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A B S T R A C T

Water use conflicts between agriculture and ecosystem have become a more severe and acute problem in the
Heihe River basin (HRB). Excessive irrigation water use in the middle oasis of the HRB has caused gradual
deterioration of water quality and eco-environment both in middle and lower HRB. The urgent issue is to make a
quantitative analysis and an improvement of irrigation water use in middle oasis. In this paper, distributed agro-
hydrological modeling was conducted to access the irrigation water use and potential water-saving in the major
irrigation system of middle HRB (MOIS), using the GIS-based SWAP-EPIC model. The modeling work was based
on the abundant data from field experiments, remote sensing, surveys and statistics, and previous eco-hydro-
logical studies. The reliability of the distributed simulation was evaluated using the remote sensing data of actual
evapotranspiration (ETa). Then, spatial distribution of irrigation water depth, ETa, deep percolation and crop
yield and the related impact factors were systematically analyzed in MOIS. Results indicated that only 53% of
total applied water was efficiently used through ETa, whereas deep percolation loss and canal conveyance loss
accounted for 22% and 25% of the total applied water, respectively. The beneficial water use fraction was still
low in MOIS, averaging only 0.70 on field scale and 0.52 on district scale. Water-saving analysis predicted that
15% of irrigation amount could be saved efficiently, with especial emphasis on the rational water allocation and
distribution. In addition, our results related to agro-hydrological processes could provide very valuable in-
formation for improving the existing watershed hydrological modeling in the HRB.

1. Introduction

Water scarcity and water use conflicts are extremely serious in many
inland river basins with heavily irrigated agriculture and fragile eco-
systems (Ji et al., 2006; White et al., 2014; Cheng et al., 2014). Efficient
use of agricultural water is a priority for local social-economic devel-
opment and ecological security (Thevs et al., 2015). The Heihe River
basin (HRB), the second largest inland river basin in China, is such a
typical region located in the arid northwest China. The main river (i.e.
Heihe River) originates in Qilian Mountain, and enters the middle ar-
tificial oasis through Yingluo Gorge, and finally discharges into the
downstream area of Gobi Desert after Zhengyi Gorge (Fig. 1). Both the
agricultural irrigation in middle oasis and the fragile ecosystems in
downstream basin strongly depend on the Heihe River water. However,
the irrigation water diversion of the middle oasis accounts for more
than 80% of the river runoff at Yingluo Gorge (Zhao et al., 2010). The
river runoff is thus usually inadequate to maintain the health of

ecosystems in downstream HRB. Continuous deterioration of the water
and eco-environment quality have occurred since 1950s (Cheng et al.,
2014), typically due to groundwater level decline, natural vegetation
degradation, soil desertification, and terminal lake shrinkage (Qi and
Luo, 2005; Guo et al., 2009; Cheng et al., 2014).

Since 2002, the Ecological Water Diversion Project (EWDP) has
been applied aiming to restore the ecosystems in downstream HRB (Ma
et al., 2015). According to the EWDP, the river water allocated to
middle oasis is to be significantly reduced for increasing runoff dis-
charge. The downstream ecosystems are being gradually restored after
12 years of water reallocation (Cheng et al., 2014). Meanwhile, for
adapting the reduction of river water allocation, various water-saving
practices have been implemented in middle oasis. Yet, the total water
use is actually not reduced in middle oasis (Shi et al., 2010), due to
inappropriate land and water use and management (Jiang et al., 2015;
Wu et al., 2015). More groundwater is exploited to supplement irriga-
tion. This has resulted in a declining trend in groundwater levels (Wen
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et al., 2007; Zhou et al., 2011) and the shrinkage of wetland and
grassland areas (Hu et al., 2015) in middle oasis. Therefore, how to
optimize the water allocation ratio to middle oasis and increase the
agricultural water use efficiency becomes the challenge to the HRB
(Cheng et al., 2014). Comprehensive research concerning hydrology,
ecology and economy is accordingly conducted for revealing and co-
ordinating the complex relationship of water-ecosystem-economy in the
HRB.

The ecological and hydrological studies are most extensively con-
ducted in the HRB. For the middle oasis where surface water and
groundwater interacts frequently, the quantitative research on evapo-
transpiration, river-runoff and groundwater dynamics are the core to-
pics. Large improvements have been achieved during the last decade,
with both the implementation of more observation networks and the
adoption of advanced new techniques and innovative models.
Traditional hydrological or hydrogeological models (e.g. MODFLOW,
FEFLOW and SWAT) and some integrated surface water-groundwater
models (e.g. GSFLOW) are both applied for simulating and analyzing
surface runoff, soil water balance and groundwater dynamics (Hu et al.,
2007; Zhou et al., 2011; Tian et al., 2015; Li et al., 2017; Zang et al.,
2012). On the other hand, the systematic experiments and data pro-
duction at different scales are carried out for better understanding the
eco-hydrological processes and improving the modeling accuracy (Li
et al., 2013a). These studies include: (1) various remote sensing tech-
niques are applied for detecting the ground geographic features (e.g.
land use, crop pattern, leaf area index, etc.) (Zhong et al., 2014; Zhao
et al., 2015; Chen et al., 2015; Fan et al., 2015); (2) evapotranspiration
data and products in different scales are obtained with eddy covariance,
large-aperture scintillometer and satellite image (Liu et al., 2011; Hu
and Jia, 2015; Xiong et al., 2015; Lian and Huang, 2015); (3) isotope
tracing is used to quantify the sources and composition of river-runoff
(Zhang et al., 2009); (4) sampling analysis related to soils, plants and
waters are widely carried out as well. Overall, the integrated eco-hy-
drological studies related to the interaction of water, soil, vegetation
and atmosphere have become a hot spot at present (Li et al., 2013b;
Yang et al., 2015; Gao et al., 2016; Ma et al., 2015). However, with
further research, it is increasingly recognized that the agricultural
water use in middle oasis is still not well understood, although it is so
significant for water cycle and water management both in middle oasis
and the HRB. Some previous research, referring to agricultural water
issues (Su et al., 2007; Jiang et al., 2015, 2016; Ge et al., 2013), is

mostly implemented on a farmland or a local regional scale while rarely
on an oasis scale. This may be primarily due to the difficulties in
availability of large datasets for considering the spatial variance of soil,
irrigation, crop pattern, etc. Also, the previous hydrological modeling
generally adopts a simplified manner to conceptualize the irrigation
effects in middle oasis (e.g. Tian et al., 2015; Zhou et al., 2011; Zang
et al., 2012). However, massive important spatial distributed data and
observed data of middle HRB have become available due to the sup-
ports of above-mentioned extensive research in recent years. This
makes it practicable to simulate the complicated agro-hydrological
processes on an oasis scale.

In addition, the efficiency analysis related to multiple scales and
users is the prerequisite to realize reasonable water use (van Halsema
and Vincent, 2012; Nair et al., 2013). For irrigation systems, it is
commonly applied to each irrigation sub-system of storage, con-
veyance, off- and on farm distribution, and on-farm application (Bos
and Nugteren, 1990). Different terms have been proposed and used
since 1950s, such as the classical irrigation efficiency (IE) (Israelson,
1950), three efficiency terms (i.e. conveyance efficiency, distribution
efficiency and field application efficiency) formulated by the ICID/ILRI
(Bos and Nugteren, 1990), and some adapted IE (e.g. effective irrigation
efficiency and irrigation sagacity) (Keller and Keller, 1995; Solomon and
Burt, 1999). Moreover, the improvement of local efficiencies generally
cannot represent a reduction of water losses and an increase of effi-
ciency within a larger system or in river basins, since the waste or non-
consumed water could be reused somewhere (Molden et al., 2007; van
Halsema and Vincent, 2012). Recently, some irrigation scientists point
out that the term efficiency often leads to misconceptions and misuse,
owing to its various and confused definitions (Perry, 2007; Jensen,
2007; Pereira et al., 2012). Hence, the present trend is to apply some
new indicators that use a ratio or fraction to replace the traditional
efficiency terminology, which make definitions more directly refer to
different water use component (e.g. consumptive and non-consumptive
use, beneficial and non-beneficial use) (Foster and Perry, 2010; Pereira
et al., 2012). An expected advantage of these indicators is that irriga-
tion managers and farmers could understand them better than effi-
ciency terms.

Therefore, the purpose of this study was to conduct a distributed
agro-hydrological modeling and to assess the irrigation water use and
water-saving for the major irrigation systems in the middle oasis (ab-
breviated as MOIS) of the Heihe River basin. The GIS-based SWAP-EPIC

Fig. 1. The Heihe River basin and study area covering the major irrigation systems of the middle oasis (MOIS) (note: the meteorological station has the same name as
the country except Zhangye).
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model was adopted for the distributed modeling of agro-hydrological
processes. Remote-sensing evapotranspiration (ET) data was used to
evaluate the reasonability of simulation. Then, spatial variations of
water balance components and crop yields were systematically ana-
lyzed, and irrigation water use was further investigated using three
evaluation indicators. Finally, a water-saving analysis was conducted
through scenario simulation related to the improvement of irrigation
water allocation and field water application. Results of this paper would
provide a comprehensive and accurate understanding of agro-hydro-
logical processes in middle oasis, and valuable information to existing
watershed hydrological modeling. Water-saving analysis aims to give
potential supports for improving the irrigation water allocation and
management in the HRB and the analogous inland river basins in
northwest China.

2. Materials and methods

2.1. Study area

The MOIS (38.5°-39.8 °N and 98.9°-100.8 °E) is located between the
Qilian Mountain in the south and the Longshou-Heli Mountains in the
north, where a river valley fine-soil plain is formed (Fig. 1). It consists
of irrigation systems in three counties of Ganzhou, Linze and Gaotai
that are respectively located in the upper, middle and lower stream of
MOIS. Its irrigated area covers about 66% of total irrigated areas in the
middle oasis. Agricultural irrigation in MOIS consumes more than 80%
of upstream runoff of the Heihe River that enters the middle oasis, and
contributes approximately 90% of agricultural production value of the
HRB. Excessive river water diversion into MOIS is the main reason for
the water conflicts and ecological degradation in the HRB. The farm-
lands in MOIS occupy 27% of the total area, mainly distributed along
the main stream of Heihe River (Fig. 1). The edge of MOIS is a large
area of wasteland and Gobi Desert, accounting for 53% of the total area.
Some woodlands, grasslands and wetlands are scatteredly distributed.

The MOIS has a temperate continental arid climate. The average
annual precipitation is only 133mm with over 60% occurring during
June to September (1994–2013). The average FAO reference evapo-
transpiration (ETo) reaches to 1130mm a−1, and is much larger than
precipitation (Fig. 2). The minimum and maximum monthly tempera-
ture averages at -10℃ and 22℃ in January and July, respectively. There
are about 150–170 frost-free days per year. The growing season is
generally from March to September. The agriculture is fully dependent
on irrigation due to the arid climate.

The altitude of MOIS varies from 2200m in upper southeast to
1290m in lower northwest (Fig. 1). Silt loam and loam is widely dis-
tributed in cultivated farmlands. Coarse-textured soils are also typical
in northeast area of downstream MOIS (Fig. 3a). Groundwater depth is
very deep (30–200m) in upper southwest parts of piedmont alluvial fan
plain, and become shallow in lower fine-soil plain area. The ground-
water plays a critical role in maintaining natural vegetation growth,
especially in the downstream MOIS. Since 1990s, due to expanded
farmlands and increasing groundwater exploitation, groundwater levels
show a noticeable decreasing trend, with range of 4.9 to 11.5 m decline
during the last 30 years (Mi et al., 2016). In recent years, groundwater
depths often range from not less than 3m to over 30m in irrigated
areas.

The MOIS consists of 24 irrigation districts, with thousands of canals
and over 6000 pumping wells for irrigation (Fig. 3b). A large part of
canals are lined and the hydraulic construction is re-updated after
2002, especially in upstream MOIS. However, the canal regulation and
operation management are still at a low level in many districts as re-
ported by some studies (Jiang et al., 2015; Wu et al., 2015). The main
crop is corn with two varieties (i.e. grain corn for seed production and
forage corn for forage production), accounting for 65% of the total ir-
rigated area. Grain corn is more widely planted due to its higher profits.
The remaining irrigated areas include other croplands (planted with

wheat, barley, cotton, cabbage, tomato and pepper) and some scattered
grasslands and woodlands (Fig. 3c). Flood (basin) irrigation is the
common method. There are usually 3–4 irrigation events during crop
season and a winter irrigation event during November for maintaining
soil moisture in the next spring.

2.2. Model description

Regional irrigation water use was related to both field water ap-
plication and canal water conveyance. Of these, agro-hydrological
processes in fields were the more complicated and critical part. The GIS-
based SWAP-EPIC model was adopted to simulate the field hydrological
processes in a distributed manner. Meanwhile, the calculation for water
conveyance of canal systems was focused on its loss terms using coef-
ficient methods.

SWAP-EPIC was a one-dimensional (1-D) physical-based agro-hy-
drological model that could simulate soil water flow, solute and heat
transport as well as crop growth on a field scale and daily time-step. It
was proposed by Xu et al. (2013) through coupling the SWAP (Soil-
Water-Atmosphere-Plant) model (Kroes and van Dam, 2003) and the
EPIC crop growth module (Williams et al., 1989). The soil water flow
was described based on the 1-D Richards equation for vertical flow. Soil
hydraulic properties were described using the van Genuchten (1980)
and Mualem (1976) functions. The solute transport and heat transfer
were described with the form of convection-dispersion equation and the
conduction equation, respectively. The finite-difference solution
scheme was applied for both solving the partial differential equations of
soil water flow, solute transport and heat conductance. The modules of
soil water flow and crop growth were adopted for the current study. A
brief description is provided in this paper, while more detailed theory
can be found in Kroes and van Dam (2003) and Xu et al. (2013).

The top boundary condition can be determined by the actual eva-
poration and transpiration rates and the irrigation and precipitation
fluxes. Potential evapotranspiration (ETp), estimated by the Penman-
Monteith equation (Monteith, 1965) using daily meteorological data
(radiation, wind speed, vapor pressure and temperature), was parti-
tioned into potential soil evaporation and potential crop transpiration
based upon the leaf area index (Xu et al., 2013). Actual evaporation and
transpiration rates were respectively obtained as a function of the
available soil water in the surface soil and the root zone. Crop growth
and yield were calculated using the modified EPIC crop growth model
(Williams et al., 1989). This module described the crop growth based on
accumulated temperature. It can simulate the leaf area development,
light interception, and the conversion of intercepted light into biomass
and yield together with effects of temperature, water and salt stress.

The GIS-based SWAP-EPIC was developed through a close coupling
of SWAP-EPIC and ArcInfo GIS, using VBA programs in GIS environ-
ment by Jiang et al. (2015). Thus, the SWAP-EPIC was extended to be
used in a distributed manner for regional modeling. The distributed
modeling was conducted by identifying a heterogeneous area as an
assemblage of individual simulation units with homogenous soil-water-
plant-weather representation. Independent runs of SWAP-EPIC model
can simulate soil water balance and crop growth and yield in each si-
mulated unit. The detailed description about GIS-based SWAP-EPIC
model was given by Jiang et al. (2015).

For canal water loss estimation, the canal water conveyance loss (Cl)
and canal seepage (Cs) were two important terms for efficiency eva-
luation. The Cl was estimated by multiplying the water supply with the
term 1-e, where e is the canal conveyance ratio (i.e. the canal outflow to
inflow ratio). The e values were available through the canal flow
measurements, reported in the Annual Reports of Irrigation Water
Management of Zhangye City (Annual Report-IWMZC). For river water
conveyance, the ratio e ranged at 0.55-0.76 in different irrigation dis-
tricts, involving the conveyance processes from the highest to lowest
levels of canals. When including the groundwater conveyance, the canal
loss ratio (1-e) was reduced to 0.15-0.43. The canal seepage Cs was the
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main part of Cl and difficult to be determined. In this study, it was
estimated as 60–80% of Cl, referring to previous relevant research (e.g.
Yao et al., 2012; Kinzli et al., 2010; Xu et al., 2010).

2.3. Data processing, spatial aggregation and distributed model setup

The distributed modeling of agro-hydrological processes in MOIS
was based on the aggregation of homogenous simulation units with
respect to soil and hydrological properties. The homogenous simulation
units would be obtained by overlaying thematic map of relevant spatial
variables (i.e. weather, soil, crop and irrigation) in ArcInfo GIS.
Groundwater depth varied in the range of over 3m to even 200m in
MOIS, and thus was not considered in the spatial aggregation process.
Hence spatial information of weather-soil-crop-irrigation was collected

and aggregated for model setup in 2011 and 2012. The modeling do-
main was farmlands while did not cover the other land-use types
(Fig. 1). The datasets and their processing are described in detail below.

Soil
The spatial distribution of soil was based on the map of soil textural

classes (USDA texture classification) in 0–30 cm depth with 1 km re-
solution (Lu et al., 2011). On this map, six soil types were identified
while three types (i.e. silt loam, loam and sandy loam) were the majors
(Fig. 3a). Based on this soil map, a soil survey was carried out at 148
soil sample points for obtaining the physical properties (particle-size
percentages and bulk density). These points were evenly distributed in
a 5 km distance in farmlands (Fig. 3a), with soil depth of 80–120 cm. In
the simulations, a soil profile with 200 cm depth was specified, and was
further divided as 4 horizons (0–40 cm, 40–80 cm, 80–120 cm and

Fig. 2. Monthly reference evapotranspiration (ETo) and rainfall during 2011 and 2012 at three meteorological stations, located respectively in the upstream
(Zhangye), middle stream (Linze) and downstream regions (Gaotai).

Fig. 3. Distribution of soil texture and soil sampling points in farmlands (a), irrigation system distribution (b), and land use and crop pattern (c) in the study area.
(irrigation districts of Z1-Z6 belong to Ganzhou County located in the upstream area, L1-L5 and LY6-LY8 belong to Linze County in the midstream area, and G1-G6
belong to Gaotai County in the downstream area).
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120–200 cm). The physical properties for each horizon were derived at
90m resolution through the interpolation of 148 points. The soil hy-
draulic parameters were derived from the mean soil physical properties
using the Rosetta pedotransfer functions (Schaap et al., 2001). Each soil
domain was further discretized into 150 compartments with 1 cm
thickness for 0–100 cm depth and 2 cm thickness for the 100–200 cm
depth.

Weather
Daily weather data of precipitation, temperature, sunshine hours,

relative humidity and wind speed was collected at three meteorological
stations named Zhangye, Linze and Gaotai (Fig. 1). The three stations
could respectively represent the weather conditions of upper, middle
and lower parts of MOIS. Then, three weather zones were defined using
the Thiessen polygon method applied at these three stations (Fig. 4).

Crop
A land cover/use map (2012) in 30m spatial resolution was used,

which was produced using the time series HJ-1/CCD data of Chinese
environmental satellite (Zhong et al., 2014). It had the basic category of
land use type and relatively detailed crop patterns in farmlands
(Fig. 3c). Furthermore, on the basis of our field surveys, the corn was
distinguished as grain corn and forage corn, and the cash crops were
classified into tomato, cabbage, pepper and cotton, through selecting a
major species as a representative crop in each irrigation district. Land
use map was resampled from 30m to 90m resolution for avoiding a
high-level disorderly distribution of crops in spatial aggregation. Thus,
five land use types and eight crop species were determined (Figs. 3c and
4). The crop calendar for the same crop varied slightly from village to
village, and thus the uniform sowing date was applied for a crop in the
simulation (Table 1). The parameters for major crops (i.e. field corn,
grain corn, spring wheat and cabbage) were referred to the values that
calibrated by Jiang et al. (2015), while those for cotton, tomato and
pepper were determined based on other field experimental studies and
default values in EPIC model (Williams et al., 2006; Liu et al., 2012;
Zheng et al., 2013).

Irrigation
According to the differences of river water diversion, the irrigation

districts were classified into four categories: (1) those controlled by the
east primary canal (Z1, Z3 and Z4) or by the west primary canal (Z2, Z6,
L1 and G6). (2) three ones diverting surface water from Liyuan River
that was a large tributary of the Heihe River (LY6, LY7 and LY8); (3)
four ones near mountains diverting surface water from other small
tributaries out from the mountains (N1, N2, N3 and N4); (4) other ones

along the riverbank in the mid- and down-stream of MOIS, directly
diverting river water from the Heihe River through their main canals
(Fig. 3b). Irrigation water amount and ratio of surface water to
groundwater were both various in and among different irrigation dis-
tricts due to the different water diversion conditions and crop patterns.
Hence, an irrigation district was further divided into at least two or
three canal command areas (i.e. irrigation zones) based on the control
area of sub-main canals. Totally, 64 irrigation zones were built in this
study (Fig. 4).

Water supply data for canals was available from the Heihe Plan
Science Data Center (HPSDC). The groundwater pumping amount for
each irrigation district was available from Annual Report-IWMZC. The
mean field irrigation depth was estimated by equaling to the net irri-
gation amount divided by its actual irrigated area in each time. It was
applied to each irrigation zone without distinguishing crops in an irri-
gation event for simplification. Irrigation scheduling was supposed to
be same for a crop, and was determined in accordance with the growth
stages and local irrigation calendar. The winter irrigation was generally
started in early November. The detailed irrigation information is listed
in Table 1.

Finally, based on spatial aggregation of above soil-weather-crop-
irrigation zones, the modeling domain (i.e. farmland areas of MOIS)
was divided into 519 individual simulation units with approximately
homogenous agro-hydrological environment in each unit (Fig. 4). In
each unit, the top boundary condition can be determined by the actual
evaporation and transpiration rates and the irrigation and precipitation
fluxes. The free drainage boundary was defined as bottom boundary
condition, as the groundwater table was relatively deep. Initial soil
water content was defined according to the soil sampling in April, and
the simulation units without measured values would refer to its nearby
unit. Distributed simulation of SWAP-EPIC model was then conducted
in MOIS for obtaining spatial distribution of irrigation water balance
components and crop yields during 2011 and 2012. The simulation
period was from March 20th to November 30th, covering the whole
crop growing season and winter irrigation period.

2.4. Modeling evaluation

Model calibration was often not easy for such regional ago-hydro-
logical modeling due to the deficit of enough observed data in fields.
Yet, the actual evapotranspiration (ETa), closely related to all of soil
moisture conditions, crop growth and yields, was relatively readily

Fig. 4. Spatial aggregation and partition of homogeneous simulation units for the study area.
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available on a regional scale due to widely application of remote sense.
Thus ETa was often used for performing the model reliability in many
regional modeling studies (Ines and Honda, 2005; Singh et al., 2006;
Sun and Ren, 2013). In this study, two kinds of remote sensing ETa data
were available on oasis scale during the simulation period, and thus
were both used to evaluate the reasonability of distributed modeling.
The ETa data were as follows: (1) the one (ETrsj) was 8-days ET data for
the crop growth period of 2012 with 250m resolution, produced by Jia
et al. (2014) and Hu and Jia (2015); (2) the other one (ETrsw) was
monthly ET data during 2011–2012 with 30m resolution, produced by
Wu et al. (2012, 2013). For a feasible comparison, the model simulated
and remote sensing ETa was assembled into the monthly accumulative
ETa data in each irrigation district. The fitness indicators used to
evaluate the model performance included mean relative error (MRE),
root mean square error (RMSE), Nash-Sutcliffe model efficiency (NSE),
determine coefficient (R2) and regression coefficient (b).

2.5. Irrigation water use analysis and water-saving scenarios

After evaluating the reliability, the distributed results would be
applied to quantitatively understanding the spatial characteristics of
different water balance components (ETa, deep percolation, and canal
water conveyance loss Cl) and crop yields in MOIS. Three kinds of in-
dicators listed in Table 2 were mainly adopted for assisting the eva-
luations on irrigation water use efficiency and water-saving, i.e. bene-
ficial water use fraction (BWUF), non-consumptive water fraction
(NCF) and Dp ratio. BWUF was a measure of irrigation effectiveness,
and was here defined on field and district scales, referred as BWUFfield
and BWUFregion, respectively (Table 2). In the calculations, the ETa
during crop season (ETa,cs) was considered as the beneficial water use.

In addition, it was necessary to consider salt leaching fraction (at least
10%) and inevitable percolation loss of irrigation water. Thus, the ap-
propriate BWUFfield should be in a range of 0.8-0.9 for border or basin
irrigation as referred to FAO-61 paper (Tanji and Kielen, 2002). NCF
was an indicator to quantify the water losses in an irrigation system or
sub-system. In this study, the Cl and field deep percolation (Dp) was
considered as non-consumptive water, and the NCF represented the
non-consumptive fraction of the total water use in irrigation system
(Table 2). The Dp ratio was defined as ratio of Dp to total field water
input (the sum of irrigation and rainfall), expressing the water losses
fraction of water applied in fields. In general, Dp were inevitable for
traditional surface irrigation when considering irrigation non-uni-
formity and necessary requirement for salt leaching. A reasonable Dp

ratio was thus suggested in the range of 10–20% for basin or border
irrigation by the FAO-61 paper (Tanji and Kielen, 2002).

Water-saving scenarios were defined with considering the im-
provement of irrigation water allocation based on differences of crop,
soil and climatic conditions. This would contribute to uniform and
reasonable irrigation water distribution and appropriate field irrigation
amount. In scenario setting, six major crops (Table 1) and three main
soil types (silt loam, loam and sandy loam) were combined as 18 crop-
soil combination units in MOIS. Ten levels of irrigation depth were
defined and applied to the simulations in each crop-soil unit for three
climate zones. Simulated results were evaluated using two constraints:
(1) the ratio of actual transpiration to potential transpiration (Ta/Tp)
were not lower than 0.9 for maintaining yields (Sarwar and
Bastiaanssen, 2001); (2) BWUFfield were not lower than 0.8 in silt loam
and loam, and not lower than 0.75 in sandy loam (Tanji and Kielen,
2002) for ensuring efficiency. Thus, an appropriate range of irrigation
depths could be obtained for each crop-soil unit when satisfying both of
the two referred constraints, and then the minimum satisfactory irri-
gation depth were employed for distributed simulation in entire MOIS.
In scenarios, the irrigation method was mainly related to the improved
or modernized basin irrigation, with considering the limitations of local
economic conditions over the next many years. The advanced water-
saving irrigation technologies (e.g. drip irrigation and sprinkler irriga-
tion) required higher investment costs and high-quality management,
and were also not suitable for the local smallholder farmlands. Thus,
they were not involved in the scenario analysis.

3. Results and discussion

3.1. Comparisons of ET between distributed modeling and remote sensing

Results showed that the simulated ETa was in a good agreement
with the two kinds of remote sensing ETa over the whole MOIS (Fig. 5).
MRE was lower than 4.0% and RMSE was less than 44mm in both of
2011 and 2012, as compared to ETrsw (Fig. 5a and b). With regard to
ETrsj, MRE and RMSE were about 10% and 60mm, respectively
(Fig. 5c). The NSE were both larger than 0.8, and the R2 were over 0.85.

Table 1
Crop and irrigation calendar for major crops.

Crop Crop calendar Irrigation calendar

Sowing date Harvest date Growth duration
(days)

Times Date
(days from the sowing data)

Winter irrigation

Forage corn* 20-April 22-September 155 5 30 60 90 120 1-Novermber
Grain corn* 20-April 22-September 155 5 30 60 90 120 1-Novermber
Spring wheat* 5-April 20-July 105 4 20 45 75 1-Novermber
Barley 20-March 15-July 105 4 30 60 90 1-Novermber
Cabbage* 1-May 20-August 110 4 20 50 80 1-Novermber
Tomato* 1-May 20-August 110 4 20 50 80 1-Novermber
Cotton* 20-April 30-September 165 5 30 60 90 120 1-Novermber
Pepper 20-April 30-August 100 4 20 50 80 1-Novermber

Note: * represents that the crop is considered in water-saving scenario.

Table 2
Definition of evaluation indictors in water use efficiency analysis.

Indicator Definition Unit Scale

BWUFfield ETa,cs / FTWU – Field scale
BWUFregion ETa,cs / RTWU – Irrigation district
NCF (Dp+Cl) / RTWU – Irrigation district
Dp ratio Dp / (Ig+Pe) – Field scale

Note: BWUFfield and BWUFregion are the beneficial water use fraction on the field
scale and the regional scale, respectively, NCF is the non-consumptive water
fraction, and Dp ratio is defined as the ratio of deep percolation to total field
water input (the sum of irrigation and rainfall). ETa,cs is the actual evapo-
transpiration during crop season (mm); Dp is the deep percolation losses in field
(mm); Cl is the canal water conveyance losses (mm); FTWU is the total water
use in fields (FTWU=Ig+Pe+△W), RTWU is the total water use in an irrigation
district (RTWU=Q+Pe+△W), Ig is the field irrigation depth (mm), Pe is the
effective rainfall (mm), △W is the change of soil water storage between planting
and harvesting (mm), and Q is the total gross irrigation water including river
water and groundwater (mm), during the simulation period (March 20 to
November 30).
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The average simulated ETa during May to September was respectively
533mm and 556mm in 2011 and 2012 for the whole MOIS. It was only
1% and 4% higher than ETrsw in 2011 and 2012, respectively, and 7%
higher than ETrsj in 2012. Meanwhile, the spatial differences of ETa
among different districts were effectively described for each month
(Fig. 5). Analyses indicated that the deviations of ET were relatively
small in most plain areas, while there were also some noticeable de-
viations in some irrigation districts, e.g. the irrigation districts of G5
and N1-N4. This was mainly resulted from the simplifications in model
conceptualization besides the systematic uncertainty, e.g. the resample
of crop distribution map and the compromise in discretization of me-
teorological zones and irrigation zones. The main deviations of ET were
occurred in the near mountain regions (N1-N4) where the weather data
of Zhangye or Gaotai meteorological station was used as substitute due
to data deficit. These simplifications and discrepancy might affect the
accuracy of simulated results in the whole area. Overall, results in-
dicated that the simulated results of distributed agro-hydrological
modeling for MOIS were acceptable and could be used for analyzing
regional irrigation water balance and water use performance.

3.2. Agro-hydrological processes and irrigation performance

3.2.1. Spatial distribution of ETa and crop yield
The spatial distribution of simulated ETa and relative crop yield

(RCY) for the simulation period is presented in Fig. 6. The RCY for each
crop was defined as the ratio of actual crop yield to the acceptable yield
(the average value across the whole region for each crop) surveyed
from local farmers. Results showed that ETa varied from 300mm to
around 700mm, with an average of about 580mm in 2011 and 2012.
ETa and RCY showed obviously spatial differences in and among dif-
ferent irrigation districts, due to the combined effects of various factors.
Regional distribution of ETa was affected mainly by crop pattern and
irrigation, and partly by climatic conditions and soil properties.
Meanwhile, the regional RCY was more influenced by irrigation and
climatic conditions.

Crop pattern partly affected by the river water diversion conditions
was the major factor determining the spatial variance of ETa. Results
showed that ETa was mostly above 550mm for corn while less than
520mm for wheat and most cash crops (except cotton) in entire MOIS.
Specifically, the larger ETa (> 600mm) was widely distributed in up-
stream areas where the river water supply was more convenient for
irrigation (Fig. 6). This was because the grain corn that had higher
economic benefit but large water demand was extensively planted in
upstream areas, particularly in areas close to water intake of main ca-
nals (e.g. in Z1, Z2 and Z3). Its planted area occupied about 75% of the
total planted area in upstream irrigation districts (Z1-Z6) (Fig. 3c). In
the midstream MOIS, ETa was generally less than 500mm due to the
larger proportion of wheat with less water demand (e.g. in L4 and L2)

(Figs. 3c and 6). This was similar for the irrigation districts near the
mountains (N1-N4) with large planted area of wheat. The downstream
regions (i.e. G1-G6) had a larger planting proportion of cash crops
(Fig. 3c), in order to adapt to the less available river water resources.
Hence, lower ETa (< 520mm) was widely distributed in downstream
irrigation districts (Fig. 6). In addition, the areas around the urban
districts also had relatively lower ETa (< 520mm) (e.g. in Z3 and LY7),
due to their larger planting proportion of vegetables with the con-
venient transportation and higher profits.

For the same crop, the ETa and RCY was influenced by irrigation
amount during crop season (Ig,cs) to a certain degree, under the same
climatic conditions. Taking upstream region (i.e. Z1-Z6) as an example,
the ETa was larger than 650mm and the RCY was 1.07–1.10 for grain
corn when Ig,cs was above 650mm (e.g. in Z1, Z2 and Z5). While in
other areas where the Ig,cs ranged at 540–560mm, the ETa was a little
lower (610–625mm) and the RCY was just around 1.0 for grain corn
(e.g. in Z3, Z4 and Z6) (Figs. 6 and 7). For wheat and the same cash
crop, the differences in ETa were much smaller (< 30mm) because of
their relatively small water requirement (Fig. 7). But for forage corn,
the differences in ETa (570–670mm) and RCY (0.8–1.07) were both
larger than those for grain corn. This was mainly caused by their
scattered distribution and quite different irrigation amount, due to their
lower economic profits and extensive management. The ETa and RCY
also showed a similar relationship with Ig,cs in the midstream and
downstream regions (Figs. 6 and 7).

Results also showed that the overall variation of ETa and RCY was
just slightly influenced by changes of climatic conditions. The climatic
variations resulted in relatively low potential ET and high crop yields in
downstream areas. Such as in 2012, the ETa of grain corn was more
than 650mm with RCY of about 1.06 in Ganzhou (i.e. Z1-Z6) under
relatively sufficient irrigation (Ig,cs> 650mm), while the maximum ETa
was reduced to 620mm but with RCY of 1.09 in Gaotai (i.e. G1-G6). For
spring wheat and cash crops, the ETa and RCY showed similar differ-
ences within three weather zones, particularly for the RCY (Fig. 7b). In
addition, the lower ETa and RCY was also observed in some irrigation
districts where coarse-textured soils were extensively distributed,
especially in the mid- and down-stream MOIS. For example, in 2012,
the ETa and RCY were both small for corn in L4 (593mm and 0.96)
(Fig. 7b), even with large Ig,cs of 655mm. Because more than half of
irrigated area was distributed with sandy loam soils in L4 (Fig. 3a).
Similar results were also reported by Li and Shao (2014).

3.2.2. Deep percolation and beneficial water use fraction
Simulated results indicated that Dp had a very strong spatial varia-

tion in MOIS, ranging from 30mm to about 450mm during 2011 and
2012 (Fig. 6). In 2012, the mean Dp in each irrigation district ranged
from 70mm to 400mm and the range of Dp ratio was 14–40%, which
was similar in 2011 (Fig. 8). The Dp reached to 240mm averaged in

Fig. 5. Comparison of monthly accumulative ETa by simulation model and by remote sensing for 24 irrigation districts: (a) and (b) for 2011 and 2012, respectively,
with remote-sensing data of 30m resolution (ETrsw); (c) for 2012, with remote-sensing data of 250m resolution (ETrsj).
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MOIS, while the Dp ratio approached to 29%. The BWUFfield just ranged
from 0.57 to 0.84 among different irrigation districts and the average
value was 0.70 in both two years (Fig. 9). Overall, the Dp ratio was
obviously higher than 20% in many irrigation districts of MOIS, while
the corresponding BWUFfield was noticeably higher than its appropriate
range (i.e. 0.8-0.9). The relatively high Dp may result in significant ir-
rigation water waste and fertilizer leaching.

The spatial distribution of Dp and BWUFfield was closely related to
the Ig, which was mainly influenced by water diversion conditions,
production benefit, canal and field water management as well as
farmers’ water use habits. Specifically, Dp was usually larger than
250mm in irrigation districts where Ig was over 800mm. These irri-
gation districts were generally along the river (e.g. Z5 and L2-L5) or
close to water intakes of main canals (e.g. Z1 nd Z2) (Fig. 6), due to
their favorable water diversion conditions. Meanwhile the BWUFfield
was only 0.57-0.68 in these above irrigation districts, due to the larger
Dp (Fig. 9). Whereas, the Dp of less than 200mm often took place in
areas far away from rivers or water intakes of main canals (e.g. Z3, Z4,
Z6, L1 and LY8) where Ig was less than 650mm (Fig. 6). This also led to
higher BWUFfield (> 0.75) in these areas and the average BWUFfield
reached up to 0.75-0.84 in these edge or downstream irrigation districts
(Fig. 9). However, in downstream districts of G1 and G6 with limited
river water supply, the Dp ratio was still larger than 30% and BWUFfield
was even lower than 0.68, due to the excessive groundwater exploita-
tion (Fig. 8). In addition, it should be also noted that due to the larger
percentage of coarse-textured soils in districts of northeastern MOIS
(e.g. L2-L4 and G1-G5), Dp was relatively larger and BWUFfield was
relatively lower as compared to other districts (Figs. 6 and 8).

Overall, the extensive distribution of excessive Dp and lower
BWUFfield was caused by non-uniform and unreasonable irrigation
water distribution, which would be closely related to the canal system
operation and water fee system. Firstly, farmers were used to applying
excessive irrigation to guarantee yields if water was sufficiently avail-
able, because water price was very low and water charges were

generally collected based on the registered irrigated area but not actual
water use amount. Secondly, the poor management and regulation of
water conveyance and distribution further led to both excessive and
insufficient water diversion around MOIS. Even in some downstream
and edge districts with limited river water diversion, the absence of
supervision of groundwater pumping also led to large exploitation and
excessive irrigation. Consequently, about 70% of irrigated areas had
BWUFfield lower than the appropriate value (0.8) suggested by FAO-61
(Fig. 9). Whereas, the higher BWUFfield was mainly caused by the in-
sufficient irrigation, corresponding to the districts with lower RCY.

3.2.3. Regional irrigation water use with considering water conveyance
losses

Canal water conveyance loss Cl from canal intakes to farmlands
further reduced the BWUF by 13–40% on irrigation district scale (i.e.
BWUFregion) as compared with BWUFfield (Fig. 9), due to the different
canal conveyance ratio (e) in each irrigation district. For example, the
BWUFregion averaged 0.50-0.59 in upstream irrigation districts of Z1-Z4,
with less 21% reduction than BWUFfield (Fig. 9). Whereas, the BWU-
Fregion only averaged 0.40-0.53 in many downstream districts of Linze
and Gaotai (e.g. L2-L4 and G3-G5), approaching 29–40% lower than
BWUFfield because of lower e (< 0.67). Overall, the mean BWUFregion
was 0.52 in entire MOIS during 2011 and 2012. Nearly 50% of irriga-
tion districts had BWUFregion values lower than the national average
value of 0.5 and far lower than that of 0.7-0.8 in developed countries
(Du et al., 2015). Thus, more attention should be paid to improving the
management of field irrigation and canal system operation.

The non-consumptive water fraction (NCF) was 0.32-0.58 with an
average of 0.47 in 2011 and 2012 on the irrigation district scale
(Fig. 9). It indicated that about 32–58% of the regional total water use
was not consumed while lost through canal seepage and deep perco-
lation. From a perspective of watershed hydrological cycle, this non-
consumptive water was not wasted, because it would enter into
groundwater as return flow and could be reused somewhere else.

Fig. 6. Spatial distribution of field irrigation depth (Ig) and that of simulated actual evapotranspiration (ETa), deep percolation at 200 cm depth (Dp) during the
simulation period (March 20 to November 30), and relative crop yield (RCY): (a) for 2011and (b) for 2012 (Ig include the amount of winter irrigation).
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However, for irrigation engineering, this fraction of water was un-
necessary expense and an extra burden for irrigation system. In addi-
tion, the return flow may not timely recharge groundwater for reuse,
especially with deep groundwater depth. The efficacy of water reuse
also required a detailed water budget accounting that was difficult to be
implemented. At least, the continuous groundwater level decline in
low-stream MOIS indicated that the non-consumptive water in up-
stream areas did not supplement the groundwater timely. In our view,
decreasing the NCF through improving the uniformity and timeliness of
irrigation water allocation should be very helpful to reduce the
groundwater exploitation and thus to recover the ecosystem.

Regional irrigation water budget indicated that the total irrigation
water use (i.e. the sum of river water diversion and groundwater
pumping, TIWU) was about 18×108m3 in MOIS during 2011 and
2012 (Table 3). The value has changed slightly as compared with that
in the last ten years, as reported by Shi et al. (2011). Whereas, the
groundwater use reached up to 4.0×108m3 in 2011 and 2012, which
was almost two times as much as that in 2000 (Table 3). More
groundwater was exploited to supplement irrigation due to the cut of
river water diversion since EWDP implementation. During simulation
period of 2011 and 2012, ETa averaged 10.2×108m3, and the Cl and
Dp was estimated at 4.8× 108m3 and 4.0×108m3, respectively
(Table 3). The results indicated that only 53% of TIWU including
rainfall (TRWI) was consumed through crop evapotranspiration, while
the Cl and Dp accounted for 25% and 22% of TRWI, respectively
(Table 3).

The canal seepage (Cs) was assumed to be 60–80% of Cl and thus
ranged from 3.0×108 to 4.0× 108m3 (Table 3). The sum of Cs and Dp

was considered as potential recharge to groundwater in irrigation sys-
tems (GWRnpot), and was estimated at about 6.9–8.3×108m3 in
average of 2011 and 2012. Meanwhile, the net potential groundwater
recharge (GWRnpot), denoted as GWRpot minus groundwater pumping
for supplementing irrigation, was calculated as shown in Fig. 10a.
GWRnpot varied strongly among different irrigation districts and showed
positive value in most districts. But note that GWRnpot was negative or
even far less than zero in some irrigation districts located in edge or
downstream oasis (e.g. Z4 and G6) (Fig. 10a), due to less river water
and resulting large groundwater exploitation. Negative GWRnpot be-
came the primary reason to the groundwater level declines.

In addition, many previous studies of hydrological modeling often
empirically or simply estimated the actual groundwater recharge from
irrigation water (denoted as the part of infiltrated irrigation water that
has actually entered into groundwater, GWRact). Their estimated values
varied from 63mm (1.55× 108 m3) to 780mm (18.1×108 m3) in
MOIS, showing large differences (Wen et al., 2007; Hu et al., 2007;
Zhou et al., 2011; Tian et al., 2015). The differences of modeling do-
main, model conceptualization and simulation periods may cause dif-
ferences of GWRact in above previous literature. By contrast, our paper
gave an estimation of GWRpot with about 230mm (4.0×108m3) from
field irrigation and 165–234mm (2.9–4.2×108m3) from canal see-
page (Table 3). The estimated GWRpot from field irrigation (i.e. Dp)
should probably be more reasonable with much less uncertainties, due

Fig. 7. Evapotranspiration (ETa) and relative crop yield (RCY) for different crop fields, and the corresponding irrigation depth during crop season (Ig,cs) (March 20 to
September 30) in each irrigation district in 2011 (a) and 2012 (b).
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Fig. 8. Total regional irrigation water use (river water diversion and groundwater pumping), field irrigation depth (Ig) and deep percolation (Dp) in average in
different irrigation districts.

Fig. 9. Beneficial water use fraction on field scale (BWUFfield) and on irrigation district scale (BWUFregion), and non-consumptive water fraction (NCF) for different
irrigation districts in 2011 and 2012. (Definition of BWUFfield, BWUFregion and NCF is given in Table 2).

X. Xu et al. Agricultural Water Management 211 (2019) 152–164

161



to precise description of agro-hydrological processes in this study. Also,
the spatial variation of GWRpot was better presented with well con-
sideration of the spatial variance of irrigation, soil and crop water
consumption. This would provide very useful references or information
in irrigated areas for improving the previous large-scale hydrological
modeling.

3.3. Water saving analysis

Above analyses indicated that the inappropriate and extensive
management of irrigation water allocation and distribution from dis-
tricts to fields was the major reason for large Dp and lower BWUF. The
inefficient use of irrigation water usually led to intensified competition
and over groundwater exploitation in the peak period of crop water
demand. This may further result in crop yields losses and income re-
duction as well as groundwater level declines. Therefore, there was
huge scope and necessity to improve irrigation water use performance
and to save water through searching for appropriate field water appli-
cation and well coordination of canal conveyance and field water de-
mand.

The water-saving analysis was carried out in MOIS based on the
defined scenario with satisfactory minimum irrigation depth in section
2.5, on the basis of the normal hydrological year (2012). Water budget
of water-saving scenario was compared with that of present situation,
as shown in Fig. 10b. In the scenario, the TIWU in MOIS was

Table 3
Regional irrigation water budget in the major irrigation system of middle oasis
(MOIS) in the Heihe River basin during the simulation period of 2011 and 2012.

Item 2011 2012

Water amount % of
TRWI

Water amount % of
TRWI

(mm) (108 m³) (mm) (108 m³)

Effective rainfall 73 1.3 103 1.8
River water

diversion
794 13.9 785 13.8

Groundwater
pumping

229 4.0 224 3.9

TIWU 1022 17.9 1009 17.7
Field irrigation (Ig) 725 12.8 732 12.9
Evapotranspiration

(ETa)
572 10.1 53% 585 10.3 53%

Conveyance losses
(Cl)

278 4.9 25% 275 4.8 25%

Canal seepage (Cs) 165-234 2.9-4.2 15-
22%

165-234 2.9-4.1 15-
22%

Deep percolation
(Dp)

227 4.0 21% 240 4.2 22%

Irrigated area (ha) 175700

Note: TIWU is the total regional irrigation water use, i.e. the sum of river water
diversion and groundwater pumping; TRWI is the total regional water input,
defined as the sum of TIWU and effective rainfall.

Fig. 10. Irrigation water budget results in MOIS: (a) net potential groundwater recharge from irrigation water (the sum of canal seepage and deep percolation minus
groundwater pumping) for each irrigation district in 2011 and 2012; (b) water balance for present situation and water-saving scenario. (The data label is the decrease
ratio of water amount in scenario with compared to that at present, expressed as %.).
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14.7×108 m3, decreased by 15% as compared to the present of 2012.
Total ETa was almost not changed with only 1% reduction. This implied
that there was almost no negative impact on crop water consumption
when reducing irrigation water through improving water allocation and
distribution, given present conditions of planted area, crop pattern and
crop varieties. While, the Dp was decreased from 4.0× 108 m3 to
2.5×108 m3, with a significant reduction of 37% (Fig. 10b). Scenario
results showed that BWUFfield could be increased to above 0.8 for most
irrigation districts, and also greater than 0.75 in those irrigation dis-
tricts with widespread coarse-textured soils (e.g. L2 and L4). The mean
BWUFfield for entire MOIS could increase from 0.7 to 0.8 in water-
saving scenario. Meanwhile, the crop yields in scenario (Ys) were al-
most not reduced as compared to present crop yields (Ya). The relative
values (Ys/Ya) were around 1.0 in most areas, and crop yields for some
districts were even increased by 10–20% due to the increase of irriga-
tion water allocation.

In addition, although the improvement of canal conveyance was not
considered in the scenario, it should be noted that about 10% more
irrigation water could be further saved if the low canal conveyance
ratio in some irrigation districts could be increased to 0.7. Moreover, if
maintaining the present mean ratio of groundwater use (i.e. 20%), the
groundwater exploitation could be reduced by 19% as compared to the
present. It will be of benefit to the recovery of local groundwater levels,
especially for the downstream and edge areas in MOIS.

In summary, our analysis implied that the relevant water-saving
measures for the middle HRB should more focus on two aspects: (1) the
improvement of management in the process of water conveyance and
allocation; (2) the increase of efficiency in the process of field water
application. The specific advice and measures emphatically include: (1)
improving canal water operation for accurate and timely water allo-
cation (e.g. equipping advanced water-measuring devices, prompting
the reform of canal management agency); (2) improving traditional
irrigation methods and concepts of field water use (e.g. using the
modernized basin or furrow irrigation, adopting precise land leveling,
and prompting the water-saving education for farmers); (3) im-
plementing water-saving irrigation technologies and equipment (e.g.
drip irrigation with mulch) in some areas with higher income or pow-
erful financial support. In addition, proper planted area reduction or
crop pattern adjustment that were not considered in this study, could
also further promote the water saving. Therefore, more detailed water-
saving scenarios were deserved to be conducted in follow-up in-
vestigation. From an ecological perspective, the water saving may lar-
gely reduce the groundwater recharge from the field deep percolation
and canal seepage. But this mainly corresponded to the irrigated areas
with excessive river water allocation and without the declined trend of
groundwater levels. Whereas, this reduced water could be distributed to
the other areas with excessive groundwater pumping, which could also
prompt the recovery of eco-environment in those areas. Overall, the
strategies of water saving and their effects on eco-environments in
MOIS should further be associated with the groundwater studies in
future.

4. Conclusions

The performance of irrigation water use for the major irrigation
systems of the middle oasis (MOIS) of the Heihe River basin was sys-
tematically evaluated by using the distributed SWAP-EPIC model.
Modeling considered the detailed spatial information of soil, crop, ir-
rigation and weather condition. The reasonability of simulations was
verified by the good agreement between simulated actual evapo-
transpiration (ETa) and remote sensing ETa.

The ETa was in a range of 300–700mm with an average of 580mm
in MOIS. Spatial variation was primarily related to the crop pattern that
was partly affected by water diversion conditions, and secondary to
irrigation amount (Ig), and then slightly to climate and soil conditions.
The regional relative crop yield (RCY) was more affected by irrigation

and climate conditions, with relatively higher values (> 1.05) in areas
with more sufficient Ig. The deep percolation (Dp) accounted to 14–40%
of total field water input, and the beneficial water use fraction (BWUF)
was respectively 0.57-0.84 on field scale and 0.40-0.67 on irrigation
district scale. Their distribution was mainly influenced by water di-
version conditions, canal and field water management and farmer’s
water use habits. Large Dp ratio and lower BWUF was often distributed
in areas close to the river or water intakes of main canals with excessive
Ig. About 70% of irrigated areas had Dp ratio greater than 20% and
BWUF smaller than the appropriate value (0.8) on field scale, while half
of irrigation districts had BWUF lower than the national average value
(0.5) and far lower than 0.7-0.8 in developed countries.

In the whole MOIS, only 53% of total irrigation water (including
rainfall) was used for ETa, while about 22% and 25% was lost through
the deep percolation and canal conveyance losses, respectively. The
existing large water losses indicated that there was still large space and
necessity to improve the present situation of irrigation water use in
MOIS. Meanwhile, the potential groundwater recharge from irrigation
water was estimated at about 37–43% of irrigation water. Its detailed
regional distribution implied a strong variation of potential ground-
water recharge in irrigated areas. This could provide useful information
for overcoming the subjectivity and uncertainties in estimation of
groundwater recharge in existing hydrological modeling. Furthermore,
water-saving analysis indicated that about 15% of irrigation water
could be saved if adopting improved strategies of irrigation water al-
location and distribution. Relevant water-saving measures were sug-
gested in detail, being focused on the improvement of management in
the process of water conveyance and allocation, and the increase of
efficiency in the process of field water application. Further studies
should involve more detailed water-saving analysis with considering
the crop pattern adjustment and the application of advanced irrigation
technologies. Groundwater studies should be also integrated in the
follow-up research for more comprehensive analysis of agricultural
water-saving and corresponding effects on eco-environment.
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