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Rain-induced subsurface airflow and Lisse effect
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[1] Water-level increase after rainfall is usually indicative of rainfall recharge to
groundwater. This, however, may not be true if the Lisse effect occurs. This effect
represents the water-level increase in a well driven by airflow induced by an advancing
wetting front during highly intensive rains. The rainwater, which may behave like a low-
permeability lid, seals the ground surface so that the air pressure beneath the wetting
front is increased because of air compression due to downward movement of the wetting
front. A rapid and substantial rise of the water level in the well screened below water table,
which bears no relationship to groundwater recharge, can be induced when various
factors such as soil properties and the rain-runoff condition combine favorably. A
transient, three-dimensional and variably saturated flow model was employed to study the
air and groundwater flows in the soil under rain conditions. The objectives of this paper
are two-fold: to evaluate the reliability of the theory of the Lisse effect presented by
Weeks to predict its magnitude in modeled situations that mimic the physical complexity
of real aquifers, and to conduct parametric studies on the sensitivity of the water-level rise
in the well to soil properties and the rain event. The simulation results reveal that the
magnitude of the Lisse effect increases with the ponding depth. Soil permeability plays a
key role in generating the Lisse effect. The water-level rise in the well is delayed relative to
the air-pressure rise in the unsaturated zone when the soil permeability is low, and the
maximum water-level rise is less than the maximum air pressure induced by rain
infiltration. The simulation also explores the sensitivity of the Lisse effect to the van
Genuchten parameters and the water table depth.

Citation: Guo, H., J. J. Jiao, and E. P. Weeks (2008), Rain-induced subsurface airflow and Lisse effect, Water Resour. Res., 44,
W07409, doi:10.1029/2007WR006294.

1. Introduction recharge, making it difficult to determine when recharge
began. Meyboom [1967] observed that the Lisse effect
occurred when the water table was at 0.6 or 1 m below
land surface in light sandy soils and that the ratio of rainfall
to water table rise in the observation well was commonly
1:18. He also noted the water level in the observation well

[2] Water table fluctuation may induce subsurface airflow
[Jiao and Li, 2004] and airflow caused by rain infiltration
may induce water table movement [Weeks, 2002]. Water-
level increase after rainfall is usually indicative of recharge
to groundwater. Some field workers, however, have ob- . L o
ser\%ed fairly large rises in water levels of wells screened Would be reattained commonly within 10 d. Heliotis qnd
below the water table during heavy rainstorms [Bianchi and ~Dewitt [1987] recorded about 20 occurrences of the Lisse
Haskell, 1966; Meyboom, 1967; Heliotis and Dewir, 1987],  €ffect in a lakeshore cedar swamp, and summarized quali-
that may bear no relationship to groundwater recharge, but tative criteria to identify the Lisse effect, ba§ed on thg:se
are induced by air compression ahead of the wetting front data. They also conduct;d .1aboratory experiments using
because the infiltrating water restricts air escape through the peat cores to study sensitivity of the Lisse effect to rain

wetted zone. This phenomenon was first described by Thal intensity and water .table del?th- Howeve.r, some important
Larsen in 1932 from water-level data in the village of Lisse, factors that can significantly impact the Lisse effect, such as
Holland [Weeks, 2002]. ponding depth and permeability and air entry pressure of

[:] Bianchi and Haskell [1966] concluded from field ~the soil, were not explored . o
observations in an experimental plot that elevated air [+] The Lisse effect has been explained as being induced

pressure ahead of the wetting front could cause a visible by the compression of air ahead of the wetting front, which

rise in water level in an observation well before actual 1orces the water level in the observation well to rise
[Meyboom, 1967; Freeze and Cherry, 1979, p. 232; Todd

and Mays, 2005, p. 298; Healy and Cook, 2002]. According
to this explanation, the increase in water level height can be
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Figure 1. Sketch showing explanation of the Lisse effect
that includes effects of negative pressure head at the wetting
front [after Weeks, 2002]. (a) Moisture profile in column
undergoing infiltration described by the Green and Ampt
theory, or demonstrating the Lisse effect. (b) Solid line-
liquid-phase pressure head profile during Green and Ampt
infiltration in absence of trapped air; dashed line-liquid-
phase pressure head profile once air is trapped and the Lisse
effect is operational, and soil air pressure has increased to
Pyc[1 + m/(h — m)]; dashed vertical line-zero pressure head
or atmospheric pressure. (c) Water-level rises by AH in
observation well due to effects of trapped air.

where Pywc is atmospheric pressure in the form of water
column height, m is the depth of rain penetration, and h is
the distance from land surface to the top of the capillary
fringe. Weeks [2002] explained the Lisse effect more
thoroughly by invoking the infiltration theory of Green
and Ampt [1911], which postulates that, during infiltration,
the assumed advancing sharp wetting front saturates the soil
behind it as it advances. On the basis of an analysis of the
balance of forces at the wetting front, he concluded that the
elevated air pressure ahead of the wetting front was related
to the effective negative pressure head, Uy, at the wetting
front, i.e., in the absence of ponding, AH = m — Wy, or, in
the presence of ponding, AH = d, + m — ¢ (Figure 1),
where d, is the ponding depth. According to his analysis,
the water level rise in the observation well should range
from ~0.10 to ~0.60 m.

[5] The buildup of the air pressure between the wetting
front and the original water table is the key cause for the
Lisse effect. Previous researchers [Free and Palmer, 1940;
Horton, 1940; Peck, 1965; Wang et al., 1997] investigated
possible effects of soil air pressure on infiltration through
laboratory experiments. They considered several factors,
such as the length of the laboratory column, physical
properties of the soil, and boundary conditions that might
contribute to the air pressure-time relationship. Linden and
Dixon [1973] conducted several field experiments to inves-
tigate infiltration and water table responses to soil air
pressure under border irrigation, and observed that the water
table was depressed at the center of the field and raised near
the border strip. In addition, infiltration was greater at the
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edges than at the center of the field. They suggested the air
pressure effects should be included in the soil-water move-
ment theory.

[6] The first objective of this paper is to evaluate the
reliability of the simple theory of the Lisse effect presented
by Weeks [2002] to predict its magnitude in modeled
situations that mimic the physical complexity of real aqui-
fers. A second objective is to conduct parametric studies on
the sensitivity of the water-level rise in the observation well
to soil properties and the rain event. The following
sections describe numerical modeling undertaken to evalu-
ate physical processes that control the scale of the Lisse
effect. TOUGH2 [Pruess et al., 1999] was used to obtain
the numerical solutions.

2. Setup of the Numerical Model
2.1.

[7] The mathematical model describing two-phase air-
water flow is based on the mass conservation equation
[Pruess et al., 1999],

d [ 4 ,
y / MEav, — / F* o ndr', + / g dv,. 2)
Vy T, Va

Governing Equations

[s] The integration is over an arbitrary subdomain V,, of
the flow system, which is bounded by a closed surface T,,.
The quantity M appearing in the accumulation term (left
hand side) represents mass per volume, with ~ labeling the
mass component of air or water. F denotes mass flux. ¢
denotes sinks and sources. m is a unit normal vector on
surface element dl',, pointing inward into V,.

[¢9] The general form of the mass accumulation term in
equation (2) can be written as

M" =0 Sips Xf (3)

[10] The total mass of component x (air or water) is
obtained by summing over the fluid phases 3 (liquid or gas).
¢ is porosity, Ss is the saturation of phase 3 (i.e., the
fraction of pore volume occupied by phase (), ps is the
density of phase (3, and X} is the mass fraction of compo-
nent ~ present in phase .

[11] Advective mass flux of a component (air or water) is
a sum over phases. It can be written as

Fr =% XiF; (4)
16l

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

kfﬂpﬂ

Fp = pgus = —k (VPu - P,yg) (5)

5

[12] Here ug is the Darcy velocity (volume flux) in phase
0; k is absolute permeability; k.5 is relative permeability to
phase 3; ju5 is viscosity; Pg is the fluid pressure in phase [3;
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Figure 2. Schematic model domain indicating the geometry and boundary conditions used in the base

case of the test problem.

and g is the vector of gravitational acceleration. The
pressures in liquid phase (P;) and gas phase (P,) are related
via the capillary pressure, P,

Py =Py + Py (6)

2.2. Geometry, Boundary, and Initial Conditions

[13] Figure 2 is a schematic depiction of the geometry
and boundary conditions for the 3D numerical model. A soil
cylinder with a radius of 100 m and a thickness of 1.7 m is
used as the model domain. The thickness of the saturated
zone in the model is set to be 1.08 m, thus the water table is
0.62 m below land surface. An observation well with a
radius of 0.05 m, screened below the water table, is located
at the center of the domain. A radially symmetric mesh,
composed of 4280 cells, is used for the numerical simu-
lations. To capture the subtleties of the Lisse effect, the
vertical mesh sizes are quite fine, ranging from 0.04 m in
the saturated zone to 0.01 m at land surface. Horizontal
discretization expands logarithmically with mesh sizes
ranging from 0.05 m to 5 m. The uppermost nodes in the
model are set to be the atmosphere boundary with a fixed air
pressure equivalent to a water column height of 10.3 m. The
outer vertical boundary and base of the model are repre-
sented by a no-flow boundary, as is the unscreened part of
the well wall. Ponded or rain infiltration is applied to the
surface of the whole domain, excluding the well. For the
base case, a ponding depth of 0.06 m and duration of 1 h is
adopted.

[14] To establish initial conditions, water saturations in
the unsaturated and saturated zones are set to residual
saturation and one, respectively. Air pressure in the unsat-
urated zone is at a barometric pressure of 10.3 m water
column height, and initial pressure in the saturated zone
equals the sum of water pressure and barometric pressure.
Capillarity-gravity equilibrium in the flow domain is calcu-
lated by running the model to steady state with no sources
and sinks isothermally at 25°C. The pressure and saturation

conditions thus calculated are used as the initial conditions
in all the subsequent runs of the model.

2.3. Soil Parameters for the Base Case

[15] The van Genuchten function [van Genuchten, 1980]

is used to describe the capillary pressure P,

_ 1-A
Pcap = _PO([S*] I/A_l) (_Pmax S Pcap S 0) (7)

where A\ is a fitting parameter, S* = (S; — S;,)/(S;; — S;,), S is
water saturation, S, is residual water saturation, and Sy is
saturated water saturation. Py = p,g/a, p,, is density of
water, g is the gravitational constant, and « is a fitting
parameter. The mathematical form of the VG model allows
great flexibility over a wide range of suction and effectively
captures smooth transitions at the air-entry pressure and for
suction approaching the residual condition [Lu and Likos,
2004].

[16] The van Genuchten-Mualem model [Mualem, 1976;
van Genuchten, 1980] is used to simulate the liquid relative
permeability &,

2
¥ *11/A A
P R {1 (17 [s] ) } (S1<S) ()
1 (Sl Z Sls)
This closed-form analytical equation allows the relative

conductivity function to be estimated directly from a
corresponding model of soil-water characteristic curve.

Table 1. Parameters of Soil Textures Used in the Base Case of the
Numerical Simulation

0, 0y, 0, Sers
k, m? em¥/em®  emem®  em¥em®  emd/em® A Py, Pa
1.12 x 10712 0.445 0.41 0.065 0.079 0471 1307
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Figure 3. Capillary pressure and relative permeabilities as functions of water content for the base case.

[17] The gas relative permeability 4, is chosen as one of
the following two forms, the second of which is due to
Corey [1954] [Pruess et al., 1999]

. :{

with § = S — Sp)/(1 — Sp — Sgp), and Sy, is residual gas
saturation.

[18] The porous soil is assumed homogeneous and iso-
tropic for all cases. The soil parameters used in the base case
are those for a sandy loam. Table 1 lists the absolute
permeability %, the residual and saturated water content 6,
and 0, the gas residual saturation Sy, porosity ¢ and the van
Genuchten water retention parameters A and P, for this soil
texture. These data are from Carsel and Parrish [1988] and
van Genuchten et al. [1991]. Similar data sets were used by,
for example, Wang et al. [1997] and Schaap et al. [1998].
The capillary pressure and relative permeabilities as func-
tions of water content used in the base case are shown in
Figure 3.

1 —ky (Ser = 0)

(1-8)7(1-5) (S, >0) ©)

3. Analysis and Discussion of the Simulation
Results

3.1. Rain-Induced Airflow and Water-Level Response
in the Well

[19] Figure 4 shows the simulated change of water level
in the well, AH, with time for the base case. The rate of
water-level rise is most rapid during the first 20 min of
ponding. The water level rise reaches a maximum of 0.16 m
at the time ponding stops, hereafter defined as AH, ..
The water level recovers quickly when ponding is removed
at 1 h. However, the rate of recovery slows after about
1.45 h.

[20] Figure 4 also demonstrates the simulated temporal
change of the vertical air velocity and the air pressure at a
point 0.41 m below land surface. The two velocity peaks
approximately correspond with the time when ponding
starts and stops. At the very beginning of ponding, air is
driven to the soil as result of ponded infiltration. This
increases the air pressure of the soil and the water level
rises quickly. Airflow then becomes nearly stagnant and the
water level rises slowly. As soon as ponding is removed,
the flow is reversed and air escapes quickly back to the

atmosphere. At the same time, the water level falls signif-
icantly. When the air velocity drops to zero, the water level
falls slowly.

3.2. Evaluation of the Theory Presented by Weeks
[2002]

[21] Figure 5 compares vertical moisture and pressure
head profiles prior to ponding and 1 h after ponding began,
results needed to evaluate the Lisse effect theory. That
theory indicates that, in the absence of ponding, m
AHW/(P,,. + AH). From Figure 5, & = 0.49 m, and from
Figure 4, AH.x =~ 0.16 m. Py was modeled as being
10.3 m. Substitution of those values into the above equation
gives m = 0.007 m. Moreover, the Weeks [2002] extension
of the Lisse effect theory assumes that the Green and Ampt
[1911] suction head —%y = AH — d, — m, or 0.093 m.
Evaluation of this theory is complicated by the fact that the
simulation did not produce a sharp wetting front (Figure 5a),
and it is uncertain at which point ¢y and m should be
determined. In general practice, that point is chosen as the
midpoint of the wetting front, which, from Figure 5a, would
be at a depth of about 0.08 m, much greater than that
predicted from theory, and —1y = 0.02 m, less than would
be anticipated. This discrepancy arises from the fact that, in
the simulation, air escapes from the unsaturated zone during
the infiltration event, allowing an advance of the

0.20 3.4x10°
m Q
g 0.15 F1.7x10° E
EZ z
g & 3
22 0104 0.0x10° ¢
E 2 Air velocity s
L 0 ®
= S- Air pressure g
< 0.054 F-1.7x10° &
Water level >

0.00 T T T T -3.4-X10>5

0 0.5 1 1.5 2
Time (h)

Figure 4. Time evolution of the water level in the well,
and of the vertical air velocity and the air pressure at a point
0.41 m below land surface for the base case of the test
problem (z > 0 upward).
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Figure 5. Simulation results of the base case: (a) moisture profile at a point in the aquifer prior to the
rain and after 1 h when the air pressure in the unsaturated zone reaches the maximum. (b) Solid line,
liquid-phase pressure head profile; dotted line, gas-phase pressure head profile.

wetting front to a greater depth, whereas derivation of
equation (1) is predicated on the assumption that all air in
the unsaturated zone is immediately trapped at the onset of
infiltration.

[22] Advance of the wetting front to substantially greater
depth than predicted by the Lisse effect theory indicates that
air is lost from the unsaturated zone even when ponding is
applied instantaneously. This result is supported by labora-
tory observations of Touma and Vauclin [1986] and Wang et
al. [1997], and by field observations of Heliotis and Dewitt
[1987]. However, for air to escape, the air phase must be
continuous in the largest pores to the base of ponding, and
must occur due to air pressure exceeding h, (bubbling or air
entry pressure) of the medium plus the depth of ponding,
where hy, refers to the pressure head at which air first begins
to enter the previously saturated soil, as determined by the
size of the largest pore. Thus AH,,,x — d,, should approx-
imately represent the bubbling pressure, hy, rather than, as
assumed by Weeks, |1

[23] At a minimum, the simple theory, which assumes
instantaneous and complete entrapment of air in the
unsaturated zone, will almost always underpredict m, and
in fact that parameter may not be meaningful in terms of
evaluating the Lisse effect. In addition, the occurrence of
lost air brings into question the assumption of Weeks
[2002] that additional force needed to balance the back
pressure of soil air against the wetting front is provided by
the Green and Ampt [1911] )¢ value. This assumption
cannot be totally correct, as the downward force required
to compensate for the increased air pressure must at least
slightly exceed hy, which, as indicated by several inves-
tigators, is generally greater than |if [Bouwer, 1966, p.
737; Aggelides and Youngs, 1978; Brakensiek, 1977;
McCuen et al., 1981].

[24] Values for the van Genuchten parameters Py and A
may be used to compute

Py 1
pg (1—=p)

147.8 + 8.1p + 0.092p°
55.6 + 7.4p + p?

Vi =

where p=1+2/\[Morel-Seytoux et al., 1996, equation (16b),

P
equation (17), equation (14a)], and A, = 0NN [Wang et

al., 1997]. Computed values for these parameters are listed
for the base case (and other modeled van Genuchten
parameters, as described below) in Table 2. These results
indicate that the AH,,,, — d, values correspond reasonably
well with the computed hy, values for most cases; thus the
Lisse effect is generally governed by the air entry pressure,
rather than the Green and Ampt ¢, as theorized by Weeks
[2002]. Also, Figure 4 shows that AH is delayed relative to
the air pressure buildup in the unsaturated zone, indicating
that the simple theory may overpredict AH from an
independent estimate of hy,, or might underestimate hy, if
applied to observed data, particularly in thin low-perme-
ability aquifers.

4. Sensitivity Analysis of the Lisse Effect

[25] In this section, sensitivity of the Lisse effect pre-
dicted by the variably saturated model to different soil
properties and ponding conditions is analyzed.

Table 2. Comparison of Simulated Results for Various van
Genuchten Parameters to Computed Values of Green and Ampt
v and of hy

A Py, Pa dp,m AHyu m AHp. —d,, m  —17, m h, m
0.471 1307 0.06 0.16 0.10 0.050 0.090
0.471 1000 0.06 0.14 0.08 0.038 0.068
0.471 2000 0.06 0.21 0.15 0.076 0.137
0.471 3000 0.06 0.29 0.23 0.114 0.205
0.300 1307 0.06 0.15 0.09 0.025 0.057

0.500 1307 0.06 0.16 0.10 0.054 0.094
0.700 1307 0.06 0.18 0.12 0.085 0.120

Computed from Morel-Seytoux et al. [1996, equations (16a), (17),
and (14a)].
bComputed from Wang et al. [1997, equation (5a)].
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