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The purpose of this study was to discuss the change in groundwater level and quantity
supplemented to Mihuaishun area from South to North Water Division Project. In this study,
the method of numerical simulation was adopted to predict and analysis of the trend of
groundwater level in the study area within 20 years. The survey concluded that the cumulative
loss of groundwater resources in Mihuaishun area in 2007 ~ 2016 reaches -1.784 × 109 m3.
According to the forecast, after the water source of South-to-North Water Division continues
to recharge the aquifers at the rate of 0.12 billion m3/a for ten years, the local groundwater
equilibrium changes from negative to positive, and the water level in the central funnel area
increases by 25m. In addition, the artificial recharge of multiple water sources is also related
to local hydrology geological conditions. The impacts of the obtained results are analyzing
comprehensively the influence of South to North Water Division supplement on groundwater
and providing reference for underground regulation and unified regulation of water resources
after the water source of South-to-North Water Division transferred into Beijing.
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1. INTRODUCTION

exploitation has caused the decline of the groundwater level
from 12m to 45m, forming a huge groundwater funnel.
South-to-North Water Diversion Project diverts water from
the Yangtze River to the North China Plain across the region
[12]. The South-to-North Water Diversion Project includes the
East Route Project, the Middle Route Project and the West
Road Project. The total length of the Middle Route Project is
1,230 km. The annual diversion water volume from the
upstream of Hanjiang River to the North China Plain reaches
13 billion m3 [13]. After the South-to-North Water Diversion
Project diverts water to Beijing, some of the water is used to
replenish the Mihuaishun groundwater reservoir and improve
the local groundwater environment [14].
On August 21, 2015, the water of South-to-North Water
Diversion Project enters the water source of Chaobai River.
The water diversion route is from the Lishishan Diversion
Gate through the Jingmi Diversion Canal to Xiaozhong River
and the junction of the East-to-West Water Diversion, and is
transported to Dongmangniu River along the East-to-West
Water Diversion, and then to the upstream of the rubber dam
of Niulan Mountain of Chaobaihe River via Huaihe River. The
total length of the water transportation line is 15km.
Since the sixties and seventies of the 20th century,
numerical simulation has gradually penetrated into
hydrogeology and becomes an important method for
quantitative evaluation and prediction of groundwater quality
and quantity [15-17]. This study simulates and analyzes the
changes of local groundwater environment caused by
groundwater recharge from the South-to-North Water
Diversion Project. The results of simulation and prediction
will be helpful to provide theoretical support and technical
guidance for multi-source groundwater recharge.

The essence of artificial recharge of groundwater (also
called groundwater recharge) is to artificially inject surface
water into underground aquifers by means of some
engineering measures to increase underground [1, 2]. The
main purpose of artificial recharge is to alleviate the decrease
of groundwater level, store water resources, and protect
groundwater of coastal aquifers from seawater intrusion [3, 4].
The sources of artificial recharge are different, including
surface runoff, rainwater, reclaimed water and seawater
desalinated water. At the same time, aquifer recharge requires
knowledge of different conditions, such as hydrology, and
quality of reclaimed water [5]. From the end of the 19th
century, the United States has begun research on groundwater
artificial storage [6]. In the 1980s, the United States began to
implement the Aquifer Storage and Recovery Engineering
(ASR) program to carry out manual storage projects in waterdeficient areas [7]. In many European countries, the artificial
water storage capacity can reach 10-20% [8-9]. Since the
1950s, Saudi Arabia has built dams in river valleys to improve
the efficiency of floods in the recovery of underground
aquifers [10]. Artificial recharge of groundwater has become
an important way to improve the utilization of groundwater
resources.
With the rapid development of city and industry, the
groundwater level decreases year by year due to the
overexploitation of groundwater in Beijing. Annual decline of
about 0.5-1.0m results in land subsidence and a variety of
ecological environmental problems [11]. One of the most
important underground drinking water sources in Beijing is
located in the boundary among Miyun, Huairou and Shunyi
Districts, Beijing. In recent years, local groundwater
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2. MATERIALS AND METHODS

The research area is located in the northeast of Beijing,
including the plain area of Mihuaishun area, belonging to the
alluvial fan plain of Chaobai River, with a total area of 1,267
km2. The area of Mihuaishun underground reservoir is 355
km2. The main river in the area is Chaobai River (see Figure
1). According to the water-rich nature of groundwater in the
research area, we divide it into four regions by the principle
that when the groundwater level of single well drops 3m, the
water output is >5,000, 2,000, 5,000, 1,000-2,000 and <1,000
m3/d respectively.

2.1 Description of the research area

2.2 Hydrogeological condition
From 2007 to 2016, the annual average precipitation in the
research area was about 598.3mm, belonging to temperate
continental monsoon climate. The rivers in the research area
include Chaohe River, Baihe River, Chaobai River,
Mangniuhe River and Huaihe River, which are about 200 km
long. According to the data analysis of 43 holes collected in
the previous period (see Figure 1), the hydrogeological
characteristics in Mihuaishun area are that the depth of buried
bedrock increases from north to south, the thickness of the
quaternary strata is between 50~300 m, and gradually
increases from northeast to southwest. The lithology changes
from coarse particles to fine particles, and the layers change
from a single layer to multiple layers. The quaternary
sediments in the study area are widely distributed in plains and
mountain valleys. The characteristics of the sedimentary
layers are: north thin south thick, east thin west thick. The
quaternary strata mainly includes sand pebble layer, sand
gravel layer and silty clay layer, as shown in Figure 2.

Figure 1. Scope of the Research Area

Figure 2. A-A' Hydrogeological section of the research area
2.3 Recharge water source and groundwater

the South-to-North Water Diversion Project. In 2015 and 2016,
the accumulated water recharge to Chaobai River is 33.79 and
10.34 million m3 respectively, and the total evaporation
amount is 500,000 m3. As a result, the total water quantity of
infiltrating into the aquifer in the South-to-North Water
Diversion Project is 43.63 million m3.

2.3.1 Water source of the South-to-North Water Diversion
Project
The water source of the South-to-North Water Diversion
Project is from Beijing section of the Middle Route Project of
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(b)

(a)

Figure 3. Multi-water source distribution map and position of major groundwater abstractions ((a) The multiple water sources in
this research area include water sources from the SNWTP, reclaimed water sources, and a wetland water source, as shown in
Figure 3a; (b) We considered four emergency sources of groundwater, which are the major groundwater abstractions as shown in
Figure 3b).

Figure 4. Schematic diagram of water quantity diverted in the South-to-North Water Diversion Project
2.3.2 Reclaimed water source
The Chaobai River is almost dry and part of it is recycled
into the Chaobai River. The reclaimed water sources include
Miyun reclaimed water source, Huairou reclaimed water
source and Shunyi reclaimed water source. The infiltration
quantity of each reclaimed water source is shown in Table 1.

ability, and the exploitation well of water source nearly
reaches the limit of exploitation.
Table 1. Reclaimed water infiltration in Chaobai River from
2007 to 2016

2.3.3 Groundwater
The groundwater in the research area is severely
overexploited, forming a huge storage space. According to
statistics, since 1999 [12], the groundwater level has fallen from
12 m to 45 m, and the accumulated loss of groundwater
resources has reached 2.1 billion m3. The continuous lowering
of groundwater level weakens the water resources guarantee

Miyun
reclaimed water
Huairou
reclaimed water
Shunyi
reclaimed water
Total
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Cumulative
Emission Capacity
(million m3)
92

Cumulative
Infiltration Capacity
(million m3)
76

171

161

179

165

432

402

2.4 Mathematical model

lithologic structures in the research area, the strata in the
research area are generalized into seven layers including four
aquifers and three aquitards. The aquifers include 30 m deep
phreatic-microconfined aquifer, 50 m deep aquifer, 80 m deep
aquifer and 150 m lower aquifer from top to bottom. The
bottom boundary of the model is 250 m at most (see Figure 5
(a)). The research area is divided into triangular elements by
using FEFLOW software, and the element discretization is
performed on the research area. In this model, it is divided into
59,472 triangular elements and 34,712 nodes. The principle of
division is to implement encryption in the watercourse
receiving area and groundwater source area, and the periphery
is sparse (as shown in Figure 5 (a)). From February 2007 to
February 2016, the changes of groundwater level are observed
according to the monitoring data collected from 48 wells, as
shown in Figure 5 (b).

2.4.1. Software
This model uses Feflow software to simulate the
groundwater flow model in the research area and solve the
equation [18]. The readers can refer to the relevant manuals
for the mathematical formula of the software and its numerical
solution [19, 20]. In addition, GIS (ArcView) software is used
to pre-process the geological data and hydrogeological data,
and the processed data are assigned with values in FEFLOW
software. The combination of FEFLOW and GIS (Arc Map)
software provides powerful support for solving groundwater
problems.
2.4.2 Flow model
(1) Model generalization
According to the spatial distribution of stratigraphic and

(b)

(a)

Figure 5. Geological generalization model (a) and boundary conditions (b)
(2) Initial and Boundary Conditions
The model takes the groundwater background water level of
the second aquifer as the initial water level in 2007. Under the
influence of regional topography, the groundwater flow
direction in the research area is mainly from north to south.
However, in recent years, due to the massive exploitation of
the water source area, a felling funnel has been produced,
changing the groundwater flow field (as shown in Figure 10 (a,
b)). Here, Figures 10 (a, b) represent the water levels of the
50m aquifer and the 80 m aquifer in 2007, respectively.
The northern and western regions of the research area is
mainly recharged by lateral runoff in front of the mountain,
which is regarded as the second inflow boundary under the
boundary conditions; the junction between Shunyi and Pinggu
is a uplifted mountain, which blocks the hydraulic connection
of the quaternary groundwater, and can be regarded as the
second type of zero-flow boundary. In that southwest and

southeast boundary of the research area, since groundwater
level varies slightly, the south boundary is considered as the
first class boundary, water head boundary, as shown in Figure
5 (b).
(3) Parameters of Flow Model
According to stratigraphic and lithological data,
characteristics of groundwater flow field and characteristics of
hydrogeological parameters, the research area is divided into
41 sub-areas (as shown in Figure 6), and the parameters
include hydraulic conductivity (K) and water supply (μ).
According to borehole monitoring data, take K value between
6.5~106.5 m/day and μ value between 0.01~0.24.
(4) Source and Sink Items
Taking 2007 as the starting year, according to the recharge,
runoff and discharge conditions of groundwater in the research
area, the water quantity of each source and sink item is
calculated as shown in Table 2.
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model results. The calibration phase of the model is from
January 2007 to December 2014. The model parameters that
have been calibrated in this process include the hydraulic
conductivity (K) and the water supply (μ). The duration is 30
days. Table 3 shows the results of calibrating water flow model
parameters. The validation period of the model is from January
1, 2014 to December 30, 2016. As shown in Figure 7, by
comparing the observed value of the groundwater level at the
end of 2016 with the simulated value, it can be seen that the
observed value matches the simulated value with a high degree.
Table 3. Calibration table for parameters of phreatic aquifer
(where the value in "()" is the initial value of parameters
before calibration)
Partition
Number
1
2
3

Figure 6. Parameter partition map

4

Table 2. Water quantity statistics of each source and sink item

5
Recharge
Condition
Precipitation
Infiltration
Agricultural
Irrigation
Infiltration
River Leakage
Total

Volume
(×106m3)
2159

Discharge
Condition
Evaporation

Volume
(×106m3)
Negligible

330

Exploitation

5375

402
2891

Total

5375

6
7
8
9
10

In Table 2, the rainfall infiltration amount can be calculated
by Formula (1):
𝑄𝑗 = 𝛼 × 𝐹 × 𝑋

11
12

(1)

13

where, 𝑄𝑗 is rainfall infiltration amount, (m3/a); α is annual
rainfall infiltration coefficient; 𝐹 is calculated area (m2); and
𝑋 is annual rainfall amount (m/a).
The agricultural irrigation regression can be calculated by
Formula (2):

14
15
16

(2)

17

where, 𝑄 is agricultural irrigation regression, (m3/a); 𝑄𝑔 is
agricultural production, (m3/a); and 𝛽 is irrigation regression
coefficient.
The recharge of lateral inflow can be estimated using the
equation (3)

18

𝑄 = 𝑄𝑔 × 𝛽

𝑄𝑐 = 𝐾 × 𝑀 × 𝐼 × 𝐿

19
20
21

(3)

K
(m/d)
5.2
(5.2)
105.0
(106.5)
100.0
(104.3)
100.0
(102.0)
80.0
(73.0)
90.0
(91.3)
90.0
(88.2)
85.5
(88.5)
70.0
(59.6)
75.5
(75.5)
70.5
(73.3)
70.5
(76.5)
60.0
(58.2)
60.0
(51.5)
50.0
(51.2)
60.5
(65.5)
60.5
(60.5)
50.0
(38.5)
50.0
(52.2)
55.0
(62.6)
55.0
(62.8)

μ
0.010
(0.080)
0.250
(0.240)
0.250
(0.240)
0.250
(0.240)
0.250
(0.240)
0.250
(0.230)
0.250
(0.220)
0.250
(0.220)
0.200
(0.210)
0.200
(0.210)
0.200
(0.210)
0.200
(0.210)
0.200
(0.200)
0.200
(0.200)
0.150
(0.180)
0.150
(0.190)
0.150
(0.190)
0.150
(0.130)
0.150
(0.110)
0.180
(0.200)
0.180
(0.200)

Partition
Number
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

K
(m/d)
60.0
(62.6)
40.0
(38.0)
30.0
(28.0)
25.0
(20.0)
20.0
(15.2)
20.0
(20.5)
15.0
(13.0)
20.0
(30.6)
20.0
(14.5)
15.0
(12.6)
12.0
(12.3)
10.0
(8.5)
10.0
(8.9)
11.0
(11.0)
10.0
(7.6)
8.0
(9.5)
15.0
(20.5)
8.0
(10.3)
5.0
(5.0)
5.0
(5.0)

μ
0.180
(0.190)
0.150
(0.130)
0.100
(0.120)
0.100
(0.100)
0.100
(0.130)
0.120
(0.140)
0.120
(0.140)
0.120
(0.160)
0.080
(0.080)
0.080
(0.060)
0.080
(0.060)
0.050
(0.050)
0.010
(0.013)
0.010
(0.016)
0.015
(0.010)
0.015
(0.010)
0.040
(0.030)
0.010
(0.010)
0.015
(0.010)
0.030
(0.040)

The main objective of the calibration stage is to obtain
results as much as possible in agreement with the field data by
acting on the variables which characterize the system. The
results of this calibration are shown in Figure 8, which shows
the good fit between measurements and calculations in the 48
observation wells inside the modelled area. Two sets of values
are highly correlated and plot very close to the perfect
correspondence line. The average absolute difference is about
1.50 m, so this is a highly satisfactory value.

where, Q c is recharge of lateral inflow, (m3/a); K is aquifer
permeability coefficient, (m3/s); M is aquifer thickness, (m);I
is groundwater hydraulic gradient; L is the length of the
aquifer on the boundary, (m).
(5) Model Calibration and Validation
The aim of the calibration phase is to make the simulation
data of the model consistent with the field data by adjusting
the parameters. In this study, 48 wells are used to calibrate the
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Figure 7. Comparison of observed and simulated values of groundwater level for a typical monitoring well near a river (as shown
in Figure 5 (b))
the accumulated loss of underground water resources in
Mihuaishun water source area is 1.75 billion m3 from 2007 to
2016. After the water from the South-to-North Water
Diversion Project enters Beijing, water exploitation in Huairou
emergency water source area is reduced, and the annual loss
of groundwater resources is significantly reduced by
groundwater recharge of the South-to-North Water Diversion
to the south of the channel before the rubber dam in Niulan
Mountain, but in general, groundwater in the research area is
in negative equilibrium and groundwater supply is less than
drainage, so the storage resources of groundwater are largely
consumed.
Table 4. Loss of groundwater resources from 2007 to 2016
Figure 8. calibration curve (comparison is made with
December 2016 values for 48 observation wells)

Items
boundary condition
Exploitation
River Leakage
Precipitation Infiltration
and Agricultural
Irrigation Infiltration
Evaporation
Total

2.5 Water equilibrium analysis
According to the recharge and discharge situation of the
model in the research area, the groundwater resource loss and
accumulated loss in the research area from 2007 to 2016 are
analyzed, as shown in Table 4. As can be seen from the table,
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Discharge
Condition
7.56e+08
5.37e+09
0

Recharge
Condition (m3)
1.45e+09
0
4.39e+08

0
0
6.13e+09

2.49e+09
0
4.38e+09

2.6 Model prediction

the groundwater level in the receiving area of South-to-North
Water Diversion continues to rise rapidly. With the increase of
water diversion time, the rising rate of groundwater level
slows down rapidly. After 10 years, the rise in the water level
of W13 monitoring well can reach about 25m. The water level
of W14 monitoring well in the wetland area is obviously
influenced by the water recharge of the South-to-North Water
Diversion Project. The groundwater level continues to rise,
and may rise about 15m after 10 years. The rise in the water
level of W41 monitoring well is obvious and the rise in the
water level of W42 monitoring well level is less in Shunyi
reclaimed water receiving area, which show that the
groundwater level in the north of Shunyi reclaimed water
receiving area rises obviously and that in the south does not
change greatly.

The forecast period is 2017~2026. The annual infiltration
amount of the South-to-North Water Diversion Project is 120
million m3. The annual rainfall during the forecast period is
calculated according to the annual rainfall of 567mm. The rest
conditions remain unchanged.
3. RESULTS AND DISCUSSION
3.1 Prediction results and analysis of flow models
Select typical monitoring wells to predict changes of the
groundwater level (as shown in Figure 9), which shows that

Figure 9. Groundwater level prediction curve for some typical monitoring wells

Figure 10. Contour map of groundwater level. (a, b), (c, d) and (e, f) represent the water levels of the 50m aquifer and the 80m
aquifer in 2007, 2016 and 2026, respectively)
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During the continuous recharge process, the groundwater
hillock continues to spread to the periphery. The groundwater
level in the northern part of Shunyi reclaimed water receiving
area rises obviously, but the groundwater level in the southern
part changes little.
The results show that the regional groundwater resources
change from negative equilibrium to positive equilibrium
since the annual amount of underground water recharge from
the South-to-North Water Diversion Project is 120 million m 3
(as shown in Figure 10 (e, f)). The groundwater level has
changed from a decline trend before 2016 to a continuous rise,
and the groundwater level around the water -receiving channel
rises rapidly, forming a 27.38km2 groundwater hillock
surrounded by a 5m contour. During the continuous recharge
process, the groundwater hillock continues to spread to the
periphery. The groundwater level on both sides of the Chaobai
River in the southern Shunyi area rises slightly.
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4. CONCLUSIONS
This study establishes a numerical model for groundwater
recharge from the South-to-North Water Diversion Project.
The model can be used to calculate the variation trend of the
water level caused by such recharge in the research area. The
study shows that the water from South-to-North water
diversion contributes to groundwater recharge, raises
groundwater level and increases groundwater reserves. From
2007 to 2016, the accumulated loss of groundwater resources
in Mihuaishun area reached -1.75×109 m3. The results of
model prediction show that after 10 years of water recharge
from the water source of the South-to-North Water Diversion
Project to the aquifer at the rate of 1.2 billion m3/a, the local
groundwater equilibrium becomes positive from negative, and
the water level in the central funnel area increases by 25m. In
addition, the artificial recharge of multiple water sources is
also related to local hydrogeological conditions. The aquifer
in the north of the research area is a single sand -pebble layer,
and the hydraulic connection in the north area is better than
that in the south area. Therefore, the long-term recharge makes
the groundwater level difference between the water supply
area and the reclaimed water supply area of the South-to-North
Water Diversion Project reduced, and the flow rate of
reclaimed water to the central funnel area smaller. Therefore,
it is suggested to increase the diversion of the South-to-North
Water Diversion Project.
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