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Biographical Sketches
Summary

The original model of Green and Ampt is used as a basic tool to obtain quantitative un-
derstanding of infiltration and associated soil properties. Indeed, their result is a limiting
case of any description of soil-water behavior.

At the next level of approximation, most soils can be adequately described by interpo-
lating between two limiting behaviors, one being the Green and Ampt soil, the other be-
ing that of a Gardner soil. For the latter, soil profiles do not have to be discontinuous as
in the original Green and Ampt model. Also, the time condensation approximation ap-
pears as an exact result for this case.

Finally, a third level of approximation gives further corrections leading to better de-
scriptions of soil-water profiles and ponding times that can be used to assess the errors
of the time condensation approximation.

1. Introduction

Accurate description of infiltration and post-ponding runoff remains a fundamental
problem in hydrology. Water added to an unsaturated soil will be absorbed until it
ponds at the surface. The prediction of ponding time is especially crucial as the time
condensation approximation (TCA) remains a widespread practical tool. Recall that the
TCA basically assumes that at ponding there is a unique relationship between the cumu-
lative infiltration and the flux, independent of previous history. In order to estimate the
portion of precipitation that enters the soil and that which becomes overland flow, cal-
culations require estimates of ponding time as the first step. Subsequently, infiltration
after ponding is a key quantity that needs to be quantified. It is often handled by empiri-
cal results that must be used carefully as their application cannot be universal depending
as they do on local conditions.

The Green and Ampt (1911) model is the earliest physically based conceptual infiltra-
tion model and to this day can be considered as having played a fundamental role in the
description of infiltration. Although it possesses well known shortcomings, these can be
redressed and incorporated into new models, which remain both physically based and
usable in practice. Existing models have been reviewed extensively in recent times; see,
for example, Haverkamp et al. (1988), Parlange and Haverkamp (1989), Clausnitzer et
al. (1998), Skula et al. (2003) and Mishra et al. (2003).

Besides the Green and Ampt model, the main models that have been reviewed include
those of Kostiakov (1932), Mezencev (1948), Philip (1957; 1969), Talsma and Parlange
(1972), Schwarzendruber (1974), Smith and Parlange (1978), Parlange et al. (1982) and
Parlange et al. (1985). Based on these and similar papers, general conclusions can be
drawn. For any particular case, empirical and physically based models can be of compa-
rable precision. Not surprisingly, the Green and Ampt model has been one of the most
used and widely studied. It is amenable to practical applications, and by extension one
can deduce that it has a theoretical basis that captures behavior of soil water movement.
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However, there is little doubt that its practical value is limited by its rather drastic
physical assumptions. Apart from its simplicity, its great importance is that all physi-
cally based models must reduce to it when the same physical assumptions are made.
Consequently, it is a valid limiting case that cannot be ignored.

In the next sections, we shall look again at the Green and Ampt model in detail and ex-
tensions that improve its theoretical and practical value. One of its key simplifications is
the assumption of a sharp infiltrating front, i.e., of piston flow. We shall relax this con-
straint using the standard model of flow in unsaturated soil due to Richards (1931). In
particular, we show that by writing Richards’ equation in integral form, it can be solved
with approximate analytical techniques, subsequently giving rise to physically based
infiltration equations.

Exact solutions of Richards’ equation are not of primary interest here, except when they
directly affect the discussion. This is not to minimize their importance; on the contrary,
exact solutions have been crucial both to test numerical schemes and as a guide to ob-
tain approximate solutions. A sample of exact solutions can be found elsewhere (e.g.,
Parlange and Braddock, 1980; Parlange et al., 1980a; Clothier et al., 1981; Rogers, 1983;
Broadbridge and White, 1987, 1988; Sander et al., 1988a; Barry and Sander, 1991;
Barry et al., 2002). Our focus is also limited to the archetypal case of one-dimensional
flow in a semi-infinite medium, with the soil surface at z = 0 (z positive downwards)
and uniform initial water content (which can always be taken as zero by taking the ex-
cess water as the variable). Also, we consider only capillarity and gravity, these being
the two main forces affecting infiltration and redistribution of water in the soil profile.
Other forces can be very important in specific cases. Amongst other processes one can
mention there are (i) the effects of air movement and entrapment (Sander et al., 1988b,c;
Culligan et al., 2000; Hammecker et al., 2003), (ii) soil layering and surface sealing
(Parlange et al., 1984; Romkens et al., 1986; Baumhardt et al., 1990, 1991; Vandervaere
et al., 1998; Corradini et al., 2000; Assouline, 2004;), (iii) flow instability (Hill and Par-
lange, 1972; Philip, 1972; Raats, 1973; Parlange and Hill, 1976; Baker and Hillel, 1990;
Selker et al., 1992) and its relationship to water repellency (Bond, 1964; Bauters et al.,
1998; Bauters et al., 2000; DiCarlo et al., 2000) and (iv) hysteresis (Liu et al., 1995;
DiCarlo et al., 1999). Several fundamental studies of hysteresis which are relevant here
can also be mentioned (e.g., Parlange, 1976; Hogarth et al., 1988; Viaene et al., 1994; Si
and Kachanoski, 2000; Braddock et al., 2001).

2. The Green and Ampt (1911) Model

Despite being published nearly 100 years ago, this model remains, from a theoretical
point of view, the most basic of physically based infiltration models. As it can be ma-
nipulated relatively easily it is, in spite of its physical limitations, still widely used in
practice. The practical TCA method can be justified using the Green and Ampt model,
following the fundamental paper of Mein and Larson (1973), see also Poulovassilis et al.
(1991), Liu et al. (1998) and Brutsaert (2005). This feature has made it even more at-
tractive as a practical hydrological tool.

Mathematical properties of the Green and Ampt solution, for instance its description as
a branch of the Lambert W-function and its relationship as a solution of Richards’ equa-
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tion have been demonstrated (Barry et al., 1993, 2005; Parlange et al., 2002). However,
its practical use requires the determination of physical parameters. These are curve-
fitted in most cases to infiltration and soil data and therefore tend to apply primarily for
the conditions of the fitting, e.g., see Aggelides and Youngs (1978), McCuen et al.
(1981) and Rawls et al. (1983).

The original Green and Ampt solution has also proved to be quite flexible in field appli-
cations when other processes have additionally to be considered: solute transport, non-
aqueous flow, overland flow and the possibility of erosion, presence of a water table,
spatial variability, layered and crusted soils, initial water content and structure varying
with depth, air entrapment (e.g., see Thooyamani and Norum, 1987; Charbeneau and
Asgian, 1991; Huang and van Genuchten, 1995; Kao and Hunt, 1996; Chu, 1997; Yu et
al., 1997; Vandervaere et al., 1998; Selker et al., 1999; Wang et al., 1999; Fiedler and
Ramirez, 2000; Govindaraju et al., 2001; Hammecker et al., 2003; Nahar et al., 2004).
Note that, although the model has been applied to redistribution it has some difficulty in
integrating hysteresis effects (Ogden and Saghafian, 1997; Nielsen and Perrochet, 2000).

2.1. Derivation

Consideration of Darcy’s law for piston flow in a soil yields (e.g., Neuman, 1976):
q=K(Hg+1/6,-H )6, /1, (1)

where q[L T?] is the Darcy flux, K [L T™ the surface (here saturated) conductivity,
H,[L] the ponded water thickness, 6, the surface water content (here saturated and
measured relative to the constant initial water content), | [L] is the cumulative infiltra-
tion and H; [L] is the negative pressure at the wetting front. In addition to piston flow,

Eq. (1) assumes that the soil-water conductivity K [L T™] is independent of the soil wa-
ter pressure. As we shall see later, this last assumption is the main reason for the diffi-
culties associated with Eq. (1). In the limit of small time, t >0, | -0 and g > «; Eq.

(1) then shows that:

lg — K6, (Hg —Hy ). (@)
This quantity can be associated to the sorptivity S [L T™?] (Parlange, 1975; Neuman,
1976) by

% =2K,0, (Hg —Hy ), 3)

thus relating H; to a physical parameterS, with I — S/t and 2q —> S /4t for short

times. Physically, S quantifies the capillary forces affecting water movement in the soil;
these forces of course are affected by the soil’s moisture status and surface boundary
condition. Equation (3) not only shows the relation between H; and S, but also pre-

dicts the dependence of S on H,, whereby increasing H, increases the rate at which
water initially enters the soil, as would be expected intuitively. Indeed, this prediction,
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noted explicitly by Green and Ampt (1911), is extremely accurate as shown by more
detailed analyses (Parlange et al., 1988, 1992; Broadbridge, 1990). In the particular case
when H.is constant, Eq. (1) is integrable since g =dl /dt, giving

Kst:I—(82/2KS)In(1+2IKs/82). (4)
The short time expansion of Eq. (4) is,

N 2
| =S t+§KSt+... (5)

The second term 2K t/3 in Eq. (5) is a consequence of assuming that K is independent
of soil-water pressure. Gardner (1958) postulated a very different behavior to be dis-
cussed in the following. It leads, even for a piston flow, to an infiltration law (Talsma
and Parlange, 1972) where the second term in the short time expansion is K t/3 instead

of 2K t/3. This result is also consistent with the measurements of Talsma (1969). In

spite of this fundamental difficulty, the success of the Green and Ampt model in field
applications can be partially attributed to the large scatter of field observations. Agree-
ment between the Green and Ampt model predictions and observations can also be arti-
ficially improved by using varying properties (Ahuja and Tsuji, 1976; Haverkamp et al.,
1988).
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