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KEYWORDS Summary The submarine outlet of a coastal confined aquifer is usually covered by less-
Numerical simulation; permeable material such as silt and fine sand which forms a sloping or almost flat seabed.
Sloping submarine out- Previous analytical studies of the tide-induced head fluctuation usually assumed a vertical
let-capping; interface between the outlet-capping and the seawater and neglected the effects of the
Loading efficiency; outlet-capping’s slope. Here we conducted a series of numerical simulations to investigate
Coastal confined aqui- the effect of the slope of the outlet-capping on the tide-induced head fluctuations in a
fer; coastal confined aquifer. The numerical simulations demonstrated that when the hydrau-
Tide-induced head lic diffusivity, slope and/or the outlet-capping leakance are large, the tidal loading effect
fluctuation is relatively weak and the leakance dominates. In this case the analytical solution applies.

In general, the joint actions of the outlet-capping leakance and the tidal loading effects
result in complicated, 2-dimensional flow in the aquifer near the shoreline. For aquifers
with small hydraulic diffusivity, small slope and/or small outlet-capping leakance, the
outlet acts approximately as a no-flow boundary condition and the tidal loading domi-
nates. In this case, negative phase shifts (time—advance) may occur near the coastline.
The study provides potential guide to infer the aquifer’s submarine structure and param-
eter from tidal head fluctuation observations in inland wells.
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Introduction

Since the 1950s, many analytical solutions have been de-
rived to investigate the tide-induced periodic groundwater
flow in confined coastal aquifers (e.g., Jacob, 1950; van
der Kamp,1972; Li and Chen, 1991a,b; Jeng et al., 2002;
Li et al., 2000a; Townley, 1995; Sun, 1997; Jiao and Tang,
1999; Li and Jiao, 2001a,b; Li et al., 2002). In these studies,
the seaward boundary (the aquifer’s submarine outlet) was
assumed to be hydraulically directly connected to the sea.
In reality, the submarine outlet of a coastal aquifer is usu-
ally covered by a less-permeable material such as silt and
fine sand (Li and Chen, 1991b; Li et al., 2007; Xia et al.,
2007). The effects of this submarine outlet-capping have
been studied recently analytically by Li et al. (2007), Xia
et al. (2007) and Guo et al. (2007) with an assumption that
the interface between the outlet-capping and the seawater
is vertical. Li et al. (2007) considered the effect of the off-
shore extent of a single confined submarine aquifer. When
the offshore extent is zero (i.e., the outlet-capping is verti-
cal and located at the coastline), they found that the head
in the confined aquifer is given by

Ace~™cos ((ut —ax — arctan 11?)

Vol+20+2 ’

where A is the amplitude of tide [L], w = 2n/t, is the tidal
angular velocity [T™"], and ¢, is the tidal period [T]. The
parameters a and ¢ are termed as the confined aquifer’s ti-
dal propagation parameter [L™'] and the dimensionless
leakance of the outlet-capping, respectively. They are de-
fined as follows:

h(x,t) = x>0, (1a)

(USS K/
a= 5K T amk’ (1b)
where Ss and K are the specific storage [L™'] and hydraulic
conductivity [LT~'] of the aquifer, respectively; K and m
are the hydraulic conductivity [LT~'] and the horizontal
thickness [L] of the outlet-capping, respectively. Eq. (1a)
describes the tidal head fluctuation influenced by the verti-
cal outlet-capping with a dimensionless leakance of ¢. In
the case that there is no outlet-capping, namely, the thick-
ness m tends to zero, the parameter ¢ tends to infinity and
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the solution (1a) becomes the well-known Jacob (1950)
solution.

In reality, however, the sea—land boundary (the submar-
ine outlet of the aquifer or its outlet-capping) is usually
sloping. In the case the aquifer is unconfined, the effect
of the slope beach on the tidal groundwater flow has been
investigated by many researchers (e.g., Nielsen, 1990; Li
et al., 2000b; Cartwright et al., 2004). In the case that
the aquifer is confined, to the best knowledge of the
authors, there is no work in literature which addressed
the effect of a sloping submarine outlet-capping on the tidal
groundwater flow. An attempt was made in this paper to fill
this gap. A series of numerical simulations was conducted
for various aquifer parameters including different outlet-
capping’s slopes ranging from 5° to 90°. The numerical re-
sults were analysed and compared with the analytical solu-
tion which assumes a vertical outlet-capping.

Mathematical model
Mathematical model for tidal groundwater flow

Here we consider a coastal confined aquifer with a sloping
submarine outlet-capping as shown in Fig. 1. The model is
based on the assumptions that (i) the aquifer is homoge-
neous and isotropic, (ii) the effects of density variation
and the elastic storage of the outlet-capping on the tidal
groundwater flow are negligible. For simplicity, here we
only consider the case when the offshore extent is zero
(i.e., the outlet-capping starts from the coastline), which
is commonplace in reality (Xia et al., 2007). Let the x-axis
be perpendicular to the coastline and positive landward,
with the origin at the coastline, and the z-axis be positive
upward (Fig. 1). On the basis of the above assumptions,
the tide-induced groundwater flow in the confined aquifer
can be described by the following governing equations
(van der Kamp, 1972):
In the inland aquifer,
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Cross section of a confined aquifer extending under the sea covered by a sloping outlet-capping.
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in the offshore part,

oH O*H *H dheea
SSE_K<W+@>+LeSS—dt s —oo < t
<oo, —bcotf<x<0, 0<z<xtan 0+ b, (3)

where (x, z) are spatial coordinates and ¢ is time. H(x, z, t)
is the hydraulic head [L] of the aquifer; 6 is the slope of the
outlet-capping; b is the thickness [L] of the confined aqui-
fer; hsea(t) is the sea level [L] given as

hsea(t) = ACOS(U)t), (4)
and L. is the loading efficiency (dimensionless) of the sea
tide. The loading efficiency was defined as (Jacob, 1950)

(3)

o
T a+np’

e

where o is the vertical compressibility [M~'LT?] of the aqui-
fer skeleton, f is the compressibility [M~'LT?] of pore water
in the confined aquifer, and n is the porosity (dimensionless)
of the aquifer. The loading efficiency defined by Eq. (5) was
termed ‘‘amplitude factor’’ by Jacob (1950) and Ferris
(1951). Following Jacob (1940), another term ‘‘tidal effi-
ciency’’ was also used for the quantity given by Eq. (5) by
many successors such as Carr (1971), Li and Chen
(1991a,b) and Li and Jiao (2001a).

It is assumed that there is no inland recharge, so no-flow
boundary condition is used at places sufficiently far from
the coastline, i.e.,

oH

lim %:lim—:o,foo<t<oc,

0 b. 6
x—oo OX X—00 aZ <zZ< ( )

Because the top and bottom boundaries are imperme-
able, no-flow boundary conditions are used, i.e.,

oH

— =0, —o<t<oo, 0<x< oo, (7)
0z|,_,

H

oH =0, —oco < t<oo, —bcoth<x< oo (8)
0z|,_,

At the coastline x = 0, using the continuities of hydraulic
head and flux, respectively, yields

lim H(x,z,t) = lir(r)1 H(x,z,t), —oco<t<oo, 0<z<b,
X—

x—07"

9)
lim%:lim%, —o<t<oo, 0<z<b, (10)
x—0" OX  x—0" OX
lim %:lim %7 —oo<t<oo, 0<z<hb. (11)
x—0+ 0Z x—0" 0Z

Neglecting the elastic storage in the outlet-capping, the
flux between the outlet-capping and the aquifer is equal to
that between the sea and the outlet-capping. So on the
interface I' between the outlet-capping and the aquifer,
using Darcy’s law, one has

K—| =K

cH Psea = Hir —bcot 0 < x
on|, m =

,—00 < t < oo,
<0, z=xtan 0+b, (12)

where n denotes the unit outward normal vector of the
interface I'.

Equivalent time-independent model

The mathematical model Egs. (2)—(4) and (6)—(12) has nine
parameters: A, Ss, K, b, K, Le, §, m and w. In order to find
the minimum number of the independent model parame-
ters, the following complex transformation is introduced
H(x,z,t) = ARe[W(x, z)exp(iwt)], (13)
where i =+/—1, *'Re’’ denotes the real part of the followed
complex expression, the dimensionless complex amplitude
W(x,z) is a complex function of x and z, its magnitude rep-
resents the relative amplitude (ratio of the local fluctuation
amplitude to the tidal amplitude A), and its argument, the
phase shift (Li et al., 2006). Substituting Eq. (13) into model
Egs. (2)—(4) and (6)—(12), and using the equality

hsea(t) = Acos(wt) = Re[Aexp(iwt)], (14)
the model Egs. (2)—(4) and (6)—(12) can be changed into an
equivalent time-independent model as follows:

2 2
erﬂfiZazW:O, 0<x<oo, 0<z<b,
ox*  0z2
(15a)
ow itw
W—FF—'IZG(W—Le)fO,

—bcot 0 < x<0, 0<z<<xtan 0+ b, (15b)
lim%:limwzo, 0<z<b, (15¢)
x—oo OX X—00 aZ
% =0, 0<x<oo, (15d)
0z |, p
ow =0, —bcot < x < 0, (15e)
0z |,

lim W(x,z):lirp W(x,z), 0<z<b, (15f)
x—0" x—0"

.ow oW

M x =AM o 0<z<b, (15¢)
.ow oW

Xllrgg_xllr(r)}57 0<z<b, (15h)
(ﬂwaw) = do, —bcot 0 < x <0,

on r

z=xtan6+b. (15i)

The equivalent mathematical model Eqs. (15a)—(15i) has
five independent parameters: a, b, g, L and 0. Due to the
model linearity, the tidal amplitude is eliminated by intro-
ducing the relative amplitude. The tidal frequency o is
included in the parameters a and ¢. Therefore, the solution
of model Eq. (15) is applicable for any tidal frequency
(diurnal or semidiurnal) and amplitude.

Model parameter value range and numerical
implementation

It is important to find the typical value ranges of the model
parameters a, b, o, Le and 6 for commonplace coastal
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aquifer systems. Table 1 of Li and Jiao (2001b) summarized
the value ranges of hydrogeological parameters of case
studies in coastal aquifers reported in literatures. The
parameter a ranges from 9x10*m~" to 9x 10> m~" and
the thickness b from 6.1 m to 28 m. Li et al. (1999) used a
value of 30 m as the typical thickness of a coastal aquifer.
Field observations (e.g., Gregg, 1966, Fig. 6; Carr and van
der Kamp, 1969, Table 2; Erskine, 1991, Figs. 4—6) and the-
oretical analysis of Merritt (2004) demonstrated that the
typical value of L. ranges from 0.05 to 1. Based on the above
information, in our numerical simulations, the following
parameter value ranges are used: wave number a: 1073~
1072 m~", the aquifer thickness b = 30 m, the dimensionless
leakance o: 1072, 1.0 and 10? (for representing small, inter-
mediate and large leakance, respectively), L.: 0.0, 0.5, 0.9
and 1. Four values 5°, 10°, 40° and 70° will be used for the
slope 0.

The infinite landward-extent of the model domain (see
Egs. (15a) and (15c)) was approximated by a sufficiently
large distance of 7000 m from the coastline to the inland
no-flow boundary. The standard Galerkin finite element pro-
cedure (see, e.g., Pinder and Gray, 1977) was used to dis-
crete the governing equations using the linear triangle
finite elements, and the semi-numerical simulation method
of Li et al. (2006) was adopted to obtain the dimensionless
complex amplitude of the time-independent model Eq. (15).
The mesh contains 3900 triangle elements with constant
vertical increment of 1 m. The horizontal increment ranges
from 1 m at the coastline to 942 m, increasing landward in a
geometrical manner. In the offshore area, the horizontal
increment is different constant for different slope 6, and
equals cotd m.

Simulation results
Comparison with the analytical solution (1a)

When the slope 0 equals 90°, the boundary condition of the
outlet-capping becomes that of Li et al. (2007) with zero
offshore extent. In this case, the numerical solution of mod-
el (2)—(4) and (6)—(12) should be exactly the same as the
analytical solution given by Eq. (1a). We plotted the ampli-
tude and phase shift contour lines predicted by analytical
solution (1a) and the numerical solutions of model (15)
when 0=90°, a=0.01m~", and 0.001 m~', and ¢ =0.001,
0.01, 0.1, 1.0, 10.0, 100.0, and 1000.0. For all the cases
the contours of the numerical and analytical solutions coin-
cide with each other completely, giving certain degree of
confidence on the numerical method.

Base simulation results

Our model has two forcing terms: the tidal loading effect on
the offshore part of the aquifer and the hydraulic connec-
tion with tidal water body through the outlet-capping. The
first forcing is described by the term 2a* L. in Eq. (15b)
and the second, by the term as in the boundary condition
(15i). In this section base simulations with individual forcing
term will be conducted to investigate the role of each of
them in the model. Given the wave number a, the tidal
loading efficiency L. determines the tidal loading forcing

acting on the whole offshore aquifer in Eq. (15b), and the
dimensionless leakance ¢ determines the leaky boundary
condition on the interface of the outlet-capping and the
aquifer. When ¢ is great, the boundary condition Eq. (15i)
approximately becomes the Dirichlet boundary condition
W], =1, indicating perfect hydraulic connection between
the seawater and aquifer pore water. When ¢ is small, it
approximately becomes the no-flow Neumann boundary
condition %\r =0, indicating no hydraulic connection be-
tween the seawater and aquifer pore water.

Let Wicading be the solution of Eq. (15) when ¢ =0 and
Le =1, and Wicakage be the solution of Eq. (15) when L. =0,
then Wicading describes the pure, unit tidal loading effect
on tidal head fluctuation without leakage and Wieakage de-
scribes the pure leakage effect through the outlet-capping
without loading. Due to the linearity of the model, using
the superposition principle, the complex amplitude W
(namely, the solution of model Eq. (15)) for any L. can be
expressed in terms of the base functions Wisging and
Wleakage as

W= Le Wloading + Wleakage~ (16)

Here it should be noted that, due to the term asW in the
boundary condition Eq. (15i), the solution Wieakage is not lin-
ear with respect to ¢. Based on Eq. (16), the behavior of the
W function can be demonstrated clearly by simulations for
the base functions Wigaging and Wicakage When the wave num-
ber a is fixed at different values. For the sake of succinct-
ness, we only analysed the case when the slope is 10°.

Figs. 2 and 3 reported the spatial variations of the base
function Wicading in aquifer near the shore for different val-
ues of the wave number a. The head fluctuation amplitude
induced by the pure, unit loading effect is given by | Wyag-
ing|, and the phase shift, by arg(Wyading). The following
observations can be made from Fig. 2. The fluctuation
amplitude in the offshore aquifer increases with the wave
number a. This is because the forcing term in Eq. (15b) is
proportional to a®. The amplitudes attenuate landward,
and the attenuation speed increases with the wave number
a.

Fig. 3 demonstrates the following information. The pure
tidal loading effect leads to negative phase shifts, i.e.,
time—advance, in aquifer near the shore. The smaller the
wave number, the smaller the negative phase shift. The
phase shift increases landward, and the increasing speed be-
comes larger as the wave number a increases. On the coast-
line, the smallest negative phase shift is about —0.7
(Fig. 3c, x=0), which corresponds to a time—advance of
about 2.7 h for diurnal tide (1.35h for semidiurnal tide).
Negative phase shift near shoreline has been observed in
reality (e.g., Maas and De Lange, 1987). Since the phase
shift is negative and increases landward, there will be one
inland place where the phase shift is zero (e.g., at
x =14 m in Fig. 3a). In this case the groundwater head will
fluctuate synchronously with the tide. This was also ob-
served in reality (e.g., Cheng et al., 2004). Maas and De
Lange (1987) and Li et al. (2007) also showed that the ob-
served negative or zero phase shifts were due to the domi-
nant tidal loading effect.

Figs. 4—6 reported the spatial variations of the head fluc-
tuation amplitude induced by the pure leakage effect given
by |Wieakage| in aquifer near the shore for different values
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Figure 2 The spatial variation of the head fluctuation amplitude |W,aqing| induced by the pure, unit tidal loading effect (Lo =1,
o = 0) in aquifer near the shore when the wave number a equals (a) 0.01 m~", (b) 0.0032 m~" and (c) 0.001 m~". The slope 0 = 10°.
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Figure 3 The spatial variation of the phase shift arg(W,cading) induced by the pure, unit tidal loading effect (Le = 1, ¢ = 0) in aquifer
near the shore when the wave number a equals (a) 0.01 m~", (b) 0.0032 m~" and (c) 0.001 m~". The slope 6 = 10°.
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Figure 4 The spatial variations of the head fluctuation amplitude | W cakage| induced by the pure leakage effect (¢ = 100.0, L = 0)
in aquifer near the shore when the wave number a equals (a) 0.001 m~—" and 0.0022 m~"; (b) 0.0047 m~" and 0.01 m~". The slope

0=10°.

of the dimensionless leakance ¢ and the wave number a.
The following can be observed from Figs. 4—6. The head
fluctuation amplitude near the offshore aquifer increases

with the dimensionless leakance ¢ and decreases with the
wave number a. When ¢ is very large, the outlet-capping ap-
proaches Dirichlet boundary condition and the tidal head
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Figure 6 The spatial variations of the head fluctuation amplitude

| Wieakage | induced by the pure leakage effect (o = 0.01, Lo =0) in

aquifer near the shore when the wave number a equals (a) 0.001 m~" and 0.0022 m~"; (b) 0.0047 m~" and 0.01 m~". The slope

0=10°.

fluctuation amplitude at the outlet-capping due to the pure
leakage effect approaches 1.0 (see Fig. 4). The amplitude
attenuates landward and the attenuating speed increases
with the wave number a. When ¢ is very small, the outlet-
capping approaches a no-flow boundary condition and the
tidal head fluctuation amplitude due to the pure leakage
effect tends to vanish (see Fig. 6).

Figs. 7—9 reported the spatial variations of the phase
shift arg(Wieakage). The following observations can be made

(a): Thin solid line: a=0.001

from Figs. 7—9. The pure leakage effect always leads to po-
sitive phase shifts in aquifer near the shore. The phase shift
in the offshore aquifer increases with the wave number a
and decreases with the dimensionless leakance ¢. When a
is sufficiently small and ¢ is sufficiently large, the phase
shift at the coastline approaches zero (see Fig. 7a). On
the contrary, when a is sufficiently large and ¢ is sufficiently
small, the phase shift at the coastline may be as large as 1.6
(see Fig. 9b), corresponding to a very long time lag of 6.3 h
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Figure 7 The spatial variations of the phase shift arg(Wiecakage) i
near the shore when the wave number a equals (a) 0.001 m~" and

nduced by the pure leakage effect (¢ = 100.0, L. = 0) in aquifer
0.0022 m~"; (b) 0.0047 m~" and 0.01 m~". The slope 0 = 10°.
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Figure 9 The spatial variations of the phase shift arg(Weaxage) induced by the pure leakage effect (¢ = 0.01, L. = 0) in aquifer near
the shore when the wave number a equals (a) 0.001 m~" and 0.0022 m~"; (b) 0.0047 m~" and 0.01 m~". The slope 6 = 10°.

for diurnal tide (3.15 h for semidiurnal tide). The phase shift
increases with the landward distance, and the increasing
speed becomes larger as the wave number a increases.

In Figs. 2—9, the contour lines in the offshore part of the
aquifer are not vertical, indicating that significant 2-dimen-
sional flow occurs there. In Figs. 2 and 3, due to the no-flow
boundary conditions at the outlet-capping and the aquifer
bottom, the contour lines in the offshore aquifer are per-
pendicular to the boundary and bulge in the up-right direc-
tion, which implies that both the relative amplitude and the
absolute value of the phase shift increase with depth. In
Figs. 4, 5, 7and 8 (¢ > 1), the boundary condition at the
outlet-capping is dominated by the leakage, the contour
lines in the offshore aquifer bulge in the up-left direction,
which implies that both the relative amplitude and the
absolute value of the phase shift decrease with depth.
The contour lines gradually become vertical and the tidal
flow becomes essentially horizontal as the landward dis-
tance from the coastline increases.

Analyses of the joint effects of the leakage and
loading forcing terms

In this section, the joint effects of the leakage through the
outlet-capping and the tidal loading will be discussed. In the
ideal case of 0 =90°, the analytical solution (1a) applies. In

this case, there is neither vertical flow nor tidal loading ef-
fect, and the relative head fluctuation amplitude along the
coastline x =0 is simply given by ¢/v/¢2 + 26 + 2, and the
phase shift at x = 0 is arctan [1/(1 + ¢)]. Given the tidal head
fluctuations at the coastline, the inland head fluctuations
can be easily determined using the simple 1-dimensional
solution of Jacob (1950) because flow in the inland aquifer
is approximately horizontal, as is shown in previous section.
Due to this reason, our analyses in this section will focus on
the location x =0 m, z=15m at the coastline (see Fig. 1).

Fig. 10 shows how the head fluctuation amplitude (left
panel) and the phase shift (right panel) at the location M
(x=0m, z=15m) change with the wave number a for dif-
ferent values of the slope 0, the dimensionless leakance o
and the tidal loading efficiency L.. The following observa-
tions can be made from the left panel of Fig. 10.

For aquifer with large outlet-capping leakance (¢ >
O(1),the 3 left plots of Fig. 10a—c), the high leakance
through the outlet-capping overwhelms the tidal loading ef-
fect. In this case, the relative amplitude becomes insensi-
tive of the change of L.. In particular, when ¢ =100, the
results (not shown) for L. = 0.5 are almost the same as those
for Le = 0.9. The relative amplitude at M decreases with the
wave number a because greater value of a corresponds to
smaller aquifer diffusivity which causes stronger attenua-
tion of the tidal waves when they propagate from the outlet
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Figure 10 Changes of relative head fluctuation amplitude (left panel) and phase shift (right panel) at the location M (x=0m,
z =15 m) with the wave number a for different values of slope 0 when the dimensionless leakance ¢ and the tidal loading efficiency
Lo equal (a) 6 =100, Le=0.9, (b) 6=1, Lc=0.5, (c) 6=1, Lc=0.9, (d) 6 =0.01, L =0.5, and (e) ¢ =0.01,L. =0.9. (The case for
=100, Lo = 0.5 is almost the same as the case (a) and not shown here.)

to the point M. The relative amplitude increases with the the distance between the outlet boundary and the point M
slope 0 for aquifers with larger leakance (o = 100) because is shorter for larger slope.
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For aquifer with small outlet-capping leakance (¢ = 0.01,
the 2 left plots of Fig. 10d and e), the tidal loading effect
dominates and the hydraulic impact through the outlet-cap-
ping becomes negligible. In this case, the relative amplitude
at M becomes sensitive to L.. It increases with Le and the
wave number a. This is because the dominant driven forcing
is the tidal loading specified by the term a? L. in the govern-
ing Eq. (15b). In Fig. 10d and e, the amplitude also increases
when the slope 6 decreases, which becomes particularly dis-
tinct for larger values of L. and a. Physically, the tidal load-
ing effect strongly depends on the aquifer’s offshore extent
b cotf. The greater the value of b cotf, the stronger the ti-
dal loading effect will be. Because smaller slope 6 corre-
sponds to longer offshore extent of the aquifer, it leads to
stronger tidal head fluctuations.

Comparison of the curves with the same values of a, 0
and L. in the five plots in left panel of Fig. 10 indicated that
the relative amplitude always increases with the dimension-
less leakance ¢ of the outlet-capping.

The following observations can be made from the right
panel of Fig. 10. For aquifers with dominant outlet-capping
leakance (¢ = 100, right plot of Fig. 10a), the phase shift is
always positive and increases with the wave number a for
any slopes. For aquifers with dominant tidal loading
(o =0.01, right plots of Fig. 10d and e), negative phase
shifts occur. In general (right plots of Fig. 10b—e), however,
the phase shift of the numerical solutions is not monotonic
with respect to the slope 0, the tidal loading efficiency L.,
and the wave number a. This is due to the superposition
of the tidal loading effect and the leakage through the out-
let-capping.

The analytical solution (1a) neglected the vertical flow
and assumed a vertical outlet-capping at the coastline,
which implies a zero offshore extent and no tidal loading ef-
fect. Therefore, the analytical and numerical solutions
agree well with each other only when both the vertical flow
and the tidal loading effect onto the offshore extending por-
tion are insignificant. This can be seen from the comparisons
of the numerical solutions with the analytical solution (1a) in
Fig. 10, where they are close to each other when both of the
following two conditions hold: (i) the slope of the outlet-
capping is big and/or the leakance of the outlet-capping is
great and overwhelms the tidal loading effect, (ii) the aqui-
fer has a sufficiently great hydraulic diffusivity (small value
of a) so that the damping effect on the tidal wave propaga-
tion in the vertical direction can be neglected.

Conclusions

The submarine outlet of a coastal confined aquifer is usually
covered by a sloping outlet-capping such as silt and fine
sands. This paper focuses on the impacts of the slope of
the outlet-capping on the tide-induced head fluctuations
in the coastal confined aquifer. The time-dependent math-
ematical model for a typical coastal aquifer configuration
was first transformed into a time-independent model using
Fourier transform method introduced by Li et al. (2006).
With a typical aquifer thickness of 30 m, the model has four
independent parameters: tidal wave propagation parameter
a, the dimensionless leakance ¢ and the slope 0 of the out-
let-capping and the tidal loading efficiency L.. A series of

numerical simulation was conducted for various typical val-
ues of the four model parameters to investigate the effects
of the tidal loading, the leakance of the outlet-capping
when the slope 6 varies from 5° to 90°. The numerical solu-
tion was first verified by the Li et al. (2007) analytical solu-
tion when 0 =90°.

The analyses of the numerical solutions demonstrated
that the effect of the slope of the outlet-capping on the
tide-induced head fluctuations in the aquifer is usually sig-
nificant. The combined actions of the tidal loading, the
slope, the aquifer diffusivity and the leakage of the out-
let-capping lead to complicated head fluctuation behavior
and 2-dimensional flow in the aquifer near the shore. For
aquifers with great hydraulic diffusivity, large slope and/
or large outlet-capping leakance, the tidal loading effect
is relatively weak and the leakance through the outlet-cap-
ping dominates. In this case the analytical solution applies.
For aquifers with small hydraulic diffusivity, small slope
and/or small outlet-capping leakance, the outlet acts
approximately as a no-flow boundary condition and the tidal
loading dominates. In this case negative or very small phase
shifts occur near the coastline.

In reality, the hydrogeological information is much more
difficult to obtain in submarine aquifers than in inland aqui-
fers. The theoretical and numerical investigations of this
paper may provide some guides and methods to infer the
submarine aquifer structures and parameters from inland
observations. For example, if the observed tidal head fluc-
tuation near the coastline has a negative phase shift with re-
spect to the tidal level fluctuation, one may tend to
conclude that the offshore aquifer is dominated by tidal
loading effect and there is no direct hydraulic connection
between the aquifer and the seawater near the shore.
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