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Estimating Hydraulic Properties of a Fine-textured Soil Using aDisc I nfiltrometer
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ABSTRACT

Inverse optimization of parameters offers an economicd means to infer
soil hydraulic properties from in situ measurements of infiltration. We
evaluated optimization strategies to inversely estimate soil hydraulic
parameters using field measured tension disc infiltrometer data. We
estimated the parameters n, o, and K of the van Genuchten-Mualem
(VGM) model, and a piecewise representation of conductivity near
saturation using a numericd inversion of Richards equation. In addition
to cumulative infiltration, optimizations included in the objective function
water retention deta, water contents from cores extraded after termination
of infiltration, or transient measurements of water contents using time
domain reflectometry (TDR) probes. Threeparameter fits to field data
were non-unicque because of a positive correlation between o and K. In
contrast, fits of n and K, with o estimated from separate fits to retention
data improved parameter identifiability while not compromising the fit to
measured infiltration. Inverse optimizations that included in the objective
function both water retention and cumulative infiltration, led to excellent
fits of this data when initial volumetric water contents were >0.23 cm®
cm3. Close fits to cumulative infiltration were also dbtained at lower
water contents, however, water retention data was underestimated likely
because of hysteresis. Optimizations of cumulative infiltration with final
soil core water content or TDR data led to estimates of fina water
contents that closely approximated measured water contents. However,
measured TDR water contents were poorly matched by simulations at
early times. A pieawise loginear interpolation of hydraulic conductivity
near saturation improved fits to measured cumulative infiltration and water
retention data & compared with using the VGM modd at al presare
heads.

RAMETERS DERIVED from in situ measurements of

soil hydraulic properties are aucial to understanding

and describing the dynamic processes of water flow in
the field. The tension disc infiltrometer (Perroux and
White, 1988 has become a valuable tod to investigate
the hydraulic properties of soils at or nea the surface
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This infiltration-based method is particularly suitable for
quantifying changesin nea surfacehydrol ogy resulti ng from
soil management adivities such astill age (Sauer et al., 1990
Logsdonet a., 1993. Although urconfined flow below the
infiltrometer disc complicaes the analyses of infiltration
measurements, various methods have been devised to infer
hydrauli c properties from disc infiltrometer measurements.
These techniques are based on qusi-analyticd solutions of
transient flow at ealy times (e.g., Smettem et al., 1999,
Woodng's (1968 andysis of stealy state infiltrationfroma
disc source(Ankeny et d., 1991 Logsdonand Jaynes, 1993
Hussen and Warrick, 1993, or by inverse parameter
optimization of the aisymmetric form of Richards' equation
(Simiinek andvan Genuchten, 1996. Angulo-Jaramill oet al.
(2000 discussmany of the difficulties asciated with bah
the transient and steady state analysis of unconfined
infiltration. The focus of this paper is the estimation d soil
hydrauli c properties through inverse parameter optimizaion
of the governing equations that describe water flow from a
discsource Inverseprocedurestendto belessrestrictivethan
dired analysis using quasi-analyticd solutions and have the
potential to yield information about condctivity and water
retention over awide range in presaure heals from a single
infiltration experiment.

Siminek and van Genuchten (1996, 199 proposed an
inverse method to estimate hydraulic properties using
cumulative infiltration data from a disc infiltrometer. Based
on the results of inverse fits to numericdly generated data,
they concluded that identifiabilit y of parametersisimproved
when other informationisincluded in the objedivefunction.
The most promising scenario was an oljedive function that
includediniti al andfinal water contentsaswell ascumulative
infiltration data. Final water contents were assumed to bein
equili briumwiththesuppy pressurehead andtaken at the soil
surfaceuponthe termination o infiltration experiments.
Simiinek et al. (19981 later used this methodin conjunction

Abbreviations: TDR, time domain reflectometry; VGM, van Genuchten-
Mualem.
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with multi pletensioninfilt rometer datato estimate hydraulic
properties of two field soils.

Despite the advantages of using inverse optimization in
conjunction with dsc infiltrometer measurements, these
methods are hampered by a number of pradicd problems
that must be overcome so that they can be successully used
inthefield. Presently, orly afew reseachers have described
inverse optimizations of disc infiltrometer measurementsin
the field (Simanek et al., 19%8a; 1998), likely because of
the difficulty of obtaining and incorporating meaningful
auxiliary data along with cumulative outflow data. For
instance, errors can arise in the determination d volumetric
water contents when sampling the soil surface dter the
removal of the disc infiltrometer becaise of the small
sampling depth required, and becaise bulk density must be
estimated for this thin layer (Angulo-Jaramill o et a., 200Q.
The most pertinent soil volume of interest diredly beneah
the disc istypicdly inaccesgble to sensors. Steg gradients
in water content nea the soil surfacerequire an acarate
estimate of the initial water content profile for inverse
estimation methods. Lastly, water retention curves obtained
through numericd inversion d field infilt ration experiments
have typicdly compared poaly with laboratory retention
data (Siminek et a., 1998h Simanek et a., 1999h). A
consistently workable method for combining inverse
parameter estimationwith field measured datais gill elusive.

THEORY
Governing Equations

| sothermal water flow for aradiall y symmetric two-dimen-
sional region in norswelli ng, homogeneous, isotropic soil s
can be described with the following form of Richards

equation (Warrick, 1992:
0 _ oh(e) .10 oh(e)
s K(o )[ 1) e [r K(6) ) [1]

where @ isthe volumetrlc water content (cm® cm- 3) tistime
(9), zistheverticd coordinatetaken Posm vedownwards(cm),
K is hydraulic conductivity (cm s%), h is the presaure head
(cm), andr istheradia coordinate (cm). Equation[1] can be
solved subjed to aninitial water content depth profile8,(2)

o(r,zt) 6,(2 t=20 [2]
and boundry condtions Eq. [34] to [3€]
h(r,zt) = ht) O<r<r,, z=0 [3a]

oh(r,zt)
) 1 r>r,, z=0

- 0 [30]
oh(r,zt)
- ' 7 O r - o

ar [3d]
oh(r,zt)
— 27 0 r=20

or [3¢]

where h, is the inlet presare head at the soil surface
Equation [34)] is a prescribed head surfaceboundiry below
the disc sourcewith radius r, and Eq. [3b] describes a zeo
flux boundxry at the surfacefor r > r,. The lower boundary

condtion, Eq. [3c], permits freedrainage & an effedively
infinite distance from the source ad Eq. [3d] and [3€]
spedfy zero flux boundries. Theradial fluxtermin Eq.[1]
isindeterminate & r =0 and must betransformed to apply the
boundxry condtion [3€]. Applicaion d I'Hospita's rule to
theradial flux term and Eq. [3€] gives

lim 1 8 ah(e)
19 k@) W)
r-0 ar( ®©) or

_ °h(r,z1)
= 2K(r,zt) L5
] (r,z1) P (7]

Theright-hand side expressonin Eq. [4] was applied atr =

0 to implement the zeo flux boundry for a numericd
solutionto Eq. [1].

The VGM model (Mualem, 1976 van Genuchten, 1980

oh) = 6, + = 8

C )" .

1 1\m 2
2 m 9l
K(h):KSS[—(l—S)} h < hy

can be used to describe the cnstitutive soil hydraulic
properties of Eq. [1] at pressure heads lessthan h,,. Here 9é
and 0, are the residual and saturated water contents (cm
cm ), respedlvely, K,isthesaturated hydraulic conductivity
(cms™, Sisthe fluid saturation ratio [6(h)-6,]/(6-6,), m =
1-(U/n),andnanda (cm™) are empiricaly fitted parameters.
Analogous to Siminek and van Genuchten (1997), K, is
considered as afitted parameter that may diff er substantially
from the true saturated conductivity. Moreover, at presaire
heads very nea saturation, K(h) for fine-textured soils is
overestimated by Eq.[6] whenfitted to ursaturated conducti-
vity data. Likewise, ursaturated condictivity for fine-textured
soil sisunderestimated by Eq. [6] when K, isforced to match
measured values during parameter estimation (Assouline and
Tartakovsky, 200]). Consequently, K(h) must be modified
nea saturationto corredly describeinfiltrationinto dry fine-
textured soil s. At pressure heads greater than h,,, K(h) can be
described using piecavise cntinuowsloglinea interpolation

exp(LyIn[K(hpl +L In[K(h)]) hyy<hs<hy,
K(h) = { exp(LyIn[K(h)] +L,In[K(h,)]) hy<h<h, [10]
exp(L, In[K(h ,)] +LsIn[K(hp)]) h,<h<h,
where L, L,, L,, and L, are the Lagrangian coefficients for
linea interpolationandh,,, hyy, hy,, andhy;aremonaonicaly

increasing presaure heads for which K(h |s known or can be
estimated.

Steady State Flow from a Disc Source

Woodng (1968 demonstrated that by lineaizaion d the
governing partial differential equation steady state outflow
Q(h) (cm®s™) from a drcular source a@ asupgy pressure h,
(cm) could be goproximated as

Q(o)

nr

- K(hy + nir f K(h) dh [11]
0

where r, is the radius of the infiltrometer (cm), K(h) is the
unsaturated hydrauli c conductivity, andh;isthepresaureheal
correspondngtotheiniti al water content. Typicaly Gardners
condctivity relationship (Gardner, 195§ is substituted into
Eq.[8] to oltaina d osed-formsolutiontotheintegral withthe
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assumptionthat K(h,) isnegligible. Thispermitsthesaturated
condctivity andthe exporent of Gardners conductivity func-
tion,a, , to be estimated by piecewiseinterpolation (Ankeny
etal., 1999 or by least squaresnorinea regresson(Logsdon
and Jaynes, 1993 Hussen and Warrick, 1993. The K(h)
relationship is nat usually loglinea at presaure heals nea
saturation (e.g., h<20cm) andthis can causedifficultiesin
thedetermination d K(h,) by theregressonmethod(L ogsdon
andJaynes, 1993. Althoughthepieceaviseestimationmethod
partially removes the dependency of an assumed loglinear
relationship, condictiviti esat thelowest and hghest presaure
healsare poarly estimated becaise o is extrapol ated.

Parameter Optimization

The parameters of the constitutiverelationshipsin Eq.[5],
[6], and [7] can be estimated by minimization d the
objedive function (Simianek and van Genuchten, 1996

m N
(I)(B;X) = E 22 Wi'J'(y(Xi'j) - f(BlXi,j))z [12]

j=1 0 i=1

where g isthe vedor of optimized parameters, y represents
mvedors of independent variables, N; isthelength of thejth
¥ vedor, o; is the standard deviation associated with
measurement errors, w;; is the weight, andy is the measured
resporse at ead observation pant y;;, and f (B, x;;) is the
predicted resporse @& evaluated using Eq. [1] with the
appropriate initial and boundry condtions.

Using numericdly generated data simulating infiltration
fromadiscsource, Siminek and van Genuchten (1996 estab-
lished that optimization d the aimulative infiltration alone
resultsinarelativelyintradableproblemof nonunqueparam-
eter estimation. They concluded that other auxili ary informa-
tionsuchaspresareheal or water content measurementsare
reguiredtoimproveparameter identifiabilit y andconvergence
properties. Moreover, when usingfield data, parameteridenti-
fiability problems could be exacebated further because of
inherent errorsinmeasuringcumul ativeinfilt rationandwater
contentsinadditiontoerrorscaused by deviations of theflow
from the invoked theoreticd model (e.g., horisotropic flow,
norstationarity of hydraulic properties with depth andtime,
temperatureinduced variations, air entrapment, etc.).

Inthispaper, wedevelopandeva uate severa inverse opti-
mizaionstrategiesand associated field methodsfor usewith
tensioninfiltrometersto estimatethe hydrauli c parameters of
a fine-textured soil. Spedficdly, we @mpare parameter
identifiability and the resultant fit to measured data anong
optimizationsthat, in additionto cumulativeinfiltration I (t),
includeasvedorsiny o theobjedivefunction(i) laboratory
water retention data, 8, 55(h), fromund sturbed soil cores; (i)
volumetric water contents, 84(z, T), from cores extraded at
two depths, z, below thedisc dter termination d infiltration
at time T; and (iii) transient measurements of volumetric
water contents, 8px(t), using TDR probesinserted at the soil
surface In addition, we develop inverse methoddogy to
estimate near-saturated hydrauli c condvctivity using multi ple
tensioninfiltration experiments.

MATERIALSAND METHODS

Field and Laboratory Experiments

Infilt rationexperimentswere caried ou onafallowed no
till age field and a native pasture (fine, mixed, superadive,
thermic Torrertic Paleustoll) at the USDA-ARS Conserva
tionand Production Research Laboratory, Bushland, TX. In
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the no-till age field, infilt ration experiments were completed
at thesurface adat a20-cmdepth. Singletensioninfiltration
measurements were completed at anominal potential of -15
cmH,O using a0.2-mdiam. discinfiltrometer. Thisinfiltro-
meter permitsinfilt rationto continueundisturbed whil ewater
isbeing resuppied (Evett et a., 1999. For multiple tension
infiltration experiments, cumulative outflow was measured
over arange of presaure heads, naminally -15,-10,-5,and
-0.5cm H,0. All measurements on cropland were made in
nonwvhed-tradked interrows. Infiltration gdotswereprepared
by removing al vegetation and residues that would interfere
with achieving alevel surface A layer of fine sand approxi-
mately 7- tol0-mmthick was placed over the surfaceto fill
small depressons andfadlit ate mntad between the soil and
the nylon membrane of the infiltrometer. For some of the
infiltration experiments, six threerod, 20cm TDR probes
(Dynamax, Inc., Houston, TX, model TR-100)* wereinserted
into the soil surface & a distance of 5 to 7 cm from the
perimeter of thetension dsc. Threeof the probeswereinsert-
ed verticdly, and the remaining wereinserted into the soil at
a 45° angle downward from horizontal towards the disc
center. Deionized water was permitted to infiltrate & ead
tensionfor at least 0.5 h.Water level in theinfilt rometer tube
wasmonitored with apresauretransducer at nomorethan 7.5
sintervals. Water contents were measured every 300s using
a TDR cable tester (Tektronix, Inc., Beaverton, OR, model
150X)! conreded to the TDR probes through a maxial
multi plexer (Dynamax, Inc., Houston, TX, model TR-200%,
Evett, 1998), bath o which were wntrolled by a laptop
computer running the TACQ program (Evett, 200@&,b).

Threesets of undsturbed soil samples (3 cmlength by 5.4
cmdiam..) were extraded 0.5to 0.75m from the disk center
a depths of 1 to 4, 5to 8, 11 to 14,and 15to 18cm to
estimate initial water content. Two additional cores were
extraded below the canter of the disc & depthsof 1to 4and
5to 8cmuponthetermination d single-tension experiments
to estimate the final water content. In the laboratory, after
permitti ng these und sturbed soil coresto cometo saturation,
water retention curves were oltained using a hanging water
column (0.2—15kPa) and presaure plate goparatus (30—100
kPa). Equation [5] was fitted to retention dcatato estimate n,
a, and 6, using an adaptive, model-trust region method d
norlinea, least-squares parameter optimizaion (Dennis et
al., 1981 Dennis and Schnabel, 1983. For these fits, the
value of 8, was st to 0.005cm® cm® because it otherwise
tended to take onvaueslarger than water contents measured
inthefield.

Wooding's Solution

Many of the eali er described dfficultieswith the analysis
of stealy state infiltration tsing Woodng's lution can be
overcome by substituting a K(h) functioninto Eq. [8] that is
moreflexiblethan Gardners relationship. TheVGM condLc-
tivity relationship is one such function that does naot a priori
asuume log-lineaity nea saturation. We substituted Eq. [6]
into Eq. [8] giving an expressonwith threeunknowns (n, a,
and K,)). Steady state volumetric fluxes at ead of the four
suppy presaures, Q(h,), were cdculated using the final 300
s of outflow data. Parametersn, o, and K were estimated by
fitting Eq. [8] to the four steady state volumetric fluxes. The
integral in Eq.[8] wasnumericaly integrated using guassan

The mention of trade or manufadurer names is made for information
only and dbes not imply an endorsement, recommendation, or exclusion by
USDA-ARS.
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quadrature. Thefitted water retention charaderistic aurvein
conjunction with measured initial water contents were used
to estimatetheinitia pressurehead h,. Hydrauli ¢ conductivi-
ties at the four suppy presaures were obtained by substi-
tuting the optimized values of n, a, and K, into Eq. [6]. It
shoud benoted that thefitted parameter values embody littl e
physicd meaning and orly serve to cdculate the hydraulic
conductivity for a particular inlet pressure within the
applicable experimenta range.

Numerical Solution of Richards Equation

A seoond-order, finite difference numericd method d
lines procedure simil ar to that of Tocd eta. (1997 wasused
to solve the presaure head based form of Richards' equation
intwo-dimensions. Theset of ordinary diff erential equations
resulting from the spatial discretization d Eq. [1] was
integrated over time using DASFK, a variable step-size
variable order integrator for diff erential algebraic systems of
equations (Brown, et a. 1994). A generalized minimum
residual (GMRES) method (Saad and Schultz, 1986 was
used to solve the norlinea system at every time step.
Badkward diff erentiationformulasof ordersonethroughfive
are used by DASKK to advance the solutionin time and a
locd error control strategy is used to seled the step-size and
order of the integration. Althowgh the massconserving
mixed form of Richards equation(e.g., Celiadal., 1990 is
used in most codes to ensure massbalance, these dgorithms
integrate in time using low-order methods. Recent work
using higher order time-stepping methods, however, has
demonstrated that the pressure-head form can be acarrate,
eonamicd, and numericdly stablein the presenceof sharp
wetting fronts (Tocd et a., 1997.

A relative and absolute aror toleranceof 1 x 1073 cmfor
locd error control and an initial time step of 3.6 x 10° s
were used to oltain al numericd solutions. The finite
difference grids for the method d lines @lution were
seleded to ensure that mass balance errors within the
solution domain remained <0.5% at al observed times
throughou ead infilt ration experiment. Thelower andright
boundrieswere normaly set at 30 a 40 cm and the number
of nodes along ead axis ranged from 60 to 80.The initia
soil water content profil e was approximated in the model by
a third-order b-spline interpolant so that average water
contentsintegrated over depth corresponded closely (+ 0.001
m® m™3) with water contents obtained from extraded soil
cores. At depths >20 cm, water content was assumed to be
constant to satisfy the lower boundry condtion d free
drainage. Although true initial water contents below 20 cm
may nat have been refleded by this assumption, thisdid na
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influence simulated and measured infiltration since wetting
fronts did na extend beyond 15cm from the surface For
experiments that employed TDR probes, interpolated initia
water contents integrated over depth agreed closely (+ 0.02
m® m®) with average initial water contents measured using
the TDR probes.

Predicted cumulativeinfiltration depth I (t) (cm) wascd cu-

lated as
t
1
—
g

1(t)
whereq,(r, 1) isthe Darcy verticd flux density at t =7. Nodal
fluxesaaosstheinlet surfaceboundry wereintegrated over
time and radia distance using the trapezidal rule. Mass
balance error was cdculated by summing al integrated
bourdary fluxes, dividing this value by the change in water
volume, and subtrading this quaient from unity.

r

f 2nrqyrT)drde
0

[13]

Optimization Strategies

Table 1 summarizes the field sites, experiment type, and
the correspondng objedive function that was minimized to
fit hydraulic parameters using observed data. The residual
water content 6, was <t to a mnstant val ue of 0.005as noted
ealier. The saturated water content obtained from the fit of
Eq. [5] to laboratory retention data or estimated from bulk
density measurementswasfixedinal subsequent inversefits
of cumulativeinfiltrationto improvetheidentifiabilit y of the
remaining parameters.

Optimizations Using M ultiple Tension Infiltration Data
and Water Retention M easurements

Water retention detais often colleded in conjunctionwith
tension infiltrometer data. Yet in the majority of analyses
they aretreded independently of one anather. Theretention
curve furnishes datic information about the soil matrix
whereas infiltration measurements contain  dynamic
information related to the caill ary drive (Morel-Seytoux,
2007). Inclusion d 0, ,5(h) aong with multiple tension
cumulative infiltration measurements in the objedive
function offers a means of incorporating both sources of
information in the optimized parameters.

Cumulative infiltration is typicdly curvilinea at ealy
times for the first of a series of ascending pressure heals,
espedally under dry soil condtions. This results from the
absorption of water by the soil matrix and eventual filli ng of
the available pore space. If nea stealy-state has been
atained at the initial supdy presaure head (e.g., -15 cm),
then cumulative infiltration at subsequent higher presaure

Table 1. Summary of discinfiltrometer experiments and components of the objedive functions for each of the experimental plots.

Location Plot 0,(z)t N xE
mm3 cmH,0
No-tillage at surface 1 0.064 -156 [1(t), OLas(N)]; [1(1), 6c(z. D15 [1(1), Orpr(t)]
No-tillage at surface 2 0.072 -149 [1(t), OLas(N)]; [1(1), 6c(z. D15 [1(1), Orpr(t)]
No-tillage at surface 3 0.236 -16.0 [1(t), 6<(zT)]
No-tillage at 20 cm depth 1 0.356 -16.0, 7109, 5.6, 0.1 [1(0), Ouaa(N)]; [1(, ho)] §
No-tillage at 20 cm depth 2 0.372 -16.0, 7108, 6.2, 0.2 [1(0), Be(M]; 1, hoe)]
Native pasture 1 0.305 -15.2,7108, 5.3, 0.4 [1(0), Bae(M]; 1, ho)]
Native pasture 2 0.226 -15.2, 7106, 5.6, 0.2 [1(0), Be(M]; 1, hoe)]
Native pasture 3 0.191 -15.2 [1(1), 0<(zT)]

16;(z)) isthe mean initial volumetric water content for soil cores extraded at the 1 to 4 cm depth increment.

Iy, represents the vector(s) of observed datathat wereincluded in the objectivefunction. In most cases, two or threetypesinverse parameter optimizationswere
completed for a given infiltration experiment so that more than a single y, vector islisted above.

8[I(t, hyg)] refers to measured cumulative infiltration data over time at each of the imposed pressure heads (i.e. hy, hy, hy).
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headsisnealy linea withtimesincetheincreasein avail able
porespacewithinthewetted perimeter istypicdly negligible.
These observations s1ggest that the shapeparametersn anda
would bemoresensitivetothe auimulativeinfiltrationcurve &
ealy timesfor theinitial andlowest supdy presaureheal. In
addition, K(h) cdculated using the optimized value of K,
ohtained from this infiltration stage would be most
representative of unsaturated condLctivitiesat potentialsless
thanthesuppy pressurehea.Incontrast, onlyasmall portion
of theK(h) function rea saturationwould be sensitiveto the
cumulativeinfiltrationat latetimes.

Acoordingly, weused astepwisestrategy for inversefitting
of water retention and conduwctivity parameters using
Richards equation to estimate aumulative infiltration over
multiple tensions. Initialy n, a, and K, are optimized using
bath the laboratory water retention dita and cumulative
infiltration at the lowest imposed pressure head h,, with the
VGM functionsto describethe mnstitutive relationships. At
ead of the succealing and incrementally higher presaure
heads (i.e., h,,;, hy,, and h;) Richards' equation was used to
inversely fit these respedive segments of the amulative
infiltration curve and successvely estimate the piecevise
conductivities K(h,,), K(h,,), and K(h,,). When the wetting
front is contained within a homogeneous il layer, the
maximum principle guarantees that the maximum presaure
head within the solution danain will be adieved at the
surfaceboundxryforthisparticularinfiltration problem(Celia
et a., 1990. This dgnifies that fitting K(h) in a piecevise
manner can be atieved without extrapalating K(h) beyond
theimpaosed inlet presaure head h,. For eat conseautivefit,
thed(h) andK(h) relationshipsinEq.[5] and[6], respedively,
had aready been opimized and are used to describe
unsaturated flow at presaure headslessthan theinitia suppy
presaure head h,,. Again, we emphasize that the optimized
valueof K permitsthedescription d unsaturated condvctivity
at pressureheads|essthan h,,andmay not bereflediveof the
true saturated hydraulic conduwctivity of the soil. This
methoddogy assumesthat soil sarehomogeneoustothedepth
of the wetting front penetration (typicdly <15 cm). Some
hysteretic behaviorisacoommodated using thismethodsince
thefit of the 8(h) and K(h) relationships at h < hy, is carried
out using cumulative infiltration that may refled a ceatain
degreeof hysteresisthat consequently would be exhibitedin
the optimized parameter values of a and n. Completion o
infiltration measurements with the disc infiltrometer at
multiple tensions as described above yielded an ogimized
K(h) function that was compared with independently
cdculated conductivitiesusing Woodng's Eq. [8].

Optimizations Using Final Volumetric Water Contents
of Sail Cores

In situ red-time measurement of water contents during
infiltration in the field is difficult without some soil
disturbance adjacent to or beneah the disc infiltrometer.
Typically, a thin layer of soil immediately beneah the
infiltrometer disc is colleded after the termination o the
infiltrationexperiment (t =T) to determinethewater content
and fadlit ate the analyses aimed at estimating sorptivity or
conductivity (Clothier and White, 1981 Smettem et dl.,
1994 Siminek and van Genuchten, 1997. The volumetric
water content estimated from these surface samples is
considered to be in equili brium with the inlet pressure heal.
Errors can result because of the smal sampling depth
required andthefaa that the bulk density must be estimated
from other measurements (Angulo-Jaramill o et a., 200Q.
We sampled water contents by extrading a10-cmlength soil
core under the disc dter the termination d the infiltration
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experiment. Cores were taken at the radia origin, where
changes in water content with depth and haizontal distance
are smallest, so that water content errors asociated with
pasitioning of the aring device would be minimized. In
addition, the time & which cores were sampled, T, was
recorded to permit the cdculation o water content changes
becaise of drainage dter termination d infiltration. Once
extraded, the mreswere disseded to procurethe 1- to 4- and
6- to 9-cm increments for water content determination and
water retentionmeasurements. Soil corewater contentsat the
two depth increments 04-(z, T) wereincluded inthe objedive
function by impasing a zeo-flux surface boundry upon
termination of infiltrationandintegrating 6(r,z) over spaceto
numericdly cdculate average ¢/lindricd water contents at t
=T. Thismethoddogy hasthe alvantage of measuring water
content using a known soil volume and provides for a better
description of water contents within the wetted soil volume.
Because of the difficulties of extrading core samples from
saturated or nealy saturated soil s, we used this method ony
for infiltrometer experiments carried ou at suppy pressure
heals lessthan abou -15cm.

Optimizations Using TDR Water Contents

Incontroll ed laboratory settingsfast resporsetensiometers
and TDR have often been used to suppement cumulative
outflow data with presaure head and water content
measurements. Under field conditions, such auxili ary datais
difficult to oktain simultaneously with ouflow datawithout
some soil disturbance caused by the installation o sensors.
Nonetheless this information may gredly improve the
identifiability of fitted hydraulic parameters. We used TDR
to measure water contents over time 0.p(t) below the
infiltrometer disc. To minimize soil disturbance while
maximizing the contad of the probe with the wetted soil
volume, we inserted three TDR probes diagondlly into the
soil a few centimeters from the disc edge and oriented
towards the origin. Topp et a. (1980 demonstrated that
water contents measured by the TDR technique in the
presence of wetting fronts are esentially equivalent to
average water contents within the measurement volume.
Water contents obtained using the TDR probes oriented at a
45° angledownward from horizontal towardsthe disc center
0:pr(t) wereincluded in the objedive function by integrating
0(r,2) over spaceto numericdly cdculate average water
contents that would be deteded by a TDR probe.

Minimization of the Objedive Function

Minimization of the objedive function was implemented
using an adaptive, model-trust region method d noninea,
least-squares parameter optimizaion (Dennis et al., 198%
Dennis and Schnabel, 1983. Derivatives with resped to
eat fitting parameter were cdculated wsing forward
differencing. Iterations of the norlinea least-squares
estimation procedurewere crtinued urtil boththe maximum
scaded relative dhange in the parameters and the ratio of
forecasted change in the residual sum of sguares were <1 x
103 Combinations of threeor fewer parameters were fitted
to cumulative outflow data, water retention measurements,
TDR water contents, and soil core water contents to identify
the parameters sets that yielded convergence and the lowest
sum of squared residuals (SR).

Initial parameter estimates were seleded based onfitted
values from the water retention data and final steady state
infiltration rates. Additionaly, optimizaions were aways
restarted using different initial guesses to evauate the
posshility that previousfits converged onlocd minima and
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to ascertain if optimized parameters converged to similar
values. The initial presaure head dstribution with depth
required for the solution d Richards' equation was aways
cdculated from the measured initial water content distribu-
tion at ead iteration d the nonlinea, least-square solver.
Using numericdly generated data, Simiinek and van Genu-
chten (1997 foundthat expressng the initial condtionin
terms of water content led to a better identifiability of
parametersascompared with usinginitia presaurehead data.

Predicted and measured cumulative infiltration I(t) in the
ohjedive function were expressed as increments of volume
per unit areaof theinfiltrometer base (cm® cm2). Cumulative
infiltration recorded in the field typicdly consisted of over
1000 dita points. To reducethe storage requirements in the
norlinea fitting routine, data included in the objedive
function were limited to those wlleded at 180-s time
increments and at times when TDR water contents were
measured. Cumulative infiltration at these spedfied times
were cdculated by using a 9-point centered linea fit of
measured outflow volumes. Thethreerod TDR probeswere
asaumed to measure the average water content within a3 by
8 by 20cm? right redangular prism. Predicted water contents
for soil coresand TDR probeswere cdculated by integrating
over their respedive soil volumes using the trapezoidal rule.
These values werefitted diredly to water contents obtained
from soil cores or average water contents measured by the
three TDR probes oriented at 45° for the recorded times in
thefield.

Squared residualsin Eq. [9] were weighted equally (w;; =
1) for all data sets. Residuals for the data sets I(t), GLAB(E),
0s(z, T), and 0.pR(t) were normalized using the number of
observationsin ead data set and a measurement variance of
unity in Eq.[9]. A varianceof unity was used sincemeasured
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andestimated standard deviationsassociated with ead of the
data sets were similar in magnitude. For instance, average
standard deviations for a surfaceno-till plot were 0.02cm®
cm 3 (N = 3) for 8,p4(t) a 45°, 0.03cm (N = 24) for I(tl
based on presaure transducer signa variations, and 0.03cm

cm® (N = 12) for 8 ,5(h) at eat pressure heal. Based on
initi al water content measurements, estimated standard devia-
tionsfor volumetric water contents from extraded soil cores
ranged from 0.01to 0.03cm® cm™3(N = 3). For this narrow
range in standard deviations among all data types, limited
justification exists for assuming other than equal error
variances.

The time and depth coordinates of measured infiltration
datawere transformed to acourt for the presence of alayer
of contad sand. As per Vandervage & a. (2000), the
infiltration depth associated with the sand layer, |, was
cdculated as (Vdnry?) x 8,.4(hy) where V; is the measured
volume of sand and 0,4(h,) isthe aswciated avail able pore
space Thetime period for measured cumulative infiltration
to adhieve | was subsequently defined as t,. Accordingly,
cumulativeinfiltrationmeasuredinthefield wastransformed
to(l - Iy andtimewastransformed to (t - t) for inclusionin
the oljedive function. The contad sand wed in this gudy
(Ottawa F-110)* had a water content of 0.38+ 0.02for the
range in supdy presaure heads of -16to 0cm H,0.

RESULT SAND DISCUSSON

Water Retention Fits

Results of the fit of the parametersin Eq. [5] to retention
data are shown in Table 2 for each of the sites. The fitted
values of a, n, and 6, for ead site and depth represent the

Table2. Resultsof inverseoptimizationsobtained by including both cumulativeinfiltration I (t) and labor atory retention measurements
0, ,s(h) intheobjedivefunction. (Valuesinitalicsignify fitted parametersand valuesin parenthesisbelow signify the95% confidence

interval as calculated from asymptotic standards errors.)

SRt
Description of inverse fit ®(b,c) 0,as(h) I(t, hy) N+ 05 n o Ks
x104 x102 x102 cmt cmstx10?
No-till age at surface

Water retention data § 0.568 0.568 10 0.500 1.138 0.103

(0.020 (0.045
Cumulativelnfiltration & Water Retention data, 125 8.54 722 72 0.500 1.179 0.103 6.00
Plot 1, h,=-15.6 (0.039 (1.15
Cumulativelnfiltration & Water Retention data, 87.1 0.823 475 65 0.500 1.145 0.103 5.96
Plot 2, h,=-14.9 (0.028 (1.33

No-tillage at 20 cm depth

Water Retention data 0.341 0.477 14 0.450 1.0597 0.233

(0.0099 (0.122
Cumulativelnfiltration & Water Retention data, 0.890 0.477 0.055 24 0.450 1.0599 0.233 22.55
Plot 1, h,=-16.0 (0.004) (1.00)
Cumulativelnfiltration & Water Retention deta, 3.56 0.632 0931 44 0.450 1.0565 0.233 14.78
Plot 2, h,=-16.0 (0.0055 (0.95)

Native Pasture
Water Retention data 0.203 0.203 10 0.521 1.142 0.167
(0.019 (0.019 (0.079

Cumulativelnfiltration & Water Retention data, 1.29 0.247 0.241 33 0.521 1.140 0.167 4,76
Plot 1, h,=-15.2 (0.005 (0.12
Cumulativelnfiltration & Water Retention data, 5.89 0.267 1.29 33 0.521 1.139 0.167 2.65
Plot 2, h,=-15.2 (0.010 (0.15

T SR isthe sum of squared residuals for each component of the objective function. For data 6, ,5(h) and I(t, hy)], SR = Yw[6.s(h) - f(h)]*> and

Ywi[I(t;, ho) - f(t, ho)]? respectively (seeEq. [9]).

FNumber of cumulative infiltration observations plus number of mean water contents corresponding to retention data.
§ Water retention data consists of mean water contents at each tension (averaged over all measurements obtained for the plotsin aparticular field for soil cores
obtained in the O- to 10-cm depth increment or 20- to 30-cm depth increment for infiltration experiments at 20 cm.
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aggregatefit of al soil coresobtained fromtheparticular site
since fitted parameters did na significantly differ among
plots. Infitsto retention data obtained from both the surface
and subsurfaceof the no-till age plots, 6, was st equivalent
to the porosity estimated from mean buk density becaise
fitted valueswereoverestimated in these pl ots. The estimated
retention parameters, which represent drying curves, were
used as initial or fixed values in subsequent optimizaions
using cumulative infiltration data. The use of drying curves
permits the establishment of an upper limit on retention
curves fitted uwsing infiltration data, which contains
information abou wetting. Therefore, retention curvesfitted
using infiltration data (represented by a wetting branch)
shoud be equivalent to thelaboratory curve or off set toward
lower water contents when hysteresis is manifested.

Optimization of K(h) and @(h) Using Infiltration
and Water Retention M easurements

Resultsof inverseoptimizaionsfor parameterswhenfitted
to bath laboratory retention measurements and cumulative
infiltration at a single supdy presaure heal are summarized
in Table 2. For al the optimizations in which n, a, and K
were simultaneously fitted, the minimization algorithm had
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difficulty converging. Moreover, K, converged to substant-
ialy dissmilar values (>50%) when the fitting procedure
was restarted with different initial estimates. Inspedion o
theresporse surfaceof theobjedivefunctionwithinthea—Kg
parameter plane (Fig. 1) demonstrates why convergence
problems were problematic for these fits. The long narrow
valley exhibited by the resporse surfacesuggests that K, is
not uniquely defined (computationally at least) for these
optimizationswhen fitted simultaneously with a. Toorman et
a. (1992 also demonstrated that there was a positive
correlation between o and K, for optimizaions using
numericaly generated ore-step outflow data. They attributed
thisidentifiabilit y problemto the small i mportanceof gravity
for the short cores used in the study. Thisis made evident by
a and K, appeaing only as aratio of eadr ather when the
VGM relationships are substituted into Eq. [1] and the
gravity termisdropped. The geometry-induced enhancement
of capill arity over gravity for unconfined infiltrationin fine-
textured soil s suggeststhat thesimultaneousidentification o
a and K, would be eacebated for our optimizaion
problems. To avoid thisidentifiabilit y problem, wefixed a to
the value obtained by the fit of Eq. [5] to laboratory water
retention data. Inverse optimizaionswith o fixed resulted in
small 95% confidenceintervalsfor the estimates of nandKg

0.18 0.20

0.22 0.24 0.26

-1
Ks,cm's

Fig. 1. Response surfaceof the objedivefunction ®[1(t), 8, ,5(h)] in the a - K parameter plane for cumulativeinfiltration at -16.0 cm
supply presaure in plot 1 of the no-till age subsoil. All other parameters were set equivalent to the values obtained for the three-
parameter fit. The location of the best fit solution is marked with an “ X" .
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1.02 T T

0.18 0.20

0.24 0.26 0.28

K¢, cm h*t

Fig 2. Response surface of the objedive function ®[I(t), 8, .g(h)] in the n - K parameter plane for cumulative infiltration at -16.0-
cm supply presaure in plot 1 of the no-till age subsail . All other parameters were set equivalent to the values obtained for the two-
parameter fit (Table 2). Thelocation of the best fit solution is marked with an “ X" .

(Table 2) and a well-defined minimum as demonstrated by
the resporse surfacewithin the n—K parameter plane (Fig.
2). Moreover, theminimum converged value of the objedive
function for these two-parameter fits was not more than 6%
greder than the minimum achieved with the three-parameter
fits. Thefitted values of n show remarkable consistency for
plotswithin the samefield andfall withinthe expeded range
for clay and silty clay soils (Yateset a., 1992.

Measured and ogtimized cumulativeinfiltration depthsfor
eat of the sites and the rrespondng water retention
functions are plotted in Fig. 3 and 4. Fitted cumulative
infiltration depths corresponcded closely to measured depths
except at very ealy times, espedally for the no-ill age plots
(Figs. 3 and 4. For the no-tillage a& 20-cm depth and the
native pastureplots, cumulativeinfilt rationwas stisfadorily
fitted with ony dight modificaions to the fitted water
retention parameters n and o. In contrast, n converged to
values larger than that obtained from fits to retention ceta
from the no-till age surfaceplots. This resulted in a water
retention curve that was displaced from the drying retention
data towards lower water contents (Fig. 4). We believe that
hysteresis of the soil hydraulic functions contributed to the
disparity between the retention curve predicted from
infiltration and thase measured in the laboratory. Hysteresis
was nat apparent in the other plots (Fig. 3 possbly as a

result of relatively larger initi al water contents (6, > 0.23,see
Table 1) that narrowed the range in water contentsinside the
wetted region duing the experiment. For the no-till age
surfaceplots, however, water contents ranged from 0.05to
0.40 duing the course of the infiltration experiments.

Optimization of K(h) Near Saturation Using
Multiple Tension Infiltration Data

The optimized parameters obtained fromthefit to bah the
cumulativeinfiltrationandlaboratory retentionmeasurements
(Table 2) werenext used in the anstitutive Eq. [5] and[6] as
constants to solve Richards equation and fit the aumulative
infiltration measurements obtained at suppy presaure heads
greder than h,,,. This permitted thesequential, one-parameter
fitsof K(h,y), K(h,,), andK(h,,) (Table3). For thesefits, only
the cumulative infiltration data falling within the supgy
pressure head (hy,, hy,, o hy;) were weighted to unity in the
objedive function. The weights of al other cumulative
infiltration data (at ealier times) were set to zeo.
Optimizaionscaried ou in thismanner yiel ded estimates of
condictivity at ead suppy presaure head with a relatively
narrow range (less than + 8% normalized) in the 95%
confidence limits (Table 3). Excdlent agreament between
measured and ogimized cumulative infiltration depths were
obtained using the piecavise method (Fig. 5) that could na
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Fig. 3. Measured cumulativeinfiltration and water retention data and corre sponding two parameter optimized curvesfor the subsail
no-till ageand native pasture plots(Table2). Err or barsrepresent 95% confidencelimitsfor themean water content from soil cores
sampled at the 1- to 4- and 6- to 9-cm depth incrementsin the native pasture plotsand 11- to 14- and 16- to 19-cmin the no-till age
plots. Thegreen linein no-till age graphsrepresentsthefitted curvesobtained by fitting only the VGM constitutive relationshipsto
theentire infiltration curveat all supply presaure heads (seesedion, Optimization of K(h) Near Saturation Using M ultiple Tension

Infiltration Data).

otherwise be adieved using the VGM model to define K(h)
throughou the entire range in presaure heals. For instance,
asingle inverse fit of the awmulative infiltration and water
retention datafor Plot 1 of the no-till age subsoil using only
the VGM rdationship yield SRs for infiltration data and
retention data six and 50times greder, respectively, than
those obtained using the piecavisemethod(seeFig. 3and 5).
Simiinek et al. (19980 also used the VGM equations over
the entire range in presaure heals to inverse fit hydraulic
parameters to multiple tension infiltrometer data. They
obtained a good fit to cumulative infiltration bu the
predicted water retention curve seriously underestimated
retention data obtained from laboratory measurements. Our
results suggest that if asingle fit of the VGM model is used
over the entire presaure range then large values of K, and
smaller values of n arerequired to adequately describe the
condctivity and water retention rel ationships of these fine-
textured soils at high pdentials, which in turn poaly
represents K(h) nea saturation.

The K(h) functions derived from the four optimizaions at
thefour supdy presaure heads are presented for ead plot in
Fig. 6 and compared with values cdculated for ead suppy
head using Eq. [8]. Although we etimated the integral in
Woodng's Eq. [8] using the initia presare head h,
caculated from the initial water content and the water
retention curve, setting h; to a large negative value (-1000
cm H,O) produwced essentially identicd results. The
condictivity at ead suppy presaure head cdculated using

Eq. [8] compared closely with the optimized K(h) function
for all plots (Fig. 6). Such close areament between
estimated conductiviti es implies that Woodng's analysis of
steady state infiltration rates is valid even for the silty clay
soil used in this gudy which, based on numericd studies
(Warrick, 1992, shoud approach steady state flow
condtionsat timesfar in excessof the goproximately 1to 1.5
h we used in this gudy. Siminek et a. (19980 aso
demonstrated good correspondence between K(h) ohtained
by inverse optimizaion and Woodng's analysis except at
higher presaure heals. We obtained better agreement
between thesetwo analyses, espedally at thehighest presaure
head, probably because apiecavise description o K(h) was
used nea saturation.

Optimizations Using Final Volumetric Water
Contents of Soil Cores

Results of parameter optimizaions that included in the
objedive function bah infiltration data and the volumetric
water contentsfrom cores extraded after termination o ead
experiment are shown in Table 4. As with the previous
optimizationresults, three.parameter fits of «, n, andK,, led
to convergence problems because of nonuniquenessin the
a—K parameter plane (Fig. 7). To investigate this problem
further, we numericdly generated infiltration and water
content data and subsequently used these data for inverse
optimizations. Doing so led to excdl ent convergence prop-
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Fig. 4. Measured cumulative infiltration and water retention
data and corre sponding two-par ameter optimized curvesfor
the no-till age surface plots (Table 2). Error bars represent
95% confidence limits for the mean water content from soil
cores sampled at the 1 - 4 and 6 - 9 cm depth incrementsin
both plots.

erties for these threeparameter fits, similar to results
obtained by Siminek and van Genuchten (1997). We dso
completed inverse optimizaions using the generated final
volumetric water content data with added o subtraced
deterministic errors (+ 0.0 (e.g., Siminek and van
Genuchten, 1997). These optimizaions also converged to
parameter estimates close to the true values, however
asymptotic standard errorsof the estimatesweresignificantly
larger than error-freedata.

Experimentation with changing the standard deviation o
for the water contentsin the objedive functionindicae that
all threeparametersbecmeidentifiableusing field measured
dataif o isdeaeased 10fold. However, theseresultsindicae
that to attain identifiability, 6.(z, T) would reel to be
measured with a standard error of 0.003cm® cm 3, alevel of
acaragy that is, in pradice, na attainable considering that
only ore sample for ead depth increment can be extraded
after termination d theinfiltrationexperiment. We speaulate
that deviation of the infiltration processfrom the invoked
theoreticd model may beinfluencingtheoptimizaionresults
as do measurement errors in the data.

All two-parameter fits of n and K, converged to estimates
withrelatively small 95% confidenceintervals(Table4), and

with good agreement between measured and opgimized
cumulative infiltration depths. Fitted volumetric water
contents underestimated measured water contents (Table 4),
espedally for the 6- to 9-cm depth increment. However, all
but ore of the estimated water contents had acceptably small
residuals within the expeded range of sampling error of
abou + 0.03cm® cm 3, Simulated drainage &ter termination
of theinfiltrationexperiment and kefore soil core extradions
(abou 1-2min) indicated oy aminor reduction(<.017) in
the volumetric water contents of extraded soil cores.

Optimizaions using 04(z, T) dataresulted in significantly
larger parameter estimates of nandsmall er errorsinthefitted
cumulativeinfiltrationfor Plots 1 and 2 d the no-till agefield
(Table 4) as compared with the optimizations that used the
water retention data (Table 2). Optimizationsusing 64(z, T)
data led to a lowering of the fitted water retention curve
below that of the laboratory retention ceta (Fig. 8), likely
becaise of hysteresis. Hysteresis was manifested by an
increzse in the fitted value of n and was more strongly
expressd ininfiltration experimentswith lower initi al water
contents. Sinceinitial water contents varied with depth, the
fitted water retention function represents alumped scanning
curve rather than any single scanning curve. The
identification of parameter estimates that could describe
hysteretic relationships will require optimizaions using
modified retention and conductivity functions that acourt
for hysteresis sich as Siminek et al. (199%).

Optimizations Using TDR Water Contents

Results of inverse optimizationsthat included TDR water
contents as well as cumulative infiltration in the objedive
functionaresummarized in Table5. Thelower portion d the
Ap horizon at depths greaer than about 10 cmin notill age
surfaceplotspossessed hydrauli cpropertiesthat diff ered from
the surfacelayer and were more representative of retention
charaderisticsfor the Bt horizonat 20to 30cm. The second
layer did na significantly influence cumulative infiltration
because the wetting front was contained principally in the
upper 10cm. But, the TDR probesinserted at 45° extendinto
this seaondlayer; and TDR measurements of water content
did refled the mean water content of bath layers. Simulated
drainage using the best fit parameters and a single layer
caused predicted water contents to deaease within soil
volumes measured by TDR probes at ealy times. The
simulated water content deaeasedid na agreewith TDR data
that indicated stable water contents prior to infil-tration. To
addressthisdifficulty, we simulated infiltrationin notill age
surfaceplots using two soil | ayersat 0to 10and 10to 40cm.
Parametersfromthe two-parameter fits(Table2, notill age &
the 20-cm depth, Plot 1) were used to simulate water flow in
the lower layer; and the parameters for the O- to10-cm layer
wereobtained by inverseparameter estimation.We enphasize
that the hydrauli c properties of the second soil | ayer had an
insignificant influence on cumulative infiltration and fitted
parameters. For example, aten-fold deaeasein the saturated
conductivity in the second layer yielded inverse fitted
parametersthat varied only 3to 7% from the estimatesusing
the unmodified hydrauli c properties of the secondlayer.
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Table 3. Results of inverse optimizations obtained for multiple tension infiltration experiments using a piecevise description of the
conductivity. For each fit, K(h) isgiven by Eq. [6] for h < hyand Eq. [7] for h > h,, Fitted values of @, n and K, shownin Table 2 (two-
parameter fits) were used to describe K(h) and 0(h). (Valuesin italics sgnify fitted parameters and values in parenthesis below
signify the 95% confidenceinterval as calculated from asymptotic standardserrors.)

Description of inversefit DBy Nt K(h.) K(hy) K(h.)
x10* cmstx10* cmstx10* cmstx10*
No-tillage at 20 cm depth, Plot 1
Cumulative Infiltration data, hy,; =-10.9 0.955 14 0.961 - -
(0.033
Cumulative Infiltration data, h,, = -5.6 213 16 0.961 1.410 -
(0.048
Cumulative Infiltration data, hy; =-0.1 57.7 18 0.961 1410 6.41
0.21)
No-tillage at 20 cm depth, Plot 2
Cumulative Infiltration data, h,, = -10.8 0.248 21 0.381 - -
(0.010
Cumulative Infiltration data, h,, = -6.2 2.64 18 0.381 0.679 -
(0.045
Cumulative Infiltration data, h,; = -0.2 40.0 13 0.381 0.679 6.29
0.29)
Native Pasture, Plot 1
Cumulative Infiltration data, h,; =-10.8 2.69 20 0.800 - -
(0.042
Cumulative Infiltration data, h,, =-5.3 4.92 23 0.800 2515 -
(0.04)
Cumulative Infiltration data, hy; =-0.4 747 13 0.800 2515 27.21
(1.09)
Native Pasture, Plot 2
Cumulative Infiltration data, h,, = -10.6 4.32 20 0.670 - -
(0.053
Cumulative Infiltration data, h,, = -5.6 0.956 21 0.670 2.929 -
(0.020
Cumulative Infiltration data, h,; = -0.2 651 14 0.670 2.929 26.52
(0.80)

T Number of cumulative infiltration observations at each respective suppy presaure head.

For the optimizations in which n, a, and K, were
simultaneously fitted, the minimization agorithm had
difficulty converging. Aswith previous optimizaions, these
three-parameter fitsled to nonunique solutions asindicaed
by influence plots in the a—K, parameter plane. Two-
parameter fits of n and K, using TDR data (Table 5)

5.0

€ No—Tlll;age, 20 cm €

- —— Plot1 -
c — c
9o 4.0 —-- Plot2 0.1 9o
§ —— Only VGM A §
% 3.0 - o2 f E
° ; 7
2 2.0 o 2
“c‘c' -5.6 “J “c‘c'
E v V‘y‘-‘ej’ E
g 1.0 o -10.9 10.8 g
O 160 -16.0 Y, O

0 3600 7200 10800 14400
Time, s

converged to estimates with values smil ar to those obtained
for optimizaions using final water contents from soil cores
(Table4). Also,final simulated water contents deviated from
TDR data by 0.01to 0.03cm® cm3, again similar to the
results for optimizations that used final water contents from
soil cores. However, optimized TDR water contents were
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Fig. 5. Measured cumulativeinfiltration data and corre sponding fitted cur vesfor the subsoil no-till ageand native pasture. Inversefits
to cumulative infiltration after the first supply presaire head were obtained using aloglinear piecewise description of the K(h)
function (Table 3). Inversefitsfor thefirst supply presaure head are shownin Table 2. Step changesin thesupply presaure head are
indicated by thesymbol v inthe aumulativeinfiltration plots. Thegreen linein the no-till age gr aph represents estimated cumulative
infiltration obtained by fitting only the VGM constitutive rdationshipstothe entire infiltration curveat all supply presaure heads.
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Fig. 6. Unsaturated hydraulic conductivities at each supply presare head calculated using Wooding’s analysis (symbol) and the
corre sponding optimized hydraulic conductivity function (line) obtained from four sequential inversefits (Tables 2 and 3).

significantly underestimated at ealy times (Fig. 9).
Corresponcence between simulated and measured TDR
water contentswasespedally poar for Plot 2 of theno-till age
site despite the fad that TDR data comprised 20% of the
errorintheobedivefunction.Optimizaionsusingaten-fold
increase in the weight of TDR datain the objedive function
led tosignificantly larger parameter estimatesof nand K, but
failed to yield any significant improvement in the simulated
water contents (Fig 9.). Simulations predicted sharp wetting
fronts. In contrast, the measured data showed amuch ealier
arrival of the wetting front and a gradual increase in water
contents theredter. Differences between simulated and
measured water contents at ealy timeswere probably dueto
physicd norequili brium. At later times in the infiltrometer
experiments, water contents probably began to attain nea
equili brium condti onsthat led to abetter agreament between
measured and simulated water contents. The greaer weight-
ing of TDR water contents, and hencethe greaer emphasis
of norequili brium condtionsat ealy times, resulted infitted
parametersthat weremorerepresentative of coarser-textured
soils.

SUMM ARY AND CONCLUSIONS

Theinsensitivity of the objedive function over awide
range in K, for the threeparameter fits make simultaneous
identification of K, a, andnvery difficult, if notimpradicd,
for al optimizations investigated. We dtribute aportion o
thisidentifiability problemto the enhancement of capill arity
over gravity for unconfinedinfiltrationin fine-textured soil s.
Inclusion of measured soil core water contents at the
termination d infiltration experiments did na improve the
identifiability of K, and o for these three parameter fits. We
speallate that deviations of the flow from the invoked
theoreticd modd are aso influencing the optimization
results as much as, or more than, uravoidable measurement
errorsin water content and cumulative infiltration. Based on
these results, we recommend that o be estimated using water
retention data andtheredter befixed at thisvaluefor inverse
fitsto cumulative infiltration data. For these soil s, the two-
parameter fitswith o held constant improved theidentifiabil -
ity of K, and n while nat compromising the fit to measured
infiltration. We emphasize, however, that the optimization
strategies developed for the fine-textured soil s in this gudy

Table 4. Results of inverse optimizations obtained by including both cumulative infiltration I (t) and volumetric water contents of
extracted soil cores 8(z, T) in the objedive function. (Valuesin italics sgnify fitted parameters and valuesin parenthesis below
signify the 95% confidenceinterval as calculated from asymptotic standardserrors.)

SR T Ormesuren - Btitea 8
Plot D(B.y) 0(zT) I(t, h) Nt n a K 1-4cm 6-9cm
x10°° x10°2 x102 cm? cmstx 102 m*m3 m*m3
No-tillage at surface

Plot 1, hy=-15.6 10.84 0.112 63.7 64 1.255 0.1032 4.39 0.029 -0.020
(0.056) (0.69)

Plot 2, hy=-14.9 109 0.394 49.2 57 1.200 0.1032 4.28 -0.001 -0.062
(0.053 (122

Plot 3, hy=-16.0 2.56 0.155 3.76 23 1.192 0.1032 3.54 -0.019 -0.034
(0.055 (072

Native Pasture

Plot 3, h,=-15.2 1.37 0.188 0.77 20 1.180 0.1670 4.26 -0.028 -0.033

(0.035 (0.46)

t SRisthe sum of squared residualsfor each component of the objective function. For data6s-(z T) andI(t, hy)], SR =Y W[0(zT) - f(z, T)]?and Y wi[I(t;,

ho) - f(t, o)), respectively (seeEq. [9]).

F Number of cumulative infiltration observations plus number of water content observations from extraded soil cores.
§ Measured minus fitted volumetric water contents of extraded soil cores for each depth increment.
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Fig. 7. Response surfaceof the objedivefunction ®[I (t), 8s.(z, T)] in the a - K parameter planefor cumulativeinfiltration at -16.0cm
supply presaure for the no-tillage surface, plot 3. All other parameters were set equivalent to the values obtained for the three-
parameter fit. At the converged minimum, marked with an “X”, error corresponding to the residuals of the infiltration data

comprised 75% of the value of @[l (t), 0s:(z, T)].

may nat necessarily be gopropriatefor coarser-textured soil s.

For two-parameter fits, minimizations of the objedive
functionthat included bah cumulativeinfiltrationand drying
water retention data led to excdlent fits for thase
experimentsthat had relatively high initi al water contents (0,
> 0.23m® m®). At lower initial water contents, goodfits to
cumulativeinfiltrationwere obtained orly with an estimated
retention curve that exhibited hysteresis as compared with
measured water retention data. In thase caes where initia
water contents were low, even better fits to cumulative
infiltration could be obtained by minimizing the objedive

function that included bah cumulative infiltration deta and
volumetric soil water content measured uporthetermination
of the outflow from the disc infiltrometer. These
optimizations also led to estimates of fina water contents
that closely approximated measured water contents (within
0.03cm?® cm®) irrespedive of whether water contents were
measured using soil coresor TDR.

Optimizations that included bah cumulative infiltration
andvolumetricwater contentsmeasured by TDR with probes
oriented 45° from horizontal returned parameter estimates
that were similar to values obtained for fits that used final

Table 5. Results of inverse optimizations obtained by including in the objedive function both cumulative infiltration I(t) and water
contents measured by TDR. probes 8x(t) oriented 45° from perpendicular. (Valuesin italics sgnify fitted parameters and values
in parenthesis below signify the 95% confidenceinterval as calculated from asymptotic standards errors.)

SRt
Plot D(B.y) 0na(t) I(t, hy) Nz ¥ N, 8§ d{ n o K
x102 x102 x102 cm cmt cmstx 102
No-tillage at surface
Plot 1, hy=-15.6 1.09 1.39 63.8 22 62 7.1 1.265 0.1032 4.27
(0.058) (0.67)
Plot 2, h,=-14.9 1.10 461 47.6 20 55 6.6 1.174 0.1032 4.89

(0.066) (1.93

t SR is the sum of squared residuals for each component of the objective function. For data 8:px(t) and I(t, hy)], SR = Y wi[6r(t) - f(t)]? and Y wi[I(t;,

ho) - f(t, ho))? respectively (seeEq. [9]).

F Number of averagewater content TDR measurementsover time. Each average consi sted of threeTDR readings from probesoriented 45° from perpendicular.

8§ Number of cumulative infiltration observations.

T Averageradia distance from edge of infiltrometer to insertion point of TDR probes oriented 45° from perpendicular.
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Fig. 8. Measured water retention data and corresponding
optimized retention curves obtained from the inverse fit to
infiltration data and final volumetric water contents from
extracted soil cores (Table 4). Error bars represent 95%
confidencelimitsfor the mean water content from soil cores
sampled at the1- 4 and 6 - 9 cm depth incrementsin all plots
within a given field.

soil water contents. These optimizations resulted in final
simulated water contents that were within 0.03cm® cm® of
thase measured by TDR. However, transient flow nea the
margins of the wetting front was not well described by
Richards' equation pobably because of physicd
norequili brium processes. Asa @nsequence, water contents
measured by TDR in these regions were poaly estimated
ealy in the simulations; and the identifiability of hydraulic
parameters for these minimization poblems was not
improved over that obtained using soil cores for final water
contents. Final water contents measured by TDR and from
soil cores extraded under the tension infiltrometer were
fairly well predicted, likely becaise of equili brium having
been achieved.

Inverseoptimizationsover multi plesuppy presaureheals,
with K(h) defined using piecewvise loglinea interpolation at
presaure heals nea saturation and the VGM function at
lower presaure heads, resulted in excdlent fits to measured
cumulative infiltration. In contrast, inverse optimizaions
using the VGM function to describe K(h) at all presare
heals resulted in much poaer fits to infiltration data and
unsatisfadory predictions of the water retention
charaderistic curve. Woodng” sanalysis of multipletension
infiltration experiments yielded estimates of K(h) nea
saturation that compared closely with inverse optimizetion
estimates.

Based on the results of this gudy, bah single tension
infiltration experiments with final soil water contents and

0.40 ———
0.36 ‘}5 9{" Plot 1
0.32
0.28
@
0.24
0.20
0.16 —— 45°TDR Probe
—Y— 90° TDR Probe
0.12 I I I
0 1800 3600 5400 7200
Time, s
0.40
0.36
0.32
0.28
@
0.24
0.20 1 ~“—— 45°TDR Probe
0.16 —— 90° TDR Probe
""" TDR data weighted 10-fold
0.12 I I I
0 1800 3600 5400 7200
Time, s

Fig. 9. M ean measured (symbol) and fitted (line) water contents
for TDR probes for surface no-tillage plots. Fitted water
contentswere obtained by inverse optimization of infiltration
data and 45° TDR water contents. Optimized parameters
were then used to predict water contents measured by 90°
TDR probes. Error bars represent the average 95% confi-
denceinterval about the mean water contents measured by
TDR.

multi ple tension experiments would be suitable to char-
aderize hydraulic properties of fine-textured soils. Water
retention measurements from soil coreswould berequiredto
estimate o. Optimizations of multiple-tension infiltration
experiments would provide estimates of condictivity nea
saturation. In contrast, optimizaions using cumulative
infiltration data & approximately -15cm paential, in
conjunction with final volumetric water contents, would
furnish more predse information pertaining to hydraulic
conductivities at larger potentials. Ordinarily, orly asingle
soil core can be removed at the termination d infiltration
experiments. Obviously, this ssmple must be taken with care
to ensure that errors in measured volumetric water contents
aresmall. Theuseof TDR canreduce arorsinwater content
measurements, however probes sroud beplaced well within
the fina wetted perimeter to maximize the wlledion o
relevant datafor usein ogimizaions.
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