)ETglijt = � × ETalijt.

(6)kwlijt =

⎧
⎪⎪⎨⎪⎪⎩

0 𝜃lijt < 𝜃wpi
𝜃lijt − 𝜃wpi

𝜃fci − 𝜃wpi

1

𝜃wpi ≤ 𝜃lijt < 𝜃fci

𝜃lijt ≥ 𝜃fci

.

(4) Actual crop evapotranspiration

(5) Crop yield (the Jensen model) in regions of water 
shortage (Henry et al. 2007)

Quantification of crop water allocation priority 
(CWAP)

Food security, indicated by crop yield, is a priority. Security is 
obtained by maximizing economic benefits from limited water 
in circumstances of extreme water scarcity. It is imperative to 
increase irrigation water productivity to maximize crop produc-
tion (Bessembinder et al. 2005; Surendran et al. 2016). Change 
in yield, change in economic benefit, and change in irrigation 
water productivity were therefore selected as CWAP evaluation 
indexes in the deficit irrigation and full irrigation scenarios to 
eliminate the effects of index values having different orders 
of magnitudes among crops. The coefficient of variation (Li 
et al. 2020b) was used to determine two initial weights for each 
evaluation index, one based on growth period and one on crop 
type, to eliminate the effects of dimensional differences among 
indexes [Eqs. (14–17)]. The CWAP coefficient was calculated 
as a function of the two weights of each evaluation index. 
CWAP was quantified by combining the normalized values of 
the three evaluation indexes using the final CWAP coefficients 
as weights in a weighted linear equation (Mello et al. 2018; 
Moeinaddini et al. 2010). The calculation steps were as follows. 
In the following paragraphs, l = 2,3,4 indicates the 70%, 50%, 
and 30% irrigation scenarios, respectively.

(1) Change in yield is the difference in yield between the 
deficit irrigation scenario and full irrigation

(2) Change in economic benefit is derived from change 
in yield

(3) Change in irrigation water productivity is the ratio 
of change in yield to reduction in irrigation water per unit 
volume

(7)ksj = 1 −
bj

100 × kyj

(
ECe − ECethresholdj

)
.

(8)ETalijt = kwlijt × ksj × ETmijt = kwlijt × ksj × kijt × ET
0ijt.

(9)
Ylijt

Ymij
=

Tj∏
t=1

(
ETalijt

ETmijt

)�ijt

.

(10)Δslijt = Ycij − Ylijt.

(11)ΔElijt = 10
3 × Δslijt × Aij × Bj.

(12)ΔIWPlijt = 100 ×
Δslijt

ΔMlijt
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(4) The weight of each evaluation index is determined 
from the coefficients of variation. The weight of the evalu-
ation index is based on the coefficients of variation that 
are calculated from the mean and standard deviation of the 
evaluation indexes [Eqs. (14) and (16)] (Li et al. 2020b). 
Two weights for each evaluation index are calculated sepa-
rately from the growth time (ωlitk) and the crop type (ωlijk) 
[Eqs. (15) and (17)]. The two weights are then combined to 
calculate the CWAP coefficient as the final weight of each 
evaluation index [Eq. (18)]

(5) Each index value is normalized in the interval [0.1, 
0.9] to avoid dimensional differences and zero values. The 
weighted CWAP quantification model is shown as Eq. (19), 
which calculates the CWAP value. The average CWAP value 
βijt for each of the three deficit irrigation scenarios is calcu-
lated [Eq. (20)] to represent the crucial crop and the critical 
month in objective 3 of the optimization model

(13)ΔMlijt = Mcijt −Mlijt.

(14)Cvlitk =

�
1

J

J∑
j=1

(xlijt −
1

J

J∑
j=1

xlijt)
2

1

J

J∑
j=1

xlijt

(15)
�litk =

Cvlitk

K∑
k=1

Cvlitk

(16)Cvlijk =

�
1

T

T∑
t=1

(xlijt −
1

T

T∑
t=1

xlijt)
2

1

T

T∑
t=1

xlijt

(17)
�lijk =

Cvlijk

K∑
k=1

Cvlijk

(18)
pclijtk =

�litk ×�lijk

K∑
k=1

�
�litk ×�lijk

� .

(19)
�lijt = pclijt1 × Δs

�

lijt
+ pclijt2 × ΔE

�

lijt
+ pclijt3 × ΔIWP

�

lijt

(20)�ijt =
1

3

4∑
l=2

�lijt.

Optimization model

A method that combined multiple water resources was used 
to distribute surface water and groundwater to different 
crops in each irrigation subarea. Multi-objective program-
ming was used to balance constraints on different objec-
tives. The Jensen model is commonly used to predict crop 
yield under water-deficit irrigation (Henry et al. 2007), so 
the optimization model is a non-linear programming model. 
A multi-objective non-linear optimization model based on 
CWAP was created to allocate irrigation water for multiple 
crops. The objective functions were maximum crop yield, 
maximum economic benefits, and minimum water shortage. 
Constraints included crop growth, available surface water, 
available groundwater, food security, and soil water storage. 
The components of the model are described in the following 
paragraphs.

(1) Maximum crop yield: Total yields are maximized for 
each crop using the Jensen model and scaled planting. The 
derivation of actual evapotranspiration in Eq. (21) was by 
Eq. (1)

(2) Maximum economic benefit: The net benefit gener-
ated by crops is maximized by subtracting the costs of sur-
face water and groundwater from crop benefits

(3) Minimum water shortage during critical growth 
months for crucial crops: Crops and months with higher 
CWAP values should be given priority in irrigation water 
supply. Crop water shortage is water demand minus water 
supply. Water shortage for crucial crops during critical 
growth months is represented by the product of CWAP and 
water shortage, and it should be minimized

If CWAP (bijt) is ignored in the optimization model, as 
much irrigation water as possible will be used in critical 
months (those having a high water sensitivity index, WSI) 

(21)max f
1
=

I�
i=1

J�
j=1

Aij

⎡⎢⎢⎣
Ymij

Tj�
t=1

�
ET

aijt

ET
mijt

��ijt⎤⎥⎥⎦
.

(22)

max f
2
=

I�
i=1

J�
j=1

⎡
⎢⎢⎣
Aij × Bj × 10

3 × Ymij

Tj�
t=1

�
ET

aijt

ET
mijt

��ijt

−C
1
× Aij ×

T�
t=1

10

�
SW

ijt

�i1

�

−C
2
× Aij ×

T�
t=1

10

�
GWijt

�
2

��
.

(23)min f
3
=

I∑
i=1

J∑
j=1

T∑
t=1

�ijt
(
ETaijt − SWijt − GWijt − Peijt

)
.
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due to variation in the sensitivity of the crop to water deficit 
in each growth stage (Tang et al. 2019; Zhang et al. 2019b). 
In other words, the month with high WSI for an individual 
crop would be prioritized for irrigation even if the irrigation 
needs among crops were almost equal.

(4) Growth constraint: Actual crop evapotranspiration 
should be limited by maximum evapotranspiration (the max-
imum crop water demand) and minimum evapotranspiration. 
Actual evapotranspiration outside these limits will seriously 
reduce crop yield (Zhang et al., 2019c)

(5) Available surface water constraint: Surface irrigation 
water used in the irrigation region during the total growth 
period of all crops should not exceed water diverted from 
YRB during this period

(6) Available groundwater constraint: Groundwater used 
for irrigation in the region should not exceed available well 
irrigation water

(7) Food security constraint: Total yield of each crop 
should meet at least the minimum food demands of the local 
population

(8) Soil water storage constraint: Soil water storage 
should be limited by maximum and minimum soil water 
storage values (determined by field capacity and soil mois-
ture content at the wilting point) (Evett et al. 2019)

(9) Nonnegative constraints: All parameters in the opti-
mization model are nonnegative.

Finally, optimal yield, optimal economic benefit, optimal 
irrigation water productivity, and optimal water productivity 
[Eq. (29)] are used as major indexes of the optimization results
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Model solution process

The optimization model was solved using Lingo11 (https:// 
www. lindo. com/). Multi-objective programming was trans-
formed into single-objective programming using the mini-
mum deviation method (MD) and the analytic hierarchy 
process (AHP) (Zhang et al. 2019a). The specific steps in 
the solution were as follows.

(1) Step 1: Collect the necessary parameter data for the 
model and write the Lingo code to solve the model.

(2) Step 2: Calculate the best and worst values for each 
objective function, fmax

1
, fmin

1
, fmax

2
, fmin

2
, fmax

3
, fmin

3
.

(3) Step 3: The weights given to the three objectives ( �
1
 , 

�
2
 , and �

3
 ) by AHP were, respectively, 0.4, 0.2667, and 

0.3333. This weighting indicated that in irrigation areas with 
water shortages, crop yield should be guaranteed foremost 
and economic benefit should be considered last. The three 
objective functions were then converted into one objective 
function using MD, as shown in Eq. (30), giving the final 
solution ( x

ijtopt
, f
opt

 ) of the optimization model

(4) Step 4: If CWAP is omitted in objective 3, the goal 
changes to become minimizing the irrigation water quantity 
[Eq.  (31)]. The optimal solution when omitting CWAP 
( x′

ijtopt
, f

′

opt
 ) is obtained by repeating steps 2–3

Analysis and discussion of results

Quantification of crop water allocation priority

A CWAP value indicates the importance of the correspond-
ing crop and month; a higher value gives greater irrigation 
priority. Figure 3 shows CWAP values for each crop for the 
70%, 50%, and 30% irrigation scenarios and the combina-
tion of the three; the horizontal axis in the figure shows the 
CWAP value. It can be seen that the orders of crops prioritiz-
ing irrigation varied only in June under different irrigation 
scenarios for the five irrigation subareas, and there were no 
changes in other months. For individual crops, according 
to the combined CWAP value, the most critical month for 
wheat and corn was in June, except for May (wheat) and 
July (corn) in Jiefangzha. The most critical month for sun-
flower was July, except for June in Yongji. The CWAP val-
ues were consistent for Yichang and Urat. This was because 
the effects of deficit irrigation on yield and irrigation water 
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(a) 70% irrigation scenario. (b) 50% irrigation scenario.

(c) 30% irrigation scenario. (d) Integrated CWAP. 

Fig. 3  Crop water allocation priority (CWAP) values for each crop represent the irrigation priority for the crop and its growth period (under 
three deficit irrigation scenarios and a combination of the three; the horizontal axis in the figure shows the CWAP value)
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productivity varied with climate, soil, and crop growth stage 
(Li et al. 2020d; Junaid et al. 2020; García-López et al. 2016; 
Shi et al. 2021; Mishra and Cherkauer 2010; Song et al. 
2013). The various crops were in different growth stages in 
the same month in each irrigation subarea, and there were 
differences in climate, soil, the irrigation canal distribu-
tion capacity, and other environmental factors (Luo et al. 
2021b). These differences were reflected in modeling crop 
growth with the soil water balance equation and the Jensen 
model and resulted in different effects on yield and irriga-
tion quantity, so that the CWAP evaluation indexes and their 
weights (the CWAP coefficients) differed between irrigation 
scenarios in every irrigation subarea. In short, CWAP values 
varied.

To determine the reasons for the differences in the order 
of crucial crops in June under different irrigation scenar-
ios, we examined the factors that had the most direct influ-
ence (the CWAP coefficients and the normalized values of 
each evaluation index) on the three crops in each irrigation 
subarea under the 70%, 50%, and 30% irrigation scenar-
ios (Fig. 4). Taking Jiefangzha as an example [Fig. 4(b)], 
in the 70% irrigation scenario, the CWAP coefficients of 
three evaluation indexes for corn were 35.96%, 17.86%, 
and 18.80% less than those for wheat, 19.28%, 27.45%, 
and 29.27% less than those for sunflower. The value of the 
three evaluation indexes for corn were 99.49%, 99.49%, and 
7.20% greater than those for wheat, and 766.53%, 766.53%, 
and – 88.09% (decrease) greater than those for sunflower. 
The CWAP value for corn was thus greatest when calcu-
lated by the CWAP model, thus indicating that corn was a 
crucial crop (i.e., it was critical to irrigate corn in this irri-
gation scenario). Similarly, the CWAP value of sunflower 
was higher than that of wheat, so irrigation of sunflower 
was prioritized over wheat. The values of the three evalua-
tion indexes for each crop under the 50% irrigation scenario 
were not significantly different from those under the 70% 
irrigation scenario. However, the CWAP coefficients of two 
evaluation indexes (change in yield and change in irrigation 
water productivity) for corn under the 50% irrigation sce-
nario increased by 16.85% and 30.52% over those under the 
70% irrigation scenario, which for sunflower increased by 
23.44% and 43.82%. The variations in CWAP coefficients of 
the two evaluation indexes for sunflower were 72.33% and 
102.99% greater than for corn. Therefore, the CWAP value 
of sunflower was higher than that of corn under the 50% 
irrigation scenario, which differed from the 70% irrigation 
scenario. Similarly, the order of crucial crops in June was 
sunflower > corn > wheat under the 50% and 30% irrigation 
scenarios.

For individual crops, the critical months for wheat and 
corn in Jiefangzha were different from those in other areas. 
Figure 4(a) and (b) shows that the values of change in 
yield and change in economic benefit in May increased by 

107.2% in Jiefangzha and 264.71% in UulanBuh over the 
June values; corresponding changes in other irrigation sub-
areas were 19.35–73.12%. In Jiefangzha, the CWAP coef-
ficients for change in yield and change in economic benefit 
in May were 14.77% less and 10.03% greater than in June; 
the corresponding CWAP coefficients were respectively 
76.01–90.00% less and 6.51–72.38% less in other areas. 
There was no significant change in the index value and 
CWAP coefficient for change in irrigation water productiv-
ity in May or June. Thus in Jiefangzha, the CWAP value for 
wheat was greater for May than for June, but the opposite 
was found in other areas according to the CWAP model. 
In other words, in Jiefangzha, the most critical month for 
wheat was May instead of June, the most critical month in 
other areas.

The critical irrigation period for sunflower is at the squar-
ing and anthesis stage (He et al. 2016), which in subareas 
other than Yongji was in July. The sowing date of sunflower 
in Yongji was 7 days earlier than in other places, resulting 
in a critical irrigation period in late June. Consequently, the 
most critical month for sunflower irrigation in Yongji was 
June, earlier than that in other areas. In contrast, sunflower 
anthesis in UulanBuh was in early and mid-August, and the 
values of the three evaluation indexes in July increased on 
average by 269.16%, 269.16%, and 76.59% over the August 
values for all three irrigation scenarios. The CWAP coef-
ficients of the three evaluation indexes in July increased on 
average by 39.18%, – 20.63% (decrease), and 110.23%. Thus 
the CWAP value for sunflower in July was higher than in 
August; that is, the critical month for sunflower in UulanBuh 
was July rather than August.

The results showed that there was a difference between 
CWAP and WSI in identifying critical months. WSI indi-
cates only the effects of water shortage during the growth 
stage on yield, while CWAP also takes account of the effects 
of economic benefits and irrigation water productivity. The 
CWAP value depended on the CWAP coefficients as well as 
the values of the three evaluation indexes (change in yield, 
change in economic benefit, and change in irrigation water 
productivity). Therefore, the critical months determined by 
CWAP may not be consistent with those determined by WSI.

Yichang and Urat are geographically close to each other 
and experience similar natural conditions such as climate 
and soil geology as well as similar human activity (e.g., 
crop planting structure and irrigation canal distribution) 
(Qu et al. 2015). Thus CWAP value was the same in Urat 
as in Yichang.

Optimal results of irrigation scheme

On the whole, optimization with CWAP produced better 
results than optimization without CWAP. Figure 5 shows 
that, except for corn, results improved in most areas when 
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(a) UulanBuh irrigation subarea.

(b) Jiefangzha irrigation subarea.

(c) Yongji irrigation subarea.

Fig. 4  CWAP coefficients and normalized values of each evaluation index for three crops in each irrigation subarea
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optimized with CWAP. For wheat, optimization with CWAP 
increased the results for yield, economic benefits, irrigation 
water productivity, and water productivity by 4.19%, 4.25%, 
2.30%, and 2.70% in UulanBuh, 13.38%, 13.4%, 1.72%, and 
6.29% in Jiefangzha, and 0.34%, 0.35%, 0.16%, and 0.20% in 
Yichang. For corn, the results for yield and economic ben-
efits increased by 1.00% and 0.99% in Jiefangzha, 0.19% and 
0.19% in Yichang, 3.86% and 3.85% in Urat, but decreased 
by 6.41% and 6.39% in Yongji. Irrigation water productiv-
ity increased by 1.71% in Yongji, but decreased by 0.91% 
in Jiefangzha, 0.01% in Yichang, and 0.33%in Urat. Water 
productivity increased by 0.04% in Yichang, 1.13% in Urat, 
but decreased by 0.08% in Jiefangzha, 0.52% in Yongji. For 
sunflower, optimization results for yield, economic ben-
efits, irrigation water productivity, and water productivity 
increased, respectively, by 4.85%, 4.86%, 0.91%, and 2.32% 

in UulanBuh. The reason for there being no difference in the 
optimization results for some crops was that the allocation 
of limited irrigation water for multiple crops using CWAP 
values did not necessarily match every crop need. A crop 
with a high CWAP value would be prioritized, but a crop 
with a low CWAP value may have been allocated insuffi-
cient. In optimization without CWAP, a maximum quantity 
of irrigation water might be allocated in a critical month 
with a high WSI, as crop water sensitivity was unequal in 
different months (Tang et al. 2019; Zhang et al. 2019b). In 
other words, the month with high WSI was prioritized for 
irrigation, but if there were multiple crops, it was a matter 
of chance which were irrigated. The available agricultural 
water allocation model established by Zhang et al. (2021b) 
based on CWAP values in this paper maximized the benefits 
of the whole Hetao Irrigation District.

(d) Yichang irrigation subarea.

(e) Urat irrigation subarea.

Fig. 4  (continued)
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For example, months with maximum WSI and high 
CWAP values for sunflower were the same for four irrigation 
subareas, but not for UulanBuh, so optimization results that 
considered CWAP showed little improvement over results 
of optimization without CWAP. For UulanBuh, corn was a 
crucial crop in May and June and had high CWAP values, so 
it was imperative to guarantee the corn yield first and a lesser 
priority to improve regional economic benefits. However, 
the maximum yield of corn in this area was the lowest (9.53 
t/ha) of all irrigation subareas, much lower than the aver-
age level of 11.16 t/ha in HID. The area planted with corn 
was 924 ha less than the area planted with sunflower, so the 

economic benefits of corn were less than those of sunflower. 
The optimization results for corn therefore did not change 
whether or not CWAP was taken into consideration, and pre-
dicted a basic yield. Jiefangzha provides another example. 
The critical month for wheat with high WSI and high CWAP 
values, was May, but wheat was a crucial crop with high 
CWAP in May. Therefore, the optimal results of wheat were 
improved. Although the most crucial crop in July was sun-
flower, followed by corn, the planting area of corn was the 
largest, accounting for 45.19% of cropland, and sunflower 
accounted for only 20.02% of planted cropland. Corn could 
bring greater yield and economic benefits. Hence, the yield 

Fig. 5  Comparison of results of optimization with and without CWAP for the three crops in each irrigation subarea; Y is yield  (105 t), E is eco-
nomic benefit  (108 $), IWP is irrigation water productivity (kg/m3), and WP is water productivity (kg/m3)
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and economic benefits of corn were increased. For Yongji, 
the critical months with high WSI and high CWAP values 
for wheat and sunflower were the same, so the results of 
the two optimizations were consistent. However, corn had 
the lowest CWAP value in each growing month, losing out 
to the other two crops in the allocation of irrigation water. 
Therefore, optimal results of corn were decreased.

Figure 6(a) shows the optimal and actual net irrigation 
quantities in growth months for each crop when CWAP 
was included. The optimal net irrigation quantity was less 
than the actual net irrigation quantity by 103–264  mm 
(33.41–60.77%) for wheat, 44–184 mm (15.27–51.24%) for 
corn, and 103–188 mm (34.42–63.59%) for sunflower. These 
values were within the range of previous research results 
(Zhang et al. 2021c; Li et al. 2020c; Yu and Shang 2020). 
There was an anomaly in that optimal irrigation quanti-
ties for sunflower in Yichang and Urat were, respectively, 
59.67 mm and 22.93 mm greater than the actual quantities. 
Autumn and spring irrigation, which are intended to con-
serve soil moisture, did not occur during the crop growth 
period and were not considered in this paper. In the study 
period, irrigation water was needed to increase soil mois-
ture to ensure crop growth. In some cases, optimal irriga-
tion quantity was less than the actual irrigation quantity. The 
optimal irrigation quantity was less than 10 mm for corn in 
May, which was reasonable, because the optimization model 
predicted net irrigation quantity (Tang et al. 2019). This can 
be ignored in practice. The largest irrigation quantity, more 
than 120 mm in a month, was distributed over different 
growth periods and different days. For example, the actual 
irrigation schedule of wheat in Yongji was 82.5 mm during 
May 8–12, 72 mm in late May, 82.5 mm during June 5–10, 
and 72 mm during June 20–26. The optimized irrigation 
scheme showed that no irrigation was required in August, 
which was consistent with the actual irrigation program.

Figure 6(b) shows the optimal allocations of surface water 
and groundwater with the actual water diverted from YRB 
as well as total water resources in each irrigation subarea. 
It can be seen that optimal water allocation accounted for 
20.64–77.31% of total water resources in each subarea. The 
optimal surface water amount was less than the actual water 
diversion from YRB by 56.20% in UulanBuh and 57.68% 
in Jiefangzha, but it increased above the actual quantity in 
other subareas due to irrigation water not being sourced 
from YRB. In Yongji, irrigation water supply from wells and 
canals reached 60.30% of total water resources and about 
45.23% was from groundwater (Wang 2018). However, 
there was that groundwater only supply 10% of the irriga-
tion quantities in Yongji. In Urat, about 32.02% of irrigation 
water was not supplied from YRB, according to the local 
water resources bulletin. Wuliangsu Lake positively influ-
enced agricultural production in Yichang and Urat, but was 
not considered in this study. Thus, in practice, groundwater, 

rather than YRB, was a source of a considerable quantity of 
irrigation water in HID.

The actual water footprints and those calculated by opti-
mization are shown in Fig. 6(c). The relative values for 
the three crops were consistent with other studies (Deepa 
et al. 2021; Luan et al. 2018). Differences in water foot-
prints between the optimization calculation and the actual 
situation were as follows. The optimized green water foot-
print increased by 64.63–116.91% for wheat, 7.84–48.01% 
for corn, and 2.96–55.27% for sunflower. The blue water 
footprint decreased by 14.87% for wheat, 0.83–37.63% for 
corn, and 18.64–50.06% for sunflower. Blue water utiliza-
tion decreased by 0.54–1.12% for wheat, 0.42–2.91% for 
corn, and 1.50–9.91% for sunflower. Blue water utilization 
for a crop is the ratio of the blue water footprint to the water 
footprint for the crop. A low value of blue water utilization 
indicates low blue water footprint consumption by the crop 
and high water use efficiency. The results indicated that the 
contribution of the blue water footprint to the total water 
footprint of the crop decreased and the contribution of the 
green water footprint increased. Water use efficiency was 
higher in the optimal scheme than in the actual situation. 
This analysis shows that the optimal scheme will meet the 
goal of sustainable agricultural development. The research 
results of Luan et al. (2018) showed that water footprints in 
HID were 1.38–2.89  m3  kg−1 for wheat, 0.94–1.77  m3  kg−1 
for corn, and 2.10–4.86  m3  kg−1 for sunflower. Water foot-
prints in this study were reduced by 22.44–23.56% for 
wheat, 45.42–41.17% for corn, and 50.37–57.82% for sun-
flower compared with Luan's results. This comparison indi-
cated that the optimal scheme significantly reduced the crop 
water footprint and saved agricultural water resources.

Conclusions

The CWAP quantification model was developed and incor-
porated the output into an optimization model to allocate 
irrigation water in Hetao Irrigation District (HID), the larg-
est irrigation district in northern China, to apportion irri-
gation resources depending upon crop and growth period. 
CWAP quantifies the irrigation water allocation priority and 
it differs from WSI: CWAP takes into account the effects 
of economic benefits and irrigation water productivity on 
yield, while WSI reflects only the effect of water shortage 
on yield. Three indicators were selected to evaluate CWAP 
(change in yield, change in economic benefits, and change 
in irrigation water productivity). A nonlinear multi-objec-
tive optimization model was developed to determine opti-
mal irrigation schemes based on CWAP. Comparison of 
the optimization results with the actual irrigation of wheat, 
corn, and sunflower showed that optimization reduced the 
net irrigation quantity by 60.77% (wheat), 51.24% (corn), 
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Fig. 6  Irrigation quantity, opti-
mal, and actual water footprint 
in each irrigation subarea; in 
(a), the actual net irrigation 
quantity was obtained by Hetao 
Irrigation District Management 
Bureau through sampling repre-
sentative experimental stations 
in each irrigation subarea

(a) Optimal and actual net irrigation quantity for each crop in every month by irrigation subarea; A is the optimal 

net irrigation quantity, B is the actual net irrigation quantity.

(b) Optimal allocation of surface water and groundwater, actual water diversions from YRB, and total water 

resources in each irrigation subarea.

(c) The green and blue water footprints calculated by optimization and the actual situation for the three crops in 

each irrigation subarea.
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Table 4  Definition of parameters and variables used in this paper

Parameters Definition

i Irrigation subarea index (i = 1, 2, …, I)
j Crop type index (j = 1, 2, …, J)
t The growth time of crop index (t = 1, 2, …, T)
l Irrigation scenario index, l = c, 2, 3, 4 denotes full, 70%, 50%, and 30% irrigation scenario, respectively
Wlijt Soil water storage of crop j in month t in irrigation scenario l, mm
Woij Initial soil water storage before crop j planted in irrigation subarea i, mm
Peijt Effective precipitation of crop j in month t in irrigation subarea i, mm
Mlijt Net irrigation quantity of crop j in month t in irrigation scenario l, mm
ETglijt Groundwater recharge of crop j in month t, mm
ETalijt Actual evapotranspiration of crop j in month t in irrigation subarea i, mm
RElijt Deep percolation caused by excessive rainfall or irrigation, mm
Dlijt Drainage generated when the soil moisture content exceeds the field capacity, mm
θlijt Average soil moisture content of the root zone of crop j in month t in irrigation scenario l,  m3  m−3

Zrjt Root depth of crop j in month t, m
θ0i Initial soil moisture content in irrigation subarea i,  m3  m−3

Zr0 Depth of planned wetting layer before sowing, m
ηt Effective precipitation coefficient in month t
Pijt Precipitation of crop j in month t in irrigation subarea i, mm
δ Groundwater recharge coefficient
ETmijt Maximum actual evapotranspiration of crop j in month t in irrigation subarea i without water and soil salinity stress, mm
kijt Crop coefficient of crop j in month t in irrigation subarea i
ET0ijt Reference evapotranspiration, mm
kwlijt Water stress coefficient of crop j in month t in irrigation subarea i in irrigation scenario l
θwpi Soil moisture content at wilting point in irrigation subarea i,  m3  m−3

θfci Field capacity in irrigation subarea i,  m3  m−3

ksj Salinity stress coefficient of crop j
bj Characteristic parameter of crop j, % (dS  m−1)−1

kyj Seasonal yield impact factor of crop j
ECe Electrical conductivity of soil saturated solution in crop root layer, dS  m−1

ECethresholdj Threshold of ECe when yield of crop j is below maximum yield, dS  m−1

Ylijt Actual crop yield of crop j in irrigation subarea i in irrigation scenario l carried out in month t, t  ha−1

Ymij Maximum yield of crop j in irrigation subarea i, t  ha−1

λijt Water sensitivity index of crop j in month t in irrigation subarea i
Tj The number of growth months of crop j
Mcijt Net irrigation quantity of crop j in month t in full irrigation scenario, mm
Ycij Actual crop yield of crop j in irrigation subarea i in full irrigation scenario, t  ha−1

and 63.59% (sunflower); the green water footprint increased 
by up to 116.91% (wheat), 48.01% (corn), and 55.27% 
(sunflower); the blue water footprint decreased by 14.87% 
(wheat), 37.63% (corn), and 50.06% (sunflower); and blue 
water utilization decreased by 1.12% (wheat), 2.91% (corn), 
and 9.91% (sunflower). In other words, the optimal schemes 
saved irrigation water and increased water use efficiency.

Furthermore, surface water and groundwater were con-
sidered separately as decision variables in the optimization 
model to explore differences in distribution and the utiliza-
tion of various agricultural irrigation water sources in dif-
ferent regions. To expeditiously develop irrigation schemes 

that are effective in a changing climate, we recommend that 
the proposed method is supplemented with real-time data 
(e.g., weather forecasts and crop growth monitoring data) 
to become a real-time optimization platform for irrigation 
systems. This will facilitate more precise agricultural man-
agement and promote digital agriculture to further sustain-
able development.

Appendix

See Table 4
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Table 4  (continued)

Parameters Definition

Δslijt Change in yield of crop j in irrigation subarea i between irrigation scenario l (where l = 2, 3, 4) and full irrigation sce-
nario carried out in month t h, t  ha−1

ΔElijt Change in economic benefits, $ USD
Aij Planting area of crop j in irrigation subarea i, ha
Bj Purchase price of crop j, $  kg−1

ΔIWPlijt Change in irrigation water productivity, kg  m−3

ΔMlijt Irrigation quantity reduced by irrigation l (where l = 2, 3, 4) than full irrigation, mm
xlijt Each evaluation index value in irrigation scenario l (l = 2, 3, 4)
k Evaluation index (k = 1, 2, …, K, K = 3)
Cvlitk Variation coefficient of index k in month t in irrigation subarea i in irrigation scenario l (l = 2, 3, 4)
ωlitk Weight of index k in month t in irrigation subarea i in irrigation scenario l (l = 2, 3, 4)
Cvlijk Variation coefficient of index k for crop j in irrigation subarea i in irrigation scenario l (l = 2, 3, 4)
ωlijk Weight of index k for crop j in irrigation subarea i in irrigation scenario l (l = 2, 3, 4)
pclijtk CWAP coefficient of index k for crop j in month t in irrigation subarea i in irrigation scenario l (l = 2, 3, 4)
Δs'

lijt The normalized value of change in yield index (Δslijt)
ΔE'

lijt The normalized value of e change in economic benefits index (ΔElijt)
ΔIWP'

lijt The normalized value of change in irrigation water productivity index (ΔIWPlijt)
βlijt CWAP value for crop j in month t in irrigation subarea i in irrigation scenario l (l = 2, 3, 4)
βijt Average CWAP value in the three deficit irrigation scenarios
f1 Objective 1: maximum crop yield, t
f2 Objective 2: maximum economic benefit, $
f3 Objective 3: minimum water shortage during critical growth months for crucial crops, mm
ETaijt Optimal actual evapotranspiration of crop j in month t in irrigation subarea i, mm
C1 Local surface water price, $  m−3

C2 Local groundwater price, $  m−3

SWijt Net irrigation of surface water of crop j in month t in irrigation subarea i, mm
GWijt Net irrigation of groundwater of crop j in month t in irrigation subarea i, mm
μi1 Utilization coefficient of surface water irrigation in irrigation subarea i
μ2 Utilization coefficient of groundwater irrigation in irrigation subarea i
Q Total surface water available amount,  m3

QG Total groundwater available amount,  m3

y Minimum food demand per capita, which is 400 kg per person (FAO 2019), kg  p−1

S Total local population,  104p
WPij Water productivity of crop j in irrigation subarea i, kg  m−3

Wmaxijt, Wminijt Maximum and minimum water storage of crop j in month t in irrigation subarea i, mm
ω1, ω2, ω3 Weights of three objective functions
xijtopt, fopt Decision solution of the optimization model considering CWAP
x'

ijtopt, f'opt Decision solution of the optimization model ignoring CWAP
f'3 Objective 3 ignoring CWAP: minimum irrigation water amount, mm
SW'

ijt + GW'
ijt Net irrigation of surface water and groundwater in optimization model ignoring CWAP
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