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Abstract

The Jinghui Canal Irrigation District (JCID) is a highly productive agricultural area of Shaanxi province, China. Because of severe
water scarcity, implementing water-saving renovation practices for agricultural sustainability is necessary. To determine the
influence of different water saving practises on the shallow groundwater system in the JCID, ArcGIS and Processing MODFLOW
are used to simulate changes in shallow groundwater in the irrigated farmland in this area. The results show that field water-saving
measures can reduce 18.5%-33.4% of well irrigation water, and the control effect on groundwater level drawdown is prominent.
The shallow groundwater level’s declining rate in some areas is increased, owing to the adjustment of the agricultural planting
structure. Moreover, the spatiotemporal distributions of water and soil resources do not reasonably match, which offsets the active
impact of water-saving renovation in the mitigation of falling groundwater tables. The groundwater’s annual average decline rate
has increased from 0.535 m year™! during 1981-1997 to 0.734 m year ' during 2000-2014. The groundwater cone of depression
shows a continuous expanding tendency. The area in which the groundwater depth is larger than 13 m has increased from 358.56
km? in September 1997 to 612.92 km? in September 2014. However, successful agricultural water-saving renovation requires a
practical feasibility of water-saving projects, in addition to an appropriate planting structure, strong bearing capacity of farmers,
water-saving propaganda, and policy implementation of agricultural subsidy and water resource management.
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groundwater-table decline caused by the overpumping
of groundwater for irrigation occurs in the Jinghui
Canal Irrigation District (JCID) (Liu and Zhu , 2011),
which is estimated to be the largest groundwater
drawdown area in the Guanzhong Plain. In most
regions of the JCID, groundwater is declining at a rate
0f 0.734 m-year ! (Liu., 2005). Agricultural water use

1. Introduction

Water resource shortage is one of the most
important factors constraining the long-term economic
development in arid—semiarid areas in China (Li et al.,
2009; Liu et al., 2020; Odeh and Mohammad, 2020).
In the Guanzhong Plain in northern China, water per

capita is only approximately 446 m® annually (Wang
etal., 2002), which is far lower than the 1000 m® year™!
per capita benchmark line of water scarcity recognized
by the United Nations Educational, Scientific and
Cultural  Organization (UNESCO). A rapid

has been recognized as the largest water consumer,
accounting for 80% of the total water use, and is the
major contributor to the local groundwater decline
(Geng 2020; Zhao et al., 2009). Although the annual
mean precipitation in this region was only
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approximately 530 mm, a substantial amount of the
agricultural water supply could be satisfied by a
widely distributed irrigation canal network that relies
partly on the intensive use of groundwater. Winter
wheat and summer maize are the two staple crops in
this region, accounting for 85% and 65% of the total
crops cultivated in 2000, respectively. The long-term
excessive extraction of groundwater and poor
irrigation/drainage management practices in the
irrigation  districts have caused environmental
geological disasters, such as severe groundwater
declines and ground fissures. Since 2001, diverse and
effective water-saving measures have been considered
and have gradually been implemented in irrigation
districts to improve the efficiency of both farm water
use and canal water conveyance. Water-saving
measures for improving water conveyance include the
lining of canals, upgrading of hydraulic control
equipments, and canal water delivery management.
Measures for improving farm water use efficiency
include optimized irrigation regime, land leveling of
irrigated farm, and improved furrow irrigation
systems. Monitoring and evaluation networks have
been constructed for management system reform in
the Guanzhong Canal Irrigation District (Wang et al.,
2003).

Efficient irrigation systems can reduce both
evaporation and deep percolation (Abu-Awwad, 1999;
Bietresato and Mazzetto, 2020; Vovna et al., 2019);
however, the deep percolation rate of irrigated water
returning to the groundwater aquifer can only be
estimated (Rushton, 2010; Xiao et al.,, 2014). Systems
with higher efficiency would result in less water
returning to the aquifer (Kushwaha et al., 2009; Wang
and Huang, 2011). In this study, the JCID was selected
as a typical example because of the cooperation of the
Jinghuiqu Administration of Shaanxi Province and
because adequate data were available for the current
study. In particular, the JCID is a representative
irrigation district of wells combined with canals. More
research has been concentrated on groundwater
quality assessment in the basin scale (Maheswaran and
Elangovan, 2010).

Groundwater models are generally accepted to
be appropriate tools for assessing the effects of future
human activities on groundwater dynamics (Clemo,
2005; Hanson et al., 2010; Fu et al., 2018; Geng et al.,
2013; Zhang et al., 2019). However, groundwater
models require a large amount of good-quality data on
hydrogeological settings, which include the boundary
conditions of the aquifer system, main
hydrogeological parameters of each aquifer layer, and
long-term dynamics of groundwater levels. Because
the parameters vary in both time and space, coupling
geographic information system (GIS) technology with
a groundwater model for hydrogeological system
characterization and conceptualization is necessary
(Pathak and Hiratsuka, 2011; Xu et al., 2009; Xu et al.,
2011). Studies on the response of shallow
groundwater system to water-saving renovation in a
large-scale irrigation district are comparably few.
Thus, ArcGIS 9.3 and Processing MODFLOW for
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Windows (PMWIN) were integrated with JCID
research as an example study with the objectives as
follows: (1) to evaluate and predict the influence of
various water-saving practices on the spatiotemporal
dynamics of the shallow groundwater table and (2) to
provide a scientific basis for the reasonable evaluation
of the groundwater environment in response to the
implementation of water-saving irrigation planning.
The proposed method/model is successfully tested for
the 1180 km? Jinghui Irrigation District, which is in
the center of the Guanzhong Pain.

2. Material and methods
2.1. Example site description

The JCID (34° 25' 20"-34° 41' 40" N; 108° 34'
34"-109° 21' 35" E; 350-450 m), located in the center
of the Guanzhong Plain, Shaanxi Province, China, is a
large (II)-type irrigation project with artesian water
from the Jing River with an approximate length (east
to west) of 70 km, width (north to south) of 20 km, and
total area of 1180 km? (Fig. 1). The terrain slants from
northwest to southeast with a slope of 1/300-1/600.
This area is a typical northern plain irrigation region.
The average annual rainfall is 535 mm, 60% of which
is concentrated in June-September, and the average
annual evaporation is 1212 mm, which classifies the
region as a semi humid area (Fig. 2).

This region belongs to the Weihe Basin water
system of the Yellow River, of which the major
surface rivers are the Jing, Qingyuhe, and Shichuanhe
rivers. The main irrigation water source is the region’s
largest river, the Jing River, with a length of 455 km
and a drainage area of 43.126 km? over the Zhengguo
canal head of Zhangjiashan. The JCID includes the
counties of Jing Yang, Sanyuan, Gao Ling, Lintong,
Yanliang, and Fuping and the cities of Xianyang,
Xi’an, and Weinan. The designed irrigation area of the
district is approximately 9.7x10?> km?, and the
effective irrigation area is 9x10? km?. Although the
irrigated land area covers only 2.4% of the size of the
province, it produces approximately 5.7% of the
province’s grain. This area is a major grain producer
of Shaanxi Province and a major supplier of other
agricultural products, such as vegetables and fruits, to
Xianyang and Xi’an Groundwater includes phreatic
and confined waters.The phreatic water in the
Quaternary alluvium in the Holocene is relatively
shallow as a main irrigation extracting aquifer and is
widely distributed in the region. In the first and second
terrace areas in the river floodplain, the depth is 6-16
m. In the third terrace region of the Weihe and Jing
rivers, the depth is generally 20-40 m, and the aquifer
is composed mainly of Pleistocene alluvial loam, clay,

sand, and gravel layers with a thickness of 13-80 m.
2.2. Conceptual hydrogeological model

The study area is adjacent to the Loess Plateau
in the north and is surrounded by the Jing, Wei, and
ShiChuan rivers at the west, south, and east,
respectively.
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Fig. 1. Location of the Jinghui canal irrigation district in China
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Fig. 2. Main meteorological elements in the irrigation
districts (the meteorological data comes from Jinghui Canal
Management Bureau of Shaanxi Province)

The Qingyu River runs from west to east in
the northern irrigation area, which is a complete
hydrogeological unit. Using 13 drilling histograms
(LI2,H19,X16, 18, H11, S4, G4, BS, B2, B3, B5, J18,
and J85) and associated hydrogeological profile
information, a three-dimensional (3D) irrigation
aquifer distribution model was created (Fig. 3) to
reveal the space structure of the aquifer system in the
irrigation area and to lay a foundation for the
groundwater simulation model (Borgia et al., 2011;
Huo et al., 2012; Lin et al., 2010).

The aquifer contains a very thick late
Quaternary (late Pleistocene and Holocene (Q4+Q3))

layer of coarse sand and gravel sand, and the central
part is mainly mid-Pleistocene series Q clayey silt and
clay sand. According to the 3D irrigation aquifer
distribution model, the hydrogeology units in the
irrigation area are generalized as the upper unconfined
aquifer and the lower equivalent confined aquifer.

course sand

0 10 20

| ]} silly sand

Fig. 3. Three-dimensional aquifer structure of the irrigation
district

The two model layers were separated by an
equivalent semi pervious layer (Barazzuoli et al.,
2008). The confined aquifer is generally buried at a
depth of 100 m. It is suitable for supplying further
water resource and generally is not used as an
irrigation water source. The phreatic aquifer is
generally stored in the Quaternary Holocene alluvial
layers, which are shallowly buried, accessible, and
widely distributed. The main supply source includes
the vertical infiltration of the precipitation and leakage
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recharge of the irrigation canal system. The secondary
source is a supplying the horizontal direction and the
water infiltration supply of the riverbank. In
comparison, the latter recharge is low. The phreatic
water is excreted through runoff to the Jing, Wei, and
Qingyu rivers. Only in the midstream and downstream
of the irrigation area, during the flood season with a
high water level, the phreatic water produces a short
supply from the rivers along the edges of the Wei and
Jing rivers, the water quantity is few. The
northwestern loess border of the irrigation area, which
accepts the lateral flow of tableland supplies, is set as
the third boundary or the given flow boundary (Bumb
et al., 1997); the eastern, southern, and central regions
of the Wei, Jing, and Qingyu rivers are the main
horizontal excretion zones and are set as the river
boundaries.

2.3. Groundwater model

According to the hydrogeological conceptual
model and its available materials, the study area is
generalized as a quasi-3D flow groundwater aquifer
system that can be described by a differential equation
and definite solution conditions (Brunner et al., 2010;
Doble et al., 2009): The equation for shallow
unconfined aquifer is as Eqgs. (1-2) etc.

Gl

KH ﬁ)ﬁ lkH-B)
N O I Y

deep confined aquifer:

oH oH K oH
T2 +% TzayZ%WﬁM,(Hl—Hz):szatZ,(x,y)eG,t>o
(xy.t)=H, (xy) (X,y)eG,t=0
oH
an . =%y (xy)el,t>0
2

where: K is the permeability coefficient of the phreatic
aquifer (m/d); Hi (X, y, t) and Hz (X, y, t) are water
levels at different times in the area (m); B (X, y) is the
bottom elevation of the unconfined aquifer (m); Hio (X,
y) and Hyo (X, Y) are the initial water head of the
phreatic aquifer and confined aquifer (m),
respectively; Sy is the specific yield of the unconfined
aquifer; S is the storage coefficient of the confined
aquifer; K' and M' are the infiltration coefficient (M/d)
and thickness (m) of the semi pervious layer,
respectively; T is the transmissivity of the confined
aquifer (m?/d); T is the calculating time (d); W1 and W,
are the source-sink terms of the aquifer water in the
vertical supplies (m*/d); ¢ is the evaporation strength
of the unconfined aquifer (m); G is the calculation
area; /5 is the third-class boundary; and Q (X, y, t) is
the unit area flow of the third-class boundary
(m’/d/m?).
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2.4. Groundwater numerical simulation model

The PMWIN simulation analysis software
was adopted to solve the definite problem of
groundwater movement (Kinzelbach et al.,, 1992).
PMWIN is an application software developed by the
United States Geological Survey (USGS) for the
simulation and forecasting of groundwater systems.
This program uses MODFLOW as the core and can be
used to examine 3D groundwater models. The model
calculation scope is from the Loess Plateau to the Wei
River, with west and east boundary lines of 19,276 km
and 19,351 km, respectively. Excluding the area that
is not part of the modeling calculation scope, the total
effective area for modeling was 1,225 km?. The mesh
size of the model was 500 m x 500 m, and the time
step of time was a natural month division.

(1) Hydrogeological parameters. According to
the hydrogeological conditions and the Quaternary
distribution of loose sediment, the simulated region
was divided into 11 parameter areas. The initial
hydrogeological parameters (Table 1) were directly
obtained from a pumping test and were used as the
benchmark reference parameters. With the analogy
method and the reference of other single pumping test
data, the initial value parameters of the other partition
were estimated for model correction in the
confirmation stage. Four parameters (K, Sy, T, S) are
the key parameters, so it's just listed in the Table 1.

Table 1. Hydrogeology parameters

pZ?;terr Kimidy | s, | Timzdy | s
I 100 | 012] 2050 | 0.002
i 65 | 0. | 2000 | 0.0018
i 40 [ 008 1000 | 0.0015
v 35 [007] 450 ] 0.0002
\% 45 0.06 500 0.0011
VI 20 003 400 ] 0.0012
VI 10 1005] 300 | 0.001
VI 75 [ 0.06] 400 | 0.001
X 8 1003 200 ]0.0009
X 4 0.04 120 0.001
XT 2 1004] 100 ] 0.0007

(2) Source and sink. The supplies mainly
included precipitation infiltration recharge and
irrigation water infiltration recharge, accounting for
more than 90% of total recharge (Xie and Yang,
2013). With the comprehensive consideration of the
precipitation, soil type, underlying surface, and burial
depth of the underground water level of the
unsaturated zone, the rainfall infiltration recharge
coefficient was determined by the rainfall data (1953-
2000) in the irrigation area, and the statistical analysis
of the long-term observation data of 93 groundwater
wells (1988-2000) was performed (Table 2). All
planar and linear sources and sinks of data were then
converted to strength form. The superposition
calculation was used for the conversion into single-
grid strength, and the obtained values were guided into
the models through recharge and well modules.
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Table 2. Precipitation infiltration coefficient-o and
irrigation infiltration coefficient-3

Depth 7-
interval /m | L | 13|33 3T | g | 710
o 03210260221 0.19 | 0.15 | 0.10
B 048 1 035|030 | 024 | 0.18 | 0.09

The evapotranspiration (EVT) of the
MODFLOW subroutine is a linear vaporization
model. The relationship between shallow groundwater
evaporation and burial depth is nonlinear, and the
evaporation factors account for a large portion in the
groundwater equilibrium analysis. Moreover, the
calculation error of the linear model evaporation is
higher. In this study, the ABeprsHoB, I'.B nonlinear
formula was used in the EVT evaporation module,
rather than the linear formula for calculating the
evaporation capacity (Ajami et al., 2012). The source
code was rewritten using Visual Basic 6.0 in the EVT
module. The nonlinear formulas are as follows (Eq. 3):

Reri= Ry Mg > N
s, ik _hI.J,k m
RETi,j:RETMi.j(l_ ) ’hs,J.k_d|,1<hw.1,k<hs,1.k
i
Rer =0 hoo<h.—d
3)

where: RETM;; is the underground water evaporation
strength, which depends on local meteorological
conditions (m); RET;; is the phreatic evaporation
strength, which changes by month with unit area and
unit time water volume (m); H; j« is the unit water head
or underground water level (m); Hsjk is the
evaporation interface elevation (m); dij is the
evaporation limit depth of groundwater (m) relative to
lithologic features; and m is a dimensionless index,
taken as approximately 2 for the region.

A comparison of RET accuracy before and
after adjustment showed strong improvement.
Moreover, the superposition of the groundwater-table
calculation value under the stable flow simulation
showed a good fit, and the groundwater depth lines
were united as the virtual evaporation interface
elevation. This elevation replaced the practical
evaporation interface elevation and was imported into
the EVT modules. Debugging and fitting were
repeated to detect small differences from the virtual
evaporation interface and the calculation of the water
level elevation; the groundwater depth was essentially
consistent. Such measures were performed to avoid an
inconsistent regional distribution of the actual
evaporation and the simulation value caused by the
fitting error of the groundwater flow field and to
improve the simulation degree of water resources.

2.5. Model calibration and validation

The model identification period was set from
January 1996 to December 1998, and the model
validation period was from January 1999 to December
2000. The monthly average groundwater level data of
93 long-term observation wells at 14 stations of

Shiqiao, Jingyang, Sanqu, Yangfu, Sanyuan, Pengli,
Gaoling, Xizhang, Zhangbu, Pixi, Xinshi, Liyang,
Loudi, and Xumu were used in model identification
and validation. The flow field in January 1996 was
taken as the initial water head. The hydrogeology
parameters were manually adjusted by using the
forecast correction method (Jhorar et al., 2011,
Praveena and Aris, 2010). The flow field and the
actual simulation flow field were similar, and the
simulation value and groundwater dynamics were
essentially equal. According to the water level
materials of the 93 long-term observation wells, 44
observation holes were selected for simulation after
eliminating the materials of imperfect observation
hole parts. The statistical absolute error had an average
of 1.36 m. The mean absolute error was less than 0.5
m in 23 observation holes for a total of 52.3%; those
between 0.5 m and 1 m and more than 1 m were noted
in 16 and 5 observation holes for totals of 36.4% and
11.3%, respectively. Fig. 4 shows the fitting of 6
typical observation holes. By calculating the flow field
and the variation of the line fitting process, the
simulation results are obtained to reflect the
underground water flow field characteristics in the
irrigation area, which can be used for the numerical
calculation of groundwater (Fig. 4).

2.6. Scenario simulations with groundwater model

Four different scenarios of the planning level
years in 1997, 2005, 2010, and 2013 were simulated
with the goal of remaining consistent with water-
saving plans (Tables 3 -4). Through groundwater
water modeling, the underground water table and
burial depth of the reconstruction project implemented
in the years before 1997 were calculated, as was the
water conservation project implemented after 2005
and 2010. Moreover, the analysis and prediction of
underground water level and burial depth in 2014 and
the influence of the shallow groundwater system in
response to water-saving irrigation transformation
were compared before and after implementation of the
water-saving reconstruction project.

3. Results and discussion

3.1. Results of model calibration and validation

Comparisons between the simulated and
observed values of groundwater tables of the typical
observation wells are presented in Fig. 4 to show the
results of model calibration and validation. With the
estimated hydrogeological parameters, the model can
correctly simulate the groundwater system. For model
calibration, the simulated and observed values were
consistent; a difference of only 5% was noted in the
simulated values for the typical observation wells. The
groundwater level that was simulated agreed well with
the level that was observed. The observed and
simulated groundwater levels were compared through
a linear regression forced to the origin; the respective
coefficients of regression and determination were
b=1.0 and R?=0.99.
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Fig. 4. Groundwater level fitting of typical observation wells: (a) represent stations of Shiqiao, (b) represent stations of Jingyang,
(c) represent stations of Yangfu, (d) represent stations of Gaoling, (e) represent stations of Xinshi, (f) represent stations of Loudi

Table 3. Scene settings of water-saving transformation in the irrigation district

Simulation scene 1 2 3 4 5 6 7 8
X] 0.395 0.395 0.395 0.75 0.75 0.75 1 1
Channel water saving | x2 0.42 0.42 0.42 0.8 0.8 0.8 1 1
X3 0.574 0.574 0.574 0.645 0.645 0.645 0.671 0.671
X4 | 17666.76 | 42000.21 | 42000.21 | 42000.21 | 53333.6 | 53333.6 | 53333.6 | 60000.3
X5 0 4666.69 4666.69 4666.69 8666.71 8666.71 8666.71 10000.05
Field water saving X6 0 2000.01 2000.01 2000.01 4000.02 | 4000.02 | 4000.02 | 5333.36
X7 0 8666.71 8666.71 8666.71 | 11666.73 | 11666.73 | 11666.73 | 13333.4
X8 0.9 0.9 0.9 0.9 0.92 0.92 0.92 0.93
Xo | 6220698 | 62206.98 66867 66867 66867 63266.98 | 63266.98 | 63266.98
Agricultural x10 | 5333.36 5333.36 8466.71 8466.71 8466.71 12400.06 | 12400.06 | 12400.06
structure x11 | 6920.03 6920.03 7866.71 7866.71 7866.71 9133.38 | 9133.38 | 9133.38
x12 | 3420.02 3420.02 | 6000.03 6000.03 6000.03 6533.37 | 6533.37 | 6533.37
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Table 4. Parameters of scene settings of water-saving transformation in the irrigation district

Parameter Unit Definition
X1 -- Arterial lining rate
X2 -- Canal lining rate
X3 -- Water utilization efficiency of canal system
X4 hm? Border irrigation area
X5 hm? Sprinkling irrigation area
X6 hm? Microirrigation area
X7 hm? Low-pressure pipe irrigation area
X8 -- Field water utilization coefficient
X9 hm? Food crops in irrigation area
X10 hm? Vegetable irrigation area
X11 hm? Orchard irrigation area
X1z hm? Other economic crop area

For model validation, the simulated daily
groundwater levels of six observation wells (a, b, c, d,
e, and f) were selected (Fig.4). Observation wells a and
b were located in the north area with sandy loam and
¢ and d were in the south area with loamy soil. The
fluctuations of simulated groundwater levels agreed
reasonably with the observation data. However, some
discrepancy remained between the simulated
groundwater levels and the observations. When
compared with the observed values, the simulated
groundwater levels at observation well e were slightly
lower, whereas those at well d were higher. These
results imply that uncertainties may be imposed by
model parameters, model structure, and model input.

In general, the calibrated groundwater model
can be concluded to accurately simulate changes in the
groundwater table in the JCID under various
conditions of different water saving practices.

3.2. Comparisons among various simulation scenes of
water-saving transformation

Eight scenes of water-saving transformation
in the JCID were simulated and compared to
determine the responses of the shallow groundwater
system to the different water saving practices (F.5).

<’
-1
[ FIEE
114-18
18-22
22-25
. 2s-29
-3

Notably, the groundwater flow distribution is to a
large extent closely related to the water-saving
measures of the JCID mentioned previously.

When no irrigation or a small amount of
irrigation was applied during the rainy season, some
moderate groundwater-table changes arose prior to the
water-saving transformation in the JCID (Figs. Sa, 5b,
5S¢, and 5d). Then, more considerable changes in the
groundwater tables occurred after the implementation
of the water-saving measures. For the local areas of
Jingyang and Gaoling, the cumulative decline of the
groundwater level was 15 m. Therefore, a guideline
for water conservation planning is the reasonable use
of limited water resources to avoid the continuous
decline of groundwater levels.

Notably, when the water-saving measures
were applied, e.g., in the 2-, 5- actual scenes, an
expanding trend of groundwater funnel appeared in a
very short period or completely disappeared in some
areas at the later stages. However, the field water-
saving measures reduced 18.5%-33.4% of the well
irrigation water usage. In the 5- actual scene, a short
but severe water-table decline occurred after the
application of border irrigation and micro irrigation,
whereas the decline in the sprinkler irrigation area
increased (Fig. 6).

Fig. 5. Various scenes of space distribution of groundwater depth in the irrigation district: a- represent stations of Shiqiao,
b-represent stations of Jingyang, c-represent stations of Yangfu, d-represent stations of Gaoling
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These results may explain why the areas with
the groundwater burial depth between 8 m and 13 m
in the 5- actual scene were approximately 6.4% lower
than those in the 2- actual scene. A comparison of the
areas of different groundwater burial depths in the 2-
and 5- actual scenes shown in Figs. 6e, 6f,
respectively, revealed that the groundwater table may
be heavily influenced by the field water-saving
measures implemented in the areas with an expanding
trend of groundwater funnel.

The curves of the water table for groundwater
(Figs. 6f, 6g, 6g) indicated that the channel water
saving had an impact on groundwater flow
distribution. A comparison of the 1- actual scene and
the 6- simulation scene revealed that the areas in
which the groundwater burial depth was less than 8 m
increased by 17.2%; those of 8-13 m decreased by
31.5%. A comparison of 3- and 4- simulation scenes
revealed a 2.3% increase in the areas in which the
groundwater burial depth was less than 8 m and 2.1%
decrease in the areas in which the depth was 8-13 m.
Analysis of 1- and 7- actual scenes revealed a 10.5%
increase in the areas in which the groundwater depth
was less than 8 m and 18.5% decrease in the areas in
which the depth was 18-23 m. Canal water-saving
engineering measures decreased channel leakage,
which reduced the groundwater recharge. However,
these measures improved the use coefficient of the
canal water, reducing the well irrigation water.
Therefore, the underground water level drop had a
certain inhibitory effect. Moreover, a comparative
analysis of 1- and 8- actual scenes led to the
speculation that the unreasonable agricultural
structure contributed to the underground water level
decrease, and an expanding trend of groundwater

funnel appeared. The areas in which the burial depth
was more than 28 m increased 7.6 times; those of 23-
28 m increased 4.76 times. A comparison of 3- and 7-
simulation scenes revealed that the areas in which the
groundwater burial depth was more than 28 m
increased 4.78 times; those of 23-28 m increased 2.99
times. The analysis of 2- and 6- simulation scenes
revealed that the areas in which the groundwater burial
depth was more than 28 m increased 2.13 times; those
of 23-28 m increased 2.15 times.

3.3. Effect on groundwater recovery

For the study area and the most extensive
Quaternary Holocene alluvium, approximately 70% of
total groundwater use is in the agricultural sector.
Industrial and domestic sectors account for
approximately 20% and 10% of the total groundwater
use, respectively. Per capita water availability in the
area is only 446 m? per annum, which is 641 m® less
than the 1000 m® year ' benchmark for semiarid
regions (Berkoff, 2003). Hence, the water-saving
measures in the region should focus on the agricultural
sector, which uses the largest amount of groundwater.

MODFLOW estimated that the agricultural
water reduction under the equilibrium condition is
29.8%, which is equivalent to 136.95 mm of irrigation
water for the 1180 km? study area(Table 5). This result
implies that the water-saving transformation should be
reduced by 136.95 mm to prevent further groundwater
storage depletion in the study area. Further analysis
shows that a 136.95 mm reduction in the annual
irrigation pumping of groundwater relates to an annual
groundwater storage gain equivalent to 0.35 m of the
aquifer thickness.

=4l =421
=400 - 411
=390 - 400

379390
369 - 379
=358 - 360
348 . 358
m=337- 348

Fig. 6. Various scenes of space distribution of groundwater levels in the irrigation district: a-represent stations
of Xinshi, b-represent stations of Loudi, c-represent stations of Pixi, d-represent stations of Xumu
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However, maintaining groundwater levels at
the equilibrium condition is not acceptable because the
cumulative decline of average groundwater levels for
1981-2003 1s 11.9 m below the land surface. Hence, to
restore groundwater levels to the predevelopment
hydrologic conditions of 1981, effective agricultural
water-saving measures beyond the equilibrium
condition are necessary.

Irrigation is the main method for improving
agricultural production in the area because of the
semiarid climate. However, farmers are generally
inclined to overirrigate because many do not have the
required knowledge regarding the water-saving
measures of irrigation. This inadequate practice
wastes a large amount of the limited water resources,
while a much smaller amount of irrigation water could
yield similar productivity.

Table 5. Various groundwater depth distributions with
water-saving renovation in the irrigation district/km?

Burial <8 8-13 |13-18 [18-23|23-28| >28
depth/m
1 11031 [736.21 [248.25 [123.53[5.08 [1.69
D 11535 62632 [335.26 [136.58[8.28 [3.28
3 120.59  |552.09 [385.81 |152.15[10.16 [4.27
4 12335 54025 [405.18 [140.56]10.86 [4.87
5 12648  |516.84 [432.05 [132.2 |11.66 [5.84
6 12926 |504.38 |435.03 [120.08[26.05 |10.27
7 139.76  |472.39 [439.88 [107.71[40.63 4.7
8 16525 |468.28 [442.26 [105.35[29.28 [14.65

4. Conclusions

The development  of  process-based
groundwater simulation models has provided
opportunities for conducting a comprehensive analysis
of groundwater recovery based on water-saving
transformation. Such analysis can be used to address
questions related to the effects of different
watersaving practises on groundwater systems in
future.

In this study, ArcGIS 9.3 and a groundwater
model were integrated to simulate groundwater
recovery in the JCID. The model has been calibrated
for 1981-1989 and validated for 1990-2001 by using a
large number of field measurement data. Through a
series of model simulation analyses based on the
results of field experiments, some conclusions related
to groundwater recovery in the JCID have been drawn.

The implementation of the field water-saving
measures can reduce 18.5%-33.4% of the well
irrigation water, which indicates an obvious control
effect on groundwater level drawdown.

Moreover, channel water-saving measures
have an impact on the groundwater flow distribution.
Channel water-saving engineering measures decrease
channel leakage, which increases the water use
coefficient by 16.9%. In addition, groundwater
exploitation is reduced.

Finally, the correlation of the agriculture
planting structure and spatiotemporal distributions of
water and soil resources are not reasonable, which
offsets the slow decrease effect of groundwater levels
on water-saving transformation. In addition, the
groundwater drop funnel trend is increased.

Apart from the unreasonable agricultural
structure, channel water-saving engineering is also
responsible for a reduction in the groundwater
exploitation, although the effect is somewhat limited.
The field water-saving measures are expected to be
gradually accepted voluntarily. With the economic
and social development of the irrigation area and
given the environmental, ecological, and
socioeconomic benefits of groundwater restoration,
farmers have a certain incentive to invest in small
water-saving projects. However, the actions of
farmers alone are insufficient. Water-saving
incentives and the policy regulation and enforcement
of the water resource management are required to
resuscitate the degrading ecology and environment in
these areas, and such measures must pay equal
attention to water-transferring projects from the water-
rich south to the water-poor north.
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