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Abstract Tide-induced hydraulic head fluctuation results in significant airflow above the water table if the aquifer is
air-confined, for example, if the aquifer is capped by low permeability materials. Hypothetical studies on the
interaction between tidal fluctuation and airflow in coastal aquifers are carried out using an air—water two-phase
numerical model. The results show that both the amplitude of the hydraulic head fluctuation and the distance of
influence of the tidal fluctuation increase due to the impact of airflow. For a fixed distance from the coastline, the
amplitude of the hydraulic head fluctuation increases with depth, and the hydraulic head fluctuation at small depths
lags that at great depths. Tide-induced airflow may be so strong that considerable errors in estimating hydraulic
parameters could be generated when models are applied without considering airflow. In an air-confined aquifer, if
airflow is neglected, the hydraulic diffusivity could be considerably overestimated.

Key words hydraulic head fluctuation; tidal fluctuation; air-confined aquifer; hydraulic parameters; hydraulic diffusivity

Etude théorique de ’impact de la circulation de I’air due a la marée sur le potentiel hydraulique des aquiféres
cotiers a nappe captive

Résumé La fluctuation du potentiel hydraulique due a la marée engendre une circulation d’air significative au-
dessus de la nappe d’eau si I’aquifére est a nappe captive, par exemple si I’aquifere est surmonté de matériaux a
faible perméabilité. Des études hypothétiques sur I’interaction entre fluctuation due a la marée et circulation d’air
dans les aquiféres cotiers sont conduites a I’aide d’un modéle numérique biphasique air—eau. Les résultats montrent
que ’amplitude de fluctuation du potentiel hydraulique et la distance d’influence de la fluctuation due a la marée
augmentent toutes les deux a cause de I’impact de la circulation d’air. Pour une distance a la cote fixée, I’amplitude
de fluctuation du potentiel hydraulique augmente avec la profondeur, et la fluctuation du potentiel hydraulique a de
petites profondeurs est en retard sur celle a de grandes profondeurs. La circulation d’air due a la marée peut étre si
forte que de considérables erreurs d’estimation des parametres hydrauliques peuvent étre générées quand on
applique des mode¢les sans tenir compte de la circulation de I’air. Dans un aquifere a nappe captive, si la circulation
d’air est négligée, la diffusivité hydraulique peut étre considérablement sous-estimée.

Mots clefs fluctuation du potentiel hydraulique; fluctuation due a la marée; aquifére a nappe captive; paramétres hydrauliques;
diffusivité hydraulique

INTRODUCTION

Social and economic development in coastal areas has
caused various environmental and engineering pro-
blems such as seawater intrusion, beach dewatering,
pollution of coastal aquifers, and stability of coastal
structures (Carr, 1969; Pontin, 1986; Chan & Mohsen,
1992; Li et al., 1996; Jiao & Tang, 1999). Most of
these problems are related to the dynamic interaction
between groundwater and seawater, which has been
well studied since 1950s. With the rapid development
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of computer techniques, numerical methods have been
widely adopted to investigate the interaction between
seawater and groundwater in coastal areas (e.g. Pandit
et al., 1991; Robinson & Gallagher, 1999; Ataie-
Ashtiani et al.,2001). In most of these existing studies,
the airflow in the unsaturated zone is neglected, i.e. the
gas phase is treated as a passive bystander at constant
pressure. In some cases, however, the airflow may be
very significant so that it cannot be ignored (Jiao & Li,
2004; Guo & Jiao, 2008). Heaving of the airfield
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pavement at the Hong Kong International Airport was
observed which caused by the abnormally high air
pressure below the pavement due to a combined tidal
and wet weather effect. The heave problem was solved
by installing vertical deep-ventilation pipes to release
the air pressure (Leung et al., 2007).

Although subsurface airflow has been investi-
gated in some laboratory or field conditions (e.g.
Shan, 1995; Elberling et al., 1998; Weeks, 2002;
Guo et al., 2008), the impact of airflow on hydrau-
lic head fluctuation has not been well addressed in
the literature. Jiao & Li (2004) employed a two-
dimensional numerical model to investigate rela-
tions among sea tides, groundwater in the aquifer,
airflow in the unsaturated zone, barometric pres-
sure variations, and rainfall in a coastal reclamation
site. Their simulation results revealed that signifi-
cantly high and low subsoil air pressures could be
generated when different conditions, such as rain-
fall, stratum structure and tidal fluctuations com-
bined favourably. Li & Jiao (2005) developed an
analytical solution to investigate vertical airflow
driven by a periodically fluctuating water table in
a coastal two-layered system. In the model by Jiao
& Li (2004), it was assumed that the water table
fluctuated at the same frequency and amplitude as
the sea tide due to the high permeability of the
aquifer. This assumption may be unreasonable in
coastal areas of typical permeabilities. Guo & Jiao
(2008) conducted a numerical study of tide-induced
airflow in unsaturated zones in a coastal two-
layered subsurface system using more realistic
boundary assumptions. They concluded that signif-
icant air flow could be induced in air-confined aqui-
fers, i.e. the permeability of the upper layer is at least
two orders of magnitude smaller than that of the
lower layer, and that strong relations existed between
fluctuations of the air pressure and the water level.

Tide-induced groundwater fluctuation can result
in significant airflow in the unsaturated zone (Guo &
Jiao, 2008), which may in turn impact hydraulic head
fluctuations in the aquifer. However, this phenomenon
was studied only recently and coastal hydrogeologists
may still fail to understand the process. The aim of this
paper is to investigate the effect of the airflow on water
level calculation and aquifer parameter estimation if
the airflow is ignored.

The simulator TOUGH2 was used to obtain
numerical solutions of the air—water two-phase
model for different cases. A similar model setup
and boundary conditions to those used by Guo &

Jiao (2008) were employed for the numerical simu-
lations. Comparisons were made among the
hydraulic head fluctuations in an air-unconfined
aquifer without airflow, air-confined aquifers and
a water-confined aquifer. The tide-induced airflow
may impact the water level fluctuation in the aqui-
fer so much that the aquifer hydraulic parameters
may be incorrectly estimated with models in which
airflow is neglected. The possible parameter esti-
mation errors when airflow is ignored are analysed
in detail.

NUMERICAL MODEL
Domain description

Guo & Jiao (2008) investigated the tide-induced air-
flow in a two-layered, two-dimensional subsurface
system (Fig. 1). Such a two-layered system is common
along natural coasts near estuary areas and urbanized
coasts where soils are covered by impermeable con-
struction materials. Tide-induced airflow is significant
only when the system is air-confined, i.e. the perme-
ability of the upper layer is much less than that of the
lower layer (Guo & Jiao, 2008). Otherwise, the system
is air-unconfined and the airflow or air pressure can be
ignored. If the bottom of the upper layer is below the
water level and the permeability of the upper layer is
less than that of the lower layer, the system becomes a
traditional water-confined aquifer.

The model setup and boundary conditions in this
study are similar to those used by Guo & Jiao (2008).
The interface between the two layers is at a depth of
3.3 m below the ground surface. The right boundary is
set to be 1000 m from the coastline and represented by
a no-flow boundary. This is reasonable in that usually
no disturbance induced by sea tide can reach this
distance. A no-flow boundary is also set at the base
of the domain, which is 17.3 m below the ground
surface. Without loss of generality, a single-compo-
nent sinusoidal, diurnal tide is used as the tidal bound-
ary. The tidal variation /4. can be expressed as:

hiide = —hms1 + A cos(wt + ¢) (1)

where /., 1s the mean sea level, and 4, w and ¢ are the
amplitude, radian frequency and radian phase shift,
respectively, of the tidal fluctuation. The following
parameter values were used to determine the tidal
variation: /g = 6.05 m; 4 = 1.25m; w = 2n d™};
and ¢ = 1.6.
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Fig. 1 Sketch of a coastal two-layered subsurface system (after Guo & Jiao, 2008) (z = 0 m at the ground surface, z < 0 m

downward; x = 0 m at the coastline, x > 0 m landward).

In areas close to the coastline, the barometric
pressure may have a less important impact on subsoil
airflow than tide-induced water level fluctuations
because the frequency and amplitude of the barometric
pressure fluctuation are usually much smaller than
those of the sea tides (Jiao & Li, 2004; Guo & Jiao,
2008). In the numerical simulation, the time-indepen-
dent Dirichlet boundary condition with a fixed pres-
sure of 101.3 kPa is applied on the upper boundary and
the left boundary above the sea level to represent the
atmospheric boundary.

Governing equations

The mathematical model describing two-phase air-
water flow is based on the mass conservation equa-
tions. The mass balance equation under isothermal
condition can be written in the following form
(Pruess et al., 1999):

%JMKanZJFK'”an‘FJQKan (2)

VH F n ‘/VL

The integration is over an arbitrary sub-domain, V,,, of
the flow system under study, which is bounded by a
closed surface, I',. The quantity M appearing in the
accumulation term (left-hand side) represents mass per
volume, with x denoting the mass component of air or
water. The term F denotes mass flux, ¢ denotes sinks
and sources, n is a unit normal vector on surface
element dI',,, pointing inward into V,,.

The general form of the mass accumulation term
in equation (2) can be written as:

M* =03 Siopky ®)
B

The total mass of component k (air or water) is
obtained by summing over the fluid phases f§ (liquid or
gas); ¢ is porosity, Sg is the saturation of phase f3 (i.e.
the fraction of pore volume occupied by phase f3), pg is
the density of phase f3, and X;" is the mass fraction of
component K present in phase f3.

The advective mass flux of a component (air or
water) is a sum over phases. It can be written as:

F* = %:X;;Fﬁ 4)

Individual phase fluxes are given by a multiphase
version of Darcy’s law:

krﬁp[)’

Fg=pgug = —k (VPg — ppg) (5

here uy is the Darcy velocity (volume flux) in phase f3;
k is absolute permeability; k. is relative permeability
to phase f3; ug is viscosity; Pp is the fluid pressure in
phase f3; and g is the vector of gravitational accelera-
tion. The pressures in liquid phase (P;) and gas phase
(Pg) are related via the capillary pressure, Pyp:

Pl:Pg+Pcap (6)
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Soil parameters used in the numerical simulation

The permeabilities of the upper and lower layers are
represented as ky; and &, respectively. The permeabilities
of both the two layers are assumed to be homogeneous
and isotropic. Five well-studied soil types covering a
typical range of representative permeability conditions
are used in this paper. The soil parameters of these soil
types are statistics of the analysis results of a soil database
compiled by Carsel et al. (1988). In order to system-
atically examine the impact of the permeability on the
relation between the hydraulic head and airflow, a wider
range of permeability values need to be considered. For
this purpose, a new soil is designed for the upper layer
based on a silty clay. The absolute permeability of this
soil is set to be 107" m? and all the other parameters
remain the same as those of silt clay. This designed soil is
not unrealistic since the coefficient of variation of the
hydraulic conductivity for silt clay is as great as 453.3%
(Carsel & Parrish, 1988, Table 4). Table 1 lists the
absolute permeability & and soil parameters including
porosity ¢, the saturated and residual water saturation
S;; and S}, and the van Genuchten water retention para-
meters, n and «, for these soil types.

In the simulations, the van Genuchten function
(van Genuchten, 1980) is used to describe the capillary
pressure, Peap:

P& ] —- L 1
Pcap = _7([S ] = 1)” (_Pmax (7)
< Peap <0)

where $* = (§;— S;,)/(S;s — S;,), S; is water saturation,
P, 1s density of water, g is the gravitational constant,
and o and # are fitting parameters.

The van Genuchten-Mualem model (Mualem,
1976, van Genuchten, 1980) is used to simulate the
liquid relative permeability, ,:

foy = { \/§{1 -(1- [s*]n'f’])”f}z(s, < Sy)
1 (81 > Sis)

The gas relative permeability, £,, is chosen as one
of the following two forms, the second of which is due
to Corey (1954) (Pruess et al., 1999):

(1= (Sp = 0)
e ={ (0 Fpu -2, > 0 )

with S = (S~ S,)/(1 - S} — S,,) and S, is residual gas
saturation.

Numerical method

The TOUGH2 code (Pruess et al., 1999), a numerical
simulator for flows of multicomponent, multiphase
fluids in multi-dimensional porous and fractured
media, is used to obtain the numerical solutions of
the mathematical model. The TOUGH2 code includes
ten different EOS (equation-of-state) modules, and
various EOS modules can represent different fluid
mixtures. In this paper, the EOS3 module is used to
simulate the air—water two-phase flow problem under
isothermal conditions (25°C). The air is treated as a
compressible ideal gas in this study. A Cartesian mesh
is used for the numerical simulations. The model
domain is divided into 78 layers and 103 columns.

Four observation points at a distance of 23 m
from the coastline are selected to discuss the simula-
tion results (Fig. 1). Point P is in the unsaturated zone
and at a depth of 4.2 m below the ground surface.
Points A, B, and C are in the saturated zone and at
depths of 7.7, 13 and 17.3 m below the ground sur-
face, respectively.

NUMERICAL RESULTS AND DISCUSSION

The tide-induced hydraulic head fluctuation results in
air pressure fluctuations in the unsaturated zone.
Similarly, the air pressure fluctuations may in turn
have some impact on the hydraulic head fluctuation.
The primary objective of this section is to investigate
how airflow in the unsaturated zone impacts the
hydraulic head fluctuation in the aquifer.

(®)

Table 1 Primary parameter values used in the numerical simulation.

Soil type k (m?) ¢ (cm*/cm’®) Sy (cm®/cm?®) S, (cm®/cm?®) n o (m™)
Upper layer Silty clay 5.06% 1071 0.399 0.902 0.175 1.09 0.5

1.0x 107"

Silty clay loam 1.77x 107" 0.48 0.896 0.185 1.23 1.0

Silt loam 1.14x 107" 0.486 0.926 0.138 1.41 2

Sandy loam 1.12x 1072 0.445 0.921 0.146 1.89 7.5
Lower layer Sand 107" 0.454 0.947 0.099 2.68 14.5
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Hydraulic head fluctuation in an air-unconfined
aquifer compared with that in air-confined
aquifers

In order to investigate the effects of the airflow in the
unsaturated zone on the hydraulic head in the aquifer,
comparisons are made between numerical solutions with
and without airflow. The case without airflow is approxi-
mated using the following approach. The gas phase is
treated as a passive bystander at constant pressure, and
the numerical solution is approximately obtained using a
very large gas permeability in the air—water two-phase
model. The air pressure above the water table is almost a
constant over time when the relative permeability of gas
phase, k;, is multiplied by a factor of 200. In this case, the
system is virtually air-unconfined.

Table 2 shows the simulation results with and with-
out airflow in the unsaturated zone with &, = 107" m?,
where Ap is the calculated amplitude of the hydraulic
head at point B (see Fig. 1 for the location) and Agg. is the
tidal amplitude at the coastline. The influence distance is
defined as the distance between the coastline and the
observation point at which the amplitude of the hydraulic
head is 1% of the tidal amplitude.

To compare the differences in amplitude and influ-
ence distance between the air-unconfined aquifer and
air- or water-confined aquifer, two more parameters are
introduced: amplitude ratio (R,) and influence distance
ratio (R;q). The former is defined as the ratio between
the amplitude at Point B in the air- or water-confined
aquifer and that in the air-unconfined aquifer, while the
latter is defined as the ratio between the influence dis-
tance in the air- or water-confined aquifer and that in the
air-unconfined aquifer. For example, R, for the air-
confined case with ky/ky, = 1.12 x 107" is calculated
as 0.12/0.11 = 1.09 and R;4 is calculated as
49.0/48.4 = 1.01 (Table 2). Both the amplitude ratio,
R,, and influence distance ratio, R;;, are almost 1,
indicating that the system with ky/k, = 1.12 x 107" is
only slightly air-confined and there is not much

difference between the amplitude or influence distance
in the air-unconfined and air-confined aquifers.

There is an obvious increase in both the amplitude at
point B and the influence distance as the ratio of ky/kr
decreases to 1.14 x 1072, in which case the aquifer is
more air-confined. As ky/k; decreases to 107>, the ampli-
tude at point B is increased to 0.32 m, which is 2.91 times
greater than that without airflow. Also, the influence
distance is increased to 203.9 m, which is 4.21 times
greater than the influence distance without airflow.

The above discussion shows that airflow will have
an impact on the water level fluctuation in the aquifer
when the ratio ky/k; is small. The impact can be signifi-
cant when kg is over two orders smaller than &; . This is
because, if &y, is small, the resistance of the upper layer to
the airflow is significant and it is difficult for the subsur-
face air to escape to the atmosphere when the water table
rises. Similarly, the air in the atmosphere cannot easily
flow into the subsurface soil as the water table falls. Thus,
a large air pressure fluctuation above the water table may
be induced. Figure 2 shows how the air pressure at the
observation point P changes with time for different ratios
of ky/ky. when the permeability of the lower layer (k) is
fixed at 107" m?. For ky/ky = 5.06 x 1074, 1.77 x 107,
1.14 x 102 and 1.12 x 107", the corresponding ampli-
tude of the air pressure fluctuation at point P is 2.04, 1.8,
0.95 and 0.11 kPa, respectively, which is 2.0, 1.8, 0.9 and
0.1% of the atmospheric pressure of 101.3 kPa. As ky/kt.
decreases, the airflow above the water table becomes
more significant so that the groundwater is effectively
under confined conditions and the head fluctuation dies
out more slowly with distance.

Hydraulic head fluctuation in air-confined
aquifers compared with that in a water-confined
aquifer

A water-confined aquifer is simulated in order to com-
pare tide-induced groundwater fluctuations in air- and
water-confined aquifers. The bottom of the confining

Table 2 The amplitude, 45, of the hydraulic head at point B AB/Ande, amplitude ratio, R,, influence distance, and

influence distance ratio, R;4 for different cases with &y = 107"

Case ky (m?) kulky, Ap (m) AplAige (%) R, Influence distance (m) Rig
Air-unconfined aquifer - - 0.11 8.8 1.0 48.4 1.0
Air-confined aquifer 1.12x 1072 1.12x 107" 0.12 9.6 1.09 49.0 1.01
1.14x 1071 1.14x 1072 0.18 14.4 1.64 87.6 1.81
1.77 x 1071 1.77x 1073 0.27 21.6 2.45 151.4 3.13
5.06x 10713 5.06x 107 0.29 23.2 2.64 173.8 3.59
1.0x1071¢ 1.0x 1073 0.32 25.6 2.91 203.9 421
Water-confined aquifer - - 1.02 81.6 9.27 495.2 10.23
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Fig. 2 Temporal changes of air pressure at point P for different ratios of ky/ky with k= 107" m?.

unit is extended from 2.75 m a.m.s.1. to 1.35 m below
m.s.l. The hydraulic conductivity and specific storage
of the confining unit are assumed to be 0.013 m/d and
2.5 x 107 m™", respectively, which are based on
parameters estimated from a field pumping test
(Sheahan, 1977).

Figure 3 shows temporal changes of the hydraulic
heads at point B in an air-unconfined aquifer without
airflow, air-confined aquifers, and a water-confined
aquifer when k; is fixed at 10™"' m?. The water head
fluctuation in air-unconfined and air-confined aquifers
lags that in water-confined aquifers because the diffu-
sivity of air-unconfined and air-confined aquifers is
smaller than that of water-confined aquifers. It is
clearly shown that the amplitude in the water-confined

1.4

T T T
36 48 60 72

Time (h)
2

aquifer is the greatest, and the amplitude in air-con-
fined aquifers is greater than that in the air-unconfined
aquifer without airflow.

As shown in the last row in Table 2, the calculated
amplitude at point B in the water-confined aquifer is
1.02 m, about 82% of the tidal amplitude, and the
influence distance is 495 m. The amplitude of the
hydraulic head fluctuation and the influence distance
are much greater than those of air-confined aquifers,
even though the airflow is significant, indicating that a
water-confining unit has a more significant impact on
the hydraulic head than airflow in air-confined aqui-
fers. However, the characteristics of the hydraulic head
fluctuation in air-confined aquifers change greatly due
to airflow above the water table compared with

(m)

water-confined aquifer

Tidal level

T 0.7
[0}
<
L
E
S 0.0 %
> ‘
<
3
®
= 07
©
o
'_
14 : :
0 12 24

T T T
36 48 60 72

Time (h)

Fig. 3 Temporal changes of the hydraulic head at point B with & = 10~"" m? in an air-unconfined aquifer without airflow (thin
solid curve), air-confined aquifers with ky/ky = 1.14 x 1072 (dotted curve) and ky/ky, = 5.06 X 107 (triangles), and a water-

confined aquifer (dashed curve).
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air-unconfined aquifers without airflow. The fluctua-
tions of the hydraulic head in air-confined aquifers
tend to be similar to certain degree to those in a water-
confined aquifer (Fig. 3). Therefore, when airflow is
ignored, the behaviour of an air-confined aquifer may
be mistaken as that of a water-confined aquifer.

Change of hydraulic head fluctuation with
horizontal distance

Figure 4 shows how the amplitudes of the hydraulic
head fluctuation in the aquifer change with the dis-
tance from the coastline. The larger the ratio of ky/k;,
the faster the amplitude attenuates landward. At the
coastline, the amplitude of the hydraulic head for each
case equals that of the tidal level, but at some inland
location the amplitude with a small ratio of Ay/ky is
higher than that with a large ratio of ky/ky.

As discussed above, the increase in ky/k;. reduces
the air pressure fluctuation above the water table,
which in turn weakens the impact of the air pressure
on the water-table fluctuation. In other words, the
water table will fluctuate more freely for large values
of ky/ky. In this case, as the hydraulic head of the
aquifer fluctuates, the variation of water volume in
the aquifer increases so that the landward attenuation
of the tide-induced head fluctuation becomes much
faster (Fig. 4). Therefore, the local water-head fluctua-
tion tends to be weak as the ratio of ky/k; becomes
larger. In a water-confined aquifer, the diffusivity is
calculated as the ratio of the hydraulic conductivity to
the specific storage of the aquifer and is much greater
than diffusivity in an air-unconfined aquifer. As a

result, the attenuation of the hydraulic head fluctuation
with landward distance is much slower in a water-
confined aquifer.

Vertical change of hydraulic head fluctuation in
the saturated zone

Figure 5 shows how the amplitude of the hydraulic
head fluctuation at a landward distance of 23 m
changes with depth below the ground surface for dif-
ferent values of ky/ky. with &z = 107" m%. As dis-
cussed previously, the amplitude of the hydraulic head
fluctuation decreases with the ratio of ky/k; at the
same inland location. When the ratio of ky/kp is
large, the tide-induced airflow is minor and the ampli-
tudes of the hydraulic head fluctuations increase with
depth (Fig. 5). Erskine (1991) observed a similar phe-
nomenon in the field, i.e. that the deeper piezometers
had smaller lags and larger tidal efficiencies. He
thought the reason was that the pressure waves were
more damped close to the phreatic surface since the
storage relevant to this area is larger than the storage in
the deeper aquifer where conditions are effectively
confined. As the ratio of ky/k; decreases, airflow
above the water table increases and the fluctuation of
the phreatic surface is prohibited. Therefore, as shown
in Fig. 5, the difference between the hydraulic head at
different depths decreases with decrease of ky/kr. In
the water-confined aquifer, the amplitudes of the
hydraulic head at different depths are almost the same.

Figure 6 compares the temporal change of
hydraulic head at three different depths in an air-
unconfined aquifer without airflow (Fig. 6(a)) and in
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Fig. 4 Changes of the amplitudes of the hydraulic head in the middle of the aquifer (6.95 m b.m.s.l.) with distance from the

coastline for different ratios of ky/k; with &y = 107" m?.
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locations) are at depths of 7.7 m (dashed curves), 13 m (dotted curves), and 17.3 m (solid curves) below the ground surface,
respectively.

an air-confined aquifer with ky/k, = 1.77 x 107 This is because pressure waves are damped more sig-
(Fig. 6(b)). The amplitude increases with depth, and nificantly near the water table. The amplitudes of the
the hydraulic head fluctuation at small depth lags that hydraulic head fluctuations at three points (A, B and
at greater depth in the case without airflow (Fig. 6(a)). C) are 0.09, 0.12 and 0.13 m, respectively. In an
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air-confined aquifer with ky/k = 1.77 x 107 (Fig. 6(b)),
the difference of the hydraulic head fluctuations at
different depths decreases greatly due to impact of
the airflow on the hydraulic head. The amplitudes at
points A, B, and C increase to 0.24, 0.27 and 0.28 m,
respectively, which are very close to one another. Also,
the phase differences of the head fluctuations among
these three points decrease greatly compared with
those in an air-unconfined aquifer when airflow is
negligible.

THE IMPACT OF AIRFLOW ON PARAMETER
ESTIMATION

The analytical solution for the tide-induced hydraulic
head fluctuation in water-confined aquifers for a
straight coastline may be expressed as (Jacob, 1950):

5
H(x,f) = A exp(— (;—Tx)

x cos(mt ©3 +c)
o+

The sea tide is assumed sinusoidal and equal to Acos
(wt + ¢). The variable H(x,f) denotes the hydraulic
head of the water-confined aquifer at inland position
x and at time 7 as the datum is the mean sea level. The
parameters A, @ and ¢ are the amplitude, frequency
and phase shift of the sea tide, respectively; S and T'are
the storativity [-] and transmissivity [L* T~'] of the
water-confined aquifer, respectively. Equation (10)
shows that the amplitude of the groundwater-level
fluctuation decreases exponentially with distance and
the phase lag increases linearly.

Jacob’s (1950) solution is frequently used to esti-
mate the hydraulic parameters and discuss the ground-
water regime of coastal water-confined aquifers.
Equation (10) can also be applicable as a good approx-
imation to water table fluctuations of an unconfined
aquifer if the range of fluctuation is small compared
with the saturated thickness (Erskine, 1991; Todd &

(10)

Mays, 2005). In most cases, equation (10) is utilized to
estimate the aquifer diffusivity, D, i.e. the ratio of
transmissivity to storativity (Freeze & Cherry, 1979).
For an unconfined aquifer, the aquifer diffusivity can
be approximated as the ratio of the transmissivity to
the specific yield.

As discussed previously, the amplitude of the
hydraulic head fluctuation increases due to the impact
of airflow above the water table. Therefore, some errors
may be induced if equation (10) is used for the para-
meter estimation in air-confined aquifers. The “true
diffusivity” of the aquifer can be obtained by equation
(10) with tidal data at point B in the air-unconfined
aquifer without airflow. With 4 = 0.11 m at
x = 23 m (Table 2), the hydraulic diffusivity, D,
of the air-unconfined aquifer is calculated as
3.26 x 107 m?%s. Then the hydraulic diffusivity is
estimated with tidal data at point B in air-confined
aquifers. By comparing the “estimated” and “true” values
of parameter D, one can see the parameter estimation
errors caused by the airflow.

The true and estimated hydraulic diffusivities as
well as their relative errors are listed in Table 3. The
errors for the estimated values can be very great if the
impact of airflow on hydraulic head fluctuation is
neglected. In an air-confined aquifer with ky/k = 1.0
x 107>, the hydraulic diffusivity is overestimated by as
much as 218%. The parameter estimation errors decrease
as the ratio of ky/k;_ increases. This is because the impact
of airflow on hydraulic head fluctuations becomes
weaker as ky/k; increases. When ky/ky = 1.12 x 107,
the diffusivity, D, is overestimated by only 8%.

CONCLUSIONS

The tide-induced hydraulic head fluctuation results in
air pressure fluctuations above the water table, which
in turn influences the hydraulic head fluctuation in the
aquifer. In this paper, the impact of tide-induced air-
flow on hydraulic head fluctuation in a two-layered
subsurface system was investigated using numerical

Table 3 Impact of airflow on parameter estimation when airflow is neglected.

ky (m?) kulky True diffusivity, D (m%/s) Ap (m) Estimated diffusivity, D, (m*/s) (D, — D)/D (%)
1.12x107'2 1.12x 107! 3.26x 1073 0.12 3.52x 1073 8
1.14x 10713 1.14 x 1072 3.26x 1073 0.18 5.13x 1073 57
1.77x 1074 1.77x 107 3.26x 1073 0.27 820x 1073 152
5.06x 1071 5.06x 107 3.26x 1073 0.29 9.02x 1073 177
1.0x107'° 1.0x107° 3.26x 1073 0.32 1.04 x 1072 218
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models. The system consists of upper and lower layers
with permeabilities of ky and A, respectively. The
simulation results reveal that airflow has an impact
on water level fluctuation in the aquifer when the
ratio of ky/ky is low. In an air-confined aquifer, both
the amplitude of the hydraulic head and the influence
distance increase due to the impact of airflow. The
local water-head fluctuation tends to increase as the
ratio of ky/k;, decreases. The fluctuations of the
hydraulic head in air-confined aquifers tend to be
similar to those in a water-confined aquifer. Thus the
behaviour of an air-confined aquifer may be mistaken
for that of a water-confined aquifer if airflow is
neglected.

For a fixed distance from the coastline, the ampli-
tude increases with the depth, and the hydraulic head
fluctuation at small depth lags that at great depth. This
is because the storage close to the water table is larger
than that in the deeper aquifer so that the pressure
waves at small depths are more damped. As the ratio
of ky/ky decreases, the airflow becomes more signifi-
cant, which prohibits the fluctuation of the water table.
Thus the damping effect of the water table on trans-
mission of the pressure waves becomes weak so that
the differences of the hydraulic head fluctuations at
different depths decrease.

In traditional studies on parameter estimation and
groundwater regimes in coastal aquifers, airflow in the
unsaturated zone is generally neglected, i.e. the air is
treated as a passive bystander at constant pressure.
However, as described in this paper, the airflow may
be strong and have a significant impact on the aquifer
response, which may lead to great errors in estimating
hydraulic parameters when models that do not con-
sider airflow are applied. In some cases, if airflow is
neglected, the hydraulic diffusivity can be signifi-
cantly overestimated. The parameter estimation errors
increase as the ratio of ky/k; decreases.

In field situations, the water—land interface at the
coastline may be more complex than that used in this
study. Vandenbohede & Lebbe (2007) investigated the
propagation of a tidal wave in a cross-section along the
French—Belgian border perpendicular to the coast. In
their study, there exists a sloping beach interacting
with the tidally varying sea level. They concluded
that the induced tidal wave in the aquifer was depen-
dent on the position on the beach. Therefore, the
impact of tide-induced airflow could be more complex
in real field situations due to complicated boundary
conditions.
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