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A B S T R A C T   

Agricultural water optimization at the basin scale is critical for sustainable irrigated agriculture and water re-
sources management. Crop Water Production Function (CWPF) and surface water are key components of agri-
cultural water optimization. CWPF relates closely to crop yield/growth-related parameters, and surface water of 
sub-basins is often different and impacted by water withdrawals. However, CWPF accounting for the crop yield- 
related parameter and natural runoff of sub-basins were scarcely involved in agricultural water optimization at 
the basin scale. To fill this gap, CWPFs of different water units are estimated using a distributed ecohydrological 
model involving the spatial heterogeneity of crop photosynthetic capacity parameter, and the natural runoff of 
sub-basins is reproduced by this model. Integrating these functions and variables, and taking the agricultural 
benefit of the whole basin as the main objective, an agricultural water optimization model at the basin scale 
(AWOMB) is developed and applied to a mountain-plain basin in North China. The results showed that agri-
cultural water optimization in a representative year would lead to 0.4% increase of crop production for the 
whole basin at the expense of certain urban ecological water and equity of agricultural water. In this scenario, 
the river ecological water requirements in all sub-basins would be satisfied. Assuming the domestic, industrial 
and river ecological water demand being fully satisfied in 2020s, water deficits will be 8% and 26% for the whole 
basin under the normal and dry year scenarios, respectively. Correspondingly, increments of 2% and 7% crop 
production are predicted in these two scenarios by agricultural water optimization. It is demonstrated that water 
resources utilization and agricultural production are effectively improved by coupling a distributed ecohy-
drological model with water resources optimization in the study basin. This research provides a methodology for 
integrative catchment water resources management.   

1. Introduction 

Agriculture consumes about 70% of the water resources in the world 
(Schlager, 2005; Galán-Martín et al., 2017). Under the influence of 
agricultural irrigation, the streamflow in Central Asia, Southwest 
Europe, Middle East Pakistan, Northwest China and North China has 
decreased (Cai et al., 2002; Yang and Tian, 2009; Siddiqi and Wescoat, 
2013; Liu et al., 2015; Jiang et al., 2016; Vicente-Serrano et al., 2019). 
The runoff decrease in upper catchments in these arid, semi-arid or 
semi-humid regions led to groundwater overexploitation and even river 
drying up in the lower catchments, and consequently runoff into the 
terminal lakes or seas decreased (Wang et al., 2008; Guo and Shen, 

2015; Mekonnen et al., 2015; Xu et al., 2019). On the other hand, ir-
rigation dominates grain production in these regions (Deng et al., 2006; 
Jiang et al., 2015; Hasson et al., 2019), where agricultural irrigation 
poses a great challenge on the sustainability of water utilization and 
agricultural production. Since agricultural water optimization may ef-
fectively support both food and water sustainability by increasing water 
productivity (Brauman et al., 2013; Jiang et al., 2016; Smilovic et al., 
2019), it is required for sustainable water management and agricultural 
production in arid, semi-arid or semi-humid regions with water stress at 
the basin scale. 

Optimization models are essential tools of agricultural water opti-
mization. These models are generally based on traditional 

https://doi.org/10.1016/j.jhydrol.2020.125336 
Received 10 April 2020; Received in revised form 1 July 2020; Accepted 21 July 2020    

⁎ Corresponding author at: Key Laboratory of Water Cycle and Related Land Surface Processes, Institute of Geographic Sciences and Natural Resources Research, 
Chinese Academy of Sciences, Beijing 100101, China. 

E-mail address: moxg@igsnrr.ac.cn (X. Mo). 

Journal of Hydrology 590 (2020) 125336

Available online 04 August 2020
0022-1694/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00221694
https://www.elsevier.com/locate/jhydrol
https://doi.org/10.1016/j.jhydrol.2020.125336
https://doi.org/10.1016/j.jhydrol.2020.125336
mailto:moxg@igsnrr.ac.cn
https://doi.org/10.1016/j.jhydrol.2020.125336
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhydrol.2020.125336&domain=pdf


programming method, such as linear programming (LP), nonlinear 
programming and fractional programming (Ahrends et al., 2008; 
Garcia-Vila and Fereres, 2012; Garg and Dadhich, 2014; Jiang et al., 
2016; Zhao et al., 2017; Sadeghi et al., 2020); uncertain programming 
method, such as stochastic optimization, robust programming, fractile 
optimization, fuzzy programming, interval programming and chance- 
constrained programming (Wang and Huang, 2015; Yang et al., 2015; 
Zeng et al., 2017; Dai et al., 2018; Dong et al., 2018; Tan and Zhang, 
2018; Li et al., 2019a, 2019b); heuristic optimization algorithm, such as 
genetic algorithm (GA) and ant colony optimization (Cai et al., 2002; 
Alvarez et al., 2004; Nguyen et al., 2017; Wen et al., 2017; Li et al., 
2020b); and other optimization methods, such as particle swarm opti-
mization, game model and pattern search algorithm (Su et al., 2014; Fu 
et al., 2019; Linker, 2020). A few scholars have carried out agricultural 
water resources optimization at the basin scale with the optimization 
models mentioned above. For example, Sadeghi et al. (2020) designated 
the optimal agricultural management pattern from the view of water- 
energy-food nexus at the basin scale with a LP model; Ahrends et al. 
(2008) optimized the irrigation cultivation in a semi-arid catchment of 
West Africa using the nonlinear programming; and Su et al. (2014) 
conducted the agricultural water resources optimal allocation with the 
pattern search algorithm based on subdivision of virtual water into blue 

and green virtual water in Shiyang River Basin in Northwest China. 
Further, GA is one of the frequently used techniques to obtain the op-
timal water scheme (Li et al., 2020b), and this method can be applied to 
many complex problems that are difficult to solve using traditional 
gradient-based approaches (Goldberg, 1989; Michalewicz, 1994; 
Montesinos et al., 2001). 

Optimization models are commonly constrained with available 
water resources, agricultural water demand or irrigated area, aiming to 
maximize the benefit for the study area (Ahrends et al., 2008; Garcia- 
Vila and Fereres, 2012; Su et al., 2014; Yang et al., 2015; Jiang et al., 
2016; Dang et al., 2018). The available water resources used in the 
optimization models are normally for the whole study area, either de-
rived from the statistical information or hydrological modeling 
(Ahrends et al., 2008; Garcia-Vila and Fereres, 2012; Su et al., 2014; 
Dang et al., 2018). Although the streamflow shows spatial difference in 
a watershed and the observed streamflow is reduced due to with-
drawing for irrigation (Yang and Tian, 2009; Zuo and Chen, 2012; Li 
et al., 2020a), the natural runoff of sub-basins is scarcely included in 
the agricultural water optimization. In addition, the response of crop 
yield to water in the optimization models is ordinarily based on em-
pirical relationships (Garg and Dadhich, 2014; Yang et al., 2015). 
However, the empirical relationship describing the response of crop 

Nomenclature  

Agret agricultural benefit for the whole basin in year t 
CWPFkt crop water production function for unit k in year t (kg) 
Ecot ecological benefit for the whole basin in year t 
EQt equity of agricultural water for the whole basin in year t 
ETa annual actual ET (mm) 
GDPindok industrial GDP in unit k in a given year (104Yuan) 
GDPindkt industrial GDP in unit k in year t (104Yuan) 
Iak area of irrigated farm in unit k (ha) 
IRkt annual actual irrigation in unit k in year t (mm) 
irrkt satisfaction ratio of agricultural water in unit k in year t 
irrmt average irrkt for all units in year t 
irrWUEkt irrigation water use efficiency in unit k in year t (kg ha−1 

mm−1) 
Iskt average sufficient irrigation for all grids of irrigated farm 

in unit k in year t (mm) 
k unit number 
k_basin sub-basin including unit k which is not a separate sub- 

basin 
k_sub separate sub-basin included in k_basin 
k0, k1 first and last number for k_sub 
Kcitykt, Kruralkt urban and rural domestic water quota in unit k in year 

t (L day−1person−1) 
ks, ke the first and last number of upper units for unit k 
n number of years for prediction 
ndayt total days in year t 
nu number of water units 
Objt integrated objective function of the water optimization in 

year t 
Pcitykt, Pruralkt urban and rural population in unit k in year t 
Peff effective monthly precipitation (mm month−1) 
Pkt total population in unit k in year t 
Pmonth monthly precipitation (mm month−1) 
Pok population in unit k in a given year 
Pvalid effective annual precipitation (mm) 
Qindkt water consumption per 104 Yuan GDP in unit k in year t 

(m3 (104Yuan)−1) 
qn urban ecological water quota (m3 year−1 person−1) 
Rgkt annual groundwater supply not double counting in the 

surface water of unit k in year t (m3) 

Rnkt natural runoff generated in unit k in year t (m3) 
Rnkt_basin reproduced natural runoff of k_basin in year t (m3) 
Rnkt_sub reproduced natural runoff of k_sub in year t (m3) 
rotherkt ratio of Wotherkt to the sum of Wlifekt, Windkt, Wekt and Wagrakt 

Samin, Scmin minimum satisfaction ratio of agricultural and urban 
ecological water demand 

Skt annual surface water supply of unit k in year t (m3) 
t year number 
Ukt urbanization rate in unit k in year t 
vi averaged growth rate of industrial GDP (104Yuan year−1) 
vk natural population growth rate in unit k 
w1, w2, w3 weight of Agret, Ecot, EQt 

Wagrakt gross annual actual agricultural water in unit k in year t 
(m3) 

Wagrkt annual agricultural water demand of unit k in year t (m3) 
Wagrskt gross annual sufficient irrigation water of unit k in year t 

(m3) 
Wcitykt, Wruralkt annual urban and rural domestic water demand in 

unit k in year t (m3) 
Wckt annual urban ecological water demand of unit k in year t 

(m3) 
Wekt annual ecological water demand of unit k in year t (m3) 
Windkt annual industrial water demand of unit k in year t (m3) 
Wkt annual water supply of unit k in year t (m3) 
Wlifekt annual domestic water demand of unit k in year t (m3) 
Wokt annual other water supply of unit k in year t (m3) 
Wotherkt water used by other sectors of unit k in year t (m3) 
Woutkt outflow of unit k in year t (m3) 
Wrkt annual river ecological water demand of unit k in year t 

(m3) 
Wukt annual residue water of the upper units for unit k in year t 

(m3) 
Xkt gross agricultural water allocated to unit k in year t (m3) 
Yieldmaxkt average yield with sufficient irrigation for all grids of 

irrigated farm in unit k in year t (kg ha−1) 
Yieldminkt average rainfed yield for all grids of irrigated farm in unit 

k in year t (kg ha−1) 
Ykt urban ecological water allocated to unit k in year t (m3) 
αkt effective irrigation water utilization rate in unit k in year t 
ηindkt reuse rate of industrial water in unit k in year t   
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yield to irrigation (i.e. the crop water production function (CWPF)) is 
inappropriate in a different environment (Saseendran et al., 2015). 

The process-based crop or agro-hydrological model can describe the 
dynamic process of agro-ecosystem well and is convenient to consider 
environmental parameters. This kind of model has been used to in-
vestigate the spatial patterns of crop productivity and water use effi-
ciency under climate change and to raise management strategies (such 
as cropping structure) based on scenario analysis of several pre-speci-
fied alternatives (Singh et al., 2006; Mo et al., 2009; Jiang et al., 2015; 
Xue and Ren, 2017; Yu et al., 2017). A few researchers have used these 
kinds of models to derive CWPFs under different climate and soil con-
ditions (Garcia-Vila and Fereres, 2012; Saseendran et al., 2015; Jiang 
et al., 2016; Smilovic et al., 2019). Some of them even utilized the 
derived CWPFs in water resources optimization models (Garcia-Vila 
and Fereres, 2012; Jiang et al., 2016). Considering crop yield is a key 
variable in CWPF and crop yield is sensitive to growth/production-re-
lated parameters in agro-ecosystem model (Zhang et al., 2020), CWPF 
derived from modelling will be impacted by the growth/production- 
related parameters. Crop photosynthetic capacity belongs to this kind of 
parameters (Mo et al., 2005b), and it shows spatial heterogeneity due to 
the impact of soil nitrogen (Brück and Guo, 2006; Hu and Mo, 2011; Li 
et al., 2019a, 2019b). However, CWPF accounting for the spatial dif-
ference of crop growth/production-related parameters (such as crop 
photosynthetic capacity) has not been used in the agricultural water 
optimization at the basin scale. 

The Vegetation Interface Processes (VIP) model is a process-based 
distributed ecohydrological model based on grids. The VIP model can 
effectively describe the impact of the spatial heterogeneity of photo-
synthetic capacity on crop yield and the relationship between yield and 
irrigation (Hu et al., 2010, 2014, 2019; Hu and Mo, 2011). The VIP 

model can also successfully simulate the river streamflow in different 
basins (Mo et al., 2005a; Huang and Mo, 2015; Wang et al., 2015), as 
well as the natural runoff in the basin with intensified irrigation (Huang 
and Mo, 2015). Since the runoff generation and runoff routing in VIP 
model is based on grids, it can reproduce the streamflow of different 
sub-basins simultaneously. In this work, we will use the VIP model to 
derive the natural runoff of sub-basins, as well as the CWPF accounting 
for the spatial heterogeneity of crop photosynthetic capacity. 

The objective of this study is to improve crop yield and outflow in a 
basin, thus an agricultural water optimization model at the basin scale 
(AWOMB) solving by GA is developed. The AWOMB takes agricultural 
benefit as the main objective function, and this function is constructed 
with the CWPF retrieved with the VIP ecohydrological dynamic model. 
Furthermore, the natural runoff of sub-basins from VIP model is taken 
as critical parameter of constraints in the AWOMB. Using the Hutuo 
River Basin (HRB) in North China as an example, agricultural water 
optimization is conducted at the basin scale under different water 
supply and demand scenarios, and the response of crop yield and out-
flow is explored. 

2. Study area and data 

2.1. Study area 

Ziya River Basin (112o13′-116o03′, 36o17′-39o28′) is located in the 
southern part of Haihe River Basin in North China, including Fuyang 
River and Hutuo River (Fig. 1a). Hutuo River Basin (HRB) is taken as 
the study area due to its dendritic drainage. Taking the outlet at 
Huangbizhuang, the upper reach of HRB is mainly located in Xinzhou 
and Yangquan in Shanxi Province, covering an area of 2.3 × 104 km2. 

Fig. 1. (a) Land use, location of hydrological stations and (b) irrigated farm in the Ziya River Basin.  
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The lower reach (Shijin District) primarily lies in Shijiazhuang and 
Hengshui in Hebei Province, with an area of 4, 346 km2 (Fig. 1b). The 
climate in HRB belongs to continental monsoon climate, with annual 
average temperature of 10.8℃ and accumulated precipitation of 
513 mm. The precipitation shows large spatial and temporal variability. 
For example, annual precipitation in Wutai Mountain in the upper 
reach is about 631 mm, while it is about 505 mm in the lower reach. 
Approximately 80% of annual precipitation occurs in July, August and 
September, and the maximum range of annual precipitation is above 
300 mm during 1956–2013. Land use types mainly include cropland, 
forest, grassland and water bodies, with cropland taking up 35% 
(Fig. 1a). The main crop in the upper reach is spring maize, while the 
lower reach is dominated by the annual double-crop rotation system of 
winter wheat and summer maize (Kendy et al., 2003; Sun et al., 2010). 

2.2. Data 

The data in this work include the geographic information data, re-
mote sensing data, meteorological data, hydrological data, agricultural 
data, and socioeconomic data. The geographic information, remote 
sensing vegetation index and meteorological data are mainly used to 
drive the VIP model, and the measurements of river discharge are used 
for model calibration during 1956–1959 and validation during 
1960–1979. The agricultural and socioeconomic data (Table 1) are 
mainly employed in the water demand calculation. 

The geographic information composes of topography, land use, and 
soil texture data. The digital evaluation model (DEM) data with a 
spatial resolution of 30 m from US Geological Survey database is used 
to describe the topography. Land use data from TM images around 
2010, at the scale of 1:100,000 (http://www.resdc.cn/), is utilized. Soil 
texture is classified with the sand, silt and clay percent fractions 
(1:1,000,000) from the second soil survey of China (http://westdc. 
westgis.ac.cn/data/8a8f3ac3-d628-4d20-a815-487c2ac9c373). The 
DEM is processed to the required spatial resolution (250 m) in Lambert 
projection with the bilinear resample method, while land use and soil 
texture data with the majority resample method. 

Remote sensing data used in this work includes the Terra-Modis 16- 
days maximum composite Normalized Difference Vegetation Index 
(NDVI) from 2001 to 2013, at 250 m resolution. All the NDVI images 
have been conducted for projection transformation (Lambert projec-
tion), geometrical and atmospheric correction, and Savtzky-Golay (S-G) 
filter (Savitzky and Golay, 1964). 

The meteorological data during 1956–2013 is from the China 
Meteorological Data Service Center (http://data.cma.cn/en), including 
daily variables of air temperatures (mean, maximum and minimum), 
water vapor pressure, wind speed, sunshine duration, and precipitation 
recorded at 78 national meteorological stations in and around the study 

area. The meteorological data is spatially interpolated to 250 m re-
solution with the gradient inverse distance (GIDS) method (Lin et al., 
2002). The hydrological data from Annual Hydrological Report of 
China consists of monthly streamflow during 1956–1979 of two stations 
in HRB (Xiaojue and Pingshan, Fig. 1a). 

The agricultural data includes the effective irrigation ratio of 
farmland, effective irrigation water utilization rate, and crop yield in 
2005–2013 for each county in the study area. The socioeconomic data 
primarily includes groundwater and other water resources data, urba-
nization rate, population, natural population growth rate, and GDP in 
1999–2013. 

3. Methodology 

Using the data above, an AWOMB model is constructed coupling 
with a distributed ecohydrological model (i.e. the VIP model) (Fig. 2) in 
the mountain-plain basin, so as to alleviate the water scarcity and 
guarantee the agricultural productivity. 

3.1. The VIP model 

The VIP model is a physical-process-based ecosystem dynamic 
model and can simulate the exchanges of energy, water, and carbon 
between the terrestrial ecosystem and the atmosphere at each grid of 
the land surface (Mo et al., 2017). Based on the secondary derivations 
of the differences between leaf/ground temperature and air tempera-
ture, the energy budgets of vegetation canopy and soil surface are es-
timated separately with the Penman-Monteith equation. In the canopy, 
short wave radiation transferring is separated into visible and near in-
frared components (Mo et al., 2018). Regarding water budgets, land 
surface runoff generation is described with a modified variable in-
filtration capacity equation, accounting for the daily net precipitation 
and moisture deficit to saturation in the upper-soil layer. Simulation of 
soil water movement is implemented with the discrete Richards equa-
tion. The groundwater recharge from the soil is calculated with the 
Darcy Law. The drainage of groundwater to channels is simulated with 
two (namely the upper and lower) linear reservoirs. The overland and 
channel runoff routing is computed based on the kinematic wave 
equation solved by a one-dimensional four point finite backward-dif-
ference method. According to the water and energy balance, land sur-
face evapotranspiration (ET) is derived. ET consists of three compo-
nents, namely vegetation transpiration, evaporation from soil surface, 
and canopy interception (Mo et al., 2005a). In the carbon cycle scheme, 
photosynthetic production is calculated based on the biochemical 
schemes for C3 (Farquhar et al., 1980) and C4 plants (Collatz et al., 
1992) respectively, then up-scaled to canopy with vertical profiles of 
sunlit and shaded leaves groups. The photosynthetic production is the 

Table 1 
Data in the representative year (2007).      

Data Source Value Unit  

Surface water of Hebei province www.china.com.cn 152 108 m3 

Ground water of Shijiazhuang Water resources development of Hebei Province in the early 21st 
century 

18 108 m3 

Ground water of Yangquan/Xinzhou Water resources bulletin of Shanxi 0.61/3.11 108 m3 

Other water resources of Shijiazhuang Li et al. (2007) 2.4 108 m3 

Other water resources of Yangquan/Xinzhou Water resources bulletin of Shanxi 0.45/0.08 108 m3 

Natural population growth rate of Shanxi/Hebei Statistical yearbook 0.5%/0.7%  
Averaged growth rate of industrial GDP Statistical yearbook 8.5%  
Water consumption per 104 Yuan GDP in Shanxi/ Hebei Water resources bulletin of Shanxi/Fu (2012) 81/115 m3 (104Yuan)−1 

Reuse rate of industrial water Water resources bulletin of Shanxi 0.3  
Urban/rural domestic water quota Water resources bulletin of Shanxi 52/41 L day−1person−1 

Urbanization rate Fu (2012) 0.34  
Ratio of other water demand in Shanxi/Shijiazhuang Water resources bulletin of Shanxi/Shijiazhuang 0.08/0.12  
Effective irrigation water utilization rate in Xinzhou/other parts of the 

study area 
Zhang (2009) 0.4/0.43  
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input variables of the crop growth module for biomass and leaf area 
estimation. In the crop growth module, crop phenological stages are 
expressed with air temperature degree–day which determines the 
fractions of assimilation partitioned to crop components (leaf, stem, 
root and grain), and crop yield is sensitive to the photosynthetic ca-
pacity parameter. The spatial patterns of two photosynthetic capacity 
parameters (i.e. maximum Rubisco catalytic capacity of winter wheat 
and intrinsic quantum efficiency of spring maize) have been retrieved 
with remote sensing information (Hu et al., 2014, 2019). In terms of the 
interaction among water cycle, energy transfer and carbon cycle, 
transpiration, stomatal conductance and photosynthesis are coupled via 
leaf stomatal conductance-photosynthesis relationship in the VIP model 
(Ball et al., 1987; Mo et al., 2009). 

3.2. Water supply and demand of each unit in the AWOMB 

In this study, the water units in the upstream (Fig. 3) are derived 
based on the sub-basins obtained with DEM and the outlet stations with 
reported drainage area in Annual Hydrological Report of China. The 
small sub-basin is taken as a separate water unit, while the area not 
included in any small sub-basin but included in a large sub-basin is also 
taken as a water unit. The water unit in the downstream is Shijin Dis-
trict, with discharge from the mountain outlet reservoirs as one of the 
water sources. 

For unit k in year t, its annual water supply Wkt (m3) includes sur-
face water Skt (m3), groundwater not double counting in the surface 
water Rgkt (m3) and other water Wokt (such as collecting rainwater, 

Fig. 2. Study framework. GA-Genetic Algorithm. CWPF-crop water production function.  

Fig. 3. Agricultural water units in the Hutuo River basin (unit 1–9 locate in Xinzhou, unit 12–14 locate in Yangquan, others locate in Hebei Province).  
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Fig. 4. Rainfed yield (Yieldmin), yield with sufficient irrigation (Yieldmax) and sufficient irrigation (Is) estimated by VIP model for spring maize on irrigated farm in 
the representative year (a, b, c), dry year (d, e, f), normal year (g, h, i) and wet year (j, k, l). 
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reclaimed water and water diverted from outside basins, m3): 

= + +W S R Wkt kt gkt okt (1)  

Here, Rgkt and Wokt are calculated as the multiple of the reported 
water resources for the region including unit k and the area ratio of unit 
k to that region (namely the area ratio method). In this study, we as-
sume the residual water in the upper units can reach the lower unit via 
the hydrographic net for irrigation purpose. Therefore, Skt is the sum of 
the residual water of the upper units Wukt (m3) and the natural runoff 
generated in unit k Rnkt (m3): 

= +S R Wkt nkt ukt (2)  

Here Rnkt in the upstream units is predicted by the VIP model 
(Appendix A), while that in the downstream unit (Shijin District) is 
obtained with the area ratio method. Wukt is calculated by the water 
balance method among units: 

=
=

=
W W W W W W W( )ukt

k k

k k

kt lifekt indkt ekt agrkt otherkt
s

e

(3) 

where ks and ke indicate the first and last number of upper units for unit 
k. For unit k in year t, Wlifekt (m3) represents the annual domestic water 
demand; Windkt (m3) denotes the industrial water demand; Wekt (m3) 
refers to the ecological water demand (including natural ecological 
water, namely river ecological water Wrkt (m3) derived from the si-
mulated natural runoff by the VIP model, and the ecological water 
outside river channels that primarily contains urban ecological water 
Wckt (m3) in this work); Wagrkt (m3) is the agricultural (irrigation) water 
demand (the maximum value is derived by the VIP model, and the 
actual value is derived based on remotely sensed NDVI (Mo et al., 
2015); and Wotherkt (m3) is the water used by other sectors (such as 
urban public water, water used by forest, livestock and fishery). See  
Appendix B for details on calculating Wlifekt, Windkt, Wekt and Wagrkt. 
Wotherkt is acquired according to the following equation: 

=
+ + +

W
W W W W

rotherkt
lifekt indkt ekt agrakt

otherkt (4)  

Here, Wagrakt (m3) is the gross annual actual agricultural water for 
unit k in year t, and rotherkt is the ratio of Wotherkt to the sum of Wlifekt, 
Windkt, Wekt and Wagrakt. 

In order to guarantee the basic social and economic benefits of the 

basin, Wlifekt, Windkt and Wotherkt are assumed to be satisfied; in order to 
maintain the water network for the whole basin, Wrkt is also assumed to 
be satisfied. The agricultural water and urban ecological water of each 
unit will be optimized at the basin scale. For all water use sectors except 
agriculture, it is assumed that there is no water loss during water de-
livery. 

3.3. Objective function of the AWOMB 

Referring to Cai (1999), Su et al. (2014) and Dai et al. (2018), the 
objective functions of the AWOMB in year t include agricultural benefit 
(Agret), ecological benefit (Ecot) and social benefit (i.e. equity of agri-
cultural water, EQt) for the whole basin. 

(1) Agret is expressed as the relative production of the allocated 
agricultural water, 

=
×

=
=

=
=Agre

CWPF X
Yield I

max
( , )

t
k
k nu

kt kt kt

k
k nu

kt ak

1

1 max (5) 

where nu is the total number of units (nu is 18 in this work), CWPFkt 

(kg) is the CWPF for unit k in year t, Xkt (m3) is the gross agricultural 
water allocated to unit k, αkt is the effective irrigation water utilization 
rate in unit k, Yieldmaxkt  (kg ha−1) is the average yield with sufficient 
irrigation for all grids of irrigated farm in unit k, and Iak (ha) is the area 
of irrigated farm in unit k (Appendix B). Assuming Xkt is evenly dis-
tributed in each grid of the irrigated farmland, CWPFkt is given by, 

= × + × ×CWPF X Yield I irrWUE X( , ) ( )
10kt kt kt kt ak

kt kt kt
min (6) 

where Yieldminkt (kg ha−1) is the average rainfed yield for all grids of 
irrigated farmland in unit k, irrWUEkt (kg ha−1 mm−1) is the irrigation 
water use efficiency in unit k, which can be expressed as follows (Bos, 
1980, 1985): 

=irrWUE Yield Yield
Ikt

kt kt

skt

max min

(7) 

where Iskt (mm) is the average sufficient irrigation for all grids of irri-
gated farm in unit k. Yieldmaxkt, Yieldminkt and Iskt are obtained with VIP 
model as follows. 

The photosynthetic capacity parameter with spatial heterogeneity is 

Fig. 5. Total irrigation and yield (Ywm) of winter wheat and summer maize estimated with VIP model based on the random experiemts in the representative year. 
(a), (b), (c), (d), (e) and (f) is for the representative grid in unit 10, 11, 15, 16, 17 and 18, respectively. 
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used to obtain the variables used in CWPF (i.e. Yieldmaxkt, Yieldminkt and 
Iskt). For spring maize in unit 1–9 and 12–14 in the mountainous area 
(Fig. 3), the spatial pattern of the critical photosynthetic capacity 
parameter (i. e. the intrinsic quantum efficiency, μmol C μmol−1 pho-
tons) is acquired from Hu et al. (2019). The spatial pattern of the in-
trinsic quantum efficiency is then used to simulate regional Yieldmaxkt, 
Yieldminkt and Iskt (Fig. 4) with the VIP model. Specifically, at each ir-
rigated farm grid, Yieldminkt is the rainfed yield; Iskt is the total irrigation 
water in the growing season, i.e. when the soil water in the root zone is 
below the field capacity, irrigation water is supplied to reach the field 
capacity; and the corresponding yield of Iskt is Yieldmaxkt. 

The winter wheat-summer maize units are mostly located in the 
plain area. The total Yieldmaxkt, Yieldminkt and Iskt for these two crops are 
acquired with the VIP model based on the random experiment method 
for the representative grid in unit k (10–11, 15–18), i.e. when the soil 
water in the root zone is below a random value in 45%-70% of the field 
capacity, irrigation water is supplied to reach another random value in 
75%–100% of the field capacity. The photosynthetic capacity para-
meter of winter wheat (i.e. maximum catalytic capacity of Rubisco) for 
the representative grid is taken as the average value for irrigated farm 
grids in unit k (Hu et al., 2014). The other photosynthetic capacity 
parameters of winter wheat and summer maize are obtained according 
to Mo et al. (2009). Employing these photosynthetic capacity para-
meters, the random experiments are conducted for 2000 times with VIP 
model. The maximum irrigation of these experiments is Iskt. The inter-
cept regressing linearly the yield with irrigation from random experi-
ments is Yieldminkt, and the linear trend is the irrigation water use ef-
ficiency irrWUEkt, as shown in Fig. 5. Using irrWUEkt, Iskt and Yieldminkt, 
Yieldmaxkt is obtained based on Eq. (7). 

(2) Due to the river ecological water of each unit being fully sa-
tisfied, Ecot is expressed as the averaged satisfaction ratio of urban 
ecological water for all units: 

= =
=

Eco
nu

maxt
k
k nu Y

W1
kt
ckt

(8) 

where Ykt (m3) is the urban ecological water allocated to unit k in year t. 
(3) EQt is adopted as the standard error of the satisfaction ratio of 

agricultural water (Cai, 1999), 

= =
=

EQ
irr irr

n
min

( )
t

k
k nu

kt mt1
2

(9)  

=irr X
Wkt

kt

agrskt (10)  

= =
=

irr
irr

nmt
k
k nu

kt1
(11)  

Here irrkt is the satisfaction ratio of agricultural water of unit k in 
year t, irrmt is the average irrkt for all units, and Wagrskt (m3) is the gross 
sufficient irrigation volume (Appendix B). 

(4) This work aims to obtain maximum agricultural and ecological 
benefit as well as minimum difference in the agricultural water sa-
tisfaction ratio. Considering each objective function above is di-
mensionless ranging from 0 to 1, the integrated objective function of 
the water optimization in year t (Objt) is expressed as, 

= × + × ×Obj w Agre w Eco w EQmax( )t t t t1 2 3 (12)  

+ + =w w w 11 2 3 (13) 

where w1, w2 and w3 represents the weight of Agret, Ecot and EQt, being 
0.8, 0.1 and 0.1 (Table 2), respectively. The weight is set according to 
the advice of experts based on the purpose of the agricultural water 
optimization model, namely to maximize agricultural benefit while 
considering social and ecological benefits. Further, the social and 

ecological benefits are considered equally important. 
The optimization techniques have been used widely in agricultural 

water allocation (Singh, 2012). Among these techniques, GA focuses on 
the set of individuals, and its calculation is for all decision variables. GA 
is suitable for solving a multi-objective problem for the whole system, 
and it will be used to solve the multi-objective optimization problem 
constrained with equations below (Section 3.4) in the present study. 

3.4. Constraints of the AWOMB 

In this study, considering the available water supply in each unit, 
potential water demand of agriculture, potential water demand of 
urban ecological landscape, and inflow to the large reservoirs, con-
straints of the AWOMB are as follows: 

(1) Total available water 
In year t, for unit k (k = 1, 2, 3, …, 18), Xkt and Ykt should be less 

than Wkt subtracted by the satisfied Wlifekt, Windkt, Wrkt and Wotherkt, 

+X Y W W W W Wkt kt kt lifekt indkt rkt otherkt (14)  

(2) Allowable maximum and minimum allocated water of agri-
cultural and urban ecological sectors 

In year t, for unit k, both Xkt and Ykt should fall in certain ranges, 

×S W X Wa agrskt kt agrsktmin (15)  

×S W Y Wc ckt kt cktmin (16) 

where Samin and Scmin is the minimum satisfaction ratio of agricultural 
water and urban ecological water, respectively. Considering that the 
water is insufficient in HRB, and assuming some river ecological water 
can be used as urban ecological water simultaneously, Samin and Scmin is 
set as 0.1 and 0.3 (Table 2). 

(3) The inflow of the reservoir 
For unit 11 and 17 with large reservoirs, the inflow from upper units 

should be larger than the river ecological water: 

W Wukt rkt (17)  

3.5. Implementation 

Considering different water supply and demand situations as well as 
water resources regulation in HRB, four scenarios are set in this study, 
namely: the representative year with scarce water (2007), and wet, 
normal, dry year in 2020s with water delivery from South-to-North 
Water Transfer Project for the lower reach. Based on the precipitation 
time series in 1956–2013, we choose the year with annual precipitation 
of 75%, 50% and 25% guaranteed rate as the wet, normal and dry year 
in 2020s, respectively. The natural streamflow, agricultural water de-
mand and crop yield in the corresponding year is then used in the 
agricultural water optimization. In 2020s, the other water resources 
(not including water delivery from South-to-North Water Transfer 
Project) will be calculated as 30% of the sum of urban domestic water 
and industrial water, and the effective irrigation water utilization rate 
will increase to 0.55 (Table 3). According to the reports of Shijin Dis-
trict Administration and Water Conservancy Bureau of Xinzhou, the 
irrigation structure has been greatly improved in recent years. Thus, the 
effective irrigation water utilization rate in 2020s is suitable. For the 

Table 2 
Parameters of the agricultural water optimization model.    

Item Value  

Minimum satisfaction ratio of agricultural water 0.1 
Minimum satisfaction ratio of urban ecological water 0.3 
Weight of agricultural benefit 0.8 
Weight of ecological benefit 0.1 
Weight of social benefit 0.1 
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industrial water quota, urbanization rate and domestic water quota in 
2020s, since the methods to derive them have been validated by the 
statistical data (r  >  0.70, p  <  0.01), the corresponding values in  
Table 3 are credible. In addition, according to our survey in Haihe River 
Water Conservancy Commission, the water delivery from South-to- 
North Water Transfer Project in 2020s will be carried out as plans. 
Therefore, the water delivery in Table 3 is rational. Except the data in  
Table 3, other data used in 2020s will be the same as that in the re-
presentative year. 

In order to obtain the responses of yield and outflow to agricultural 
water optimization in 2020s, the situation without agricultural water 
optimization in 2020s is set as follows: the water resources of unit k is 
firstly used by the domestic, industrial, river ecological, and other 
water use sectors in this unit; then for the urban ecological water use 
sector in unit k; the third is the agricultural water use sector in unit k; 
and the last is the water use sectors in lower units of unit k. Based on the 
agricultural and urban ecological water before and after agricultural 
water optimization, the crop yield and outflow in response to agri-
cultural water optimization are derived from Eqs. (6) and (18), re-
spectively. 

= +W W W W W X Y Woutkt kt lifekt indkt otherkt kt kt rkt (18)  

Here, Woutkt (m3) is the outflow of unit k in year t. 

4. Results 

4.1. CWPF evaluation 

CWPF is an important function used in the agricultural water opti-
mization in this paper, which depicts the relationship between total 
crop yield and allocated irrigation water in a water unit. Prior to 
evaluating the regional CWPF of spring maize derived with VIP model, 

the modelling of spring maize has been validated with the observed 
data (Hu et al., 2019). The simulated above-ground biomass and leaf 
area index agree well with the observed value in 2011 (r  >  0.98, 
p  <  0.01) at the plot scale (Shouyang). The simulated yield of each 
county forced by the spatial pattern of the intrinsic quantum efficiency 
is consistent with the statistical yield (r  >  0.6, p  <  0.01) during 
2005–2013 at the regional scale. Further, the sufficient irrigation in 
each spring maize unit under different scenarios is all less than 200 mm. 
Since the relationship between maize yield and irrigation is linear when 
the irrigation is less than 500 mm (Linker, 2020), the linear CWPF 
shown in Eq. (6) is valid for spring maize. According to the regional 
linear CWPF of spring maize accounting for the spatial heterogeneity of 
photosynthetic capacity, the average net actual irrigation of all counties 
is about 110 mm from 2005 to 2013, which is similar to the values 
reported in the water resources bulletin of Shanxi Province 
(114–134 mm). Therefore, the regional CWPF of spring maize derived 
from the VIP model is credible. 

The derived CWPF of winter wheat-summer maize is evaluated via 
assessing variables used in CWPF in the representative year. The total 
sufficient irrigation used in CWPF is 330 mm (Table 4) in the Shijin 
District, which is consistent with the value (300–320 mm) reported by 
the Heibei Water Resources Department. In addition, the average suf-
ficient irrigation of the winter wheat-summer maize units is 295 mm, 
which is close to the value (288 mm) reported by Ma et al. (2011) in the 
same area. The sufficient irrigation ranges from 261 to 330 mm in 
winter wheat-summer maize units (Table 4), which is similar to the 
optimal irrigation (240–330 mm) for sustainable water use (Hu et al., 
2010). It indicates that the sufficient irrigation in this study represents 
the maximum irrigation in actual situation with limited water re-
sources. Considering CWPF is linear when water supply for irrigation is 
limited (Zhao et al., 2017), the linear CWPF shown in Eq. (6) is rational 
for winter wheat-summer maize units. Furthermore, the total crop yield 

Table 3 
Data used in 2020s.      

Data Source Value Unit  

Water consumption per 104 Yuan GDP in Shanxi/Shijiazhuang Calculated with fitted polynomial based on statistical data in 1999–2013 72/96 m3 (104Yuan)−1 

Urbanization rate in Yangquan/Xinzhou /Shijiazhuang Calculated with fitted polynomial based on statistical data in 1999–2013 0.63/0.41/0.49  
Urban/rural domestic water quota Calculated with fitted polynomial based on statistical data in 1999–2013 51/46 L day−1person−1 

Effective irrigation water utilization rate Central Document No.1 in 2011 0.55  
South-to-North Water Diversion in Shijiazhuang Li et al. (2007) 7.4 108 m3 

Table 4 
Yield and irrigation of each unit under different scenarios derived from VIP model.                

Representative year Wet year in 2020s Normal year in 2020s Dry year in 2020s 

Ymin Ymax Is Ymin Ymax Is Ymin Ymax Is Ymin Ymax Is  

Shangyongxing 3700 4142 124 4038 4107 17 3675 3937 136 2466 3354 165 
Luzhuang 2920 3115 75 4752 4933 39 3992 4102 79 2411 2943 140 
Wangjiahui 2904 3235 99 4957 5067 62 4441 4667 152 2046 2717 133 
Jiehepu 5123 5583 126 5556 5654 53 4878 5184 167 4536 5527 177 
Douluoqiao 3913 4099 37 5257 5315 24 4683 4808 104 3566 4279 127 
Jishengqiao 4928 5340 109 5930 5973 35 5371 5585 155 4915 5854 164 
Nanzhuang 3299 3629 54 5223 5361 45 4754 4961 140 2494 3057 92 
Huili 4561 4994 79 6292 6340 28 5852 5943 120 4067 5085 92 
Xiaojue 3347 3633 69 5770 5831 30 5227 5356 119 3162 3735 69 
Yangquan 4708 4944 45 6215 6236 17 5682 5757 52 4789 5063 46 
Didu 4359 4551 41 6194 6227 21 5632 5696 48 4540 4805 48 
Quankou 5193 5402 52 6852 6939 17 6901 6969 43 5393 5686 42 
Wang’an 6417 10,936 295 7669 9858 189 5803 8321 212 5346 11,516 271 
Gangnan 5497 11,043 274 7548 10,027 195 5410 8555 239 5309 11,587 259 
Weishui 5226 8321 261 6686 8477 161 5829 6794 175 5626 8776 218 
Pingshan 4803 8465 289 6884 8162 141 6319 7532 153 4873 8553 248 
Huangbizhuang 6507 11,448 320 8498 11,075 184 6248 9172 224 5346 11,470 272 
Shijin 8344 13,169 330 11,897 14,476 155 9972 12,567 189 7431 13,378 281 

Notes: Ymin – yield without irrigation (kg ha−1), Ymax – yield with sufficient irrigation (kg ha−1), Is – sufficient irrigation (mm). The crop is winter whea-summer 
maize in Wang’an, Gangnan, Weishui, Pingshan, Huangbizhuang and Shijin unit, and it is spring maize in other units.  
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Fig. 6. Monthly streamflow of Xiaojue (a) and Pingshan (b). 'P' represents the monthly total precipitation.'Qob' and 'Qsim' represents the observed and simulated 
monthly average streamflow, respectively. 'NS' represents the Nash-Sutcliffe efficiency coefficient. 'ER' represents the relative volume error of the simulated 
stremflow to the observed value. 'RC' represents the correlation coefficient between the observed and simulated streamflow. 

Fig. 7. Water supply and demand of each unit in the representative year.  
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with sufficient irrigation employed in CWPF is 13169 kg ha−1 in the 
Shijin District. Referring to the regional yield simulated by VIP model 
(Lin, 2003; Hu et al., 2014), the corresponding value in Shijin District 
ranges from 12400 kg ha−1 to 13800 kg ha−1. Hence, the predicted 
total crop yield with sufficient irrigation here is credible. However, the 
total yield with sufficient irrigation for winter wheat and summer maize 
in this study is less than the potential yield without water or nutrition 
stress (16300 kg ha−1) (Mo et al., 2005b), because the photosynthetic 
capacity parameter here has accounted for the nutrition stress. 

The variables employed in CWPF under different scenarios in 2020s 
(Table 4) are also analyzed. For winter wheat-summer maize unit, the 
total yield with sufficient irrigation is determined by the sum of pre-
cipitation and sufficient irrigation volume (r  >  0.79, p  <  0.05), 
particularly under the dry and normal year scenarios (r  >  0.87, 
p  <  0.05). For spring maize unit, the rainfed yield of irrigated farm is 
impacted not only by the precipitation but also the photosynthetic 

capacity parameter. The gap between the yield with sufficient irrigation 
and rainfed yield is dominated by the irrigation volume, particularly 
under the dry and normal year scenario (r  >  0.79), indicating that 
maize yield is sensitive to drought, which is consistent with the results 
reported by other researchers (Potopova et al., 2015; Meng et al., 2016; 
Liu et al., 2017; Zdenek et al., 2017). Overall, the derived CWPFs are 
effective. 

4.2. Natural runoff evaluation 

The simulated natural runoff is firstly evaluated in the base period 
(1956–1979) with limited anthropogenic effects on river discharge 
(Yang and Tian, 2009; Huang and Mo, 2015). The results (Fig. 6) show 
that the simulated monthly value in the calibration period (1956–1960) 
and validation period (1961–1979) agreed well with the observed value 
for two different sub-basins. The Nash-Sutcliffe efficiency coefficients 

Table 5 
Agricultural water optimization in the representative year.             

Rn Wagra Wc X Y Yact Yopt αsm Vcmax  

Shangyongxing 9060 73 105 166 105 16,151 16,285 0.0339  
Luzhuang 6553 280 28 106 27 13,759 13,578 0.037  
Wangjiahui 2611 182 5 94 5 9736 9619 0.0425  
Jiehepu 28,215 2979 502 2065 159 291,341 290,032 0.0432  
Douluoqiao 5847 14 27 68 26 23,068 23,176 0.0354  
Jishengqiao 11,403 1678 457 1645 212 292,178 292,137 0.044  
Nanzhuang 21,977 174 200 74 67 15,926 15,686 0.047  
Huili 3255 29 23 21 23 3086 3067 0.0461  
Xiaojue 11,019 51 54 63 42 9059 9080 0.0409  
Yangquan 3658 49 206 33 74 9381 9344 0.0394  
Didu 14,339 263 561 87 189 31,315 30,960 0.039  
Quankou 12,993 1175 147 164 62 63,504 61,757 0.0438  
Wang’an 2794 213 7 118 6 12,308 11,716  100 
Gangnan 8944 464 14 462 14 37,780 37,768  100 
Weishui 8228 1667 176 1271 133 107,936 105,613  80 
Pingshan 5055 3143 241 1537 241 122,348 113,574  80 
Huangbizhuang 4522 3461 130 1953 69 160,748 151,298  100 
Shijin 35,194 132,549 2656 141,297 884 3,510,842 3,554,737  120 

Notes: Rn – natural runoff (104 m3), Wagra – gross annual actual agricultural water (104 m3), Wc – annual urban ecological water demand (104 m3), X – gross 
agricultural water allocated to each unit (104 m3), Y – urban ecological water allocated to each unit (104 m3), Yact –actual crop yield (ton) derived with Wagra and 
Equation (6) , Yopt –crop yield after water optimization (ton), αsm–average intrinsic quantum efficiency of spring maize (μmol C μmol−1 photons),Vcmax–average 
maximum catalytic capacity of Rubisco of winter wheat (μmol C m−2 s−1)  

Fig. 8. Response of annual outlet runoff to agricultural water optimization in the representative year.  
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are 0.82 and 0.75 in the calibration and validation periods respectively 
for Xiaojue (Fig. 6a), while 0.75 and 0.88 for Pingshan (Fig. 6b). The 
correlated coefficients are no less than 0.9 in both calibration and va-
lidation periods for these two sub-basins. According to Wang et al. 
(2013), the correlated coefficient is 0.93 in the calibration period and 
0.79 in the validation period at Xiaojue for a two-parameter monthly 
hydrological model, while the Nash-Sutcliffe efficiency coefficient is 
0.86 and 0.62, respectively. The difference of simulation efficiency 
between the calibration period and validation period of VIP model is 
lower than that in Wang et al. (2013), implying the robust performance 
of this distributed ecohydrological model in term of natural runoff re-
production. 

The reproduced natural runoff is secondly evaluated in the re-
presentative year via the difference between water demand and water 
supply including the natural runoff (Fig. 7). Primarily, the calculated 
water demand is assessed. For units in Shanxi Province, the total water 

demand was about 6.41 × 108 m3, which was larger than the reported 
value (6.05 × 108 m3) in Shanxi water resources bulletin by 6%. 
Considering that the river ecological water demand of all units was 
calculated as the minimum natural monthly runoff in recent 10 years 
while in fact a few rivers dried up, the calculated water demand was 
acceptable. The water supply and demand for the whole basin was 
about 33.51 × 108 m3 and 33.55 × 108m3, with a difference of 0.12%. 
This indicates the reproduced natural runoff included in the water 
supply is effective. 

4.3. Results of agricultural water optimization 

After agricultural water optimization in the representative year 
(Table 5), the agricultural water for most units in the upper reach de-
clines, particularly in the spring maize units with great rainfed yield 
(such as Jiehepu and Quankou unit) and winter wheat-summer maize 

Fig. 9. Water supply and demand of each unit in different scenarios in 2020s. a, b and c is for the dry, normal and wet year, respectively.  
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units with great actual irrigation water consumption (such as Pingshan 
and Huangbizhuang unit). Moreover, the urban ecological water in 
most units also decreases, particularly in the units with larger urban 
ecological water demand. These water decreases lead to a water in-
crease of 0.74 × 108 m3 in the lower reach. As a result, the water deficit 
in the lower reach decreases by 4%, and the crop yield in the lower 
reach increases by 0.44 × 108 kg (about 1.25%). For the whole basin, 
there is a yield increase of 0.19 × 108 kg (about 0.4%). Furthermore, 
the outflow of most units increases after agricultural water optimiza-
tion, as well as the runoff into the sea (Fig. 8), which can effectively 
improve the ecology and environment of the basin. 

In 2020s, there will be a water surplus of 5.79 × 108 m3 (18%), 
water deficit of 3.09 × 108 m3 (8%) and water deficit of 11.72 × 108 

m3 (26%) under the wet, normal and dry year scenario for the whole 
basin, respectively (Fig. 9). Under the wet year scenario, agricultural 
and urban ecological water of each unit will be fully satisfied, and the 
agricultural and ecological benefits will reach maximum value (100%). 
In addition, the difference of the agricultural water satisfaction ratio for 
all units will be the smallest. After agricultural water optimization 
under the normal and dry year scenarios (Table 6), the satisfaction ratio 
of urban ecological water for the whole basin can only reach 80% and 
76%, the maximum satisfaction ratio of the agricultural water for the 
units in the upper reach will be about 23% and 14%, and the yield in 
irrigated farmlands for the whole basin can only reach 97% and 82% of 
that with sufficient irrigation, respectively. Due to water optimization, 
under the normal and dry year scenarios, the water supply from the 
upper reach to Shijin District will increase by 3.11 × 108 m3 and 
5.44 × 108 m3, and the yield for the whole basin will increase by 
1 × 108 kg (i.e. 2%) and 3 × 108 kg (i.e. 7%), respectively. Because the 
irrigation water use efficiency in the Shijin District is greater under the 
dry year scenario than that under the normal year scenario, the agri-
cultural water optimization under the former scenario will be relatively 
more effective. 

5. Discussion 

5.1. Effects of spatial difference of natural runoff and crop photosynthetic 
capacity 

The natural runoff takes up more than 60% of the water supply for 
the whole basin in all scenarios. The water resources allocated to 

agricultural and urban ecological sectors correlate significantly 
(p  <  0.01, r  >  0.59) with local natural runoff for all water units in 
the representative year, dry and normal year in 2020s. As the crop yield 
correlates significantly (p  <  0.01, r  >  0.99) with the allocated 
agricultural water, the local natural runoff can explain 49%, 63% and 
62% (p  <  0.01) of the crop yield for all units after water optimization 
in the representative year, dry and normal year in 2020s, respectively. 
Further, the local natural runoff can explain more than 45% (p  <  0.01) 
of the outflow for the upper units in all these three scenarios. Overall, 
the spatial heterogeneity of natural runoff significantly impacts the 
agricultural production and outflow in water optimization. 

The crop yield after water optimization is impacted by not only the 
allocated agricultural water but also the rainfed yield of irrigated farm 
(p  <  0.01, r  >  0.99). The rainfed yield per unit area in spring maize 
units correlates with the intrinsic quantum efficiency significantly 
(r  >  0.53, p  <  0.05) in the normal year in 2020s, but it is not sig-
nificant in the representative or dry year in 2020s. It is because pre-
cipitation in the latter two scenarios is less and the crop yield correlates 
more closely with water. The rainfed yield per unit area in winter 
wheat-summer maize units can be explained more than 49% by the 
maximum catalytic capacity of Rubisco of winter wheat in all the re-
presentative year, dry and normal year in 2020s. Therefore, the effect of 
the spatial heterogeneity of crop photosynthetic capacity on agri-
cultural production is essential in water optimization. 

5.2. Uncertainty of parameters in the AWOMB 

The weights of objective functions (Table 2) in this study are set 
according to the advice of experts, which is subjective. Taking the re-
presentative year as an example, we analyz the uncertainty of this 
method by fixing the weight of one objective function (Fig. 10). As a 
result, when the weight of agricultural benefit is fixed as 0.1, the 
agricultural benefit keeps as 0.75 (Fig. 10a). When the weight of social 
benefit is fixed as 0.1 (Fig. 10b), the agricultural benefit increases from 
0.75 to 0.85 as the weight of agricultural benefit increases from 0 to 
0.7, and the agricultural benefit almost keeps stable as the weight of 
agricultural benefit increases from 0.7 to 0.9. When the weight of 
ecological benefit is fixed as 0.1(Fig. 10c), the agricultural benefit in-
creases from 0.75 to 0.85 as the weight of agricultural benefit increases 
from 0 to 0.5, and the agricultural benefit almost keeps stable as the 
weight of agricultural benefit increases from 0.5 to 0.9. These results 

Table 6 
Agricultural water optimization in 2020s.               

Normal year in 2020s Dry year in 2020s  

Wc0 Wagr0 X Y Y0 Yopt Wagr0 X Y Y0 Yopt  

Shangyongxing 72 1072 148 55 17,077 16,097 1300 150 57 14,547 11,141 
Luzhuang 35 666 70 35 18,920 18,466 1171 127 35 13,573 11,386 
Wangjiahui 2 906 93 2 15,253 14,592 792 113 2 8882 7002 
Jiehepu 499 16,998 2029 188 290,394 275,333 17,987 2127 187 309,675 260,703 
Douluoqiao 22 1116 137 22 28,305 27,661 1360 151 22 25,194 21,460 
Jishengqiao 573 14,328 1829 214 326,512 317,059 3582 2142 573 300,201 295,640 
Nanzhuang 73 1201 182 37 23,315 22,491 786 81 54 14,367 11,992 
Huili 41 144 34 41 3937 3891 111 14 41 3369 2782 
Xiaojue 92 579 88 64 14,361 14,067 339 36 86 10,015 8642 
Yangquan 40 186 27 40 11,334 11,208 163 24 40 9969 9507 
Didu 744 621 107 744 40,225 39,853 622 79 247 33,934 32,300 
Quankou 160 933 142 160 82,487 81,811 913 132 105 67,309 64,342 
Wang’an 8 655 80 8 14,144 10,389 838 102 8 19,577 10,366 
Gangnan 19 2393 336 19 47,108 32,221 2593 368 19 63,801 34,134 
Weishui 475 6541 809 433 139,660 122,275 8148 826 174 180,402 122,211 
Pingshan 686 6351 788 242 171,964 147,707 10,295 1094 603 195,276 120,187 
Huangbizhuang 408 8693 1087 408 195,767 141,157 10,555 1132 132 244,813 128,117 
Shijin 4792 73,613 107,953 1554 3,688,599 3,947,911 49,369 107,008 1562 2,909,107 3,579,803 

Notes: Wc0 – annual urban ecological water demand (104 m3), Wagr0 – annual agricultural water without water optimization (104 m3), X –agricultural water allocated 
to units (104 m3), Y – urban ecological water allocated to units (104 m3), Y0 –crop yield without water optimization (ton), Yopt –crop yield after water optimization 
(ton)  
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indicate that when the weight of agricultural benefit is no less than 0.7 
(i.e. > 0.6), the optimal agricultural benefit can be obtained. When the 
weight of agricultural benefit increases from 0.7 to 0.9 (Fig. 10b and c), 
the agricultural and social benefits almost keep stable, and the ecolo-
gical benefit reaches its relatively small value when the weight of 
agricultural benefit is 0.9 and 0.7 in Fig. 10b and Fig. 10c respectively. 
It implies the weight of agricultural benefit should be larger than 0.7 
and smaller than 0.9. If the minimum increasing volume of weight is set 
as 0.1, the weight of agricultural benefit should be 0.8. The ecological 
and social benefits are considered equally important, their weights 
should be both 0.1. Therefore, the weights used in this work (0.8, 0.1 
and 0.1 for the agricultural, ecological and social benefit, respectively) 
are valid. 

The minimum satisfaction ratio of agricultural water (Samin) and 
urban ecological water (Scmin) is determined somewhat subjective 
(Table 2). In the representative year, we analyz the impact of these two 
parameters on agricultural water optimization (Fig. 11). It is found that 

when Samin is fixed as any value ranging from 0.1 to 0.4, the ecological 
benefit increases significantly (r  >  0.83, p  <  0.05) as Scmin increases 
from 0.1 to 1.0 (Fig. 11c), indicating the ecological benefit is sensitive 
to Scmin. Further, the greater the Samin, the smaller the increasing rate of 
ecological benefit resulting from Scmin increase, implying the effect of 
Scmin on ecological benefit decreases as Samin increases. The reason is 
that when Samin increases, the water allocated to ecology becomes less, 
which leads to smaller ecology benefit. Similarly, the social benefit (i.e. 
equity of agricultural water) is proved to be sensitive to Samin, and the 
effect of Samin on social benefit decreases as Scmin increases. Moreover, 
as Samin or Scmin changes, the variances of ecological and social benefits 
are about 0.1 (Fig. 11c, d), and that of the agricultural benefit is about 
0.01 (Fig. 11b). Due to the weights of the former two are both small and 
that of the latter one is great, the variance of total benefit is also about 
0.01 (Fig. 11a). It shows that the uncertainty of Samin and Scmin is 
limited. In addition, when Samin and Scmin are 0.1 and 0.3 respectively 
(Table 2), the value of the main objective function (i.e. agricultural 

Fig. 10. Response of objective function values to the weights in the representative year. a, b, and c are set as a fixed weight (0.1) of agricultural, social and ecological 
benefit, respectively. 
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benefit) is relatively great (Fig. 11b). Thus, the values of Samin and Scmin 

in this work are rational. 

5.3. Implications and limitations 

The results show that the developed agricultural water optimization 
scheme involving the spatial heterogeneity of crop photosynthetic capa-
city and natural runoff is effective at the basin scale. However, there are 
some limitations of our agricultural water optimization scheme. First, the 
distributed ecohydrological model is coupled in agricultural water opti-
mization via providing data, which cannot completely reflect the dynamic 
agro-hydrological process at the basin scale. Second, CWPF is constructed 
for the whole growing season due to the shortage of seasonal photo-
synthetic capacity parameters, which cannot reflect the impacts of irri-
gation at different growth stages on crop yield. However, the effect of 
irrigation depends on the particular growth stage (Singh et al., 1991). For 
example, water restriction has the greatest negative effects on maize grain 
production during or after silking by reducing the number of kernels and 
limiting kernel filling (Soderlund et al., 2014). Third, three years with 
different annual precipitation are chosen to demonstrate different water 
resource scenarios in 2020s, which is limited in water optimization at the 
monthly scale. Last but not least, the agricultural water in this work is a 
rough estimate since the detailed map of crop pattern is not available. 

The developed agricultural water optimization model with VIP 
model is appropriate for water resources planning in a river basin 
where human activities (such as irrigation) have great impact on the 
discharge or crop yield, particular the latter due to that the response of 
crop yield to crop photosynthetic capacity heterogeneity can be effi-
ciently reproduced with VIP model. The spatial pattern of crop photo-
synthetic capacity parameter is the prime requirement to extend the 
developed AWOMB in other areas. More, information regarding the 
groundwater, other water resources, domestic water demand, industrial 
water demand, urban ecological water demand and the spatial dis-
tribution of irrigated farm is required for water demand calculation. 
This work also provides a pragmatic methodology to employ the 

distributed model to manage water resources at the basin scale, which 
is accomplished by providing CWPFs involving the spatial hetero-
geneity of sensitive crop yield parameter and runoff of sub-basins. 

6. Conclusions 

In order to improve the water utilization and agricultural produc-
tion in a basin with intensive irrigation, the AWOMB was developed 
with the help of a distributed ecohydrological model (VIP model). 
Namely, the CWPF in the AWOMB accounting for the spatial hetero-
geneity of the effect of photosynthetic capacity on irrigation water 
productivity was obtained with VIP model, as well as the natural runoff 
of sub-basins. After evaluation of CWPF and natural runoff, agricultural 
water optimization was conducted under different scenarios, and the 
response of crop yield and outflow was analyzed. 

The irrigation water calculated with CWPF considering the spatial 
heterogeneity of crop photosynthetic capacity reproduced the actual 
volume well. The variables used in this kind of CWPF were rational 
under different scenarios. The generated natural runoff of different sub- 
basins agreed with the observed value and was effective in the water 
balance equation. The agricultural water optimization method invol-
ving the spatial heterogeneity of crop photosynthetic capacity and 
natural runoff can be used to manage agricultural water at the basin 
scale. 

The local natural runoff dominated the water allocation to the water 
units in the agricultural water optimization at the basin scale. In the 
representative year, the optimal agricultural water allocation scheme 
not only enhanced the agricultural benefit but also improved the river 
ecological water and the runoff into the sea. After agricultural water 
optimization, due to agricultural water decrease in the upper sub-basins 
where rainfed crop yield or actual irrigation water was high, the water 
supply in the lower reach with great potential crop productivity in-
creased by 5%, resulting in a crop yield increase of 0.19 × 108 kg for 
the whole basin. However, some urban ecological water and equity of 
agricultural water was sacrificed. 

Fig. 11. Response of objective function values to the minimum satisfaction ratio of agricultural and urban ecological water demand. Samin and Scmin is the minimum 
satisfaction ratio of agricultural and urban ecological water, respectively. (a)-Total benefit, (b)-Agricultural benefit, (c)-Ecological benefit, and (d)-Social benefit. 
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In 2020s, there will be a water surplus for the whole basin under the 
wet year scenario, and the crop yield will reach the yield with sufficient 
irrigation. Under the normal and dry year scenarios, there will be water 
deficits for the whole basin. In order to guarantee crop yield, the water 
supply from the upper reach to the lower reach should increase. In the 
dry and normal year scenarios, if the water supply from the upper reach 
to the lower reach increases by 5.44 × 108 m3 and 3.11 × 108, the 
yield in the lower reach will increase by 3 × 108 kg (7%) and 1 × 108 

kg (i.e. 2%), respectively. Further, the effect of spatial heterogeneity of 
crop photosynthetic capacity on agricultural production will be parti-
cularly important in the normal year scenario. 

With the distributed ecohydrological model, a practical agricultural 
water optimization model is constructed for the whole basin at the 
annual scale. This technique can be used for water resource planning in 
a river basin. 
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Appendix A:. The natural runoff reproduction in the upstream units 

Since the streamflow in the upper reach changed abruptly around 1979 (Yang and Tian, 2009; Huang and Mo, 2015), the period from 1956 to 
2013 was separated into the base period (1956–1979) and changing period (1980–2013). In the base period, the effect of human activities on the 
streamflow could be neglected, thus the observed streamflow was considered as the natural streamflow. In the changing period, the effect of human 
activities was significant, and the observed streamflow was impacted by human activities, such as irrigation. With the natural streamflow in the base 
period, VIP model can be calibrated and validated to simulate the natural runoff. With the calibrated parameters, the natural runoff of sub-basins in 
the changing period can be reproduced. For the unit which is a separate sub-basin, the annual natural runoff Rnkt (m3) is taken as the natural runoff 
simulated by VIP model. For the unit which is not a separate sub-basin, Rnkt is derived according to the hydrographic net: 

=
=

=
R R Rnkt nkt basin

k k

k k

nkt sub_ _
0

1

(A1)  

Here, Rnkt_basin (m3) is the reproduced natural runoff in year t of the sub-basin (k_basin) that unit k is included, Rnkt_sub (m3) is the value of separate 
sub-basin (k_sub) included in k_basin, k0 and k1 are the first and last number for k_sub. 

Appendix B:. Water demand calculation 

(1) In year t , the domestic water demand of unit k Wlifekt (m3) is given by: 

= +W W Wlifekt citykt ruralkt (B1)  

=
× ×

W
P K n

1000citykt
citykt citykt dayt

(B2)  

=
× ×

W
P K n

1000ruralkt
ruralkt ruralkt dayt

(B3) 

where Wcitykt and Wruralkt are the annual urban and rural domestic water demand in year t (m3), Kcitykt and Kruralkt are the urban and rural domestic 
water quota (L day−1person−1) (Tables 1 and 3), respectively. ndayt is the total days in year t. Pcitykt and Pruralkt are the urban and rural population 
respectively, and the former is calculated with the total population Pkt and the urbanization rate Ukt (Tables 1 and 3). Pkt is expressed as: 

= + = × + = × ±P P P P U P P v(1 )kt citykt ruralkt kt kt ruralkt ok k
n (B4)  

Here n is the number of years for prediction, Pok is the population in a given year, derived from the spatial distribution of population in 2010 (Fu 
et al., 2014), and vk is the natural population growth rate (Table 1) obtained from the statistical data. 

(2) In unit k in year t, the industrial water demand Windkt (m3) is inferred as: 

= × ×W GDP Q (1 )indkt indkt indkt indkt (B5)  

Here Qindkt is the water consumption per 104 Yuan GDP (m3 (104Yuan)−1) (Tables 1 and 3), and ηindkt is the reuse rate of industrial water from the 
reported data (Table 1). GDPindkt is the industrial GDP in unit k in year t (104Yuan), predicted by the following equation, 

= × ±GDP GDP vi(1 )indkt indok
n (B6)  

n is the number of years for prediction, GDPindok (104Yuan) is the industrial GDP in a given year, derived from the spatial distribution of GDP in 
2010 and the relationship between GDP and land use types (Huang et al., 2014a, 2014b), and vi (104Yuan year−1) is the averaged growth rate of 
industrial GDP (Table 1). 

(3) In year t, the river ecological water demand of unit k Wrkt (m3) refers to the minimum streamflow to maintain the survival of aquatic and 
riparian life, which is calculated as the minimum natural monthly runoff in 2004–2013 based on the 7Q10 method (DFID of the UK, 2003). The 
natural monthly runoff is reproduced by VIP model (Appendix A). 

The urban ecological water demand of unit k Wckt (m3) is given by: 

= ×W P qckt citykt n (B7) 
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Here qn is the urban ecological water quota. The recommended value of qn is 20 m3 year−1 person−1 (Fu, 2012). 
(4) The upper bound of the agricultural water is the maximum irrigation water Wagrskt (m3), given by: 

= ×
×

W I I
10agrskt
skt ak

kt (B8) 

where αkt is the effective irrigation water utilization rate (Tables 1 and 3), referring to the ratio of water stored in the root zone to the water 
withdrawal in the water source. Iskt (mm) is the annual sufficient irrigation per unit area (average value for unit k), simulated by VIP model (Section 
3.3). Iak (ha) is the irrigated area of unit k (Fig. 3a), calculated based on the spatial distribution of irrigated farm (Fig. 1b). The irrigated farm grid is 
identified by the NDVI threshold method. Namely, the multi-year (2005-2013) mean accumulated NDVI from April to September of all farm grids (at 
a spatial resolution of 250 m) is descending sorted; if the irrigation ratio of the region is about 30%, NDVI threshold is the NDVI with 30% percentile. 
The farm grids with NDVI larger than the threshold belong to irrigated farm. 

The gross actual agricultural water Wagrakt (m3) is expressed as: 

= ×
×

W I I
10agrakt
Rkt ak

kt (B9) 

where IRkt (mm) is the annual actual irrigation per unit area (average value for unit k), derived from the following equation: 

= <I ET P ET P
ET P0R

a valid a valid

a valid (B10)  

Because the cycle of soil water is about one year, ETa is the annual actual ET (mm), which is derived based on remote sensing NDVI at the spatial 
resolution of 250 m (Mo et al., 2015). Pvalid is the effective precipitation in the corresponding period (mm), calculated with the method recommended 
by the soil and water conservation bureau of the United States Department of Agriculture: 

= × ×
+ × >P P P P mm

P P mm
(125 0. 2 )/125 250

125 0. 1 250eff
month month month

month month (B11)  

Here Peff is the effective monthly precipitation (mm month−1), and Pmonth is the monthly precipitation (mm month−1).  
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