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RESUMEN. La correcta cuantificacion de los procesos water table was found to be more important for fine soils
hidrolégicos requiere una descripcion precisa de lathan coarse soils. Soils that exhibit a marked air entry
infiltracion del suelo a través de la zona no saturada(bubbling pressure) on their soil water characteristic curve
Modelos fisicos como la ecuacién Richards, basados en letroduce also a distinct behavior for very shallow water
aplicacién de los principios de flujo en medio poroso ytable depths.

conservacion de masa, pueden proporcionar soluciones

exactas en medios ideales. Sin embargo, su aplicacion a
suelos naturales en condiciones dinamicas resulta a menudo- |ntroduction
costosa y en ocasiones problematica. Se han propuesto

muchos métodos simplificados de calculo de la infiltracion, Although Richards (1931) partial differential equation
desde los empiricos cuya aplicacion es limitada, hasta los dgRE) represents a fundamental equation to describe water
base fisica y mas generales. Estos ultimos, por sinfiltration and redistribution in soils, it does not have a
generalidad y relativa rapidez y robustez de calculo, ageneral analytical solution and therefore must be solved
menudo representan una alternativa efectiva para el calculgumerically in many practical applications. The numerical
de la infiltracion en modelos hidrologicos integrados solution of the equation can be computationally intensive
complejos. La mayoria de estos métodos simplificadosand in some cases (coarse soils and highly dynamic
consideran infiltracion en suelos profundos sin la presencidoundary conditions) lead to mass-balance and instability
de un nivel freatico somero. Esta presencia puede tener ugrors(Celia et al., 1990; Paniconi and Putti, 1994; Mille
importante efecto limitante sobre la infiltracion en el sueloet al., 1998; Vogel et al., 2001; Seibert 2008jmpler,
de gran consecuencia no s6lo en la zona no saturada sia@proximate physically based approaches have often been
sobre los procesos superficiales de la escorrentia y alsed for modeling soil infiltration (Jury and Horton, 2004;
transporte de contaminantes en superficie hacia cauces Singh and Woolhiser, 2002; Haan et al., 1993; Smith et
sistemas lacustres. En este trabajo se estudia la extension g, 1993). In particular, the method of Green and Ampt
la ecuacion de Green-Ampt para la infiltracion de agua en1911), modified for unsteady rain events (Mein and
presencia de un nivel fredtico somero estable bajdarson, 1973; Chu, 1978), has been widely used in
condiciones de lluvia natural, y su efecto sobre lahydrologic modeling. Despite Green—Ampt's apparent
redistribucion de humedad en el suelo y la generacion d@mitations (assumptions of rectangular saturated piston
exceso de lluvia (volumen de escorrentia superficial). Pardlow and homogeneous isotropic soil with uniform initial
ello, se propone la solucion de forma temporalmentecontent), the method produces good results in comparison
explicita de la ecuacion integral implicita de Salvucci ywith other approximate and numerical methods if it is
Entekhabi (1995) para suelos encharcados, y sieffectively parameterized (Skaggs et al., 1969). In
combinacion con los conceptos de tiempo deaddition, Green—-Ampt has the advantage that its
encharcamiento del suelo y balance de agua durante Usarameters can be estimated directly based on physical
hietograma de lluvia natural. El modelo se contrastameasurements, or indirectly from soil textural
favorablemente con la solucion numérica de Richards paralassification (Rawls et al., 1982, 1983). Based on these
un rango representativo de suelos. Se resalta ademas davantages, Bouwer (1969) presented a case for the
importancia que la descripcion formal de las curvasusefulness of the method when considering the trade-offs
caracteristicas del suelo, y en especial del punto d@gainst the use of Richards numerical solution.
burbujeo, tiene sobre las predicciones realizadas. The Green-Ampt model has been extended beyond its
initial assumptions to make it more applicable to real
ABSTRACT. Salvucci and Enthekabi (1995) proposed aninfiltration cases. In particular, the presence of a shallow
approximate, time-implicit integral solution to the water table can significantly influence the initial soil water
infiltration case for ponded soils bounded by a water tablecontent distribution from the Green-Ampt homogenous
(i.e. under a hydrostatic equilibrium bottom boundary assumptions, and limit infiltration. As noted by Chu
condition). In this work, we further developed this solution (1997), many authors (Childs, 1960; Duke, 1972; Holmes
to make it numerically explicit in time and to account for and Colville, 1970) have proposed an equilibrium
unsteady rainfall conditions.. The new infiltration hydrostatic condition to describe the soil water

component was validated against a numerical solution ofistribution above a shallow water table (Fig. 1).
Richards’equation. In general, the presence of a shallow
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Fig. 1 Infiltration and reditribution hypothesis for soils
with shallow water table in hydrostatic equilibrium/
Hipotesis de infiltracion y distribucién de humedad

Sy = (6)

The model was tested successfully against experimental
data from Vachaud et al., (1974), although the
experimental data and simulated results were not allowed
sufficient time to test the model response when the
wetting front arrives to the water table depth.

Salvucci and Entekhabi (1995) proposed an elegant
approximate solution for infiltration under ponded and
water table conditions for the Brooks and Corey (1964)
representation of soil hydraulic properties (see Appendix).
The solution uses Philip’'s (1957) approximation of
Richards equation and provides the additional benefit of
describing the soil water profile dynamics during the
infiltration event and also de behaviour of the wetting
front as it approaches the water table for long infiltration
events. The solution estimates the slope of the wetting
front during the infiltration processu(in Fig. 1) as a

1 L
K!K(h)dh

This represents a linear relationship between the soil depthnction of the wetting front position in time. The

(z [L]) and the soil matric potentiah([L]), so that the soil
water content of the soib) is described by the soil water
characteristi®=0(h) (Jury, 1991) as,

h=L-z=6=6(L-2) (1)

wherelL [L] is the shallow water table depth (distance from
the surface).

algorithm was tested succesfully against Richards
numerical solution for three distinct soils, and against the
experimental soil moisture profile data. However, the
method relies on the particular Brooks and Corey
description of soil water characteristics, considers only
ponded conditions during the event, and like the original

Using hydrostatic equilibrium assumptions and Bouwer’s Green-Ampt equation and Chu (1997) method, the

(1969) implicit Green-Ampt formula for infiltration into

solution is implicit. This represents a limitation for

non-uniform soil, Chu (1997) proposed an incrementalcoupling with common hydrological models with time-

infiltration calculation procedure for ponded soils with a
shallow water table as,

t= J' dez )

0
with t [T] the time, 0, [L3L "% the saturation water conteft,
[L3L"¥ the soil water content (non uniform, function of the
depth), g [T the infiltration rate at surface, z [L] the
depth of the wetting front, L [L] the depth of the water
table. The cumulative infiltration at wetting front depth z
can be obtained by integrating the profile to the depth of th
wetting front Neuman, 1976),

F=[ 6,-6(L-2d 3)

and the infiltration rate is obtained by integration of the

hydraulic conductivity function K(h),

q=&+%ﬁﬂKmmh (4)

[S]

driven calculations of the water mass balance and fluxes
during prescribed time steps.

The objective of this paper is to extend the practical
applicability of the Green-Ampt based solution to non-
ponding, unsteady rainfall infiltration in soils bounded
with a shallow water table. This will be accomplished by
proposing a generic (independent of the soil characteristic
description) time-explicit solution procedure that
considers the dynamics of the saturated wetting front as it
approaches the water table, and handles non-ponded
conditions during an unsteady rainfall event. New integral
formulas for calculation of the singular times needed for
the time-explicit solution for non-ponded soils are
presented with the calculation procedure. The simplified
method is tested against RE solution for accuracy of
surface infiltration and water content predictions, and
against previously published experimental data using a
variety of soil water characteristics.

Chu (1997) proposed assuming hydrostatic equilibrium

during an infinitesimal time stegt= t;-t;.;. Using Eq. 1-3 the

2.- Proposed explicit algorithm

time can then be calculated explicitly at given increments of2.1. Infiltration component

Z,
F-F.,

0.5@ *+4)
An initial value for k and q is obtained by assuming

t=t, +dt=t_+ (5)

In general the infiltration rate in a soil bounded by a
shallow water table with no ponding at the beginning of
the event will present a profile similar to that depicted in
Fig. 2a. For an explicit, time-based solution, two singular
times need to be identified during the infiltration

standard Green-Ampt conditions from the surface to the.5culations: a) the time to reach ponding; @nd b) the
first dz, (piston flow), the value of moisture content at the e to column saturationt,) when the \;vetting front

surface ;) and suction at the wetting front,(Scalculated
as (Bouwer, 1964),

reaches the saturated (capillary fringe) region above the
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water table at depth, (Fig. 1). example using a bracketed Newton-Raphson algorithm

H (Abramowitz and Stegun, 1972) that needs the expression
of the function and its derivative to solve the problem by
iteration for z, 0[0,z,). Denoting k as the Newton-
Raphson iteration level we obtain,

o
o
Vo

\ Ponded nflration (1, (a)

Depth, z[L]

Infiltration rate, f[LT™']

nitial water content G ( Zk )
= z- T with |27z <e (10)
© dG,(z,)
v Watertable dZ

with ¢ the error tolerance for the Newton-Raphson
v algorithm, set to 1® here. Based on Fig. 2b, the
cumulative infiltration at=t, (z=z,) is Fg=it, , and using
ed. (3) for cumulative infiltration we finally obtatpas,

by ey 1 L-z,
m t = —(eszp +| L 9(h)dh) (11)

Fig. 2. Conceptual description of infiltration and water i

distribution for a soil bounded by a shallow water table and ) ) )

non-ponded initial conditions and rainfall raip ( Next, when the two lines intercept gf the potential
_ _ - cumulative infiltration curve yieldd,= 0 at timet-t,

The effective depth of saturatiay depends on the position (dashed line in Fig. 2b) and a shift timg) ((abscissa

of water table depthLj and the soil saturated capillary translation) must be applied t6, so that the function

tension head or bubbling pressufe)(z~L-h, (Fig. 1).  computed at, equalsF,= it, (Mein and Larson,1973).

Note thath, is usually set at O for soil characteristics other The timet, is calculated explicitly by setting the condition
than Brooks and Corey functionse( z,~L). At t,, the soil z=z,0n the infiltration eq. (2),

column saturates and the infiltration rate abruptly drops to
match the saturated hydraulic conductivity (Fig. 2a). 2,6 —0(L-2)
The timet, also depends on the slope of the hydraulic {; :J. =z
conductivity function (Salvucci and Entekhabi, 1995). Thus, 0 f (Z)

the infiltration rate f) in the soil bounded by a shallow Finally, the time to reach column saturatidp) (while
water table under a constant rainfall ratfL{]) and non-  accounting for non-ponded initial condition is calculated

Cummulative infiltration, F[L]

o

t t 1,

(12)

ponded initial conditions is described by (Fig. 2a), by evaluating the integral eq. (2)&z,~L-h, (Fig. 1) and
. correcting fort, andt,,
f=1i ;0<t<t
p t t t +J~ZW05_9(L_Z)
= : 7 =L~ T N
f fp ’tp<t<tw ( ) W p 0 0 f(Z)
f=K,6 txt, (13)
From eq. (3) the cumulative infiltration gfis calculated

Following Mein and Larson (1973, is the time when the
rainfall rate {) equals the soil infiltration capacity, (= i) L
(Fig. 2a), and corresponds to the time when the moistureF = HSZW —I 6(h)dn (14)
content in the surface equals saturation (Fig. 2c). By )

definition the time to ponding, is the intersect of the two Liu et al. (2011) also considered a non-dimensional time
curves in Fig. 2a, and the equivalent wetting front depth agquivalent to t, (X) to correct the piston flow

as,

the ponding timez)), approximation of Green-Ampt when the wetting front is
1 Ly close to the water table. However, in Liu et(2D11)X; is
ZP:T ,  K(hdh ® estimated through an empirical equation based on the
s comparison between Green-Ampt's standard uniform

Since the equation (8) is implicit g, it can be solved in  initial moisture equation and RE solution.
terms of time by defining the functio®,: : [ - and its 2.3 Infiltration capacity algorithm after surface ponding

derivativedG,/dz, To simplify the explicit solution of Salvucci and
1 el Entekhabi (1995) infiltration capacity equation under
Gp(zp) =z —_—jo *K(h)dh shallow water table conditions, we propose to set the slope
=K 9 of the wetting front to zera,e. a horizontal front¢=0) at
dG (z) K K(L-2z) depth z (Fig.1). As pointed by Salvucci and Entekhabi
g o =1+ —IS< K : (1995), this effectively collapses their solution to make it
z : s s similar to Eg. (2), used by Bouwer (1969) in his

so that the roa, of G,=0 is the wetting front depth at time discussion on the applicability of Green-Ampt. When
to pondingt,. This minimization problem can be solved for considering initial non-ponding conditions, the implicit



Author-produced version of the article published in : Jornadas de Investigacion ZNS'11, Salamanca ESP, 18-20/10/2011
R. Mufioz-Carpena, C. Lauvernet y N. Carluer, Algoritmo mecanistico simplificado para la infiltracién en suelos con nivel freatico somero.

infiltration capacity equation becomes, rainfall period. For rainfall periods other than the first one,
, 6.-6(L-2) i.e: t; with j>1, the time to ponding will need to.be
t=t -t + i s 1, <t<t, (15) adjusted to account for rainfall and excess rainfall
P K +EJL_ZK(h)dh P v happening before the current rainfall period (Chu, 1978)
s zJdo as,

Note that the deeper the wetting front moves into the soil _i L-z, _ 18
profile, the larger o (steeper front slope) could be, tP B 952P+ JL é(hydh P(ti)+Ro(ti) +ti (18)
depending of the soil type (more for fine soils). However, as_. . .
the front nears the shallow water table, the available porélmllarly, tw has to be re-calculated each titpeandt, are

space is small, thus limiting the mass error in thecalculated. For the particular case when ponding is present

calculations (Salvucci and Entekhabi, 1995). The validity Offrom th_e beginning of the rain event, we ha;_):etozo._An .
this assumption will be tested in the next section. illustrative unsteady calculation example is provided in

In order to solve equation (15) numerically explicit in time the following section.
(i.e., z=z(t)), we will define the functiorG: [ x[1 - 1 and
its derivativedG/dz, so that the root(][z .4, z,] for G=0 is
the wetting front depth for a given tinhe

3- Numerical testing

The simplified algorithm was tested against RE solution

G(z|t):t—tp+t0—_[;%z w_ . 6@y (16) on 3 soils (clay, silty loam, and sandy loam) representing
Kﬁ;JOL’ZK(h)dh 2 T T e a wide range of characteristics. The soils are described by
dG(2t) 6-6(L-2) dz the Brooks and Corey soil water characteristic and
z with zk*l—zk‘<g hydraulic conductivity curves (Table 1).

K+Lf 'K (hyh
] z ) Table 1. Water Table Depth (L), Brooks and Corey parameters for the
At each time step, the proposed algorithm calculates thelifferent soils and Nash and Sutcliffe coefficient of efficiencyr)XC
depth of the wetting frontzs=z (Fig 1), which allows for between the simplified model and Richards’ finite differences results
the evaluation of the cumulative infiltration (eq. 3), and the (SC",'IEMFLO'ZOEO)é 5 m — c

infiltration rate (eq. 2). Note that the bracketing step in the~®' rs S b " eff

i : . st Richard
Newton-Raphson algorithm is required because the funCtIO'SiIty Loam (in;o 0 353(22)51)06 0(21%01 504670 Iggzr $

G is ill-behaved outside its physical range<¢<z,).  cjay 1.50 0.453.40x10 0.9000.447.540.999

Therefore, care should be taken to solve the equationgandy Loaml.5 0 0.253.40x10° 0.2503.303.610.995
within their prescribed boundaries. Although the proposed,, 7, ; are the Brooks and Corey parameters

equations can be simplified by considering integrable soil . . .
: . : . The 3 soils contain a water table at 1.50m depth (Salvucci
hydraulic functions like Brooks and Corey (Salvucci and and Entekhabi, 1995). As numerical solution of RE we

Entekhabi, 1995) or Gardner (1958), the generality of the sed the finite difference mass-conservative Celiat et al,

method is preserved if numerical integration is used instead" ;
In this study, we used 20-order Gauss-Quadratur 1990) CHEMFLO-2000 model (Nofziger and Wu, 2003).

: : : The soil initial condition corresponds to a linear matric
Integration (Abramowitz and Stegun, 1972). The high order otential distribution in hydrostatic equilibrium with a

of the quadrature was needed to obtain accurate integr :
values due to the high non-linear and non-monotonic naturgvater _table at the_bottom Of. the soil _(eq. 1). The boundary
of the integrands o® and its derivative. conditions were fixed matric potential on the bottom of

2.3. Unsteady rain infiltration without initial ponding for the soil f(z=L)=0) to represent the shallow water table_,
oilswith a shallow water table and on the surface a mixed type boundary condition with

The runoff generated by infiltration excess (Hortonian the flux density equal to the specified rainfall rate and the

overland flow) as well as the saturation excess overlanocr'.tICaI matric potential to represent the _ralnfall. Th?
flow (due to the presence of the shallow water table) areralnfall rates were selected based on the soil texture using

then calculated at each time step by the surface watef. normalized ratlo_of/KS—G for the fine soils (Cl"’.‘y and_
balance (neglecting evaporation during the event) (Chu,SIIty loam), and/K<=2 for the othe_r two coarser soils. This
1978), allowed for the development of distirtgtandt,, values for

AP = AF +As+ARO (17) testing.

where AP, AF, As, and ARO [L] are the increments of Figure 3 presents the relative infiltration ratéKy
cumulative precipitationR), infiltration (F), surface storage comparison between RE (symbols) and the proposed
(0<s<s) and excess rainfall (runoff volumQ) for every  algorithm (lines). The behavior in time is very close to the
time step. The surface storage term, when presgptQ), RE for all soils tested, with coefficients of efficiency (Nsh
will act as a reservoir that needs to be fil{gds,) before and Sutcliffe, 1970) (0.96>¢ >0.9997, highest for clay).
runoff is produced (Chu, 1978; Skaggs and Khaleel, 1982)Salvucci and Entekhabi (1995) reported errors around 5%
For unsteady storms described by a hyetograph witHor the same clay soil for ponded conditions. This
different rainfall intensities constant within each rainfall indicates that in spite of the simplification introduced here
periodj, i.e.i=i; for <t<tj,,, if surface storage becoms<0 (0=0, horizontal wetting front), the integral solution (eq.
thent, andt, will need to be recalculated for every new 13) was able to predict infiltration rate well.
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SandyLoam (i=2:Ks)- Richards

***** SandyLoam (i=2-Ks)
Vachaud &Thony (i=2Ks)- Richards
Vachaud &Thony (i=2Ks)

As with the infiltration rate curves, the values of the
wetting front depth display a singularity (plateau)tat
when reaching column saturation. Notice that this
corresponds to a depth &f= z,= L-h, (Fig. 1) and thus it

is not the same as the water table depti1(01 m for the
fine sand and 1.50m for the rest).

f/Ks
IS
T
P
A

T
B
T,
T,
Ty

Fig. 3. Comparison of simplified model results (lines)
against RE solution (symbols) for soils in Table 1 under
non-ponding initial, conditions in the presence of shallow

water table.
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It is also interesting to notice the accurate time to ponding3
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Fig. 4. Cumulative infiltration F) and wetting front depth

Time(h)

(z) calculated for soils in Table 1.

Fig. 5. Comparison of soil water content distribution
predictions between RE solution (solid lines) and the
simplified model (dashed lines) during infiltration under
non-ponded initial conditions for soils in Table 1.

The ability of the simplified approach to predict the
allows also for the description of the soil water content
redistribution during the infiltration event. Figure 5
guantifies the error in water content predictions by the
simplified algorithm (dashed lines) against RE solution
(solid lines) for the same non-ponding numerical testing
cases. In general, the simplified model identifies well the
depth of the wetting front mid point. In addition the
horizontal wetting front ¢=0) simplification produces
accurate description of the wetting front position at early
times for all soils, but degrades for later times near
column saturation, except for the sandy soil that naturally
exhibits near horizontal wetting front distribution. As
discussed before, since the pore space is small near
column saturation, the errors introduced by slopes
different than 0 remain small. This can also be seen in the
overall mass balance errore. the cumulative infiltration

The cumulative infiltration of the different soils and the at the end of the simulation (Fig. 4a), where errors are
wetting front depth results calculated with eq. (19-20) for between 3 and 8%. These errors are deemed acceptable
the cases in Table 1 are depicted in Fig. 4.

since they represent the summation of approximation
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