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Overview
A new discretized water content infiltration and redistribution method is proposed as a robust and computationally efficient
alternative to the Richards’ equation (RE) for infiltration simulation.
+ Soil water content domain is discretized into hypothetical hydraulically-interacting bins
« Explicit infiltration and drainage approximations based on capillary and gravitational driving forces simulate the entry and
propagation of displacement fronts
« Wetting front advances within bins create water deficits that are satisfied by capillary-driven inter-bin flow
+ Numerical stability inherent to method by precluding need to directly estimate non-linear gradients
* We compare the method to RE solutions of theoretical, laboratory and field data in well-drained and high water table conditions
« New method can reproduce RE and provide a large reduction in computational effort with unconditional conservation of mass

Introduction

Infiltration models often use Richards’ [1931] equation (RE) to simulate fluxes in the vadoze zone. RE in 1D mixed form is:
@'is moisture content [L°L-],  is time [T], Z is depth [L],
P | 02 ko[ 2)

K(0) is unsaturated hydraulic conductivity [LT-'], an
yis capillary pressure [L]

Challenges
Using RE to simulate flux of water in vadose zone poses many challenges to infiltration models due to:
« Highly nonlinear relationships between @, K(6) and y impose significant computational burden to numerical solvers, even with
current techniques and resources (Ross, 1990; Smith et al, 1993; Corrandini et al., 1997; Miller et ., 1998; van Dam and Feddes, 2000; Farthing et al,, 2003; Bashir et al,, 2007)
« Simplifying numerical techniques can have restrictive assumptive conditions or are complex in application
« Parameters in RE are point-specific yet it is often applied to larger scales (seven, 2001]
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Our Approach
Develop a straight-forward and simple method of simulating infiltration and redistribution that:
« Is computationally efficient
+ Requires no additional parameterization than is used for RE
+ Can accurately simulate vadose zone flux for variety of boundary and initial conditions including high and rising water tables
« Produces results similar in accuracy and detail to RE
 Can be applied to the areally-averaged infiltration case

A Discretized Moisture Content Domain

We discretize in moisture content (6- ) "

space) instead of in elevation (Z) using 40 9o 9,
. 0, 0, > |e— 0,

n “bins” of constant water content 9 - L - T

width, 40

* n bins between residual moisture
content, 6y, and porosity, e

+ Bins in intimate contact allowing | Z
inter-bin flow at any depth as
dictated by capillarity

« Similar in concept to Steenhuis et
al. [1990] who chose bins based on
velocity to model solute transport

n bins of 40 z

Movement of Fronts

At any given depth each bin is either fully d or d. The Z-
value at which the saturation state changes represents either a wetting or ° 0
drying front. Bin fronts can move by: L
« influence of gravity and capillarity
« interaction with boundary conditions
« interaction with other bins through redistribution R et
Movement of fronts in a bin k is calculated the following (based on r'\'"""'a'"’" binoverflow
equation (26) from Smith et al. [1993]): ~— Redistribution
a1 (KOO, )] @
= a
a -0l = z |q=0
+ Flux boundary conditions either deliver water to or remove water from
bins at land surface
+ Root distribution function can simulate ET loss from bins at any
specified depth
+ During precipitation periods, water is infiltrated into bins in left-to-
right fashion - [H1
+ Water to satisfy the demand created by an advancing front is supplied = l L
from the total volume to be infiltrated during precipitation or from q

water in bins to right during rainfall hiatus

a4 is right-most bin containing water thus K(#) and y/(64) in (2) are constant for all bins in a given dt

Using K(04) assumes water will always travel downward by gravity through the largest-pore bins possible

Using y/(6a) assumes redistribution will always satisfy the soil suction of all pores in bins to the left of fa leaving only w(6a)

unsatisfied and is thus the suction felt by the entire wetting front

() values computed from Brooks and Corey [1966] (BC) or van Genuchten [1980] (vG) parametric soil water characteristic

(SWC) models

* At 0 values near saturation, y(8) values in (2) are replaced by Gy, the effective capillary drive as defined by Morel-Seytoux et
al. [1996, equations (13) and (15)] when Gey> y(61)

Redistribution Infiltration profile prior to redistribution Infiltration profile after redistribution

* K(0) values in right-side bins increase
more rapidly than y(6) values decrease 0, 0, 0, 0 0, 0 9,

so water preferentially infiltrates through
bins to the right as shown here >
* Method assumes capillary demand from
left-side bins acts immediately on water | 2 Lt
found at depth in bins to the right and is

z L, e

satisfied with water from right-most bin

« Deeper wetting fronts in any bin to right of left-most unsaturated bin (as denoted by red line above) are proportionately redis-
tributed to all unsaturated bins to the left based on bin y(6) values

+ Redistribution is repeated in recursive fashion until no inter-bin flow occurs

Evaluation of Method
We evaluated our method against Hydrus-1D [Simunek et al., 2005] RE solutions on theoretical, laboratory, and field infiltration
data sets in both well-drained and high water table conditions. We also tested for bin and temporal resolution convergence.

Comparison with RE in Well- dralned Soils
« Two-pulse, 6 hour simulation of precipitation intensity
ponded water to infiltrate
« Second pulse begins at t=3 h with same intensity as first pulse
« Soil parameters for the 11 tested soil textures from Rawls et al. [1982, 1983]

to cause ponding with hiatus to allow redistribution and
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Comparison with RE in High Water Table Soils
« Same two-pulse simulations as above tested for five of the soils
spanning textural and performance range but with an initial Sand Tiow Sandy Loam
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Evaluation of Method (continued)

Comparison with RE and Field Data on Well-drained Loamy Sand

* Rawls et al. [1976] performed two
two-pulse field tests with no ponding
on loamy sand using a Perdue 16|
sprinkling infiltrometer

* Talbot-Ogden and RE results agree
well with each other and field data
(Test 1, pulse 2 being the exception)

Alapaha Loamy Sand - Test 1 Alapaha Loamy Sand - Test 2

1 (cmm)

Test | First Pulse | Firs Pulse [Second PulsefSecond Pulse
Number| (%) 0 o) 0
1 614 7.95 314 27.82 2 3 2 3
2 1570 1435 1333 1881 time () time ()

Comparison with RE and Field Data on High Water 2% YaChauld & Thpny Salnd

Table Laboratory Sand

* Vachaud and Thony [1971] measured capillary head and soil
moisture content in a laboratory sand column in hydrostatic
equilibrium with a water table at a depth of 101 cm

« Constant head boundary condition of -12 cm was applied at
column surface

« Infiltration rate data estimated from Vachaud and Thony [1971]
results via area-under-the-curve calculations

* Talbot-Ogden and Hydrus-1D methods run with same BC soil
parameters as calibrated by Salvucci and Entekhabi [1995]

* Root-mean square (RMS) infiltration flux error of 0.92 cm/hr for 5 . ! . ! ;

. .2 .4 X . 1.

Talbot-Ogden method and 1.22 cm/hr for Hydrus-1D RE method oo o o time (Oh:;) o8 0
Bin and Temporal Resolution Convergence Tests “Texturl | No.of | No.of [TmeStepl a1, | 4
« Time step size and number of bins can affect accuracy of si i sl‘:“l"‘"ﬁ""""" (‘;("'{" (‘; ;’;
« Tests to determine adequate number of bins and time step size performed on | Loamy Sand 024 | 022
i i Sandy Loa 0.00 | 0.04
hypothetical soils . . . . Tom 049 | 034
* Results vary by soil texture with more bins and smaller time steps needed by |silt Loam 000 | 0.04
i Sandy Clay Loam| 200 139 016 | 017
coarser §olls . . . . . (-}‘:yym.": o 200 123 020 | 020
* Most soils can be simulated with 200 bins and a time step size of 5 seconds Silty Clay Loam | 200 14 018 | 034
Sandy Clay 200 77 026 | 029
Silty Clay 200 94 046 | 029
- Clay. 200 77 0.62 | 040

Conclusions

The discretized moisture content infiltration method allows for reliable prediction of vadose zone fluxes for a variety of boundary
and initial conditions in homogeneous soil conditions. It is robust, suitable and more computationally efficient than RE methods in
simulating 1D infiltration problems.
« Numerical efficiency achieved by discretizing the moisture content domain, eliminating burden of numerically estimating the
highly non-linear 8y/0Z and 66/0y gradients
« Computationally-expensive operations such as exponentiation only required at model initiation, all others are arithmetic
By contrast, RE solutions often require up to 16 floating point operations per iteration, per computation node
* Evaluation of method indicates it is capable of reliably matching RE solutions and observed data on hypothetical, laboratory
and field soils
Future development of method will include heterogeneous soil conditions (layered soils), coarse grain and macro-pore infiltration,
and areally-averaged infiltration.
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