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Abstract:

The central route of the South—North Water Transfer Project (CTP) is designed to divert approximately 9.5 billion m® of water
per year from the Han River, a major tributary of the Yangtze River, to the Hai River basin in the north China. The main purpose
of this study is to assess the impact of CTP on groundwater table in the Hai River basin. Our study features a large-scale
distributed hydrological model that couples a physically based groundwater module, which is sub-basin-based, with a conceptual
surface water module, which is grid-based. There are several grids in each sub-basin and water exchange among grid that are
considered. Our model couples surface water module and groundwater module and calculates human water use at the same time.
The simulation results indicate that even with the water supply by CTP, the groundwater table will continue to decline in the
Hai River basin. However, the CTP water can evidently reduce the decline rate, helping alleviate groundwater overexploitation in

Hai River region. Copyright © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION

The water resource distribution in China is highly uneven,
with over 2000 m? per capita for southern China and only
approximately 300-620 m> per capita for northern China
(Xia and Chen, 2001). The situation has been made even
worse by the climate change trends over the last 40 years.
Since 1970s, both precipitation and run-off have
increased in south China and declined in north China
(Xu et al., 2010). In the Hai River basin, the annual total
natural water supply (i.e. precipitation minus evapotrans-
piration) is less than 30 billion m°>, whereas the annual
water usage by 123 million people in the region is
approximately 40 billion m®, resulting in a water shortage
of 10 billion m? per year (Bulletin of Water Resources in
China, 1999-2005). Over the past 50 years, groundwater
has been increasingly exploited for domestic and
agricultural use in the Hai River basin. A total of 89.58
billion m* of groundwater was extracted from 1958 to
1998 in the region (not including the Tuhaimajia River
basin), comprising 47.1 billion m* from shallow aquifers
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and 42.5 billion m® from deep aquifers (Liu et al., 2010).
In the Beijing region, part of the Hai River basin, the
groundwater table has steadily receded from an average
of 10 m below the surface in 1975 to over 35 m in 2005
(Xia et al., 2004; Stone and Jia, 2006; Xia et al., 2007).

To mitigate the water shortage in north China, the
Chinese government has embarked on a massive
engineering project to transfer water from southern China
(Yangtze River) to northern China (Yellow River and Hai
River basins). There are three routes planned to transfer
water from the south to the north: the eastern, central and
western routes. The central route of the South—North
Water Transfer Project (CTP) is designed to move water
from the Danjiangkou Reservoir on the Han River, a
major tributary of the Yangtze River, to the Hai River
basin. CTP is expected to move 9.5 billion m® a year
when it is fully functional by approximately 2014 (You
et al., 2011).

The water relocated through the CTP is expected to
have a significant impact on the water resources in the Hai
River basin (Liu and Zheng, 2002; Chen and Xie, 2010),
especially on the groundwater reserves (Zhong et al.,
2010). Water from the CTP will allow more recharging of
groundwater from precipitation, which, in turn, will
alleviate the decline of groundwater table in the area; in
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other words, groundwater pumping will decline once the
CTP is in operation. To evaluate the impact of the water
relocation on groundwater table, quantitative tools must
be employed. The Groundwater Modeling System (Cui
et al., 2009; Shao et al., 2009; Zheng et al., 2009)
software has been used to simulate the groundwater table
change in the Hai River plain. The previous studies
assume a decrease in population or groundwater pumping
after CTP begins operating and claim that the groundwa-
ter level will recover. The groundwater table in the
depression cone in Shijiazhuang is expected to recover by
2.1m/a, and 0.8-1.5m/a in Dezhou (Cui et al., 2009)
after CTP begins operating. However, the surface
hydrological process model is very simple in the
Groundwater Modeling System and does not consider
the impact of CTP on the surface water, resulting in large
uncertainty in the simulation results. To accurately assess
the CTP impact, we fully employ surface water and
groundwater models (GWMs) in this study.

As early as in the 1970s, researchers began to use
physically based GWMs to study the impact of
groundwater pumping on water table (Garay et al.,
1976; Cunningham and Sinclair, 1979). One of the most
popular models, MODFLOW, developed by the US
Geological Survey, is a three-dimensional finite-
difference GWM. MODFLOW has been widely used
because of its robustness and modular, adaptable concept
(Barthel et al., 2005; Lubczynski and Gurwin, 2005; Liu
et al., 2008). However, the standard MODFLOW is not
capable of simulating the surface water—groundwater
interaction at catchment scale. Many modified
MODFLOW or coupled models have therefore been
proposed. York et al. (2002) developed a coupled land—
atmosphere model (CLASP II) that contains a full three-
dimensional GWM and has the ability to represent the
aquifer—stream interaction in a physically based manner.
Rodriguez et al. (2008) integrated HEC-RAS and
MODFLOW to improve the representation of hydraulic
profiles in drain channels within a regional groundwater
flow system. MT3DMS (a modular three-dimensional
multispecies transport model) and MODFLOW have been
coupled and applied to several areas (Lautz and Siegel,
2006; Wondzell er al., 2009). However, some research
institutions traditionally perform surface water and
groundwater research work separately. Surface water
models (SWMs), including SWAT (Arnold and Williams,
1997) and the Xinanjiang model (Zhao, 1992), are based
on the landform of a basin (Beven, 2001), whereas
GWMs are based on geological and hydro-geological
attributes, such as aspect of terrain, infiltration rate and
specific yield. A research region maybe composed of many
grids, and water level is calculated by the Boussinesq
equation in every grid in MODFLOW (Harbaugh and
McDonald, 1996). The different approaches of SWMs and

Copyright © 2013 John Wiley & Sons, Ltd.
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GWMs cause problems in coupling them: (1) Scale
problem; SWMs are based on large-scale grids or sub-
basins, whereas GWMs are based on small-scale grids. (2)
Flow direction; the flow direction in SWMs is decided by
landform, whereas GWMs use three-dimensional flow.
Therefore, how to calculate the hydraulic interaction
between groundwater and surface water and how to achieve
calculation synchronization pose great difficulties
(Fleckenstein et al., 2010)

To resolve these problems, some coupled SWM and
GWM models were developed, which can be divided into
three types: (1) Independently developed model. The
SWM only works for soil moisture and unsaturated zone
water movement, and a simplified GWM is used, such as
the Xinanjiang model and SWAT, which hardly think
about ground water. The groundwater model only works
for groundwater movement; the model input of surface
water was from statistical models, such as MODFLOW.
(2) Half-coupled model. On the basis of existing surface
water and groundwater models, two models are coupled
by scale switching. The calculation is performed by
synchronization, so the model system becomes a two-way
coupling system. However, there are some insufficiencies
in interaction, such as in SWAT-MODFLOW (Kim et al.,
2008) and CLM.PF (Maxwell and Miller, 2005). (3) Fully
coupled model. Surface water and groundwater equations
were coupled simultaneously.

If SWM and GWM are run independently, data
exchange will be difficult, and the interaction between
surface water and groundwater cannot be shown. A fully
coupled model is feasible in theory, but it is difficult to
implement in a large basin. Because high-resolution
ground soil texture and rock attribute data are rarely
observed in large basins, low-resolution data are usually
used and cause large errors in the model. The current
research concludes that the half-coupled model is a good
choice and can obtain better simulation results.

The organization of the paper is as follows: The
Introduction section and APPENDIX A describe a large-
scale distributed hydrological model; Methods section
introduces the data and study domain; section on Results
and Discussion presents results and a discussion and
Conclusions section provides conclusions.

METHODS

The area of Hai River basin is very large, so it is difficult
to apply a complex model, such as MODFLOW, to the
whole basin. Furthermore, it is impossible to obtain high-
resolution groundwater parameters for MODFLOW in
such a large basin. Therefore, we developed a large-scale
distributed hydrological model that couples a physically
based groundwater module with a conceptual surface

Hydrol. Process. 28, 5755-5768 (2014)
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water module to assess the impact of CTP on the groundwater
table in the Hai River basin.

Coupled structure of the model

The SWM is calculated on sub-basins, whereas the
GWM is calculated on grids. Each sub-basin is composed
of several grids (Figure 1). The GWM calculates each
grid’s hydraulic movement process when the SWM
calculates the surface water process in a sub-basin. The
SWM calculates the run-off process, the domestic water
use, the industrial water use, the agricultural irrigation
water use, the water transfer, the reservoir operation, the
routing process and the groundwater pumps in each sub-
basin (Figure 1). The GWM calculates the hydraulic
movement process, the groundwater balance, the
groundwater table change and the exchange between
groundwater and surface water in each grid. Firstly, the
possible water supply for groundwater based on surface
water balance is obtained. Then, the groundwater balance
is computed, and the water supply for the surface water
from the groundwater is obtained by calculating the
groundwater table. In other words, groundwater will
supply surface water when the groundwater table is
greater than elevation.

Calculation steps:

1) Surface run-off

2) Surface soil water movement

3) Infiltration of surface soil moisture

4) Unsaturated zone water movement

5) Groundwater movement

6) Routing and water use (human activity)

Surface run-off and surface soil water movement are
calculated according to the landform in the sub-basin. Then,
the infiltration water in the unsaturated zone is calculated.
The unsaturated zone is marked off by numerous sub-layers
according to the whole thickness (each sub-layer is 1 m in
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the current model). The infiltration and soil moisture change
processes are calculated by Darcy’s law and the Clapp and
Hornberger (1978) equation. The precipitation supply for
groundwater is then calculated. Finally, the groundwater
movement process is simulated by solving the Boussinesq
equation in the grids. Consequently, the groundwater table
in each grid and sub-basin is obtained. (Figure 2). In this
case, the surface water sub-basin area is greater than
groundwater grid, and each sub-basin is composed of
several grids. So, groundwater table of the sub-basin is
average groundwater table of all grids in the sub-basin. The
groundwater pump is an important water exchange method.
In the Distributed Time-Variant Gain Hydrological Model,
the detail groundwater pump is calculated through the
following steps: firstly, the SWM calculated the water
demand in each sub-basin; secondly, SWM calculated the
water supply capacity from rivers and reservoirs; thirdly, if
the water supply capacity was less than the water demand,
the SWM obtained the possible groundwater pump in each
sub-basin, which is the difference between water demand
and water supply capacity; finally, the possible groundwater
pump was divided equally to each groundwater grid in the
sub-basin in GWM, the groundwater pump was the
minimum value between the possible groundwater pump
and the groundwater capacity in GWM.

Human activities, including irrigation, domestic and
industrial water uses, are calculated in the model. At first,
the model calculates human water use amount at each
time step in each sub-basin, and then, the water is drawn
from river, reservoir and groundwater (Figure 2).

The main features of the large-scale distributed
hydrological model are presented in APPENDIX A of
this paper.

The SWM was run for 1279 sub-basins in the Hai River
basin, and the GWM was run at 500x 500 m resolution.
There is a piedmont supply if the sub-surface run-off from a
hill recharges the groundwater of the plain region (Figure 3)
and a river supply if a river exists in the grid.

Soil surface

¥ L Ground water
pump

A Ground water
surface

«-|--
«-}-
<

Ground water

Figure 1. The coupled surface water and groundwater model in Distributed Time-Variant Gain Hydrological Model. Surface water model is based on

sub-basin. Each sub-basin is composed of many fine resolution grids. The surface soil layer is less than 2 m deep. Surface run-off and sub-surface run-off

occur in this layer. The unsaturated zone layer is between the surface soil and groundwater table, and the layer thickness changes from 0 to 100 m
depending on the groundwater table. The groundwater layer is the aquiferous layer of groundwater

Copyright © 2013 John Wiley & Sons, Ltd.
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Figure 3. Location of the Hai River basins. (a) The central route of the South—North Water Transfer Project in China, (b) Hai River basin and (c) Daxing
District of Beijing city. Points are observed wells in (c)

Model calibration strategy and criteria

The SWM and GWM were calibrated simultaneously
in the coupled model. Surface water and groundwater are
always being exchanged at any time. Therefore, we need
to calibrate the SWM and GWM at the same time.

The performance measures include the Nash—Sutcliffe
efficiency (NSE) value, NSE, correlation coefficient,
R, and water balance coefficient, B, which are computed
as follows:

> (Qc— 00)°
> (00— 00)°

NSE = |1 — 1)

oo 2.(0.-0)(0.-0,)
V3 (.-0) (2, -0.)
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where O, O, O, O, are observed value, simulated value,
average observed value and average simulated value (m?/s)
respectively; SR is the sum of the simulated value (m?/s);
OR is the sum of the observed value (m?/s). For E and R,
the larger the values, the better the model performance.
The perfect value for both measures is 1. For NSE, a
negative value implies that the model performance is
worse than the long-term average. The perfect value for B
is 1. A value of less than 1 or greater than 1 means
underestimation or over estimation respectively.

Study site and data compilation

The Hai River Basin has an area of 318 000 km? and a
population of over 123 million. The annual precipitation
ranges from 379.2 to 583.3 mm, approximately 75% of

Hydrol. Process. 28, 5755-5768 (2014)
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which falls in the rainy months of June—September. The
average annual temperatures in the catchment are between
—4.9 and 15.0°C (Yang and Tian, 2009).

The central route of the CTP runs from the
Danjiangkou Reservoir on the Han River, a tributary
of the Yangtze River, to Beijing, with 1246km total
channel distance. Seventy-one outlets are designed on
the route from Hubei province to Beijing (Figure 3). The
CTP will benefit 20 large cities and 100 counties. CTP
covers a total area of approximately 155000km? and
crosses approximately 200 river channels or canals (Wei
et al., 2010).

Groundwater bore
« Precipitation gauge
[] Basin boundary
Stream network

Figure 4. Precipitation gauges and groundwater bores in the Hai River basin
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In the Hai River basin, there are 285 rain gauges
(Figure 4) with daily precipitation data from 1995 to 2005
(Figure 7), 56 national weather stations providing daily
temperature and pan evaporation data from 1956 to 2009
and 171 groundwater measuring wells (Figure 4).

To validate the groundwater model using point data,
we obtained groundwater level observed data from 1999
to 2005 in the Daxing District of Beijing city, which was
measured every 5 days. The Daxing District is located in
the south of Beijing city and has an area of 1030 km? and
a cultivated area of 422km?. There are 39 observation
wells in Daxing District (Figure 3).

RESULTS AND DISCUSSION

Summary of model parameters

The GWM is very computationally demanding, requiring
more than 5h to simulate the period 1999-2005.
Consequently, it is infeasible to obtain optimal parameters
using auto-calibration algorithms. Therefore, we estimated
the parameter values on the basis of physical mechanisms
and experiments. Table I shows the SWM parameters, and
Figure 5 shows the groundwater parameter.

Validation of groundwater level using point data

The wells are in the no. 290 sub-basins of the model in
the Daxing District of Beijing city. The observed data are
point data, but the corresponding model unit is a
500x 500-m grid. To validate the model, we compared
the average observed groundwater level with the
modelling result in the Daxing District of Beijing city,
China. Because we cannot obtain each grid or sub-basin
groundwater level, we only obtained several wells’
groundwater level data in the Daxing District. We
calculated the average observed groundwater level by
using wells data and average simulated groundwater level
with grids data in the Daxing District.

As shown in Figure 6, the observed level and simulated
level closely match from 1999 to 2005. The Nash
efficiency coefficient is 0.81, the correlation coefficient
is 0.92 and the balance coefficient is 1.02. The curve of

Table I. Model parameters and their ranges

Parameter Optimal value Range Unit Remark

gl 0.4 0-1 / Equation (A.2), run-off parameter

g2 3 1-5 / Equation (A.2), run-off parameter

kr 0.01 0-1 / Equation (A.2), run-off parameter

kg 5 1-10 / Equation (A.2), run-off parameter

fec 5 0-200 mm/h Equation (A.2), the soil permeability coefficient
n 0.3 0.01-0.5 / Equation (A.4), Manning roughness coefficient

Copyright © 2013 John Wiley & Sons, Ltd.
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the simulated level is smoother than that of the observed
level because the groundwater pump is anomalous.
However, the model only gives a rule to pump water.
The rule is that the groundwater will be pumped if the
surface water is not enough for water use (domestic,
industry and agriculture).

Simulation of groundwater depth in the Hai River basin

Terrain and bedrock can affect the groundwater level.
The spatial distribution of the groundwater level is highly
heterogeneous in a large basin. However, the groundwater
depth is less heterogeneous than the level. Because our
aim is to study the water resource, we focus on the spatial
and temporal depth changes.
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Figure 7. Daily precipitation/potential/actual evaporation processes in the Hai River basin
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Figure 8. Simulated annual water table depth in the Hai River plain region (spatial resolution: 500x 500 m)
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Figure 9. Simulated annual water table depth change relative to1999 in the Hai River plain region
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The annual precipitation was 405 mm/year in 1999-2005,
which is less than the historical annual precipitation. The
annual actual evaporation was 415 mm, which is more than
the annual precipitation due to the overexploitation of
groundwater (see Figure 7). So the groundwater level
continued to decrease.

The distributed hydrological model can give the
spatial-temporal distribution of all hydrological factors.
Figure 8 shows the groundwater depth from 1999 to
2005. Because of the pump over-supply, the spatial-
temporal distribution of the groundwater depth has
changed. The groundwater level declined in the whole
basin, and the position of the groundwater funnel has
moved. Perhaps the position of the groundwater funnel
could not fully match the observed position because the
model did not consider the actual position of the pump
in detail.

Figure 9 shows that the groundwater depth increased in
more than 80% of the Hai River plain region without
transferred water, with rapid increases in large cities such
as Beijing and Tianjin. Industry and domestic water uses

A. YE ET AL.

are concentrated in the urban areas. The groundwater
funnel area is enlarged. In many city zones (Beijing,
Tianjin, Shijiazhuang etc.), groundwater depths increased
more than 20 m.

Validation and analysis of water resource

The model calculated the water consumption and
groundwater flow on the basis of the 1999-2005 observed
data, and then, the results were compared with observed
data in a water resource bulletin (Table II). The
precipitation of the model is from spatial interpolation
of rain gauge and meteorological station data. There is a
close match in the water use and groundwater pump
between the simulated results and water resource bulletin
data in 1999-2005 (Table III). Therefore, we conclude the
model is reasonable.

The water resource bulletin data and simulated results
show that the water demand is greater than the natural
water supply (Tables II and III), which is the main cause
of overexploitation of the groundwater and decline of the
groundwater level. The annual shortage of water supply is

Table II. Water resource bulletin of Hai River basin (billion m®)*

Water Resource

Water supply

Ground Surface Overlap Total Absence Total Surface Ground

Year Precipitation water water water water water water water water

1999 122.45 17.23 9.20 7.05 19.38 23.77 43.15 16.27 26.88
2000 155.93 22.20 12.52 7.85 26.87 13.19 40.06 13.78 26.28
2001 132.48 17.46 8.97 6.42 20.01 19.19 39.20 12.43 26.77
2002 127.38 14.63 6.32 5.14 15.81 24.17 39.98 12.95 27.03
2003 186.29 25.29 13.08 6.35 32.02 5.68 37.70 11.56 26.14
2004 172.24 23.80 13.79 7.61 29.98 6.82 36.80 12.10 24.70
2005 155.85 21.55 12.19 6.99 26.75 11.3 38.05 12.76 25.29
Annual 150.37 20.31 10.87 6.78 24.40 14.88 39.28 13.12 26.16

*The groundwater overlaps part of surface water when we calculate the water resource. The bold text shows the maximum absence water.

Table III. Calculated groundwater resource from1999 to 2005 in the Hai River basin without water transfer (billion m’)

Supply Calculated water use Observed water use
Calculated Observed
Precipitation River Piedmont pump Domestic Industry Agriculture  pump  Domestic Industry Agriculture
Annual 10.89 2.39 0.22 26.10 5.35 6.23 27.20 26.16 5.26 6.17 27.63
1999 8.49 1.79 0.24 30.21 5.39 6.27 29.61 26.88 5.15 6.91 30.72
2000 12.67 2.79 0.22 28.85 5.34 6.23 26.84 26.28 5.18 6.58 28.07
2001 11.44 2.33 0.21 24.99 5.32 6.19 27.64 26.77 5.18 6.23 27.80
2002 7.28 2.21 0.21 26.22 5.34 6.21 25.76 27.03 5.15 6.18 28.65
2003 12.57 3.08 0.23 25.40 5.35 6.22 2541 26.14 5.35 5.97 26.19
2004 14.73 2.76 0.24 21.80 5.38 6.25 26.48 24.70 5.25 5.658 25.61
2005 9.06 1.76 0.22 25.24 5.34 6.21 28.69 25.29 5.55 5.67 26.37

Observed data are from the water resource bulletin of Hai River basin.

Copyright © 2013 John Wiley & Sons, Ltd.
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Figure 10. Simulated annual water table depth change relative 01999 in the Hai River plain region after transferring 9.5 billion m® water. ‘T’ after the
year refers to ‘water transfer’

Table IV. Calculated groundwater resource change from1999 to 2005 in the Hai River basin without water transfer (billion m)

Calculated supply

Calculated water use

Precipitation River Piedmont Calculated Pump Domestic Industry Agriculture
Annual 0.264 0.094 0.108 —5.465 0.013 0.015 0.273
1999 0.099 0.856 0.051 —3.943 0.009 0.009 0.066
2000 0.251 0.448 0.101 —3.902 0.021 0.018 0.47
2001 0.245 0.369 0.118 —5.848 0.007 0.007 0.159
2002 0.217 0.197 0.12 —6.19 0.02 0.026 0.4
2003 0.399 —0.27 0.119 —5.087 0.014 0.02 0.315
2004 0.394 —0.533 0.12 —5.909 0.004 0.003 0.289
2005 0.246 —0.405 0.127 —7.376 0.016 0.023 0.214
Table V. Groundwater depth change relative t01999 in the Hai River plain region
2000 2001 2002 2003 2004 2005

Min (m) No transfer —4.35 —7.62 —8.34 —-9.05 —9.86 —11.40

Transfer —6.37 —10.59 —13.42 —15.49 —17.23 —18.48
Max (m) No transfer 10.12 19.61 28.80 37.64 46.34 55.25

Transfer 6.55 9.76 15.33 20.82 25.98 31.14
Mean (m) No transfer 1.33 2.11 3.13 4.24 4.80 5.31

Transfer 0.74 1.12 1.63 2.25 2.31 2.13
1 Area (%) No transfer 11.72 15.40 13.74 12.90 16.28 18.29

Transfer 28.49 30.23 30.39 29.59 32.02 36.85
| Area (%) No transfer 88.28 84.60 86.26 87.10 83.72 81.71

Transfer 71.51 69.77 69.61 70.41 67.98 63.15

TArea is the percentage of the region in which the groundwater level rises.

| Area is the percentage of the region in which the groundwater level declines.

Copyright © 2013 John Wiley & Sons, Ltd.
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14.88 billion m>, whereas the greatest shortage was 24.17
billion m? in the year 2002.

Thanks to the government and citizens’ efforts to
conserve water, the total water use has been stable in the
past 10years. However, as population in cities, and
industry and agriculture productions continue to increase,
water demand will increase in the future, and we have to
transfer water from other basins.

Impact of the CTP on groundwater

Natural water resources are not enough to meet the
demand in the Hai River basin, and the demand outpaces
the groundwater pumping rate. Without the transfer of
water from other basins, there would be a water crisis.
On the basis of the hydrological model, we propose a
hypothesis that the CTP water will be distributed to the
nearest several sub-basins of the rivers near each outlet
according to the programming of the CTP. Then, the CTP
water will enter the water cycle of the intake area. People
will take water from the nearest sub-basins’ rivers,
reservoirs and groundwater for domestic, industrial and
agricultural uses.

We use the model to quantitatively analyse the impact
of CTP on groundwater. CTP plans to transfer a water
discharge of approximately 300 m*/s and an annual water
supply of 9.5 billion m>. Approximately, 6.5 billion m>
(205 m%/s) of water can reach the Hai River basin, of

A. YE ET AL.

which 2 billion m? can reach Beijing and Tianjin city. The
model supposes a transfer discharge of 300 m%/s.

From Figure 10, we can see that the groundwater level
will increase in approximately 30% area of the region
after the water is transferred, but the groundwater level
will continue to decline in approximately 70% area of the
region (Table V). The simulated results show that CTP
water cannot satisfy all requirements.

It is apparent that the groundwater depth without
transferring water is lower than that with transferring
water in the whole Hai River plain region. CTP can

—No Transfer water = =Transfer water

Groundwater Depth(m)
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Figure 12. Average water table depth in Hai River plain region after
transferring 9.5 billion m’ of water

(a) 1999-1999T (b) 2000-2000T

(c) 2001-2001T (d) 2002-2002T

x Legend

= Value
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Figure 11. The difference in simulated annual water table depth between the two scenarios (with and without water transfer) in the Hai River plain. ‘T’
after the year refers to ‘water transfer’
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decrease the pumped groundwater and slow down ground-
water level (Tables IV and V). At first, the CPT takes water
directly to a nearby city. Thus, groundwater level changes
are evident in areas near CTP. After transferring water for a
long time, the whole basin groundwater level will change,
because a basin is a system that is connected by surface
water and groundwater.

The average groundwater depth (Figures 11 and 12)
will continue to decline but at a slower rate (Table V).

CONCLUSIONS

To assess the impact of the central route of the CTP on
the groundwater table, this study applied a large-scale
surface-groundwater distributed hydrological model. The
new model can solve the scale problem of coupling SWM
and GWM. For the case study in the Hai River basin, the
coupled model calculated surface run-off at first. At the
same time, it can simulate the spatial-temporal distribu-
tion and change of the groundwater table. The model can
also simulate groundwater pumping, water use and
supply. There is a good match between simulated and
observed hydrological values. Thus, the model is feasible
and reasonable in water exchange between surface and
groundwater.

Using this model, we quantitatively analysed the
hydrological impact of CTP. The simulated results show
that CTP only decreases rate of groundwater level decline
and cannot fully resolve the water resource crisis in the
Hai River basin. After transferring water, however, the
groundwater overexploitation region will decline by
approximately 20%, and the groundwater funnel area
will also decline.

The results and tools presented previously are highly
important for the CTP management, as transferred water
will be a key water source for the Hai River basin. We
need to better predict the potential CPT’s impact and
minimize the negative impact on groundwater.
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APPENDIX A: MODEL DESCRIPTION

SWM — Distributed Time-Variant Gain Hydrological Model

We select the Distributed Time-Variant Gain Hydro-
logical Model (DTVGM) to calculate surface water. The
TVGM is a rainfall-run-off modelling system developed
on the basis of non-linear Volterra functional series and a
conceptual hydrological modelling approach (Xia, 2002;
Xia et al., 2005). With the adoption of geographic
information system technology, TVGM is extended to
include a distributed hydrologic modelling capability
(DTVGM).

The DTVGM, combining the advantages of both non-
linear and distributed hydrologic models, can simulate
various hydrologic processes under different environmen-
tal conditions. Promising results were obtained in
forecasting the time-space variations of hydrologic
processes and the relationships between land use/land
cover change and surface run-off variation.

The DTVGM (Xia et al., 2005) is a conservation model
of water. On the basis of sub-basins, which are divided
from large basins, run-off calculated in each sub-basin
and routing is calculated among sub-basins.

Run-off method

Run-off is calculated for each hydrologic unit (i.e. sub-
basin or grid). There are three layers in the model:
vegetation layer, surface soil layer and deep soil layer.

Copyright © 2013 John Wiley & Sons, Ltd.
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There are three run-off components: surface run-off on
land surface, sub-surface run-off from the surface soil
layer and base flow from the deep soil layer.

The DTVGM is basically a water balance model.
Evaporation, soil moisture and run-off are computed
iteratively. The water balance equation is

Pi+ Wi = Wi+l +RSi+RSS,'+Rgi+Ei (Al)
where P is precipitation, W is soil moisture, Rs is surface
run-off, Rss is sub-surface run-off, Rg is groundwater run-
off, E is evaporation and i is period of time.

Inserting current evaporation, surface run-off, sub-
surface run-off and base flow in Equation 1, we obtain

Wui &
Pi+W;, =W+ 81( ) P+W,;-K, (A2)

WM,-C;

(v Yy ey (W
<\ wm, Pr\wm,-c;

where W is soil moisture (mm), W, is the upper soil
moisture at the sub-basin (mm), W, is the lower soil
moisture at the sub-basin (mm), WM, is the upper
saturated soil moisture (mm), u is the ‘upper’ soil, WM, is
the lower saturated soil moisture (mm), f. is the soil
permeability coefficient (mm/h), g; and g, are parameters
(0<g;<1,0< g5), g; is the run-off coefficient when the
soil is saturated, g, is the soil moisture parameter, C is the
land cover parameter, K, is the sub-surface run-off
coefficient, K, is the groundwater run-off coefficient, K,
is the evaporation coefficient, i is a period of time and j is
the hydrological unit number.

Routing model

The routing model used is the kinematic wave model.
To simplify the model, the friction term in the momentum
equation is ignored. Assuming that the friction slope (Sf)
is equal to the ground slope (S0), and the river flow is
gradually varying unsteady flow in open channels (Ye
et al., 2006), the continuity equation is written as

oA 20

oa - A3
or Tox ¢ (A3)

where A is the river cross section area (m?), 7 is time (s),
Q is discharge (m%/s), x is the flow path (m) and ¢ is the
lateral inflow (m?/s).

Flow velocity (v, m/s) is calculated on the basis of the
Manning formula:

(A.4)

where n is the Manning roughness coefficient, and S, is
slope.
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The discharge at the river cross section is

0=Av (A.5)

The river stream network is encoded from the outlet of
the basin to upstream (Figure A. A) (Ye et al., 2005). The
routing is calculated from upstream to the basin outlet.

There are five sub-models regarding human activity:
domestic water use, industrial water use, agricultural
irrigation water use, water transfer and reservoir
operation.

Headstream

number
1

()
Qutlet of basin

Figure A.1. Sketch map of the stream network definition
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Groundwater table calculation in the grid

The Dupuit assumption holds that groundwater moves
horizontally in an unconfined aquifer and that the groundwater
discharge is proportional to the saturated aquifer thickness. The
assumption was first proposed by Jules Dupuit in 1863 to
simplify the groundwater flow equation for analytical solutions
(Chen, 2002). This paper simplifies the three dimensions in the
groundwater flow equation to a two-dimensional equation.

The Boussinesq equation is a two-dimensional equa-
tion (Tang and Alshawabkeh, 2006):

0 OH 0 OoH
OH
te=Hayy

where H is the elevation of the phreatic surface above the
datum (m); Z is the elevation of the unconfined aquifer’s
bottom above the datum (m); &, and k,,, are the hydraulic
conductivities in x and Yy, respectively (m/day); u is the
specific yield; ¢ is the infiltration rate (m/day) and x, y and
t are the space (m) and time coordinates (day).

To simplify the model and decrease its computation time,
the model assumed each grid has four flow directions, that
is, only four neighbour grids exchange water with the
current grid (Figure A. 2). The flow direction of each grid
can be determined by the groundwater table level and
hydraulic conductivities k. The flow direction heads towards
low-pressure spots, but the structure of the rock may change
the flow direction. Hydraulic conductivity is an index that
confirms the flow direction in all grids.

Water balance and groundwater table calculated in each grid

The groundwater level changed very slowly. Each grid
calculated the water balance by the Boussinesq equation
(Figure A.3).

H, :‘.-"}'H

?

1 3
Hikj« Hik

+H i+l -’\:.r

v
H I vIL}. d ‘;‘I\i—
4 —dx =[, N &

Figure A.2. Flow direction of each of the four neighbour grids. H is groundwater table. k is hydraulic conductivity. i and j are grid numbers. L is the
length of the grid side

Copyright © 2013 John Wiley & Sons, Ltd.
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Figure A.3. Two-dimensional model of groundwater. Q is lateral

discharge. Wy is water exchange between groundwater and surface water.

H is initial groundwater table. H' is final groundwater table. 2V is storage
change variation of groundwater

The four neighbours’ discharges of each grid (Figure 5)
are

H—-H,
Q;,=F;vi= Ht-L-ki-T (i=1,2,3,4) (A7)
where Q is discharge (m>/s), i is the grid number, F is
river cross section area (m?), v is the flow rate (m/s), H, is
the depth of the saturated zone (m), k is hydraulic
conductivity (m/day), H is the groundwater level (m) and

L is the grid width (m).

4
> Q;At+ Wr = u-AH-L?

i=1

4 H—H;
:;Ht-bki-T-At + Wy = u-AH-1?

\ (A.8)
> Y Hki-(H — H;)-At + Wy = u-AH-L?
i=1
1 4
>AH = —2<2H1k1(H — H,‘)'A[ + WT>
uL=\i=
AH=H —H>H =AH+H (A.9)

where H is the current groundwater level (m), H' is the
groundwater level for the next time interval (m) and AH is
the change of the water level (m).

Human activities in the model

Human activities, including irrigation, domestic and
industrial water uses, are calculated in the model.

Copyright © 2013 John Wiley & Sons, Ltd.
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Agricultural irrigation water is determined by the
irrigation area and crop species. Taking feasibility and
practicability into consideration, this article employs
the formula in the succeeding texts to simulate the
agricultural water demand Irw (m?).

12
Irw = oS, 21 a =1 (A.10)
=

where o; denotes the agricultural water consumption
ratio of each month, determined by the irrigation period
G=12,...... 12); p denotes the annual water consumption
per unit area of agriculture (mm), determined by the
types of crops and irrigation methods and generally
have measured data and S; denotes the cultivated land
area (km?).

It is difficult for hydrological models to obtain the real-
time actual industrial water consumption statistics of the
basin, especially when they are applied in large basin, as
gross domestic product (GDP) has good correlation with
industrial water consumption, and the statistics of the
industrial GDP of each region as well as the water
consumption of per unit GDP are available. We estimate
industrial water consumption of each hydrological unit by
GDP here.

Inw = GDP-GDPN (A.11)

where Inw is the industrial water demand (m?), GDP is
gross domestic product ($) and GDPN is the water
consumption of per unit GDP (m?/$). The spatial
distributions of GDPN create a gap between different
hydrological units, because of the differences between the
industrial water consumption of different regions. That is
to say, the mean GDPN in each hydrological unit is
varied.

Domestic water consumption refers to water consump-
tion in daily life. The domestic water consumption was
identified by the population, as there is a high correlation
between domestic water consumption and population.

Dow = Po-PN (A.12)

Do = Dow-pL (A.13)
Where Dow is domestic water demand (m?), Do is
domestic water consumption, Po is the number of
population, PN is water consumption per capita, ¢l is the
water return coefficient of domestic water consumption.
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