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3.6.2.1 Introduction

An adequate hydrological description of water flow and contaminant transport in
the vadose zone relies heavily on soil water retention and unsaturated hydraulic con-
ductivity data of the considered spatial domain. The importance of an accurate soil
hydraulic description of the vadose zone, including the root zone, is increasingly
recognized in the fields of environmental engineering, soil physics and groundwa-
ter hydrology. With the current focus on the entire vadose zone, with increasing ap-
plications of watershed and land—atmosphere models, the spatial and temporal
scales of interest have shifted to larger dimensions. This trend in increasing larger
spatial scales brings along with it the presence of increasing soil heterogeneity.
Hence, methodologies need to be available that allow for a rapid and accurate soll
hydraulic characterization, including its spatial variability.

Currently, many laboratory and field methods exist to determine the highly
nonlinear soil hydraulic functions in the vadose zone, represented by soil water re-
tention and unsaturated hydraulic conductivity curves. Most methods require either
static or steady-state flow conditions to satisfy the assumptions of the correspon-
ding analytical solution, which can make measurements time consuming. Excel-
lent reviews of these types of direct methods are presented by Dirksen (1991), Reeve
and Carter (1991), and in Sections 3.3, 3.4, and 3.5 of this book. In contrast, the in-
verse modeling approach presented here estimates soil hydraulic properties from
transient experiments, giving much more flexibility in experimental boundary con-
ditions than required for steady-state methods. As an additional advantage, inverse
modeling allows the simultaneous estimation of both the soil water retention and
unsaturated hydraulic conductivity function from a single transient experiment. In
other ways, inverse modeling of transient water flow is not much different than meth-
ods applied to steady flow. In either case, inversion of the governing equation is re-
quired to estimate the unsaturated hydraulic conductivity function from experimental
data. Whereas the steady-state methods invert Darcy’s equation, transient methods
invert Richards’ equation. Inversion of Richards’ equation requires repeated nu-
merical simulation of the governing transient flow problem. Successful application
of the inverse modeling technique improves both speed and accuracy, as there is
no specific need to attain steady-state flow.
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By defnition, inverse modeling is a general mathematical method to-deter
mine unknavn causes on the basis of obsgion of their dects, as opposed to mod
eling of direct problems whose solutiovatves fnding efects on the basis of a
description of their causesvirse modeling is widely accepted in engineering and
physical sciences for system characterizatiam.dcample, in Section 6.6,\erse
modeling is applied to estimate solute transport parameters. In this section, we focus
on the application of irerse modeling twards parameter estimation of soj-h
draulic functions. Imerse modeling as frst applied to the pressure plate ouwtflo
method, where an initially saturated soil co@svgubjected to a series of step in
creases in air pressure with the drainage or outfl@asured after each pressure
step increase (Gardn@®56). Assuming a constant sodter difusivity within pres
sure steps, the analytical solution yielded the saiewdifusivity as a function of
soil water content. Doering (1965), using Gards€t962) solution, simpliéd the
outflow method by proposing a one-steperiment, so that considerable timésg
was achieed without loss in accurgcAdditional modifcations were introduced
by Passioura (1976), Gupta et al. (1974), antiantzas and &rkides (1990). This
last paperxended the outfle method to the simultaneous determination of the
soil water retention and unsaturategdraulic conductiity functions using the
Brooks and Cong(1966) formulation of the soilfdraulic properties. Among the
first to suggest the application of/@érse modeling to estimate soyidraulic pa
rameters were Whisler andafgon (1968), who suggested the use of drainalge v
ume and the soil ater retention cuevto estimate the unsaturated conditgtcurve
of a draining soil by matching obserd/and simulated drainageMls. Signifcant
progress has been madgawling the nonuniqueness of the optimized parameters
and the type of fl variable(s) to be included in the objeetifunction. Zachman
et al. (1981) used simulated drainage data taghat the best parameter opti
mization results were obtained if cumwhatdrainage flov was matched with pre
dicted outflav. Moreover, in a subsequent pap&achman et al. (1982) sked the
importance of selecting the correct parametric form for the gdiblulic functions.
Kool and Rrker (1988) and Russo et al. (1991) applied this approach to one-di
mensional unsaturated floproblems. Their goal &s to estimate parameteglv
ues for unsaturated porous media in laboratory soil colummsl. &d Rrker
(1988) discussed the amhtage of including tensiometric data in theeirse ap
proach, measured simultaneously with drainage rates fgraitretical infitration
and redistriltion experiment.

The irverse modeling approach assumes a priori that the applied process
model and the selectegidraulic relationships are aract description of the sadl’
physical behsior, and therefore assumes that the model errorgkgitele. This
implies that deiations between simulation and obsgion are caused only by Fan
domly distrituted inaccuracies of measurements. Russo (1988) studied the influ
ence of the parametric form of the sagitihaulic functions on the one-step outflo
optimization. for that purpose hewesticated the Mualem-an Genuchten én
Genuchten, 1980), Brooks and Cp(&966), and Gardner—Russo (Russo, 1988)
soil hydraulic models, using data frono#! et al. (1985) anddeker et al. (1985).

In a subsequent pap&usso et al. (1991) pointed out that thgeanumber of para
meters in thean Genuchten model might enhance thelillood of nonuniqueness
and instability in the iverse solution. Also, Chen et al. (1999) testegsd@ifer-
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ent soil tydraulic models in their ability tatfmultistep outflev experimental data,
and concluded that only four of these models were able to describe the clatfio
successfully

Although laboratory xperiments hee the adantage of being quick and
precise, the often lead to soilydraulic properties that are not represewéatif the
field. Among the ben#$ of inverse methods is thadt that thg are equally ap
plicable to feld experiments, een under nontvial boundary conditions. Thad$t
application of the iverse problem tadld data vas conducted by Dane and Hruska
(1983), in which the parameters @fivGenuchtes’(1980) soil fidraulic functions
were optimized from transient drainage data. An in-depth discussion of the appli
cation of the imerse parameter estimation method as applieeltbdxperiments
is presented by &0l et al. (1987) and &0l and Rrker (1988).

The objectie of this section is to introduce the reader to the theory and ap
plications of iverse modeling for parameter estimation of sydlraulic functions,
using\arious proen eperimental techniques. Nedevelopments are continuously
made, so this discussion must bgareled as “wrk in progress”. In ancase, in
verse modeling in general has beervahto be an xciting nev tool that allevs
for soil hydraulic characterization using a wide spectrum of transient laboratory and
field experiments.

In the subsequent sections we summarize the recegiogenents in arious
laboratory andi€ld techniques to indirectly determine sgitlraulic properties using
the inverse method. First, we introduce the reader to the basic theoretical concepts
underlying all presented applications ofense modeling forydraulic parameter
estimation. Br a better understanding of this theoretical background, we recom
mend toiirst read the generalview of the application and theory of parameter op
timization in Section 1.7. Subsequentie discuss speafestablishedxg@erimental
methods for idraulic parameter estimation. Theeriments by themsedg are re
viewed elsehere (e.g., Sections 3.3, 3.5, and 3.6.1)ydver, the type and num
ber of measurements may need to be adapted to bettettsenwerse methodel
ogy. Accordingly issues that relate to the analysis and interpretation of the parameter
estimation results (both simulation and optimization modeling) will be spedbif
addressed. Finallyve will introduce a step-by-stepample of the imerse method,
analyzing the influence okperimental conditions on parameter optimization re
sults.

3.6.2.2 Theory of Flev and Optimization

The inverse method includes three interrelated functional parts (Fig. 3.6.2—1):
(i) a controlled transient flw experiment for which boundary and initial conditions
are prescribed andavious flav variables are measured, such as cunwaatifil -
tration and/or drainage cumulaiand/or matric head and/oater content; (ii) a
numerical flav model simulating the transientfiaegime of this &periment, using
initial estimates of the parametric sojldnaulic functions; and (iii) an optimiza
tion algorithm, which estimates the unkmoparameters through minimization of
the diference between obsed and simulated flo variables (residuals) degd
in an objectie function ¢) through an iterage solution of the transient floequa
tion. The quality of theifal solution of the parameter estimation problem is de
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Fig. 3.6.2—1. Flo chart of the imerse method illustrating the igt@tion of measurement, modeling,
and optimization (modiéd from Hopmans & Simunek, 1999).

pendent on each of these threevidlial components as well as their gration
within a computational frameork. The three components are indedd through
data fles that include xperimental, numerical fle model, and parameter opti
mization results. &ameters of the soilydraulic functions are updated iteveaiy

in the optimization routine, thereby continuously reducing the residuals until a pre
determined corergence criterion (e.g., reductiongrvalue between tavconsee

utive iterations) has been aclkeel. As ag other soil lydraulic characterization
method, the magnitude of the residuals in the oljeétinction will depend on the
proper selection of the soiytraulic model; that is, an inappropriate model will
increase ddations between measurements and simulations. In this section we de
scribe the \ater flov simulation and parameter optimization components, and
elaborate on the consequences of implied assumptions.

3.6.2.2.a Witer Flow Modeling
One-dimensionalertical \ariably saturated ater flav in soils is usually de
scribed using Richards’ equation:
00/0t = (0/02)[K(hy) (9h/02) + K(hy)] [3.6.2-1]

where denotes thealumetric water content (EL-3), h,, is the soil vater matric
head (L) K is the unsaturatedydraulic conductiity (L T-1), zis a \ertical coor
dinate (L), positte upwvards, andis time (T). Equation [3.6.2—1] can be sainu
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merically using either the standard approximation ohtf#eased formulation by
replacingd6/ot by C(h,)oh,,/ot, whereC(h,,,) = dd/dh,,, denotes the ater capacity
function (1), or the mixed formulation represented by Eq. [3.6.2-1] (Celia et al.,
1990). Although Eq. [3.6.2—-1] is generally accepted, itwd#oin for unsaturated
macroscopic &ter flow, including the formulation of thefettive hydraulic prop
erties, [i.e., the soil ater retention functio®(h,,), and unsaturated/traulic con
ductvity function,K(h,))], includes map assumptions. Most importantly these are:

1. Flow is isothermal, thereby gkecting possible temperaturdesits on the
soil hydraulic properties and temperature-inducedew flov.

2. The influence of the air phase oater flow is neligible.

3. The relation betweenater content and ater enegy status for a monet
onic drainage or wetting process is unique, that is, independent aittre w
flow rate.

These assumptions are not necessarilifladffor transient gperiments emplged
in inverse modeling. Therefore, if deemed appropriate, otherflodels may be
substituted for Eq. [3.6.2—1]oF example, this vas demonstrated by Schultze et
al. (1999) and Chen et al. (1999), who useaHtiwid phase flav models to simu
late unsaturated ater flonv. To further elaborate on the consequences of these as
sumptions for simulatedater flov is bgyond the scope of this studynd we refer
the reader to Bear (1972), Nielsen et al. (1986), Quintard and Wh{t899), and
van Genuchten and Sudickl999) for an in-depth analysis.

Some of the presentedperimental methods require numerical solution of
the two-dimensional flar equation, which for radially symmetric Darcianvilis
assumed to be described by:

36/3t = (LK) @/In)[rK (dh,/ar)] + (/9[K(dh/d2)] + OK/Z)  [3.6.2-2]

wherer is the radial coordinate (L). The applications of Eq. [3.6.2-2], presented
below, assume that the soil is uniform and isotropic, and that a multidimensional
approach of the problem is required toallior spatially \ariable boundary cen
ditions. Otherwise, the same assumptions as for Eq. [3.6.2—1] are applicable.
The soil vater retention cuevand unsaturateg/tiraulic conductiity func-
tion can be described byrous e&pressions, as presented in Section 3.3.4-Ho
ever, for corvenience, here we use the saiiter retention function ofan Genuchten
(1980)

S(hm) = ©—0))/(6s—6;) = L/(1 + ph, )™ [3.6.2-3]

which after substitution in the capillary model of Mualem (1976) yields the fol
lowing hydraulic conductiity model

K(hn) = KSIL - (1 - M2 [3.6.2-4]

In Eq. [3.6.2—3] and [3.6.2—4], andb; denote the residual and saturatellinetric
water contents @L-3), respectiely; S, is the efective saturationK is the satu
rated lydraulic conductiity (L T-1), | is a pore connedfity coeficient, andx (L),
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n, andm= 1- 1/n are empirical codicients. Most gdraulic models assume that
the predictre K(0) is coupled with soil ater retention relations through the use of
common parameters, as in Eq. [3.6.2—4]wideer, the general verse modeling
approach does not require the coupling of thegwil hydraulic functions, and re
cent studies suggest that imped parameter optimization results are obtained by
their decoupling (¥gel et al., 1999; Durner et al., 1999a). Maapit has been
shavn that increased fidbility in the representation of the soibker retention cuey

for example, by using a bimodal pore-size disitibn model (Durnerl994; Zur
mihl & Durner 1998) or spline functions (Kkarni et al., 1998), may impve pa
rameter optimization resultsyfically, the number of parameters needed to describe
the soil tydraulic functions aries between four andves. Some parameters can
be measured independently (efq), assigned an assumeauwe (e.g., the tortu
osity parametet), or related, such asandm in the \an Genuchten (1980xe
pression.

3.6.2.2.b Rrameter Optimization

Objective Function—How Can the Optimal Parameter Combination
Be Determined?The followving is a summary of theavious analyses that are fou
tinely used in the theory and application afdrse modeling. & a more in-depth
treatise, we refer the reader to Hopmans anadiéi (1999) and Section 1.7.
Desired lydraulic parameters are determined by systematically minimizing
the diferences between obsedrand simulated statanables. The total of these
differences isxpressed by an objeeé functiond, which may be défed as

=n;

OBY =X v 2 wily*(zt) - Yzt B2 [3.6.2-5]

=]

where the right-hand side represents the residuals between the megguaad (
corresponding model-predicteyf)(space-time ariables using the soilydraulic
parameters of the optimized parametector B. The frst summation sign sums
the residual for all measurement typgswhereas theariablen; in the second sum
mation denotes the number of measurements for a certain measuremjefiyfype
ically, in water flav studiesy; may represent ater flux densitycumulatve water
flow, soil water matric head, or soilater content&lues. Assuming that the meas
urement errors within a measurement type are independent and uncorrelated, a
weighted least-squares problem represents the maximeiihdikd estimator (Sec
tion 1.7). Weighting factor \alues fory; can be selected such that data types are
weighted equally using a normalization procedure or such theatbequal to the
reciprocal of the measuremerariance of measurement typ€Section 1.7); ad
ditional weighting ;) can be assigned to imtiual data (Hollenbeck et al.,
2000). In addition to the transient measurements, the olgdatiction can also
include independently measured saditer retention or unsaturategdnaulic con
ductiity data points.

Among the arious nonlinear optimization techniquesiéable to minimize
the objectie function (Section 1.7), the enbeg—Marquardt method is the most



THE SOIL SOLUTION PHASE 7

widely used. This method combines thealten method with the steepest descend
method, preiding confdence interals for the optimized parameters.

[lI-P osedness—Can an Optimum Solution Bedeund? A solution of the
inverse problem is attained by minimization of Eq. [3.6.2-6Hdtermine whether
the inverse problem is at all s@lile, it must be “correctly posed”. An incorrectly
posed, oill-posed inverse solution causes nonuniqueness\agient results. It
is generally characterized by nonuniqueness, and/or nonidbiity, and/or in
stability of the identibd parameters. Instability stems from thetfthat small er
rors in the measuredkiable may result in lge changes of the optimized param
eters. Nonuniqueness occurs whenvagiresponse leads to more than one set of
optimized parameterB, Generallythe dgree of nonuniqueness will increase with
an increase in measurement errors of the measured datdanidentifability oc-
curs if more than a single parameter set leads to the same model response. If a pa
rameter set is nonideriible, the problem is certainly nonunique and therefore ill-
posed. Identifibility can be increased, and hence nonuniqueness reduced, by
decreasing the number of parameters to be optimized. Nonuniqueness can also be
caused by a lack of sensity of the flow variables to certain parameter combina
tions. Accordinglynonuniqueness depends on the type of measured data, applied
values of the weightingattors in Eq. [3.6.2-5], and the suitability of the beund
ary conditions for the speaifflow experiment. Morewer, sensitity is influenced
by the type and number of optimized parameters, and by model and input meas
urement errors. Anx@eriment must be designed such that direct information is
available for the least sensiti parameters, thereby eliminating them from the pa
rameter set, and by priding well-constrained initial estimates. It is generally rec
ommended to test for nonuniqueness by solving tleese problem repeatedly using
different initial parameter estimates.

Response Surface Analysis—Huwto Visualize Uniqueness of a Solution?
The behwior of the irverse problem can beauated by plotting thealue of the
objective function ¢), against pairs of optimized parameters to obtain response sur
faces. Each response sué is obtained by solving theviieequation, with the ap
propriate boundary and initial conditions, for mgmossible combinations of a-se
lected pair of parametealies within a predetermined range, whéeging the other
parameters constant. This type of analysis should also be done befoeettie e
ment is conducted tovmsticate the well-posedness of theense problem. Since
the influence of only tew parameters afis shavn in a response sace, each sur
face represents only a cross section of the full parameter space. TVierbatia
across the complete parameter space requires calculating respoeasessorfall
possible pairs of parameter combinations. Since ordypwvameters appear within
a single response sade analysis, the beliar of ¢ in the \arious parameter
planes is only an indication of the uniqueness of the solution in the full parameter
space. Br example, local minima may be presentt bot appear in aof the cross-
sectional planes (Siimek & van Genuchten, 1996). On the other hand, response
surfaces can real the occurrence of local minima, the presence of a wétledief
global minimum, and can assist vatuating parameter sensity and correlation.
Since the shape of the responseaste$ will depend on the measuradables and
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the applied ®perimental boundary conditions, responseagrfanalysis is essen
tial in the ealuation of optimal xperimental designs.

Parameter Uncertainty—How Precise Ae the Rarameter Estimates?The
precision of the estimated parameters can be assessed by uncertainty analysis,
which yields conflence interals for the estimated parameters atdtmeinimum.

This analysis assumes that uncertainty is caused by measurement errahsibnly
is, that the model error is zero, and that thverige solution has ceerged to the
global minimum. Under these conditions, the residuadsare independent and
normally distriluted. Uncertainty analysis further assumes thatanable,y;, in

Eq. [3.6.2-5] is a linear function of the optimized parameters within their computed
confidence interal. Although restrictie and only approximatelyalid for nonlin

ear problems, the uncertainty analysis/jies a means to compare ddehce in
tenals among parameters; thereby indicating which parameters should be meas
ured or estimated independentipr the stated assumptions, parameter standard
deviation values can be determined and éderfice interals can be estimated. We

ever, these cornflence interal estimates are not necessarily correct if parameters
are correlated. In addition, correlated parameters can caugecoalergence rate,

and will increase nonuniqueness and parameter uncertbiatignbeck et al.
(2000) pointed out that testing of thgdnaulic models adequagis requiredifst
before parameter uncertainty analysis is conducted. Cleadgrtainty analysis

of optimized lydraulic parameters is not meaningful if the tested madlsl the
adequayg test, for @ample, because okperimental or modeling errorsofthat
purpose, a correlation analysis between measured and optimizedriables only

is not suficient, tut should include a residual analysis, obtained from a plot-of ob
sened and simulated data vs. the independanable (space and/or time). Model
adequag can be tested statistically by comparing therage residual with a pre
defined (xpected) measurement erras estimated fromxperience or sensor
specifcations. In Eq. [3.6.2-5], inadequatalnaulic models yielg values that are
larger than one, ¥ = 1/njcj2 (012 is measurement erroarance) anayv;; = 1.

Sensitvity Analysis—Is the Experimental Design SuitableParameter sen
sitivity is determined by the dedtive of the objectie function with respect to a
particular parameteA flow experiment designed forwerse modeling should-4n
clude measurements that are most semrsiti changes in the optimized parame
ters, thereby eliminating ill-posedness. The seritsitanalysis of the optimization
problem depends on type, location, and freque&fieneasurements; thereby pro
viding information on the optimakeerimental design. Moreer, a higher sensi
tivity will result in quicler covergence of the parameter estimation problem: Sen
sitivity coeficients can be computed a priori froyplothetical &periments, using
the Jacobian, as deéd in Eq. [1.7-15] and [1.7-17] in Section 1.7.deasensi
tivity values indicate a well-detd minimum with precise parameter estimates: Sen
sitivity and parameter uncertainty aredrsely related; that is, highly sensitimeas
urement ariables yield small parameter uncertainties fovargmeasurement error
Since the Jacobian matrix is determined for the optimum parameter sehenly
sensitvity coeficients characterize the befar of ¢ at its minimum, and do not
describe problem sensiily anywhere else in the parameter space. Seitgitio-
efficients can be calculated as a function of time (Inoue et al., 1998), and can be
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used to determine optimum sensor location within the spatial domain of-the e
periment. Morewer, as vas reported by Zurmihl and Durner (1998), a similar shape
of plots with parameter sensity coeficient vs. time indicates correlated param
eters.

In summaryit must be pointed out that the success \ediise modeling de
pends on the suitability and quality of each of the three earlier mentioned-compo
nents, namely(i) the experimental design, that is, the choice of boundary eondi
tions, the location and time resolution of the measurement sensors, angréee de
of accurayg of the perimental data; (ii) the suitability of the transientfimodel
and lydraulic functions; and (iii) the raistness of the optimization algorithm as
determined by its carergence to a global minimum. If wof these three compo
nents is unsatiattory inverse modeling may #rge (fail to find a global min
mum), or result in an ill-posed problem yielding inaccurate parameters with high
uncertainties. Further requirements for well-posed problems will be illustrated in
the ekample in Section 3.6.2-8.

3.6.2.3 Multistep Outflov Method
3.6.2.3.a Intoduction

Kool et al. (1985) were among thesf to apply the imerse approach by au
merical solution of the Richards equation for a one-step augtperiment. Thg
concluded that uniqueness problems are minimized if{pergnent is designed
to cover a wide vater content range. Moreer, they also determined that initial pa
rameter estimates must be reasonably close to theirdtuesvand that outflo
measurement errors must be smadlkBr et al. (1985) subsequentlyperimen
tally applied the one-step method to foufeatiént soils of dfierent teture and con
cluded thab(h,,) andK(6) can be optimized simultaneously by using cumdati
outflow as a function of time. It &s also found that the optimized soidnaulic
functions could bextrapolated to a ater content range pend that achieed with
the single pressure step by including in the objedtinction an independently
measured point on the soibter retention cue.

The need for independently measured satlbwretention data in the one-step
outflow optimization procedureas demonstrated byam Dam et al. (1992). In their
study measured unsaturategdnaulic conductiity data were compared with op
timized tydraulic functions using the one-step outflprocedure with and with
out measureéi(h,,) data. Thg concluded that optimization using measured owtflo
data alone is inadequate and that additional retention data are necessary to obtain
accurateK(0) functions. Similarly Toorman et al. (1992) concluded that unique
ness problems in the transient one-step out@qeriment were minimized if ma
tric head data were included in the objeetiunction.

To circument the need for additional soilter pressure measurements in
the outflav experiment, an Dam et al. (1994) conducted outflexperiments in
which the pneumatic pressur@svincreased in geral smaller steps. Theironk,
using a loam soil, sheed that the outfly data of a multistepxperiment contained
sufficient information for unique estimates of the sgififaulic functions. Thexe
perimental work by Eching and Hopmans (1993a, b) and Eching et al. (1994)
shaved hav the multistep method, when combined with automated matric head
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measurements during drainage of the soil core, resulted in unique paraaheter v
ues for the optimized soilyldraulic functions for four diérent tetured soils. In
their analysis, anxeellent match between optimized and independently measured
soil water retention and unsaturatsditaulic conductiity data vas found. The mul
tistep outflav method vas also recommended by Durner et al. (1999b) aftgr the
compared it with the classical one-step method, althougtathe shwed that the
performance of the one-step method dependgliaon the pressure step size rel
ative to the shape of the soilter retention function. Theiraxk further demon
strated that a reliable estimation of the unsaturatdchlulic conductiity function

is dependent on the accuyaxf the retention model, if the coupled approach of Eq.
[3.6.2—4] is used. Theconcluded that combination of the multistep method with
outflow and tensiometric data in the objgetfunction vould yield accurate esti
mations of both the retention and thelraulic conductiity parameters for a wide
range of soil tetures.

3.6.2.3.b Experimental Pocedures

The perimental apparatus (Fig. 3.6.2-2) is based on the pressure cell
method, presented in Section 3.3.2, and can be adapted (Eching et al., 1993b) to
include one or tw miniature tensiometers connected to pressure transducers
(Wildenschild et al., 2001). The porous membrane can be either a ceramic plate or
porous glon (MSI Inc., Westborough, MA) with a sfi€iently high airentry \alue.

The adantage of the porougion is its lav resistance, thereby minimizing pres
sure diferences across the membranewder, the thin membrane accelerates the
possible difusion of soil @s across the membrane, thereby causing accumulation
of gas beneath the membrane. Gas accumulation, causgsdbyton of air from

the water phase can be eliminated by using pressurizegdd\instead of aiCon
tinuous and unattended monitoring of drainage flates can be easily accomplished
by installation of a pressure transducer in the bottom aftarreceving burette.
Details of \arious @perimental setups can be found in Eching and Hopmans
(19934, b) and Zurmuhl (1998).

After assembling the soil core between the end plates and insertion of the ten
siometer(s), the soil is saturated with a Ga6lution (0.0001-0.084, depending
on soil type and Na content). If needed, Agl¢$6lution, mercuric chloride and/or
thymol (see Section 3.3.2.1.d) should be added to the saturating solutiorettt pre
microbial clogging of the porous membrane and/or soil pores. After saturation, the
pressure transducers can be calibrated frormkmessures in the soilater and
the hurette. Subsequentlhe soil is slightly unsaturated byceeding its atentry
value across to height of the sample to assure the presence of a contisymhese
at the start of the multistepxgeriment. As vas demonstrated by Hopmans et al.
(1992), this is needed to obtain a correct solution of the Richards equation, by en
suring the wailability of air to displace the ater phase during the drainagper
iment.

After hydraulic equilibrium has been established, itst pressure increment
is applied and the soil matric head and drainagiewe are continuously monitored
and logged using the pressure transducers. dloenetric vater content at the cen
clusion of the outflev experiment is determined byen-drying the soil core. Sat
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Fig. 3.6.2—2. Schematic of the apparatus for owtfperiments (modiéd from Wildenschild et al.,
2001).
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urated and initial ater contentalues, in addition to intermediatelumetric water
content alues, are back calculated using thisredry \alue and the measured-cu
mulative outflov volumes between pressure steps. The multistep autchnique
will be improved by including the follwing considerations:

1. The choice of the number and magnitude of the pressure increments is not
known a priori. In the limiting case, one may select a single pressure increment (one-
step outflev experiment). Havever, it has been clearly demonstrated that selection
of multiple steps increases the semgitiof the measurements withgard to the
parameters to be optimized.eWwecommend usingvailable information on soil
water retention to select the number and size of the pressure increments, thereby
making sure that the general shape of the retentioe ésipresered. This means
that pressure dérences should be small near theeaitry point, where the reten
tion cune is steep, Uit can be lage for the dry range, where the retention eusv
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Tables 3.6.2-1. Thicknesd)( saturated ydraulic conductiity (Ky), resistanceR), and airentry pres
sure [, d for a ceramic plate, sintered glass plates (Rétattingen, Germag, and a glon mem
brane (Osmonics Laboratory Products; wwaamolabstore.com).

d Ks R hae

cm cm it h kPa
Ceramic plate 0.74 0.0498 14.86 100
Sintered glass plate P5 0.70 0.1 7 45
Sintered glass plate P4 0.70 2.1 0.33 15
Sintered glass plate P3 0.70 8.5 0.08 7
Nylon membrane 0.01 0.025 0.4 170

nearly flat. Ideally one selects the pressure increments such that about equal
drainage wlumes are obtained for each increment.

2. Questions are often agkabout the duration of pressure increments. There
are \arious issues that must be considered. First, it has bewn $bg., Schultze
etal., 1999) that one of the most importanteadages of the irerse method is that
excellent results can be obtained withoaiitimg for hydraulic equilibrium between
pressure steps. Moreer, true tydraulic equilibrium is often not attained in the dry
soil moisture range, because of the lansaturatedydraulic conductiity value
of the soil core, especially near the porous membrane. As the duration of-the out
flow experiment increases, there is increasing danger of air accumulation under the
porous membrane byageous dftision and clogging of the membrane and soil by
microbial gravth. If no tensiometric measurements aremkhavever, one might
prefer increasing theag pressure only after there is no measurable aytitbich
malkes the method equalent to the one presented in Section 3.3.2.

3. To increase the sensitly of the parameter optimization procedure, it is
important to minimize the influence of the porous membrane on drainagearate. F
example, the resistance of the porous membrane muswhbelktive to that of the
unsaturated soil. This might not be the case when using thick porous ceramic
plates for neasaturated, coarsexteired soils. Therefore, it is recommended to use
a thin rylon porous membrane with adg@rairentry \alue (Table 3.6.2-1). The Vo
resistanceylon membrane creates only minorfeiences in \&ter pressure across
the membrane, and iswaoutinely used in outfl experiments. Moreeer, the
low resistanceylon membrane eliminates the need for a separate calculation of the
matric head at the soil-membrane irded for direct condudtity calculations.
However, care must be t&k to maintain ydraulic contact between the membrane
and the soil sample. Especially for sandy soils, highly congustntered glass
plates with limited akentry pressures are a viable alten&(ilable 3.6.2-1). If the
resistance of the porous plate gtam membrane is not ghgible, it must be in
cluded in the numerical simulation of theperiment, dectively requiring simu
lation for a two-layered domain. Under these circumstances, the porous membrane
in the flov domain must be replaced by an eglént porous medium with the same
total resistance. In grcase, it is good practice to measure the plate resistance or
its saturatedydraulic conductiity separatelybefore and after thexperiment, to
assess whether clogging has occurred due to microbiatlgos migration of soll
particles.

4. A well-posed igerse problem is achied if the matric head is measured
in the soil core during the outfhoexperiment. A single tensiometer is best placed
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near the center of the soil core.Wwwer, insertion of a second tensiometer close
to the bottom outfler boundary is recommended, since itydes \aluable infof
mation about thealidity of the pressure continuity assumption across the porous
membrane.

5. In the dry range, it is often found that, although owtfl@s essentially
ceased, the soilater matric head is not in equilibrium with thater beneath the
porous membrane. That is, avlwater contentalues, the correspondingdraulic
conductvity values are too i@ for drainage to occuthereby preenting the soll
from attaining lydraulic equilibrium. This is especially the case for coarstexted
soils and has wide implications for soiater retention measurements in general
(see Section 3.3.1).

6. As static equilibrium conditions are not required in therige analysis,
there is additional freedom in the selection of thgsptal dimensions of the soil
core. Havever, column length décts parameter sensity in two ways. It is &-
pected that the sensitly for the hydraulic conductiity parameters increases with
increasing core length because of the resulting increasimgdtes. Alternatiely,
the sensitiity of the soil vater retention parameters increases as the soil core
length decreases. The practical core length ranges from 5 to 20 cm. The core di
ameter has no ffct on parameter sensity; however, collection of lagerdiam:
eter cores reduces among-coagiability in undisturbed soils.

7. The general recommendation to start a transient sgperiment at near
saturation byxceeding the so# airentry \alue frst will reduce the sensitity of
the saturatedydraulic conductiity on the iverse solution. Morar, an initial
drainage eperiment on the same core is required tinéghe soils airentry \alue.

The neasaturation requirement is not needed if the initial pressure step, starting
from saturation, is slightly lger than the aientry \alue of the soil.

3.6.2.3.c Simulations and Optimization

Initial and boundary conditions applicable to the multistgeement are

hm(zt) = hpi(2 t=0,0<z<L
q(zt)=0 t>0,z=L
hm(zt) =h(zt) - h, t>0,z=0 [3.6.2-6]

wherehy,; is the initial matric headj denotes the flux density (L%), z= 0 is the
bottom of the porous membrane or plate,L is the top of the soil coré(0.t) is

the water pressure head at the bottom of the porous membrarig,igmeither the
pneumatic gs pressure applied to the top of the soil corel() or the suction ap

plied beneath the porous membrane (). For example, ifh(0,t) = 1 cm (height

of water abwge the bottom of the porous membrane), layrl80 cm (applied to the

top of the soil core), thelm,, = 79 cm. Similarly for the same water level in the
burette, if an 80-cm suction head is applied to théewin the brette,h,, = -79

cm. The objectie function, Eq. [3.6.2-5], includes the matric head measurements
inside the soil corg € 1) and cumulatie drainage®lume { = 2) vs. time. Itisrec
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ommended to select a relatly small time interal between measurements (input
to data logger), and to smooth and eliminate data fatber than selecting the num
ber of required measurementyg @ priori. Additional comments that pide guid
ance tavards successful application of the multistep outfioethod are:

1. Although the limitations with respect to theeriment or flov modeling
are fav, the irverse approach relies on the#ability of a unversally applicable
nonlinear optimization algorithm. Problems with the parameter optimization tech
nique generally are associated with théiclifty of defning an objectie function
that will yield unique and caergent solutions. Since ill-posedness of theeise
problem can be caused by correlation between the parameters to be optimized,
uniqueness of the optimized parameters is generally increased by reducing-the num
ber of free parametersoFexample, if parameteralues can be measured inde
pendentlytheir \alues should béxed or be included in the objeatifunction as
Bayesian estimates (Section 1.7).flirther reduce the number of parameters to
be optimized, we often maluse of the relationship betwamandn (m=1- 1/n)
and couple the retention cermodel with the condueity curve model (@an
Genuchten, 1980). Furthermore, the tortuosity parameter of the caitgidatic-
tion, I, is frequently set to axdfed \alue ( = 0.5 according to Mualem, 1976; -1
according to Schaap & Leij, 2000).

2. Because the Richards equation includes the stérwetention function,
0(hy,), only by way of its dewative, 06/dt = C(h,,)dh,/ot, whereC(h,,) = do/dh;,,
the residual and saturate@ter contents{ and6,) are perfectly correlated. Con
sequentlyonly one of these twparameters may be optimized. In practiceis
independently measured fromem-drying at the conclusion of the outflexper
iment. The parameteés andb, can be estimated simultaneously only if some ad
ditional water content-related information is included in the optimization (e.qg., the
initial condition is gven in terms of \&ter content; the initial oirfal water olume
in the sample is included into the objgetfunction).

3. It must be stressed that uniqueness of the coupled retention and-conduc
tivity solution will depend on the selection of thedraulic models and their abil
ity to accurately represent the true sgiifaulic properties. & example, Zurmuhl
and Durner (1998) and Durner et al. (1999a) demonstrated that optimization with
eight or moreifting parameters as stable and unique if bimodaldraulic mod
els were used for soils with a bimodal pore-size distidins. Furthermore, a nen
suitable retention function can lead to a meaningless estimate of the catducti
parameted (Durner et al., 1999b).

4. Extrapolation bgond the range of measurement is associated with a high
level of uncertaintyTo increase the range dlidity of the optimized ydraulic fune
tions, it is recommended to include independently measured at@it vetention
and/or conductity data in the objecte function. Ier example, with the xperi
mental range limited by the st applied pressure, soiater retention points at
lower matric headalues, as measured with the pressure pldtactor (Section
3.3.2.4) or thewaporation method (Section 3.6.2.4), may be included to augment
the water content range of the optimizeghaulic functions.

5. Outflov methods praeide fev dynamic data at near saturation. This im
plies that the sensiity of the method to the shape of the conduistifunction near
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saturation, and in particular the sendtyi for estimating the saturated condueti
ity parameterK, is lov. Nevertheless, it is frequently recommended nob¢dK§
at the alue of an independently measured saturated comndy¢Section 3.4) bt
to treat it as an empiricaitting parameter because this often im@® the de
scription of the werall conductrity function, particularly for undisturbed soils.
However, disagreement betweeittéd and measurelg may indicate that the
shape of the assumed parametric form of the condlydiiinction near saturation
might not be correct (Durnet994).

6. As was demonstrated by Eching and Hopmans (1993a), the multistep out
flow experiment can bextended to optimize soildraulic parameters for soil wet
ting by reversing the time sequence of the pressure increments starting with an ini
tially dry soil. Hence, combined analysis of a dryingeriment follaved by a
wetting xperiment allevs simultaneous optimization of$teresis (Schultze et al.,
1996; Zurmiihl, 1998). Heever, as reported by Durner et al. (1999b), poor agree
ments between optimization results and independent measurements might occur if
an incorrect fisteresis model is used.

7. Recentlythe choice of appropriate weightiragfors in the objeaté func
tion, Eq. [3.6.2-5], has been put into question, especially wjraeo the calcu
lations of the uncertainty of the optimized parameters. A poor choice of the meas
urement error can result in either too narny extremely lage conidence interals
(Hollenbeck & Jensen, 1998a), thereby leading to incorrect interpretations of the
optimization results. Using a parameter sevigjtianalysis, Vrugt et al. (2001b)
shaved that uniqueness of a multistep owtflexperiment without matric head
measurements can be sigraintly improsed by including in the objes# function
only the outflev measurements immediately follimg the applied pressure inere
ments, when fla rates are highest, in addition to the total outf& the end of each
pressure step.

8. The ability of estimating soildraulic functions using irerse procedures
has raised the question whethgdtaulic properties might be influenced by thevlo
rate or boundary conditions. Thdezft of the flav dynamics can be caused bgter
entrapment or by discontinuity ofaterfilled pores for lage matric head gradients
(see Section 3.3.1). Research is ongoindd&schild et al., 2001; Mortensen et
al., 1998) to imesticate these dynamicfetts. Additional complications were-re
ported by Hollenbeck and Jensen (1998b), who addressedftbeltyifof experk
mental reproducibilityand Schultze et al. (1999), who cautioned that outéic
periments might include aphase décts that should be incorporated byptphase
flow modeling instead of describingater flav by the traditional Richards equa
tion (Eqg. [3.6.2-1]) only

9. Some hee expressed concerns about the step-wise changes of the-bound
ary condition, which may cause avl®oehaior that does not occur in nature(v
Dam et al., 1994). As an alternegito the multistep method, a continuous owiflo
method vas tested using a gradual change of the pressure boundary condition.
Durner et al. (1999b) discussed the comparison of the multistepvoutithod
with this continuous method. Theoncluded that the wmethodologies are
equally suitable for identifying theater retention parameters. \Mever, the small
flux rates reduced the sensity of the hydraulic conductiity, thereby making the
continuous outflar method less suitable.
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10. Finally measured drainage rate and matric head data can also be used to
estimate the unsaturategdnaulic conductiity data directly The concepts of the
direct tydraulic conductiity estimation were discussed by Eching et al. (1994) and
Liu et al. (1998). The procedure requires estimation of the matric head at the
soil-membrane inteate. Since outflw rates are relately high at the bginning
of each pressure step, it is preferred to use data from the time periods immediately
following an increase in applied air pressure. If so required, the matric head at the
soil-membrane intesite is estimated from the saturatgdraulic conductiity and
thickness of the saturated porous membrane in combination witmkneasured
values of the water pressure at the bottom of the membrane and the measured
drainage rate. Thefettive permeability of the soil can be estimated subsequently
from the Darg equation solving foK(S,), after substituting thevarage drainage
rate and the assumég| gradient in the soil core using the measured matric head
values in the center of the core and at the soil-membranesediildenschild
et al., 2001).

3.6.2.4 Baporation Method
3.6.2.4.a Intoduction

The parameter estimation technique has also been successfully applied to the
laboratory gaporation technique (Section 3.6.1.1.c). Tveperation method as
first introduced by Gardner and Miklich (1962), who imposed a series of constant
evaporation rates to one side of a soil sample aftrdllowving the sample to at
tain hydraulic equilibrium before the reevaporation rate as applied. The
measured the matric head response oftemsiometers. Becher (1971) simiplif
the evaporation method by using a constaraporation rate. Seral other modi
fications of the eaporation method, with simultaneous measurementsapbea
tion rate and matric headles at dierent heights in the sample Messince been
developed (Whd, 1968; Boels et al., 1978; Schindl&®80; Bmari et al., 1993;
Wendroth et al., 1993; Halbertsma &&fman, 1994). Experimental data obtained
with the evaporation method can be analyzed using either a simple appreach in
troduced by Schindler (1980), the classicahtiVanalysis or its modiations
(e.g., Wind, 1968; Véndroth et al., 1993; Halbertsma &é&fman, 1994), or in
creasingly more often from numericavarsion (Ciollaro & Romano, 1995; San
tini et al., 1995; Sirinek et al., 1998¢,1999c).

In their review, Feddes et al. (1988) obtained reasonable agreement between
hydraulic conductiities determined from parameter estimation by thierse pre
cedure and using Wd's method (Whd, 1968). As part of a study of the spatiliv
ability of soil hydraulic properties, Ciollaro and Romano (1995) successfully used
the inverse procedure to estimate parameténas, based orvaporation gperk
ments, to determine the sojldraulic parameters of a g@ number of samples. San
tini et al. (1995) also used parameter estimation by trezsa procedure in cen
nection with ®aporation gperiments. Their results comparesdrably with
independently measured retention and saturayeldallic conductiity data.
Simanek et al. (1998c) obtainesaellent correspondence between retentionegirv
and tydraulic conductiity functions obtained with parameter estimation by the in
verse technique and the maed Wind’s method (Wndroth et al., 1993). Thalso
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shaved that, contrary to id's method, which requires matric head measurements
at seeral locations, comparable results could be obtained with tensiometer read
ings at just one location. Romano and Santini (1999ystidhat the iversion re

sults compared satatorily with soil tydraulic data as measured independently
with the instantaneous pitef method (Section 3.6.1.2.a). Wever, they con
cluded that in some cases unsaturatgttdulic conductiity functions with pa
rameters independent of the sodter retention functions are needed for accurate
hydraulic characterization.

3.6.2.4.b Experimental Pocedures

Detailed &perimental procedures are outlined in &irak et al. (1998c) and

Romano and Santini (1999) and will only be summarized here. Inigaliyrated
10-cm-high soil cores are placed on a ceramic plate to establish a static initial ma
tric head distribtion. Two to five miniature tensiometers are placed horizontally
at different \ertical locations in the soil core. After tensiometer equilibrationy-as e
idenced from the tensiometer readings, the soil core is placed on an impermeable
plate for the eaporation gperiment. Btal soil water storage changes are determined
from weight measurements of the soil core. A straingg load cell placed under
the plate bearing the soil sample is used for soil sample weight measurements, while
the matric head is monitored at treious soil depths connecting the tensiometers
to pressure transducers. Calibrating each transducer acrossriiegwpressure
range should be performed before and after the testvagoeation rate can be-in
duced using either natural laboratory conditions, or can be accelerated @sing a f
to blow air across the sample sack. A tvo-rate &periment can also be used in
order to induce initially stitiently lage matric head gradients éMdroth et al.,
1993). Once thé,, gradient is about 1.5 to 2.5 nTevaporation is allwed to
continue without thean. The gperiment is terminated after the matric heal v
ues become too\ofor reliable functioning of the tensiometers.

Additional comments garding the gperimental setup are:

1. Extrapolation bgond the measurement range is associated with a kigh le
of uncertaintyInclusion of independently measured informatioydoel the meas
urement range, that is, additional sodter retention data or a residualter con
tent alue, could greatly decrease this uncertainty

2. Using the imerse modeling approach, it has beemmshthat matric head
readings from a single tensiometer in combination withal soil water storage
measurement may be adequate to guarantee precise estimation of farawlich
characteristics within the range of measurementsi{séet al., 1999c). Maxi
mum sensitiities are generally attained by placing this single tensiometer near the
evaporating soil sugce where the Igest soil vater content changes occHiow-
ever, tensiometer placemengny close to the soil s@aée is discouraged, as the soil
surface remains dry for most of the latter part of treperation gperiment, so that
its information is limited. Moreeer, to guarantee sfiient time measurements of
changes in matric head, especially whedrhulic head gradients becomegiaor
as backup information if a tensiometail$, at least tw tensiometer locations are
recommended.
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3.6.2.4.c Simulation and Optimization

The gwerning flov equation for one-dimensional isothermal Darciawflo
is given by Eg. [3.6.2-1]. Boundary and initial conditions applicable tovapoe
ration xperiment are as folles:

hm(zt) = hni(2) t=0,0<z<L
A(21) = Geveglt) t>0,2=L
q(zt)=0 t>0,z=0 [3.6.2-7]

whereqgg 1) is the time-ariable ®aporation rate (L T) imposed at the soil sur
face, and all otheraviables are as daéd in Eq. [3.6.2-6].

The objectie function to be minimized includes all matric head measurements
and a soil wter storagealue. This single ater storagealue praoides a vater con
tent reference from which the saturateatev content can be estimated using the
evaporation rate data. The inclusion of moatues of vater storage in the objec
tive function does not impve the optimization process, since thiegoration rate
(upper boundary condition) isvedys enforced. A sensitty analysis can be used
to determine the optimum tensiometer location for the parameter estimation pro
cedure.

Additional comments include:

1. Parameter sensitity is not afected by soil core height. Mever, dura
tion of the ®aporation gperiment will be less for shorter soil cores. &iek et
al. (1999c) analyzed the sendily of the parameters of thean Genuchten rela
tionship for a pothetical tvo-rate ®aporation gperiment with tensiometer-o
cations at depths of 1, 3, 5, 7, and 9 cm within a 10-cm-high sample. Their results
shaved that (i) the sensiity increased as thexperiment progressed in time and
the soil core became drj€ii) the sensitiity was highest for tensiometer 1, clos
est to the eaporating soil sudice, and (iii) the matric headaw most sensite ton
andbs, whereas the sensitiies of the parameters, 6,, andKswere, by compati
son, much smaller

2. While a tvo-rate @aporation gperiment has important agintages eer a
one-rate ¥periment when using the moiéil Wind method, the tarstage approach
did not shav an adantage in the parameter estimation approach by tleesia
method, gcept that it will speed up thegeriment. In addition, it @s concluded
by Romano and Santini (1999), who used a parameter uncertainty analysis of h
pothetical numericabg@eriments for coarsextired soils, that smaller parameter
confidence interdgls were obtained whewaporatve fluxes increased.

3. When numerically solving the@poration process, certain combinations
of soil hydraulic parameters, selected by the parameter optimization procedure, may
cause pisically impossible \ater delvery rates tvards the soil suafce to satisfy
the requiredeaporation flux. This may especially occur at the later stages of the
evaporation gperiment, when ater contents near the soil agé are lw. To elint
inate conergence problems in such situations, thaparation rate boundary con
dition must be replaced by a minimum atkble matric headalue (about100 to
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—150 m) at thexpense of disagreement between simulated and measayzel e
ration fluxes. Since this will usually result in ¢gar residuals, selectegidraulic pa
rameter @lues must be adjusted in the subsequent iterations so that impased e
oration flues can be enforced.

4. In principle, theeporation and the multistep outflonethods represent
similar flow processes. In practice \hever, there are some importantfdifences.
First, the multistep outfls method imposes abrupt step-wise changes of the pres
sure boundary condition, thereby inducing highwflates, particularly under wet
conditions. In contrast, theva&poration method imposes a smooth change of the
boundary condition, which is more typical of a natural drying process. Second, as
the soil drains, the outfio rates in the multistep method decrease due toythe h
draulic head gradient approaching zero, thereby reducing theagnsitthe ty-
draulic parameters. In theaporation method, leever, the lydraulic head grasi
ents increase as the soil dries, therehinigg parameter sensily within the
operable range of tensiometric measurements (usyaHy-800 cm). Consequently
the eaporation method is preferable fordnaulic characterization in the interme
diate water content range, whereas the multistep outfteethod is recommended
for estimation of soil ydraulic functions in the wet range. As statedvabthe range
of validity can be gtended for both methods by including independently measured
data in the objeate function.

3.6.2.5 Bnsion Disc Infltr ometer
3.6.2.5.a Intoduction

Tension disc iriftrometers hae recently becomesvy popular deices for in
situ measurements of the nsaturated soilydraulic properties (Perroux & White,
1988; Anlery et al., 1991; Rmolds & Elrick, 1991; Logsdon et al., 1993grT
sion infltration data hae been used primarily fovaluating saturated and unsat
urated lydraulic conductiities, and to quantify thefefcts of macropores and pref
erential flav paths on irftration. Tension infitration data are generally used to
evaluate the saturatedidiraulic conductiity, Kg and the sorptity parameter in
Gardners (1958) gponential model of the unsaturategdhaulic conductiity
using Woding's (1968) analytical solution (see Section 3.5.4). Adequate param
eter estimation requires eitheriitrition measurements usingawlifferent disc
diameters (Smettem & Clothieir989), or inftration measurements using a single
disc diameter lt multiple tensions (e.g., Aeky et al., 1991).

Although early-time inftration data from the tension disciitfometer can
be used to estimate the soriyi (White & Sully, 1987) and the matrix flux potential,
only steady-state iilfration rates are usually used forodding-type analyses.
Simanek and @n Genuchten (1996, 1997) suggested using the entire cumulati
infiltration cune in combination with parameter estimation to estimate additional
soil hydraulic parameters. From an analysis of numerically generated data for one
supply tensionx@eriment thg concluded that the cumuladi infiltration cune by
itself does not contain enough information toyide a unique iverse solution.
Hence, additional information about thevil@rocess, such as theatgr content
and/or matric head measured at one or more locations in the sid [gokeded
to successfully obtain uniquevierse solutions for the soiytiraulic functions.
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3.6.2.5.b Experimental Pocedures

Details of the gperimental procedure are outlined in Section 3.5.4. Usually
the soil suréce is coered with a thin layer of sand to ensuyeitaulic contact be
tween the disc and the underlying soil. The sand shouwiel &auficiently lage
air-entry \alue to remain saturated at all applied tensions. It should aleaKa
value that is lage enough to puent etensie flow impedance éécts (Rgnolds
& Zebchuk, 1996). The disc is connected with a tension-controkégensupply
system, and transient ittfation rates can be accurately determined from pressure
transducers connected to a data logging systemgiArekt al., 1988). \&ter is sup
plied initially at the greatest suction and is decreased consglgut a laver sue
tion each time steady state has been attained. If desired, time domain reflectome
try (TDR) or tensiometers can be installed letbe supply disc to monitorater
content and/or matric head changesui¢/et al, 1998; Sitmek et al., 1999d). Al
ternatvely, soil samples can be &kbefore and after areriment (near and belo
the supply disc) and be used for initial aihf volumetric water content deter
minations.

Simanek and @n Genuchten (1997) studiedilméition at seeral consecu
tive supply tensions. Theonsidered seral scenarios with dérent levels of in
formation and concluded that the most practigpkeiment for inerse estimation
of the tydraulic parameters is the cumwatinfiltration cune measured atgeral
consecutie tensions, augmented with the initial aimdfwater contentalues i
rectly belav the disc.

3.6.2.5.c Simulation and Optimization

Simulation of flav from the tension disc iitfrometer requires use of the-ra
dially symmetric tvo-dimensional flar equation (Eq. [3.6.2—2]) The folldng ini-
tial and boundary conditions apply

o(r,zt) =6, t=0,0<r<oco, 0<z<oo

hm(r,zt) = hy oft) t>0,0<r<ry,z=0

q(r,zt) =0 t>0,r>r,z=0

hn(r,zt) = hpj t>0,r > o0, Z—> o0 [3.6.2-8]

whered; andhy, j denote constant initialater content and matric head (at zero time
and far avay from the iniltration source), respewtly, r, is the infltration disc ra
dius (L), anchy, ,is the time-ariable vater supply pressure at theilinbmeter mem
brane (L). Flav symmetry is assumed around the0 axis, which is therefore also
a no-radial-flux boundary

The objectie function dahed in Eq. [3.6.2-5] includes cumulaiinfiltra-
tion data for the successiy supplied vater pressures, and may include additional
information such as matric head and/@tev content data belothe supply disc
at various (,2) positions as a function of time. In addition, the objectunction
could include a Bayesian estimate (Section 1.7) of the unsatusatetic con
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ductivity computed from Woding’s (1968) analysis. ¥fprovide the follaving ad
ditional comments:

1. The iverse method &s tested by Sitmek et al. (1998a) using datacol
lected as part of the soiy/tirology program of the HAPEX-Sahebjienal-scale
experiment (Cuenca et al., 1997). A tension disc diameter of 25 cm with supply ten
sions of 11.5, 9, 6, 3, 1, and 0.1 crasaused. Agreement between the measured
and optimized cumulate infiltration cunes was \ery good. The iverse method
and Wbodings (1968) analysisaye almost identical unsaturategdnaulic con
ductvities for matric headalues in the intelad between-2 and-10.25 cm. Har-
ever, the tydraulic conductiity in the highest-matric head range (betweérand
—0.1cm) vas wverestimated by attor of two using VWbodings analysis.

2. The Sininek et al. (1998a) results also suggest that tension xjiscie
ments may pnade adequate information to estimate both the unsaturgted h
draulic conductiity and the soil \ater retention properties, and that there is no need
for additional tensiometer and TDR measurements to betteredife iverse
problem. Rrameters of the soilater retention curr/can be closely coupled with
those of the unsaturategdraulic conductiity function, as is the case with thans
Genuchten—Mualem model. Thiihg of the cumulatie infiltration cunes was im
proved by allaving the pore-connedfity parameter to be optimized as well, rather
than assuming a constamtiwe ofl = 0.5.

3. The public domain program DISC (Sinek & van Genuchten, 2000) for
analyzing tension disc ifttometer data to estimate parametues by the verse
procedure is ailable from the U.S. Salinity LaboratqriRiverside, CA
(http://www.ussl.ars.usda.gpand from Soil Measurement Systems¢3on, AZ.

3.6.2.6 Field Drainage
3.6.2.6.a Introduction

Certainly the most populakperiment to determine the soibter retention
and tydraulic conductiity functions in theield (in situ) has been the instantaneous
profile method (Hillel et al., 1972;athaud et al., 1978; Section 3.6.1.2.a). Tigé f
application of a parameter optimization technique to instantaneoiis fieddl data
was carried out by Dane and Hruska (1983). These authors questioned the unique
ness of the solution and concluded that the seitgitif the optimized parameters
depended on the prescribed boundary conditions! &t al. (1987) performed a
successful mersion using lysimeter data and a slightlyetént approach than Dane
and Hruska (1983). ¢ol and Rrker (1988) inesticgated the numerical wersion
of hypothetical in situ irftration and redistribtion flow events and sheed the ad
vantages of including simultaneous measurements of pressure headsearodmw
tents in the optimization procedure.

Santini and Romano (1992) pided guidelines for an optimal design of the
field drainage xperiment andxplored the feasibility of simplifying thexperk
mental procedures while maintaining acceptable parameter uncerkaingx-
ample, thg proposed reducing the numbebaindh,, measurements within &
tical soil profle. To overcome limitations igarding the laver boundary condition,
Romano (1993) westicated the déctiveness of dafing a fxed tydraulic head gra
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dient and the possibility of including it as an additional optimization paranadter. v
However, this approach may not apply to layered soils. Zijlstra and Dane (1996)
applied the parameter optimization technique to layered soils, and concluded that
the irverse problem may become ill-posed because of the increased number of op
timized parameters. Their soil pilek consisted of one, twor three distinct hori

zons, and theused vater content measurements as a function of time and depth,
and matric headalues as a function of time at the bottom boundaryninimize

the objectie function. The ill-posedness of thea@nse problem depended on the
size of the input data set.

3.6.2.6.b Experimental Pocedures

Parameter estimation of unsaturated spdtaulic properties from an in situ
transient drainagexperiment ivolves soil vater content and matric head meas
urements at multiple times and soil depths. Téld tetup is basically the same as
for the classic instantaneous pl@fmethod (Section 3.6.1.2.a)jttsome simplif
cations are possible and will be discussed.

First, a prolle description is needed to determine the major horizon bound
aries. The xperiment should be conducted oneled, \egetation-free plot with
an area not smaller than 12.nihe plot should be instrumented in the center with
measurement sensors located at depths depending on the sleildasdription.

The &periment is initiated by pondingater wer the entire plot area until matric
head walues are approximately zero or do not change with timeyaifahe depth
locations. After the water supply is stopped and the pondederhas inftrated,

the plot is cwered with a plastic sheet and insulated to ensure a zero-flux top-bound
ary condition and to reduce temperatuagations. Subsequentie soil is allaved

to drain by graity. The transient drainage process is monitored by simultaneous
measurements of soilater content and matric head until no changes with time
occur Tensiometers are usually installed at 15-cm depth increments with at least
one tensiometer in each soil horizopltmetric water contents can be a@miently
monitored with a calibrated neutron probe or a TDR system for the same depth in
crements.

As expected, the type ofwiables measured and their measurement locations,
timing, and frequenccan hae a signiicant influence on the well-posedness and
accurag of the parameter estimation method. If the soil domain can be considered
homogeneous, the unsaturatedtaulic parameters can be reasonably idiextif
without much loss in parameter certainty by monitoring the change with time of
matric head at a single depth arater content at tavother depths close to the soil
surface. It is most carenient to impose a constant totadihaulic head gradient (e.g.,
unit-gradient) at the lwer boundaryThe reduction in sampling depth,viever,
should not be at thexpense of the measurement frequeBata must be collected
for the entire drainagexperiment, especially since parameter sengés hae
shavn to increase with drainage time. Generally accurate, simultaneous esti
mation of the fidraulic parameters requires between 6 and 10 measurement times
during the drainagexperiment.

For a typothetical single-layer soil pried, 90 cm in depth, Santini and Ro
mano (1992) discussed the parameter estimation procedure, using perturbed drainage
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data to simulate random measurement errors. Successful results were obtained from
measurements of a single tensiometer at the 30-cm depth in combinatiomteith w
content walues at depths of 30 and 60 cm. Other issues are discussed intriadollo
comments:

1. The dehition of the selected i@er boundary condition of the draining soil
requires careful considerationo Torrectly select the appropriate boundary-con
dition, accurate and numerous measurements, ct the laver boundary are
needed during the course of the drainageement. 8king these measurements
for proper dahition of the laver boundary condition undoubtedly increaselsl f
operations and mak the gperiment more time-consumingytat is required for
the accurate solution of Eq. [3.6.2—1]. In thigam, the assumption of a time-in
variant tydraulic gradient at the bottom of thevlslomain signitantly reduces
the number of measurements needed, and can be espeaittilyile if mary field
measurements are needed, such as in spatiability studies (Romano, 1993).
However, this assumption will requiréeld verification. Alternatvely, if appropri
ate, thedH/dz value at the lever boundary can be considered as an additional un
known constant parameter to be estimated by terge procedure together with
the unsaturated soildraulic parameters.

2. Soil water content measurements should bertdkequently near the soil
surface where their sengitiy to the tydraulic parameters is the greatest. The neu
tron probe is not recommended for near atef measurements, since itgy&r
measurementlume may rtend to abee the soil sudce, especially under dry soil
conditions. In contrast, TDR is especially suited for neamasarmeasurements
(Topp & Davis, 1985). Tme domain reflectometry has the addedsaudage that it
can praide automatic and real-time monitoring of sodter content (Bad & All-
maras, 1990). The depth location of the soil matric head sensors is less critical, as
it has been shven that the sensitity of the matric head to theytraulic parame
ters is lagely independent of soil depth iield drainage xgeriments.

3. The drainage method requires @¢aplot £12 nm?) to ensure that lateral
water meement at the plot boundary will not influence tregev rgime in the plot
center In that rgard, soil horizon characterization is important, since the presence
of impeding horizons may induce laterater maement and &bct the required
plot size. Morewer, an impeding layer can prent unsaturated conditions belo
the impeding soil layethereby limiting the alid water content range of the opti
mized lydraulic parameters. Also, multilayered soil jliexf can create perched
water tables. Lateral ater myement can be reduced by constructing an imper
meable boundary around the plot perimeter to a depth slightly greater thamethe lo
boundary of the soil domain.

3.6.2.6.c Simulation and Optimization
Equation [3.6.2—1] is soid for the folleving initial and boundary conditions
hm(2) = hnj t=0,0<z<L
a(zt)=0 t>0,z=L [3.6.2-9]
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wherez =L denotes the soil sate, withL equal to the depth of the measured soil
domain. Seeral types of boundary conditions can be considered at the bottom of
the soil proile (z= 0). Soil water content or pressure headixes may be prescribed

as a function of time, or a constant totadiraulic head gradierdH/dz, can be used.
Representing theeer boundary condition by a timeveriant unit fydraulic gra

dient can accurately describe obsehdrainageiéld studies (Libardi et al., 1980;
Ahuja et al., 1988; McCord, 1991). Unkmo hydraulic parameters are estimated

by minimizing Eqg. [3.6.2-5] using di}, andd measurements. Additional comments
include:

1. A limitation of the drainagexperiment approach is that theperiment
takes a long time (Bads et al., 1974) and that theperimental vater content range
is rather small. The presence of a shvaleater table or slw drainage lagely re
duces the ater content range. Ex though the method can beéended to include
surface @aporation, success of thevérse method is quite sengdito the upper
boundary condition andould therefore require accurateaporation rate meas
urements.

2. Parameter optimization using drainage data can be especially usefg for h
draulic characterization oield soils with little horizon dferentiation, so that the
average ldraulic behwior of the entire soil prde can be characterized. The in
verse technique can be furth&pkited to preide efective soil tydraulic param
eters for simulation ofydrological responses of @-scale areas (Kabat et al.,
1997).

3.6.2.7 Additional Applications

Many more &perimental techniques ¥ demonstrated the potential bene
fits of inverse modeling to estimate sojidraulic functions. Brieflywe summa
rize the upward infltration method (Hudson et al., 1996), the seipytimethod (Sec
tion 3.5.3), the cone penetrometer method (Gribb, 1996), and the multiséegien
method (Inoue et al., 1998).

Both outflov and &aporation &periments representater etraction
processes and pride parameter estimates for the draining branches of theageil w
content and ydraulic conductiity relationships. Brameters for the wetting
branches of these soidraulic relationships are typically obtained fromiltré-
tion processes. The upvd infltration experiment suggested by Hudson et al. (1996)
and the sorptity method represent typical itifation applications in the labora
tory. For the upvard infltration experiment, packd cores are placed in avieell,
similar to a Bmpe cell (Section 3.3.2). Hever, the imposed flux boundary con
dition does not require the presence of a porous membrane at the bottom end of the
flow cell. Instead, ylon fabric between the bottom end cap and the soil coresallo
for unrestricted ater flux into the soil core. The top end plate of the cell includes
a porous stainless-steel plate toverg soil swelling, minimize suate @apora
tion, and allav escape of displaced air through the top of the cell. Mereten
siometers are placed horizontally affeliént \ertical positions in the soil core. A
TDR probe can be installed horizontally in the center of the soil core at the same
vertical position as one of the tensiometersivEle@r, Hudson et al. (1996) shved
that little is giined by including ater content measurements in the objedtinc
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tion. During the upward infltration experiment, a constantater flux is imposed

at the bottom of the soil sample and the matric head distibwithin the soil sam

ple is measured with one or more tensiometers. The latter should be installed only
when the visible wetting front approaches each measurement locationeatpre
their malfunctioning at v initial matric head &lues. Upward infltration rates can

be controlled by a syringe pump ticilitate slev and constant niement of the
one-dimensional wetting front through the soil core.

In the sorptrity method of Bruce and Klute (Klute & Dirksen, 1986 gter
is alloved to infltrate under tension into a horizontal soil column. Using a Boltz
mann transformation, the one-dimensionatev content form of the flmequation
can be soled analytically for this particular boundary condition, so that the sail
water difusivity can be computed as a function after content. The analytical-so
lution requires measurement of the salke@r content distriltion along the soil cel
umn for a speci€ time and supply head. In Simek et al. (2000), thexperimen
tal results of Nielsen et al. (1962) are compared with the¥se solution for ater
supply heads of2, -50, and-100 cm. Excellent agreemenasg/found between
the inverse solution and the analytical solution.

A modified cone penetrometer is instrumented with a poiities ¢lose to
the penetrometer tip and ewiensiometer rings afe the fiter. The deice is
pushed into the soil to the desired depth, and a constanveasgter head is ap
plied to the ilter for a short time period. While thelame of vater imbibed by the
soil is monitored, so is the response of both tensiometers to thecauty wetting
front. Subsequenthafter the vater supply is cut ifthe tensiometer measurements
record the soil drying duringater redistrilation. The iwerse method &s used to
estimate theydraulic parameters of both the wetting and drying branches of the
soil hydraulic characteristics by simultaneously analyzing thératfon and re
distribution data (bdeswa et al., 1999; Siimek et al., 1999a).

A multistep etraction deice consists of a ceramic soil solution sampler in
serted into a wetted soil and subjected to a seriegonfvn &traction pressures.
The cumulatrte amount of soil solutionx&racted, as well as the response ai-v
ous tensiometers near thdaractor are included in the objeatifunction to esti
mate the soilydraulic functions. The methodas tested both in the laboratory and
in the feld (Inoue et al., 1998). The cone penetrometer andkthecéon method
require solution of a tardimensional radial fle equation (Eq. [3.6.2-2]), and are
typically applied in theiéld, potentially to lage depths.

3.6.2.8 Example

We demonstrate the application ofénse modeling by comparing one-step
and multistep outfl experiments for estimation of thediraulic properties of a
Columbia fne sandy loam (Widenschild et al., 2001). ®will illustrate the pre
cedure in 12 consecus steps. Practical comments are added where applicable to
assist in solving the \rerse problem. Although thisx@mple is spedif to the out
flow method, the same steps are required foradirse methods.

Step 1: Poblem Defnition. This example determines the drainage @iof
a Columbiaihe sandy loam usingverse modeling. It is assumed that the under
lying flow process is described by the Richards equation, (Eg. [3.6.2—1]), and that
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the soil lydraulic properties are adequately represented by the coupted v
Genuchten—Mualem model (Eg. [3.6.2—3] and [3.6.2—-4]). Note that although these
are common assumptions, yhraay not be appropriate inyagpecifc case and may

even cause unacceptable model errors.

The analysis &s conducted for a disturbed soil sample tre packd to a
predeterminedidk density after siéng the soil through a 0.5-mm s& Conse
qguently the tydraulic behwior is determined mostly by itsxeire. If the focus of
the analysis were on the estimation pdifaulic properties near saturation, which
are lagely controlled by soil structure, an undisturbed soil sample should be used.
In that case, heever, the measurement of additional replicates, usirggtasoil
cores, is recommended to account for the inheiedtgoil spatial ariability. For
the purpose of thisxample, iverse modeling results are compared with the clas
sical one-step and multistepperiments.

Step 2: Selection of Measwement Types.As discussed in Section 3.6.2.3,
outflow methods require a record of cumulatoutflov as a function of time. Ad
ditionally, tensiometric data from the draining soil core will inyarthe well-posed
ness of the werse solution. Although for this purpose measurements from a sin
gle tensiometer wuld be adequate, the presentgdmple uses data from ow
tensiometers. The second tensiometas imcluded to alle simultaneous estima
tion of the unsaturated/tiraulic conductiity. Moreover, the tra data may “sa”
the xperiment if the other tensiometeils.

Step 3: Experimental SetupThe basic requirements for outffanethods
are described in Section 3.6.2.3 ¥¢lected thexperimental setup of Wdenschild
et al. (2001). A diagram of the flocell (3.5 cm high and 7.62-cm i.d.) withg
and vater flov controls is shen in Fig. 3.6.2—2. All connections consisted of quick-
disconnectiftings (Cole-Rrmer Delrin, 1/4” NPT 06359-72; Cole-&mer In
strument Co., ¥rnon Hills, IL; wwwcoleparmecom) so that the cell could be-pe
riodically detached for weighing to determine thatev content atarious times
during drainage. Wo tensiometers were inserted 1.1 cran@iometer 1) and 2.4
cm (Tensiometer 2) from the top of the soil core, respelstiThe tensiometer ports
were ofset laterally to minimize flv disturbance caused by the presence of the ten
siometers. The tensiometers were made from 0.72-cm o.d., GYAM#ar), high-
flow tensiometer cups (model 652X03-BIM3; Soilmoisture Corp., Santa Barbara,
CA), glued to ~6-mm (1/4-inch) o.d. acrylic tubing. The tensiomeieended ap
proximately 2 cm into the samplewd 0.1-MRa (1-bar) transducers (model
136PC15G2 Hongavell, Minneapolis, MN) were used to monitor the matric head
during the outflav experiments. Wo additional ports were added on opposite sides
of the cell to allav flushing the sample with C(rior to wetting, so that complete
saturation of the sample is ensured at the start ok{ferienent.

The outlet vas connected to aifette for measurement of ouifi@as a fune
tion of time. The brette vas mounted such thatter drained at atmospheric pres
sure and s loosely ceered with plastic to pkent e/aporation. A 70-cm ater
pressure (1-psi) transducer (model 136PC01G2; yWeel§ was attached to the bot
tom of the lorette to measure the cumwatidrainage @lume. The upper bound
ary condition vas controlled using gellated pressurized,NThe N, was lubbled
through a distilled ater resemir before entering the pressure cell to minimizage
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oration losses from the soil coravd layers of 1.2-um, 0.1-mm-thiclylon filters

(MSI Masna mlon disc flters, Osmonic Laboratory Products; wvesmolab
store.com) were used as a porous membrane at the bottom of the sasrquea: W
bined two nylon filters to minimize puncturing, thereby ensuringubltling pres

sure of at least 700 cm during the outflexperiments. Wh a saturatedydraulic
conductvity of approximately 0.025 cnrh(Table 3.6.2—1), theylraulic resist

ance of the thinylon membrane as lav compared with other commonly used b
thicker porous membranes with comparahlbtiding pressure. Wer pressure
differences across our porous membrane are thus minimized during drainage of the
soil core. All outflav experiments were conducted on the same soil core. The meas
ured aerage saturatedater content as 0.445 crhcnt2. Time intenals for cu
mulative outflov and matric head measurements were approximately 10 s, which
was suficient to ensure that the rapid outflafter a g@s pressure changeasv
recorded with adequate temporal resolution.

Step 4: Selection of Initial and Boundary ConditionsThe soil sample &as
initially fully saturated and then partially drained before the start of the oo
periment so that the matric head at the bottom of the soil loQkg) was—2 cm,
corresponding with the foll@ing initial condition:

hmi(2 =-2-2 t=0,0<z<L [3.6.2-10]

wherez = L= 3.5 cm is the height of the soil saté abwe a datum set at=0 =

base of sample. Since the same sample weed for both the one-step and multi
step outflov experiments, the soil sampleaw resaturated prior to each drainage
experiment, using the same procedurerg time, including flushing with Cgxo
ensure complete resaturation. This procedure ensured approximately identical ini
tial saturation &lues between drainageperiments.

Full saturation at the onset of theperiment may be desired to pide re
producible initial conditions. Heever, for undisturbed soils, maximum saturation
is usually <90% of the total pore space. Therefore, it is recommendeydteailic
measurements of undisturbéeld soils be conducted without G@ushing, so that
the estimated soilyldraulic functions reflect the saslhatural behaor.

The boundary conditions of the one-stgpariment are selected so that the
air-entry \alue of the membrane is notoeeded. Moreger, applied pressure steps
are soil specit and depend on soilxwire. For our sandy loam soil, the pressure
step applied as 500 cm, prading soil hydraulic data for a wide soil moisture range.
Larger pressure steps may be required to drainfigismt amount of \ater from a
finer-textured soil. Accordinglythe boundary conditions for the one-step outflo
experiment were

g(Lt)y=0cmd? t>0
h,,=—500 cm 0<t<t,z=0cm [3.6.2-11]

wheret, denotes the duration of the one-step outftgperiment,g(0ty) = 0. The
lower boundary condition as experimentally realized by increasing the applied N
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pressure at the top of the soil cordtes +500 cm of vater pressure, agmressed
by Eq. [3.6.2—-6].

For the multistepgeriment, four pressure steps were applied in sequence,
which covered the same pressure range as the onexgqiefraent. lBr each suc
cessie pressure step, timexwallaved for the sample to equilibrate, as determined
from a near zero drainage rate. The corresponding boundary conditions were

glL,)=0cmd? t>0

hy,=-125cm 0>t>t;, z=0cm

hy, =-250 cm tp>t>t,,z=0cm

h,=-375cm t,>t>t3,z=0cm

h,, =-500 cm t3>t>t,,z=0cm [3.6.2-12]

Step 5: Experimental Data.The cumulatre outflov (Q) and matric head
(hy) measurements are presented in Fig. 3.6.2—3a and 3.6.2—3b, for the one-step
(O) and multistep (M)xperiments, respeetly. Although mag more data points
were collected than are sk in Fig. 3.6.2—3, we recommend nateeding 100
data points per measurement type. The selected data must be repveseittaedi
whole set and include those measurements that describevitatyflamics of the
outflow experiment. Spedifally, measurements prior to a pressure step increase
must be included, and data should generally describe continuously incr&sing (
or decreasing),,, values. Quality control of thewadata includes renval of spu
rious data caused bgifure of the monitoring and data logging equipment, and com
parison oh,, values with theirgected equilibriumalues at the end of each pres
sure step. More@r, measurement uncertainty can be inferred from the time series
of measurements.

Step 6: Deinition of the Objective Function. The deinition of the objee
tive function is one of the most important steps in thierse procedure.dF the
purpose of thisxample, we will compare optimizations with (+) and withct)t (
tensiometric data. As discussed in Section 3.6.2-2, selected weigitbogsf
should be equal to thevierse of the xpected measuremeranances. Hoever,
in practice, this information may not beadlable. Morewer, for cases that include
more than one measurement type, using measurement errors as wesghorgy f
often resulted in local minima. It is, therefore, recommended to set afidudi
weighing fctors ;) in Eq. [3.6.2-5] equal to one and to compute weighaieg f
tors for the measurement typeg,that are reciprocal to theiverage magnitude
multiplied with the number of date,. For Measurementype 1 (cumulatie out
flow), 2 (Tensiometer 1) and 3 €hsiometer 2), the corresponding weights in Eq.
[3.6.2-5] are then gen by:

v, = 0.5/(1,Q V, = 0.25/fhy, 1) vz = 0.25/(h, »)

whereQdenotes the timevaraged cumulate outflov value, andTm andﬁmyzrep
resent the timeweeraged tensiometric data of the topriSiometer 1) and bottom
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Fig. 3.6.2—-3a. Measured (symbols) and optimized cureelatitflov and matric head cueg for the
one-step outflv experiment. In the notation of O4+ and-©4he O stands for one-step outfldhe
digit refers to the number of parameters to be optimized, and the indicates the use or lack of
use of tensiometric data, respeely. The 1 and 2 in the graph for the matric head data refer to the

top and bottom tensiometeespectiely.
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tensiometer (@nsiometer 2), respeatly. In this &kample, the &lue of the objec
tive function vas calculated with; = 1/(njc5,-2) andw;; = 1, wheresj2 denotes the
variance of alliftted data of measurement tyjplausnitzer & Hopmans, 1995).

Step 7: Selection of Fitting Rrameters.As stated in Section 3.6.1-3, the
“classical” stratgy in obtaining the an Genuchten—Mualem parameters is (i) to
optimizea, n, 6,, andKg and to constrain the parameteby the relatiorm=1-

1/n; (ii) to determinéds from an independent measurement; and (iii) to set the tor
tuosity parametdrto a ixed alue of 0.5. Hwever, since it has been increasingly
demonstrated that impred ftting of the unsaturated/draulic conductiity func-

tion is achiged with including as a itting parameterwe compare optimizations
usingl as a itting parameter and as ixéd parameter set to 0.5 (Mualem, 1976).
The saturated ater content as fxed to its aerage alue of 0.455 crhent3,

Step 8: Inverse SimulationsInverse simulations were conducted with the
HYDRUS-1D code (Siminek et al., 1998b). rerse simulation requires the same
information as the forard problem, that is, time and geometric information, ini
tial conditions, and boundary conditions, plus initial parameter estimates, position
of obseration points, and measurement times with corresponding data and weigh
ing factors. Additionallysome cowvergence parameters need to bdrd. It is,
however, recommended to apply the deft values as praded with HYDRJS-1D,
which were determined fronxperience.

The soil sample as discretized using asiable grid spacing with 50 nodes,
using fner spacings at the bottom of the soil column. The porglos membrane
was not considered, since its resistancedtenflov was ngligible. If a ceramic
porous plate is used, it must bekcitly represented in the model, as italhaulic
resistance will underestimate the soflydraulic conductiity near saturation. The
optimizations were repeated three times witfedént initial estimates for the pa
rameters to be optimized. Gamiently initial estimates were tek from the data
base that is included in HYDJRS-1D.

In total, we completed eight sets ofénse simulations @ble 3.6.2—-2). The
optimization results of the one-step (@jperiment will be compared with the mul
tistep (M) experimental results for cases with tensiometric data (O4+, O5+, M4+,
M5+) and without tensiometric data (©405-, M4—, M5-), using either fourit-
ting parameterd {s fixed; cases denoted by 4) meffitting parameterd (s an ad
ditional fitting parameter; cases denoted by 5).

For all multistep simulations, theverse solution carerged to similar opti
mization results, indicating that solutions were unique without local minima. This
was diferent for the one-step simulations without tensiometric measurements
(O4- and O5-), which cowerged tavards arious local minima depending on the
initial parameter alues. Although impractical, impved optimization results for
these cases were obtained using initial parameter estimates equal to their optimized
values of the one-steperiments with,,, measurements.

Step 9. Comparison of Obsered and Simulated DataResidual Analysis
After evaluation of the uniqueness of aménse solution, the melogical step is to
compare simulated results with the corresponding obgens. Figures 3.6.2—3a
and 3.6.2—-3b shmothis comparison for the optimizations of the one-step (O4+ and



32 CHAPTER 3

Table 3.6.2—2. Optimization results for one-step (O) and multistep (M) wwfizeriments to estimate
either four (O4+, O4, M4+, and M4) or five (O5+, O5, M5+, and M5-) parameters with (+) or
without () the help of tensiometric dataaMes for the objeaté function and thevarage residuals
were calculated according to Eq. [3.6.2-5] and [3.6.2—13], resplyclihe \alues in parentheses in
the lastive columns refer to standard errors.

Case Data [ AR, Q/h, R? 0, o n Ks

cm cnrt cm it
05+ Q,h, 0.0112 0.0172/6.540.99 0.191 0.00724 4.05 0.126 -1.23
(0.00156) (0.00021) (0.170) (0.0081) (0.0167)
04+ Q,h, 0.0385 0.0135/23.70.99 0.0245 0.0101 1.57 1.08 0.5
(0.0238) (0.00115) (0.0787) (0.288) (fixed)
o5 Q 0.00262 0.00917 0.99 0.0948 0.00520 2.29 0.219 -0.186
(0.0189) (0.00942) (2.28)  (0.485)  (1.05)
O4- Q 0.00881 0.0123 0.99 0.0000 0.00970 1.52 1.08 0.5
(0.00018) (0.00394) (0.780) (0.780) (fixed)
M5+ Q,h, 0.00960 0.0143/5.000.99 0.194 0.00921 3.02 0.278 -0.849
(0.00270) (0.00013) (0.0110) (0.0224) (0.0539)
M4+ Q,h, 0.0249 0.0273/8.560.99 0.117 0.0106 1.86 1.09 0.5
(0.01074) (0.00039) (0.0755) (0.09917) (fixed)
M5- Q 0.00625 0.0126 0.99 0.192 0.00920 3.06 0.358 -0.318
(0.00475) (0.00023) (0.208) (0.0488) (0.176)
M4- Q 0.00835 0.0167 0.99 0.185 0.00897 3.11 0.534 0.5
(0.00451) (0.00026) (0.258) (0.580) (fixed)

0O4-) and the multistep (M4+ and Mt simulations, respeetly. The respecte
optimization results are presented &ble 3.6.2—2. The comparison sisthat the
general dynamics of the measurements is matched by all simulations. This-is a nec
essaryhut not suficient condition to ealuate the accurgmf the optimized

draulic parameters. Upon closer inspection, we notice the presence of small sys
tematic deiations between measured and predictédes, indicating that errors

are autocorrelated. Moreer, it is apparent that not all four modeisthe meas

ured data equally well.

Regarding the systematic diations, outflov data for the multistepxperi
ment shw that during theifst pressure step the simulated ouwtflieeaches equi
librium much fster than the obsexd data (Fig. 3.6.2—3b). This is not uncommon
and indicates that the process model (Richards’ equation) is unable to accurately
describe the true fle behaior in the neassaturated ater content igion. This ef
fectis most lilely caused by the presence of a discontinuous air phase at matric head
values near the salairentry \alue (Schultze et al., 1999;iénschild et al., 2001).
Improved ftting of the measured data can be aebikby either applying thér$t
pressure step after the soiliist slightly desaturated or by solving the multiphase
flow problem. Other deations of the simulated multistep outflacurves can be
related to the assumption ofieefd| parameter in the unsaturated condigtimodel
(Durner et al., 1999b).

When comparing cumulag outflov (Q) residuals (Column 4 inable
3.6.2-2) between the one-step and the multistep method, it appears that the one-
step method ges better results (i.e., thei§ better). Havever, it must be intuitrely
clear that as the number and comjtjeof different measurement types increase,
the difiiculty of fitting all combined data will increase as well, especially if the op
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timization problem contains model and/or measurement errors. Because of this, case
O5- (one-step method without tensiometric measurementdanfitting param
eters) produces thevesto value of all eight casesdble 3.6.2—2, third k). In-
spection of @ble 3.6.2—2 also clearly shis that theifting of the cumulatie out
flow data is much impned if the connectity parameterl, in the conductiity
expression is allved to \ary: thep values for theif’re-parameter casddifted) are
always much laver than for the fouparameter cases, whéris fixed at 0.5.

The arerage residual (Column 4 irable 3.6.2-2) includes theexrage de
viation between the measured aitidfl Q or h,,, values. Thesealues can be com
pared with the measurement error of each measurement type for model gdequac
testing. Conseantive estimates of measurement errors for the tensiometeuand b
rette measurements are 1 and 0.011 cm, regelyclihe lurette measurement error
corresponds with 0.5 mL of drainage for a soil core radius of 3.81 cm (sample area
of 45.6 cnd). By inspection of @ble 3.6.2-2, it is clear that the timeeeaged resid
ual (AR) of the matric head (measurement type and 3), défied as:

AR(h) =3, (Un) 2 W a(t) ~ a2 [3.6.2-13]

is lamger than the conseative measurement error in all cases (for notation, see Eq.
[3.6.2-5]). Specitally, the lavest aerage residual is 5 cm (case M5-able
3.6.2-2), whereas the assumed measurement essoomly 1 cm. When consid
ering the merage residual for cumulaé outflov (measurement tyge= 1 only;
replaceh,, by Qin Eq. [3.6.2-13]), the AR of almost all cases is about equal to or
slightly lager than the assumed measurement error of 0.011 cm. This igsigcif
so for the one-stepxperiments withouh,, measurements (cases-Odnd O5),
since these are the easiestito f

These considerations, in addition to the obmstgons of the residual analy
sis, which shwed that the dgations between measurements and olagiemns are
not randomly distribted, allav us to assess the adequat the flov model. V&
conclude that the combined measurement and model error for thevoexfieri
ment using the describederimental conditions is lger than the precision of the
measurement ge&es. The lager errors are caused by assuming that (i) the Richards’
type water flov equation, in combination with its numerical solution and the se
lected lydraulic model, is the correct pbical model for simulating drainage of the
one-step and multistepxgeriments and/or (ii) thexperimental conditions are
such that thg exactly conform to the assumptions of theaflmodel. Clearlythe
divergence between obseny and measured outfloduring the ifrst two steps of
the multistep method indicate that these assumptions are not fully met (Fig.
3.6.2—-3b). Br example, although analytical modelsbaroven useful in intgrating
knowledge of soil draulic properties for numerical models and other applications,
they rarely it the measured retention dateaetly, thereby introducing ARalues
larger than the measurement erfar a more thorough discussion of the influence
of model errors on the interpretation ofénse modeling results see Durner et al.
(19994, b).

Correlation of Simulated and Observed Dalde ffth column of &ble
3.6.2-2 lists th&2 values that quantify the correlation between measured and sim
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ulated flav variables (for an optimum parameter BetAs all correlation &lues

are \ery high, their magnitude is of littlealue for model adequsctesting.
Summarizing the results, we conclude that the residual errors are small

enough to accept the assumeavflnd tydraulic models for soilydrological ap

plications. Accordinglywe proceed further

Step 10: Analysis of Rrameter Values and Hydraulic Functions.Para-
meter UncertaintyColumns 6 through 10 ofable 3.6.2-2 list the optimizeg-h
draulic parameters. Thales in parentheses denote the standard error of estima
tion as determined from the 95% cidieince interals around the optimizediue.
The standard errors of ailted parameters are computed fra@p)&/2, whereC; is
the diagonal element of the parameteracance matrixC (see Section 1.7, Eq.
[1.7-23]). It was already concluded from the residual analysis that these standard
error \alues are notery useful statisticallysince the requirement of independent
residuals is violated. Heever, their relatve magnitude may be useful when com
paring parameters angdraulic models.

Parameter Corelation Table 3.6.2—3 shves correlation coéitients between
the optimized parameters for all eight casedu®s lager than £ 0.90 are bolded.
Obviously, high correlation between parameters unnecessarily increases the num
ber of optimized parameters. High correlation causes underestimation of parame
ter uncertaintyslowvs davn corvergence rate, and increases nonuniquenessxH is e
pected that the number of highly correlated parameters increases as the number of
fitted parameters increases. As a result, thdable information in the objevi
function is reduced.able 3.6.2—3 coirins that the highest number of correlations
occur for cases Gdand O5, that is, the one-step outflcexperiment without ma
tric head measurements. As discussed in Section 3.6.2—3, the information content
of these gperiments is not sfi€ient to obtain unique parameters. The datavsho
large correlations betweenand6, for the multistep xperiments, a result that is
common whenifting retention data to theam Genuchten relationship if informa
tion for the dry range is missing.

Hydraulic Functions The optimized soil ater retention and unsaturated h
draulic conductiity functions for all four cases using fouttihg parameters are
presented in Fig. 3.6.2—4. The optimized functions are accurate only fot-the e
perimental vater content range of the outfl@xperiment (i.e.h,,>-500 cm), and
care must bexercised in theirxdrapolation to drier soil conditions.

Independent soil ater retention data (thick solid line) were obtained by a sy
ringe pump procedure (Mlenschild et al., 1997) in a separat@eriment by
which the soil sample as drained at a constantvfiow rate of 0.5 mL ht, sim-
ulating quasistatic conditions atyaime during the drainagejeriment. The con
ditions of the steady-statemeriment are considered optimal; therefore, the opti
mized retention cues are compared with the retention data from the syringe
experiment using cumulat drainage with corresponding tensiometric data. Un
fortunately it was impossible to estimate thgdnaulic conductiity from the sy
ringe pump gperiments because of errors resulting from ttieeenely small k-
draulic head gradients. Consequenthe optimized cums are compared with
independently estimated unsaturatgdrhulic conductiity data reported in \Wlen-
schild et al. (2001).



THE SOIL SOLUTION PHASE 35

Table 3.6.2—3. Correlation matrices for tt@\Genuchten parameters for one-step (O) and multistep
(M) outflow experiments to estimate either four (O4+-OM4+, and M4-) or five (O5+, O5, M5+,
and M5-) parameters with (+) or without) the help of tensiometric data.

Parameter Case O, o n Ks
6, O5+ 1
04+
05~
04~
o O5+ -0.162 1
04+ —-0.363
05~ -0.282
04~ —0.683
n O5+ 0.581 -0.761 1
O4+ 0.864 -0.774
05~ 0.346 —0.998
04~ -0.662 —0.999
Ks O5+ —-0.104 0.673 0.715 1
04+ —0.352 0.992 —0.765
05~ -0.323 0.998 —0.998
04~ —-0.661 0.998 —-0.992
| O5+ 0.083 0.037 —0.063 0.715 1
04+ - - - -
05~ 0.161 0.981 0.971 —0.966
04~ - - - -
6, M5+ 1
M4+
M5-
M4—
o M5+ —0.499 1
M4+ —-0.481
M5- —-0.547
M4— —0.650
n M5+ 0.913 -0.737 1
M4+ 0.950 -0.715
M5- 0.887 -0.804
M4— 0.912 -0.840
Ks M5+ —0.368 0.255 —-0.408 1
M4+ -0.267 0.621 -0.412
M5- -0.347 —0.056 —0.080
M4- —-0.006 0.158 -0.170
M5+ -0.330 0.111 0.322 0.811 1
M4+ - - - -
M5— -0.235 -0.172 0.077 0.751
M4— - - - -

When comparing the functions, the results are surprisingly close. Nate, ho
ever, that the optimization results of the one-stepegiment without tensiometric
measurements (GJwere obtained by using initial, optimizedlwes from the op
timization withh,, measurements (O4+) as initial parametdugs. ¢ also ind
that the tensiometric measurements in the multistppreanents gve results sim
ilar to multistep gperiments without tensiometric data, especially for cases with
an optimized. This may be caused partly by oMperimental stratgy to wait for
static equilibrium before increasing the applied gressure. Generally speaking,
it shavs that for the conditions of ouxgeriment, the use of outflodata alone from
a multistep gperiment may be sfitient to obtain the correcytraulic properties
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Fig. 3.6.2—4. Comparison of optimized and independently measured retention and unsaunadd h
conductvity data for the four parameter optimizatiohs (0.5). For an &planation of the notation
of O4+, O4, M4+, and M4, see theifure captions of Fig. 3.6.2—-3a,b

by inverse simulation. The unsaturatealtaulic conductiity comparison in Fig.
3.6.2—4 also supports the general conclusion that multigtepiments are preferred
over one-stepxeriments.

Step 11: Response Surface AnalysiShe ealuation of response sades
is usually done a priori to design thgerimental conditions for irerse modeling
using forvard simulations. \& like to illustrate these analysis in thisal step to
support the concepts introduced in Section 3.6.2-2.

Response Surface Analydfesponse swuate analysis can be used teeis
tigate the posedness of the optimization problem. Thevluelud the objectie fune
tion within a multiparameter space can only be visualized by limiting the number
of variable parameters to twConsequent/ythe \alue of the objecte function o,
can be shon for combinations of tav parameters, whiledeping all other param
eters at their “true” (i.e., optimizedales. It thus follars that response sades
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can only be calculated posteriori if the true optimum isidnas determined from
forward modeling results.

The case with four adjustable parameters requires analysis of six possible pa
rameter pairs. Figure 3.6.2-5a aisoresponse swates for §,0), (Kg0), ©,,0),
(61,K9), (Ksn), and 6,,n) for the one-steperiment withouh,,, measurements (case
O4- in Table 3.6.2-3). Along a response sid, the optimum terparameter
combination is determined bygavalley or minimum enclosed by contour lines.
The shape of thealley indicates the rate of ceargence, dgree of parameter cor
relation, parameter sensity, and presence of local minima. When comparing re
sponse sudces, the parameter senditi decreases as thentenval increases. The
ideal response sate shars a narrav minimum area with circular shape, indicat
ing no correlation betweeitting parameters. Response swds that are parallel
to one of the aas are insensité to that respecte parametelindicating high pa
rameter uncertainty and ag@rconfdence interal. Unfavorable response sades
consist of long narm valleys with an approximate angle of 45°, indicating a high
correlation between parameters, while L-shapaiteys indicate slov corver-
gence.

The response swates calculated from real data, contrary to those obtained
from numerically generated data, are much mofedit to interpret since the resid
uals are not necessarily normally distitded and mayxhibit some systematic bias.
The response sates of the ill-posed one-stegperiment in Fig. 3.6.2—-5a are-un
favorable because of (i) multiple minima within avl¢ value \alley (response sur
faceo,,n), (ii) extremely narrav valleys for parameter combinatiofisn andKg,n,
and (iii) wide interal spacings. When comparing the results of Fig. 3.6.2—5a with
those of Fig. 3.6.2-5b (multistep witl, data), we note that intealspacings are
smaller and that most minima are elliptical in shape. StilKtlparameter appears
to be the least sensi#i, which is not surprising when considering that almost all
data in the objecte function are related to unsaturateahflo

Response suates are usually calculated to describe theviehaf the ob
jective function in the cross sections of th@tparameter plane for the multipara
meter space. Heever, they cannot illustrate the shape of the objexfunction in
other parts of the parameter space. Thus, if responsessido not display well-
defined minima, the parameter optimization problem is certainly ill-posed (Figure
3.6.2-5a, parameter p&jtn). There is, havever, no guarantee that the problem is
well-posed if well-dehed minima are demonstrated for all parameter pairs. This
is because minimization (especially for gradient-type methods; see Section 1.7) can
lead to optimized parameters forydacal minimum of the objeaté function, &r
away from the global minimum.df example, although the response agds for
the one-step and multistepeeriments look dirly similar (Fig. 3.6.2-5a and
3.6.2-5b), the response saagés for the one-step method were obtained after using
initial parameter estimates that were close to the actual global minimum. Fhus, re
sponse sudce analyses can shdhat a speci€ experimental setup will result in
an ill-posed optimization problemybit cannot guarantee a well-posed optimiza
tion problem by itself.

Summary and ConclusionsAnalysis of the one-step data without consid
ering tensiometric information defed from lage uncertainties and cross cerre
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lation among parameters, with optimized parameters strongly dependent on their
initial estimates. Results for the multistegperiment (both with and without ad
ditional tensiometric information) and the one-stepaziment with measured ma

tric head alues weredirly similar. This was especially the case whenltparameter

was allaved to be optimized as well. Mever, significant smaller condence in
tenvals were obtained when combining matric head and cumeilatitflov data in

the objectve function. Thus, although matric head data are not requirec/érsen
modeling of a multistep outflo experiment, their inclusion may lead to smaller-con
fidence interals of the optimized parametergnBiometric data are required when
conducting a one-step outfloexperiment to woid nonuniqueness problems: Fi
nally, the analysis has slhva that the imerse modeling of multistep outflocan pre

vide accurate and reliable estimates of both the retention and the unsatyrated h
draulic conductiity curve parameters for the intermediate satev content range.

3.6.2.9 Discussion

Soil hydraulic parameter estimation byérse modeling is a relaély com
plex procedure that puides a quick method for soilytiraulic characterization,
yielding parameters for both the soater retention and unsaturatedlraulic con
ductvity function from a singlex@eriment. Its successful application requires suit
able experimental procedures as well asaused numerical fls codes and opti
mization algorithms. Numerical codes with ufrggndly interfaces are becoming
available that can be used for botkénse and direct simulations (e.g., Sivak et
al., 1998b, 1999h). Heever, since the method as a whole is not fullyaleped
yet, both &perimental and numerical modelingpertise is required for success
ful application of the methodology and correct interpretation of the results.

When compared with other measurement methods,veesemodeling ap
proach renders a suite of barefFirst and foremost, it mandates the combination
of experimentation with numerical modeling. Since the optimizettdulic fune
tions are mostly needed as input to numericaV #od transport models for pre
diction purposes, it is an added adtage that theylraulic parameters are esti
mated using similar numerical models as used for predifdrward modeling. An
additional benef of the inverse procedure is their application to transiepte-
ments, thereby prading relatively fast results. Finallfthe parameter optimization
procedure computes cauénce interals of the optimized parameters, although their
interpretation can be misleading.

Inverse problems for parameter estimation of sairaulic functions can be
ill-posed because of inadequatgerimental design, measurement errors, and
model errors. Analysis of such floproblems must include a search for the-opti
mum number of flav variables required in the objedifunction. Br ekample, as
the number of optimized parameters increases, increased information content of the
measurements is required, fotaenple, by including obseations of diferent
types, or by using timeariable boundary conditions. Sengtly analysis can
largely optimize the need for type, numfaard spatial location of the measurements.
For example, it has been shva in a \ariety of applications that measured transient
flow data, as induced by multiple step changes at the domain boua@anyore
sensitve to the estimated parameters than using a single step. Also, an increase in
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the number of parameters to be optimized will generally lead to a reduction in model
error, but will increase the parameter uncertaitywell-posed problem requires

a priori testing for nonuniqueness using responsaceidnalysis and parameter
sensitvity and correlation. Insensig parameters should be measured independ
ently, whereas highly correlated parameters wiketf uniqueness of theverse
problem, requiring independent measurement of one of the correlated parameters.
To reduce nonuniqueness and xtead the range of applicationymad the &-
perimental range of measurements, independently measured information on the soll
hydraulic functions can be included in the objeetiunction. This prior informa

tion can reduce parameter uncertaibty may reduce the goodnessibbetween

model and data.

As with all other laboratory andefd methods to estimate sojldiraulic fune
tions, it is assumed that the functional forms used are capable of accurately de
scribing the soil draulic data. It is therefore essential to perform a model adgquac
test by comparing objegt function residuals with measurement errors, to-iden
tify model errors. Otiously, if the parametric models (Section 3.3.4) are not ade
quate for a tested soil, the resultiitgrig parameters will not bealid. Especially
if the coupled Mualem approach is used, their improper selection may compromise
the accurag of both tydraulic functions.

When comparing the optimizegdiraulic functions with the results of other
methods, one must considerfdiences in model assumptions angerimental
range. Laboratory measurements, although accuratédetydraulic information
for a relatvely small soil core, detached from its surroundings. On the other hand,
field experiments will generally include the continuum of soil horizons that will in
fluence vater flov and the estimated soitiraulic functions. Moreeer, as is the
case for apmethod, the parameter estimates are oalig Yor the range of thexe
perimental conditions, and care must kereised in theirxrapolation.

This chapter must begarded as a wrk in progress, since the mathemati
cal, analytical, andxperimental procedures that constitute thesise method as
a whole are still an area of intevssiresearch. Impr@ments in parameter estima
tion methods in combination witkxgerimental requirements and optimization al
gorithms continue to appear in a steady stream of publicatiomsrtNeless, the
general imerse method has demonstrated to bexaelkent nev tool that allevs
for soil hydraulic characterization using a wide spectrum of transient laboratory and
field experiments. ® date, the application of theverse parameter estimation
method in the adose zone has been limited to the estimation ofydifllic prop
erties. This is not surprising becaugdfaulic parameters are required in mostflo
and transport models and their direct measurements are time-consumipos&\
that inverse modeling can be used to estimate other soil properties as well, such as
solute transport, heat filg and gseous transport parameters. Meegdhe method
ology can be applied to better understand processes, sudei@ntdtion between
matrix and macropore conttitions to vater flav for two-domain simulation med
els (Simnek et al., 2001), or to infer rocater uptak parameters in crop guth
simulation models (Vrugt et al., 2001a). Summarizing, we conclude that parame
ter estimation by verse modeling has tremendous potential in characteriaing v
dose flav and transport processes, while simultaneously presenting us with an ad
ditional tool to better understand their fundamental mechanisms.
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