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ABSTRACT 

Three goals of this research were: 1) to study the movement of a non-reactive 

tracer (bromide) and of water through non-aggregated fine sand, with low clay (1.2 %) 

and organic matter content (<1 %); 2) to develop an inverse method for estimating the 

hydraulic properties of unsaturated soil from intermediate - and field-scale infiltration 

data; and 3) to develop a transient in-situ method for calibrating the neutron probe. All 

three goals of this research are crucial for understanding and determining water and solute 

transport at the intermediate to field scale. The field research was conducted in a field-

scale research facility - the University of Arizona Superfund lysimeter (400-cm deep and 

250-cm in diameter). 

We found equilibrium conditions, as evidenced by symmetrical bromide 

breakthrough curves (BTCs), from data collected during an unsaturated infiltration 

experiment in the lysimeter. Breakthrough of bromide, however, occurred sooner than 

was expected based on water arrival, and this observation is inconsistent with previous 

observations of other investigators. About 21 % of the pore water (corresponding to 

approximately 0.03 cm^ cm'^) was found to be isolated from the bromide transport. We 

postulate that this inaccessible water partly existed as very thin films, adsorbed onto soil 

particle surfaces, and did not participate in anion transport. The combined effect of these 

films and of anion exclusion caused the bromide tracer to travel faster than the wetting 

front in this initially dry soil, because the excluded water fraction was larger than the 

initial water content. 
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The soil hydraulic properties were estimated by an inverse method using in-situ 

data collected from this deep infiltration experiment. Soil hydraulic properties 

determined from laboratory experiments often are non-representative of field conditions. 

The inverse method developed in this study uses transient tension data during wetting of 

the profile, and the steady state water content found behind the wetting front. The results 

indicate that the method is fast and yields a unique estimate of the in-situ hydraulic 

properties at the field scale, without the need to collect excessive amounts of data. The 

neutron moisture meter used to determine the soil water content was calibrated using a 

newly developed transient mass balance method. The method was tested in the field scale 

lysimeter, and at a field site at the Agriculture Center, Maricopa, AZ. Water content 

errors using this method were less than 0.01 cm^ cm'^ for both sites. Application of the 

method to the lysimeter data showed excellent agreement between the soil water storage 

obtained using the calibration curve, and the acmal volume of soil water added into the 

system. 
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CHAPTER 1 

INTRODUCTION 

Explanation of the Problem and its Context 

Determining unsaturated hydraulic and transport properties is important in order 

to quantify and predict water and solute movement in unsaturated soil profiles. Under 

unsaturated conditions, one factor that largely influences the water velocity is the water 

content in the unsaturated soil. Thus, accurately determining soil water content is crucial 

for water movement and solute transport studies. 

In the past half cenmry, numerous non-reactive solute transport experiments were 

performed for the purpose of investigating transport processes in non-aggregated soil in 

field and laboratory settings. These controlled studies form the base for understanding 

transport of reactive tracers, and transport in more complicated media, such as structured 

soil etc.. However, several issues remain, especially for unsaturated media. Often, the 

transport of non-reactive tracers (e.g., ̂ HjO, CI", Br" etc.) under unsaturated conditions 

shows early breakthrough, which is not observed when the porous medium is saturated. 

Early breakthrough with asymmetrical breakthrough curves (BTC) in unsaturated 

materials in laboratory column are often explained by physical non-equilibrium processes, 

such as the presence of immobile water, and mass diffusion with mobile water. Early 

breakthrough in unsaturated material using anions as tracers, is often explained by anion 

exclusion, when the observed BTC is symmetric, especially in deep field infiltration 

experiments. However, when trying to rationalize early breakthrough on the basis of 



anion exclusion with symmetric BTC s, many investigators found that the "amount of 

excluded" water was not proportional to exclusion causing factors, such as % clay or 

organic matter content. This leads to the question: Is anion exclusion the only process 

that causes early breakthrough? 

Another challenge is to determine the unsaturated hydraulic properties in-situ, 

specifically the hydraulic conductivity function K(h), and the soil water retention function 

0(h). Since, both functions are highly non-linear, determination of these relationships in 

the laboratory or in the field is tedious and time consuming. Inverse methods of 

parameter optimization, in conjunction with transient flow experiments, have several 

advantages over the traditional methods. However, the main difficulty with the inverse 

methods is that the inverse problem is inherently ill-posed, and subject to non-uniqueness. 

The inverse approach has successfully been used in several laboratory methods, such as 

the multi-step outflow method. However, to date, few studies have been published using 

in-situ data for estimating unsaturated hydraulic properties using the inverse method. As 

is well known, soil hydraulic properties determined from laboratory experiments often are 

non-representative of field conditions. Available in-situ field methods are limited to 

surface soil, or use data from soil water drainage experiments above the 1 meter depth. 

Although many deep infiltration data are available, we are unaware of studies in which 

soil hydraulic properties were determined from field data collected firom deep infiltration 

experiments, using the inverse method. Therefore developing an inverse method based 

on in-situ deep infiltration data to estimate unsaturated hydraulic properties v/ould be 
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extremely attractive. 

The third challenge to quantify water and solute movement in unsaturated soil is 

to accurately determine the soil water content. For many experiments, the neutron 

moisture meter is one of the best devices for measuring soil water content and thus 

calibration of the neutron moisture meter is cmcial for accurately determining soil water 

content. The traditional calibration method relies on steady-state water conditions and 

destructive soil sampling. We developed an optimization method, as an alternative 

method to the traditional method, to calibrate the neutron moisture meter in the field. The 

method is based on mass balance of the amount of water applied and the neutron probe 

response (count ratio). 

Explanation of Dissertation Format 

The main body of this dissertation consists of three research papers which are 

appended to this dissertation. All three papers were initiated by the author of this 

dissertation who was responsible for the experimental design, conducting the 

experiments, data collection, analysis of the data, writing and editing the FORTRAN 

code, and preparing the manuscripts. The author collaborated with his advisor and co

authors, on the experimental design and building of the infiltration facilities (uniform 

irrigation system), in conducting the infiltration experiments. 

The first paper (Appendix A) is to address the movement of a non-reactive tracer 

(bromide) and of water through non-aggregated fine sand, with low clay (1.2%) and 
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organic matter content (<1 %). An infiltration experiment, using bromide, was performed 

in non-aggregated soil under unsaturated conditions with constant flux. The uniqueness 

of this experiment is that it was conducted in a very well controlled, and deep weighing 

lysimeter, that the bromide solute was infiltrated later than the tracer free water, and that 

the soil was initially air dry. A significant discovery was that the bromide front caught up 

with the water wetting front, i.e. the bromide front traveled faster than the water wetting 

front, which contradicts finding by several other investigators. The immobile water or the 

excluded volume of water was approximately 0.027 cm^ cm'\ which is about 21 % of the 

pore water in this case. Because the clay and organic matter content were very low, we 

believe this cannot be due to anion exclusion only. The authors postulate that 

inaccessible water existed as very thin films, adsorbed onto soil particle surfaces, which 

did not participate in transport. The combined effect of these films and of anion 

exclusion caused the bromide tracer to travel faster than expected. 

The second paper developed an inverse method to estimate unsaturated hydraulic 

properties from deep infiltration data. The basic idea is to use easy to obtain, and rather 

accurate steady state water content data from behind the wetting front in combination 

with data from one tensiometer in an objective function to get the hydraulic properties. 

We found that including the water content behind the wetting front improved the 

uniqueness of the inverse method. This method was tested with deep infiltration data 

from the University of Arizona Superfiind lysimeter. It showed dramatic improvement in 

uniqueness of the inverse solution, and the convergence speed. 
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For the third paper, the fundamental idea is to calibrate the neutron moisture meter 

by comparing the depth of water added to the soil with the depth of water "measured" 

with the neutron probe. Applying this method to data from the weighing lysimeter 

showed an excellent match of the soil water storage estimated from the calibration curve 

obtained from the proposed method and the actual soil water added to the system. 

However, the conventional calibration method did not provide a good match, because it 

relied on collecting small samples with a very small coring device, which adversely 

affected the gravimetric water contents. 



CHAPTER 2 

PRESENT STUDY 

Summary 

The literature review, data, method, results, discussion and conclusions of this 

study are presented in the three papers appended to this dissertation. The following is a 

summary of the most important findings in these papers. 

The three primary goals of this research described in the appended papers were: 1) 

to study the movement of a non-reactive tracer (bromide) and of water through non-

aggregated fine sand, with low clay (1.2 %) and organic matter content (<1 %); 2) to 

develop an inverse method estimating hydraulic properties of unsaturated soil from 

intermediate - and field-scale infiltration data; 3) to develop a transient in-situ method for 

calibrating the neutron probe. 

A water and solute transport experiment, was performed in non-aggregated soil 

under steady state, unsaturated conditions in the University of Arizona Superfund 

lysimeter. The uniqueness of this experiment is that it was conducted in a well controlled 

deep weighing lysimeter(4 meter deep and 2.5 meter O.D), containing initially air dry 

soil. The soil was uniformly packed to a target bulk density of approximately 1.4 Mg m"^. 

An automatic uniform irrigation system was designed and placed on the top of lysimeter 

to generate a uniform infiltration rate of 1 cm/day during the experiment. The water 

wetting front velocities, calculated form the neutron probe data, and from tensiometer 

data, showed remarkable uniformity of water movement in a lysimeter of this size. 
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It was found that the bromide tracer caught up with the water wetting front, i.e., 

the Br" pulse traveled faster than the water wetting front, which contradicts the findings 

by several other investigators, whose experiments were conducted in initial wet soil. We 

also found that the immobile water, or excluded volume of water was approximately 

0.027 cm^ cm'^, or about 21% of the pore water, which compared well with results of 

previous investigators (e.g., James and Rubin, 1986; Wierenga and van Genuchten, 

1989), even though the clay and organic matter content of the soil was very low. This 

observation and the fact that the mass transfer factor in the mobile-immobile water model 

was essentially zero, leads us to believe that the excluded water was not only caused by 

anion exclusion, but also by isolated water films that exist and are inaccessible to solute. 

Making this assumption, we were able to explain why the average bromide transport 

velocity was higher than the wetting front velocity in our study case. The bromide 

traveled at a velocity of Vj = q/(0-0„), while the wetting front traveled at a velocity of v^f 

= q/(0-0o). In our study, 0„ > 0o, thus v^ > If the experiment had been conducted in 

initially wet soil, where 0„ commonly is smaller than 0o, the solute front would likely 

have lagged behind the wetting front, as observed by other investigators. 

The research presented in Appendix B describes an inverse method estimating 

hydraulic properties of unsaturated soil from intermediate - and field- scale infiltration 

data. The collected tension versus time data and the estimated steady state water content 

data from the aforementioned experiment were used to test the developed method. As 

described in the appended paper, determining unsaturated soil hydraulic properties using 



inverse methods is fast and attractive, however it is often difficult because the solutions 

are not unique. By using more data, one can improve the inverse solution, but additional 

data takes more time and makes the experimental setup more difficult or impractical. 

Also soil hydraulic properties determined from laboratory experiments often are non-

representative of the field conditions. Very few studies have been published using deep 

infiltration data for estimating unsaturated hydraulic properties. In this study, we propose 

an improved inversion scheme for determining soil hydraulic properties from infiltration 

in a deep soil column. Data used for the proposed method were the change in tension 

with time at one distance from the soil surface, and a constant steady-state water content 

profile behind the wetting front. These data are relatively easy to obtain with current 

monitoring devices during infiltration studies. The improved inversion scheme was first 

tested on a numerically generated data set. Optimization was based on an objective 

function, consisting of two parts. One part used the water tension, and the other part was 

based on a water storage estimation error, assuming steady-state conditions behind the 

wetting front. The results show that addition of the second part to the total objective 

function greatly improved the definition of the minima in the parameter planes. This 

results from the additional information embedded in the water storage error. The best 

inverse scenarios were obtained for the parameter pairs K^- a, a-n and a- 6^ because 

the values of the response surfaces surrounding the minima were perpendicular for the 

two variables in each objective function. Identifiability was successfully tested with a 

numerically generated data set, and with measured data from the infiltration experiment 
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of this study. The heuristic approach used here successfully tested the uniqueness of the 

optimized parameter values from the in-situ measured data. From this study, we conclude 

that the proposed method provides an excellent methodology for unsaturated hydraulic 

property measurement from field in-sim infiltration data. 

Appendix C describes a transient method for determining calibration parameters 

for the neutron probe. The proposed calibration method is based on a comparison of the 

measured depth of infiltrated water with depth of water obtained from changes in water 

content in the soil profile measured with the neutron probe. Without any additional data 

such as knowing one water content profile, the method can only determine the slope of 

the calibration curve. The proposed method worked very well for calibrating a neutron 

meter in a weighing lysimeter. Using the lysimeter infiltration data, almost no difference 

existed between the parameters fitted from all measurement days simultaneously and the 

average of parameters fitted individually for each day. Both curves obtained provided 

good estimates of total soil water storage in the lysimeter during the infiltration 

experiment. Short of using a sand-filled drum, or somehow taking representative samples 

in the lysimeter (both of which have drawbacks as well), the proposed method provided 

an excellent altemative for calibrating the neutron probe in-situ. 

The Maricopa Agriculture Center represented natural subsurface conditions. Only 

the slope parameter can be obtained at this site, because we lack a known water content 

profile. We were able to obtain consistent estimates of the slope for 22 of 24 access 

tubes. The two access tubes that yielded statistically elevated slopes were found (through 
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normal field practices) to have been affected by water leaks through the plastic cover 

before the irrigation experiment began. Differences between transient and conventional 

calibration slopes were not considered significant within the range of water contents 

found at the site during the experiment. 

Differences in the fitted slope values from the two sites (27.2 CR"' for the 

lysimeter versus 23.6 CR"' for the Maricopa site) represent differences in the soil material 

and composition itself. Several factors intrinsic to the soil material can cause biases in 

slope values of the calibration curve. These factors can be a combination of the presence 

or absence of iron and titanium (Cameiro and de Jong, 1985) and constitutional hydrogen 

found within clay lattices (Greacen and Hignett, 1979); spatial and depth variability of 

bulk density (Greacen and Schrale, 1976); and the type of access tube (Dickey et al., 

1993). With the exception of the access tube, none of the factors can be controlled at a 

typical field site. We did not attempt to quantify these factors in this study, however. 

Regardless of whether only the slope is needed, or both the slope and offset are 

needed, this method of establishing a calibration curve relies on the assumption that the 

wetting front is uniform. The method was shown to provide accurate neutron probe 

calibration curves, especially in the lysimeter, when uniformity of the wetting front could 

be verified. 
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APPENDIX A: 

Effects of anion exclusion and film water on migration of a non-reactive 

tracer during an intermediate-scale inflltration experiment 

Ze-Yuan Zou', Michael H. Young^, and Peter J. Wierenga' 

1 Department of Soil, Water, and Environmental Sciences 
The University of Arizona, Tucson, Arizona 

2 School of Civil and Environmental Engineering 
Georgia Instimte of Technology, Atlanta, Georgia 
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Abstract 

An experiment was conducted to study the movement of a non-reactive tracer 

(bromide) and of water through non-aggregated fine sand, with low clay (1.2%) and 

organic matter content (<l%). The experiment was conducted under steady, unsaturated 

conditions in the University of Arizona Superfund lysimeter. Uniform unsaturated flow 

at 7.6 cm/day occurred under a unit hydraulic gradient above the 300-cm depth of a 400-

cm long and 250-cm outside diameter soil column. Under these hydraulic conditions, 

convection dominated the transport process. Equilibrium conditions, as evidenced by 

sjmimetrical bromide breakthrough curves (BTCs), were established through mechanical 

mixing under the low pore-water velocities maintained during the experiment. 

Breakthrough of bromide, however, occurred sooner than water arrival, and this 

observation is inconsistent with previous observations of other investigators. About 21% 

of the pore water (corresponding to approximately 0.03 cm^ cm"^) was found to be 

isolated from the bromide transport, as determined by fitting both a classical convective-

dispersion model, and a mobile-immobile model. We postulate that this inaccessible 

water partly existed as very thin films, adsorbed onto soil particle surfaces, and did not 

participate in anion transport. The combined effect of these films and of anion exclusion 

caused the bromide tracer to travel faster than the wetting front in this initially dry soil, 

because the excluded water fraction (0.03 cm^ cm'^) was larger than the initial water 

content (around 0.02 cm^ cm"^), causing tracer-free water at the wetting front to sorb to air 

dry soil particles, removing it from the transport process. 
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1. Introduction and Background 

Understanding solute transport processes is important in order to be able to 

quantify and predict solute movement in soil, and to provide information for soil 

remediation projects. In the past three decades, numerous non-reactive solute transport 

experiments were performed to investigate transport processes in non-aggregated soil in 

both field and laboratory settings. These controlled studies form the bases for 

understanding transport of reactive tracers, and transport in more complicated media, 

such as structured soil. However, several issues remain, especially for unsaturated media. 

Often, the transport of non-reactive tracers (e.g., ^HjO, CI", Br', etc.) under unsaturated 

conditions show early breakthrough, which is not observed when the porous medium is 

samrated. Early breakthrough in unsaturated material often is explained by physical non-

equilibrium processes, such as the presence of immobile water (van Genuchten and 

Wierenga, 1976), or by anion exclusion (James and Rubin, 1986). However, from 

experiments performed in a very long unsaturated soil column, we found the tracer front 

velocity to be greater than the wetting front velocity (i.e. the tracer front caught up with 

the wetting front). For our specific case, this phenomenon cannot be explained by either 

the presence of immobile water or solely anion exclusion. Instead we hypothesize that 

during infiltration in very dry soil, water films from around soil particles reduces the 

water available for downward movement and slows down the wetting front velocity. If 

this film water excludes solutes, it could cause acceleration of the tracer front, and allow 

the solute front to "catch up" with the water front. 
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Under steady-state flow and equilibrium conditions, one dimensional transport of 

solutes, allowing for interactions between the solutes and the homogeneous porous 

medium can be described by the classical convection-dispersion equation (CDE): 

^dC dC R = D - V H) 
dt dx'- dx 

where C is the solute concentration (M/L^); D is the hydrodynamic dispersion coefficient 

(L^/T); R is the retardation factor; v is the average pore velocity (JJT); t is the time (T); 

and X is the distance. The average velocity can be calculated by v = q/0, where q is fluid 

flux density 0^1) and ^is the volumetric water content(L^/L^). For linear, equilibrium 

adsorption between the solute and soil matrix, R is given by: 

(2) 

where is the soil bulk density (M/L") and Kj is the distribution coefficient. If no 

adsorption occurs between the solute and the soil, becomes zero and R equals unity. 

The hydrodynamic dispersion coefficient, D, incorporates the combined effects of 

molecular diffusion and mechanical dispersion, and is commonly expressed as (Bear, 

1972): 

D=DqX+cc^V (3) 

where is dispersivity (L); D^is ionic or molecular diffusion coefficient (L'/T) and ris 

tortuosity factor expressed as t = Where is saturated water content. The first 
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term on the right hand side of equation (3) is referred to as molecular dispersion and the 

second term is mechanical dispersion. When (1) is normalized to dimensionless form, it 

becomes: 

j y d c  1 d^c dc R— = M) 
d T  P d X ^  d X  

where c is the normalized solute concentration (C/Q), P is the Peclet number = vUD, L is 

the characteristic length of the system or the length of the column, T is the normalized 

time = vtlL, X is the normalized distance = x/L. 

Effects of Anion Exclusion - Many investigators have shown the validity and 

suitability of the classical CDE for unsaturated contaminant transport in homogeneous 

soil, where early breakthrough from anion exclusion results in a retardation factor less 

than unity (e.g., Biggar and Nielsen, 1976, Bresler 1973; Yale and Gardner, 1978; James 

and Rubin, 1986; Schulin et al., 1987; Seyfried and Rao, 1987; Wierenga and van 

Genuchten 1989, Porro and Wierenga, 1993). In their experiments, except for early 

breakthrough, the BTCs are fairly symmetrical, indicating equilibrium conditions. 

Symmetrical BTCs and early breakthrough were also observed in field infiltration tests 

(Warrick et al., 1971; Elabd et al., 1988; Wierenga and van Genuchten, 1989; Porro and 

Wierenga, 1993; Porro et al., 1993). In the latter infiltration tests, the tracers usually 

traveled deep enough to establish equilibrium conditions resulting in symmetrical BTCs. 

Indeed, the data showed that although 'HjO, CI", and Br' moved faster than the average 
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pore-water velocity, their fronts always remained behind the moisture fronts (e.g., 

Warrick et al., 1971; Elabd et al., 1988; Porro and Wierenga, 1993). Moreover, Br' and 

Cr moved faster than tritium (e.g., Wierenga and van Genuchten 1989; Porro and 

Wierenga, 1993). From these and other observations some researchers concluded that 

faster transport of Br or CI' could fully be explained by anion exclusion. 

Anion exclusion was frequently observed in heavy textured loam or clay soil (e.g. 

Krupp et al.,1972; McMahon and Thomas, 1974; Cassel et al., 1975; Bond, 1982; 

Thomas and Swoboda 1970; Biggar and Nielsen, 1962). It is attributed to the presence of 

diffuse double layers (Bolt, 1979) near the surface of negatively charged particles, 

particularly clays and ionizable organic matter, which causes a repulsion of anions from 

the water film around the particles. Smiles and Gardiner (1982) reported faster anion 

migration due to the presence of an inaccessible and immobile layer of water having a of 

thickness about 9 A at the soil particle surfaces. 

For most of the transport studies cited above, the clay content of the soils was at 

least 3%. For soils with lower clay content, as used in this study, one would expect, 

fewer effects of anion exclusion. For theses low clay content soils a layer of film water 

tighdy sorbed to particle surfaces may act as inaccessible water (Adamson, 1967; Dash, 

1975), and cause anion exclusion type behavior during transport. 

Ejfect of Physical Non-Equilibrium - Laboratory scale experiments using 

homogeneous, re-packed soils in small columns (10 to 90 cm) have often shown non-

sigmoidal and asymmetrical BTCs. Such observations point to physical non-equilibrium 
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processes, which arise because time is not sufficient for complete mechanical mixing 

between the comparatively "immobile" or stagnant water regions and regions with high 

pore-water velocities. Physical non-equilibrium is inconsistent with the use of the 

equilibrium CDE modeling approach. To model physical non-equilibrium during 

transport, the soil water is separated into a mobile fraction in which convection and 

dispersive transport of the solute occurs, and an immobile fraction into which the solute 

mass transfers from or to the mobile fraction (mass exchange). When this occurs, (1) 

becomes the mobile/immobile water content (MIM) transport model (e.g., van Genuchten 

andWierenga, 1976): 

ac dC.  d -C  dC  
(0 ^fo.K.)—^^^+[0. +{\-f)o^K2—-=Q D i^^-0 V —- (5) ^ m a' im ^ d-* m m ^ •y mm ^ ' 

where the subscript m and im refer to the mobile and immobile phases, respectively; f 

refers to the fraction of adsorption sites that equilibrate with the mobile liquid phase; and 

v„ is the average mobile water velocity. The second term on the left hand side of (5) 

accounts for the exchange of solute between the mobile and immobile water domains. 

Coats and Smith (1964) and van Genuchten and Wierenga (1976) adopted the first-order 

mass transfer approach suggested by Deans (1963), namely, 

ac. 
[e™Hl-/)PA]-^=a(C„-CJ (6) 
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where a is an empirical mass transfer coefficient (1/T). When parameters in (5) and (6) 

are placed in dimensionless form: X = x/L, T = vt/L, P = vUD = vJJD„, R = \+Pf^Jd, P 

= {d^+fpKd) I { 6+ pKj), o) = aUdv, equations (5) and (6) become: 

As before, if adsorption does not occur between the solute and the soil, Kj becomes zero, 

R reduces to unity, and P reduces to djO, the fraction of mobile water in the system. 

Evidence of physical non-equilibrium phenomena was clear to some investigators 

during steady unsaturated miscible displacement experiments in laboratory columns 

packed with apparently homogeneous porous media. In those experiments, the BTCs 

show nonsigmoid, asymmetrical concentration distributions, early breakthrough and 

tailing (e.g., Nielsen and Biggar, 1961; Gaudet et al., 1977; de Smedt and Wierenga, 

1979, 1984; de Smedt et al., 1986; Bond and Wierenga, 1990; Krupp and Elrick, 1968; 

see also , Brusseau et al., 1989, and Griffioen et al., 1998 for excellent reviews and 

summaries). Because physical non-equilibrium transport in non-aggregated 

homogeneous porous media clearly does not satisfy the equilibrium condition of the CDE 

(7) 

(1 - . <a(c„ - cj (8) 
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(equation 1), the dispersion coefficient obtained by fitting the classical CDE model to the 

BTC will be much larger than expected from measurements of saturated breakthrough 

curves. Some investigators determined that physical non-equilibrium is not evident when 

the characteristic length of the transport system is sufficiently large, in homogeneous 

porous media and under steady-state flow conditions, to achieve local equilibrium 

conditions. Also, as the tracer travels further from the inlet the BTC should become more 

symmetrical (Gaudet et al., 1977). The latter observations emphasize the need for long 

column studies to elucidate transport mechanisms. 

The purpose of this study is to investigate the relative importance of anion 

exclusion, of immobile water, and of film water on bromide transport in a long, 

unsaturated soil column. Specifically the objective is to explain why the tracer front is 

faster than the water front and ultimately catches up with it, a phenomenon not observed 

before. 

2. Materials and Methods 

The experiment was conducted in a 250 cm DD by 400 cm deep weighing 

lysimeter constructed on the Campus Agricultural Center at the University of Arizona in 

Tucson, Arizona. Construction details for the lysimeter are found in Young et al., (1996). 

2.1. Soil and Instrumentation 

Vinton fine sand (sandy, mixed thermic Typic Torrifluvent) was chosen for use in 

the lysimeter. The soil was thoroughly mixed and sieved through a 3-nim screen. The 

soil was manually compacted to a target bulk density of approximately 1.4 Mg m'^. The 



bottom 15 cm of the lysimeter was filled with pea-gravel. Monitoring instruments were 

installed at 50-cm depth increments as soil was being placed in the lysimeter so that the 

exact depth and final condition of the samplers would be known. Soil samples were 

collected at 50-cm increments and analyzed for particle size distribution. 

The lysimeter scale (model FS-8, Cardinal Scale, Webb City, MO) was assembled 

by Precision Lysimeters, Inc. (Red Bluff, CA) and outfitted with an electronic loadcell 

(model Z-IOO, Cardinal Scale, Webb City, MO). The combination of the scale and 

loadcell resulted in a 45-Mg (-50 tons) capacity and a precision of ± 200 g. 

Tensiometers were installed after completion of soil packing. The tensiometers 

were constructed using 76-mm long, 9.5-mm OD, 1 bar (100-kPa), high flow, porous 

ceramic cups (Soil Moisture Equipment Corp., Santa Barbara, CA). The cups were 

epoxied to translucent polycarbonate tubing. The tensiometers were installed under a 15 

degree angle, such that the cups were 25 cm from the lysimeter wall. The tensiometer 

mbes, extending outside the lysimeter were, fitted into an elbow with a 5cm long vertical 

tube, closed with a septum stopper. Pressure transducers (model 136PC15G2, 

MicroSwitch, Freeport, IL) fitted into the elbow. A total of eight tensiometers were used 

during the experiment. They were placed so that three locations per depth would be 

monitored for arrival of the wetting front. Once the wetting front passed the three 

locations and the tensions at those locations were no longer changing with time, two 

tensiometers were removed, and installed at the next depth, along with a third unit. Thus, 
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we maintained three tensiometers to monitor the wetting front, and one tensiometer per 

depth to monitor tensions behind the wetting front. 

A total of 18 stainless steel solution samplers were installed in the lysimeter. 

They were constructed from 305-nun long, and 25.4-mm OD porous stainless steel tubing 

(Soil Measurement Systems, Tucson, AZ). Two 6-mm OD stainless steel tubes were 

welded into the top cap of each sampler for vacuum control and fluid removal. The 

samplers were constructed as a single chamber, and had a relatively uniform bubbling 

pressure of about 650 cm HjO (65 kPa). The stainless steel samplers were installed 45 

cm from the inside of the lysimeter wall. Six porous stainless steel suction candles 25.4-

mm outside diameter, 610- mm long, (Soil Measurement Systems, Tucson, AZ) were 

installed in the soil at 25 cm above the closed bottom of the lysimeter to maintain 

unsaturated conditions. A stainless steel neutron probe access tube (57.2-mra OD) was 

placed in the center of each lysimeter during filling. 

2.2. Water and Tracer Input 

To design a uniform irrigation system, the top of lysimeter area was subdivided 

into 61 subareas (Fig. 1). Water was applied to the surface of each subarea through 

hydraulically independent, water-filled cups and solenoids. During each irrigation, a 

calibrated volume of water, equivalent to 1.0-cm depth, was distributed onto each subarea 

by simultaneously energizing each solenoid and releasing the water onto the soil surface. 

Tracer-free water was added at the beginning of the experiment. 
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After the wetting front arrived at the lOO-cm depth, water containing bromide (30 

mg/1) was used. The bromide was mixed in a container large enough to hold water for 3 

days of irrigation. Water in the container was mixed each day before irrigation to avoid 

any possibility of stratification of bromide in the container. After bromide application 

ended, the container was thoroughly cleaned to remove residual bromide. Tracer-free 

water was then used for irrigation for the remainder of the experiment (Table 1). 

2.3. Data Collection 

Pressure transducers, installed on the tensiometers, were powered by and recorded 

on a CR-7 datalogger (Campbell Scientific, Logan, UT). The top of the tensiometer was 

sealed with a septum stopper to measure the tension with a hand-held pressure sensing 

device (Tensimeter, Soil Measurement Systems, Tucson, AZ), for manual measurements 

of the soil water tension. Data for the lysimeter loadcell (to measure mass changes in the 

tank) and for pressure transducers were collected every 60 seconds, then averaged each 

hour. 

Soil solution was collected daily from each sampler to determine the increasing 

and decreasing bromide concentrations. Samples were collected immediately after the 

tensiometers indicated arrival of the wetting front. Samples were stored in a freezer to 

minimize evaporation, and then analyzed using an Alpkem Bromide Analyzer (model 300 

series, Calckamas, Orgeon) which has a detection limit of about 0.2 mg/1. The samples 

analyzed for this study were limited to those collected from two ports each at the 100-, 

200-, and 300-cm depths (herein called the West and North ports). 
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Water content data were obtained in 10-cm increments about twice weekly using 

the neutron probe method (model 503DR, CPN Corporation, Pacheco, CA). The neutron 

probe was calibrated in-situ during the experiment. The method involved comparing an 

estimated soil water storage, as determined using neutron probe, with a known soil water 

storage, as calculated from the change in lysimeter mass. Calibration curve parameters 

for the neutron probe were then optimized until the difference was minimized between 

the two storage values. The method provided a calibration curve which resulted in water 

content uncertainties of less than 0.01 m^m"^ per measurement. 

2.4. Data Analysis and Modeling 

A variety of methods were used to compute the average wetting front velocity and 

the average Br" solute transport velocity. Wetting front advance was determined by 

calculating the maximum first derivative of water content changes for each day of data 

collection as measured by the neutron probe. Wetting front advances were also calculated 

from the maximum first derivative of tension changes at each depth. 

Travel time moment analysis (Valocchi, 1985) was used to estimate the average 

solute transport velocity and mass balance for the bromide, for each observed BTC 

obtained for bromide. The CDE and the MIM models were also fitted to the bromide data 

using three different parameter sets, and the program CXTFTT (Toride et al., 1995). The 

three different combinations of fixed and fitted parameters were: I) CDE model with R = 

1.0, V and D fitted; 2) CDE model with v constant, R and D fitted; and 3) MIM model 

with R = 1.0; v and D for the mobile zone (v^, Dn,), mobile water fraction (f), and mass 
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transfer coefficient (a) were fitted. This last case was to compare the parameters obtained 

by fitting the CDE model to those obtained with the MIM model to show whether mass 

transfer exits between the immobile and mobile zones. The fitted bromide migration 

velocities were compared with velocities computed from the time moment analysis. 

Dispersivity (a J was determined from aL= (D-D\)/lvl, where D° is the apparent 

dispersion coefficient (= 1.8 cmM"', CRC, 1997), and x is the tortuosity factor ( r = 

0'°^/0s^= 0.13'°'^/0.47^< 0.006). Compared to ajvl, the contribution of D°t to the 

dispersion coefficient D is negligible because it is two orders of magnitude smaller, and 

thus for the purpose of this study, aL= D/lvl. 

3. Results and Discussions 

3.1. Experiment Results 

Table 2 lists the results of the textural analyses for sub-samples collected at the 

same depths as the monitoring devices. All samples submitted to the laboratory were 

classified as texmral fine sands with 1.2 % clay content. The results support the 

assumption of macro-homogeneity of lysimeter soil. The final bulk density of the 

lysimeter soil varies with depth (Figure 2), with an average of 1400 Mg m'^ from the 

surface to the 300 cm depth. The obvious outlier values at 140 and 350 cm depths are not 

readily explainable from the raw data collected at the time of soil placement. These 

values were ignored in the modeling, and were replaced by average bulk density values. 

Water content profiles, monitored with the neutron probe, showed that the wetting 

front migrated downward at a nearly constant velocity (Figure 3 and Table 3). However, 



the upper part of the column ended up slightly wetter than the lower part. The average 

water content at the end of the irrigation was approximately 13 %. Table 3 lists the 

wetting front velocities recorded in water content recorded with a neutron probe and by 

changes of the tension with tensiometers. The wetting front arrival as measured with 

neutron probe (Figure 3) is not as sharp as that measured with tensiometers (Figure 4), 

because of the larger range of influence of the neutron probe. This could also explain the 

slightly faster wetting front velocity measured with the neutron probe ( 8.2 cm d"') 

when compared to tensiometer measurements (v,^= 7.63 cm d"'), or from estimates using 

measured water content = qld= 1.0 / 0.13 cm d'' = 7.69 cm/day]. Although, slight 

differences were recorded in terms of water content and wetting front velocity possibly 

due to variations in bulk density along the depth of the column, the data show remarkable 

uniformity of water movement in a lysimeter of this size. 

3.2. Solute Transport Modeling Results 

The solute transport analysis was performed using a moment analysis as well as 

fitting individual BTCs using CXTFTT (Toride et al., 1988). Figure 5 and 6 show the 

normalized BTCs for bromide for the West and North sides of the lysimeter, respectively. 

The BTCs show good symmetry and no tailing. The travel-time moment analysis was 

also used to calculate average solute transport velocity and mass balance of bromide 

(Table 4). Recovery was excellent for each of the three depths analyzed, suggesting no 

significant by-pass, preferential or lateral flow occurring. Bromide moved slightly faster 

on the West side of the lysimeter than on the North side (average velocity of 9.9 versus 
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8.7 cm d''). This can be explained by the faster water movement, determined from the 

tensiometer responses, in the upper West side of lysimeter (Table 3). 

Figures 5 and 6 show observed and fitted BTCs for the West and North sides of 

the lysimeters, respectively, for Case l(see Table 5). The fitted BTCs for Case I, 2, and 3 

were virtually indistinguishable from one another, and thus we presented the results from 

Case 1. The figures show very good fits of the BTCs to the observed data in all cases. 

For Case 1, we fitted the parameter v and D using CDE model. Thus the values for v in 

Table 5, Case 1 represent average tracer velocities or mobile zone velocities (v,J, which 

the values for D in Table 5, Casel represent the mobile zone dispersion coefficient (Z)„). 

Note that the tracer velocities (Table 5, Case 1) were higher than the average pore-water 

and wetting front velocities (Table 3), but close to those found using moment analysis 

(Table 4). Because the flux equals to <? = vd= vjd^, the fraction of mobile water can be 

calculated from P = dj6=vlv^. 

When we modeled transport properties under Case 2, the simulated BTCs were 

identical to those found under Case 1. However, R decreased below unity for Case 2, 

reflecting soil interaction between the tracer and soil. Here, R indicates the portion of 

water that participates in advective transport [van Genuchten and Wierenga, 1986; 

Wierenga and van Genuchten 1989]. The fitted R values(Table 5, Case2) are identical to 

the P = djd— v/v„ values calculated for Case l(not shown). Dispersivity values are also 

identical to those found in Case 1. 
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Table 6 present the results of the Case 3 modeling using the MIM model. The 

extremely small mass transfer coefficient {a) indicates almost no mass transfer or 

diffusion between the mobile and immobile zones. This infers that the immobile water, 

calculated at about 20% of the total water was inaccessible to the bromide, because of 

physical equilibrium. Comparing the correlation coefficients for cases 1, 2 and 3 we see 

no significant improvement in the fit between measured and predicted curves by adopting 

the MIM model. The fitted and (calculated using vj are very close to those 

obtained for Case 1, and the fitted (3 is identical to the fitted R in Case 2. Only fitted 

values are slightly different from those fitted in Case 1. These results indicate that 

conditions in the unsaturated, nonaggregated sandy soils of this experiment are such that 

the CDE model can be used to describe the results. Under such circumstances, the CDE 

model is a degenerated case of the MIM model with 0. 

The modeling results also show that the average dispersion coefficients increase 

slightly as more soil is included in the averaging. This is likely due to the slight spatial 

heterogeneity that exists from the soil packing. The values of the dispersion coefficient 

iP) and dispersivity are very similar to those found by Wierenga and van Genuchten 

(1989) in their large soil column. The average retardation factor found in this research is 

also similar to the values found by Wierenga and van Genuchten, R = 0.79 and 0.77, 

respectively. The ratio of exclusion volume (O^J in the studies by van Genuchten and 

Wierenga, 1986, and Wierenga and van Genuchten, 1989 can be calculated as I- R = I-
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0.79 = 0.21. This number is equivalent to the immobile portion of the pore water, i.e. 1-

P=0 .1 \ .  

3.3. Anion Exclusion and Film Water 

From the data and the Br"' transport simulation results, it appears that the 

immobile water (or the excluded portion of the pore water) was not accessible to 

bromide. One could postulate that this is solely the result of anion exclusion. However 

the very low clay content in the soil is unlikely to cause an exclusion volume of 21 % of 

the total water content (i.e. 0.027 cmVcm^). In addition, the tracer migration velocities 

were consistently higher than the soil water wetting front migration velocity raising the 

tracer front to catch up with the wetting front (Figure 7). In this figure, the relative 

bromide concentration distributions were moved 12 days ahead in time (bromide was 

added to the water 12 days after irrigation had started), to better show this phenomenons. 

The fact that the Br" tracer migrated faster than the soil water wetting front is inconsistent 

with observations by for example Warrick et al., (1971); Kirda et al., (1973); Ghuman et 

al., (1975); Ghuman and Prihar, (1980) and Porro, et al. (1993). These authors used soil 

that was not air dry to begin with and found that tracer migration lagged behind the 

wetting front. 

Anion exclusion is attributed to the presence of diffuse double layers near the 

surface of negatively charged particles. This phenomenon is frequently observed in clay 

soils and to a lesser extend in sandy soils (James and Rubin, 1986). A possible 

explanation for the faster than expected bromide migration could be the presence of a 



very thin water films adsorbed on the particle surfaces (Adamson, 1967, 1976; Dash, 

1975) which do not allow diffusive mixing of the anion. Furthermore, as the charged 

anions undergo solvation in water (Vollhardt and Peter, 1994, ppl95), the solvated anions 

are surrounded by oriented water molecules, which will cause separation from the water 

films adsorbed onto the solid soil particle. Using the specific surface area and excluded 

volume of water, we can calculate a film thickness of 23.7 A (James and Rubin, 1986), 

such a water film would consist of approximately 17 layers of water molecules. This 

thickness is much smaller than a water cluster molecular layer (HigoOgo) created by 

hydrogen bonding (Choppin, G. 1965). When clay is present, anion exclusion will add to 

the effect of anion separation from the solid particle surfaces. The mechanism of this 

kind of thin film water is not well understood. Since Smiles and Gardiner (1982) assume 

faster anion migration due to the presence of inaccessible and immobile layer of film 

water of thickness about 9 A at the heavy textured clay soil particles surface, this 

mechanism is not well accepted by other investigators. 

We postulate that this inaccessible water exists as very thin water films, and do 

not participate in solute transport. Apart from the possible explanation of thin film water 

aforementioned, the thin film water can be existed as another form that is isolated from 

mobile portion of water which carried the solute transport. When water infiltrates into 

initial air-dry soil, especially at a low infiltration rate, the infiltration occurs as absorption 

process driven by capillary force to wet the air dry soil particle and to expel the non-

wetting phrase air. As water is continuously supplied from the inlet, steady state flow is 
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established. Under the circumstances of around 13 % final low water content in the soil, 

the water in the soil particle connection side or "comer of the pore" will be connected to 

form continuous slow mobile potion of water or "enhanced flow" path. However, the 

water in the pore of non-soil-particle-connection-side will be act like thin film water that 

isolated from the "enhanced flow" path. Therefore, the following infiltrated solute will 

travel along the conductive "enhanced flow" path and the unconnected film water is 

likely to be isolated from the transport process. Under this assumption, the fitted 

immobile water should be sum of isolated true film water and the anion exclusion thin 

layer of water, and denoted as Bex- With this assumption, the tracer solute travels at the 

velocity of v^ = q/(0-0jJ. The wetting front travels at velocity of v^f = q/(0-0o) (Warrick 

et al., 1971), when water was infiltrated into initial non-air dry soil, where 0o is the initial 

soil water content. Therefore, if the initial soil water content 0o is smaller than the 

excluded 0^^ water content, the solute front will travel faster, as observed in our study 

case, otherwise, the solute would have lagged behind wetting front, as observed by other 

investigators, where the experiment had been conducted in initial wet soil, and the 0^^ 

usually is smaller ±an 0o, 

4. Summary and Conclusions 

An infiltration experiment, using a non-interactive tracer, was performed in 

nonaggregated soil under steady state, unsaturated condition. The uniqueness of this 

experiment is that it was conducted in a very well controlled deep weighing lysimeter, 

and the bromide solute was infiltrated later than the tracer free water into initial air-dry 



39 

soil. We found that Br" caught up with the water wetting front, i.e., the Br" travel faster 

than the water wetting front, which contradicts to the finding by several other 

investigators. We also found the immobile portion water or excluded volume of water 

was approximately 0.027 cm^ cm'^, about 21% of the pore water in this study case, 

comparing closely with results of previous investigators (e.g., James and Rubin, 1986; 

Wierenga, P.J. and van Genuchten, 1989), even through we had much lower clay and 

organic matter content in the Vinton soil. This observation manifested the excluded 

water was not only caused by the anion exclusion process. We postulate that it should 

also include the non- transport conducted true film water (isolated film water) and the 

possible "inaccessible layer of film water". Each of each may be more or less 

accountable, given specific experiment conditions. Under this postulation, that the 

average bromide transport velocity was higher than the wetting front velocity in our study 

case is obviously. The bromide traveled at a velocity of v^ = q/(0-0^J, while the wetting 

front travels at velocity of v^ = q/(0-0o) at initial wet soil. In our study, 0^^ > 0o, thus v^ > 

v^. If the experiment had been conducted in initially wet soil, where 0^^ commonly is 

smaller than ©q, the solute would have been lagged behind wetting front, as observed by 

other investigators. 
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Table 1. Irrigation schedue and bromide application for the infiltration experiment. 

Start day Stop day No. days applied Explanation 

I 12 12 tracer-free water 

13 21 9 water containing bromide 
at 30 mg/1 

22 80 59 tracer-free water 



Table 2. Results of textural analyses of selected lysimeter samples 
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Depth Sand 
% 

Silt 
% 

Clay 
% 

V. Coarse 
Sand 
I mm 

Coarse 
Sand 

0.5 mm 

Med. 
Sand 

0.25 mm 

Fine 
Sand 

0.125 mm 

V.Fine 
Sand 

0.063 mm 

--mm~ --mm~ 

440 96.0 2.8 1.2 6.5 16.1 34.3 28.6 7.5 

950 97.2 1.6 1.2 11.0 19.9 31.7 24.1 6.0 

1420 97.2 1.6 1.2 10.0 17.3 32.0 25.9 6.5 

1950 97.1 1.7 1.2 8.7 21.0 32.9 25.5 6.7 

2410 97.1 1.7 1.2 10.6 20.8 33.6 25.0 5.3 

2950 97.2 1.6 1.2 8.0 18.4 34.5 27.3 6.6 

3410 97.1 1.7 1.2 9.0 23.0 33.1 23.0 5.8 

Mean 97.0 1.8 1.2 9.1 19.5 33.2 25.6 6.3 
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Table 3. Wetting front velocities measured using the neutron probe and tensiometers 

Day of Exp Depth Velocity Day of Exp Depth Velocity 

—day —cm— —cm d"'— day— —cm —cm d"'— 

Neutron orobe data Tensiometer data 

8 62 7.75 12.50 West-100 8.00 

10 80 8.00 19.33 West-150 7.76 

14 115 8.21 26.50 West-200 7.55 

18 150 8.33 33.35 West-250 7.50 

22 187 8.50 41.50 West-300 7.23 

25 213 8.28 13.33 North-100 7.50 

29 240 8.28 19.66 North-150 7.63 

32 260 8.13 26.65 North-200 7.50 

35 285 8.14 32.25 North-250 7.75 

38.16 North-300 7.86 

Mean 8.18 7.63 



Table 4. Results of moment analysis for Vinton soil experiment. 
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Position and Mass Balance Average solute 
Depth velocity 

cm % cm d"' 

West - 100 108.2 9.69 

West - 200 100.6 10.54 

West - 300 97.6 9.36 

North - 100 98.0 8.31 

North - 200 100.7 8.90 

North - 300 109.0 8.89 
Mean 102.3 9.28 



Table 5. Transport parameters found using the CXTFTT code, and the classical CDE 
model (95% confidence limits). 

Position and 
Depth 

V D "Lt R SSQ 

cm -cm d"'— -cm^ d"' - —cm— 

CDE, Case 1: R = 1, V and D fitted 

West - 100 10.37±0.10 6.50±0.ll 0.63 1.00 0.047 0.988 

West - 200 ll.07±0.06 7.18±0.06 0.65 1.00 0.016 0.996 

West - 300 9.92±0.15 9.18±0.15 0.93 1.00 0.106 0.967 

North - 100 8.54±0.10 6.31±0.10 0.74 1.00 0.037 0.988 

North - 200 9.22±0.04 8.74±0.04 0.95 1.00 0.053 0.998 

North - 300 9.09±0.09 15.73±0.09 1.73 1.00 0.034 0.979 

CDE, Case 2: V = 7.69 cm/day, R and D fitted 

West- 100 7.69 4.82±0.11 0.63 0.74±0.11 0.047 0.988 

West- 200 7.69 4.99±0.06 0.65 0.69±0.06 0.016 0.996 

West- 300 7.69 7.12+0.15 0.93 0.77±0.15 0.106 0.967 

North - 100 7.69 5.68±0.10 0.74 0.89±0.10 0.037 0.988 

North - 200 7.69 7.28±0.04 0.95 0.83±0.04 0.053 0.998 

North - 300 7.69 13.31±0.09 1.73 0.84±0.09 0.034 0.979 

t- aL= D/lvl for each case 
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Table 6. Transport parameters found by using CXTFTT code and the MIM model (95% 
confidence limits). 

Position and 
Depth 

"L P 0) a(day'') SSQ 
•> 

r 

—cm— —cm/day— -cmVday- —cm- —l/day— 

West-lOO 10.36 6.49 0.63 0.74 0.1 X 10'' 1.06 X 10' 0.047 0.988 

(±0.13) (±0.12) (±0.14) 

West-200 11.06 7.29 0.66 0.69 0.1 X 10"® 0.52 X 10' 0.016 0.995 

(±0.09) (±0.07) (±0.083) 

West-300 9.89 11.33 1.11 0.77 0.1 X 10'® 0.34 X 10"' 0.115 0.964 

(±0.47) (±0.21) (±0.332) 

North-100 8.60 4.56 0.51 0.89 0.066 7.00 X W 0.011 0.994 

(±0.11) (±0.08) (±0.16) 

North-200 9.22 8.74 0.94 0.83 0.3 X 10"^ 5.20 X 10® 0.005 0.998 

(±0.07) (±0.04) (±0.06) 

North-300 9.06 15.91 1.86 0.84 O.I X 10* 0.34 X lO" 0.034 0.979 

(±0.18) (±0.11) (±0.15) 

Average 0.79 

Note: Input average pore water velocity v = 7.69 cm/day, and fit D, P, and co. The v„, Dj„, 

and a are calculated form v/p, D/p, and coVd/L respectively. 
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Type 1 (37), Area=804.7 cnu; 

Type 2 ( 6), Area=497.8 cim; 

Type 3 (12), Area=868.6 cm:; 

Type 4(6), Area=984.5 cnu; 

Figure 1. Surface of lysimeter showing emitter locations for irrigation system 
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Figure 2. Bulk density and initial water content profiles for lysimeter 
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Figure 3. Volumetric water content profile measured by neutron probe 



10 

15 

20 

^ 25 

30 

35 

40 

45 

50 

f 

B North side 

e South side 

0 West side 

• o o 0 e e- -e—9—o o o ocon<> 

100 cm depth 

e "o 0 " 0 o" 0 "o o^o-
200 cm depth 

• •€ 

0 0  0  0  0 0 0 0  0 0 0 ^ 
o o e e e e—e—a—o o o oo 

300 cm depth 

' ' ' ' I I ' ' ' i ' I I I I I ' I ' ' ' I 
0 100 200 300 400 500 

Tension (cm) 

Figure 4. The wetting front observed by tensiometers 
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Figure 5. Observed and fitted normalized BTCs for West side of lysimeter 
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Figure 6. Observed and fitted normalized BTCs for North side of lysimeter 
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Figure 7. Tension wetting fronts, and relative bromide concentrations in the lysimeter (North side only) 
at 100, 200, and 300 cm depths. 
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Abstract 

Soil hydraulic properties determined from laboratory experiment often are non-

representative of the field conditions. An inverse method was developed to estimate 

hydraulic properties of unsaturated soil from intermediate- and field-scale infiltration 

data. Four parameters, (<ar, n, and 6^ in van Genuchten's model were estimated by 

numerical inversion of Richards equation. Measurements needed for the inversion 

method include: soil-water tension versus time at one distance from the soil surface, and a 

final steady-state water content behind the wetting front. The objective function used for 

parameter optimization is constructed from two parts, one from the transient tension 

versus time curve, and another from the steady-state water content data. The second part 

of the objective function is defined as the water storage estimation error, and was 

calculated as the difference between the measured and predicted water storage profile. 

The method was tested using data collected during a constant flux infiltration experiment 

in a 400-cm deep soil column. The sensitivity of parameter estimation, and the 

uniqueness of the inverse problem, were dramatically improved when the second part of 

the objective function was included. The proposed method is promising for estimating 

the in-situ unsaturated hydraulic properties at the field scale without the need to collect 

excessive amounts of data. 
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1. Introduction 

Prediction of flow and contaminant transport through the vadose zone requires 

knowledge of unsaturated soil hydraulic properties, specifically the hydraulic conductivity 

function K(h) and the soil water retention function 0 (h). Since both functions are highly 

nonlinear, determination of these relationships in the laboratory or the field is tedious and 

time consuming. Several methods require that the experiments reach several steady-state 

conditions, and that independent experiments must be carried out to measure each 

function [Klute, 1986]. In recent years, inverse methods of parameter optimization, in 

conjunction with transient flow experiments have become popular and appear promising. 

Several researchers have used inverse methods for determining soil hydraulic 

properties from transient flow data by numerical inversion of the governing initial and 

boundary value problem [Zachmann et aL, 1981, 1982; Dane and Hruska, 1983; 

Homung, 1983; Koolet_al., 19S5; Park et al., {92)1Kool and Parker, Simunek 

and van Genuchten, 1997]. With these methods, the unknown parameters are estimated 

by minimizing the deviations between observed and numerically predicted output data. 

Using inverse methods with transient flow data has several advantages over the 

traditional, steady-state methods. First, the numerical model allows any combination of 

initial and boundary conditions. Thus inverse methods allow more flexibility in the 

experimental design than traditional methods. Second, the optimization procedure 

incorporated in the numerical scheme makes it possible to simultaneously estimate both 

the retention and hydraulic conductivity functions from transient data [Kool et aL, 1987]. 
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Third, inverse methods use data from transient flow experiments, which are inherently 

faster than steady-state experiments. Rapid decreases in computation costs, and the 

development of faster and more efficient numerical solvers of Richards equation make 

such methods increasingly attractive. 

There are difficulties to overcome, however, because the inverse problem is 

inherently ill-posed, and subject to non-uniqueness. Homung and Messing [1982] and 

Homung [1983] considered a hypothetical infiltration experiment in a vertical column in 

the presence of a water table, and subjected to a constant downward flux at the upper 

surface. Their research indicated that outflow rate alone did not provide sufficient 

information to satisfy uniqueness, and that additional variables were needed (e.g., 

pressure head) to yield a unique solution. Kool et ai, [1985a, b] and Parker et al, [1985] 

were first to apply the inverse method to the laboratory-based one-step outflow method 

for determining K{li). They concluded that non-uniqueness could be minimized if the 

experiment was designed to cover a wide range in water contents. 

The study of non-uniqueness has led many researchers to investigate the design of 

transient flow experiments in order to determine the minimum number of flow variables 

needed for unique solutions. Kool and Parker [1988] showed the advantage of taking 

additional tensiometer data simultaneously with the outflow measurements. Toorman et 

al., [1992] demonstrated theoretically that uniqueness of the one-step outflow experiment 

could be improved by incorporating additional pressure head data in the objective 

function. To avoid taking additional soil-water pressure measurements, van Dam et al.. 
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[1994] modified the one-step outflow method to a multi-step outflow experiment, which 

provided enough information to find a unique solution of the soil hydraulic properties. 

Eching and Hopmans [1993] and Eching et ai, [1994] confirmed that the multi-step 

method with continuous water pressure data resulted in a unique inverse solution. 

Though the use of additional data improves the likelihood of uniqueness, it comes at the 

expense of experimental complexity. 

To date, very few studies have been published using in-situ data for estimating 

unsaturated hydraulic properties. The studies that were published are limited to the top 1 

meter of soil, and use data from soil water drainage experiments [e.g., Dane and Hruska, 

1983]. We are unaware of results based on field data collected from depths greater than 1 

meter. Therefore, the objective of this paper is to develop an inverse method for 

estimating soil hydraulic properties from deep infiltration data that can be obtained with 

minimal measurement efforts. We propose to use an objective function containing two 

parts: one part uses transient data at one depth formulated in terms of pressure head; the 

second part uses steady-state data formulated in terms of water storage. The feasibility 

and sensitivity of the method will be shown using numerically-generated data. The 

measured variables will be tensiometer data collected at one depth, and steady-state water 

content data collected behind the wetting front, both of which are reasonably easy to 

obtain in a deep infiltration experiment. The method is then tested on infiltration data 

measured in a deep weighing lysimeter which is 4 m deep by 2.5 m in diameter. 

2. Theory and IVlethods 
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2.1. The Forward Problem 

For infiltration into a long homogeneous, and isotropic soil column (or field soil), 

subjected to a constant flux at the surface and covered on the surface to prevent 

evaporation, water movement can be described with: 

(1) 
at dz dz 

where, 6{h) is the volumetric water content (cm^ cm'^), h is the pore water pressure head 

(cm), K{h) is the unsaturated conductivity (cm d"'), and z is the depth (cm) from the 

surface, taken positive downward. The simulation flow domain is 0 ^ z < L, and the 

initial and boundary conditions are: 

6 = Bq ( r = 0; O^z^L) (2) 

-K(hX^-l) -q (» 2 0; 2 = 0) (3) 
dz 

dh — =0 (t z = L), unit hydraulic gradient (4) 
dz 

where q is the constant flux rate. As used by Kool et al. [1987] and indicated by Gribb 

[1996], the van Genuchten [1980] closed-form relationships provided good representation 

of experimentally determined 6- h retention data: 

K(S) = [1-(1-5^^'^'^2 (5) 

0 " 0 
f = 5 = [umn"" (6) 
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where S is the reduced water content, 6^ is the residual water content, 6^ is the saturated 

water content, is the saturated hydraulic conductivity (cm d"'), and a (cm"') and n are 

shape factors of soil that can be empirically fitted, and m = 1 - \/n. 

The Richards equation (Eq. I) was solved numerically using the Pj transformation 

va&\hod\Pan andWierenga, 1995], a non-linear transformation method. TheP; 

transformation method is fast, numerical robust, and inherently mass-balanced. 

2.2. Formulation of the Inverse Method 

For this method we combine two objective function parts. They are based on 

knowing the change in tension with time at some depth in a field soil profile for the first 

objective function part, and knowing the steady-state water content behind the wetting 

front after an infiltration event for the second objective function part. The weighted sum 

of these objective function parts is then used in the parameter estimation procedure. 

The first objective function part OF„ is obtained from the measured tension 

versus time at depth Vz L (See Figure la): 

OF, = (7) 
«, = I 

where the is the predicted tension, the is the measured tension, and n is the number 

of data points. The second objective function part OF, is based on water balance 

considerations. Assume a known amount of water is added to a uniform soil at a uniform 

initial water content. In a given time f, the water front moves down the soil profile to a 

given depth, and the water content behind the wetting front increases from OQ to 6^ The 
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depth to which the water front travels in a given time, and the increase in water content 

from SQ to 6^ depends on the hydraulic properties of the soil and the initial and boundary 

conditions. Thus if one knows the change in tension with time at a given depth, and the 

increase in water held behind the wetting front, one should be able to get the hydraulic 

properties. Figure lb, shows two actual water content profiles (solid lines), and four 

predicted water content profiles (dashed, and dash dotted lines). The water content ahead 

of the wetting fronts is uniform, and defined as 6^, while the water content behind the 

wetting fronts is defined as 6^. During long duration steady-state infiltration events, 6^ 

is nearly always close to being constant. Four water content profiles were calculated using 

two sets of van Genuchten parameter values, as is shown in Figure lb. The first set of 

van Genuchten parameter values causes the two wetting fronts at times and to lag 

behind the "true" wetting fronts. The second set of parameters causes the two wetting 

fronts at times and to move too far down the profile as compared to the "true" 

wetting fronts. Although we cannot easily determine the acmal shapes of the water 

contents versus depth profiles (they are difficult to measure in the field with present 

instruments), we can readily determine 6^ and 6^. With 6^ constant from the surface 

down to the tensiometer, the shaded areas in Figures 2a and 2b, defined here as water 

storage estimation errors W^, can be calculated as the differences between (0 - Vz L) 

and the integrals of the water content distribution (0 - Vz L) 0p predicted with parameter 

set 1 (Figure la) or parameter set 2 (Figure lb) according to: 

(8) 
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The same can be done below the tensiometer depth with respect to 0o as follows: 

" fij. ~ (9) 
2 

WQ is again the shaded area for parameter set 2 in Figure 2c. There is no shaded area for 

Wpfor parameter set 1. If the model predicts the observed flow responses (solid lines in 

Figure 2b) correctly, then both and Wp will approach zero. Thus one can add a second 

objective function part to Eq. 7, consisting of the water storage error and defined 

as: 

OF  ̂ (10) 

Thus the full objective function becomes: 

OF = A OF^ + B OF^ (11) 

where A and B are weighting factors equal to the inverse of the mean measured tension 

values and average water storage estimation error, respectively. In order to understand 

whether OF, can improve the uniqueness of the inverse problem based solely on the 

tension data, the behaviors of OF and its composite parts OF, and (9F, were analyzed 

through a numerical experiment with known parameters. The Simplex method [Press et 

al., 1992] was used for the optimization procedure. 

2.3. Numerical Experiment 

Numerical experiments were conducted using a model based on equations (1) 

through (6) with known van Genuchten parameters to assess the behavior of the objective 

functions, and the sensitivity of the inverse method to different initial estimates of the 
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model parameters. The forward problem was solved with the following van Genuchten 

parameters: = 0.031, - 0.40, a= 0.0322 cm"', n = 2.5, and Ks = 150 cm day '. The 

time step used in the simulation was A? = 0.1 day, and the spatieil step was Az = 0.5 cm. 

The model generated a tension with time curve as shown in Fig. la. and values 

interpreted from this tension over time curve are 11.5 days and 15.8 days, respectively. 

The steady-state water content behind the wetting front was calculated os 6^ = 0.159. 

Values of the objective function were represented as contour plots (i.e., response 

surfaces) for different combinations of two van Genuchten parameters, while other 

parameters were kept constant. In this study, 20 perturbations of each parameter were 

taken around the true parameter values (Table 1), resulting in 400 combinations of 

parameter sets and, thus, 400 objection function values. 

2.4. Weighing Lysimeter Infiltration Experiment 

The inverse model presented above was further tested using data collected during 

an intermediate- scale infiltration experiment. The experiment was conducted at the 

University of Arizona weighing lysimeter facility, Tucson, Arizona. The weighing 

lysimeter consisted of a 250 cm ED by 400 cm deep round steel, closed bottom cylinder, 

placed on a scale and uniformly filled with Vinton fine sand [Young et a/.,1996]. The 

Vinton fine sand (sandy, mixed thermic Typic Torrifiuvent) was thoroughly mixed and 

sieved through a 3-mm screen. The soil was manually compacted to a target bulk density 

of approximately 1.4 Mg m'^. The bottom 15 cm of the lysimeter was filled with pea-

gravel. A stainless steel neutron probe access tube (5.72 cm CD) was placed in the center 



of the lysimeter during filling. Soil water pressure was measured at depths of 100, 150, 

200, 300, and 350 cm using tensiometers. The tensiometers were installed at a 10° angle, 

and such that each cup was 25 cm from the lysimeter wall. They were equipped with 

pressure transducers (model 136PC15G2, MicroS witch, Freeport, EL) and monitored 

with a CR-7 data logger (Campbell Scientific, Logan, UT). A total of eighteen 

tensiometers were placed at the 6 depths with three locations per depth. The top of each 

tensiometer was sealed with a septum stopper so that the tension could also be measured 

with a hand-held pressure sensing device (Tensimeter, Soil Measurement Systems, 

Tucson, AZ). 

Water was uniformly applied on the surface through an irrigation system at a rate 

of 1 cm d"'. The top surface of the lysimeter was subdivided into 61 subunits of 

approximately the same surface area. Water was applied to the surface of each subunit 

through hydraulically independent, water-filled cups and solenoids. During each 

irrigation, a given volume of water, equivalent to l.O-cm depth, was distributed onto each 

subunit by simultaneously energizing each solenoid and releasing the water onto the soil 

surface. The initial water content of the soil profile was approximately 0.022 cm^ cm'^ 

Water was applied for a period of 60 days, at which time the wetting front had reached 

the bottom of the lysimeter. 

3. Results and Discussion 

3.1. Response Surfaces 

The first test of the inverse method was conducted using the numerically 
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generated tension versus time data and the computed water content behind the wetting 

front. Contour plots of objective function values from equation 7 are shown in Figure 3. 

The vertical directional of the contour lines in Figure 3a suggest that the model is 

sensitive to n, but less sensitive to K^. Thus, solution of the inverse problem would likely 

yield a good estimate for n and some approximation for if the values of the other 

parameters were known. This trend is evident in Figure 3b as well, which depicts the 

behavior of the objection function in the parameter space. This plot is very similar 

to that of Figure 3 a, except that in the lower-right hand comer of the parameter space, 

lower values of K„ and higher values of (Sr result in steep increases in the values of 

objective function. In the - 6^ parameter space (Figure 3c), a trough encompasses the 

"true" values of and The objection function contour plot of the n -<2r parameter 

space (Figure 3d) is very similar in shape to Figure 3b. In both cases, the objective 

function is sensitive to at and less sensitive to n or K^. Figure 3e indicates that equation 7 

is sensitive to a, but almost insensitive to 6^ Finally, the response surface in the n - 6^ 

parameter space (Figure 3f) becomes steeper when n moves toward lower values, but is 

flat when n increases. In summary, except for the - 6^ parameter space (Figure 3c), all 

plots show sensitivity to one parameter, but little or no sensitivity to the second 

parameter. 

Figure 4 shows contour plots of objective function values, generated from water 

storage estimation error OF2 (equation 10). Large differences exist between the 

corresponding plots in Figure 3 and Figure 4. First, the objective function contours of all 
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six pair parameter spaces show a narrow valley in the response surface, which indicates 

that there are many combinations of parameter values which can accurately predict the 

water content, indicating non-uniqueness of the inverse solution. Second, the objective 

function contours in three parameter spaces - a (Figure 4b), n - a (Figure 4d), and a -

0^ (Figure 4e) are generally perpendicular to the direction of the contours in the 

corresponding plots in Figures 3b, 3d, and 3e, respectively. In the other three parameter 

spaces (K^ -n, K^- 6^ and n - 6^, the contours of the objective function (Figure 4a, 4c, 

and 4f) also show different pattens as compared to those presented in Figure 3a, 3c, and 

3f, respectively. Because the contour plots obtained with objective functions of OF, and 

OF,, are so different, combining the objective functions OF, and OF, should enhance the 

uniqueness and well-posedness of the inverse solution. 

Figure 5 shows response surfaces of six pairs of parameter spaces based on 

equation 11. The increased sensitivity to both parameters in three pairs of parameter 

space, - <3r(Figure 5b), a-n (Figure 5d), and a- (Figure 5e) can be clearly observed. 

The combined objective function also provides a well defined minimum in the parameter 

space of /Tj - n (Figure 5a), and - ^^(Figure 5c) The sensitivity of the parameters n and 

0^ on the total objective function (Figure 5f) is also much greater. Clearly, when we add 

the objective function part derived from water storage estimation error to the objective 

function part based on measured pressure head, the inverse method is greatly improved 

in terms of parameter sensitivity and uniqueness. 

3.2. Inverse Solutions 



To evaluate whether the final solution depends on the initial estimates of the 

unknown hydraulic parameters (i.e. to test the global uniqueness of the inverse solution 

and the robustness of the parameter optimization procedure using the total objective 

function, equation II), we carried out nine different optimization runs. The runs differed 

in number of unknown parameters, which were either two (case 1 through case 6), three 

(case 7 through case 9), or four (case 9). Each optimization case was repeated three times 

with different initial estimates of the unknown parameters. Although this approach to 

testing for uniqueness was heuristic, it was successfully used by Eching et al, [1994], and 

Simunek and van Genuchten [1996, 1997] for assessing the uniqueness of inverse 

solutions of different flow problems. Results of the different parameter runs are 

summarized in Table 2. 

All the optimization attempts using 2, 3 or 4 parameters were successful. 

Different initial estimates for the parameters resulted in correct final hydraulic parameter 

values. It is not surprising that all optimization runs for the two parameters were 

successful, because the contours of the objective function in Figure 5 for each parameter 

pair showed well-defined global minima. The optimization run for three or four 

parameters were also successful. For the four parameter space, the objective function 

response surface is beyond our visualization. For the three parameter runs, such as a, n 

and Kj, two-dimensional cross sections of the full three-dimensional parameter space are 

represented by the a-n, a- K^, and n-Kj planes. The behavior of the objective function in 

these three planes can only suggest how the objective function might behave in three 



dimensional space. Using this approach does not automatically guarantee an absence of 

local minima somewhere outside of the cross-sectional planes tested, but the global 

minimum do appear to have been captured within the planes tested. 

3.3. Weighing Lysimeter Infiltration Data Test 

As aforementioned, our analysis requires tensiometer data collected from one 

depth and steady-state water content behind the wetting front. We chose to use the 

tensiometer installed at 100-cm depth as the space-time variable in the inverse solution, 

as a demonstration. Though the wetting front is stable, is was not perfectly horizontal, 

and thus, the wetting front arrived at slightly different times at 100 cm. Therefore, we 

evaluated each of the three tensiometers independently, but we show the results of 

simulations using data collected from the south side of lysimeter. Using this data, Tp and 

were taken from the observed tension versus time curve as 13.08 days and 13.95 days, 

respectively. The simulation domain was L = 200 cm. AZ = I cm, and Ar = 0.04166 day 

(one hour). The total simulation time was 24 days. The average bulk density was used to 

estimate 6^ (e.g., X-pJp^ = 0.47), which was held constant during the simulations. The 

parameters 6^ a, n, were optimized for the inverse solution using equation 11. The 

volumetric water content behind wetting front was approximately 0.145 cm^ cm'^, 

determined from the average wetting front velocity (V^), the initial water content profile, 

and the infiltration flux {q) applied, e.g., 

^ ^ (12) 



The final parameter values and associated statistics obtained from inversion of the 

infiltration data are presented in Table 3. As in the numerical experiment, each inversion 

was carried out three times with three different initial parameter estimates to test whether 

the optimized parameters converged to the same final parameters. If the three 

optimizations converged to the same parameter values, the inversion solution was 

believed to be unique. Observed and predicted tension versus time curves, using 

optimized parameters from the south side, are presented in Figure 6a, b, and c. Figure 6d 

was generated using the mean values of the parameters. All of the four parameter sets 

provided excellent fits compared to observed tension data. The CV values for all 

parameters, indicate that our infiltration methodology results in a unique solution. 

The estimated mean parameter values in Table 3 were used to predict the wetting 

fronts below 100 cm down to 350 cm depths (Figure 7). Above 250 cm, the predicted 

wetting fronts at the three sides of the lysimeter were close to the observed wetting fronts. 

Below 250 cm, the predicted wetting fronts began to deviate from the observed wetting 

fronts. On the west side of the lysimeter, the predicted wetting fronts traveled slightly 

slower than the observed wetting fronts. On both the south and the north side of the 

lysimeter, the predicted wetting fronts traveled faster than the observed wetting fronts. 

These differences occurred because of local heterogeneities in the packing of the soil 

materials were not represented by the 1-D simulation. Even with these heterogeneities, 

the poorest simulation (north side, 350-cm depth) differed from observed values by only 

1.5 days out of 45. Given the average wetting front velocity of approximately 8 cm d"'. 
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the largest difference in travel distance of the predicted and observed wetting front was 12 

cm, which is small when compared to the infiltration depth of 350 cm. In general, the 

optimized parameters predicted the advance of the wetting front very well and we believe 

that these optimized hydraulic properties are representative for the soil. 

4. Conclusions 

Determining unsaturated soil hydraulic properties using inverse methods is often 

difficult because the solutions are not unique. By using more data, one could improve the 

inverse solution, but additional data takes more time and makes the experimental setup 

more difficult or impractical. In this paper, we propose an improved inversion scheme 

for determining soil hydraulic properties from infiltration in a deep soil column. Data 

used for the proposed method were change in tension with time at one distance from the 

soil surface, and a constant steady-state water content profile behind the wetting front. 

Optimization success was based on the full objective function, consisting of two parts. 

One used the water tension, and the other was based on a water storage estimation error, 

calculated from steady-state conditions behind the wetting front. Addition of this second 

part to the total objective function greatly improved the definition of the minima in the 

parameter planes, because of the additional information embedded in the water storage 

error. The best inverse scenarios were obtained for the parameter pairs K^ - a, a- n and a 

- 0^ because the values of the response surface surrounding the minima were 

perpendicular for the two variables in each objective function. Identifiability was 

successfully tested with a numerically generated data set, and with measured data from an 
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infiltration in a 400-cm deep soil column. The heuristic approach successfully tested the 

uniqueness of the optimized parameter values from the in-situ measured data. We 

conclude that the proposed method provides an excellent methodology for unsaturated 

hydraulic property measurement from field in-situ infiltration data. 
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Table Captions 

Table 1. Grid spacing for parameter planes for the Vinton soil. 

Table 2. Results obtained with the different parameter estimation computer runs. 

Table 3 Final parameter values for the Vinton soil using observation data at 100-

cm depth. 



Table 1. Grid spacing for parameter planes for the Vinton soil 
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Parameter Lower Parameter Parameter step Upper Parameter 

Values Value Values 

a (cm"') 0.00322 0.00322 0.06762 

n 1.5 O.l 3.5 

Ks(cmday'*) 150 2.5 200 

0,(cm^cm-^) 0.0031 0.0031 0.0651 
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Table 2. Results obtained with the different parameter estimation computer runs 

Fitted Initial Estimates Final Estimates 

Case Parameters a n Ks 0r a n Ks 0r OF 

la a, n 0.010 1.60 - - 0.032202 2.500 - 0.0241 

b a, n 0.015 3.25 - - 0.032200 2.500 - 0.0246 

c a, n 0.050 2.75 - - 0.032201 2.500 - 0.0277 

2a a, Ks 0.050 - 115.00 - 0.032201 - 149.97 - 0.0259 

b a, Ks 0.045 - 195.00 - 0.032201 - 149.99 - 0.0237 

c a, Ks 0.009 - 180.00 - 0.032201 - 149.99 - 0.0237 

3a a, 0r 0.010 - - 0.0550 0.032199 - 0.0310 0.0244 

b a, 0r 0.050 - - 0.0550 0.032200 - 0.0310 0.0222 

c a, 0r 0.015 - - 0.0150 0.032200 - 0.0310 0.0223 

4a n, Ks - 3.10 105.00 - - 2.500 150.00 0.0247 

b n, Ks - 3.40 193.00 - - 2.500 150.03 0.0250 

c n, BCs - 1.70 175.00 - - 2.500 150.01 0.0233 

5a n, 0r - 1.60 - 0.0110 - 2.500 0.0310 0.0241 

b n, 0r - 1.75 - 0.0250 - 2.501 0.0313 0.0385 

c n, 0r - 2.55 - 0.0160 - 2.502 - 0.0312 0.0434 

6a Ks, 0r - - 115.00 0.0250 - - 150.21 0.0315 0.0391 

b Ks, 0r - - 192.00 0.0610 - - 150.02 0.0310 0.0227 

c BCs, 0r - - 191.00 0.0110 - - 149.97 0.0310 0.0217 

7a a, n, Ks 0.010 1.60 105.00 - 0.032168 2.502 149.54 - 0.0246 

b a, n, Ks 0.050 3.40 195.00 - 0.032188 2.501 149.82 - 0.0229 

c a, n, Ks 0.045 3.25 170.00 - 0.032209 2.500 150.12 - 0.0236 

8a a, n, 0r 0.010 1.60 - 0.0110 0.032208 2.499 0.0309 0.0265 

b a, n, 0r 0.050 3.00 - 0.0000 0.032200 2.500 - 0.0310 0.0267 

c a, n, 0r 0.015 2.55 - 0.0160 0.032202 2.500 - 0.0310 0.0247 

9a a, n, Ks, 0r 0.045 3.00 165.00 0.0150 0.032190 2.500 149.81 0.0311 0.0137 

b a, n, Ks, 0r 0.050 3.40 195.00 0.0000 0.032251 2.498 150.95 0.0312 0.0233 

c a, n, Ks, 0r 0.045 3.55 175.00 0.0150 0.032246 2.497 150.72 0.0315 0.0230 

Real Parameters - - _ - 0.0322 2.500 150.00 0.0310 -
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Table 3 Final parameter values for the Vinton soil using observation data at 100-cm 

depth. 

Side a, cm"' n cm^ cm'^ Kj cm day-' 

estimate I 0.0643 2.438 0.0217 158.3 

estimate 2 0.0638 2.456 0.0218 156.6 

estimate 3 0.0538 2.505 0.0218 141.8 

South Mean 0.0606 2.466 0.0218 152.2 

SD 0.0048 0.0283 4.7 X 10-5 7.43 

CV (%) 7.9 1.1 0.2 4.9 

Tq = 13.1 days Tw = 14.0 days 

estimate 1 0.0520 2.583 0.0333 152.2 

estimate 2 0.0519 2.580 0.0333 152.2 

estimate 3 0.0520 2.584 0.0333 152.2 

West Mean 0.0520 2.582 0.0333 152.2 

SD 4.7 X 10'^ 0.0017 0.0000 0.021 

CV (%) 0.1 0.1 0.0 0.0 

Td = 11.3 days Tw = 12.6 days 

estimate 1 0.0499 2.608 0.0303 163.1 

estimate 2 0.0455 2.683 0.0309 162.5 

estimate 3 0.0477 2.699 0.0307 160.7 

North Mean 0.0477 2.663 0.0306 162.1 

SD 0.0018 0.0397 0.00025 1.025 

CV (%) 3.8 1.5 0.8 0.6 

Td = 12.4 days Tw =13.2 days 
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Figure Captions 

Figure 1. a. Measured soil-water tension at 100 cm depth, b. Observed (T^ and T^) 

and predicted (Tppi, Tpw,, and Tpw2) water content profiles at times 

Td and Tw 

Figure 2. The derived water storage error due to the difference of the observed and 

predicted water content profiles for (a) case 1 at time, (b) case 2 at T^y. 

and (c) case 2 at time. 

Figure 3. Contours of the objective functions for the pore water pressure in the (a) 

Kj -n plane, (b) - a plane, (c) - 0^ plane, (d) ti - a plane, (e) a - 0, 

plane, and (f) n - 0^ plane. 

Figure 4. Contours of the objective functions for the water storage estimation error 

in the (a) -n plane, (b) - a plane, (c) - 0r plane, (d) n - a plane, (e) 

a - 0r plane, and (f) n - 0^ plane. 

Figure 5. Contours of the combined objective functions in the (a) -n plane, (b) 

- a plane, (c) - 0^ plane, (d) n - a plane, (e) a - 0^ plane, and (f) n - 0^ 

plane. 

Figure 6. Observed and predicted tension over time curves for the south side of the 

lysimeter. Predicted curves in a, b, and c were obtained with three 

optimized parameter sets. The predicted curve in d was based on the 

averages of the three parameter sets. 

Figure 7. Observed and predicted wetting fronts using the mean optimized 

parameters, (a) south side, (b) west side, and (c) north side. 
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Fig. 1 a. Measured soil- water tension at 100 cm depth, b. Observed (T^ and T^) and 
predicted (Tpp,, Tp^,,, and Tp^j, Tp^^) water content profiles at times and T^. 
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Fig. 2 The derived water storage error due to the difference of the observed and predicted water 
content profiles for (a) case 1 at Tw time, (b) case 2 at Tw time, and (c) case 2 at T0 time. 
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Fig. 3 Contours of the objective functions for the pore water pressure in the (a) K^-n plane, (b) K,-a plane, 
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Calibration of neutron moisture meters for measuring soil water content 

traditionally relies on steady-state water conditions and destructive soil sampling. We 

propose to extend a transient field method, previously shown to be useful, for calibrating 

the neutron probe. The method involves applying a known amount of water onto the soil 

surface (SWSn,) through a controlled irrigation system, and then recording the count ratio 

at several depths. We optimize the coefficients of a linear calibration curve, convert the 

count ratios to water content, and integrate water content over depth to find different 

estimated soil water storage (SWSg). With a priori knowledge of the SWS^, both 

calibration parameters can be determined; otherv^dse, only the slope parameter can be 

found. The method was used at two sites in Arizona. A weighing lysimeter site with a 

single access tube where the initial SWS^ was known, and a field (Maricopa) site with 24 

access tubes where initial SWS^, was not known. Results at the lysimeter site showed a 

distinct minimum in the objective function, and hence a unique combination of slope and 

offset. Comparisons between the SWS^, found using the fitted calibration curve, and the 

SWSn,, determined from the lysimeter, were excellent (r^ =0 998). Results at the 

Maricopa site were also very promising. Slope parameters were obtained for 22 of 24 

tubes; two tubes were statistical outliers and explainable. Water content errors were less 

than 0.01 cm^ cm'^ for both sites. The method has advantages over conventional 

calibration methods because 1) it does not rely on collecting small samples and then 

scaling up to the measurement range of the neutron probe; and 2) it is relatively fast and 

easy. 
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INTRODUCTION 

The neutron probe is a commonly used method for agronomists, soil scientists, 

hydrologists and environmental scientists who need to measure and monitor soil water 

content for field studies on plant root uptake, deep drainage and changes in soil water 

storage. One drawback of the neutron probe method (aside from the obvious 

disadvantage of the presence of a radioactive source) is the difficulty of obtaining a 

representative calibration curve that relates the return of thermalized neutrons to a 

detector, to that of the soil water content. The probe often is accompanied by a factory 

calibration curve, usually linear in form. However, neutron moderation is affected by a 

host of other factors that are not accounted for in the factory calibration curve, and which 

can bias the results of a field study if ignored. Therefore, the meter should be calibrated 

to the soil of interest to obtain better estimates of soil water content (Greacen, 1981). 

Briefly, conventional calibration normally involves the installation of access tubes 

in areas with wet and dry soil with simultaneous collection of undisturbed soil samples; 

determination of gravimetric water content and bulk density; collection of neutron probe 

counts at depths consistent with those chosen for soil sampling; generation of a linear 

calibration curve relating neutron probe counts (or count ratios) to known volumetric 

water content; and then quantification of sources of error. Each field step can be affected 

by a variety of conditions that increase error in the water content estimate. Most of the 

field calibration methods include most if not all of the steps listed above. 

An alternative method for calibrating the neutron probe was first proposed by 

Cameiro and de Jong (1985), which they called the "volumetric technique." Their 

method involved isolating specific volumes of soil into subplots (1.5 m^) using concrete 

barriers and placing a neutron access tube in the center of the subplot. Specific volumes 
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of water were added to the soil. Changes in count ratios obtained by the neutron probe 

were integrated on depth, and then compared to changes in soil water storage (SWS), as 

known from the water additions. The relationship between these two changing 

parameters is the slope of the calibration curve. Cameiro and de Jong (1985) stated that a 

"major advantage ... is that it provides a calibration curve for accurately estimating 

changes in water content." In other words, their method provided a better means of 

determining the slope of the calibration curve, but not the offset (though they briefly 

described the method for obtaining it). 

The method (herein called the transient method) has the advantage of involving 

soil from the entire profile, rather than in discrete portions. When used in conjunction 

with other experiments, such as the instantaneous profile method for determining 

hydraulic properties (Hillel, 1980), the neutron probe can be calibrated 

contemporaneously with the complementary field studies. In this study, we extend the 

work of Cameiro and de Jong (1985), and test the method at two controlled field plots: 

the Weighing Lysimeter site (Tucson, AZ) and the Maricopa Environmental Monitoring 

site (Maricopa. AZ). The two sites differ in a priori knowledge of water content and 

bulk density, and in scale. The weighing lysimeter (2.5 m in diameter and 4 m deep) was 

very carefully characterized during soil installation, including water content and bulk 

density in approximately 7-cm increments. These data are not available at the Maricopa 

site because extensive site characterization was not possible. We view this latter situation 

as similar to many other field sites where initial water contents may not be readily 

available to a high degree of confidence. As will be shown below, it is still possible to 

use the mass balance approach for obtaining the slope of the calibration curve. 
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Our goal in this paper is to use neutron probe and soil water storage data collected 

during two field infiltration experiments for determining the parameters of the neutron 

probe calibration curve. The specific objectives of this work are to: I) describe the 

method of obtaining both the slope and offset of the calibration curve, when conditions 

allow; 2) apply the method using data from two field experiments; 3) quantify sources of 

variability from calibrating and using the neutron probe method; and, 4) discuss when and 

how the method can best be used. 

MATERIALS AND METHODS 

Experimental Procedures 

Weighing Lysimeter 

One infiltration study was conducted using a weighing lysimeter at the Campus 

Agriculmral Center, Tucson, Arizona. The lysimeter was packed with Vinton fine sand 

(sandy, mixed Thermic Typic Torrifluvent) as uniformly as possible to an average bulk 

density of 1.38 g cm"^ Pea gravel was used for the bottom 15 cm of the lysimeter to 

facilitate the operation of subsequent experiments. Afterward, the Vinton soil, which 

passed a 3 mm screen, was backfilled to ground surface with only small variations in bulk 

density and volumetric water content. Monitoring instruments were installed in the 

lysimeter during soil emplacement (Young et al., 1996), including a single neutron probe 

access tube made from Schedule 40 stainless steel (Type 316). The surface of the 

lysimeter was covered to prevent precipitation or irrigation waters from inadvertently 

entering the soil before the experiment started. 

A precision irrigation system was constructed for adding water at a controlled rate 

to the soil surface of the lysimeter. The top of the lysimeter was subdivided into 61 

subunits as uniform in area as possible (Fig. 1). Water was applied to the surface of each 
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subunit through hydraulically independent, water-filled cups and solenoids. During each 

irrigation event, a volume of water, equivalent to 1.0-cm depth, was distributed into each 

subunit by simultaneously energizing each solenoid and releasing the water from the cup 

onto the soil surface. A three-day supply of water was stored in a calibrated container for 

manually recording the total volume of water application. Water was pumped into each 

cup from a calibrated container immediately prior to activating the solenoids. The 

amount of water added to each cup could be set precisely for each cup. The volume of 

water added to the lysimeter was checked each day against changes in mass recorded by 

the lysimeter. The lysimeter scale is accurate to within 200 g of mass change, 

corresponding to 0.04 mm water on the soil surface. 

A total of eight neutron probe scans were made of the soil during the first 35 days 

of the experiment. Neutron probe readings were collected in 10-cm depth increments, 

using 16-second counts (model 503DR, CPN/Boart Longyear, Pacheco, CA). Standard 

counts were collected in the shield while the probe rested in the carrying case. Dividing 

the neutron probe readings by the standard counts results in the count ratios (CR). Ratios 

were corrected for bulk density variations according to Greacen and Hignett (1979). 

The depth of interest for this optimization was limited to the zone where the 

wetting front was still relatively uniform, as observed by tracking the wetting front 

migration using three tensiometers per depth, in 50 cm increments. The tensiometers 

were sampled hourly using pressure transducers (model 136PC15G1, MicroS witch, 

Freeport, EL) connected to a data logger (model CR7, Campbell Scientific, Inc., Logan, 

UT). 

Conventioneil calibration experiments were also performed in-situ for comparative 

purposes on Day of Experiment (DOE) 35. Horizontal soil cores were extracted from the 
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lysimeter from 100 and 300-cm depths by tapping a copper tube (1.25 cm ID) at least 50 

cm into undisturbed soil. On this particular day, the wetting front was shallower than 300 

cm depth, so both wet and dry soil samples could be collected. Gravimetric water 

contents were obtained by placing the samples into an oven at 105°C for 24 hr. They 

were then converted to volumetric basis using the bulk density known from soil 

installation. Neutron readings were taken immediately after sampling at the same depths. 

Maricopa site 

The second infiltration experiment was conducted at a field site at the Maricopa 

Agricultural Center, Maricopa, AZ. The Casa Grande soil is classified as a fine-loamy, 

mixed, hyperthermic Typic Natrargid. Clay content decreases with increasing depth to 

approximately 2 m, though a small number of clayey lenses were observed deeper in the 

profile. Particle size analysis suggests considerable vertical variation and layering. 

Lateral variation was present, but to a lesser extent. Two distinct gravel lenses exist at 

the site, one at 2-3 m depth and a second lens at 8 m depth. The deeper lens dips toward 

the SE. 

Vertical neutron probe access tubes were installed at regular intervals throughout 

the plot (Fig. 2) to observe infiltration of water into soil. The access tubes were installed 

by advancing a 10.2-cm diameter auger to target depths of either 3 m or 15 m, depending 

on the location. Schedule 40 PVC tubes, 5-cm ID, were installed in the boreholes, and 

backfilled to ground surface with native soil material that passed through a 3-mm screen. 

Only those access tubes at least 5 m inside the border of the irrigated plot were used for 

data analysis, providing a total of 24 access tubes. 

The 50 m by 50 m field plot was irrigated at a constant (1.8 cm/d) rate with a 

precision drip system. The irrigation system consisted of self-cleaning precision drip 
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emitters (0.6 gallon/hour, Netafim Techline, Fresno, CA), placed on a 0.3 m by 0.3 m 

grid over the 2500 m^ area of the plot. Nearly 27000 emitters were used. This design 

required 164 drip lines, spaced 0.3 m apart, extending 50 m across the length of the plot 

connected to manifolds at either end of the plot. The system was divided into six, nearly 

identical, irrigation stations. Each drip line and a large sample of emitters was tested for 

uniformity before field installation. Water application was measured using two precision 

flow meters (model MTIOO, McCrometer, Hemet, CA) placed in series immediately 

before entering the individual stations. After installing and testing the irrigation system, 

0.8 mm thick Hypalon pond liner was installed over the field plot to eliminate 

evaporation. 

Data were collected daily, at 25-cm depth intervals using 16-second counts, with 

the identical neutron probe instrument as used during the lysimeter experiment. Standard 

counts were collected in a borehole installed at least 30 m west of the irrigated plot. The 

probe was lowered to 2 m depth, and 10 readings were taken both before and after 

scanning the on-site access mbes. 

Soil water content was not obtained across most of the field site during 

installation of the neutron probe access tubes, in part because of the prohibitive cost of 

sampling through a hollow-stem auger. Therefore, we will restrict the data analysis to 

slope determination only. Ratios were not corrected for variations in bulk density 

because this correction affects only the offset variable for the calibration curve (Greacen 

and Hignett, 1979), which is not obtained for the Maricopa site. 

A conventional field calibration was performed to confirm the results of the 

calibration experiments. Initially, undisturbed soil cores were collected using a Giddings 

probe in several boreholes in a 12.2 by 6.1 m area, approximately 20 m west of the main 
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plot. Samples were then extracted from the sampling tube and measured for water 

content. Drip irrigation line was installed in the same manner as for the main plot, after 

which the area was covered with pond liner to prevent evaporation. Water was applied to 

the area for several days, and allowed to redistribute. The identical neutron probe was 

used to collect data at 25 cm depth increments at I6-second counts, as during the field 

experiment. The Giddings probe was then used to collect soil cores immediately after 

collecting neutron probe data. 

Determining Slope and Offset Parameters - Weighing Lysimeter 

While water was applied to the soil surface, and before the wetting front became 

non-uniform, changes in measured soil water storage (SWS^, expressed in surface cm) 

were calculated by measuring the change in mass of lysimeter from day-to-day and 

dividing by the cross-sectional area of the lysimeter. Because of the high accuracy of the 

scale to detect changes in mass and hence water depth, we assumed that the lysimeter 

provided "true" values of SWS. 

Estimated SWS (SWS J was determined by integrating the water content 

measured using the neutron probe with respect to the depth of interest, i.e.. 

Metliod of Analysis 

SWS^ = fe^dz = 
•L ' =1  

£. 

(1) 

where L is the depth of interest, (a+b*CR) is the linear form of the calibration curve 

equating count ratio (CR) to volumetric water content (Oj, and a and b are fitted offset 

and slope parameters, N is the total number of measurements collected in profile; and z is 
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the depth interval of data collection. Equation (1) is very similar in form to Cameiro and 

de Jong (1985), except that the entire form of the calibration equation was kept inside the 

summation, while Cameiro and de Jong moved the offset outside of the summation. 

One difficulty of this method is the fact that the two calibration parameters are 

strongly correlated. Finding unique combinations of parameters is not possible if 

accurate knowledge of the initial SWS is not available because initial SWS provides only 

one condition for determining two parameters of a linear curve, and two conditions are 

needed. We approached this problem by decoupling the fitting process into two parts. 

The first part compared measured and estimated initial SWS conditions through the use 

of an objective function (OF), i.e.. 

The first term inside the summation approximates the integral using the trapezoidal 

method. The second term is for the initial SWS, which was determined at the time the 

soil was placed into lysimeter (Young et al., 1996). 

The second part of the optimization used the transient portion of the infiltration 

experiment. Neutron readings were taken during DOE 0, 4, 8, 10, 14, 18, 22, and 25. 

Data from DOE 4 were not used because the wetting front was still close to the soil 

surface (i.e., depth = 30 cm), rendering the SWS^ more susceptible to error from loss of 

neutrons at the soil surface. Therefore, we chose to use SWS^ from DOE 8 as the 

baseline measurement (wetting front depth = 60 cm), subtracting it from all subsequent 

1/2 

- 0,Az)' 
V' = i 

(2) 
/ 
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measurement data. The subtraction effectively removes the offset parameter, leaving only 

the slope to be optimized: 

L 
, k AStW/= , 

0 0 
N N 

= ^ia+b*CR^^ (3) 
i = l  i = l  

= CR,,._,)Az 
1 = 1 

where k is the index for DOE. The known water additions from DOE 0 - DOE 7 are also 

removed from consideration. The difference between the aSWS^ and the measured 

storage (ASWSn,) is used to determine the objective function, then: 

OF, = 
k  =  i  n - l  ,  

(4) 

where n is the number of days of data collection and OF2 is the error associated when 

simultaneously fitting one or all of the five days. OFj is equivalent to the root mean 

squared error (RMSE). The Simplex method was used as the optimization algorithm 

(Press et al., 1992) and the factory calibration curve (a = -2.494, b = 24.69) provided the 

starting points for the fitting. The first reading used for calculating water storage was at 

the 30-cm depth, which we multiplied by 35 cm to account for the surface soil. Shallower 

depths suffered from loss of neutrons, biasing low the water content. By assuming that 

the 30 cm reading can be applied to surface soil, range of influence issues with the 

neutron probe can be addressed. Note also that we assumed no change in water content 
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below 250 cm depth during the analysis; this allows us to remove the SWS^ below this 

depth throughout the analysis. 

The method of decoupling the optimization, as suggested above, provides 

independent predictions of a and b. OFg is used to find the offset parameter "a", and thus 

requires soil water conditions in the soil only during some static period, either before 

infiltration begins or after the experiment ends, depending on when the conditions are 

best known. OF^ is used to find the slope parameter, and thus requires time-varying data. 

When OFq and OFj are summed, we obtain the total difference between measured and 

estimated SWS, and a unique combination of a and b. 

Determining Slope Parameter Only - Maricopa site 

In this case we do not have an independent measure of SWS for the profile, as we 

did for the weighing lysimeter. However, we do know the volume of water added to the 

profile during the infiltration experiment, which is equivalent to SWS^,. 

A total of 24 access tubes were used for the analysis. During the experiment, 

wetting front velocities varied somewhat across the field, and these different velocities 

needed to be considered in this analysis. Thus, a time series of neutron probe readings 

was developed for each depth and spatial location across the site. Arrival time is the time 

of maximum rate of change, at a given depth and location, of the neutron probe readings 

with respect to time (Young et al, 1998), e.g.: 

CR, . - CR, 
-  =  t  f S )  max W/ At 

where t is the day of experiment (DOE). Data were not used after t^„. The uniformity of 

the irrigation system allowed us to keep SWS^, the same across the field. 
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Initial count readings were subtracted from daily readings during the experiment 

and then converted to CR. Change of soil water storage for each day, n, (referred to as 

SWS„) was estimated by summing the product of the CR and data collection interval (25 

cm) throughout the profile to a final depth of 300 cm. The first reading used (z = 25 cm) 

was multiplied by 37.5 cm to account for loss of neutrons through the soil surface. The 

last reading taken at each borehole (z = 300 cm) was multiplied by 12.5 cm because we 

are interested in soil water storage to 300 cm, not 312.5 cm as would otherwise be the 

case. 

Parameter b, as defined in Equation (1), is allowed to vary such that the RMSE is 

minimized, where RMSE is defined as: 

Paired values of parameter b and RMSE are represented in a scatterplot, which has a 

single minima located where the slope value provides the closest comparison to SWS^,. 

This procedure was carried out for each of the 24 access tubes, yielding a different 

calibration slope (i.e., parameter b) for each position on the field plot. Using these 

different b values would be tedious in practice, thus we investigated the possibility of 

averaging the slopes, which also provides an estimate of deviation and uncertainty in the 

slope and hence the water content values. The fitted slopes were checked for normality 

using the Shapiro-Wilk statistic (SPSS software, release 8.00), the presence of outliers, 

and then spatial interdependence (Geo-EAS, version 1.2.1), steps similar to those taken by 

Grismer et al. (1995). Finally, we fitted all the data simultaneously, such that one value 

of the slope parameter and standard error would be generated. 

n 

RMSE = 
(^ASWS^-^SWSJb))A 

(6) 



107 

Error Analysis 

Error analysis of neutron readings center around three typical sources: calibration, 

instrument, and location (Vauclin et al., 1984). Calibration error describes the variance 

associated with the conversion of count ratios to water content. Instrument error 

describes the variance associated with the statistical counting of the instrument itself, and 

location error describes the variance associated with taking the mean of count ratios from 

different spatial locations. Calibration and instrument error can be applied to both field 

sites. Location error is neglected at the lysimeter as only one access tube is considered, 

but is applicable to the Maricopa site. 

Total error is the numerical sum of these three sources. In the case of the 

weighing lysimeter, the measure of error in our analysis is the RMSE, in units of length, 

which represents an aggregate of calibration and instrument components (i.e., calibration 

and location components cannot be separated using this calibration method). The RMSE 

is then converted into water content variance by dividing through by the number of 

measurements and the depth of interest: 

slid) = 5^(0) - S\Q) (7) 

This approach is similar for the Maricopa site, for each location evaluated individually. 

When location variance is sought, we recalculate S^(9) for all the mbes calculated 

simultaneously (called S\(0)). Location variance is then determined from 

S\Q) =  ̂ RMS  ̂
LAz 

(8) 
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RESULTS AND DISCUSSION 

Weighing Lysimeter 

Table 1 presents the best-fit parameters for each day of data collection, including 

the mean, standard deviation and CV for the set. The results show that the means of the 

parameter values are well clustered when each day was fitted individually. Table 1 also 

displays parameter values fitted to all the data simultaneously. The simplex method was 

able to find a unique combination of parameters so that 0^ = -4.15+27.312CR, yielding 

an error of S WS^ of 0.75 cm. 

Figure 3 shows the OF taken for Day 25. Note the presence of valleys from the 

OFq response surface (Fig. 3a), showing the difficulty of finding a unique combination of 

parameters with only static conditions (such as the initial water content). The OF, 

response surface (Fig. 3b) shows that the contour lines are parallel to the offset a, 

indicating it can determine a unique slope b but not offset a. Therefore, only the 

combined total objective function can uniquely determine both the slope and the offset, as 

shown by the single-point minimum in Fig. 3c for the combination of parameters listed in 

Table 1. The OFs for the other 4 collection days have similar shapes. 

Figure 4 shows the water content profiles, using the calibration coefficients, for 

the six days of data collection used for the fitting. Wetting front velocity was consistent 

throughout the extent of the lysimeter represented in the figure. Note the very low water 

contents near the surface, indicating the loss of unthermalized neutrons from the soil 

surface, and the good repeatability of water contents in the deeper soil before arrival of 

the wetting front. The estimated soil water contents in the dry soil were very similar to 

those measured using the thermogravimetric method during soil emplacement, further 

confirming the proper estimate of the calibration coefficients. 
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We compared the SWS^, using transient- and conventionally-fitted calibration 

curves, to that measured with the lysimeter (Fig. 5). Predicted soil water storage using the 

transient calibration curve closely matched the observed data (r^ = 0.995), especially if the 

first data point is ignored (r^ = 0.998). This first point (DOE 4) likely was still affected by 

some loss of neutrons from the soil, even though readings from 0 - 20 cm depth were 

ignored. By the next day of data collection, DOE 8, the wetting front was deeper in the 

profile and thus the effects of the loss of neutrons from the soil surface was reduced. All 

fitted calibration curves resulted in SWS^ functions slightly below the 1:1 line, indicating 

a small bias in the offset. Results of the conventional calibration experiment conducted at 

the lysimeter produced offset and slope values of -2.31 and 21.14, respectively. 

Obviously, the slope parameter is much lower than that found using the transient method 

described here. Note from the deviation from the 1:1 line that the calculated SWS, 

obtained by using this conventional curve, is much lower than that measured by the 

lysimeter balance. 

The minimum OF value found when fitting the parameters to all the data was 

0.748 cm of soil water storage. Dividing the OF by the depth of interest (250 cm) yielded 

an error of volumetric water content of 0.003 m^ m"^ (or 0.30 %). This is the calibration 

error. When we incorporated the standard deviation of the parameters into the water 

content calculations, errors of water content estimates were less than 0.01 m^ m"^ (or 1.0 

%) for all cases. This value is still well within the range of accuracy that is used by other 

investigators. We consider other sources of error (e.g., instrument and location error) to 

be negligible. 

Maricopa site 
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Table 2 provides the results of the individual optimizations for each of the 24 

neutron probe access tubes inside the irrigated plot. The slope values were shown to be 

normally distributed using the Shapiro-Wilk test on all data (z=0.861; P=0.01). Two 

slope values were found to be outside the mean ± (2*standard deviations), and thus are 

considered to be outliers. This was observed to occur in boreholes #405 and #422, which 

experienced preferential wetting from a leak in the plastic cover prior to irrigation. This 

initial wetting led to smaller changes in water content (and hence CR) after irrigation 

began, thus leading to a higher calibration slope. The average RMSE of water content 

was less than unity, which was encouraging considering the variable texture at depth, the 

25-cm collection interval and the 16-second count. 

The fitted slope values were checked (Geo-EAS, version 1.2.1) for spatial 

interdependence using an omnidirectional semi-variogram, with a 90° tolerance and a 

search length of 12.5 cm (25% of the furthest well pair). Presence of spatial dependence 

would invalidate the random sampling required for the assumption of normality. The 

results showed no relationship between variance and lag distance while the pure nugget 

variability was 5.52 cm. 

Figure 6 shows the scatterplot of RMSE versus slope for Borehole #433, located 

close to the center of the plot. Note the distinct minimum error at b = 24.3 CR"'. The 

shape and behavior of this borehole are very similar to those observed from the other 

boreholes, and is shown here as an example. The minimum RMSE, as stated above, 

occurs when the SWS^ most closely matches the water applied to the soil. The unique 

solution provides some confidence that the slope is obtainable, and that the RMSE of 

water content is the error one can expect from using a particular slope at a particular 

location. 
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Figure 7 shows four profiles of water content change at Borehole #433, using the 

fitted slope parameter for the entire site. Data collected after DOE 11 indicated that the 

wetting front had already traveled below 300 cm, thus this data could not be used. The 

data have some noise in them, but they show a regular pattern of wetting front movement 

with time. 

Table 3 shows the results of simultaneously fitting all data collected from the 

boreholes for depths at or less than 300 cm (n=2148). The results are presented for both 

unfiltered and filtered data (outliers removed). The RMSE for water content is 

considerably higher than the average value obtained from individually fitted boreholes, 

reflecting the presence of location error in the final estimate. Differences in the mean 

slope value between simultaneously and individually fitting the data, however, are not 

large (23.6 CR"^ versus 24.3"'), though it could be an important factor during field 

monitoring. Using equation (8), we found that the location error represented 30% of the 

total error. This is a smaller contribution than found by others. Grismer et al. (1995) 

reported that Sl"(0) contributed more than 90% to the total error, though the magnitude of 

the location error was similar to ours. Therefore, their calibration error, as a percentage of 

total error, was lower than ours. 

Conventional calibration experiments at the Maricopa site resulted in a higher 

slope value, one which was very close to that obtained at the weighing lysimeter. Several 

explanations could explain these differences, though they are somewhat speculative. One 

possibility is the variable sampling volume of the neutron probe with water content. In 

dry soil, where the range of influence is larger, a greater tendency exists for the probe to 

detect changes in water content when the wetting front is still above the sampling depth. 

Greacen et al. (1981) showed that the range of influence for quartz sand material was 



reduced from about 60 cm to 40 cm when the volumetric water content increased from 

10% to 20%. It is possible that a slightly higher water content would be detected in 

deeper soil because of the presence of sharp wetting front in shallower soil. The converse 

of this would not be true because the shallow sampling depth would be subject to a 

smaller sampling volume and thus not extend below the wetting front. This would lead to 

a higher estimated mass balance, thus requiring a lower slope to match the SWSn,. The 

conventional method, as performed at the Maricopa site, would not suffer this problem 

because water was more evenly distributed throughout the profile before the neutron 

readings were taken. Another possibility for the difference in slope is soil compaction 

during sampling with the Giddings probe. Compaction would lead to higher bulk density, 

and thus higher volumetric water content, creating a higher calibration slope. 

Regardless of the explanation, the different slopes lead to only nominal errors in 

the change of water content as shown by Figure 8. The graph includes both the 

individually and simultaneously fitted calibration slopes for comparison purposes, though 

the curves virmally overlap each other. Note that even for very large changes in CR, 

those greatly exceeding values that we observed during the infiltration experiment, the 

largest difference in volumetric water content was only 2%. Calibration slopes from 

conventional and transient methods probably would be close enough for basic water 

content monitoring in agronomic settings. 

CONCLUSIONS 

The transient method of determining calibration parameters worked well at both 

field sites. The weighing lysimeter, installed under very controlled and measurable 

conditions, worked extremely well during the infiltration experiment, though clearly this 

type of control would not be expected in natural settings. Because the soil water content 
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was measured during soil installation, in increments of approximately 7 cm, the initial 

SWS provided enough information for the fitting algorithm to converge on an offset value 

("a" value) of the calibration curve. The slope value was obtained only when we 

considered change in SWS, as measured during the experiment. Almost no difference 

existed between the parameters fitted from all measurement days simultaneously and the 

average of parameters fitted individually for each day. Both curves obtained provided 

good estimates of total soil water storage in the lysimeter during the infiltration 

experiment. Short of using a sand-filled drum, or somehow taking representative samples 

in the lysimeter (both of which have drawbacks as well), it may not be possible to identify 

which curve contains the biased slope parameter. 

The Maricopa site represented natural subsurface conditions. Only the slope 

parameter could be obtained at this site, where the initial SWS was not known with 

certainty. However, careful sampling could yield an initial SWS. We were able to obtain 

consistent estimates of the slope for 22 of 24 access tubes. The two access tubes that 

yielded statistically elevated slopes were found (through normal field practices) to have 

been affected by water leaks through the plastic cover before the irrigation experiment 

began. Differences between transient and conventional calibration slopes were not 

considered significant within the range of water contents found at the site during the 

experiment. 

Differences in the fitted slope values from the two sites (27.212 CR"' for the 

lysimeter versus 23.6 CR"' for the Maricopa site) represent differences in the soil material 

and composition itself. Several factors intrinsic to the soil material can cause biases in 

slope values of the calibration curve. These factors can be a combination of the presence 

or absence of iron and titanium (Cameiro and de Jong, 1985) and constitutional hydrogen 
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found within clay lattices (Greacen and Hignett, 1979); spatial and depth variability of 

bulk density (Greacen and Schrale, 1976); and the type of access tube (Dickey et al., 

1993). With the exception of the access tube, none of the factors can be controlled at a 

typical field site. We did not attempt to quantify these factors in this study, however. 

The presence of the two outlier tubes at the Maricopa site points to another 

advantage of this volumetric method: backfilling of the access tube(s) can be evaluated, at 

least qualitatively, by calculating the slope parameter and determining whether it is 

affected by water flowing preferentially toward or away from the access tube. Preferential 

flow through the backfill material would cause an erroneously high SWS^, relative to that 

applied to the soil surface, and thus a low slope value; conversely, water flowing away 

from the access tube through soil cracks, or from unevenness in water application, would 

lead to erroneously high slope values to compensate for the low SWS^. 

Regardless of whether only the slope is needed, or both the slope and offset are 

needed, this method of establishing a calibration curve relies on the assumption that the 

wetting front is uniform. The method was shown to provide accurate neutron probe 

calibration curves, especially in the lysimeter, when uniformity of the wetting front could 

be verified. One should avoid using the proposed method if a highly non-uniform wetting 

front is present because SWS^ cannot be established with confidence if water is migrating 

outside of the detection range of the probe. 
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Table 1. Calibration curve parameters when each day was fitted separately and fitted for 

all the five days simultaneously. 

Day a (offset) b (slope) 

10 -3.678 26.053 

14 -4.153 28.133 

18 -4.435 29.365 

22 -3.681 26.069 

25 -4.091 27.862 

Mean -4.008 27.496 

SD 0.292 1.277 

Variance 0.085 1.630 

CV -0.073 0.046 

Simult. fit -4.150 27.312 



2. Results of individually fitting calibration slopes at Maricopa site 

Borehole Fitted Slope RMSE SE of theta 
402 21.9 1.658 0.553% 
403 25.4 1.882 0.627% 
404 23.6 2.476 0.825% 
405 36.9t 2.860 0.953% 
412 20.5 1.307 0.436% 
413 19.0 1.420 0.473% 
414 20.7 1.923 0.641% 
415 27.7 2.028 0.676% 
416 23.1 1.609 0.536% 
422 38.5t 2.181 0.727% 
423 25.8 2.465 0.822% 
424 20.8 2.550 0.850% 
425 27.3 1.922 0.641% 
432 21.3 1.780 0.593% 
433 24.3 1.864 0.621% 
434 24.9 1.931 0.644% 
435 23.8 2.603 0.868% 
442 25.5 2.285 0.762% 
443 24.1 2.415 0.805% 
444 24.4 2.209 0.736% 
445 30.0 1.420 0.473% 
454 19.9 2.758 0.919% 
455 22.9 3.957 1.319% 
456 29.6 3.602 1.201% 

Mean 23.932 2.185 0.728% 
Stan. Deviat. 2.935 0.645 0.215% 

Values found to be statistical outliers. Mean and Standard Deviation 

calculated without outliers. 
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Table 3. Results of simultaneously fitting data at Maricopa site 

Unfiltered data Filtered data 
Slope - CR-' 23.8 23.6 
RMSE ofSWS,-cm 3.57 3.12 
RMSE of 0„ - cm3 cm'^ 0.0119 0.0104 



Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5. 

Figure 6. 

Figure 7. 

Figure 8. 
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HGURE CAPTIONS 

Surface of lysimeter showing emitter locations for irrigation system. 

Location of neutron probe access tubes at Maricopa site. All access tubes 

are at a distance of at least 5 meters from the edge of the irrigated plot. 

Objective function contour plots using data from Day of Experiment 25. 

(a) shows the RMSE for obtaining the offset, (b) shows the results of 

fitting for slope parameter and (c) is the sum of the (a) and (b). 

Water content profiles of the lysimeter taken during infiltration 

experiment. Numbers represent experimental day. 

Comparison between observed versus predicted soil water storage using 

transient and conventionally-fitted curves at weighing lysimeter. 

Numbers represent experimental day. 

Profiles showing change of water content at the Maricopa site. Numbers 

represent experimental day. Upper limit of x-axis precluded showing 25-

cm data for DOE 7 and 11. 

Scatterplot of RMSE versus slope parameter for borehole #433 at 

Maricopa site. Minimum RMSE was determined for a fitted slope = 

24.3CR-'. 

Difference in volumetric water content using steady-state and transient 

calibration curves at Maricopa site. 



Type I (37), Area=804.7 cnu; 
Type 2(6), Area=497.8 cm2: 
Type 3 (12), Area=868.6 cnu; 
Type 4 ( 6), Area=984.5 cmi 

Rgure 1. Surface of lysimeter showing emitter locations for irrigation 
system. 
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Rgure 2. Location of neutron probe access tubes at Maricopa site. All 
access tubes are at a distance of at least 5 meters from the edge of 
the irrigated plot. 



a (offset) 

a (offset) 

a (offset) 

Figure 3. OF contour plots using data from Day of Experiment 25. 
shows the RMSE for obtaining the offset, (b) shows the results 

of fitting for slope parameter and (c) is the sum of the (a) and (b). 
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Rgure 4. Water content profiles of the lysimeter taken during infiltration 
experiment. Numbers represent experimental day. 



• Transient 

o Conventional 

100 150 200 250 300 

Observed SWS - mm 

Rgure 5. Comparison between observed versus predicted soil water 
storage using transient and conventionally-fitted cun/es at 
weighing lysimeter. Numbers represent experimental day. 
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Rgure 6. Scatterplot of RMSE versus slope parameter for borehole #433 
at Maricopa site. Minimum RMSE was determined for a fitted slope 
= 24.3CR-1. 
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Rgure 7. Profiles showing change of water content at the Maricopa site. 
Numbers represent experimental day. Upper limit of x-axis 
precluded showing 25-cm data for DOE 7 and 11. 



Individually fitted 

Simultaneously 
fitted 

Change of count ratio 

Rgure 8. Difference in volumetric water content using steady-state and 
transient calibration curves at Maricopa site. 
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