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Abstract:

In arid regions, groundwater is recharged laterally from rivers; this recharge is the primary source of water for vegetation. The
rise or decline of the water table results in salinization or desertification respectively, and damages vegetation growth. Therefore,
prediction of the water table with consideration of the stream–aquifer interactions is very important for understanding the
hyporheic processes under human intervention, and to assess the ecological effects and water resource management of
arid regions. This paper used a statistical-dynamical approach to predict the water table elevation near a river channel in
an arid region from river discharge, which was achieved by a numerical model, a fitted stage-discharge function, and an
automatic parameter calibration method. The model was established by reducing the problem of water table prediction under
stream–aquifer interactions to an initial value problem of the differential equations with prescribed river discharge based
on Darcy’s law; the model parameters were automatically calibrated by the Shuffled Complex Evolution method. Synthetic
experiments were used to test the sensitivities of the water table prediction to model parameters, and showed the robustness of
the proposed scheme under different conditions. The proposed scheme was also calibrated and validated using data collected
at the Yingsu section in the lower reaches of the Tarim River. The systematic biases, mean absolute errors, root mean
squared errors, and correlation coefficients for the validation had ranges of �0Ð22 ¾ 0Ð16 m, 0Ð14 ¾ 0Ð33 m, 0Ð18 ¾ 0Ð44 m
and 0Ð94 ¾ 0Ð99 m respectively. Copyright  2009 John Wiley & Sons, Ltd.
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INTRODUCTION

Groundwater, as a primary source, is essential for the
economic development and sustaining of the ecosystem
of arid regions such as the Tarim River basin in western
China. The increased utilization of water resources and
the arid climate of the river basin led to increased depth of
the water table in the lower reaches of the Tarim River
from 2–3 to 4–10 m during 1960–1980 (Feng et al.,
2001). The deeper water table resulted in desertification
and damaged vegetation growth (Hao et al., 2010). The
ecological water conveyance project (EWCP) was imple-
mented in 2000 to provide water to terrestrial ecosystems
along the Tarim River. The EWCP transfers water from
Bosten Lake to the Daxihaizi Reservoir, and finally to
Taitema Lake (Xu et al., 2007). It is important to inves-
tigate the water table dynamics along the river channel
including stream–aquifer interactions to assess the eco-
logical effects of stream water conveyance and to manage
water resources of arid regions.

Water table dynamics have been accounted for in
several studies aiming to improve the land surface
schemes and hydrological models (Liang et al., 2003;
Yang and Xie, 2003; Maxwell and Miller, 2005; Yeh
and Eltahir, 2005; Fan et al., 2007; Niu et al., 2007).
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These studies have focused on the large-scale variations
in water table depths (Yuan et al., 2008a), the effects
of the surface water and groundwater interactions on
soil moisture, evaporation, recharge rate (Liang and Xie,
2003; Chen and Hu, 2004; Miguez-Macho et al., 2007;
Wu et al., 2008), and even on regional climate (Anyah
et al., 2008; Yuan et al., 2008b). Eco-hydrologists are
interested in investigating the dynamical or statistical
control processes of ecosystems by groundwater (Chen
et al., 2004; Brolsma and Bierkens, 2007; Xu et al.,
2007) and exchanges between near-channel and in-
channel water (Sear et al., 1999; Sophocleous, 2002;
Bauer et al., 2006; Chen, 2007; Hu et al., 2007), which
are the key to evaluating the ecological structure of
stream systems, and are critical to stream restoration and
riparian management. Groundwater–river exchange can
occur in either humid or arid climates (Figure 1a, b). In
humid climates, the water table is normally maintained
by precipitation at a higher-than-river level and therefore
the groundwater discharges into the river, whereas in arid
climates the water table is normally on a lower-than-
river level and therefore the river recharges the aquifer.
Some studies have calculated the lateral groundwater
flow based on the differences between hydraulic heads
of adjacent grid cells (Chen and Chen, 2003; Fan
et al., 2007) and showed that hydraulic conductivity is
one of the uncertainties in predicting water table using
the head differences mechanism. Therefore, a robust
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auto-calibration method should be introduced to make full
use of the available data and enhance model performance.

In the present paper, a statistical-dynamical scheme
was developed for water table prediction under stream–
aquifer interactions in an arid region; it consisted of
a differential dynamical model based on Darcy’s law,
a stage-discharge function derived from fitted rating
curves (Kazama et al., 2005), and a parameter calibra-
tion method (the Shuffled Complex Evolution method
developed at the University of Arizona or SCE-UA; Duan
et al., 1992). The proposed scheme was validated by sen-
sitivity experiments and section observation in the lower
reaches of the Tarim River.

METHODOLOGY

Differential dynamical model

For hydraulically connected stream–aquifer systems,
the resulting exchange flow is a function of the difference
between the river stage and aquifer head (Sophocleous,
2002). A simple approach to estimate the exchange is to
consider it as being controlled by the same mechanism as
leakage through a semi-impervious stratum in one dimen-
sion (Rushton and Tomlinson, 1979). This mechanism,
based on Darcy’s law, where flow is a direct function
of the hydraulic conductivity and head difference, can be
expressed as

Q D kS�hi � hj�

l
, �1�

where hi and hj are hydraulic head for grid cells i and j
respectively, l is the distance between the grid cells i and
j, Q is the lateral flow between the grid cells (positive for
i towards j, and negative for j towards i), and k and S
are the average hydraulic conductivity and cross-sectional
area between them respectively.

It is assumed that there are n grid cells perpendicular
to the direction of the river channel (Figure 1c), and all
grid cells have the same lengths and widths. If the major
water table gradient is perpendicular to the direction of
river channel and the exchange between the saturated and
unsaturated zones of the arid region is neglected due to

water table
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Figure 1. Possible situations for leakage between streams and aquifers,
and the discrete grid cells. (a) For gaining stream; (b) for losing stream;

and (c) for discrete grid cells

the deep water table, then the water balance equations for
groundwater in each grid cell can be written according
to the mechanism described in Equation (1) as follows:

sy
dhj

dt
l2 D kj�1, jSj�1, j�hj�1 � hj�

l

C kj, jC1Sj, jC1�hjC1 � hj�

l
�j D 1, Ð Ð Ð , n�, �2�

where sy[L/L] is the specific yield; hj�j D 1, Ð Ð Ð , n�[L]
is the water table elevation for the jth grid cell and h0

is the river elevation; kj�1, j[L/T] and Sj�1, j[L2] are
the average hydraulic conductivity and cross section area
between the j–1th and jth grid cells respectively; and
l[L] is the distance between the adjacent grid cells.

Let Tj D kj, jC1Sj, jC1/�l3sy� (j D 0, Ð Ð Ð , n) be the
flow conductance coefficients [T�1], and the right bound-
ary flux be zero for the nth grid cell (Figure 1c), then
Equation (2) can be written as




dh1�t�
dt D T0�h0�t� � h1�t�� C T1�h2�t� � h1�t��,

dhj�t�
dt D Tj�1�hj�1�t��hj�t��C

Tj�hjC1�t��hj�t�� �j D 2, Ð Ð Ð , n � 1�,
dhn�t�

dt D Tn�1�hn�1�t� � hn�t��,

which can be written in vector notation:{ dX�t�
dt D AX�t� C f�t�,

X�t0� D X0,
�3�

where X�t� D �h1�t�, Ð Ð Ð , hn�t��0, f�t� D �T0�t�h0�t�,
0, Ð Ð Ð , 0�0, X0 is the vector that consists of initial water
table elevations, and

A D




��T0 C T1� T1 Ð Ð Ð 0

T1 ��T1 C T2�
. . .

...
...

. . .
. . . Tn�1

0 Ð Ð Ð Tn�1 �Tn�1


 .

Therefore, the problem of water table prediction under
groundwater–river interactions has been reduced to an
initial value problem of the differential Equation (3).
Let 8�t� be the fundamental solution matrix for the
homogeneous equation of Equation (3), we obtain its
analytic solution as follows:

X�t� D 8�t�8�1�t0�X0 C
∫ t

t0

8�t�8�1�s�f�s�ds. �4�

Stage-discharge function

Equation (4) can predict water table elevations at time t
with the given river elevations over time �t0, t�. However,
the river elevation data were not always available in this
study, which can be calculated according to the stage-
discharge function expressed as follows (Xu et al., 2004):

Q�t� D a�H�t� � H0�b,

where Q�t� is the discharge, H�t� is the river elevation,
H0 is the river bed elevation, and a and b are the
parameters. This is the most common way of describing
the relationship between discharge and river elevation at
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a gauging station. As the parameters have been calibrated
by observed river elevation and discharge data, the river
elevation can be estimated by discharge simultaneously:

H�t� D H0 C �Q�t�/a�1/b. �5�

Model simplification and its coupling with the
calibration method SCE-UA

As the range of the study domain was about 1 km (the
range for the response of groundwater to water release;
Chen et al., 2004), we neglected the spatial heterogeneity
of the groundwater flow conductance coefficients, i.e.
Tj D T1�j D 2, Ð Ð Ð , n�. The prognostic model described
in Equation (3) has only two parameters (T0 and T1) to
be calibrated. The flow conductance coefficients T0 and
T1 are dependent on the size of the discrete grid cells,
and are parameterized particularly.

Similar to Fan et al. (2007), we assumed that the
hydraulic conductivity for groundwater flow decayed
exponentially with depth,

K D K1 exp��z/f�,

where K1 is the groundwater hydraulic conductivity for
the surface soil (z D 0) and f is the e-folding length,
which is parameterized as the following hyperbolic
equation (Fan et al., 2007),

f D 120

1 C 150ˇ
, for ˇ � 0Ð16;

f D 5 m, for ˇ > 0Ð16; �6�

where ˇ is the terrain slope. If the water table depth is
d[L], the groundwater flow conductance coefficients T1

can be written as

T1 D l
∫ 1

d
Kdz/�l3sy� D l

∫ 1

d
K1

exp��z/f�dz/�l3sy� D K1fe�d/f/�l2sy�.

Considering that d/f < 0Ð1 in our case, we obtained

T1 ³ K1f/�l2sy�. �7�

Let K0 be the hydraulic conductivity at the river bed
and w be the river width, then the flow conductance coef-
ficient T0 with respect to groundwater–river exchange
can be written as

T0 D K0wl/�l3sy� D K0w/�l2sy�. �8�

It follows from Equations (7) and (8) that, once the
parameters K0 and K1 are calibrated, Equation (4) can be
used to predict the water table depths in different spatial
resolution with an initial condition.

To calibrate the differential model, the SCE-UA algo-
rithm (Duan et al., 1992; Duan et al., 1994) is adopted,
which does not require the derivatives of the objective
function, and can avoid being trapped by small pits and
bumps on the function surface. SCE-UA is based on a
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Determine the feasible domains and generate
samples for parameters

Obtain the coefficient matrix A from parameter
samples

Obtain the eigenvalues and eigenvectors for
matrix A by Jacobi iteration

Solve the water table vector recursively

Calculate the objective function and optimize it
by SCE-UA

Predict water table by calibrated model

Criterion satisfied?

Yes

No

Figure 2. Schematic representation of the statistical–dynamical approach
for water table prediction

synthesis of four concepts: (1) combination of determin-
istic and probabilistic approaches; (2) systematic evolu-
tion of a complex of points spanning the parameter space
in the direction of global improvement; (3) competitive
evolution; and (4) complex shuffling.

The evolution of the proposed statistical-dynamical
scheme, including differential model, stage-discharge
function, and SCE-UA method (shown in Figure 2), can
be manipulated as follows:

1. Regress the stage-discharge function based on the river
elevation and discharge observations and determine the
initial water table elevation by linear interpolation.

2. Determine the feasible domain for the parameters to be
calibrated and obtain the initial guess for the coefficient
matrix A by using initial parameters.

3. Obtain the eigenvalues and eigenvectors for matrix A
by using Jacobi method iteratively.

4. Solve the water table vector X�tn� by

X �tn� D V


 e�1t Ð Ð Ð 0

...
. . .

...
0 Ð Ð Ð e�nt


 V 0X �tn�1�

C V




e�1t � 1
�1

Ð Ð Ð 0
...

. . .
...

0 Ð Ð Ð e�nt � 1
�n


 V 0f�tn�1�

recursively, where the column vectors for matrix V are
the eigenvectors of matrix A, and �j�j D 1, Ð Ð Ð , n� are
the eigenvalues of matrix A.
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5. Determine the value of objective function by calcu-
lating the mean absolute error from the observed and
simulated water table.

6. Calibrate the parameters using the SCE-UA method.
7. Predict the water table by the calibrated model.

MODEL SENSITIVITY

To test the sensitivities of model parameters, the river
bed hydraulic conductivity K0 and groundwater hydraulic
conductivity K1, the synthetic series of the river discharge
and the related river elevation described in Equation (5)
with a D 6Ð4, b D 1Ð7, and the initial water table eleva-
tions following y D �0Ð001x C 828Ð3 were applied to the
differential model in Equation (4). Two sensitivity exper-
iments with grid cell number n D 100 were conducted.
The first experiment was with the parameters K0 D 3,
6, 12, and 24 m/day, and K1 D 4 m/day; and the second
one was with the parameters K1 D 2, 4, 8, and 16 m/day,
and K0 D 7Ð4 m/day. The river elevation and the simu-
lated water table elevations are shown in Figure 3. The
lines on the Figure 3a–h show the water table level in
each of the 100 grid cells, where the highest values refer
to cells closest to the river. It follows for the first exper-
iment (Figure 3a–d) that the elevated extent for water
table increased as the river bed hydraulic conductivity
increased, and the effects of K0 on the variations of sim-
ulated water table were more obvious for the grid cells
near the river (the upper part of the time series set) than
those far from the river (the lower part of the time series
set). It follows for the second experiment (Figure 3e–h)
that the difference in water table elevations for grid cells
with different distances from the river channel decreased
as the groundwater hydraulic conductivity increased. This
is because the increased groundwater hydraulic conduc-
tivity reduces the response time of different grid cells. In
short, the differential dynamical model was validated by
the sensitivity experiments and was used to investigate
the response of the water table to river recharge in the
consequent study.

MODEL VALIDATION

Data

The study area is located between Daxihaizi Reser-
voir and Taitema Lake in the lower reaches of the
Tarim River (Figure 4), and has annual precipitation of
17Ð1–42Ð0 mm (Chen et al., 2010). The data for river
discharge, river elevation, and water table are collected
from the EWCP. Nine cross sections between the Daxi-
haizi Reservoir and Taitema Lake were used to monitor
the ecological effects of the water release (Figure 4). The
EWCP was implemented in May 2000; the information
on the first seven water releases is shown in Table I. The
first water release lasted 61 days and the discharge at
the Daxihaizi Reservoir was 1Ð0 ð 108 m3. After the first
release, the water head arrived at Kaerdayi section, about

102 km from the reservoir. After the second release, the
water head arrived at Alagan section, about 146 km from
the reservoir, and the discharge was 2Ð2 ð 108 m3. The
water head arrived at the Taitema Lake on 2 November
2001 and 4 October 2002 during the third and fourth
releases, which resulted in 4Ð5 and 16 km2 discharge
areas in Taitema Lake, respectively. During the first seven
water releases, the total discharge at the Daxihaizi Reser-
voir was 2Ð25 ð 109 m3.

The Yingsu section is the third monitoring section
downstream on the Tarim River, and is 60 km from
the Daxihaizi Reservoir. The distances between the river
bank and the four monitoring wells were 150, 300, 500,
and 750 m, respectively (Figure 4). The river discharge
and water table data were available for each water release,
but the river elevation data were only available for
releases 5–7. The river discharges were observed daily
during the water release, and the water table only every
5 days or once a month. The water table depths were
about 8–10 m before the first water release, and about
4–6 m after the seventh water release.

Regressing the river elevation from discharge

Before applying the numerical model mentioned above
at the Yingsu section in the lower reaches of Tarim
River, we obtained the river elevation data. The observed
river elevations and discharges are shown in Figure 5
(the dotted line), indicating obvious exponential relation-
ships between discharge and river elevation as described
in Equation (5). Through regression, the fitted stage-
discharge function can be expressed as follows:

H�t� D 832Ð608 C �Q�t�/6Ð4203�0Ð5877,

which is also shown in Figure 5 (the solid line). The
mean absolute error and correlation coefficient for the
regressed function were 0Ð067 and 0Ð99 m respectively.

Calibration and validation

The data for the second water release were used to
calibrate the model, and the beginning day for integrating
the model was 16 November 2000 (the first available
observation record). The linear regression function for
the initial water table elevation is

y D �0Ð0011x C 828Ð2477,

where x is the distance (m) between the river bank and
the calculation node and y is the water table eleva-
tion (m). The terrain slope ˇ and its relevant e-folding
length f from Equation (6) were set at 0Ð0011 and 103 m
respectively. We set the specific yield sy D 0Ð2, river
width w D 10 m, and the size of each grid cell l D 10
m. The parameters for river bed hydraulic conductivity
K0 and groundwater hydraulic conductivity K1 calibrated
by the SCE-UA method were 7Ð413 and 4Ð006 m/day
respectively. The observed and simulated water table ele-
vations and observed discharge and simulated river ele-
vation from mid-November 2000 through mid-February
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Figure 3. Sensitivities of the river bed hydraulic conductivity K0 and groundwater hydraulic conductivity K1. (a)–(d) are the time series of the
simulated water table elevations for 100 grid cells in the first sensitivity experiment, (e)–(h) are the time series for the second experiment, (i) is the

river elevation

2001 are shown in Figure 6. The systematic bias (ME),
mean absolute error (MAE), root mean squared error
(RMSE), and correlation coefficient (CC) were �0Ð170,
0Ð206, 0Ð321, and 0Ð985 m respectively.

We used the numerical model with calibrated param-
eters to estimate the spatiotemporal distribution of water
table elevation near the river (Figure 7). Under the
conditions of the water release, the elevated water table

differed in different locations. The water table was
elevated by 5Ð352 and 1Ð017 m for the nearest and farthest
grid cells from the river bank respectively. The response
speed of the water table to the discharge decreased from
the grid cells nearby to those far from the river, and the
elevation rates varied at 0Ð011–0Ð047 m/day. Owing to
the various response speeds, the water table still rose for
grid cells far from the river, though the river discharges
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Figure 4. Locations of cross sections between the Daxihaizi Reservoir and Taitema Lake at the lower reaches of Tarim River, and the monitoring
wells at Yingsu section

ceased during the last 7 days, while the water table
decreased a little for grid cells near the river.

To validate the calibrated model, the model combined
with discharge observation was adopted to predict the
water table variations from the third to the seventh
water releases. Figure 8 shows the validation results and
Table II lists the average statistics of the four monitoring
wells. The best results for ME, MAE and RMSE were
in the third water release (Figure 8, left column), and
the worst results for MAE and RMSE in the sixth
release (Figure 8, the fourth column). The range of water
table fluctuation seemed to correlate with the amount of
discharge. The discharges for the fourth and fifth water
releases (Figure 8f, k) were larger than those for the
sixth and seventh (Figure 8p, u), and the water table
fluctuation for the former (Figure 8g–j and l–o) were
larger than those for the latter (Figure 8q–t and v–y).

Table I. The information for the first seven water releases

Water
release

Begin
date

(year/
month)

End
date

(year/
month)

Amount
(108m3)

Water
head

reached

Distance
from

reservoir
(km)

1 2000/2005 2000/2007 0Ð98 Kaerdayi 102
2 2000/2011 2001/2002 2Ð20 Alagan 146
3 2001/2004 2001/2011 3Ð81 Taitema 321
4 2002/2007 2002/2011 2Ð93 Taitema 321
5 2003/2003 2003/2011 3Ð40 Taitema 321
6 2004/2004 2004/2011 3Ð50 Taitema 321
7 2005/2005 2005/2010 2Ð80 Taitema 321
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Figure 5. The relation between the observed discharge and river elevation
(the dotted line) and the fitted rating curve (solid line)

The detailed simulation statistics for each well during
each water release are shown in Figure9. The simulation
results were more reliable for wells C3 and C4 than for
C5 and C6, especially for the sixth and seventh water
releases. The standard deviations of the simulated water
table elevations (�s) from the third to fifth water releases
were within the interval (0, 2�o), and the correlation
coefficients were ½0Ð7. However, only 50% of the �s

were in the interval (0Ð75�o, 1Ð25�o), which indicates that
the proposed method had some deficiency in capturing
the amplitude of the variations of the water table.
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Figure 6. Time series for observed river discharge (a, solid line), estimated river elevation (a, dashed line), and observed and simulated water table
elevations (b–e). (b), (c), (d), and (e) are for wells C3, C4, C5, and C6 respectively

CONCLUSIONS AND DISCUSSIONS

In arid regions, such as the Tarim River basin, the natural
percolation through soil that reaches the water table is
usually small, given the distance to cross and the dryness
of the soil. Therefore, an important source of groundwater
recharge is transmission losses in streams, and more
generally in the hydrographic channel network (Dages
et al., 2008). Without primary recharge from the rivers,
the water table declines to such a level that natural
vegetation cannot survive in the lower reaches of the
Tarim River. To provide water to the terrestrial ecosystem
along the Tarim River, the EWCP was initiated in
2000. The water conveyance significantly lifted the water
table and increased the vegetation coverage. Many eco-
hydrologists have investigated the relationship between
the water table depths and vegetation diversity (Chen
et al., 2004, 2009; Hao et al., 2010), while in this work
the relation between the river discharge and water table

dynamics along the river has been studied, which is
important for water resource management and ecosystem
sustainment.

This paper presents a statistical-dynamical scheme to
predict the water table under stream–aquifer interaction
in arid regions by reducing it to an initial value prob-
lem of the differential equations based on Darcy’s law.
The input of the model, the river elevation, was calcu-
lated by a stage-discharge function derived from fitted
rating curves, and the model parameters were automat-
ically calibrated by the SCE-UA method. The sensitiv-
ities of the model parameters were tested by synthetic
experiments, which showed the ability of the proposed
scheme to predict the water table under different condi-
tions. The fitted rating curve reasonably represented the
stage-discharge relation, and the MAE and CC for the
regression were 0Ð067 and 0Ð99 m respectively. The cal-
ibration and validation results in the lower reaches of
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Figure 7. Spatial and temporal distribution of the simulated water table depths near the river bank during the second water release
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the Tarim River indicate that the statistical-dynamical
scheme simulated the water table with consideration of
stream–aquifer interaction accurately when properly cal-
ibrated. The simulation results also showed that the rise
in the water table due to the water conveyance varied
1–5 m in a region that was <1 km from the river bank.
The rapid decrease trend for the water table rise suggested
that the effects of the water conveyance on the ground-
water level and hence on the vegetation were limited to a
small region along the river, and multiple-channel water
conveyance is needed to maintain the ecosystem and save
the surface water.

As noted by Sophocleous (2002), the frontier in
groundwater-surface water interaction is the near-channel
and in-channel exchange of water, solutes, and energy;
an understanding of these processes is the key to evalu-
ating the ecological structure of stream systems and their
management. To describe the water exchange processes
between the stream and aquifer, numerical models have
been widely used. However, their primary limitation is
the difficulty of spatially defining the hydraulic properties

Table II. Statistics for the calibration and validationa

Water
release

Simulation
days

Observation
days

ME MAE RMSE CC

2 91 13 �0Ð170 0Ð206 0Ð321 0Ð985
3 103 6 �0Ð015 0Ð141 0Ð179 0Ð986
4 150 15 �0Ð183 0Ð225 0Ð293 0Ð982
5 62 7 �0Ð224 0Ð232 0Ð296 0Ð973
6 114 9 0Ð097 0Ð325 0Ð441 0Ð943
7 53 4 0Ð159 0Ð165 0Ð213 0Ð989

a ME is the systematic bias, MAE is the mean absolute error, RMSE is
the root mean squared error, and CC is the correlation coefficient.

Figure 9. Statistics of the estimated water table elevations for wells C3,
C4, C5, and C6 from the third to the seventh water release. The radial
distance from the origin to the letters is the standard deviation of the
simulated water table elevation (�s) normalized by the standard deviation
of observations (�o) and the azimuthal position of the letters is the linear

correlation between simulated and observed water table elevation

and spatial heterogeneities of a stream bed, which control
the interactions between surface water and the groundwa-
ter system. Statistical models can avoid the data scarcity
problem to some extent, but even a simple time-series
model has many uncertainties (Yuan et al., 2009). The
present work took advantage of the numerical formu-
las and statistical techniques and produced an acceptable
simulation. The water table vectors are written in the
analytical form and solved numerically using the Jacobi
iteration method, the hydraulic conductivities are param-
eterized by an empirical equation and calibrated by the
SCE-UA optimization algorithm, and the stage-discharge
function is regressed on the basis of river elevation and
discharge observations. Although there are some simple
hypotheses that need further validation, the present paper
shows the potential for combining numerical modelling
with statistical techniques in predicting water table under
stream–aquifer interaction.

However, there are still a number of possible improve-
ments to the proposed scheme as follows: (1) some veg-
etation roots are shallower than the water table and the
available soil water in the root zone affects the growth
of vegetation, therefore, groundwater–soil water inter-
action should be considered in the model; the recharge
flux at the water table interface may provide the con-
nection between the saturated and unsaturated vadose
zone (Liang and Xie, 2003); (2) besides the coupling
with the unsaturated zone, groundwater–vegetation inter-
actions should also be taken into account, especially
for the regions with deep-rooted vegetation or shallow
water table; the vegetation transpires groundwater during
the daytime (the groundwater evapotranspiration can be
approximately 10% of total evapotranspiration; Yeh and
Famiglietti, 2009), while hydraulic redistribution enables
the movement of moisture from the upper to deeper soil
layers during the nighttime in the wet season (Amenu
and Kumar, 2008), which recharges groundwater; and
(3) the connection of discharge between different cross
sections needs to be parameterized to provide more pre-
cise stream stages, because the stream–aquifer seepage
flows are driven by the head difference at the interface of
two systems. Inaccuracies in the determination of stream
stages on the seepage face would affect seepage fluxes
and groundwater recharge rate. Further work will focus
on coupling this scheme with the land surface model to
account for the interactions and connections mentioned
above.
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