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Suggestions for Contributors to the

Soil Science Society of AmericaJournal

General Requirements

Contributions to the Soil Science Society of America Journal (SSSAJ)
may be (i) papers and notes on original research; and (ii) “Comments
and Letters to the Editor” containing (a) critical comments on papers
published in one of the Society outlets or elsewhere, (b) editorial
comments by Society officers, or (c) personal comments on matters
having to do with soil science. Notes are not to exceed two printed
pages. Letters to the Editor are limited to one printed page. Contribu-
tions need not have been presented at annual meetings. Original
research findings are interpreted to mean the outcome of scholarly
inquiry, investigations, modeling, or experimentation having as an
objective the revision of existing concepts, the development of new
concepts, or the development of new or improved techniques in some
phase of soil science. Authors are encouraged to test modeling results
with measurements or published data. Short critical reviews or essays
on timely subjects, upon invitation by the Editorial Board, may be
published on a limited basis. The SSSAJ also invites submissions for
cover illustrations from authors of manuscripts accepted for publica-
tion. Refer to SSSA Publication Policy [Soil Sci. Soc. Am. J. 65(1):
v-vii. 2001] and to the Publications Handbook and Style Manual
(ASA-CSSA-SSSA. 1998) for additional information.

The SSSAJ uses a double blind review format. Authors are anony-
mous to reviewers and reviewers are anonymous to authors. A detach-
able title page includes title, author(s), author-paper documentation,
and acknowledgments. The manuscript title but not the authors are
repeated on the abstract page. The Publications Handbook and Style
Manual (1998) (http://www.asa-cssa-sssa.org/style98/) is the official
guide for preparation and editing of papers. Copies are available from
ASA Headquarters, 677 S. Segoe Rd., Madison, WI 53711 (books@
agronomy.org).

Submitting Manuscripts

Manuscripts can be submitted to the SSSAJ Editor as PDF files.
Detailed instructions for creating and uploading PDF files can be
found at http://www.manuscripttracker.com/sssaj/ along with instruc-
tions related to logging on to the SSSAJ Manuscript Tracker system.

Alternatively, authors may send four legible double-spaced copies
of each manuscript on 21.6- by 27.9-cm paper. The lines of type must
be numbered on each page, and at least 2.5-cm margins left on top,
bottom, and sides. Pages should be numbered consecutively. Type
legends for figures (double spaced) on one or more sheets and place
at the end of the manuscript.

A cover letter should accompany each submission. Send the copies
to:

Dr. Richard L. Mulvaney, Editor

Soil Science Society of America Journal
University of Illinois

1102 South Goodwin Avenue

Urbana, IL 61801

e-mail: mulvaney@uiuc.edu

Potential Reviewers. Authors who submit manuscripts as hard
copies or through the SSSAJ Manuscript Tracker system will be en-
couraged to provide a list of potential reviewers. Those who do not
use Manuscript Tracker are encouraged to include a cover letter along
with their submission that suggests potential reviewers. Reviewers
must not have a conflict of interest involving the authors or paper
and the editorial board has the right not to use any reviewers suggested
by authors.

Creating the Manuscript Files

Although manuscript review is done electronically or with printed
copies, accepted manuscripts are edited as word processing files.
Therefore, authors should keep in mind the following when preparing
manuscript files.

All accepted manuscript files will ultimately be converted to Micro-
soft Word format for on-screen editing. Therefore, files that are origi-
nally composed in or converted to Microsoft Word are strongly pre-
ferred. Other formats are also acceptable, but authors should avoid
using word processing features such as automated bulleting and num-
bering, footnoting, head and subhead formatting, internal linking, or
styles. Avoid using more than one font and font size. Limited use of
italics, bold, superscripts, and subscripts is acceptable. The file should
be double spaced and line numbered, with at least 2.5-cm margins.
Rich-text format (.rtf extension) and TeX files are not acceptable.
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The file that is sent for typesetting closely resembles a text-only
file. Production editors must delete all unnecessary formatting in the
manuscript file to prepare it for typesetting. Therefore, authors should
avoid using word processing features such as automated bulleting and
numbering, footnoting, head and subhead formatting, internal linking,
or styles. Avoid using more than one font and font size. Limited use
of italics, bold, superscripts, and subscripts is acceptable. The file should
be double spaced and line numbered, with at least 2.5-cm margins.

Tltle Page. The title page should include:

. A short title not exceeding 12 words. The title should accurately
identify and describe the manuscript content.

2. Anauthor-paper documentation. Include author name(s), spon-
soring organization(s), and complete address(es). Identify the
corresponding author with an asterisk (*). Professional titles
are not listed. Other information such as grant funding, may be
included here or placed in an acknowledgment, also on the
title page. To ensure an unbiased review, the title page will be
removed during the review process. The title, but not the byline,
should therefore be repeated on the page that contains the ab-
stract.

3. An abbreviations list. Include abbreviations that are used re-
peatedly throughout the manuscript. Do not list SI units, chemi-
cal element symbols, or variables from equations.

4. The corresponding author’s phone and fax numbers and e-mail
address.

Abstract. An informative, self-explanatory abstract, not exceeding
250 words (150 words for notes), must be supplied on a separate page.
It should specifically tell why and how the study was made, what the
results were, and why they were important. Use quantitative terms.
The title should be repeated on top of the abstract page without
author identification.

Tables. Each table must be on a separate page and numbered
consecutively. Do not duplicate matter that is presented in charts or
graphs. Use the following symbols for footnotes in the order shown:
.48 9, # 11, £, ... etc.

The symbols *, ** and *** are always used to show statistical
significance at 0.05, 0.01, and 0.001 levels, respectively, and are not
used for other footnotes. Spell out abbreviations on first mention in
tables, even if the abbreviation is defined in the text (i.e., a reader
should be able to understand the table contents without referring
back to the text).

Figures. Do not use figures that duplicate matter in tables. Photo-
graphs for halftone reproduction should be glossy prints with good
dark and light contrast. When creating figures, use font sizes and line
weights that will reproduce clearly and accurately when figures are
sized to the appropriate column width. The minimum line weight is
1/2 point (thinner lines will not reproduce well). Screening and/or
shaded patterns often do not reproduce well; whenever possible, use
black lines on a white background in place of shaded patterns.

Authors can reduce manuscript length and, therefore, production
charges, by supplying photographs and drawings that can be reduced
to a one-column width (8.5 cm or 20 picas). Lettering or numbers in
the printed figure should not be smaller than the type size in the body
of an article as printed in the journal (8-point type) or larger than
the size of the main subheads (12-point type). The minimum type
size is 6-point type. As an example, a 17-cm-wide figure should have
16-point type, so that when the figure is reduced to a single column,
the type is reduced to 8-point type.

Label each figure with name of author, title of article, and number
of figure. Type captions in the word processing file following the
references. As with tables, spell out abbreviations on first mention
in figure captions, even if they have already been defined in the text.

References. When preparing the reference list, keep in mind the fol-
lowing:

1. Do not number the references listed.

2. Arrange the list alphabetically by the names of the first authors
and then by the second and third authors.

3. Single-authored articles should precede multiple-authored arti-
cles for which the individual is senior author.

4. Two or more articles by the same author(s) are listed chronologi-
cally; two or more in the same year are indicated by the letters
a, b, c, etc.

5. All published works referred to in the text must be listed in the
reference list and vice versa.

6. Only literature that is available through libraries can be cited.
The reference list can include theses, dissertations, and abstracts.

7. Material not available through libraries, such as personal com-



munications or privileged data, should be cited in the text in
parenthetical form.

8. Chapter references from books must include, in order, authors,
year, chapter or article title, page range, editor(s), book title,
publisher, and city.

9. Symposium proceedings should include editor, date and place
of symposium, publisher, and page numbers.

Style Guidelines

All soils discussed in publications should be identified according
to the U.S. soil taxonomic system the first time each soil is mentioned.
The Latin binomial or trinomial and authority must be shown for all
plants, insects, pathogens, and animals when first mentioned. Both
the accepted common name and the chemical name of pesticides must
be provided. SI units must be used in all manuscripts. Corresponding
metric or English units may be added in parentheses at the discretion
of the author. If a commercially available product is mentioned, the
name and location of the manufacturer should be included in paren-
theses after first mention.

Official Sources.

1. Spelling: Webster’s New Collegiate Dictionary

2. Amendments to the U.S. system of soil taxonomy (Soil Survey
Staff, 1975) have been issued in the National Soil Survey Hand-
book (NRCS, 1982-1996) and in Keys to Soil Taxonomy (Soil
Survey Staff, 1996). Updated versions of these and other re-
sources are available at http://www.statlab.iastate.edu/soils/index.
html

3. Scientific names of plants: A Checklist of Names for 3000 Vascu-
lar Plants of Economic Importance (USDA Agric. Handb. 505,
see also the USDA Germplasm Resources Information Network
database, http://www.ars-grin.gov/npgs/searchgrin.html)

4. Chemical names of pesticides: Farm Chemicals Handbook
(Meister Publishing, revised yearly)

5. Soil series names: Soil Series of the United States, Including
Puerto Rico and the U.S. Virgin Islands (USDA-SCS Misc. Publ.
1483, http://www.statlab.iastate.edu:80/soils/osd)

6. Fungal nomenclature: Fungi on Plants and Plant Products in
the United States (APS Press)

7. Journal abbreviations: Chemical Abstracts Service Source Index
(American Chemical Society, revised yearly)

8. The Glossary of Soil Science Terms is available both in hard
copy (SSSA, 1997) and on the SSSA Web page (www.soils.org/
sssagloss/). It contains definitions of more than 1800 terms, a
procedural guide for tillage terminology, an outline of the U.S.
soil classification system, and the designations for soil horizons
and layers.

Manuscript Revisions

Authors have three months to make revisions and return their manu-
scripts following reviewer and associate editor comments. If not re-
turned within three months, the manuscript will be released; it must
then be resubmitted as a new paper.
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Length of Manuscript and Page Charges

Membership in the Society is not a requirement for publication in
the SSSAJ; however, nonmembers will be charged an additional
amount for the first six published pages of a manuscript. To qualify
for member rates, at least one author must be an active, emeritus,
graduate student, or undergraduate student member of SSSA, CSSA,
or ASA on the date the manuscript is accepted for publication. Volun-
teered papers will be assessed a charge of $25 per page for nonmem-
bers for each printed page from page one through page six; a charge
of $190 per page ($95 per half page) will be assessed all papers for
additional pages. No charges will be assessed against invited review
papers or comments and letters to the editor. The Society absorbs
the cost of reproducing illustrations up to $15 for each paper.

In general, four manuscript pages will equal one printed page. For
space economy, Materials and Methods, long Literature Reviews,
theory, soil or site descriptions, etc., footnotes, tables, figure captions,
and references are set in small type. Each table and figure will usually
take 1/4 of a printed page. For tabular matter, 9 lines of typewritten
matter equal 1 column-inch of type. Allow also for rules and spacing.
Tables with more than 35 units (including space between words) in
a horizontal line can rarely be set 1 page-column wide. The depth of
a printed figure will be in the same proportion to the width (1 column =
8.5 cm; 2 column = 17.2 cm) as that of the corresponding dimensions
in the original drawing.

Authors can publish color photos, figures, or maps at their own
expense. Please call the Managing Editor (608-273-8095) for price
information.

Accepted Manuscripts

Following hard copy submission and review, both a printed copy
and word processing file of the final accepted manuscript are required.
The printed copy and word processing file must match exactly in all
parts of the manuscript. Printed copies and files for tables and figures
must also be included. The files for text, tables, and figures should
be separate.

Send the printed copy and a disk with the manuscript files to:

Nicholas Rhodehamel, Managing Editor, SSSAJ
American Society of Agronomy

677 South Segoe Road

Madison, WI, USA 53711

Alternatively, if the paper was submitted for review through the
SSSAJ Manuscript Tracker system, the final accepted version can be
uploaded as a Word file at http://www.manuscripttracker.com/sssaj/
finaldocs.htm. A printed copy that exactly matches the word pro-
cessing file must still be sent to the address listed above.

Questions?
Send your questions to Nicholas Rhodehamel, Managing Editor,

SSSAJ (nrhodehamel@agronomy.org).
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Estimating Hydraulic Properties of a Fine-textured Soil Using a Disc Infiltrometer

R. C. Schwartz* and S. R. Evett

ABSTRACT

Inverse optimization of parameters offers an economical means to
infer soil hydraulic properties from in situ measurements of infiltra-
tion. We evaluated optimization strategies to inversely estimate soil
hydraulic parameters using field measured tension disc infiltrometer
data. We estimated the parameters n, «, and K| of the van Genuchten-
Mualem (VGM) model, and a piecewise representation of conductiv-
ity near saturation using a numerical inversion of Richards’ equation.
In addition to cumulative infiltration, optimizations included in the
objective function water retention data, water contents from cores
extracted after termination of infiltration, or transient measurements
of water contents using time domain reflectometry (TDR) probes.
Three-parameter fits to field data were nonunique because of a posi-
tive correlation between « and K,. In contrast, fits of n and K, with
« 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® cm 2
Close fits to cuamulative infiltration were also obtained 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 final
water contents that closely approximated measured water contents.
However, measured TDR water contents were poorly matched by
simulations at early times. A piecewise loglinear interpolation of hy-
draulic conductivity near saturation improved fits to measured cumu-
lative infiltration and water retention data as compared with using
the VGM model at all pressure heads.

PARAMETERS DERIVED from in situ measurements of
soil hydraulic properties are crucial to understand-
ing and describing the dynamic processes of water flow
in the field. The tension disc infiltrometer (Perroux and
White, 1988) has become a valuable tool to investigate
the hydraulic properties of soils at or near the surface.

R.C. Schwartz and S.R. Evett, USDA-ARS, Conservation and Pro-
duction Research Lab., P.O. Drawer 10, Bushland, TX 79012-0010.
Received 16 Aug. 2001.*Corresponding author (rschwart@cprl.ars.
usda.gov).
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This infiltration-based method is particularly suitable for
quantifying changes in near surface hydrology resulting
from soil management activities such as tillage (Sauer
et al., 1990; Logsdon et al., 1993). Although unconfined
flow below the infiltrometer disc complicates the analy-
ses of infiltration measurements, various methods have
been devised to infer hydraulic properties from disc in-
filtrometer measurements. These techniques are based
on quasi-analytical solutions of transient flow at early
times (e.g., Smettem et al., 1994), Wooding’s (1968)
analysis of steady state infiltration from a disc source
(Ankeny et al., 1991; Logsdon and Jaynes, 1993; Hussen
and Warrick, 1993), or by inverse parameter optimi-
zation of the axisymmetric form of Richards’ equation
(Siminek and van Genuchten, 1996). Angulo-}aramillo
et al. (2000) discuss many of the difficulties associated
with both the transient and steady state analysis of un-
confined infiltration. The focus of this paper is the esti-
mation of soil hydraulic properties through inverse pa-
rameter optimization of the governing equations that
describe water flow from a disc source. Inverse proce-
dures tend to be less restrictive than direct analysis using
quasi-analytical solutions and have the potential to yield
information about conductivity and water retention
over a wide range in pressure heads from a single infil-
tration experiment.

Simtnek and van Genuchten (1996, 1997) proposed
an inverse method to estimate hydraulic properties us-
ing cumulative infiltration data from a disc infiltrometer.
Based on the results of inverse fits to numerically gener-
ated data, they concluded that identifiability of parame-
ters is improved when other information is included in
the objective function. The most promising scenario was
an objective function that included initial and final water
contents as well as cumulative infiltration data. Final
water contents were assumed to be in equilibrium with
the supply pressure head and taken at the soil surface
upon the termination of infiltration experiments. Simu-

Abbreviations: TDR, time domain reflectometry; VGM, van Genuch-
ten-Mualem.



1410 SOIL SCI. SOC. AM. J., VOL. 66, SEPTEMBER-OCTOBER 2002

nek et al. (1998b) later used this method in conjunction
with multiple tension infiltrometer data to estimate hy-
draulic properties of two field soils.

Despite the advantages of using inverse optimization
in conjunction with disc infiltrometer measurements,
these methods are hampered by a number of practical
problems that must be overcome so that they can be
successfully used in the field. Presently, only a few re-
searchers have described inverse optimizations of disc
infiltrometer measurements in the field (Simiinek et al.,
1998a, 1998b), likely because of the difficulty of obtam-
ing and incorporating meaningful auxiliary data along
with cumulative outflow data. For instance, errors can
arise in the determination of volumetric water contents
when sampling the soil surface after the removal of the
disc infiltrometer because of the small sampling depth
required, and because bulk density must be estimated
for this thin layer (Angulo-Jaramillo et al., 2000). The
most pertinent soil volume of interest directly beneath
the disc is typically inaccessible to sensors. Steep gradi-
ents in water content near the soil surface require an
accurate estimate of the initial water content profile
for inverse estimation methods. Lastly, water retention
curves obtained through numerical inversion of field
infiltration-experiments have typically compared poorly
with laboratory retention data (Simtinek et al., 1998b;
Simiinek et al., 1999b) A consistently workable method
for combmmg inverse parameter estimation with field
measured data is still elusive.

THEORY
Governing Equations

Isothermal water flow for a radially symmetric two-dimen-
sional region in nonswelling, homogeneous, isotropic soils can
be described with the following form of Richards’ equation
(Warrick, 1992):

2o (80|12 o)

az

where 0 is the volumetric water content (cm® cm‘-‘), ¢ is time
(s), z is the vertical coordinate taken positive downwards (cm),
K is hydraulic conductivity (cm s™'), & is the pressure head
(cm), and r is the radial coordinate (cm). Equation [1] can be
solved subject to an initial water content depth profile 6,(z)

0(r, z, 1) = 0(2) t=0 [2]
and boundary conditions Eq. [3a] to [3e]

h(r,z,t) = hf(t) 0<r<mn, z=0 [3a]

M=1 r > r, z=0 [3b]
0z

oh(r,z,t) _ 0 P 3¢]
0z

M =0 P [3d]
oar

hrz0_o ,=0 [3e]
ar

where A is the inlet pressure head at the soil surface. Equation

[3a] is a prescribed head surface boundary below the disc
source with radius r, and Eq. [3b] describes a zero flux bound-
ary at the surface for r > r,. The lower boundary condition,
Eq. [3c], permits free drainage at an effectively infinite dis-
tance from the source and Eq. [3d] and [3e] specify zero flux
boundaries. The radial flux term in Eq. [1] is indeterminate
at r = 0 and must be transformed to apply the boundary
condition [3e]. Application of 'Hospital’s rule to the radial
flux term and Eq. [3e] gives

lon 1 & (r K(0) %a(r(l)) =2K(r z,0) g 80 (4]

r—0 r or ar?

The right-hand side expression in Eq. [4] was applied at r =
0 to implement the zero flux boundary for a numerical solution
to Eq. [1].

The VGM model (Mualem, 1976; van Genuchten, 1980)

e [5]

0(h) = 6, + —(1 T o)

K(h) = K, S [1 -~ (1 - SHI')'T h=hy, [6]

can be used to describe the constitutive soil hydraulic proper-
ties of Eq. [1] at pressure heads less than /. Here 6, and 6,
are the residual and saturated water contents (cm’® cm ™),
respectively, K, is the saturated hydraulic conductivity (cm

s 1), S is the fluid saturation ratio [8(k) — 6,]/(6, — 6,), m =
1 — (1/n),and n and « (cm™") are empirically fitted parameters.
Analogous to Simiinek and van Genuchten (1997), K, is con-
sidered as a fitted parameter that may differ substantially from
the true saturated conductivity. Moreover, at pressure heads
very near saturation, K(h) for fine-textured soils is overesti-
mated by Eq. [6] when fitted to unsaturated conductivity data.
Likewise, unsaturated conductivity for fine-textured soils is
underestimated by Eq. [6] when K is forced to match mea-
sured values during parameter estimation (Assouline and Tar-
takovsky, 2001). Consequently, K(#) must be modified near
saturation to correctly describe infiltration into dry fine-tex-
tured soils. At pressure heads greater than Ay, K(h) can be
described using piecewise continuous loglinear interpolation

exp (Lo In[K(hy)] + Ly In[K(hy)]) hy < h = hy,
K(h) = { exp (L, In[K[hy)] + L, In[K(hyp)]) hy < h < hy
exp (L, In[K(hy)] + Ly In[K(hy)]) hyp < h < hy
(7]
where Ly, L,, L,, and L, are the Lagrangian coefficients for lin-
ear interpolation and hy, h,, hy, and h,; are monotonically

increasing pressure heads for which K(4) is known or can
be estimated.

Steady State Flow from a Disc Source

Wooding (1968) demonstrated that by linearization of the
governing partial differential equation steady state outflow
Q(h) (cm® s7') from a circular source at a supply pressure A,
(cm) could be approximated as

(ho) = K(hy) + ir J K(h) dh (8]

hy

"ﬂ'r()

where r, is the radius of the infiltrometer (cm), K(h) is the
unsaturated hydraulic conductivity, and A; is the pressure head
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corresponding to the initial water content. Typically Gardners’
conductivity relationship (Gardner, 1958) is substituted into
Eq. [8] to obtain a closed-form solution to the integral with the
assumption that K(;) is negligible. This permits the saturated
conductivity and the exponent of Gardners’ conductivity func-
tion, a,, to be estimated by piecewise interpolation (Ankeny
et al., 1991) or by least squares nonlinear regression (Logsdon
and Jaynes, 1993; Hussen and Warrick, 1993). The K(h) rela-
tionship is not usually loglinear at pressure heads near satura-
tion (e.g., & < 20 cm) and this can cause difficulties in the
determination of K(h,) by the regression method (Logsdon
and Jaynes, 1993). Although the piecewise estimation method
partially removes the dependency of an assumed loglinear
relationship, conductivities at the lowest and highest pressure
heads are poorly estimated because «, is extrapolated.

Parameter Optimization

The parameters of the constitutive relationships in Eq. [5],
[6], and [7] can be estimated by minimization of the objective
function (Simtnek and van Genuchten, 1996)

m N/

OB, x) =2 5 2 wii () — fB.xi))? | [9]
=1 LNjo} iy

where B is the vector of optimized parameters, x represents
m vectors of independent variables, N, is the length of the jth
X vector, oj is the standard deviation associated with measure-
ment errors, w;; is the weight, and y is the measured response
at each observation point x;;, and f (B, x;;) is the predicted
response as evaluated using Eq. [1] with the appropriate initial
and boundary conditions.

Using numerically generated data simulating infiltration
from a disc source, Siminek and van Genuchten (1996) estab-
lished that optimization of the cumulative infiltration alone
results in a relatively intractable problem of nonunique param-
eter estimation. They concluded that other auxiliary informa-
tion such as pressure head or water content measurements are
required to improve parameter identifiability and convergence
properties. Moreover, when using field data, parameter identi-
fiability problems could be exacerbated further because of
inherent errors in measuring cumulative infiltration and water
contents in addition to errors caused by deviations of the flow
from the invoked theoretical model (e.g., nonisotropic flow,
nonstationarity of hydraulic properties with depth and time,
temperature induced variations, air entrapment, etc.).

In this paper, we develop and evaluate several inverse opti-
mization strategies and associated field methods for use with
tension infiltrometers to estimate the hydraulic parameters
of a fine-textured soil. Specifically, we compare parameter
identifiability and the resultant fit to measured data among
optimizations that, in addition to cumulative infiltration (¢),
include as vectors in x of the objective function (i) laboratory
water retention data, 8;,5(/), from undisturbed soil cores; (ii)
volumetric water contents, 6sc(z, T), from cores extracted at
two depths, z, below the disc after termination of infiltration
attime 77 and (iii) transient measurements of volumetric water
contents, Opg(f), using TDR probes inserted at the soil surface.
In addition, we develop inverse methodology to estimate near-
saturated hydraulic conductivity using multiple tension infil-
tration experiments.

MATERIALS AND METHODS
Field and Laboratory Experiments

Infiltration experiments were carried out on a fallowed no-
tillage field and a native pasture (fine, mixed, superactive,

thermic Torrertic Paleustoll) at the USDA-ARS Conservation
and Production Research Laboratory, Bushland, TX. In the
no-tillage field, infiltration experiments were completed at the
surface and at a 20-cm depth. Single tension infiltration mea-
surements were completed at a nominal potential of —15 cm
H,O using a 0.2-m diam. disc infiltrometer. This infiltrometer
permits infiltration to continue undisturbed while water is
being resupplied (Evett et al., 1999). For multiple tension in-
filtration experiments, cumulative outflow was measured over
a range of pressure heads, nominally —15, —10, —5, and —0.5
cm H,O. All measurements on cropland were made in non-
wheel-tracked interrows. Infiltration plots were prepared by
removing all vegetation and residues that would interfere with
achieving a level surface. A layer of fine sand approximately
7- to 10-mm thick was placed over the surface to fill small
depressions and facilitate contact between the soil and the
nylon membrane of the infiltrometer. For some of the infiltra-
tion experiments, six three-rod, 20-cm TDR probes (Dyna-
max, Inc., Houston, TX, model TR-100)' were inserted into
the soil surface at a distance of 5 to 7 cm from the perimeter
of the tension disc. Three of the probes were inserted verti-
cally, and the remaining were inserted into the soil at a 45°
angle downward from horizontal towards the disc center. De-
ionized water was permitted to infiltrate at each tension for
at least 0.5 h. Water level in the infiltrometer tube was moni-
tored with a pressure transducer at no more than 7.5 s intervals.
Water contents were measured every 300 s using a TDR cable
tester (Tektronix, Inc., Beaverton, OR, model 1502C)' con-
nected to the TDR probes through a coaxial multiplexer (Dy-
namax, Inc., Houston, TX, model TR-2001; Evett, 1998), both
of which were controlled by a laptop computer running the
TACQ program (Evett, 2000a,b).

Three sets of undisturbed soil samples (3 cm length by
5.4 cm diam.) were extracted 0.5 to 0.75 m from the disk center
atdepths of 1to 4,5t0 8, 11 to 14, and 15 to 18 cm to estimate
initial water content. Two additional cores were extracted be-
low the center of the disc at depths of 1 to 4 and 5 to 8 cm
upon the termination of single-tension experiments to estimate
the final water content. In the laboratory, after permitting these
undisturbed soil cores to come to saturation, water retention
curves were obtained using a hanging water column (0.2-15
kPa) and pressure plate apparatus (30-100 kPa). Equation [5]
was fitted to retention data to estimate n, o, and 6, using
an adaptive, model-trust region method of nonlinear, least-
squares parameter optimization (Dennis et al., 1981; Dennis
and Schnabel, 1983). For these fits, the value of 8, was set to
0.005 cm® cm™? because it otherwise tended to take on values
larger than water contents measured in the field.

Wooding’s Solution

Many of the earlier described difficulties with the analysis
of steady state infiltration using Wooding’s solution can be
overcome by substituting a K(h) function into Eq. [8] that is
more flexible than Gardners’ relationship. The VGM conduc-
tivity relationship is one such function that does not a priori
assume log-linearity near saturation. We substituted Eq. [6]
into Eq. [8] giving an expression with three unknowns (n, a,
and K;). Steady state volumetric fluxes at each of the four
supply pressures, Q(hy), were calculated using the final 300 s
of outflow data. Parameters n, o, and K were estimated by
fitting Eq. [8] to the four steady state volumetric fluxes. The
integral in Eq. [8] was numerically integrated using guassian

! The mention of trade or manufacturer names is made for informa-
tion only and does not imply an endorsement, recommendation, or
exclusion by USDA-ARS.
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quadrature. The fitted water retention characteristic curve in
conjunction with measured initial water contents were used
to estimate the initial pressure head ;. Hydraulic conductivi-
ties at the four supply pressures were obtained by substituting
the optimized values of n, a, and K into Eq. [6]. It should be
noted that the fitted parameter values embody little physical
meaning and only serve to calculate the hydraulic conductivity
for a particular inlet pressure within the applicable experimen-
tal range.

Numerical Solution of Richards’ Equation

A second-order, finite difference numerical method of lines
procedure similar to that of Tocci et al. (1997) was used to
solve the pressure head based form of Richards’ equation in
two-dimensions. The set of ordinary differential equations
resulting from the spatial discretization of Eq. [1] was inte-
grated over time using DASPK, a variable step-size, variable
order integrator for differential algebraic systems of equations
(Brown et al., 1994). A generalized minimum residual (GMRES)
method (Saad and Schultz, 1986) was used to solve the nonlin-
ear system at every time step. Backward differentiation formu-
las of orders one through five are used by DASPK to advance
the solution in time and a local error control strategy is used
to select the step-size and order of the integration. Although
the mass-conserving mixed form of Richards’ equation (e.g.,
Celia et al., 1990) is used in most codes to ensure mass balance,
these algorithms integrate in time using low-order methods.
Recent work using higher order time-stepping methods, how-
ever, has demonstrated that the pressure-head form can be
accurate, economical, and numerically stable in the presence
of sharp wetting fronts (Tocci et al., 1997).

A relative and absolute error tolerance of 1 X 107* cm for
local error control and an initial time step of 3.6 X 10’ s were
used to obtain all numerical solutions. The finite difference
grids for the method of lines solution were selected to ensure
that mass balance errors within the solution domain remained
<0.5% at all observed times throughout each infiltration ex-
periment. The lower and right boundaries were normally set
at 30 or 40 cm and the number of nodes along each axis ranged
from 60 to 80. The initial soil water content profile was approx-
imated in the model by a third-order b-spline interpolant so
that average water contents integrated over depth corre-
sponded closely (+0.001 m* m ) with water contents obtained
from extracted soil cores. At depths >20 cm, water content
was assumed to be constant to satisfy the lower boundary
condition of free drainage. Although true initial water contents
below 20 cm may not have been reflected by this assumption,
this did not influence simulated and measured infiltration since
wetting fronts did not extend beyond 15 cm from the surface.
For experiments that employed TDR probes, interpolated
initial water contents integrated over depth agreed closely

SOIL SCI. SOC. AM. J., VOL. 66, SEPTEMBER-OCTOBER 2002

(£0.02 m* m*) with average initial water contents measured
using the TDR probes.

Predicted cumulative infiltration depth /(r) (cm) was calcu-
lated as

. Ny

I(t) = # J J 2mrqr,t)drdr [10]
0
00

where g,(r, 7) is the Darcy vertical flux density at 1 = 7. Nodal
fluxes across the inlet surface boundary were integrated over
time and radial distance using the trapezoidal rule. Mass bal-
ance error was calculated by summing all integrated boundary
fluxes, dividing this value by the change in water volume, and
subtracting this quotient from unity.

Optimization Strategies

Table 1 summarizes the field sites, experiment type, and
the corresponding objective function that was minimized to
fit hydraulic parameters using observed data. The residual
water content 6, was set to a constant value of 0.005 as noted
earlier. The saturated water content obtained from the fit of
Eq. [5] to laboratory retention data or estimated from bulk
density measurements was fixed in all subsequent inverse fits
of cumulative infiltration to improve the identifiability of the
remaining parameters.

Optimizations Using Multiple Tension Infiltration Data
and Water Retention Measurements

Water retention data is often collected in conjunction with
tension infiltrometer data. Yet in the majority of analyses they
are treated independently of one another. The retention curve
furnishes static information about the soil matrix whereas in-
filtration measurements contain dynamic information related
to the capillary drive (Morel-Seytoux, 2001). Inclusion of 0, 5(/)
along with multiple tension cumulative infiltration measure-
ments in the objective function offers a means of incorporating
both sources of information in the optimized parameters.

Cumulative infiltration is typically curvilinear at early times
for the first of a series of ascending pressure heads, especially
under dry soil conditions. This results from the absorption of
water by the soil matrix and eventual filling of the available
pore space. If near steady-state has been attained at the initial
supply pressure head (e.g., —15 cm), then cumulative infiltra-
tion at subsequent higher pressure heads is nearly linear with
time since the increase in available pore space within the
wetted perimeter is typically negligible. These observations
suggest that the shape parameters n and « would be more
sensitive to the cumulative infiltration curve at early times for
the initial and lowest supply pressure head. In addition, K(/)
calculated using the optimized value of K| obtained from this

Table 1. Summary of disc-infiltrometer experiments and components of the objective functions for each of the experimental plots.

Location Plot 0:(z)7 hy xi
m’m? cm H,0
No-tillage at surface 1 0.064 —-15.6 (1), O0ap(h)]5 [1(2), Osc(z, T)); L1(1), Orpr(1)]
No-tillage at surface 2 0.072 —14.9 (1), Ouss(R)]; [1(2), Osc(z, T)]; [1(£), Orpr(D)]
No-tillage at surface 3 0.236 —16.0 [1(2), Osc(z, T)]
No-tillage at 20-cm depth 1 0.356 -16.0, —10.9, —5.6, —0.1 [1(2), Ouas(R) 5 111, hyi) 1S
No-tillage at 20-cm depth 2 0.372 -16.0, —10.8, —6.2, —0.2 [1(1), Opas(P) 15 [1(1, hy))
Native pasture 1 0.305 —-15.2, —10.8, —5.3, —0.4 [1(2), Ovau(h)]: [1(2, hyo)]
Native pasture 2 0.226 -15.2, —10.6, —5.6, —0.2 (), Opas(P) 15 [1(2, hys)]
Native pasture 3 0.191 -152 (1), Osc(z, T)]

T 0;(zy) is the mean initial volumetric water content for soil cores extracted at the 1- to 4-cm depth increment.

i x represents the vector(s) of observed data that were included in the objective function. In most cases, two or three types inverse parameter optimizations
were completed for a given infiltration experiment so that more than a single x vector is listed above.

§ [I(1, hy)] refers to measured cumulative infiltration data over time at each of the imposed pressure heads (i.e., i1, by, hy).
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infiltration stage would be most representative of unsaturated
conductivities at potentials less than the supply pressure head.
In contrast, only a small portion of the K(4) function near
saturation would be sensitive to the cumulative infiltration at
late times.

Accordingly, we used a stepwise strategy for inverse fitting
of water retention and conductivity parameters using Rich-
ards’ equation to estimate cumulative infiltration over multiple
tensions. Initially n, «, and K, are optimized using both the
laboratory water retention data and cumulative infiltration at
the lowest imposed pressure head h,, with the VGM functions
to describe the constitutive relationships. At each of the suc-
ceeding and incrementally higher pressure heads (i.e., i, A,
and h,;) Richards’ equation was used to inversely fit these re-
spective segments of the cumulative infiltration curve and suc-
cessively estimate the piecewise conductivities K(h,,), K(h,),
and K(h,;). When the wetting front is contained within a homo-
geneous soil layer, the maximum principle guarantees that the
maximum pressure head within the solution domain will be
achieved at the surface boundary for this particular infiltration
problem (Celia et al., 1990). This signifies that fitting K(/) in a
piecewise manner can be achieved without extrapolating K(/)
beyond the imposed inlet pressure head 4. For each consecu-
tive fit, the 6(h) and K(h) relationships in Eq. [5] and [6], re-
spectively, had already been optimized and are used to de-
scribe unsaturated flow at pressure heads less than the initial
supply pressure head h,,. Again, we emphasize that the opti-
mized value of K, permits the description of unsaturated con-
ductivity at pressure heads less than A, and may not be reflec-
tive of the true saturated hydraulic conductivity of the soil.
This methodology assumes that soils are homogeneous to the
depth of the wetting front penetration (typically <15 cm).
Some hysteretic behavior is accommodated using this method
since the fit of the 6(h) and K(h) relationships at h = hy is
carried out using cumulative infiltration that may reflect a
certain degree of hysteresis that consequently would be exhib-
ited in the optimized parameter values of a and n. Completion
of infiltration measurements with the disc infiltrometer at
multiple tensions as described above yielded an optimized
K(h) function that was compared with independently calcu-
lated conductivities using Wooding’s Eq. [8].

Optimizations Using Final Volumetric Water Contents
of Soil Cores

In situ real-time measurement of water contents during
infiltration in the field is difficult without some soil disturbance
adjacent to or beneath the disc infiltrometer. Typically, a thin
layer of soil immediately beneath the infiltrometer disc is
collected after the termination of the infiltration experiment
(t = T) to determine the water content and facilitate the
analyses aimed at estimating sorptivity or conductivity (Cloth-
ier and White, 1981; Smettem et al., 1994; Simiinek and van
Genuchten, 1997). The volumetric water content estimated
from these surface samples is considered to be in equilibrium
with the inlet pressure head. Errors can result because of the
small sampling depth required and the fact that the bulk den-
sity must be estimated from other measurements (Angulo-
Jaramillo et al., 2000). We sampled water contents by extracting
a 10-cm length soil core under the disc after the termination
of the infiltration experiment. Cores were taken at the radial
origin, where changes in water content with depth and hori-
zontal distance are smallest, so that water content errors asso-
ciated with positioning of the coring device would be mini-
mized. In addition, the time at which cores were sampled, T,
was recorded to permit the calculation of water content
changes because of drainage after termination of infiltration.

Once extracted, the cores were dissected to procure the 1- to
4- and 6- to 9-cm increments for water content determination
and water retention measurements. Soil core water contents
at the two depth increments 6sc(z, 7) were included in the
objective function by imposing a zero-flux surface boundary
upon termination of infiltration and integrating 6(r, z) over
space to numerically calculate average cylindrical water con-
tents at t = 7. This methodology has the advantage of measur-
ing 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 extracting core samples
from saturated or nearly saturated soils, we used this method
only for infiltrometer experiments carried out at supply pres-
sure heads less than about —15 cm.

Optimizations Using TDR Water Contents

In controlled laboratory settings fast response tensiometers
and TDR have often been used to supplement cumulative
outflow data with pressure head and water content measure-
ments. Under field conditions, such auxiliary data is difficult
to obtain simultaneously with outflow data without some soil
disturbance caused by the installation of sensors. Nonetheless
this information may greatly improve the identifiability of
fitted hydraulic parameters. We used TDR to measure water
contents over time Opg(f) below the infiltrometer disc. To
minimize soil disturbance while maximizing the contact of the
probe with the wetted soil volume, we inserted three TDR
probes diagonally into the soil a few centimeters from the
disc edge and oriented towards the origin. Topp et al. (1980)
demonstrated that water contents measured by the TDR tech-
nique in the presence of wetting fronts are essentially equiva-
lent to average water contents within the measurement vol-
ume. Water contents obtained using the TDR probes oriented
at a 45° angle downward from horizontal towards the disc
center Opgr(f) were included in the objective function by inte-
grating 6(r, z) over space to numerically calculate average
water contents that would be detected by a TDR probe.

Minimization of the Objective Function

Minimization of the objective function was implemented us-
ing an adaptive, model-trust region method of nonlinear, least-
squares parameter optimization (Dennis et al., 1981; Dennis
and Schnabel, 1983). Derivatives with respect to each fitting
parameter were calculated using forward differencing. Itera-
tions of the nonlinear least-squares estimation procedure were
continued until both the maximum scaled relative change in
the parameters and the ratio of forecasted change in the resid-
ual sum of squares were <1 X 10 3. Combinations of three
or 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 (SSR).

Initial parameter estimates were selected based on fitted
values from the water retention data and final steady state
infiltration rates. Additionally, optimizations were always re-
started using different initial guesses to evaluate the possibility
that previous fits converged on local minima and to ascertain if
optimized parameters converged to similar values. The initial
pressure head distribution with depth required for the solution
of Richards’ equation was always calculated from the mea-
sured initial water content distribution at each iteration of
the nonlinear, least-square solver. Using numerically generated
data, Simtinek and van Genuchten (1997) found that express-
ing the initial condition in terms of water content led to a
better identifiability of parameters as compared with using
initial pressure head data.
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Predicted and measured cumulative infiltration /(¢) in the
objective function were expressed as increments of volume
per unit area of the infiltrometer base (cm® cm™2). Cumulative
infiltration recorded in the field typically consisted of over
1000 data points. To reduce the storage requirements in the
nonlinear fitting routine, data included in the objective func-
tion were limited to those collected at 180-s time increments
and at times when TDR water contents were measured. Cumu-
lative infiltration at these specified times were calculated by
using a 9-point centered linear fit of measured outflow vol-
umes. The three-rod TDR probes were assumed to measure
the average water content within a 3 by 8 by 20 cm’® right
rectangular prism. Predicted water contents for soil cores and
TDR probes were calculated by integrating over their respec-
tive soil volumes using the trapezoidal rule. These values were
fitted directly 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 the field.

Squared residuals in Eq. [9] were weighted equally (w;; =
1) for all data sets. Residuals for the data sets I(¢), 0 5p(h),
0sc(z, T), and Orpr(f) were normalized using the number of
observations in each data set and a measurement variance of
unity in Eq. [9]. A variance of unity was used since measured
and estimated standard deviations associated with each of the
data sets were similar in magnitude. For instance, average
standard deviations for a surface no-till plot were 0.02 cm?
cm~? (N = 3) for Opr(?) at 45°, 0.03 cm (N = 24) for I(t)
based on pressure transducer signal variations, and 0.03 cm?
cm ™ (N = 12) for 6,,5(h) at each pressure head. Based on
initial water content measurements, estimated standard de-
viations for volumetric water contents from extracted soil
cores ranged from 0.01 to 0.03 cm® cm ™3 (N = 3). For this
narrow range in standard deviations among all data types,
limited justification exists for assuming other than equal er-
ror variances.

The time and depth coordinates of measured infiltration
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data were transformed to account for the presence of a layer of
contact sand. As per Vandervaere et al. (2000), the infiltration
depth associated with the sand layer, I, was calculated as (V/
7rl) X Ogna(hy) where V is the measured volume of sand and
0.na(h1) is the associated available pore space. The time period
for measured cumulative infiltration to achieve I, was subse-
quently defined as #,. Accordingly, cumulative infiltration mea-
sured in the field was transformed to (I — I,) and time was
transformed to (¢ — ) for inclusion in the objective function.
The contact sand used in this study (Ottawa F-110)' had a
water content of 0.38 * 0.02 for the range in supply pressure
heads of —16 to 0 cm H,O.

RESULTS AND DISCUSSION
Water Retention Fits

Results of the fit of the parameters in Eq. 5] to re-
tention data are shown in Table 2 for each of the sites.
The fitted values of «, n, and 6; for each site and depth
represent the aggregate fit of all soil cores obtained
from the particular site since fitted parameters did not
significantly differ among plots. In fits to retention data
obtained from both the surface and subsurface of the
no-tillage plots, 6; was set equivalent to the porosity
estimated from mean bulk density because fitted values
were overestimated in these plots. The estimated reten-
tion parameters, which represent drying curves, were
used as initial or fixed values in subsequent optimiza-
tions using cumulative infiltration data. The use of dry-
ing curves permits the establishment of an upper limit
on retention curves fitted using infiltration data, which
contains information about wetting. Therefore, reten-
tion curves fitted using infiltration data (represented by

Table 2. Results of inverse optimizations obtained by including both cumulative infiltration /(¢) and laboratory retention measurements
0.as(h) in the objective function. (Values in italic signify fitted parameters and values in parenthesis below signify the 95% confidence

interval as calculated from asymptotic standards errors.)

SSR+
Description of inverse fit D(B,x) O,a8(h) I(t, hy) Nt 0, n « K,
X104 X103 X102 cm™! em s ' X102
No-tillage at surface, Plot 1
Water retention data§ 0.568 0.568 10 0.500 1.138 0.103
(0.020) (0.045)
Cumulative Infiltration & Water Retention data, 125 8.54 722 72 0.500 LI79 0.103 6.00
Plot 1, hy = —15.6 (0.034) (1.15)
Cumulative Infiltration & Water Retention data, 87.1 0.823 47.5 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 -
(0.0094) (0.122)
Cumulative Infiltration & Water Retention data, 0.890 0.477 0.055 24 0.450 1.0599 0.233 22.55
Plot 1, h, = —16.0 (0.0041) (1.00)
Cumulative Infiltration & Water Retention data, 3.56 0.632 0.931 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 -
(0.014) (0.014) (0.079)
Cumulative Infiltration & 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)
Cumulative Infiltration & 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)

7 SSR is the sum of squared residuals for each component of the objective function. For data 0,,3(h) and I(7, hy)], SSR = Zwi[0.4s(h) — f(h)]* and

Ewill(t, he) — flti, ho) ], respectively (see Eq. [9]).

i Number 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 plots in a particular field for
soil cores obtained in the 0- to 10-cm depth increment or 20- to 30-cm depth increment for infiltration experiments at 20 cm.
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a wetting branch) should be equivalent to the laboratory
curve or offset toward lower water contents when hys-
teresis is manifested.

Optimization of K(h) and 0(h) Using Infiltration
and Water Retention Measurements

Results of inverse optimizations for parameters when
fitted to both laboratory retention measurements and
cumulative infiltration at a single supply pressure head
are summarized in Table 2. For all the optimizations in
which n, a, and K were simultaneously fitted, the mini-
mization algorithm had difficulty converging. Moreover,
K, converged to substantially dissimilar values (>50%)
when the fitting procedure was restarted with different
initial estimates. Inspection of the response surface of
the objective function within the a—K; parameter plane
(Fig. 1) demonstrates why convergence problems were
problematic for these fits. The long narrow valley ex-
hibited by the response surface suggests that K is not
uniquely defined (computationally at least) for these
optimizations when fitted simultaneously with a. Toor-
man et al. (1992) also demonstrated that there was a pos-
itive correlation between a and K for optimizations us-
ing numerically generated one-step outflow data. They
attributed this identifiability problem to the small im-
portance of gravity for the short cores used in the study.

This is made evident by a and K appearing only as a
ratio of each other when the VGM relationships are
substituted into Eq. [1] and the gravity term is dropped.
The geometry-induced enhancement of capillarity over
gravity for unconfined infiltration in fine-textured soils
suggests that the simultaneous identification of a and
K, would be exacerbated for our optimization problems.
To avoid this identifiability problem, we fixed « to the
value obtained by the fit of Eq. [5] to laboratory water
retention data. Inverse optimizations with « fixed re-
sulted in small 95% confidence intervals for the esti-
mates of n and K, (Table 2) and a well-defined minimum
as demonstrated by the response surface within the n—K,
parameter plane (Fig. 2). Moreover, the minimum con-
verged value of the objective function for these two-
parameter fits was not more than 6% greater than the
minimum achieved with the three-parameter fits. The
fitted values of n show remarkable consistency for plots
within the same field and fall within the expected range
for clay and silty clay soils (Yates et al., 1992).
Measured and optimized cumulative infiltration depths
for each of the sites and the corresponding water reten-
tion functions are plotted in Fig. 3 and 4. Fitted cumula-
tive infiltration depths corresponded closely to mea-
sured depths except at very early times, especially for
the no-tillage plots (Fig. 3 and 4). For the no-tillage at

0.35 -

102——]

0.18 0.20

0.22 0.24 0.26

-1
K,,cms

Fig. 1. Response surface of the objective function ®[I(r), 0,,5(h)] in the a—K, parameter plane for cumulative infiltration at —16.0-cm supply
pressure in Plot 1 of the no-tillage 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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Fig. 2. Response surface of the objective function ®[I(¢), 0,,5(h)] in the n-K, parameter plane for cumulative infiltration at —16.0-cm supply
pressure in Plot 1 of the no-tillage suboil. All other parameters were set equivalent to the values obtained for the two-parameter fit (Table 2).

The location of the best fit solution is marked with an “X”.

20-cm depth and the native pasture plots, cumulative
infiltration was satisfactorily fitted with only slight modi-
fications to the fitted water retention parameters n and
a. In contrast, n converged to values larger than that
obtained from fits to retention data from the no-tillage
surface plots. This resulted in a water retention curve
that was displaced from the drying retention data to-
wards lower water contents (Fig. 4). We believe that hys-
teresis of the soil hydraulic functions contributed to the
disparity between the retention curve predicted from
infiltration and those measured in the laboratory. Hys-
teresis was not apparent in the other plots (Fig. 3) possi-
bly as a result of relatively larger initial water contents
(8; > 0.23, see Table 1) that narrowed the range in water
contents inside the wetted region during the experiment.
For the no-tillage surface plots, however, water contents
ranged from 0.05 to 0.40 during the course of the infiltra-
tion experiments.

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

The optimized parameters obtained from the fit to
both the cumulative infiltration and laboratory reten-
tion measurements (Table 2) were next used in the
constitutive Eq. [5] and [6] as constants to solve Rich-
ards’ equation and fit the cumulative infiltration mea-

surements obtained at supply pressure heads greater
than Ay. This permitted the sequential, one-parameter
fits of K(hy), K(hy), and K(h,s) (Table 3). For these
fits, only the cumulative infiltration data falling within
the supply pressure head (A, h,,, or h,;) were weighted
to unity in the objective function. The weights of all
other cumulative infiltration data (at earlier times) were
set to zero. Optimizations carried out in this manner
yielded estimates of conductivity at each supply pressure
head with relatively narrow range (less than = 8% nor-
malized) in the 95% confidence limits (Table 3). Excel-
lent agreement between measured and optimized cu-
mulative infiltration depths were obtained using the
piecewise method (Fig. 5) that could not otherwise be
achieved using the VGM model to define K(/) through-
out the entire range in pressure heads. For instance, a
single inverse fit of the cumulative infiltration and water
retention data for Plot 1 of the no-tillage subsoil using
only the VGM relationship yield SSRs for infiltration
data and retention data six and 50 times greater, respec-
tively, than those obtained using the piecewise method
(see Fig. 3 and 5). Simiinek et al. (1998b) also used the
VGM equations over the entire range in pressure heads
to inverse fit hydraulic parameters to multiple tension
infiltrometer data. They obtained a good fit to cumula-
tive infiltration but the predicted water retention curve
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Fig. 3. Measured cumulative infiltration and water retention data and corresponding two parameter optimized curves for the subsoil no-tillage
and native pasture plots (Table 2). Error bars represent 95% confidence limits for the mean water content from soil cores sampled at the 1-
to 4- and 6- to 9-cm depth increments in the native pasture plots and 11- to 14- and 15- to 19-cm in the no-tillage plots. The dotted line in
no-tillage graphs represents the fitted curves obtained by fitting only the VGM constitutive relationships to the entire infiltration curve at all
supply pressure heads (see section, Optimization of K(h) Near Saturation Using Multiple Tension Infiltration Data).

seriously underestimated retention data obtained from
laboratory measurements. Our results suggest that if a
single fit of the VGM model is used over the entire
pressure range then large values of K and smaller values
of n are required to adequately describe the conductivity
and water retention relationships of these fine-textured
soils at high potentials, which in turn poorly represents
K(h) near saturation.

The K(h) functions derived from the four optimiza-
tions at the four supply pressure heads are presented for
each plot in Fig. 6 and compared with values calculated
for each supply head using Eq. [8]. Although we esti-
mated the integral in Wooding’s Eq. [8] using the initial
pressure head 4; calculated from the initial water content
and the water retention curve, setting 4; to a large nega-
tive value (—1000 cm H,O) produced essentially identi-
cal results. The conductivity at each supply pressure head
calculated using Eq. [8] compared closely with the opti-
mized K(h) function for all plots (Fig. 6). Such close
agreement between estimated conductivities implies
that Wooding’s analysis of steady state infiltration rates
is valid even for the silty clay soil used in this study
which, based on numerical studies (Warrick, 1992),
should approach steady state flow conditions at times
far in excess of the approximately 1 to 1.5 h we used in
this study. Simtnek et al. (1998b) also demonstrated
good correspondence between K(/) obtained by inverse
optimization and Wooding’s analysis except at higher
pressure heads. We obtained better agreement between
these two analyses, especially at the highest pressure

head, probably because a piecewise description of K(h)
was used near saturation.

Optimizations Using Final Volumetric Water
Contents of Soil Cores

Results of parameter optimizations that included in
the objective function both infiltration data and the vol-
umetric water contents from cores extracted after termi-
nation of each experiment are shown in Table 4. As
with the previous optimization results, three-parameter
fits of o, n, and K, led to convergence problems because
of nonuniqueness in the a—K| parameter plane (Fig. 7).
To investigate this problem further, we numerically gen-
erated infiltration and water content data and subse-
quently used these data for inverse optimizations. Doing
so led to excellent convergence properties for these
three-parameter fits, similar to results obtained by Simu-
nek and van Genuchten (1997). We also completed in-
verse optimizations using the generated final volumetric
water content data with added or subtracted determinis-
tic errors (£0.02) (e.g., Simunek and van Genuchten,
1997). These optimizations also converged to parameter
estimates close to the true values, however asymptotic
standard errors of the estimates were significantly larger
than error-free data.

Experimentation with changing the standard devia-
tion o for the water contents in the objective function
indicate that all three parameters become identifiable
using field measured data if o is decreased 10-fold. How-
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Fig. 4. Measured cumulative infiltraiton and water retention data and
corresponding two-parameter optimized curves for the no-tillage
surface plots (Table 2). Error bars represent 95% confidence limits
for the mean water content from soil cores sampled at the 1- to
4- and 6- to 9-cm depth increments in both plots.

ever, these results indicate that to attain identifiability,
0sc(z, T) would need to be measured with a standard
error of 0.003 cm? cm ™, a level of accuracy that is, in
practice not attainable considering that only one sample
for each depth increment can be extracted after termina-
tion of the infiltration experiment. We speculate that
deviation of the infiltration process from the invoked
theoretical model may be influencing the optimization
results as do measurement errors in the data.

All two-parameter fits of n and K converged to esti-
mates with relatively small 95% confidence intervals (Ta-
ble 4), and with good agreement between measured and
optimized cumulative infiltration depths. Fitted volu-
metric water contents underestimated measured water
contents (Table 4), especially for the 6- to 9-cm depth
increment. However, all but one of the estimated water
contents had acceptably small residuals within the ex-
pected range of sampling error of about +0.03 cm® cm ™.
Simulated drainage after termination of the infiltration
experiment and before soil core extractions (about 1-2
min) indicated only a minor reduction (<0.017) in the
volumetric water contents of extracted soil cores.

Optimizations using 6sc(z, 7) data resulted in signifi-
cantly larger parameter estimates of #» and smaller errors
in the fitted cumulative infiltration for Plots 1 and 2 of
the no-tillage field (Table 4) as compared with the opti-
mizations that used the water retention data (Table 2).
Optimizations using 0sc(z, 7) data led to a lowering of
the fitted water retention curve below that of the labora-

tory retention data (Fig. 8), likely because of hysteresis.
Hysteresis was manifested by an increase in the fitted
value of n and was more strongly expressed in infiltra-
tion experiments with lower initial water contents. Since
initial water contents varied with depth, the fitted water
retention function represents a lumped scanning curve
rather than any single scanning curve. The identification
of parameter estimates that could describe hysteretic
relationships will require optimizations using modified
retention and conductivity functions that account for
hysteresis such as Simiinek et al. (1999a).

Optimizations Using TDR Water Contents

Results of inverse optimizations that included TDR
water contents as well as cumulative infiltration in the
objective function are summarized in Table 5. The lower
portion of the Ap horizon at depths greater than about
10 cm in no-tillage surface plots possessed hydraulic
properties that differed from the surface layer and were
more representative of retention characteristics for the
Bt horizon at 20 to 30 cm. The second layer did not
significantly influence cumulative infiltration because
the wetting front was contained principally in the upper
10 cm. But, the TDR probes inserted at 45° extend
into this second layer; and TDR measurements of water
content did reflect the mean water content of both lay-
ers. Simulated drainage using the best fit parameters
and a single layer caused predicted water contents to
decrease within soil volumes measured by TDR probes
at early times. The simulated water content decrease
did not agree with TDR data that indicated stable water
contents prior to infiltration. To address this difficulty,
we simulated infiltration in no-tillage surface plots using
two soil layers at 0 to 10 and 10 to 40 cm. Parameters
from the two-parameter fits (Table 2, no-tillage at the
20-cm depth, Plot 1) were used to simulate water flow
in the lower layer; and the parameters for the 0- to
10-cm layer were obtained by inverse parameter estima-
tion. We emphasize that the hydraulic properties of
the second soil layer had an insignificant influence on
cumulative infiltration and fitted parameters. For exam-
ple, a ten-fold decrease in the saturated conductivity in
second layer yielded inverse fitted parameters that var-
ied only 3 to 7% from the estimates using the unmodi-
fied hydraulic properties of the second layer.

For the optimizations in which n, a, and K, were
simultaneously fitted, the minimization algorithm had
difficulty converging. As with previous optimizations,
these three-parameter fits led to nonunique solutions
as indicated by influence plots in the a—K; parameter
plane. Two-parameter fits of n and K; using TDR data
(Table 5) converged to estimates with values similar to
those obtained for optimizations using final water con-
tents from soil cores (Table 4). Also, final simulated
water contents deviated from TDR data by 0.01 to
0.03 cm® cm ™3, again similar to the results for optimi-
zations that used final water contents from soil cores.
However, optimized TDR water contents were signif-
icantly underestimated at early times (Fig. 9). Corre-
spondence between simulated and measured TDR
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Table 3. Results of inverse optimizations obtained for multiple tension infiltration experiments using a piecewise description of the
conductivity. For each fit, K(h) is given by Eq. [6] for & =< h,, and Eq. [7] for A > hy,. Fitted values of a, n, and K, shown in Table
2 (two-parameter fits) were used to describe K(h) and 0(h). (Values in italic signify fitted parameters and values in parenthesis below
signify the 95% confidence interval as calculated from asymptotic standards errors.)

Description of inverse fit D(B,x) Nt K(hy) K(hy) K(hy)
X104 ems ' X 1074 ems ! X 1074 ems ' X 1074
No-tillage at 20-cm depth, Plot 1
Cumulative Infiltration data, h, = —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, h,; = —0.1 57.7 18 0.961 1.410 6.41
(0.21)
No-tillage at 20-cm depth, Plot 2
Cumulative Infiltration data, b, = —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
0.24)
Native Pasture, Plot 1
Cumulative Infiltration data, b, = —10.8 2.69 20 0.800 - -
(0.042)
Cumulative Infiltration data, b, = —5.3 4.92 23 0.800 2.515 -
(0.041)
Cumulative Infiltration data, h; = —0.4 747 13 0.800 2515 27.21
(1.04)
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)

+ Number of cumulative infiltration observations at each respective supply pressure head.

water contents was especially poor for Plot 2 of the no-
tillage site despite the fact that TDR data comprised
20% of the error in the objective function. Optimiza-
tions using a ten-fold increase in the weight of TDR
data in the objective function led to significantly larger
parameter estimates of #» and K| but failed to yield any
significant improvement in the simulated water contents
(Fig 9). Simulations predicted sharp wetting fronts. In
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contrast, the measured data showed a much earlier ar-
rival of the wetting front and a gradual increase in water
contents thereafter. Differences between simulated and
measured water contents at early times were probably
due to physical nonequilibrium. At later times in the
infiltrometer experiments, water contents probably be-
gan to attain near equilibrium conditions that led to a
better agreement between measured and simulated wa-
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Fig. 5. Measured cumulative infiltration data and corresponding fitted curves for the subsoil no-tillage and native pasture. Inverse fits to camulative
infiltration after the first supply pressure head were obtained using a loglinear piecewise description of the K(h) function (Table 3). Inverse
fits for the first supply pressure head are shown in Table 2. Step changes in the supply pressure head are indicated by the symbol V in the
cumulative infiltration plots. The dotted line in the no-tillage graph represents estimated cumulative infiltration obtained by fitting only the
VGM constitutive relationships to the entire infiltration curve at all supply pressure heads.
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Fig. 6. Unsaturated hydraulic conductivities at each supply pressure head calculated using Wooding’s analysis (symbol) and the corresponding
optimized hydraulic conductivity function (line) obtained from four sequential inverse fits (Tables 2 and 3).

ter contents. The greater weighting of TDR water con-
tents, and hence the greater emphasis of nonequilibrium
conditions at early times, resulted in fitted parameters
that were more representative of coarser-textured soils.

SUMMARY AND CONCLUSIONS

The insensitivity of the objective function over a wide
range in K, for the three-parameter fits make simultane-
ous identification of K,, o, and n very difficult, if not
impractical, for all optimizations investigated. We attri-
bute a portion of this identifiability problem to the en-
hancement of capillarity over gravity for unconfined
infiltration in fine-textured soils. Inclusion of measured
soil core water contents at the termination of infiltration
experiments did not improve the identifiability of K,
and « for these three-parameter fits. We speculate that
deviations of the flow from the invoked theoretical
model are also influencing the optimization results as
much as, or more than, unavoidable measurement errors
in water content and cumulative infiltration. Based on
these results, we recommend that a be estimated using

water retention data and thereafter be fixed at this value
for inverse fits to cumulative infiltration data. For these
soils, the two-parameter fits with « held constant im-
proved the identifiability of K and n while not compro-
mising the fit to measured infiltration. We emphasize,
however, that the optimization strategies developed for
the fine-textured soils in this study may not necessarily
be appropriate for coarser-textured soils.

For two-parameter fits, minimizations of the objective
function that included both cumulative infiltration and
drying water retention data led to excellent fits for those
experiments that had relatively high initial water con-
tents (6; > 0.23 m’ m?). At lower initial water contents,
good fits to cumulative infiltration were obtained only
with an estimated retention curve that exhibited hyster-
esis as compared with measured water retention data.
In those cases where initial water contents were low,
even better fits to cumulative infiltration could be ob-
tained by minimizing the objective function that in-
cluded both cumulative infiltration data and volumetric
soil water content measured upon the termination of the
outflow from the disc infiltrometer. These optimizations

Table 4. Results of inverse optimizations obtained by including both cumulative infiltration I(r) and volumetric water contents of
extracted soil cores 0sc(z, 7) in the objective function. (Values in italic signify fitted parameters and values in parenthesis below
signify the 95% confidence interval as calculated from asymptotic standards errors.)

SSR+ Oneasured — Opnead
Plot D(B,x) Osc(z, T) I(t, hy) Ni n « K, 1-4 cm 6-9 cm
x107? X102 X102 cm! ems ' X 102 m' m*? m’m?
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, h, = —14.9 10.9 0.394 49.2 57 1.200 0.1032 4.28 —0.001 —0.062
(0.053) 1.22)

Plot 3, by, = —16.0 2.56 0.155 3.76 23 1.192 0.1032 3.54 -0.019 —0.034
(0.055) (0.72)

Native Pasture

Plot 3, hy = —15.2 1.37 0.188 0.77 20 1.180 0.1670 4.26 —0.028 —0.033

(0.035) (0.46)

T SSR is the sum of squared residuals for each component of the objective function. For data 0s.(z, T) and I(t, hy)], SSR = Ew[0sc(zi, T) — f(zi, T)]* and

Swill(t, hy) — f(t,, b)), respectively (see Eq. [9]).

of water ¢

observations from extracted soil cores.

i Number of cumulative infiltration observations plus

§ Measured minus fitted volumetric water contents of extracted soil cores for each depth increment.



