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Abstract The irrigation districts of the upper Yellow River basin are highly produc-
tive agricultural areas of North China. Due to the severe water scarcity, application
of water-saving practices at both farm and district levels are required for sustainable
agricultural development. An integrated methodology was developed adopting loose
coupling of the groundwater flow model MODFLOW with ArcInfo Geographic
Information System to assess the impacts of irrigation water-saving practices and
groundwater abstraction foreseen for the year of 2020 on the groundwater dynamics
of the Jiefangzha Irrigation System (JFIS) in Hetao Irrigation District, upper Yellow
River basin. The model was calibrated and validated with datasets of years 2004
and 2005; the model efficiency EF was respectively 0.98 for calibration and 0.99 for
validation. Results of the simulation of the groundwater dynamics of the study area
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show that water-saving practices referring to canal lining and upgrading hydraulic
structures applied in 60% of the area, and upgraded farm irrigation technology in
50% of the area may consist of a reasonable solution. Their implementation would
lead to reduce groundwater evaporation by 43 mm and the total diversions from
the Yellow River by 208 mm, i.e. about 20% of present volumes diverted. Most of
routines and strategies for model construction may also be used for other regions,
especially for irrigation districts in the upper Yellow River basin.

Keywords Groundwater modelling · Groundwater depth ·
Groundwater evaporation · Irrigation systems improvement ·
Seepage and percolation · Hetao Irrigation District

1 Introduction

The Yellow River is the second largest river in China. It supplies water for about
130 million people in nine provinces in the Northwest and North China. The Yellow
River basin is an area with severe water scarcity, with less than 500 m3 per capita
(Wang et al. 2006). Agricultural irrigation is the main water use in the basin,
accounting for 81% of the total water use (Zhu et al. 2003). The headstream of
the Yellow River basin is becoming drier due to climate change, e.g., decrease of
precipitation during the last half century (Zhao et al. 2008). In addition, increased
water abstractions for industrial, domestic and hydro-power uses exacerbate water
scarcity in the basin (Liu and Xia 2004). Due to these water scarcity conditions, the
middle and low reaches of the river dried up 21 times during 1972–2008, with 226 days
of no-flow in 1997 (Liu and Zheng 2004). Forecasted scenarios on water resources
allocation and use in the basin point out the need to reduce irrigation water use (Xu
et al. 2002; Yu 2006).

Long time excess water diversions from the river and poor irrigation and drainage
management practices have caused severe water logging and salinity in the upstream
irrigation districts (Wang et al. 1993; Fang and Chen 2001). Since 2000, diverse water-
saving measures have been considered and progressively implemented in irrigation
districts located in the upper reaches of the Yellow River to improve both water
conveyance and farm water use (Cai et al. 2003; Pereira et al. 2003). Measures for
improving water conveyance and distribution include lining of canals, upgrading
of hydraulic control structures and better canal water delivery management. Mea-
sures for improving water use and productivity at farm include upgraded irrigation
scheduling, land levelling of irrigated fields, and improved furrowed and flat basin
irrigation systems (Deng et al. 2006; Pereira et al. 2007; Gonçalves et al. 2007).
Application of those water-saving technologies together with improved drainage are
expected to lower the groundwater table depth (GWD) and to reduce groundwater
evaporation, thus leading to better controlling water logging and salinity (Hollanders
et al. 2005). Additionally, the increase of groundwater abstraction for municipal
and industry uses will accelerate the decline of the groundwater table. However, an
excessive lowering of GWD may result in negative impacts on the fragile ecological
environment due to reduced capillary rise (Ma et al. 2005; Ruan et al. 2008; Xu
et al. 2010). According to Ruan et al. (2008), impacts seem to be major when the
GWD becomes deeper than 3 m because capillary rise is then highly reduced, thus
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affecting the vegetation water uptake and related growth and yield of crops that may
require additional irrigation water. It is therefore important to investigate the impact
of human activities on the groundwater dynamics, mainly irrigation water-saving
practices and the increase of groundwater abstraction. In this study, the Jiefangzha
Irrigation System (JFIS) of Hetao Irrigation District (Hetao) is considered as a
typical example. It was selected because former studies were performed there and
adequate data were available for the current study.

Groundwater flow models are appropriate tools to assess the effect of foreseen
future human activities on groundwater dynamics (Mao et al. 2005; Dawoud et al.
2005; Mylopoulos et al. 2007). However, models require good quality data on the
physical and hydrogeological settings. The physical ones refer to topography, land
use, soils, canals and drainage ditches, climate and crops demand for water. The
hydrogeological settings include the aquifer system and boundary conditions, main
hydraulic parameters characterizing each aquifer layer, and the dynamics of ground-
water levels. All of them vary both in space and time, thus adopting a Geographic
Information System (GIS) in association with a model is helpful. Coupling GIS
technology with a process-based groundwater model may facilitate hydrogeological
and hydrologic system conceptualization and characterization (Hinaman 1993; Kolm
1996; Gogu et al. 2001), thus also a proper adaptation of the groundwater flow model
to the area under study (Brodie 1998). Various examples confirm the appropriate-
ness of GIS applications in groundwater hydrology (San Juan and Kolm 1996; Herzog
et al. 2003; Jha et al. 2007; Brunner et al. 2008; Li et al. 2008).

Xu et al. (2009) used MODFLOW 2000 (Harbaugh et al. 2000) coupled with GIS
to simulate the groundwater dynamics but the approach used was rather insufficient
because a single linear depth-groundwater flux relationship was used, which may
result in over- or underestimating groundwater evaporation. In addition, the ground-
water table is often above the ground surface in the wetlands and lower lands, as
evidenced in remote sensing studies by Wu et al. (2008), which was not considered
in the MODFLOW codes applied in that study. Therefore, new approaches were
developed for the present study and MODFLOW 2000 codes were modified as
described in Section 3.1. These improvements represent a step forwards relative to
the referred study. This study also differs from the one described by Xu et al. (2010),
where the assessment of impacts of water saving measures on the groundwater
dynamics was performed with a lumped groundwater balance model developed
purposefully to JFIS. Main differences relative to that study, in addition to the model
approach, refer to the details in recognizing the spatial distribution of GWD and
their spatial changes. In fact, the groundwater balance model is much simpler than a
groundwater flux model, requires less data, and is easier to apply and to interpret
results, but produces only lumped results of the groundwater budget and GWD,
thus not reflecting the respective spatial distribution. When applying MODFLOW it
represents a step ahead in recognizing the groundwater behaviour because knowing
the variation of GWD in time and space is important to support decision making on
water management. However, the successful assessment of changes in groundwater
dynamics through the analysis of groundwater balance is in the origin of the present
assessment, helped the formulation of hypothesis and allowed a simpler formulation
of scenarios. Under these circumstances, both modelling approaches are compared
relative to the results of assessing impacts of water saving measures on the ground-
water behaviour.
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Taking into account the considerations above, this paper aims at assessing the im-
pacts of various irrigation water-saving practices and groundwater abstraction on the
groundwater dynamics in the Jiefangzha Irrigation System (JFIS) of Hetao, Yellow
River basin. An integrated methodology based on loose coupling of a purposefully
modified version of MODFLOW and GIS is applied, which includes changes in
the evaporation algorithm. In addition, this study is also aimed at supporting the
identification of measures and future research issues that should provide for an
appropriate adoption of foreseen water-saving measures and practices, which could
lead to improving land and water use in this arid region.

2 Study Area

2.1 Location, Climate, Soils and Irrigation

The Hetao, located in the arid upper reaches of the Yellow River, is one of the
three largest irrigation districts of China. It covers an area of 1.12 Mha. 570,000 ha
are irrigated and the remaining area is occupied by towns and villages, roads and
hydraulic infrastructures, sand dunes and salty badlands and wetlands. The Hetao is
one of the most important food production bases in Northwest China, producing
35% of wheat, 37% of sunflower and 36% of sugar beet of the Inner Mongolia
autonomous region (Wang et al. 1993; IWC-IM 1999). About 5.2 billion m3 of water
are diverted each year from the Yellow River to irrigate this area (IWC-IM 1999;
Hetao Administration 2003). According to the management plans of the Yellow
River Water Conservancy Commission, those irrigation water diversions shall reduce
to less than 4.0 billion m3. Therefore, water-saving practices are definitely required.

The JFIS is one of the Hetao irrigation systems and is taken as case study. The
main part of the JFIS is located southeast of the main drainage ditch and northwest
of the main canal (Fig. 1). It is bounded by the fourth sub-main drainage ditch and
the Yongji sub-main canal in the east, and by the first sub-main drainage ditch and
the Wulahe sub-main canal on the southwest border. The JFIS is the second largest
system in the Hetao, with a total area of 215,700 ha, of which 66% is irrigated. It has
a flat topography, with an average slope of 0.02% from southeast (SE) to northwest
(NW).

The study area has a typically arid continental climate. The mean annual precip-
itation for the period of 1986–2004 is only 155 mm, with 70% of rainfall occurring
from July to September. The monthly temperature averages are −10.1 and 23.8◦C
in January and July, respectively. The mean annual evaporation is about 2000 mm,
thus much larger than precipitation. There are 135–150 frost-free days and 3100–3300
sunshine hours per annum.

The soil usually begins to freeze by the middle of November and does not thaw
completely until late April (Wang and Akae 2004). The largest frozen depth is about
1.10 m by mid March. Soils in the southern part are alluvial silt sediments with sandy
loam to silt loam texture, while in the northern part they are formed by lake and
alluvial sediments with more fine textures such as silty and clay soils (Xu et al. 2010).

Wheat and maize are the main food crops, and sunflower, oil seeds and sugar
beet are the main cash crops in JFIS. Due to the climatic conditions in the region,
irrigation is essential during the entire crop growing season. Irrigation water is mainly
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Fig. 1 Location of the study
area and identification of the
transept a–b described in Fig. 2

diverted from the Yellow River. Due to the very high charge of sediments, surface
basin irrigation is the major irrigation method. Groundwater is mainly exploited
for domestic and industrial purposes. Canal seepage and field percolation cause
the rising of the groundwater table and associated soil salinity. Similar conditions
were observed in the nearby Huinong irrigation district (Hollanders et al. 2005;
Pereira et al. 2007; Gonçalves et al. 2007) and in the Yanqi basin in Northwest China
(Brunner et al. 2007). Groundwater is either used by the crops through capillary rise
or, due to the poor drainage system, is discharged by evaporation that causes severe
problems of soil secondary saline-alkalization (Wang et al. 1993; Hillel 2000). Recent
remote sensing studies give evidence of the great dimension of salinity problems in
Hetao (Wu et al. 2008; Yu et al. 2010). In JFIS, the wasteland salt affected area
was about 16% of the total area. In addition, 11% of the crop area has severe
salt problems that highly impact yields, and near 25% of the cropped area was
affected by salinity but to a lesser degree (IWC-IM 1999). The study by Yu et al.
(2010) shows that the salinity affected area in JFIS is decreasing after improved
drainage and consequent lowering of the GWD. Soil salinity is lower where GWD is
deeper (Yu et al. 2010). This improvement is possible when water-saving irrigation
practices and improved drainage are adopted, thus reducing percolation and seepage
to the groundwater. Percolation associated with the autumn irrigation is particularly
important (Feng et al. 2005), which is considered in this study independently of crop
season irrigation. However, an excessive lowering of the water table will negatively
impact vegetation growth due to reducing capillary rise. The most appropriate target
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Table 1 Target groundwater table depth in the Jiefangzha Irrigation System (Ruan et al. 2008)

Period Dates Target depth (m)

Thaw to first irrigation April 2.4–2.0
Crop growth period May to mid September 2.0–1.5
Harvest to autumn irrigation Late September to late October 2.0–2.4
Autumn irrigation to frozen Early November to Mid November 1.3–1.7
Frozen to thaw Late November to end March 1.7–2.4

GWD that satisfy conditions referred above are shown in Table 1 relative to different
seasons. These data results from former studies (Ruan et al. 2008); GWDs proposed
by these authors are larger but not in disagreement with those proposed for the
nearby Huinong irrigation system (Hollanders et al. 2005; Pereira et al. 2007).
However, drainage conditions need to be upgraded to achieve those target depths.

2.2 Hydrogeology

The Hetao was formed at the late Jurassic and is a closed rift basin. This basin
is underlain by Quaternary sediments, mainly lake sediments and alluvial deposits
of the Yellow River. The Quaternary systems in JFIS become thicker from south
to north where regional subsidence has occurred. As schematically represented in
Fig. 2, the thickness of Q4 (Holocene) ranges 6–25 m, while that of Q3 (Upper
Pleistocene) varies from 35 to 240 m in the southeast–northwest (SE–NW) direction.
Two aquifer groups are identified (Fig. 2). The first one is composed of two water-
bearing strata (Q4 and Q3), and consists of an unconfined aquifer, that is under
major exploitation. The deposits properties for Q4 are mainly sandy loam in the
south and clay with interlayers of silt sand in the north, while the deposits properties
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for Q3 consist of fine-medium sand, fine sand and silt sand with clay interlayers. The
Q4 stratum has a lower permeability with vertical hydraulic conductivity of about
0.03–0.1 m d−1 in the north–south (N–S) direction. The Q3 stratum has a relatively
higher permeability, with a horizontal hydraulic conductivity of 4–18 m d−1 in the
N–S direction. Therefore, Q4 and Q3 can be considered respectively as the first and
second sub-aquifers of the first aquifer group.

The second aquifer group consists of the third water-bearing strata (Q2, Middle
Pleistocene) (Fig. 2). The upper layer of Q2 (Q2

2) is a layer of stable muddy clay with
a thickness of 20–40 m, which acts as a low permeable layer preventing vertical flow.
The lower layer of Q2 (Q1

2) is mainly composed of sand and is highly permeable. It is
confined and is not yet under exploitation. There is no hydraulic connection between
the first and second aquifer groups due to presence of the Q2

2 stable clay layer forming
an aquitard. The first aquifer group interacts closely with surface water (Bameng
Survey 1994). Salt accumulation occurred in Q3 during the Pleistocene (Wang et al.
1993). Continuous irrigation with excessive water amounts, thus producing large
percolation to the groundwater, associated with high evaporation rates has caused
a significant salt accumulation in farmland where groundwater is near the surface.

The direction of groundwater flow in the first aquifer group is shown in Fig. 3. This
map was obtained from analyzing the dynamics of GWD observed in 56 observation
wells and related hydrogeological information. The JFIS staff has monitored the
groundwater table manually once every 5 days since 1950s. Data shows that the
ground water flows from the main canal, in the southeast, towards the main drainage
ditch, in the northwest. The hydraulic gradient of the groundwater is about 1/3000–
1/5000, which is approximately the same as the slope of the ground surface. A

Fig. 3 Locations of
observation wells used for
model calibration and
validation, and spatial
information on groundwater
flow directions relative to the
first aquifer group
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groundwater depression cone appears in the central part of this area due to intensive
groundwater abstraction for industrial, domestic and livestock use by the Shanba
town, Hangjinhouqi county.

3 Modelling Approach

3.1 Model Adaptation to Groundwater Dynamics Conditions Observed in Hetao

The modular finite-difference groundwater flow model MODFLOW-2000
(Harbaugh et al. 2000) was selected to simulate the behaviour of groundwater flow
in the study area because it is a well-documented and extensively tested model,
which can be readily incorporated into future studies for optimal water resources
management. The MODFLOW model consists of a main program and various
packages (McDonald and Harbaugh 1988). Those used in this study include
Recharge (RCH), Well (WEL), River (RIV), Drainage (DRN) and Evapotranspiration
Segments (ETS1). The Visual MODFLOW (Waterloo Hydrogeologic Inc. 2006)
version 4.2 was adopted to simulate three-dimension unsteady groundwater flow in
this study. Further model description and its coupling with GIS are presented by Xu
et al. (2009). Step forwards in modelling relative to the former study are described
below.

Groundwater evaporation (directly and through plant roots uptake due to capil-
lary rise) is treated as a head-dependant flux boundary in MODFLOW. In the EVT
package, which has been commonly used before, the functional relationship between
GWD and evapotranspiration rate (ET) is simply expressed as a linear function.
However, this relationship is not linear but can be expressed as an exponential
curve for most conditions (Gardner 1958; Warrick 1988; Shah et al. 2007), including
in arid and semiarid areas. Instead, the ETS1 package (Banta 2000), which uses a
sequence of linear functions to describe that relationship, was therefore adopted.
The datasets collected in JFIS (Wang et al. 1993; IWC-IM 1999) show that the
functional relationships between the GWD and the ET ratio QET/QETM, between
the actual and maximum groundwater evapotranspiration rates, are non-linear and
can be described as piecewise linear functions (Fig. 4). These results are in agreement
with those obtained by Brunner et al. (2008). In this study, QET was estimated for
seven GWDs—0.5, 1.0, 1.5, 1.8, 2.1, 2.5, and 3.0 m—using datasets collected from
experiments conducted in vegetated and non-vegetated lysimeters with two typical
soils, a loamy and a silt–clay soil, at the Shahaoqu Experiment Station, located in
the JFIS (Wang et al. 1993; IWC-IM 1999). QETM were estimated as the product of
an empirical experimental coefficient by the evaporation rate from an open water
surface (IWC-IM 1999). The piecewise linear functions match well the monthly
observation data of this evaporation experiment for late April to October, e.g., data
for September in Fig. 4.

The fact that the water table is above the ground surface in low lands is not well
treated in MODFLOW and causes a poor build-up of head in those areas, mainly
in the NW part of JFIS, particularly during the irrigation periods when percolation
and seepage to the groundwater are larger. To prevent this to happen, in each time
step, if water table is below or changes to below the land surface, the original value
of specific yield is used. Whereas, if the water table was above the ground surface,
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Fig. 4 Piecewise linear
functions relating the
evapotranspiration ratio
QET/QETM between the
actual and maximum
groundwater
evapotranspiration rates with
the water table depth for
sandy loam and clay soils (data
refer to September)
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the specific yield will be switched to values close to 1 in the corresponding cells.
Accordingly, the storage term in both the finite difference equations and water bud-
get calculations was modified for these cells. These modifications were performed
assuming that the process occurs in land depressions, where water remains on the
land and does not runs off. This assumption is appropriate because land is flat.

3.2 Data and Model Setup

Data used in MODFLOW consist of: the aquifer-system stress factors, the aquifer-
system and strata geometry, the hydrogeological parameters of the simulated
process, and the main measured variables. Stress factors include the pumping vol-
ume, effective recharge, groundwater evaporation (i.e., direct evaporation and veg-
etation root uptake due to capillary rise), and groundwater–surface flow exchanges.
They were imposed to the model through the boundary conditions or sink/source
terms using the boundary packages of MODFLOW. The aquifer-system geometry
was determined using the available geological information (e.g. boreholes data and
cross sections) and topographic maps. The hydrological parameters, including hy-
draulic conductivity, specific storage and specific yield, were obtained using raw data
and the interpolation method. The main measured variables were the groundwater
heads at specified points and different time periods, and related data were used for
model calibration and validation. Details on the aquifer discretization, initial and
boundary conditions and further modelling are presented by Xu et al. (2009).

The recharge from canal seepage, Cr, rainfall, Pr, and deep percolation from field
irrigation Ir during the crop growth and irrigation period were estimated (IWC-IM
1999; Hetao Administration 2003) respectively as:

Cr = bQcd (1)

Pr = dPA (2)

Ir = caQcd (3)
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where Qcd is the inflow rate of a canal, b is the canal seepage ratio, d is the rainfall
recharge coefficient, P is the cumulative precipitation considering only the rainfall
events ≥5 mm, A is the rainfall recharge area, i.e., excluding the area occupied by
residential land, roads, canals and drainage ditches; a is the canal conveyance ratio
relating outflow to inflow discharges; and c is the deep percolation ratio referring
to the total irrigation water applied to a field. The time step computation is the day
and therefore units for the variables are m3 day−1. The initial values of the empirical
coefficients a, b , c, d for different reaches of each canal and recharge zones were
available from previous studies (IWC-IM 1999; Hetao Administration 2003; Wei
2003; Yang 2005).

The recharge due to canal seepage from high-order canals assigned to the cells
through which the canal water is flowing was computed with the RCH Package.
Recharge from field percolation, rainfall, melt water (estimated as the product of
the specific yield Sy by the changes in GWD during that melting period), and canal
seepage were combined into a single effective recharge Re, also using the RCH
Package. It was assumed that groundwater recharge in residential areas is negligible.

The evaporation from the groundwater depends mainly from the evaporative
demand of the atmosphere and GWD, which control capillary rise. With the ETS1
package, the piecewise linear ET functions were defined by using the proportion of
extinction depth (PXDP), i.e., the GWD when ET becomes null (Shah et al. 2007),
and the proportion of maximum ET rate (PETM) (Banta 2000). Piecewise linear
functions with three segments were used to characterize the groundwater ET from
May to early November for sandy loam and clay soils (Fig. 4). The values of PXDP
and PETM for the points A, B, C, D, A′, B′, C′, and D′ in Fig. 4 are presented
in Table 2. Groundwater ET in residential areas and from ditches and canals was
neglected because it is much smaller than that from agricultural and natural areas.
During the soil frozen period, ET from the groundwater was estimated as a function
of temperature, GWD, and Sy following the empirical procedure proposed by Wang
et al. (1993).

The groundwater abstraction for industrial, domestic and livestock uses was
estimated with the WEL Package with appropriate spatial distribution. The esti-
mation based upon the industrial output per unit of water used, the population at
each locality and related daily demand per capita, and the livestock dimension and
respective demand per livestock head.

The water discharged into the drainage ditches primarily consists of excess irri-
gation water, industrial and domestic drainage and groundwater natural discharge.
Only the main and sub-main drainage ditches (Fig. 1) were considered for estimating
the groundwater natural discharge; the DRN Package was used for this purpose.

Table 2 The proportions of extinction depth (PXDP) and maximum evapotranspiration rate
(PETM) for sandy loam and clay soils in the JFIS (Points A, B, C, D, and A′, B′, C′, D′ are identified
in Fig. 4)

Sandy loam Clay soil
A B C D A′ B′ C′ D′

PXDP 0 0.33 0.65 1 0 0.15 0.34 1
PETM 1 0.47 0.17 0 1 0.47 0.16 0
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3.3 Data Processing Using GIS

The ArcInfo version 9.2 (Environmental Systems Research Institute, ESRI) with
Access databases (Microsoft) was used to construct the GIS database (Xu et al.
2009). Main features are summarized in Fig. 5.

A digital elevation model (DEM) in 90 m of spatial resolution was obtained from
the International Centre for Tropical Agriculture (Jarvis et al. 2006). The DEM was
resampled to 200 × 200 m, which was the grid adopted for MODFLOW. Considering
the influences of DEM accuracy on the estimation of groundwater ET (Li et al.
2008), 103 sets of benchmark surface elevation data available for the JFIS area
were utilized to first compare with the DEM data (coefficient of regression of 1.00
and coefficient of determination of 0.97), which has shown appropriate accuracy,
and then to combine with DEM data. Interpolation was performed using kriging. It
produced a new and more accurate surface raster data with 200 meter resolution that
was used with MODFLOW.

Data on 30 boreholes with attribute data of aquifer elevations and lithology,
25 pumping test sites with hydrogeological attribute data, 246 pumping wells with
groundwater abstraction attribute data, and 35 observation wells used for calibration
and validation (Fig. 3) and monitored once each 5 days, were imported as point
format. Hydrographic information (distribution of canals, drainage ditches, water
courses, and roads, and water administration maps), land use and salinity maps were
incorporated as vectors in the GIS database. Using the 1:100,000 land use map of
Hetao, land use was characterized in 9 categories: farmland, grassland, woodland,
salt affected badland, dunes, open water, residential and construction areas, canals,
and drainage ditches. Hydrogeological maps of Hetao at 1:100,000 scale were also
included in the GIS database and used to obtain the hydrogeological property zones
and parameters. Several hydrogeological cross-sections were available from previous
studies (Wang et al. 1993; Bameng Survey 1994; IWC-IM 1999).

Meteorological data on monthly evaporation and rainfall were collected from
the Hangjinghouqi and Linhe Weather Stations and six agrometeorological stations
equipped with a rain gauge and a 20 cm evaporation pan. Spatialization was per-
formed using the Thiessen polygons method applied to these 8 points. All spatial
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Fig. 6 Spatial distribution of
the assigned 52 evaporation
zones for using with the
evapotranspiration package,
where different colours
represent different zones

Fig. 7 Spatial distribution of
the assigned 73 recharge zones
for using with the recharge
package, where different
colours represent different
zones
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data of JFIS were integrated and stored in the geodatabase (MacDonald 2001). The
topology, subtype and domain were created for accurately processing the spatial data
for MODFLOW use. The geodatabase was connected with a database management
system (Microsoft Access) for efficient management of the GIS database (Xu et al.
2009).

Combining the land use, soil type and climatic Thiessen polygons, 52 evapo-
transpiration zones were produced in polygon format based on extract and overlay
functions (Fig. 6). Similarly, considering irrigation water, rainfall, and soil types, 73
recharge zones were defined in the RCH Package (Fig. 7).

The model results were displayed in Visual MODFLOW as contouring and colour
filling maps. Various Fortran programs were developed to efficiently abstract and
analyze output data of MODFLOW, which also are a step forwards relative to the
study by Xu et al. (2009). These programs can automatically generate groundwater
heads, dropdowns and GWDs in ASCII array format that can be directly used by
ArcGIS. The spatial distribution of the GWDs can then be easily analyzed with
appropriate ArcGIS tools.

4 Results and Discussion

4.1 Model Calibration and Validation

The parameters referring to the hydraulic conductivity, specific yield and recharge
coefficient relative to irrigation water, because they were relatively uncertain in the
study area, were calibrated through an iterative process. Groundwater level (GWL)
and GWD data from 29 observation wells (Fig. 3) were used for model calibration.
Computations relative to the groundwater head were performed using a daily time
step; however, data were later aggregated into larger periods according to the nature
of other variables used. The calibration was performed for the period from May
1, 2004 to April 30, 2005, and this period was divided into twelve stress periods,
i.e., periods when model parameters can be assumed as constant (McDonald and
Harbaugh 1988). During the irrigation season, from May 1 to October 31, each stress
period was month duration, while out of this season the stress periods ranged from
10 to 60 days according to specific boundary conditions considering the climatic
conditions and water recharge.

A trial and error method was used in the calibration process as advised by Hill
et al. (2000). The root mean square error (RMSE), the standard error of the estimate
(SEE) and the Nash and Sutcliffe model efficiency (EF) were used as indicators
of goodness of fit (Legates and McCabe 1999; Moriasi et al. 2007). In addition, a
regression forced to the origin comparing the observed and simulated monthly GWL
and GWD was also used (Fig. 8). Both regressions show good agreements between
measured and simulated GWLs (Fig. 8a) and GWDs (Fig. 8b), with b = 1.0 and R2 =
0.98 relative to GWL and b = 0.98 and R2 = 0.86 relative to GWD. RMSE, SEE and
EF for GWL are 0.34 m, 0.019 m and 0.98, respectively.

Xu et al. (2009) obtained RMSE = 0.44 m, SEE = 0.025 m and EF = 0.97 from
twelve observation wells when calibrating the former version of the model, which are
inferior to those referred above. Results obtained with the previous and the presently
modified model version were also compared for two wells selected randomly (B43
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Fig. 8 Relationship between
the observed and calculated
monthly means of the
groundwater levels (a) and
groundwater depths (b) for the
29 observation wells used for
calibration
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ET simulation
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and B66) in sandy–loam and silt–clay soils, respectively (Fig. 9). Results show that
GWLs are simulated better when using the new ETS1 package relative to the former
EVT, and that this superiority is not seasonal but is observed through the entire
year, which indicates that the modified version of the model is effectively improved
relative to the former.
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The model was validated with data of six different observation wells, whose loca-
tions are given in Fig. 3, for the period from May 1, 2005 to April 30, 2006. The same
twelve stress periods defined for calibration were used for validation. All hydraulic
parameters and empirical coefficients were the same as used for calibration. The
simulated monthly GWL agree well with the measured data (Fig. 10), showing small
errors of the estimate (RMSE = 0.23 m, SEE = 0.029) and high modelling efficiency
(EF = 0.995), hence indicating that parameters were properly calibrated.

4.2 Predicting Impacts of Water Saving and Groundwater Use

4.2.1 Scenarios

Irrigation water-saving practices are being progressively implemented in Hetao.
They include: (a) the improvement of the canal system, upgrading of canal control
and regulation structures, and better canal water delivery structures and manage-
ment; (b) upgraded irrigation scheduling, land levelling of irrigated fields, and
improved furrowed and flat basin irrigation systems. The area under cultivation is
supposed to be maintained, 146,100 ha in the study area. Groundwater abstraction
will increase with the foreseen population growth, livestock augmentation and the
development of industry. Groundwater is not foreseen to be used for irrigation.
The groundwater abstraction by the year 2020 was estimated and considered for the
prediction of changes in groundwater dynamics.

The canal system improvement is expected to reduce water conveyance losses,
thus increasing the conveyance ratio (a) of the canal system and decreasing the
seepage ratio (b) (Eqs. 1 and 3). According to findings reported by IWC-IM (1999),
the parameter a is supposed to increase by 0.018 when the percentage of lining of
the main and sub-main canals increases by 10%, and by 0.009 when the percentage
of lining of tertiary and quaternary canals augments by 10%. Five scenarios for
canal system improvement were considered, with 20, 40, 60, 80 and 95% of lining
of the main, sub-main, tertiary and quaternary canals together with upgrading the
respective hydraulic structures (Table 3). These resulted in increasing the a values
from 0.49 at present to respectively 0.54, 0.57, 0.63, 0.69 and 0.75 in future. The value
of 0.75 is reasonable when considering the studies by Xie et al. (2003), Li et al. (2004)
and Gonçalves et al. (2007) for the nearby Huinong irrigation system. Resulting
from canal system improvements, the seepage ratio (b) is expected to be reduced
(IWC-IM 1999). According to Ruan et al. (2008), the ratio of canal seepage to
the total canal conveyance losses (b /(1 −a)) may be assumed as constant, thus b
decreases proportionally to the increase in parameter a.

Table 3 Present situation and
five scenarios for water saving
in the JFIS

Scenarios % of area with canal % of area with upgraded
system improvements irrigation technology

0 Present Present
1 20 20
2 40 35
3 60 50
4 80 65
5 95 80
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The percolation ratio (c) is assumed to decrease from 0.27 to 0.12 during the
crop season and from 0.42 to 0.25 for the autumn irrigation period, corresponding
to upgraded irrigation technology in 20 up to 80% of the irrigated area (Table 3).
These values are coherent relative to the results presented by Pereira et al. (2007)
and Gonçalves et al. (2007) for the Huinong irrigation system when farm systems
are upgraded to a high level. Groundwater abstraction is assumed to increase 1633
to 4436 104 m3a−1 from present to the year 2020, which is the time horizon for
the changes. Therefore, five scenarios are considered corresponding to progressive
improvements of the farm and off-farm systems (Table 3). Scenario 1 represents a
consistent first step in irrigation system upgrading while scenario 5 corresponds to
the maximum attainable level of improvement and to a quite large time span for
implementation.

4.2.2 Groundwater Table Depth

The changes of GWDs predicted for the five scenarios indicate that the groundwater
table will decline progressively with the application of water-saving practices and the
increase of groundwater abstractions. Simulations for all scenarios were performed
with 2004 data. The areas of JFIS where GWDs are in a given depth class are shown
in Fig. 11 for June, July and August. Classes for groundwater depths are: very shallow
(GWD < 1.5 m), shallow (1.5 < GWD < 2.0 m), deep (2.0 < GWD < 3.0 m), and
very deep (GWD > 3.0 m).

The area with very shallow groundwater shows to steadily decrease from present
104,000 ha in June (Fig. 11a) down to 70,180 ha with scenario 5, i.e., from 57.9
to 39.1%. Contrarily, the areas with deep and very deep groundwater increase
respectively from 33,044 ha to 51,000 ha and from 9,408 ha to 22,804 ha, that
correspond to change from 18.4 to 28.4% and 5.2 to 12.7% in June (Fig. 11a, b).
This increase in areas with deeper GWD could favour salinity control but could
also lead to negative impacts due to reduced capillary rise for natural vegetation
and crops, which may lead to requiring more irrigation water to effectively satisfy
crop water requirements. Differently, the areas with shallow groundwater, where
the target depth (1.5 < GWD < 2.0 m, Table 1) would be achieved during the crop
growth season, tend to do not change appreciably in June and July (Fig. 11b, d). In
August, this area where the target GWD is achieved tends to slightly decrease from
scenario 1 to 5, the later showing a difference of about 4.5% relative to present, i.e.,
from 25 to 20.5% of the total area.

To be noted when comparing the monthly values that the areas with GWD < 1.5 m
are lesser in August than in June: 50.4% in June vs. 41.9% in August for present,
and 30.2 and 23.2% for the same months considering scenario 5 (Fig. 11a, e). This
variation is due to groundwater discharge by evaporation and plants uptake during
the months with higher climatic demand for ET. A lowering of GWD from June to
August was observed by Xu et al. (2010).

Analyzing results for scenario 5, it is apparent that the area with deeper GWD,
i.e., larger than 2.0 m, would become the largest of JFIS, increasing by more than
1/3 relative to present. This indicates that the groundwater table is expected to
significantly decline when water saving irrigation is adopted. However, this decline
would be associated to a decrease of groundwater ET as analyzed in the next section.

Figure 12 shows the spatial distribution of the GWD in July for various scenarios.
Presently, most area with GWD < 1.0 m is in the northern and NW part of JFIS,



2052 X. Xu et al.

Scenarios
0 1 2 3 4 5

A
re

a 
(1

0
 h

a)

2

4

6

8

10

12

<1.5 m 
2.0-3.0 m 

Scenarios
0 1 2 3 4 5

A
re

a 
(1

0
ha

)

0

1

2

3

4

5

1.5-2.0 m 
>3 m 

Scenarios
0 1 2 3 4 5

A
re

a 
(1

0
ha

)

2

4

6

8

10

12

<1.5 m 
2.0-3.0 m 

Scenarios
0 1 2 3 4 5

A
re

a 
(1

0
4 
ha

)

0

1

2

3

4

1.5-2.0 m 
>3 m 

Scenarios
0 1 2 3 4 5

A
re

a 
(1

0
4 

4 4 

4 4 
ha

)

2

4

6

8

10

12

<1.5 m 
2.0-3.0 m 

(a) (b)

(e)

(d)

(f)

(c)

Scenarios
0 1 2 3 4 5

A
re

a 
(1

0
ha

)

1

2

3

4

5

1.5-2.0 m 
> 3 m 

Fig. 11 Predicted areas having very shallow, shallow, deep and very deep groundwater table depths:
comparison of the present situation (scenario 0) with those predicted for scenarios 1 to 5 in June
(a and b), July (c and d), and August (e and f)

which relates with the fact that this area is of lower elevation and groundwater flows
towards this area. This area is also that where most of saline and waterlogged fields
are located. The areas having a deeper GWD are located in the southern and SE
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(a) (b)

(c) (d)

Fig. 12 Spatial distribution of the groundwater table depth in July for: the present situation (a), and
for scenarios 2, 3 and 5, respectively (b), (c) and (d)

parts of JFIS. These areas are also closer to towns and other settlements where
groundwater abstraction favours GWD deepening. Only small areas in the central
and southern parts have a GWD close to or larger than 3.0 m. A groundwater
depression cone occurs in the central part, around Shanba town, Hangjinhouqi
county, caused by the large groundwater abstraction there. The application of water-
saving practices can increase the area with suitable GWD in the NW (Fig. 12b, c, d)
but the groundwater table decline is expected to be larger in S and SE, resulting in a
large area with a depth close to or larger than 3 m. Results for the scenario 5 indicate
a large decrease of the GWD and a larger area with a deeper GWD. These spatialized
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results allow identifying the areas where negative impacts on vegetation growth are
expected due to reduced capillary rise in S and SE regions. It becomes also possible
to identify the areas where the water table decline will favour the rehabilitation of
salt affected lands, especially in the northern region.

Results are not comparable with those of the groundwater balance in Xu et al.
(2010) because these are lumped while MODFLOW results are distributed. How-
ever, results of both approaches are coherent.

4.2.3 Groundwater Balance

The terms of the groundwater balance during the irrigation period, May to early
November, were calculated for the present situation and the five scenarios (Fig. 13).
Results show that recharge from irrigation water and groundwater discharge through
evaporation and plant roots uptake are the main terms of the water balance and
those having a major influence on the variations of the groundwater levels as shown
in Fig. 10. Canal seepage and field percolation are the most important sources of
groundwater recharge, respectively 119 and 115 mmat present, which account respec-
tively for 49.4 and 47.8% of the total recharge. The recharge from the precipitation
is very small, 6.5 mm. The main groundwater discharge is groundwater ET (direct
evaporation and uptake by vegetation), which presently accounts for 176 mm, i.e.,
87% of the total discharge during the irrigation period. Groundwater abstraction
and discharge by drainage account for only 5.5 and 7.3% of the total discharge,
respectively.

A reduction of groundwater evaporation is predicted when water saving measures
are implemented (Fig. 13). Compared with the present, scenarios 1 to 5 could reduce
groundwater evaporation by 21 to 63 mm. This reduction in evaporation should
help controlling secondary salinization; however, the contribution of capillary rise
for vegetation water use also decreases. Simultaneously, the recharge from the
irrigation water is expected to decrease by 28 to 133 mm for scenarios 1 to 5, thus
by 12% to 57% relative to present. These results explain the foreseen lowering
of GWDs. The proportion of groundwater abstraction to the total discharge is

Fig. 13 Groundwater balance
components during the
irrigation period for the
present and for the scenarios 1
to 5: Cr is the recharge from
canal seepage (mm), Ir is the
recharge from field
percolation (mm), Pr is the
recharge from rainfall (mm),
Eg is the groundwater
evaporation (mm), We is the
groundwater abstraction
(mm), Dg is the groundwater
discharge through the drainage
ditches (mm)
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Fig. 14 Irrigation water use
during the crop growth season
and autumn irrigation period
for the present situation and
predicted for scenarios 1 to 5
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expected to largely increase, from 5.5% to 19.7%, to satisfy the demand for industrial,
domestic and livestock uses. This would also contribute to the lowering of GWDs as
referred before.

Scenarios 1 to 5 correspond to various time and space steps for the implementation
of water-saving measures. As shown in Fig. 14, the demand for irrigation water shall
progressively decrease from 842 mm at present to 532 mm for scenario 5. However, it
is likely that upgraded crop husbandry and new varieties of crops will be considered
together with the water-saving measures. Then, crop consumptive water use may
increase relatively to present while non-beneficial water uses, e.g. seepage, deep
percolation and non-crop evaporation (Pereira et al. 2009) are expected to decrease,
which may result in that those decreases may be less drastic than current forecasts.

The results obtained by Xu et al. (2010) using a lumped groundwater balance
model are comparable with the forecasted canal seepage, field percolation and
groundwater evaporation. The results of both models indicate that a high level of
water-saving practices might result in too much deep GWD, with subsequent lower
capillary rise contributing to crop growth. Results indicate the need of research to
better characterize the parameters relative to conveyance, seepage and percolation
ratios as well as irrigation demand in the area.

In this study, modelling results clearly indicate the magnitude of expected changes
when water-saving measures are adopted at both the canal system and the farms.
These changes call for further investigations relative to crop and irrigation manage-
ment when the increase of GWDs will provide for smaller groundwater contribution
for the vegetation. In addition, since the water table will be lower in areas where
it is currently high and soils are saline, some priority must be given to investigate
on the rehabilitation of these soils, including through crop husbandry and drainage.
Moreover, because the results of modelling are spatialized, their analysis should
provide for further defining the priority areas for implementation of water-saving
measures, as well as for identification of difficulties associated with the groundwater
dynamics resulting from the implementation of those measures.
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5 Conclusions

Coupling the groundwater flow model MODFLOW with a GIS database allowed
to simulate the groundwater dynamics in the Jiefangzha Irrigation System, Hetao
Irrigation District, in the arid upper Yellow River basin. The calibration and valida-
tion of the model provided for an adequate parameterization relative to the processes
influencing the groundwater recharge and discharge as influenced by irrigation. The
model and corresponding methodology were then used to simulate the groundwater
dynamics of the study area for various water-saving practices with considering the
groundwater abstraction foreseen for the year of 2020. Results show that the water-
saving practices with 60% of canal lining and upgrading hydraulic structures, and
improved farm irrigation technology in 50% of the area constitute a reasonable
solution. Their implementation would lead to reduce groundwater evaporation by
43 mm and the total diversions from the Yellow River by 208 mm.

Spatialized results show that the application of water-saving practices and the
increase of groundwater abstractions will result in the decline of the groundwater
table. In some areas this decline could be excessive since it leads to a large decrease
of the groundwater contribution to the vegetation consumptive water use. In other
areas with a shallow groundwater depth, the foreseen changes are expected to pro-
vide for improved cropping conditions and the control of salinity. Overall, relatively
important decreases in diversions of water from the Yellow River are expected.
However, it is necessary to recognize the limitations of these modelling studies since
the parameterization of considered scenarios may differ from the future reality. In
fact, different upgraded crop husbandry and new crop varieties are expected to be
considered together with the implementation of water-saving measures. This calls
for an appropriate follow-up when these measures are being implemented. Results
also indicate the need for further investigations on crop water use aiming at reducing
the non-beneficial uses of water and maximizing the beneficial ones, as well as on the
rehabilitation of saline soils.
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