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[1] The air pressures in coastal unsaturated zones fluctuate in response to tidal
fluctuations. Two-phase air-water flow induced by sea tides in a coastal two-layered
subsurface system is investigated through numerical simulations. The system consists of
upper and lower layers with permeabilities of kU and kL, respectively. A water table exists
in the lower layer. The study demonstrates that airflow in the unsaturated zone is
controlled by permeabilities of both layers and the fluctuation of water level. The tide-
induced water level fluctuation may result in significant air pressure fluctuation in the
unsaturated zone in an air-confined system; that is, the permeability of the upper layer is
about 2 orders of magnitude lower than that of the lower layer. In such an air-confined
system, horizontal airflow is dominant in the lower layer and vertical airflow is
dominant in the upper layer. The simulation results show that the hydraulic head, rather
than the sea tide, is the direct driving force of the air pressure fluctuation above the water
table. The study on the relation between the air pressure amplitude and the landward
distance demonstrates that the air pressure amplitudes increase to a maximum and then
decrease with distance. The amplitude of air pressure fluctuation decreases progressively
with kU in the lower layer. In the upper layer, however, the amplitude tends to increase
with kU when kU is very low and decrease with kU when kU is relatively high. Overall, the
air flux fluctuations across the atmosphere-soil interface attenuate landward gradually,
and this attenuation becomes faster as the permeability of the upper layer increases.
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1. Introduction

[2] General two-phase air-water flow in soil has been well
investigated for a long time. Some early researchers [Free
and Palmer, 1940; Horton, 1940; Peck, 1965] attempted to
investigate the possible effects of soil air pressure on the
infiltration through laboratory experiments. Linden and
Dixon [1973] conducted several experiments in the field to
investigate infiltration and water table responses to soil air
pressure under border irrigation. The same observation could
be made both in the field and in laboratory experiments that
the infiltration rate would be significantly reduced if air could
not freely escape ahead of the wetting front. Mathematical
models have been developed to facilitate an improved
understanding of the two-phase air-water flow, and both
analytical and numerical solutions to these models have been
presented, although the inclusion of airflow significantly
complicates the solution. Morelseytoux and Billica [1985a,
1985b] developed a numerical model for one-dimensional
two-phase flow and applied it to air-water flow in homoge-
neous soils in cases in which air compressibility was either
negligible or important. Touma and Vauclin [1986] con-
ducted both numerical and experimental analysis of two-
phase infiltration in a partially saturated soil. Their results

showed that water flow variables such as infiltration rates,
water content profiles, and ponding times might be signifi-
cantly affected by the airflow. Celia and Binning [1992]
presented a numerical algorithm for simulation of two-phase
flow in porous media based on a modified Picard lineariza-
tion of the governing equations of flow. Numerical results
indicated that the modified Picard approach offered robust,
mass conservative solutions to the general equations that
described two-phase air-water flow. Models for two-phase
air-water flow were also developed to simulate subsurface
airflow that was artificially induced for some specific pur-
poses [Moridis and Reddell, 1991; Javadi and Snee, 2002].
[3] Subsurface airflow can be induced by natural process

such as atmospheric pressure change, water table fluctua-
tion, and rainfall infiltration. Both natural and artificial
airflows in soil have important environmental and engineer-
ing implications. For example, the Lisse effect [Weeks, 2002]
may occur during highly intensive rain when the air beneath
the wetting front is compressed. A rapid and substantial rise
of the water level in the observation well, which bears no
relationship to groundwater recharge, can be induced when
various factors such as soil properties, rain intensities, and
the water table depth are combined favorably. Comparison of
temporal variations in subsurface air pressure with atmo-
spheric pressure variations can be used to determine air
permeability and pneumatic diffusivity [Stallman, 1967;
Weeks, 1978; Shan, 1995]. Compressed air as a means of
assisting the construction of tunnels has been utilized for
over a century and has been applied successfully to a wide
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variety of geological and constructional circumstances
[Snee and Javadi, 1996]. In addition, soil vapor extraction
can be used to remediate the aquifer contaminated with
volatile organic compounds [Nilson et al., 1991; Ellerd et
al., 1999].
[4] In coastal areas, both the water table and the subsur-

face air pressure fluctuate in response to the tidal fluctua-
tion. The tide-induced groundwater fluctuation is well
recognized and widely studied [Jacob, 1950; Townley,
1995; Nielsen et al., 1997; Jiao and Tang, 1999], but it is
not so well recognized that the air pressure in the unsatu-
rated zone can also fluctuate due to the tidal fluctuation. It
occurred in heavy raining days that the tide-induced air
pressure was so great that dome-shaped heave features were
observed in areally extensive paved coastal areas in Hong
Kong [Jiao and Li, 2004]. This unusual event initiated the
study of tide-induced airflow in the hydrogeology research
group at the University of Hong Kong. It is believed that an
understanding airflow in unsaturated zones induced by tidal
fluctuations may be potentially important for some engi-
neering, environmental, and ecological issues. Under nor-
mal conditions, the tide-induced airflow goes unnoticed by
human beings but may be still very important to the growth
of organisms and plants in coastal areas that are sensitive to
soil aeration [Jiao and Li, 2004]. For example, some salt
marsh plant species grow better near tidal creeks than in the
inner marsh areas. Tide-induced air advection may provide
an important mechanism of oxygen supply to the root
respiration of the plants in the tidal marshes [Li et al.,
2005]. Evaluation of air movement in subsoil is also critical
for estimating transport of contaminants from the source to
the groundwater. Tide-induced airflow may cause the dif-
fusivity of contaminants to be significantly greater than
would occur by molecular diffusion alone.
[5] Jiao and Li [2004] employed a two-dimensional

numerical model to investigate quantitatively tide-induced
airflow beneath asphalt pavements overlying fill materials
in a coastal reclamation site. They concluded that significant
increases in air pressure depend on the tidal rate, not
necessarily on the amplitude of the sea level fluctuation.

Their simulation results showed that abnormally high and
low subsurface air pressure could be generated when
rainfall, geological structure, and sea level changes were
combined favorably. Li and Jiao [2005] developed an
analytical solution for one-dimensional airflow in an unsat-
urated zone induced by tidal fluctuation in a coastal two-
layered system based on several model simplification
assumptions. Their analytical solution was used to estimate
air permeability of the marine sand fill at a coastal recla-
mation area. In the model by Jiao and Li [2004], the lower
part of the fill materials was extremely permeable, and
therefore they assumed the water table below the fill
materials fluctuated at the same frequency and amplitude
as the sea tide. This assumption may lead to an overestima-
tion of tide-induced air pressure in coastal areas of typical
permeabilities. The behavior of tide-induced air pressure in
coastal areas of general conditions remains unknown.
[6] The present paper is a numerical study of two-phase

air-water flow in unsaturated zones induced by the sea tides
using more realistic boundary assumptions than those of
Jiao and Li [2004]. Simulator TOUGH2 [Pruess et al.,
1999] was used to obtain numerical solutions of the two-
dimensional cross-section model for different cases. The
airflow patterns in the unsaturated zone are examined in
detail in this study. Simulations were made to investigate
how the tide-induced air pressure fluctuations in the unsat-
urated zone change with the permeability of the porous
media, distance from the coastline, and depth below the
ground surface. It is well known that the air flux across
the ground surface can be affected by the fluctuation of the
atmospheric pressure. However, the tide-induced air flux
across the ground surface has not been addressed in the
literature. The net effect of the tidal fluctuation on the air
flux across the atmosphere-soil interface is explored.

2. Numerical Model

2.1. Domain Description

[7] A two-layered, two-dimensional subsurface system
(Figure 1) is simulated to investigate the tide-induced

Figure 1. Sketch of a coastal two-layered subsurface system. (z = 0 m at the ground surface, z < 0 m
downward; x = 0 m at the coastline, x > 0 m landward).
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airflow in coastal unsaturated zones. Such a two-layered
system is very common along natural coasts near estuary
areas or in urbanized coasts such as Hong Kong where soils
are covered by impermeable construction materials. The
boundary between the two layers is at a depth of 3.3 m, and
the bottom of the lower layer is 17.3 m below the ground
surface. The left boundary is the water-land interface, and
the upper boundary is the ground surface. The right bound-
ary of the model is set to be 1000 m from the coastline and
represented by a no-flow boundary. This distance was
chosen because it is believed that usually no disturbance
due to sea tide should be observed beyond this distance. No-
flow boundary is also set at the base of the domain. The sea
tides fluctuate within a range of �4.8 to �7.3 m, and the
mean sea level hmsl is assumed to be 6.05 m below the
ground surface. The tidal variation htide at the coastline can
be expressed as [e.g., Nielsen, 1990]

htide ¼ �hmsl þ
X

Aj cos wjt þ ej
� �

; ð1Þ

where Aj, wj, and ej are the amplitude, radian frequency, and
radian phase shift of the jth sinusoidal component of the
tidal fluctuation, respectively. Without losing generality, a
single-component sinusoidal, diurnal tide (Table 1) is used
as the tidal boundary in this paper.
[8] The barometric pressure fluctuations are regarded as

important driving forces of the airflow in the unsaturated
zone in many inland areas [Nilson et al., 1991; Elberling et
al., 1998; Ellerd et al., 1999]. In areas next to the coastline,
however, the barometric pressure may be less important in
generating subsoil airflow than tide-inducted water table
fluctuations because the frequency and amplitude of the
barometric pressure fluctuation are usually much lower than
those of the sea tides. For example, in a study in a specific
coastal area, Jiao and Li [2004] compared the observed air
pressure in the soil, tidal level, and barometric pressure
during a period of 3 days. They concluded that the baro-
metric pressure fluctuation could not be the direct driving
force of the air pressure fluctuation in the soil because the
air pressure fluctuation in the soil was much greater than the
barometric pressure fluctuation. However, there was a clear
connection between the tidal level and the subsurface air
pressure because both fluctuated significantly with time
[Jiao and Li, 2004]. This paper focuses on the net effect
of the sea level fluctuation on the subsurface airflow, and
the atmospheric pressure is assumed constant over time. In
the numerical simulation, the upper boundary and the left
boundary above the sea level are set to be the atmospheric
boundary with a fixed pressure of 101.3 kPa.
[9] In the numerical model here, the effect of salinity of

the oceanic water is not considered. Ataie-Ashtiani et al.
[1999] used a variable-density groundwater model to ana-

lyze the effects of tidal fluctuations on seawater intrusion in
an unconfined aquifer. Their simulation results show that a
higher water table farther inland is caused when seawater
density effects are considered. However, little difference is
seen between the water tables near the shoreline when the
higher seawater density is considered and when it is
neglected. There were numerous analytical and numerical
studies on tide-induced groundwater flow which ignored the
effect of salinity [Carr and Van der Kamp, 1969; Nielsen,
1990; Jiao and Tang, 1999; Ataie-Ashtiani et al., 2001].
Similarly, the density effect on tide-induced airflow is also
ignored in this paper.

2.2. Governing Equations

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

d

dt

Z
Vn

MkdVn ¼
Z
Gn

Fk � n dGn þ
Z
Vn

qkdVn: ð2Þ

[11] The integration is over an arbitrary subdomain Vn of
the flow system under study, which is bounded by a closed
surface Gn. The quantity M appearing in the accumulation
term (left-hand side) represents mass per volume, with k
labeling the mass component of air or water. F denotes mass
flux; q denotes sinks and sources; and n is a unit normal
vector on surface element dGn, pointing inward into Vn.
[12] The general form of the mass accumulation term in

equation (2) can be written as

Mk ¼ f
X
b

SbrbX
k
b : ð3Þ

The total mass of component k (air or water) is obtained by
summing over the fluid phases b (liquid or gas). Here f is
porosity, Sb is the saturation of phase b (i.e., the fraction of
pore volume occupied by phase b), rb is the density of
phase b, and Xb

k is the mass fraction of component k present
in phase b.
[13] Advective mass flux of a component (air or water) is

a sum over phases. It can be written as

Fk ¼
X
b

X k
b Fb: ð4Þ

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

Fb ¼ rbub ¼ �k
krbrb
mb

rPb � rbg
� �

: ð5Þ

Here ub is the Darcy velocity (volume flux) in phase b; k is
absolute permeability; krb is relative permeability to phase
b; mb is viscosity; Pb is the fluid pressure in phase b; and g
is the vector of gravitational acceleration. The pressures in
liquid phase (Pl) and gas phase (Pg) are related via the
capillary pressure, Pcap,

Pl ¼ Pg þ Pcap: ð6Þ

Table 1. Parameters to Determine the Tidal Variation htide

Parameter Value

htide diurnal fluctuation (j = 1)
Aj(m) 1.25
wj(1/d) 2p
ej(radian) 1.6
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2.3. Soil Parameters Used in the Numerical Simulation

[14] The permeabilities of the upper and lower layers are
denoted as kU and kL, respectively. Cases with different
combinations of kU and kL are simulated to study the impact
of the permeability on tide-induced airflow. The permeabil-
ity of each layer is assumed to be homogeneous and
isotropic. Five previously well studied soil types covering
a wide 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]. Similar data sets are also used by,
for example, van Genuchten et al. [1991], Wang et al.
[1997] and Schaap et al. [1998]. Table 2 lists the absolute
permeability k and soil parameters such as porosity f, the
saturated and residual water saturation Sls and Slr, and the
van Genuchten water retention parameters n and a for these
soil types. For the materials in the upper layer, soil param-
eters are different for different permeabilities. However, in
the lower layer of the aquifer, the same set of soil param-
eters is used for different permeabilities (Table 2).
[15] In the simulations, the van Genuchten function [van

Genuchten, 1980] is used to describe the capillary pressure
Pcap

Pcap ¼ � rwg
a

S*
h i� n

n�1�1

� �1
n

�Pmax � Pcap � 0
� �

; ð7Þ

where S* = (Sl � Slr)/(Sls � Slr), Sl is water saturation, rw is
density of water, and g is the gravitational constant.
[16] The van Genuchten-Mualem model [Mualem, 1976;

van Genuchten, 1980] is used to simulate the liquid relative
permeability krl

krl ¼

ffiffiffiffiffiffi
S*

p
1� 1� S*

h i n
n�1

� �n�1
n

( )2

Sl < Slsð Þ

1 Sl 	 Slsð Þ

8>><>>: ð8Þ

[17] The gas relative permeability krg is chosen as one of
the following two forms, the second of which is due to
Corey [1954] [Pruess et al., 1999]:

krg ¼
1� krl Sgr ¼ 0

� �
1� bS� �2

1� bS2� �
Sgr > 0
� �

;

8><>: ð9Þ

with bS = (Sl � Slr)/(1 � Slr � Sgr), and Sgr is residual gas
saturation. The values of Sgr are approximated as 1 � Sls
because they are not available from the existing data listed
in Table 2.

2.4. Numerical Method

[18] The numerical solutions of the mathematical model
were obtained using the TOUGH2, a numerical simulator

for flows of multicomponent, multiphase fluids in multidi-
mensional porous and fractured media. The TOUGH2 code
includes 10 different fluid property or equation-of-state
(EOS) modules. The EOS3 module is used to simulate the
two-phase air-water flow problem under isothermal condi-
tion (25�C) in this paper. The air is approximated as a
compressible ideal gas in the simulation.
[19] A Cartesian mesh is used for the numerical simu-

lations. The model domain is divided into 78 layers and 99
columns. To establish initial conditions, water saturations in
the unsaturated and saturated zones are set to be the residual
water saturation and 1.0, respectively. Initial air pressure in
the unsaturated zone equals the barometric pressure, and the
initial pressure in the saturated zone equals the sum of water
pressure and barometric pressure. Capillarity-gravity equi-
librium in the flow domain is calculated by running the
model in a steady state with no sources and sinks under
isothermal conditions. The pressure and saturation condi-
tions calculated in this way are used as the initial conditions
in the subsequent runs. The tide-induced transient location
of the water table in the aquifer will be determined numer-
ically from the simulation.
[20] Nine observation points are selected to discuss the

simulation results (Figure 1), and their exact positions are
shown in Table 3. The observation point F on the ground
surface is selected to discuss the air flux across the atmo-
sphere-soil interface induced by the sea level fluctuation.
The points P1, P2, P3, P4, and P5 are selected to discuss
tide-induced air pressure fluctuations at different locations
within the unsaturated zone. The points A, B, and C are used
to investigate the relation between the hydraulic head
fluctuation in the saturated zone and the air pressure
fluctuation in the unsaturated zone.

3. Numerical Results and Discussion

3.1. Air-Confined and Unconfined Systems

[21] It is expected that the airflow in the unsaturated zone
between the water table and the upper layer depends on the
water table fluctuation and the permeability of the upper
layer kU. If kU is low, the air exchange between the lower
layer and the atmosphere is impeded. Hence the air cannot

Table 2. Primary Parameter Values Used in the Numerical Simulation

Soil Type k (m2) f (cm3/cm3) Sls (cm
3/cm3) Slr(cm

3/cm3) n a (m�1)

Upper layer silty clay 5.06 
 10�15 0.399 0.902 0.175 1.09 0.5
silty clay loam 1.77 
 10�14 0.48 0.896 0.185 1.23 1.0

silt loam 1.14 
 10�13 0.486 0.926 0.138 1.41 2
sandy loam 1.12 
 10�12 0.445 0.921 0.146 1.89 7.5

Lower layer sand 10�9�10�12 0.454 0.947 0.099 2.68 14.5

Table 3. Detailed Locations of the Observation Pointsa

Observation
Point x(m) z(m)

Observation
Point x(m) z(m)

P1 10 �4.2 F 50 0.0
P2 50 �4.2 A 10 �7.7
P3 100 �4.2 B 50 �7.7
P4 50 �2.75 C 100 �7.7
P5 50 �0.25

aRefer to the coordinate system in Figure 1.
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escape from the ground surface to the atmosphere freely
when water table rises. Similarly, the air in the atmosphere
cannot be easily taken back to the soil when water table
falls. Thus the tide-induced water level fluctuation may
result in significant air pressures above the water table.
[22] Figure 2 shows changes of air pressure with time at

the observation point P1 in the lower layer. The permeabil-
ity of the lower layer (kL) is fixed at 10�11 m2, but that of
the upper layer (kU) varies. For kU = 1.77 
 10�14, 1.14 

10�13, and 1.12 
 10�12 m2, the corresponding amplitude
of the air pressure fluctuation at point P1 is 2.33, 1.64, and
0.33, kPa, respectively, which is 2.3, 1.6, and 0.3% of the
atmospheric pressure of 101.3 kPa. For air pressures in-
duced by natural processes such as atmospheric pressure
changes, water table fluctuations, topographic effects, and
rainfall infiltration, they are considered to be important for
some environmental and engineering problems if they are of
the order of tens of millibars (1 mbar = 0.1 kPa) [Elberling
et al., 1998; Ellerd et al. 1999; Jiao and Li, 2004].
[23] In this paper, when the permeability of the upper

layer is about 2 orders of magnitude lower than that of the
lower layer, the system is called air-confined. For kU = 1.12

10�12 m2, which is only 1 order of magnitude lower than kL
of 10�11 m2, tide-induced air pressure in the lower layer is
very low because kU is reasonably high and the exchange of
air between the ground surface and lower aquifer is rela-
tively easy. In this case, the system becomes almost air-
unconfined (Figure 2). The following discussion will focus
mainly on the situations in wich the air in the lower aquifer
is significantly confined, i.e., the permeability of the upper
layer is about 2 orders of magnitude lower than the lower
layer.

3.2. Change of Vertical and Horizontal Air Mass Flux

[24] To examine the airflow patterns in the unsaturated
zone, the magnitudes of vertical and horizontal air flux need
be compared in both the upper and lower layers. Neglecting
the air dissolved in the liquid phase and the water vapor in
the gas phase, the advective mass flux of the air in the

unsaturated zone can be approximated as

Fa ¼ rgug ¼ �k
krgrg
mg

rPg � rgg
� �

: ð10Þ

Here Fa is air mass flux, and ug is the Darcy velocity
(volume flux) as defined by equation (5).
[25] Changes of amplitudes of both vertical and horizon-

tal air mass flux with distance from the coastline at different
depths are presented in Figure 3 with kU = 1.14 
 10�13 m2

and kL = 10�11 m2. Overall, both the vertical and horizontal
air mass fluxes attenuate upward and landward. The rela-
tively low vertical air flux very close to the coastline is due
to the impact of the atmospheric boundary on the left. The
amplitudes of horizontal component of the air mass flux are
greater than those of the vertical component in the lower
layer (Figure 3a), indicating that the horizontal airflow is
dominant in the lower layer. This is because in the air-
confined system the aquifer has very small thickness and the
vertical pressure gradient in the aquifer is much smaller than
horizontal pressure gradient.
[26] In the upper layer, however, the vertical airflow tends

to be dominant (Figure 3b). The air flux fluctuations in the
upper layer are mainly vertical because they are controlled
primarily by the pressure difference between the atmospher-
ic pressure on the ground and the air pressure in the aquifer,
or the lower layer. Because of the effect of the atmospheric
boundary on the top, the horizontal component of the air
mass flux is very minor, but the vertical component is still
great in areas very close to the ground with z = �0.025 m
(Figure 3b).

3.3. Relation Among Air Pressure, Local Hydraulic
Head, and Coastal Tidal Level

[27] Like groundwater table, tide-induced air pressure
changes horizontally. Figure 4 shows the temporal fluctua-
tions of air pressure at P1, P2, and P3, the groundwater
heads at A, B, C, and the sea tide at the left boundary
(Figure 1). Note that a different scale is used for the air

Figure 2. Changes of air pressure with time at point P1 in the lower layer with kL = 10�11 m2. The
upper layer consists of sandy loam (kU = 1.12 
 10�12 m2, dotted curves), silt loam (kU = 1.14 
 10�13

m2, dashed curves), and silty clay loam (kU = 1.77 
 10�14 m2, circles).
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pressure so that the low air pressure at P3 in Figure 4c can
be shown clearly. The amplitude of air pressure fluctuation
at P1, P2, and P3 is 1.64, 0.61, and 0.1 kPa, respectively,
and that of the corresponding hydraulic head at A, B, C is
0.51, 0.07, and 0.02 m, respectively.
[28] The phase relationship between the air pressure

and the sea tide seems complicated: The air pressure in
Figure 4a shows some phase advance over the sea tide; the
air pressure in Figure 4b shows almost simultaneous fluc-
tuations with the sea tide, but air pressure in Figure 4c
shows some delay with the sea tide.
[29] While there is not a clear relation between the air

pressure and the sea tide, there is always a delay between
the local hydraulic head and the air pressure above the point
where the head is calculated as shown in Figures 4a, 4b, and
4c. Note that the relation between air pressure and hydraulic
head in Figure 4c can be seen only from the output file
because the fluctuation of the hydraulic head is very small.
Take Figure 4a, for example, where the air pressure
approaches a maximum before the hydraulic head. A close

examination shows that the time for the air pressure to
approach a maximum is about the time when the increasing
rate of the hydraulic head approaches a maximum. The
phase shift between the air pressure and the hydraulic head
is about 4.1 h. This conclusion is similar to that of Jiao and
Li [2004]: The air pressure is approximately proportional to
the increasing rate of the local groundwater head. When the
water level rises, the space to store the air in the unsaturated
zone is reduced, which consequently increases the air pres-
sure. At the same time, air escapes to the atmosphere through
the upper layer. High air pressure can be formed only when
the rising rate of the local hydraulic head is much greater
than the escaping rate of the air through the upper layer.
[30] It can be concluded from the relations among the sea

tide, the hydraulic head, and the air pressure shown in
Figure 4 that the direct driving force in the air pressure
fluctuation is the hydraulic head, not the sea tide at the
coastline, although the sea tide fluctuation is the direct
driving force of the hydraulic head.

Figure 3. Changes of amplitudes of the air flux fluctuation with distance from the coastline in the (a)
lower layer and (b) upper layer, with kU = 1.14 
 10�13 m2 (silt loam) and kL = 10�11 m2. Amplitude_X
is the amplitude of horizontal air flux fluctuation, and Amplitude_Z is the amplitude of vertical air flux
fluctuation.
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Figure 4. Changes of air pressures (circles) with time at three observation points in the unsaturated
zone: (a) P1, (b) P2, and (c) P3, and fluctuations of groundwater heads (dotted curves) at three points in
the saturated zone: point A (Figure 4a), point B (Figure 4b), and point C (Figure 4c) with kL = 10�11 m2

and kU = 1.14 
 10�13 m2 (silt loam). The solid curve denotes the tidal level at the coastline when the
mean sea level is taken as the datum.
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[31] The results in Figure 4 are reproduced in Figure 5 but
with kU decreased to 1.77 
 10�14 m2. The patterns of the
curves and the relations among the air pressures, local hy-
draulic head, and the sea tide seem very similar to Figure 4,

but a close comparison between Figures 5 and 4 still shows
some interesting difference. For example, the time lag
between the local hydraulic head at point A and the air
pressure at point P1 is much smaller (about 0.1 h). Or there

Figure 5. Changes of air pressures (circles) with time at three observation points: (a) P1, (b) P2, and
(c) P3, and fluctuations of groundwater heads (dotted curves): point A (Figure 5a), point B (Figure 5b),
and point C (Figure 5c) with kL = 10�11 m2 and kU = 1.77 
 10�14 m2 (silty clay loam).
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is a closer relation between the amplitudes of the air
pressure and the local hydraulic head. This can be explained
as follows: When kU is as low as 1.77 
 10�14 m2, the
exchange between the air in the lower layer and the atmo-
sphere is very weak and the air pressure in the unsaturated
zone rises almost as soon as the hydraulic head rises.
[32] It can be concluded from Figures 4 and 5 that the air

pressure in the unsaturated zone in the lower layer depends
not only on the changing rate but also on the amplitude of
the local hydraulic head. When the permeability of the
upper layer is reasonably high, the air pressure is approx-
imately proportional to the changing rate of the local
hydraulic head; when the permeability of the upper layer
is low, the air pressure is approximately proportional to the
local hydraulic head. Note that this conclusion can be made
only when the permeability of the lower layer is reasonably
high. In this case, there is almost no phase shift among air
pressure fluctuations at different depths in the lower layer.

3.4. Change of Air Pressure Fluctuations With
Horizontal Distance

[33] As discussed in section 3.3, the hydraulic head
fluctuation is the direct driving force of the air pressure
fluctuation. Hence the air pressure fluctuations in the
unsaturated zone attenuate landward, or the amplitude of
air pressure fluctuation decreases with horizontal distance
(see Figure 4 or 5), because the tide-induced water head
fluctuation decreases with the distance from the coastline. A
careful examination of air pressure amplitude at different
locations demonstrates, however, that it does not decrease
linearly with distance. Figure 6 shows how the air-pressure
amplitudes change with distance from the coastline at
different depths in the unsaturated zone with kU = 1.14 

10�13 m2 and kL = 10�11 m2. Overall, the amplitude starts
from zero at the coastline, approaches a maximum at some
distance away from the coastline, and then decreases
progressively with landward distance. This is because the
aquifer at the left boundary is open to the atmosphere and
there is an easy exchange between the air in and outside the
aquifer. At the distance of a few meters from the coastline,

the air exchange is weaker but the tide-induced fluctuation
of the water table is still reasonably great, so the maximum
pressure is achieved.
[34] As the depth of the observation point becomes small,

the influence of the tide-induced groundwater fluctuation on
the airflow will diminish, while the influence of the atmo-
spheric boundary will increase. In addition, the pneumatic
diffusivity of the unsaturated zone will lead to attenuation of
the air pressure fluctuation when it is transmitted upward
through the unsaturated zone. Thus, as shown in Figure 6,
the amplitudes of the air pressures attenuate upward. When
the depth is 0.75 m, the maximum amplitude of the air
pressure fluctuation is 0.4 kPa and occurs at approximately
6 m away from the coastline.

3.5. Impact of kL and kU on Air Pressure

[35] In order to examine systematically the impact of the
permeabilities of the upper and lower layers on the air
pressure, a wider range of permeability values of kU and kL
are considered. For this purpose, two new soils are designed
for the upper layer based on the silty clay in Table 2. The
absolute permeabilities of these two soils are set to be 10�15

and 10�16 m2, and all the other parameters remain the same
as those of silt clay. These two designed soils are not
unrealistic since the coefficient of variation of the hydraulic
conductivity for silt clay is as great as 453.3% [see Carsel
and Parrish, 1988, Table 4].
[36] Figure 7 shows changes of the air-pressure ampli-

tudes with kU and kL at points P2 and P4, which are located
in the lower and upper layers, respectively (Figure 1). The
ability of the aquifer to transmit water becomes stronger
when kL increases so that the amplitude of the tide-induced
groundwater head fluctuation attenuates landward more
slowly. Therefore the amplitudes of the air pressure fluctua-
tions at points P2 and P4 are very sensitive to kL, and the
amplitudes increase with kL. One can see that the tide-
induced air pressure fluctuation is great only when the
permeability of the lower layer is relatively high.
[37] Figure 7a shows that the air-pressure amplitudes

decrease progressively with kU for point P2 in the lower

Figure 6. Changes of amplitudes of the air pressure fluctuation with distance from the coastline at
different depths in the unsaturated zone with kU = 1.14 
 10�13 m2 (silt loam) and kL = 10�11 m2.
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layer. However, a peak exists in the amplitude-kU curves for
point P4 in the upper layer, as shown in Figure 7b. When kU
decreases, as discussed previously, a greater air pressure
fluctuation in the lower layer is induced, which may also
induce greater air pressure fluctuation in the upper layer. On
the other hand, the transmission of air pressure fluctuation
from the lower layer to the upper layer is limited by low
value of kU so that significant air pressure fluctuation cannot
be induced in the upper layer when kU is very low. Hence
the amplitudes tend to increase with kU when kU is very low
and to decrease with kU when kU is relatively high.

3.6. Change of Air Flux With Distance at the Ground
Surface

[38] The tide-induced air pressure fluctuation may result
in the air flux across the atmosphere-soil interface. The
ground surface will inhale and exhale when the water table
falls and rises due to the sea level fluctuation [Jiao and Li,
2004].
[39] To explore the relation between the air mass flux

(equation (10)) across the atmosphere-soil interface and the
air pressure in the soil, temporal changes of air mass fluxes
at point F on the ground surface and fluctuations of air

pressures at points P2 and P5 with kL = 10�11 m2 are plotted
in Figure 8. Positive and negative values of air mass flux
represent outflow and inflow of air through the unsaturated
zone, respectively. Equation (10) demonstrates that the
fluctuation of air mass flux in soil depends on the pressure
and the gravity. The pressure gradient provides the main
driving force for advective gas transport because the gas
density is very low [Scanlon et al., 2002; Webb, 2006].
Since the atmospheric pressure is assumed constant over
time, the air mass flux across the atmosphere-soil interface
should be in phase with the air pressure close to the ground
surface. This is justified in Figure 8 that the air mass flux at
F is always in phase with the air pressure at P5 (which is
only 0.25 m below the ground surface) for different per-
meabilities of the upper layer. The relation between the air
flux and the air pressure at P2 is affected greatly by kU. With
kU = 1.14 
 10�13 m2 (Figure 8a), the air mass flux at F is
almost in phase with air pressure at P2. As kU decreases to
be 1.77 
 10�14 m2 (Figure 8b), the air mass flux lags the
air pressure at P2 due to low permeability of the upper layer.
When kU is as low as 5.06 
 10�15 m2 (Figure 8c), the
phase lag between air mass flux at F and air pressure at P2

Figure 7. Changes of amplitudes of the air pressure fluctuation with kU for different kL at two
observation points: (a) P2 in the lower layer and (b) P4 in the upper layer.
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Figure 8. Changes of air mass flux (dashed curves) with time at point F on the ground surface, and
fluctuations of air pressures at point P2 (circles) and P5 (dotted curves) with kL = 10�11 m2. The upper
layer consists of (a) silt loam with k = 1.14 
 10�13 m2, (b) silty clay loam with k = 1.77 
 10�14 m2, and
(c) silty clay with k = 5.06 
 10�15 m2.
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approaches p/2, i.e., the air flux lags the air pressure at P2
for about a quarter of a day.
[40] Figure 9 shows how amplitudes of air mass flux

change with distance from the coastline for different per-
meabilities of the upper layer. The change of the air flux
amplitudes with distance from the coastline is similar to that
of the air pressure amplitudes (Figure 6). As discussed in
section 3.2, the relatively low air flux close to the coastline
is due to the effect of the left atmospheric boundary. The air
flux amplitudes approach the maximum at about 1 m away
from the coastline, and then decrease. The decrease of the
air flux across the ground surface with landward distance is
because of the landward attenuation of the tide-induced
airflow.
[41] Figure 9 also demonstrates that the air mass fluctua-

tions across the ground surface attenuate landward much
more slowly when kU becomes low. As discussed in section
3.1, the increase of kU reduces the air pressure fluctuation
above the water table (Figure 2). When the permeability
(kU) of the upper layer is 1.12 
 10�12 m2, the system
becomes almost air-unconfined. The amplitude of the air
flux fluctuation is very high near the coast but decreases
quickly with distance. When the permeability (kU) of the
upper layer is 5.06 
 10�15 m2, the system becomes well
air-confined. The amplitude of the air flux fluctuation is
much lower near the coast but decreases much more slowly
with distance.

4. Conclusions

[42] The subsurface airflow induced by a tidal boundary
in a two-layered system was investigated using numerical
models. Simulations were conducted with TOUGH2 for
two-phase air-water flow under different conditions. The
simulation results reveal that relatively high air pressure
fluctuations can be generated in an air-confined system, i.e.,
the permeability of the upper layer kU is about 2 orders of
magnitude lower than that of the lower layer kL. In this kind

of air-confined system, both the horizontal and vertical air
mass fluxes tend to attenuate upward and landward. The
horizontal air flux is dominant in the lower layer and
vertical air flux dominant in the upper layer.
[43] The relations among the tidal fluctuation, the local

hydraulic head fluctuation, and the air pressures were
explored. It was concluded that the direct driving force in
the air pressure fluctuation is the hydraulic head, rather than
the sea tide at the coastline. The air pressure in the lower
layer is controlled by not only the changing rate but also the
amplitude of the local hydraulic head. For high values of kU,
the air pressure is approximately proportional to the chang-
ing rate of the hydraulic head. However, for low values of
kU, the air pressure tends to be proportional to the local
hydraulic head. With distance from the coastline, the
amplitudes of the air pressure fluctuations increase gradu-
ally until reaching a maximum, and then decrease. In the
vertical direction, the air pressure fluctuations attenuate
upward. Overall the air flux fluctuations across the atmo-
sphere-soil interface decrease with landward distance except
in the area very close to the coastline due to the effect of the
left atmospheric boundary. The attenuation of the air flux on
the ground surface with landward distance increases when
the permeability of the upper layer becomes high.
[44] The study on the impact of the permeabilities of the

lower and upper layers on air pressure shows that the
amplitudes of the air pressure fluctuations are very sensitive
to kL, and the amplitudes increase with kL. For fixed value
of kL, the air-pressure amplitudes in the lower layer
decreases with kU. The air-pressure amplitudes in the upper
layer tend to increase with kU until reaching a maximum,
and then decrease gradually.

[45] Acknowledgments. The study was supported by the Research
Grants Council of the Hong Kong Special Administrative Region, China
(HKU 7028/05P). TOUGH2 was run via the interface of PetraSim. The
authors appreciate the help of Hailong Li in the early stage of the numerical
simulation.

Figure 9. Changes of amplitudes of the air mass fluctuation across the atmosphere-soil interface with
distance from the coastline for different permeabilities (kU) of the upper layer when permeability (kL) of
the lower layer is 10�11 m2.
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