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Groundwater Flow Simulation and its Application in Groundwater
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Abstract: The purpose of this study is to establish a 3D groundwater flow modelling for evaluating
groundwater resources of the North China Plain. First, the North China Plain was divided into three
aquifers vertically through a characterization of hydrogeological conditions. Groundwater model
software GMS was used for modeling to divide the area of simulation into a regular network of 164
rows and 148 lines. This model was verified through fitting of the observed and the simulated
groundwater flow fields at deep and shallow layers and comparison between the observed and
simulated hydrographs at 64 typical observation wells. Furthermore, water budget analysis was also
performed during the simulation period (2002-2003). Results of the established groundwater flow
model showed that the average annual groundwater recharge of the North China Plain during 1991 to
2003 was 256.68x10° m*/yr with safe yield of groundwater resources up to 213.49x10° m*/yr, in which
safe yield of shallow groundwater and that of deep groundwater was up to 191.65x10° m*/yr and
22.64x10° m’/yr respectively. Finally, this model was integrated with proposal for groundwater
withdrawal in the study area after commencement of water supply by South-North Water Transfer
Project, aiming to predict the changing trend of groundwater regime. As indicated by prediction
results, South-North Water Transfer Project, which is favorable for effective control of expansion and
intensification of existing depression cone, would play a positive role in alleviation of short supply of
groundwater in the North China Plain as well as maintenance and protection of groundwater.

Keywords: groundwater, model, groundwater recharge, safe yield, South-North Water Transfer
Project, North China Plain

1 Introduction

The North China Plain is located in the eastern part of
China (Figure 1), which borders on Taihang Mountain,
Yanshan Mountain and Yellow River to the west, north
and south respectively, covering a total area of 13.90x10*
km®. In the early 1950s, groundwater resources in the
North China Plain were abundant, characterized by
extensive distribution and shallow burying depth (Zhang,
2005). However, along with the impact of change of
global climate and human activity, corresponding changes
(Wang et al., 2009) have taken place to groundwater
regime in this area. As a result, the groundwater resources
are gradually in short supply due to uncontrolled
exploitation (Liu et al., 2001). According to statistics
(Zheng et al., 2010), the percentage of groundwater supply
in the North China Plain has reached 70% of the total in
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this area in recent years. Due to long-term excessive
pumping, groundwater resources in local regions are in a
trend of exhaustion. Moreover, some negative effects
caused by groundwater depletion like land subsidence and
deterioration of water quality also have serious impact on
the safety of water and grain supply in this area (Zhang et
al., 2009; Xia, 2002; Ma et al, 2011). Therefore,
establishment of regional groundwater model in the North
China Plain has a practical significance to the quantitative
evaluation of groundwater resources and long-term
prediction of groundwater regime in this area.

Normally, the regional groundwater model refers to a
model at the level of basin, drainage area or larger
administrative area, which is used for evaluation,
forecasting and scientific management of regional
groundwater, as well as study of groundwater circulation.
This scientific method has attracted much attention ever
since it was put forward. Meanwhile, a series of scientific
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Fig. 1. Domain and boundaries of the North China Plain.

studies in combination with this method have been drafted
worldwide, and great achievements have also been
obtained (Sophocleous et al., 1999; Sanford et al., 2004,
Gedeon et al., 2007; Mayer et al., 2007; Furlong et al.,
2011). Early in 1970s, relevant institutes in Australia
carried out a battery of studies on large artesian basin in an
attempt to forecast the trend of drop of hydraulic head and
spring discharge of artesian basin in Australia through
developing groundwater flow models for local and whole
basin (Welsh and Doherty, 2006). Welsh established a
steady flow (Welsh, 2000a) and a transient flow model by
MODFLOW2000 (Welsh, 2000b) for the artesian basin
with a simulation area of 150x10* km?, and carried out
calibration and verification of such model based on the
monitoring data from 1965 to 1999. The size of the
partition grid was 5 kmx5 km with the number of active
cells up to 6000. It can be deemed as the biggest
groundwater flow modeling in the world at that time. The
United States Geological Survey also carried out projects
for regional water-bearing strata system in 1978 to
facilitate simulation, analysis and management of the
regional groundwater system (Sun and Johnson, 1994). In
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particular, the United States
Geological Survey carried out a
simulation of regional groundwater
flow at Death Valley for the
purpose of study and experiment of
the migration of relevant substance
in groundwater. Based on this
numerical model, a number of
steady flow (D’Agnese et al., 2002)
and transient flow (Belcher, 2004)
models were developed with the
help of MOFLOW with the
coverage of simulation area up to
5%10* km®. Moreover, the United
I States Geological Survey
performed such tasks as the study of
evapotranspiration  of  regional
groundwater (DeMeo et al., 2003)
and inversion of groundwater
pumping for the period from 1913
to 1998 (Moreo et al., 2003). In
China, the hydrogeologists began to
attach high importance to the study
of regional groundwater flow model
from the late 1990s. This is
typically represented by the Survey
and Evaluation of Groundwater
Resources in Major Basins in North
China as organized by China
Geological Survey from 2003 to
2005. Some regional groundwater flow models have been
established in major basins in North China through
implementation of this project. With regard to approaches
for modeling, such technologies like remote sensing, GIS,
and environmental isotopes have also been applied to the
establishment of regional groundwater flow model in
addition to extensive use of MODFLOW, which are
favorable for the settlement of some problems (Brodie,
1998; Ismael and Mohamed, 2007; Gogu et al., 2001).
Many predecessors have carried out a mass of
hydrogeological work in the North China Plain since
1970s (Han, 2006; Ma et al., 2012). Besides extensive
study of groundwater flow model (Zhang, 2007; Wang et
al., 2007; Lin et al., 2007; Liu et al., 2008), plenty of
approaches and propositions on sustainable development
and utilization of water resources and environmental
protection in this area have been put forward since the
beginning of this century (Foster et al., 2004; Foster and
Garduno, 2004; Kendy et al., 2007; Xu et al., 2008).
Meanwhile, Chinese government has also implemented
the South-North Water Transfer Project, which would be
an important measure for alleviation of short supply of
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water resources in the North China Plain (Zhang, 2003).
This project would also improve the regional ecological
environment, and support the sustainable development of
Furthermore, with
implementation of the South-North Water Transfer
Project, great changes will take place to the water
resources supply in the North China Plain. It will create
favorable conditions for recovery of groundwater
subjected to long-term uncontrolled pumping. Therefore,
this study aims to develop a regional numerical
groundwater flow model with certain precision for the
North China Plain by groundwater modeling software
GMS based on the existing data, so as to apply it to assess
the safe yield of groundwater resources. Based on the
supply and demand analysis of water resources, the
established model would finally be used to evaluate the
proposal for groundwater pumping and predict the
recovery of groundwater level following implementation
of the South-North Water Transfer Project. Such
approaches will provide a scientific basis for sustainable
utilization of groundwater in the North China Plain.

national economy in this area.

2 Hydrogeological Background

2.1 Hydrogeological structure

The North China Plain is a giant groundwater basin, of
which groundwater is mainly deposited in the loose strata
of the Quaternary System as formed by proluvial deposits,
lacustrine deposits and marine deposits (Figure 2). It is in
gradual transition from single unconfined aquifer as
formed by gravels and pebbles at the upper and middle
parts of piedmont alluvial-pluvial fan in the northwest to

Shijiazhuang —— N

multiple aquifers as formed by sand, silt and clay at
alluvial-lacustrine plain and coastal plain in the middle-
east. Grain size gradually becomes fine from piedmont
sand layer to that of offshore; whereas clay layer becomes
thicker gradually. Meanwhile, sand layer is thinned out,
and grain size becomes fine at the fan as well as land lots
far away from the riverway. On the contrary, clay is well
developed there.

Spatial distribution and circulation of groundwater in
the study area have an obvious discrepancy due to
complexity of spatial distribution of water-bearing media.
Conventionally, water-bearing Quaternary strata of the
North China Plain are divided into four aquifers according
to the lithological distribution and hydraulic features of
deposits, as well as present situation of development and
utilization of groundwater: Burial depth of 1%, 2™, 3" and
4™ aquifers is up to 10-60 m, 120-270 m, 250-350 m and
550-650 m respectively. The 1% aquifer is relatively thin
and there is a close hydraulic connection between 1* and
2" aquifers, and also there are many mixing pumping
wells penetrating the two aquifers, thus, these two aquifers
are integrated into one by the model in this study. 30
longitudinal and transverse hydrogeological profiles of the
North China Plain were plotted based on the information
on 2000 boreholes during the study, from which ground
elevations of three aquifers were derived.

Aquifer parameters were determined based on the
hydrogeological conditions of simulation area and work
achievements of predecessors. Hydraulic conductivity and
specific yield of unconfined aquifer are in a trend of
reduction from piedmont alluvial-pluvial plain to both
sides of the river valley. Variation range of hydraulic
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Fig. 2. Hydrogelogical cross section (from Shijiazhuang to Yucheng) of the North China Plain (I, the 1st aquifer; II, the 2nd aquifer;

111, the 3rd aquifer; IV, the 4th aquifer).
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conductivity and specific yield is 3 m/d-300 m/d and
0.03-0.23 respectively. Distribution range of hydraulic
conductivity = of aquifer is 1-50 m/d
approximately with the order of magnitude of specific
storage up to 1010,

confined

2.2 Groundwater recharge and discharge

Groundwater recharge in the study area is mainly
supplemented by precipitation, lateral inflow, irrigation
and river leakage. Precipitation serves as one of the major
supplements for the groundwater in the area of study. The
study aims to proceed with division of precipitation with
Thiessen Polygon Method prior to calculation of
infiltration volume of precipitation of each subarea with
the method of precipitation infiltration coefficient. The
volume of lateral inflow was obtained with profile
method; whereas irrigation leakage was obtained with
method of irrigation leakage coefficient. River leakage is
mainly from lateral infiltration of Yellow River as derived
based on the achievement of previous tasks with the
profile method. As groundwater level in most areas in
Hebei Plain is relatively deep with river water being
intercepted by reservoirs in  mountainous
groundwater-surface water exchange capacity is so
limited.

Groundwater discharge is mainly by means of
groundwater ~ withdrawal = and  evapotranspiration.
Groundwater withdrawal has become a major way for
groundwater discharge in the area of study, supplying
various needs of agricultural, municipal, and industrial use,
as well as ecological use. Groundwater pumped from
shallow aquifers is mainly concentrated in the piedmont
belt; whereas groundwater pumped from deep aquifers is
mainly concentrated in the central plain area of Hebei
Province. The groundwater withdrawal in the North China
Plain in 2002 and 2003 was 211.16x10°m’ and 199.22x10°
m’ respectively. During the same period, the shallow
groundwater 180.79x10° m® and
166.39x10° m® respectively; whereas the deep groundwater
withdrawal ~was 30.37x10° m’ and 32.83x10° m’
respectively. Evapotranspiration intensity of groundwater
in the area of study is varied, which has something to do
with such factors as groundwater table, lithology of
aeration zone, ground vegetations and climate, etc.
According to previous research achievements, extinction
depth in this area is 4 m. Monthly amount of
evapotranspiration as submitted by meteorological stations
at the county level is converted into evapotranspiration rate
by Aviriyanover's Empirical Formula.

areas,

withdrawal was

2.3 Boundary conditions
The natural boundary between mountains and plain in

the west and north of the study area serves as the specified
flux boundary for the 1% layer of the model (single
phreatic aquifer). The 1™ layer of the model accepts the
lateral supplement via this boundary. Yellow River, which
has a hydraulic connection with the 1% layer of the model,
serves as the specified flux boundary in the south and
southeast of the study area. The eastern part takes the
coastline of Bohai Sea as the boundary, which is defined
as the specified head boundary for the 1% layer of the
model. The boundaries at 2™ layer and 3™ layer are all
defined as no-flow boundary (Figure 1).

Free water surface of unconfined aquifer serves as the
upper boundary of the system, through which, vertical
water exchange between phreatic water and environment
outside groundwater system is realized, such as acceptance
of water recharge from precipitation, irrigation leakage,
and water discharge by evapotranspiration. Water
exchange between each aquifer is realized through vertical
leakage. Rock stratum below the 3™ aquifer is mainly
composed of clastic rock of the Tertiary System, which is
defined as no-flow boundary.

3 Methods

3.1 Mathematical model

Differential equation and finite solution for groundwater
flow in the North China Plain can be obtained with the
help of the hydrogeological conceptual model (Bear,
1979).

sih=3(1< %}3 P +£(K,%]+a
o ox\ “ox) oyl Toy) dz\' “oz

In the formula: Q refers to flow domain; h refers to
groundwater level (m); Ky, K, and K, represent hydraulic
conductivity (m/d) of water-bearing media in the x, y and z
directions; ¢ refers to sources and sinks (1/d); S refers to
specific storage of aquifer below free water surface (1/m).

xy,ze Q=20

3.2 Establishment and calibration of groundwater flow
model

The modeling aims to seek finite solutions to movement
of groundwater by using groundwater modeling software--
-GMS (Groundwater Modeling System). This software is
an advanced software in simulation of groundwater
environment as developed by Environmental Modeling
Research Laboratory at Brigham Young University (Zhu,
2003). Relevant packages in the GMS for processing of
various boundary conditions, supplementary items and
parameters such as WEL, RCH and EVT have been used
during the study in addition to MODFLOW-groundwater
flow simulation module (McDonald and Harbaugh, 1988).

The simulation area was subdivided into 164 rows and



Vol. 87 No.1

ACTA GEOLOGICA SINICA (English Edition)

Feb. 2013 247

148 columns with each layer being provided with 4 kmx 4
km grids. The number of active cells (effective grids) of
the 1% layer is 8694 while the 2™ layer and 3™ are both
7763.

It was determined based on the data collection and
groundwater observation that the simulation would be
carried out during the period from January 2002 to
December 2003. Each calendar month was deemed as a
stress period, during which, intensity of all the external
sources and sinks would remain unchanged. The flow field
by December 2001 and that by December 2003 were
selected as the initial flow field and fitting flow field of
the model respectively.

After introducing the hydrogeological conceptual model
into GMS, the hydrogeological parameters and other
hydrogeological conditions were further adjusted with
predictor corrector method. Finally the model was verified
through fitting of observed and simulated groundwater
flow fields and comparison between observed and
simulated hydrographs at typical observation wells. Fitting
of the final flow field of 1" and 2™ aquifers is as shown in
Figure 3. 64 observation wells were selected according to
distribution of groundwater observation wells within the
simulation area for comparison of the groundwater
hydrographs. As indicated by statistic results (Table 1),
mean absolute error is 1.69 m with that of 22 observation
wells below 1m. Mean absolute error for 19 observation
wells is up between 1m and 2 m; whereas that of 23
observation wells as sampled is over 2 m. Comparison of
the observed and the simulated hydrographs at 6 typical

© Monitoring well

0 Contour of measured water level (m)

_ 7 Contour of simulated water level (m)

Table 1 Statistic results of error analysis of simulated water
level

Mean Absolute Error(m) <1 1-2 >
Number of observation wells 22 19 23
Percentage (%) 34.38 29.69 35.93
Number .of shallow seated 16 10 10
observation wells

Number of deep seated 6 9 13

observation wells

observation wells is as shown in Figure 4. Viewing from
fitting of flow fields and comparison of groundwater
hydrographs, simulation results have reflected the
practical flow field and features of
groundwater regime.

groundwater

4 Evaluation and Estimation of Groundwater
Resources

4.1 Groundwater recharge

Analysis of groundwater budget during the simulation
period (Table 2) was carried out on the basis of
groundwater modeling. In 2002, the total yearly amount of
groundwater recharge in the North China Plain was up to
177.65%x10% m® (except for interlayer leakage and lateral
water exchange), and the total yearly amount of
groundwater discharge was 281.91x10%m’. Therefore, the
storage variation was —104.26x10° m’, which indicated
that the groundwater in the study area was overexploited.
The year 2003 was a wet year with total yearly
groundwater recharge (except for interlayer leakage and
lateral water exchange) and discharge in the North China

100 km

50

- 20 Contour of measured water level (m)

_ Contour of simulated water level (m)

(b) © Monitoring well

Fig. 3. Fitting of the observed and the simulated groundwater flow fields of the North China Plain (a, unconfined aquifer;

b,confined aquifer).
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Fig.4. Observed vs. simulated hydrographs at six specific observation wells
Table 2 Groundwater budgets in 2002 and 2003 (10°m?)
Budget Items 2002 2003
Shallow/deep Total Shallow/deep Total
Rainfall infiltration 118.14/ 118.14 225.07/ 225.07
River leakage 5.89/ 5.89 5.89/ 5.89
Canal leakage 12.28/ 12.28 10.12/ 10.12
Recharge Items Canal irrigation infiltration 9.35/ 9.35 7.45/ 7.45
Well irrigation infiltration 17.82/ 17.82 16.23/ 16.23
Lateral infiltration 14.17/ 14.17 14.17/ 14.17
Interlayer leakage /19.80 /24.32
Subtotal 177.65/19.80 177.65 278.93/24.31 278.93
Pumping volume 180.79/30.37 211.16 166.39/32.83 199.22
Discharee items Evapotranspiration 70.75/ 70.75 48.89/ 48.89
& Interlayer leakage 19.80 2431/
Subtotal 271.34/30.37 281.91 239.59/32.83 248.11
Storage variation —93.69/-10.57 —100.26 39.34/-8.52 30.82
Plain up to 278.93x10° m?, 248.11x10% m® respectively. So According to evaluation in combination with

the storage variation in 2003 was 30.82x10° m’, which
showed that the groundwater in the North China Plain was
generally in positive balance. From Table 2, it can be seen
that precipitation infiltration serves as the main source of
recharge to groundwater in the area of study, which is
followed by irrigation infiltration (including leakage from
surface irrigation and canal).
Groundwater withdrawal serves as the main discharge
followed by evapotranspiration from phreatic water.

water, groundwater

information on precipitation and rivers for previous years
on the basis of water budget analysis, the average annual
groundwater recharge in the North China Plain from 1991
to 2003 was up to 256.68x10°m*/yr with average recharge
modulus up to 18.47x10* m’/(km>yr). The rainfall
infiltration was 179.70x10® m’/yr, accounting for 70% of
the total. As calculated with method of water budget,
average annual groundwater recharge during the same
period was up to 252.38x10° m’/yr (Zhang, 2009), which
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has also verified the accuracy of this model.

4.2 Safe yield of groundwater resources

With regard to shallow groundwater under the existing
(over-exploitation area) and planned (non-over-
exploitation area) exploitation conditions, the safe yield of
shallow groundwater, which is defined as the maximum
volume (m’) of groundwater that can be abstracted in
shallow aquifer in the North China Plain per annum
without causing negative impacts on the environment, was
calculated through operation of this model for 10 years
based on the analysis of groundwater flow field,
groundwater recharge, storage variation and water
exchange between each layer.

To a great extent, deep groundwater resources
(groundwater resources at the 2" and 3" aquifers) belong
to consumable Under existing pumping
conditions, the groundwater pumped from deep aquifers is
mainly supplemented by vertical leakage from upper
shallow aquifer, lateral inflow from single aquifer area,
elastic yield as incurred by head drop and compression-
releasing water from aquitards. From the point of view of
sustainable development, the groundwater recharge for
deep aquifers should serve as the safe yield of deep
groundwater. However, the volume of groundwater
pumped from deep aquifers in many areas is usually
greater than the volume that can be recharged. In fact, it is
difficult to evaluate the safe yield of deep groundwater
theoretically. Approach adopted for evaluating the safe
yield of deep groundwater in this study is stated as
follows: (1) Prohibit use of elastic yield from deep
aquifers in the areas where deep groundwater is developed
and utilized excessively; the safe yield of deep
groundwater for such places equals to the recharge from
interlayer leakage and lateral inflow; (2) it is necessary to
consider use of safe elastic yield from deep aquifers under
existing exploitation conditions in the area where the
degree of development of deep
groundwater is low. The safe yield of deep aquifers in
each area (prefecture cities) shall be obtained through
comprehensive analysis of vertical leakage, lateral inflow,
and storage variation of deep aquifers as estimated through
operation of the model for 10 years in comprehensive

resources.

and utilization

consideration of aforementioned factors.

Total safe yield of groundwater resources in the North
China Plain as obtained through aforementioned
calculations is 213.49x10% m*/yr, of which the safe yield of
shallow groundwater accounts for 191.65x10% m*/yr with
safe yield modulus, the safe yield of groundwater per unit
area, up to 13.79x10* m*/(km”yr), while the safe yield of
deep groundwater accounts for 22.64x10° m*/yr with safe
yield modulus up to 1.93x10* m*/(km*yr). The results of
the evaluation is similar to that as obtained with water
budget method™. Safe yield modulus of each prefecture
city in the North China Plain is as shown in Figure 5.

5 Forecast on Changing Trend of
Groundwater regime after Commencement of
Water Supply by South-North Water Transfer
Project

The proposal of groundwater withdrawal in the North
China Plain for the period from 2010 to 2020 (Table 3)
was planned in consideration of specific situation of water
resources and economic development status in each
province and city, as well as relevant water supply
planning of South-North Water Transfer Project. In this
prediction work, the practical flow field by December
2003 was used as the initial flow field of groundwater
before water supply from South-North Water Transfer
Project; whereas the recharge and discharge items adopted
the average annual values during the period from 1991 to
2003. Eventually changing trend of groundwater regime
during 2011-2020 (10 years after implementation of
South-North Water Transfer Project) was forecasted with
the established groundwater model

As indicated by recovery of
groundwater at piedmont shallow aquifer is obvious in the
key regulated area as described in the proposal for water
supply of South-North Water Transfer Project (Figure 6).
For instance, 1.42x10® m’® groundwater withdrawal would
be reduced annually in Shijiazhuang. Existing urban
depression cone center-Shijiazhuang depression cone
would be thoroughly recovered with water level up to 21
m; water level at Gaoliqing depression cone will rise by 10
m approximately. However, the situations at depression

simulation results,

Table 3 Safe yield and planned pumping volume of groundwater under the condition of South-to-North Water Transfer

Project in the North China Plain (10°m®/yr)

Provi [Citi Safe yield Planned pumping volume in 2010 Planned pumping volume in 2020
rovinces/Cities

Shallow Deep Total Shallow Deep Total Shallow Deep Total
Beijing 20.50 0.97 21.47 20.49 20.49 20.49 20.49
Tianjin 2.75 2.20 4.95 1.20 2.33 3.53 1.20 233 3.53
Hebei Province 95.77 14.13 109.90 93.04 19.03 112.07 94.56 19.06 113.62
Henan Province 33.98 3.06 37.04 27.97 27.97 39.06 39.06
Shandong Province 37.74 2.29 40.03 37.28 2.31 39.59 37.28 2.31 39.59
Total 190.84 22.64 213.48 179.98 23.67 203.65 192.59 23.70 216.29
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cones in Baoding, Ningbolong and Fengrun, where the
groundwater withdrawal is mainly used for agriculture,
will not be improved but instead be in a trend of
intensification. Water level at Ningbolong depression cone
center would drop to —25~—27 m; whereas that at Baoding
depression cone would drop to —15~—23 m. Generally

0 100 200 km AN
[Jo-s [J5-10 [J10-15 1020 [J20-30  [E30-40

Fig. 5. Division of safe yield modulus of each prefecture city.

Fig. 6. Simulated water level contour of unconfined aquifer
for 2020 and water level change from 2011 to 2020 in the
North China Plain.

speaking, groundwater in Beijing would be recovered to
some extent except for slight drop of water level on the
outskirts. Changing trend of shallow groundwater regime
at typical areas is as shown in Figure 6. Depression cone
centers of deep groundwater would still be concentrated in
Tianjin, Cangzhou, Dezhou and Hengshui despite
significant reductions in cone range and obvious rise of
water level after implementation of South-North Water
Transfer Project for 10 years, (Figure 7). Rise of water
level in Dezhou is the most significant, which is by
8~15m; whereas average annual rise rate in Bingcheng
District is up to 0.6—1 m/yr. However, Ninghe country,
Dongli District, Beichen District of Tianjin would all
witness a continuous drop of water level due to increase in
groundwater pumping. Average annual drop rate is up to
0.8-1.7 m/yr.

6 Discussions

Due to large dimension of the study area and lack of
data for the model, there are some limitations existing in
the established model.

First of all, the established model is considered as a
regional groundwater flow model and the research on it
belongs to a large-scale study. This regional model with
big-size grids cannot represent the hydrogeological
conditions of the study area as precisely as the model with
small-size grids does. Therefore, there is a problem of
accuracy in this model. Moreover, if putting this model

AU
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> Mengsftin
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Fig. 7. Simulated water level contour of confined aquifer for
2020 and water level change from 2011 to 2020 in the North
China Plain.
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into practical work, it would meet difficulties in reflecting
or dealing with
environment problems in the study area.

In addition, because of the lack of the collected data and
the limited research conducted on the study area, the
simulation period is only one year, which would result in
some errors when the model is used to predict the
perennial groundwater regime of the study area.

To solve the problem of accuracy existing in the model,
some measures could be taken in the future for model
improvement.

One solution is to use local grid refinement techniques
to achieve refined grids in some local areas like well fields
which require to be accurately modeled by smaller grid
spacing. The local grid refinement techniques have been
widely studied in the field of numerical model of
groundwater flow (Szekely, 1998; Mehl and Hill, 2002;
Mehl and Hill, 2004; Dickinson et al, 2007). One of the
most commonly employed local grid refinement methods
nowadays is using the Local Grid Refinement (LGR)
module in MODFLOW2005 (Mehl and Hill, 2007). By
taking this method, the regional model and the local model
can be coupled through the two-way iteration of the shared
boundary. Thereupon the groundwater changing trend in
local places will be reflected in a more accurate and
effective way.

Besides, if the entire domain is discretized into fine
grids, parallel computing methods could be used to
overcome the limitation of traditional single central
processing unit computers and meet the modeling
requirement for intensive computational ability and large
amounts of memory space. At present, many countries
have widely adopted this effective method to solve
problems of complicated aquifer systems (Gwo et al,
2001; Mills et al, 2007; McLaughlin, 2008; Zhang et al,
2008; Cheng et al, 2009;). When it comes to problem of
large-scale numerical simulation of groundwater flow
which requires high degree of accuracy, the effective
parallel computing methods could help improve the
computational performance of MODFLOW and reduce the
execution time of MODFLOW (Dong and Li, 2009).
Thereby, the research ability on the numerical simulation
of groundwater flow could also be greatly improved.

With regard to prediction errors existing in the model,
the errors could be reduced by prolonging the simulation
period of groundwater model, or developing a perennial
steady-state flow model.

Although there are some disadvantages existing in the
model, it still serves as an effective tool for the study of
reasonable development and utilization of groundwater in
practical work. Other than predicting the groundwater
changing trend after the water supply by South-North

some local water resources and

Water Transfer Project, the groundwater flow model is
also available for the following tasks:

(1) Great changes will take place to the distribution of
water resources after commencement of water supply from
South-North  Water Transfer Project. Reasonable
development and utilization of groundwater is of vital
significance to the recovery of groundwater storage and
geological environment as well as assurance of the safe
water supply in this area. Thus this model can be used to
forecast recovery of groundwater under various
constrictions, and provides scientific basis for draft of
scientific, reasonable and feasible proposal for control and
exploitation of groundwater (Cui et al., 2009).

(2) Tt is also applicable to proceed with analysis of
overexploited situation and exploitation potential of
groundwater based on the evaluation of the safe yield of
groundwater resources according to present situation of
groundwater so as to put forward a reasonable proposal for
exploitation of groundwater, and make use of the model to
verify reasonability and feasibility of such a proposal.

(3) Under the conditions of various groundwater
pumping proposals, groundwater flow field and dynamic
trend can be predicted with the model, and accordingly the
environmental impact due to groundwater exploitation can
also be evaluated.

7 Conclusions

To ensure scientific and reasonable evaluation of
groundwater resources in the North China Plain,
groundwater model software-GMS was used in this study
to establish a 3D groundwater flow model for the North
China Plain. In order to make sure that the established
model can reflect hydrogeological conditions and features
of groundwater flow system in the area of study to the
maximum, the predictor corrector method was used in the
study for model calibration, and model verification was
based on the fitting of observed and simulated flow fields
in 2003 and comparison between the observed and the
simulated hydrographs at 64 typical observation wells. As
indicated by error analysis, this model has reflected
features of groundwater flow in the North China Plain.
According to evaluation based on water budget analysis,
average amount of groundwater recharge in the North
China Plain during the period from 1991 to 2003 was
256.68x10° m’/yr with average recharge modulus up to
18.47x10* m*/(km*yr). According to comprehensive
evaluation based on operation of established groundwater
flow model for 10 years, the safe yield of groundwater
resources in the North China Plain was 213.49x10% m’/yr
with that of shallow and deep groundwater up to
191.65x10° m’/yr and 22.64x10° m’/yr respectively.
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Finally, changing trends of groundwater in the North
China Plain for the coming 10 years (2011-2020) were
forecasted through integration of this model with proposal
for water supply of the South-North Water Transfer
Project. As indicated by relevant results, water level at
shallow groundwater depression cone center within the
key controlled area as described in the water supply
proposal would witness a rise to some extent. Annual rise
rate of water level in Shijiazhuang is up to 2.1 m/yr.
Coverage of the influence of deep groundwater depression
cone would witness a significant reduction. Annual rise
rate of water level in Dezhou is up to 0.8—1.5 m/yr. Thus,
it can be seen that South-North Water Transfer Project
will play an important role in promoting the rise of
groundwater in the North China Plain.
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