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Estimates of soil hydraulic parameters are essential for predicting and describing 

water movement in unsaturated soils. Inverse approaches to estimating soil hydraulic 

parameters have gained great favor. However, limited effort has been placed on obtaining 

estimates using observed experimental data. Moreover, little has been advanced in 

applying these approaches to larger scale, multidimensional systems. In this research, 

several transient laboratory experiments were conducted using both repacked and intact 

soil cores, and larger scale 1 and 3-dimensional repacked soil columns. Measurements of 

soil water matric potential and water content were used to obtain parameter estimates for 

the closed form van Genuchten soil water relations. For the soil cores, measurements 

were obtained using pressure outflow, upward infiltration and evaporation procedures. 

For the I-dimensional soil columns, these same data were obtained using upward and 

downward infiltration procedures. For the 3-dimensional soil columns, a point source 

application of water was used. 

Optimizations were carried out with HYDRUS-ID and HYDRUS-2D using 

observed matric potential and water content data to define the objective function. For the 

repacked and intact soil cores, parameters were also estimated by nonlinear least squares 

fit to retention data obtained fi:om the pressure outflow and evaporation procedures. 

Parameter estimates obtained by nonlinear least squares fits to the pressure outflow and 

evaporation retention data were seen to be similar to those obtained by optimization. 
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However, parameter estimates based on data obtained from the upward infiltration 

experiments were considerably different than those obtained from the evaporation 

experiments. These differences are attributable to hysteresis. 

Parameter estimates obtained for the repacked soil cores were seen to be 

inadequate in terms of predicting matric potential responses in larger scale soil columns. 

This was also true when parameter estimates obtained from the larger scale repacked soil 

columns were used to predict matric responses during 3-dimensional flow in the largest 

scale soil columns. 

The results of this work show that inverse methods when used in conjunction with 

upward infiltration and evaporation procedures can provide accurate estimates of 

unsaturated hydraulic parameters. When used together, these experimental methods can 

be used to obtain data and hydraulic parameters describing both the imbibition and drying 

branches of the soil water retention response. These results further show that estimated 

parameter values based on measurements made at one scale tend to be inappropriate in 

terms of adequately describing systems at larger scales. 
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INTRODUCTION 

Motivation 

Quantitative descriptions of any physical, chemical, or biological process require 

first-hand knowledge of empirical or physically based parameters. These parameters can 

be defined as constants having values which describe the characteristic properties or 

behavior of a system. Estimation of parameters associated with soil hydraulic properties 

(the soil-water retention function and the soil-hydraulic conductivity function) is essential 

for predicting water flow and contaminant transport in the unsaturated zone. The 

relevance of these processes becomes clear when one considers the increasing demands 

that are being placed on ground water resources, and that most groundwater contaminant 

sources originate in the unsaturated zone. As a result, obtaining accurate estimates of 

parameters associated with the soil hydraulic properties can facilitate more efficient 

management practices and alternatives for contaminant remediation. 

The soil-hydraulic properties describe the relationships between the soil water-

matric potential (h), water content (0), and hydraulic conductivity (K) for a particular soil. 

Collectively, these properties represent the soil-water retention function 9(h) and the soil 

hydraulic conductivity function K(h). Steady-state methods for making direct 

determinations of these highly nonlinear, hysteretic properties are given by Klute (1986), 
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Klute and Dirksen (1986), and Green et al. (1986). For the soil-water retention function, 

these methods typically involve laboratory equilibrium desorption or imbibition 

measurements with soil cores or pressure plate apparatus, or simultaneous in-situ field 

measurements of pressure head and water content. Direct determinations of the hydraulic 

conductivity may be obtained in the laboratory only through steady-state flow 

experiments which require repeated measurements over a range of pressure potentials or 

water contents. An impediment to this approach is that these determinations tend to be 

time consuming and tedious. This tendency is especially true toward the drier extremes of 

the measurement range where rapid decreases in hydraulic conductivity may greatly 

extend the time required for water redistribution and equilibration. Once experimentation 

has been completed, nonlinear regression procedures can be used to fit the observed data 

with an appropriate parametric model. 

As an alternative approach, recent interest has focused on using transient flow 

experiments and employing parameter estimation techniques to make indirect 

determinations of soil hydraulic properties. Using this approach, a transient flow 

experiment is conducted, either in the laboratory or in the field, to measure the system 

response in the form of temporal and/or spatial changes in water content and/or matric 

potential associated with an imposed set of boundary conditions. With the exception of 

best-guess starting values, the flow system is then simulated with no assumed a priori 

knowledge of the soil hydraulic parameter values. Simulated results are compared with 

measured system-responses and simulations are repeated with refined parameter 
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estimates. The soil hydraulic parameters are optimized by minimization of an objective 

function which represents the sums of squared residuals between the measured and the 

simulated results. The hydraulic parameters which yield a minimum objective function 

are assumed to be representative of the true flow system. In the very strictest sense, this 

approach can be viewed as a model identification problem as well as a parameter 

estimation problem because the best functional forms for the hydraulic properties are not 

known. The work that is reported in this particular research however, is predicated on the 

assumption that the hydraulic properties are described by known parametric functions. 

This inverse approach provides a clear advantage over the steady-state, or the 

direct approach because the time requirements necessary to carry out the experiments and 

make the necessary measurements are dramatically reduced. Moreover, recent advances 

in computational efficiency make it possible to obtain parameter estimates in relatively 

short times. 

However, in light of the recent attention given to the use of inverse techniques for 

estimating unsaturated hydraulic parameters, with few exceptions, the majority of the 

work presented has tended toward the use of synthetically derived system response data. 

From a methodology development perspective, this seems quite sensible because it allows 

the researcher to exercise control with respect to the quality of the data used in the 

inversion procedure and, the true values of the hydraulic parameters are already known. 

In these numerical experiments, data quality control with respect to the type and quantity 

of error that may be introduced in the input data provides a means to evaluate the overall 
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performance of the experimental design. Additionally, a priori knowledge of the hydraulic 

parameters permits an immediate quantitative assessment of the accuracy of the estimated 

parameters. 

Additionally, most of the reported research in the area of parameter estimation has 

focused on relatively small scale, I-dimensional experimental work. From a basic 

perspective, the importance of these smaller scale experiments cannot be over 

emphasized as they provide a means of understanding the inherent impediments and 

limitations to this approach. Most real world problems however, are more complex in 

terms of scale and dimensionality yet, seemingly little work has been advanced in the area 

of parameter optimization involving larger scale, multi-dimensional flow systems. 

Objectives 

In the previous two decades soil physics and related research has provided an 

abundance of literature regarding the use of inverse methods as a means of estimating 

unsaturated hydraulic parameters. However, the paucity of reported work involving the 

use of experimentally derived observational data is obvious, and accordingly, provides 

the motivation for the research that is reported in the following. To address this issue, 

several laboratory experiments were conducted with the intent of collecting observed 

transient matric potential and water content data that could be used in conjunction with an 

appropriate unsaturated flow model and parameter optimization scheme. These laboratory 
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flow experiments involved repacked and intact small-scale I-dimensional soil cores and, 

much larger scale 3-dimensional soil columns. 

Here, the approach has been to capitalize on previously reported work involving 

the use of synthetically derived data sets and, to a limited extent, small scale 

homogeneous systems. The objectives of this work are (i) to examine the efficacy of the 

inverse approach to parameter estimation for small scale nonhomogeneous systems and 

(ii) to examine the transferability of parameter estimates obtained at one scale to systems 

of a larger scale. 

To meet these objectives, unsaturated flow experiments were conducted using 

both repacked and intact soil cores, slightly larger scale repacked soil columns, and large-

scale repacked soil columns. The intact and repacked soil core and larger scale repacked 

soil columns were 1-dimensional experiments. Optimizations using the data from these 

experiments are meant to show the utility of the approach for small scale homogeneous 

and heterogeneous media, and slightly larger scale homogeneous media. The large-scale 

soil column experiments were fully 3-dimensional. Optimizations based on these 

experiments were meant to investigate not only the utility of the approach at these larger 

scales, but also the transferability of parameters obtained at smaller scales to the larger 

scales. The thrust of the work that is reported here resides in two separate chapters. 

Chapter 4 is devoted to the smaller scale 1-dimensional experimental and numerical 

work, while Chapter 5 is devoted to larger scale 3-dimensional work. 
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Of the many experimental methods that have been used by researchers, two in 

particular have shown considerable promise. These include tlie upward infiltration 

method (Toorman, 1990, Hudson et al., 1996), and the evaporation method which was 

first introduced by Gardner and Miklich (1962). Simple in concept, both are effective, 

fairly rapid, and relatively straight forward methods that can be used to obtain 

simultaneous measurements of soil water matric potential and water content. Together, 

data obtained from these procedures represent both the imbibition and drainage branches 

of the soil water retention response. Additionally, recent advances in the design and 

production of precision flow cells has greatly improved the control under which these 

procedures can be carried out. A disadvantage to these methods however, is the range of 

saturation for which measurements can be obtained. The absolute physical upper limit tor 

these measurements is less than I atmosphere. From an operational standpoint, this limits 

the range of reliable soil water tension measurements to between 0 and approximately 

700 cm. Often moisture retention data which extends into drier regions is desired. These 

two methods were used in the majority of the small-scale 1-dimensional work that is 

presented here. 

For the large-scale experimental work that is presented here, large soil columns 

were constructed and uniformly packed with soil. A point source was used to apply water 

to the surface. The selection of this approach was motivated by envisioning the potential 

for field applications. 
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Ultimately, the goal of this work is to attempt to gain insight into some of the 

practical considerations and limitations regarding the application of the inverse approach 

to slightly more complex problems than have been addressed in the literature. Still, it is 

hoped that the work presented here may provide utility for experimenters and 

practitioners in future endeavors. 

Review of Pertinent Literature 

To begin, it is perhaps appropriate to make a comment regarding the seemingly 

protracted discussion which follows. In light of the increasing attention being paid to the 

application of inverse methods to hydraulic parameter estimation, the literature has 

become extensive. Much of the research in this area has focused on overcoming the 

problems of ill-posedness and non-uniqueness. Several approaches have been used by 

researchers to address these problems. These include variations in experimental design 

using transient or steady-state methods, variations in boundary and initial conditions, 

numbers and types of measurements obtained, experimental size, and different 

representations of hydraulic properties models. In general, much of what distinguishes 

one reported study from another seems to reside in small but shrewd twists in the 

approach. It is for this reason that I have pursued a fair amount of detail in the reviews 

that follow. 
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An early application of the inverse approach to parameter estimation was reported 

by Zachmann et al. (1981). In this work, the authors presented a method for estimating 

the water capacity (C) and hydraulic conductivity (K) functions by using numerically 

simulated outflow data fi-om an initially saturated soil column. Four numerical 

experiments were conducted to demonstrate 1) how the estimation problem is solved; 2) 

how errors in measured drainage data are propagated; 3) how well a given pair of 

coefficients from one form the capacity (C) or conductivity (K) function could be used to 

estimate coefficients from another form; 4) how to test if the choice of functional forms 

for C or K are well suited to a specific soil. 

Two paired forms of capacity and hydraulic conductivity functions were used. The 

first paired forms of these (unctions was given by 

C,(/0 = -p-(p/ieP\ /KG, P s 0 

C,ih) = 0 ,  / i  =  0  

and 

KM -
m  

<p 
,  h  < 0  

K^ih) = h^o 
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where h is the pressure head of the water, (p is the total porosity of the soil, P is a 

parameter related to the discharge, is the saturated hydraulic conductivity, and a is an 

empirical constant. The second paired forms were those introduced by Brooks and Corey 

(1966) 

Qih) = 
X((p - 9^) 

h  h < L 

C-,(/j) = q) , h ^ h. 

and 

K,{h) = h 2 h, 

where h^ is the air entry value of h, and 0^ is the residual water content. 

In the first numerical experiment, die authors sought to demonstrate the feasibility 

of obtaining solutions to the parameter identification problem. Using the first paired 

forms of the capacity and conductivity fiinctions, numerically generated h and drainage 

data were obtained for fixed values of the parameters a, p, (p, and Assuming known 

values for the parameters tp and K^, optimizations were subsequently performed to 

estimate the parameters a and p. Results showed that accurate estimations for these two 
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parameters could be obtained provided the initial estimates were sufficiently close to their 

true values. 

In the second numerical experiment, the measured discharge data were augmented 

with a random error term to elucidate how these errors would affect the accuracy of the 

estimated parameters. Relative errors in estimated parameter values for a and p were 

shown to be less than the maximum relative error in the discharge data at the 5, 10, and 

20% levels. However, solutions could not be achieved at the 40% relative error level. 

The authors concluded that these parameters were not particularly sensitive to relatively 

small errors in the discharge data. 

From a model identification perspective, the functional forms of the hydraulic 

property representations associated with a particular set of measurements are rarely 

known in advance. In the third numerical experiment, the authors investigated the 

feasibility of obtaining parameter estimates for particular functional representations of C 

and K using simulated observational data generated using different functional 

representations of these hydraulic properties. Simulated observations of capillary pressure 

head and outflow data were generated using functional representations of the hydraulic 

properties given by and K, having known parameters values for X, (p, y, hj, and K^. 

These observed data were used as input to successfully estimate the parameters a and p in 

C, and K.,. These results were taken to be an indication that formulating parameter 

identification problems need not be predicated on first hand knowledge of the functional 

forms of the hydraulic properties. However, the authors were quick to point out that 
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although the estimated hydraulic properties could be used to model the observed outflow 

data, there were marked differences between both the water capacity response curves C, 

and Ci, and the conductivity response curves K, and K,. The relevancy of these results 

was addressed in the fourth and final experiment. 

In the fourth experiment, the authors sought a means of determining whether the 

specific choice of the functional forms of the hydraulic properties (C, K) was appropriate 

for the soil being investigated. As an approach, they observed that soil hydraulic 

properties should be independent of the geometry (length) of the physical experiment. A 

numerical experiment was devised by considering the soil column to be a composite of 

five separate soil columns of different lengths. It was assumed that the soil hydraulic 

properties for each of the five columns were represented by C, and K, with each column 

having the same known parameter values. For each of the five independent soil columns, 

the inverse problem was solved to obtain estimates of the parameters a and p. The 

resulting estimated values of a and P exhibited a slight variability with respect to 

changing column length. As a comparison, each of the five columns was then assumed to 

be characterized by the hydraulic properties representations C, and K,. Again, the inverse 

problem was solved for the parameters a and p. The resulting parameter estimates 

however, exhibited a much higher variability with respect to column length. These results 

suggested that the functional representations Cj and K, provided inadequate descriptions 

of the actual soil hydraulic properties C and K. 



Dane and Hruska (1983) reported die results of a parameter estimation study that 

was conducted using both simulated drainage data from a hypothetical 1.4 m deep soil 

profile and observed drainage data from a 90 cm deep lysimeter. The use of simulated 

drainage data provided an opportunity to check the viability of the approach. The 

lysimeter data was used to see if the method could be applied to field data and, to see if 

the resulting solution was unique. This study represents one of the earliest attempts to 

apply the inverse approach to parameter estimation using measured field data. 

Simulated drainage data at different depths and times was generated using 

assumed parameter values for the van Genuchten soil hydraulic functions. This modeled 

drainage data was used as a basis for comparison to subsequent simulations obtained 

using perturbed parameter values of a and n. Perturbations in parameter values were 

obtained using response surface analysis. 

Observed lysimeter drainage data were obtained by monitoring changes in water 

content and matric potential in a 90 cm deep clay loam filled lysimeter. A neutron probe 

and tensiometers were used to obtain water content and matric potential readings at 7 and 

25 days following the onset of water redistribution. Modeled lysimeter drainage profiles 

were obtained by imposing a zero flux boundary condition at the top and a bottom 

boundary condition that was determined from tensiometer reading (h = h(t)). The 

assumed saturated hydraulic conductivity (K, = 211 cm d"') was the final measured 

infiltration rate. The saturated volumetric water content was assumed to be the highest 
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measured value of 0.40 cm^ cm'^ which was obtained during the wetting phase of the 

experiment and the residual volumetric water content was assigned a value of 0.175 

cm^ cm\ 

Using response surface analysis, the authors determined ranges of values for a 

and n. Simulated drainage profiles at t = 0.5 days were obtained for perturbed parameter 

values within these ranges. Using this approach, the authors were successfiil at estimating 

accurate values for these two hydraulic parameters. Their results indicated that the 

resulting soil water retention response was much more sensitive to changes in the 

parameter values than the hydraulic conductivity. 

This same procedure was applied to the lysimeter data for two successive water 

content profiles (7 and 25 days) during drainage. The resulting parameter estimates 

yielded very good agreement between the measured and the predicted water content 

profiles for both days. However, there was very poor agreement between the measured 

and the calculated hydraulic conductivity data. This was attributed to an overestimation of 

K,. The authors rationalized that the original value used was biased by macropore flow. 

They in turn chose to reduce the value of K, by an order of magnitude to 21.1 cm day 

Using this reduced value along with the same estimates for a and n resulted in only slight 

differences between the observed and the simulated water content profiles. This 

illustrated how insensitive the drainage response is to K, in slow draining systems. 

Using the same two values of K, and assuming a unit hydraulic gradient at the bottom 

resulted in large differences between predicted values and large discrepancies between the 
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measured and the predicted values of water content. This points to the sensitivity to, and 

need for appropriate boundary conditions. 

Kool et al. (1985) investigated the numerical feasibility of applying the one-step 

pressure outflow method to determine the soil hydraulic properties 0(h) and K(h) using a 

parameter estimation method. The hydraulic properties were assumed to be the van 

Genuchten closed form expressions. Specific to these expressions, the authors assumed 

that the saturated water content (G^) and saturated hydraulic conductivity (K,) were known 

fiom independent measurements, and they sought to estimate the residual moisture 

content (0^), and the coefficients a and n. 

The one-step outflow procedure entails making measurements of cumulative 

outflow as a function of time from an initially saturated soil core, subject to an 

instantaneous increase in pneumatic pressure applied to the upper boundary. For this 

study, in order to evaluate model performance, the outflow measurements Q(t) were used 

as inputs to obtain objective function values. 

The authors sought to investigate the adequacy of cumulative outflow volumes 

[Q(t,),...,Q(tN)] collected at measurement times t,,...,!^ necessary to provide unique 

solutions to the inverse problem. It was expected that the probability of nonuniqueness in 

parameter estimates would increase with (i) decreasing Q(tN) relative to the equilibrium 

outflow volume Q(t,) and with (ii) decreasing QCt^) relative to the total volume of drain 

able water (0^ - 0,) in the soil column Avoiding the potential for nonuniqueness 

suggested that measurements of Q must be made over a wide range of soil moisture 
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contents and, over a large enough time 0 < t < t^ to allow near complete desaturation. This 

further suggested that experiments needed to be continued until equilibrium. As a 

compromise, the authors proposed making outflow measurements at relatively short time 

intervals only for the first hours of the experiment and then decreasing the frequency for 

later times. Q(tJ was calculated by integrating the change in water content over time. 

Final water contents were inferred fi-om imposed boundary pressures. 

Two hypothetical soils with contrasting hydraulic properties were used to generate 

values of outflow measurements at two imposed pneumatic pressures, 1 and 10 m. The 

synthetic outflow measurements were generated using van Genuchten model parameters 

corresponding to a sandy loam and a clay loam. The flow systems were modeled as soil 

cores measuring 54-mm in diameter and 40-mm long with an initial condition of h,, = 0 at 

the vertical center of the core. Parameter estimations were carried out using starting 

values for parameters 9,, a, and n representative of values expected for most natural soils. 

Using an iterative optimization procedure, parameter estimates were obtained for 

different sets of starting values. 

For the sandy loam soil, parameter estimates were obtained first for an imposed 

pneumatic pressure of 1 m. Using outflow values Q(t) for times 0 < t <3 h and t = t„ 

proved to be inadequate to successfully define a unique solution to the parameter 

estimation problem. Depending on the choice of starting value, the resulting parameters 

were seen to be quite variable and provided poor fits to the outflow data. The authors 
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attributed this nonuniqueness to the narrow range of soil water contents that were 

spanned in the experimental data. 

Parameter estimates were also obtained for an imposed pneumatic pressure of 10 

m. Outflow data for times 0 < t <6 h and t = t^ were used along with the same starting 

values for parameters. In all but one case, there was excellent agreement not only between 

the predicted and the observed outflow, but also between the predicted and the actual 

parameter values. Poor results were obtained only for the case where the starting values 

for the parameters were markedly different from the actual values. These results point to 

the importance of using initial parameter estimates that are reasonably representative of 

the true values. 

For the hypothetical clay loam soil, parameter estimations were conducted for 

applied pressure heads of 1 m and 10 m using outflow measurements Q(t) for 0 < t s 6 

and t, as input to the objective function. The inversion problem was again solved for five 

cases with different initial parameter values. For an applied pressure of I m, parameter 

estimates obtained for all five cases provided reasonably good fits to the outflow data and 

almost identical 0(h) predictions over the observed experimental range of h between 0 

and -1 m. Similar to the sandy loam soil however, extrapolated 9(h) predictions to 

tensions greater than I m were divergent with respect to the true response and reflected 

nonuniqueness. For the case of an applied pressure of 10 m, estimated parameters 

provided good agreement with the measured outflow data, but the predicted 0(h) curves 

still showed divergence at pressure heads < -10 m. To incorporate a larger part of the 
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outflow process, outflow data were extended to include measurements at times up to 12 

hours. The resulting parameter estimates were very close to the correct parameter values. 

To investigate the sensitivity to experimental errors in the input data, the 

hypothetical outflow data for the sandy loam soil was augmented with random noise at 

three levels, 2, 5, and 15%. The inversion problem was solved using initial best guess 

parameter estimates for a, n and 9r. Results showed the inverse problem to be sensitive to 

errors in the input data. Errors in the estimated parameters and deviations between 

predicted outflow and input data increased with increasing noise level. Sensitivity to 

errors in measured K, was also examined. The effects on final parameter estimates were 

shown to be minor for errors of ± 25% in More extreme errors in K, however, affected 

the resulting parameter estimates more seriously. 

The authors concluded that although their investigation of solution uniqueness 

was not exhaustive, their results suggest that nonuniqueness need not be a serious 

problem. For one-step pressure outflow experiments, adequate results can be achieved 

provided input data include a sufficiently large portion of the transient flow process and, 

initial parameter estimates are reasonably close to their actual values. 

In a companion paper (Parker et al., 1985), unsaturated hydraulic properties were 

estimated for four undisturbed soil cores. The soil textures of the four cores were 

representative of sandy loam, silt loam, sandy clay loam, and clay. To assess the 

feasibility of attaining accurate and unique estimates tor the parameters 0^ a, and n in the 

van Genuchten hydraulic model, three experimental methods were followed. 
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Pressure outflow measurements were made on each core using an applied 

pneumatic pressure of 10 m. Following re-saturation, the equilibrium moisture retention 

characteristic for each soil core was obtained by applying incremental pressure heads of 

0.1, 0.5, 1.0, 3.0,6.0, and 10.0 m. Each soil core was again re-saturated and de-sorbed to 

0.1 m; each core was then weighed to obtain a gravimetric water content. This water 

content was used as a reference point for calculating other equilibrium water contents 

from outflow measurements. The saturated hydraulic conductivity of each soil core was 

obtained by the falling-head method. Each soil core was then oven dried to obtain the 

saturated water content and the mass of soil. Samples of dried and sieved soil from each 

core were used to determine the volumetric water content at pressure heads of -30 and 

-150 m using a pressure plate apparatus. 

In the first method, measured cumulative outflow data Q(t) were used as input to 

the inversion procedure. Parameters for each soil core were obtained using an objective 

function involving the sums of squared deviations bet^veen the measured and simulated 

outflow data. Appropriate initial starting values tor the parameters 0^, a and n were 

chosen for each soil core based on the respective soil texture. Following this approach, 

reasonably accurate outflow predictions were achieved. Comparisons between the 0(h)-

curve from transient outflow and the measured equilibrium desorption data showed fairly 

good correspondence over the range of h between 0 and -10 m. At higher tensions 

however, the predicted and the measured curves diverged. 
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In the second method, the (0, h) pair for h = -150 m was included in the objective 

function along with the Q(t) data as before. Agreement between the observed and the 

calculated outflow data, and the measured and calculated equilibrium 6(h) data in the 

range -10 m < h < 0 was generally preserved. For the sandy loam and the clay soils 

however, the inclusion the additional constraint resulted in slightly better agreement 

between the observed and predicted 0(h) curves at tensions ^ 10 m. 

Discrepancies between the observed and the predicted 0(h) data obtained in the 

first two methods were attributed to nonuniqueness of the inverse problem or possibly to 

deviations between the actual hydraulic properties and the assumed parametric model. In 

consideration of these possibilities, a third method was followed where only measured 

equilibrium 0(h) data for h = 0 to - 150 m were used in the objective function. Parameter 

values obtained from this third method yielded 0(h)-curves that matched the measured 

data much better than the those obtained from the first two methods. Also, with the 

exception of the sandy clay loam soil, there was good agreement between the predicted 

outflow and the measured outflow curves. For the sandy clay loam, the authors attributed 

the poor match in part to deviations from the assumed parametric model for the hydraulic 

properties and not wholly to nonuniqueness in the parameter estimation. 

As a final evaluation, comparisons were made between hydraulic diffusivities 

derived from parameters obtained for the three methods and those calculated directly 

from die outflow data. Reasonable correspondence was observed between the predicted 

diffiisivities of the first two methods and the calculated difflisivity. There was however. 
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very poor correspondence between the diffiisivities obtained for method three and the 

calculated values. 

The one-step outflow method does not appear to be useful when trying to 

extrapolate retention data outside the range of applied pressure. The authors conclude 

however, that the use of transient flow data rather than equilibrium 0(h) may be more 

appropriate for estimating soil hydraulic properties. This conclusion is grounded on the 

fact that when equilibrium 0(h) alone are used in the formulation of the objective 

function, inaccuracies in the hydraulic model are forced into the predicted conductivity. 

The authors also favor the one-step outflow approach over the equilibrium approach 

because it is less time consuming. 

Russo (1988) conducted a study to evaluate the performance of different models 

that are used to describe soil hydraulic properties. Using a parameter estimation 

procedure, the soil hydraulic parameters for each model were determined from one-step 

outflow experiments supplemented with the 0(h) pair obtained at a h = -15 m. Two 

different soils, a hypothetical sandy loam (Kool et al., 1985a) and a silt loam (Parker et al., 

1985), were used to test and compare the different hydraulic models. Model validity was 

evaluated on the basis of the sum of squares of the normalized residuals (SSR), and 

Akaike Information Criterion (AIC) (Hippel, 1981). Where the AIC is estimated from the 

residual sums of squares (RSS) deviations between the measured and the estimated data. 

Using this approach, the model which results in the minimum AIC is considered superior. 
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Two of the hydraulic models tested were die closed form expressions of Brooks 

and Corey (1964), and van Genuchten (1980). Consistent with these two models, the 

author presented a third model which is based on the exponential relationship between 

conductivity and matric potential suggested by Gardner (1958). The three hydraulic 

models are given below. 

Brooks and Corey (BC) model 

5^ = 1 , h ^ 

where is the effective saturation, h is the soil water matric potential, h^ is the air entry 

value of h, K, is the saturated hydraulic conductivity, p is a soil parameter related to 

tortuosity, and P is related to the pore size distribution. 

van Genuchten (VG) model 

1 

I I Ha|/»|)''j 

-d-l/n) 
/j < 0 
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// ^ 0 

K(SJ = I - (I - Sr ) " / ( n - ' K l - l / n  2  

where again, h is the soil water matric potential, a and n are parameters inversely related 

to the air entry value of h and the width of the soil pore size distribution, respectively, and 

K, is the saturated hydraulic conductivity. 

Gardner Russo (GR) model 

where a is a parameter related to the width of the soil pore size distribution. Note that a in 

the above model is not the same a used in the van Genuchten model. 

The program ONESTEP (Kool et al., 1985b) was used to obtain estimates of 0^, 

h(., p, and p for the BC model, 0^, a, n, and p for the VG model, and a, 0^ and p for the GR 

model. Parameter estimates were obtained for the three hydraulic models by considering 

two cases. In the first case, the value of p was assumed to be constant, having values of I, 

S = \ ,  h  2  0  

K = K^exp{-a\h\) 
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0.5, and 0 for the BC, VG, and GR models, respectively. For the second case, the value of 

p was determined simultaneously with the other model parameters. 

For the hypothetical sandy loam soil, estimated parameters for the VG model were 

almost identical to the theoretical values when p was treated as a known value. When p 

was treated as an unknown, estimates for the parameters 9^, a, n, were only slightly 

different than the theoretical values. In the case of the BC model, the estimated value of 0r 

was similar to the theoretical value when p was assumed known. When p was treated as 

an unknown the estimated value of 9^ was still close to the theoretical value however, the 

estimated values of h^ and P were considerably different than the estimates obtained with 

an assumed known value of p. Estimates of 0^ were very similar for the GR model when p 

was considered a constant (p = 0) or an unknown; estimates of a were however, quite 

different. 

For all three hydraulic models, RSS values were reduced when the value of p was 

considered an unknown. A reduction in the AIC was however, only realized in the BC 

model. Overall, the VG model was shown to be the most accurate based on the minimum 

value of AIC. The authors point out that this result was expected, as the VG model was 

used to generate the theoretical hydraulic properties for the hypothetical sandy loam soil. 

The AIC showed that the GR model was more accurate than the BC model when the 

value of p was assumed to be known. When p was estimated however, the BC model was 

more accurate than the GR model. 
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Parameter estimates were also obtained for the silt loam soil by treating p as either 

a constant or an unknown. When p was included as an unknown in the inversion problem, 

estimates of a and n in the VG model and a in the GR model were considerably different 

compared to estimates obtained for constant p. Additionally, the SSR as well as the AIC 

were reduced when p was considered an unknown. For the BC model however, the values 

of hj and p were only slightly different and, only slight differences were seen in the RSS 

and AIC. Estimates for h^ and P were nonunique and led to the lowest RSS when p was 

treated as an unknown in the BC model. 

Based on the results for the hypothetical sandy loam, it was concluded that the 

three parameter VG model with a constant value p = 0.5 was the most accurate and most 

consistent with the data. For the silt loam soil however, the VG model with an unknown 

value of p was the most accurate. Still, the author points out that this work was 

demonstrated for but two soils and, no conclusions can be made as to the superiority of 

any model with respect to all soil types. 

Kool and Parker (1988) studied the performability of the inverse problem to 

determine parameters for the modified van Genuchten hydraulic model. The modified 

model (Kool and Parker, 1987) accounts for hysteresis in the 0(h) relation and allows for 

the effects of air entrapment. The main drainage branch of the 0(h) relation is given by 

Q'ih) = 0, H0,rf - e,)[l -v (-a^/i)"]-'" , h<0 
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= 0^.,, h > Q  

and the main imbibition branch is given by 

0"(//) = 0^ H0^^, - 0^)[1 ^ (-a,,//)"]-"' , h<0 

0"(/O = 0^„, , h  2 0  

where 0^ is the residual water content, 0^^ and 0^^ are saturated water contents on the main 

drainage and imbibition branches, respectively, and are inversely related to air entry 

values on the main drainage and imbibition branches, and n is related to the pore size 

distribution of the medium. The assumed nonhysteretic hydraulic conductivity function 

was given by 

^(0) = - (1 -

where K, = K(0s^^.) is the saturated hydraulic conductivity and = (0 - 0r)/(0sd - 0r) is the 

effective saturation. 

Estimates of the seven hydraulic parameters {a^, a^, 0sd, 0s^., 0^, and K^) were 

obtained using numerically derived experimental data which simulated a one-dimensional 

transient infiltration and redistribution event for a hypothetical soil. The experiment 
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simulated a 3 meter deep homogeneous soil profile which was subjected to surface 

ponding for a period of 1.5 days after which water was allowed to redistribute for 4 weeks 

with an imposed constant evaporation flux a the surface. 

Parameter estimation accuracy and identifiability were evaluated for different 

sources and levels data and model error. The following approach was employed: 

(1) Synthetic water content and matric potential data were numerically generated 

tor a hypothetical field scale wetting and drying infiltration and redistribution event. 

(2) The observed synthetic water content and matric potential profile data were 

sampled at discrete temporal and spatial locations. 

(3) These data were augmented with error terms and used as input to the inverse 

problem. 

To obtain accurate estimates of hydraulic parameter values, it is important to 

determine the spatial and temporal locations where input data (i.e., water contents and 

heads) have the highest sensitivity to the parameters being estimated. To demonstrate this 

dependency, spatial and temporal distributions of absolute sensitivities were obtained for 

all parameters by calculating the derivatives of the spatial or temporal water content or 

matric potential profiles as a function of each parameter. This analysis showed that during 

ponded infiltration, water content was quite sensitive to the parameters and 0;^ when 

measured at spatial and temporal points that corresponded to the location of the wetting 

fi-ont. Furthermore, the magnitude of the sensitivity was seen to increase with time or 

distance traveled by the wetting fi*ont. Similar behavior was reported for the other 
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parameters as well. This demonstrated the importance of having measurements of the 

location of the wetting front as a function of space or time in order to obtain accurate 

parameter estimates. During evaporation and redistribution, water content sensitivity with 

respect to n and Oj was shown to be a function of both time and depth of measurement 

except at the boundaries. Similarly, matric potential during evaporation and redistribution 

was seen to quite sensitive to measurements of the parameters and 9,. 

These results showed that there were substantial differences in sensitivity among 

parameters. As a further comparison, the authors defined an aggregate measure of 

sensitivity of the dependent variables 0 and h to the various parameters. These results 

showed measured pressure heads to be about twice as sensitive to parameters as water 

contents. The parameters with the highest sensitivity during infiltration were and 05^^-

During the evaporation stage however, a^, 0;^, 0,, and were the most sensitive. 

Surprisingly, the parameters n and K, showed consistently low sensitivity. 

The foregoing results provided several implications for experimental sampling 

design for subsequent inverse solutions. The first implication was that during ponded 

infiltration, measurements should be taken around the advancing wetting front. 

Furthermore, water content measurements should be used as the primary input data 

together with measurements from a single tensiometer located near the soil surface. 

Sampling was carried out in accordance with the aforementioned sampling design. 

During the ponded infiltration stage of the experiment, water content measurements were 

made at 0.1,0.3,0.5, and 1.1 days for four depths over a 15-cm zone centered around the 
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wetting front. During the evaporation and redistribution stage, water content 

measurements were made at depths of 15.0,30.0, 50.0, and 75.0 cm at 2.0,4.0, 8.0, 14.0, 

and 28.0 days. Matric potential measurements were obtained from a single fixed location 

at a depth of 15 cm. Measurement times for matric potential readings were coincidental 

with water content readings. 

Before considering more realistic scenarios, the inverse problem was first solved 

using error free water content and matric potential measurements. Parameter estimates 

obtained using the error free data were almost identical to the exact values. Parameter 

standard deviations were extremely small indicating a high degree of accuracy in the 

estimates. The relative magnitudes of the standard deviations were indicative of the 

pattern observed in the analysis of sensitivity coefficients. 

To investigate the effects of measurement uncertainty and soil heterogeneity, the 

input data and initial and boundary conditions were corrupted with an error term. 

Parameter estimates obtained using the corrupted input data exhibited large standard 

deviations and were non-unique. To reduce the dimensionality of the problem, several 

parameters were eliminated from the optimization; Oj^^was set equal to the average water 

content in the wetted region of the soil at the end of the ponded infiltration, was set 

equal to the porosity of the soil, K, was set equal to the final infiltration rate, and 0^ was 

set equal to the lowest observed surface water content during evaporation minus 0.005. 

This reduced die number of parameters to be estimated to only 3 (a^, a^, and n). 



Using fixed values for the parameters 85^, K5,and 0^, and optimizing for a^, a^, 

and n, the accuracy of the predicted 0(h) and K(0) relations was checked by solving the 

inverse problem for 20 different data realizations. As a measure of prediction accuracy, 

the root mean square-error for deviations between the actual and the predicted relations 

was used. Results showed that the drying branch of the 0(h) relationship could be 

predicted with much greater accuracy than the wetting branch. The authors offered a 

twofold explanation for these results. First, unlike 0^^, there was no error in the value for 

0jj. Second, during the wetting phase, parameters were seen to be sensitive to the 

measured position of the wetting front. During the drying stage however, parameters are 

less affected by random data error. The K(0) relation showed a relatively high prediction 

error. This result was attributed to the fact that of the three parameters being optimized 

for (a,^, ttj, and n), only n appears in the K(0) relation. Previously, n was shown to be 

quite sensitive to errors in the input data. 

Kool and Parker (1988) also examined the relative effects of errors in initial and 

boundary conditions for 4 cases. For the first case, the first 10 data realizations were 

repeated using error fi'ee initial conditions. Results showed that a small improvement 

could be gained in the prediction of 8^(h) and K(0), but ©^(h) was unaffected, indicating 

insensitivity to initial condition uncertainty. For the remaining three cases (2,3, and 4), 

analyses were carried out for the first ten data realizations using only data fi"om the drying 

stage. For case 2, removing errors in the boundary conditions improved the prediction 

accuracy by a factor of two. For case 3, removing measurement errors within the profile 
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while leaving boundary condition errors led to a very slight improvement in the 

prediction accuracy. For case 4, elimination of the wetting stage data but using corrupted 

drying stage and initial and boundary condition data had little or no effect on the 

prediction accuracy. 

As a final analyses, the authors investigated the combined effects of both data 

error and error in the assumed hydraulic properties model. The assumed true hydraulic 

properties of the material were changed to expressions of the form 

ft V 
K = K — 

' 0 w/ 

where p denotes the saturation path (w or d). The parameters 0;^^, 0sd> ^nd K, were 

assigned the same values as used previously. All water content and matric potential data 

were generated and sampled in the same manner as described earlier. Solutions to the 

inverse problem were obtained first with error fi-ee data. Deviations between the actual 

and the predicted retention functions were largest for the drying branch at matric 

potentials close to zero. On the whole, it was judged however, that the predicted 0(h) and 

K(0) relations provided reasonably good representations of the actual relations. When 

incorporating data error as well as model error, it was ostensibly found that parameters 

exhibited evidence of being ill-defined resulting in the inability to assess hysteresis in the 

retention function. 
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In concluding, the authors maintain that ideally, flow experiments should be 

designed and carried out in the spirit of maximizing the sensitivity to all parameters. They 

concede however, that for practical reasons, it may not be possible to optimize for all 

parameters simultaneously. As a more realistic approach, they offer the notion of 

designing experiments such that direct information pertaining to the least sensitive 

parameters may be obtained. This approach enables their complete elimination from the 

inverse problem, or, at least provides information regarding appropriate starting values 

and constraints. Using simple one-dimensional, infiltration-evaporation experiments, the 

authors showed that parameters for the extended (hysteretic) van Genuchten model could 

be estimated provided the measurement data and the assumed hydraulic properties model 

were error free. From a more practical standpoint however, it was shown that acceptable 

predictions of the hysteretic hydraulic properties could be obtained provided that the 

correct hydraulic model was used and that directly measurable parameters were 

eliminated. 

Sensitivity analysis showed that parameter identifiability was determined by the 

magnitude of sensitivities and their distributions in both space and time. Not surprisingly, 

parameter estimates were seen to be strongly affected by measurement errors. During 

ponded infiltration, parameter estimates were found to be quite sensitive to the 

identification of the correct location of the wetting front. The prediction of the wetting 

branch of the 9(h) relation was found to be much more sensitive to measurement error 

than the drying branch. During drainage and evaporation however, the accuracy of the 
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prediction of the drying branch was strongly influenced by the accuracy of the imposed 

boundary conditions, in particular, the accuracy of the imposed evaporative flux across 

the soil surface. 

When errors were imposed in both the assumed hydraulic properties model and 

the data, the number of parameters that could be successfully determined was even further 

diminished. For the retention functions employed in this study, the effect of hysteresis 

was overwhelmed by error sources, rendering it impossible to distinguish hysteresis in the 

resulting modeled retention function. The authors recognize that for the hypothetical soil 

used in this study, nonhysteretic soil hydraulic properties will still yield reasonable 

descriptions of the actual K-0-h relations. 

Toorman, Wierenga and Hills (1992) conducted a study to evaluate problems 

related to the one-step outflow method. Motivating this work were problems reported by 

investigators with respect to the inability to obtain unique solutions due to ill-posedness. 

Additionally, the audiors sought to ascertain whether the inclusion of additional flow 

attribute measurements would improve parameter estimation. 

To simulate one-step outflow experiments, numerically generated flow attribute 

data consisting of outflow, water content, and matric potential measurements were 

derived for two contrasting soils, a loamy sand and a clay soil, with known hydraulic 

properties. A finite difference simulator was used to generate measurement data for the 

7.6 cm high by 7.6 cm diameter soil cores. Water content and matric potential 

measurements were obtained at 1.5,3.8, and 6.1 cm from the bottom boundary. 
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Flow attribute data were input to an inverse procedure to estimate the hydraulic 

parameters a, n, and K, used in the closed form van Genuchten relations. To evaluate the 

inverse procedure, response surfaces were generated for each soil by fixing one of the 

parameters at its true value and perturbing the other two around their true values. Each 

combination of parameters was used in a numerical flow model to compute responses in 

the tbrm of outflow, water contents, and matric potentials. The computed responses were 

compared to the true responses tor that particular soil. Comparisons were quantified 

through an objective function which represented the root mean square error the deviations 

between the true and the computed responses. This yielded two-dimensional response 

surfaces in the a-n, a-K,, and n-K, planes plotted against the objective fiinction. 

When using only outflow data or water content data in the objective function, 

analysis of the response surfaces showed the predicted measurements were insensitive to 

all three parameters; this was especially true for K,. As a result, only non-unique 

parameter estimates could be obtained. Moreover, when using only water content data, 

the response surfaces showed no change in sensitivity to the three parameters regardless 

of measurement location. 

Using only matric potential data, the response surfaces in the a-n parameter plane 

showed that these parameters could be estimated with much greater sensitivity. Analysis 

of the response surfaces generated in the a-K^ plane again showed that the predicted 

measurements to be quite insensitive to K, but less so for a. Comparisons between 

response surfaces for matric potential data at the three measurement depths showed that 
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improved parameter sensitivity could be achieved when matric potential measurements 

are taken at some distance from the outflow boundary. 

When using retention data collected at the measurement depth furthest away from 

the outflow boundary, the response surface for the a-n parameter plane showed 

reasonably good sensitivity could be achieved. This demonstrated that for a fixed value of 

Kj, the parameters a and n could be uniquely determined. 

Response surfaces were also generated for combinations of flow attribute 

measurements using both outflow and matric potential data obtained from the furthest 

measurement point away from the boundary. The response surfaces for the a-n parameter 

plane showed a clearly defined minimum indicating a high degree of parameter 

sensitivity. The response surface for the a-K, parameter plane showed only a slightly 

improved parameter sensitivity. However, the response surface for the n-K, parameter 

plane showed a vast improvement in parameter sensitivity compared to when flow 

attribute data were used independently. These results indicate that unique parameter 

estimations are possible when these measurement data are combined. Combining water 

content data with outflow and matric potential measurements did not offer any 

improvement to parameter estimates. 

In summary, the authors showed that uniqueness problems could be minimized to 

the extent that accurate estimates for the parameters a, n, and K, may be obtained from 

one-step outflow experiments provided matric potential data is combined with outflow 

measurements. The inclusion of water content data however, did not provide any 
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advantage in obtaining accurate estimates. The authors also point out that low sensitivity 

obtained in the a-K, parameter plane reflected the minor role that gravity plays in short 

soil cores and, that sensitivity would be expected to improve when longer columns are 

used. 

To examine the possibility of minimizing uniqueness problems, Eching and 

Hopmans (1993) advanced the work of Toorman et al. (1992) by focusing on the 

application of the outflow method to laboratory soil cores. In this work, both one-step and 

multistep outflow experiments were conducted using both positive pressure and suction 

to induce outflow. Outflow experiments were carried out using four different soils 

representing a wide range of textures, these included Yolo silt loam, Panoche loam, 

Hanford sandy loam, and Oso-Flaco fine sand. 

Laboratory soil cores were prepared with sieved, air dried soil that was uniformly 

packed into 8.2 cm diameter by 6 cm long brass cylinders. Cores were place in pressure 

cells specifically designed to enable both pressure and suction desorption experiments to 

be conducted without disassembly or core disturbance. Each pressure cell was 

instrumented with a single vertically installed tensiometer to measure changes in soil 

water matric potential. Soil cores were saturated firom the bottom, after which each was 

equilibrated to an initial soil water matric potential -30 cm. 

To obtain measurements of outflow volume and matric potential, three different 

types of experiments were performed using both pressure and suction, these included 

step-wise equilibrium desorption experiments, one-step transient outflow experiments. 
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and multi-step transient outflow experiments. At the completion of each experiment, soil 

cores were destructively sampled for final volumetric water content determination. This 

final water content value was used in conjunction with cumulative outflow volumes to 

calculate saturated, initial, and equilibrium water contents. 

The van Genuchten soil hydraulic parameters a, n, 0,, and K, were optimized 

using soil water matric potential and/or cumulative outflow data in the objective function. 

Saturated water contents (6J were considered fixed based on determinations made at the 

completion of each experiment. Parameter estimates yielding the highest and lowest 

sums of squares deviation between fitted and observed data were in turn used to generate 

soil water retention curves for each outflow experiment. Retention curves generated with 

parameters obtained using cumulative outflow data alone were compared with retention 

curves generated with parameters obtained using both outflow and soil water matric 

potential data. Comparisons were based on root mean squared errors (RMSE) between 

measured and optimized water content values. 

Experimental results showed that, in general, estimated soil water retention 

functions based on optimized parameter values obtained when both soil water matric 

potential and out-flow data were included in the objective function provide better 

descriptions of the measured retention function. RMSE values for all but one experiment 

showed retention curves optimized using measured outflow and matric potential data to 

be 25 to 50% of the RMSE values for those optimized with outflow data only. Moreover, 
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multi-step transiem outflow experiments yielded lower RMSE values than one-step 

outflow experiments. 

Parameter values jielding the highest r and lowest sums of squares deviation 

between fitted and observed data were chosen as the final parameter estimates. Tests for 

parameter uniqueness using three different sets of starting values yielded nearly identical 

final parameter estimates. Additionally, the coefficients of variation for the four estimated 

parameters were smaller if both matric potential data and out flow data were included in 

the objective function. These results were seen to exemplify agreement with those of 

Toorman et al. (1992) showing that the inclusion of matric potential measurements with 

outflow data increased the sensitivity of the parameter estimation procedure therefore 

allowing for unique solutions to be achieved. 

In summary, the authors point out that both one-step and multi-step experiments 

provided excellent results when both matric potential and outflow data were included in 

the optimization procedure. However, the one-step experiment is less time consuming, 

making this more attractive. 

Hudson et al. (1996) presented the results of a transient upward infiltration 

procedure for estimating soil hydraulic parameters. In this work, measurements of 

volumetric soil water content and soil water matric potential associated with an upward 

advancing wetting fi-ont were used as inputs to an inverse flow model to obtain estimates 

of soil hydraulic parameters. Four soil cores were prepared by uniformly packing a loamy 

fine sand into acrylic cylinders measuring 7.6 cm in diameter by 7.6 cm in length. The 
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soil cores were then placed in flow cells having end plates specifically designed to allow 

for the imposition of a constant flux boundary condition at either end. Soil cores were 

wetted from the lower boundary at a precisely controlled flux rate. 

During imbibition, temporal changes in soil water content and soil matric 

potential were measured with a single time domain reflectometry (TDR) probe and three 

tensiometers equipped with pressure transducers, respectively. The TDR probe was 

installed horizontally through the side of the soil column in die middle of the soil core 

(3.6 cm from the lower boundary). The tensiometers were also installed horizontally 

through the side of the soil column at distances of 2.8, 3.6, and 5.8 cm fi-om the lower 

boundary. This configuration of instrumentation allowed for the simultaneous 

measurement of water content and matric potential at the center of the soil core to 

produce direct measurements of points along the water retention curve during the 

infiltration process. The water retention function was fit to these data to obtain initial 

estimates for parameters. These initial estimated were used as starting values in the 

optimization procedure. 

Collected data were used to estimate parameters associated with both the soil 

water retention and the unsaturated hydraulic conductivity functions. The water retention 

function was assumed to be represented by the van Genuchten relationship 

0 - 0 ,  I  
S(h)= 1  = 1 

0, - 0, [1 + (awr 
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where is the effective saturation, 0^ is the residual water content, S^is the water content 

at saturation, h is the soil water matric potential, and a, n, and m are empirical 

parameters. The five parameters 9^, a, n, and m used in this relationship are estimated 

in this work. Two representations of the unsaturated hydraulic conductivity function were 

assumed. The first of these is given by the relationship of van Genuchten and Nielsen 

where K, is the saturated hydraulic conductivity, y is a dimensionless empirical parameter 

related to the flow path tortuosity and connectivity between pores of different sizes, I is 

the Incomplete Beta Function, S = , and m and n are empirical parameters. The 

second representation was the empirical relationship given by Campbell (1974) 

where K, is again the saturated hydraulic conductivity, is the effective saturation, and o) 

is an empirical parameter. When either of these hydraulic conductivity relationships is 

used, complete descriptions of the soil hydraulic properties are obtained only after two 

additional parameters are determined. Using the first relationship, this requires the 

estimation of y and K,. Using the second relationship, this requires the estimation of 

and CO. A unique feature of this work is that parameters were not predisposed to any 

(1985) 

m = 
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assumed values or interrelationships; K, was treated as an empirical parameter and not 

assumed to be equal to its measured value, 7 was not assumed to be equal to 0.5, and no 

relationship was assumed to exist between m and n. 

Parameters were estimated using the measured h(X,t) and 6(X,t) data obtained 

during the upward infiltration experiments through a combined numerical model of the 

transient flow system and nonlinear parameter estimation procedure. The one-

dimensional, water-content based form of Richards' equation was used to model the 

experimental flow system. The nonlinear parameter optimization was carried out by 

employing a modified Levenberg-Marquardt algorithm to minimize deviations between 

the observed and the modeled matric potentials. 

Five methods were used to obtain estimates of hydraulic soil hydraulic properties. 

Method 1 used the parameters that were obtained by fitting the measured water retention 

data obtained during the experimental procedure and an experimentally measured value 

for K,. The first hydraulic conductivity relationship was used with y set equal to 0.5. 

Method 2 used the same water retention parameters but the inverse parameter estimation 

procedure was employed to estimate and y. Method 3 used the parameter values 

obtained in Method 2 as the starting values to estimate all seven hydraulic parameters by 

employing the inverse estimation procedure. Methods 4 and 5 were similar to Methods 2 

and 3 except the hydraulic conductivity of the Campbell relationship was used. 

The results of Method 1 showed that the modeled transient matric potential 

measurements provided a poor match to the observed data during the early infiltration 
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phase (t < 22 h) and near saturation. The poor match during the early times was attributed 

to inaccuracies in the hydraulic conductivity relationship. Method 2 provided improved 

simulation results for t < 22 h however, high covariances between the estimated values of 

K, and y indicated uncertainty in their estimated values. These result point to the 

sensitivity the of these two parameters to measured data collected prior to the arrival of 

the wetting front at the top of the soil core. In Method 3, Parameter estimates for the five 

parameters in the retention function and the two parameters in the hydraulic conductivity 

function obtained by the parameter estimation resulted in very good agreement between 

the simulated and the observed matric potential measurements over the entire range of 

measurements. The results of Method 4 were very similar those obtained for Method 2 

even thought a different hydraulic conductivity relationship was used. Extremely high 

covariances for the estimated parameters in the conductivity function (K, and co) again 

indicated uncertainty in their values. The results of Method 5 were similar to the results 

of Method 3 providing excellent agreement between the observed and the simulated 

matric potential measurements over the entire range. These results suggest that for the 

hydraulic conductivity relationship used in Methods 2,3, and 5 provided a more accurate 

description of the actual hydraulic conductivity function for the soil used in the cores. 

The authors stress die importance of the hydraulic conductivity relationship when 

simulating infiltration into dry soils where matric potential gradients tend to be quite 

steep. This point was illustrated in Methods 1 and 4 where there was poor agreement in 

the matric potential measurements in the early portion of the infiltration process when 
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gradients were steep. It was concluded that the proposed upward infiltration procedure 

provided a fast and repeatable method for the determination of unsaturated hydraulic 

properties. 

Simunek, Wendroth and van Genuchten (1998) examined in detail, the potential 

for carrying out parameter estimation techniques using evaporation experiments. To 

evaluate the amount of information necessary to ensure a unique solution, the sensitivity 

to particular parameters was investigated. Additionally, the performance of two 

experimental methods, the two-rate evaporation method (Wendroth et al., 1993) and the 

traditional one-rate method, were compared to assess their suitability for use in parameter 

estimation. To avoid the potential for uncertainty in the analysis, parameter estimates 

were obtained first using error free, numerically generated data. Parameter estimation was 

then carried out using two laboratory data sets. 

A numerically simulated evaporation experiment using average parameter values 

representative of a silty textural class soil was conducted. The experiment simulated a 10 

cm tall soil core instrumented with 5 tensiometers located at 1,3, 5, 7, and 9 cm from the 

top of the soil surface. Hydraulic equilibrium with a zero pressure head and no flow were 

assumed as the initial and lower boundary conditions. The imposed upper boundary 

conditions however, were represented by two different scenarios. In the first scenario, a 

constant evaporation rate of 0.15 cm d"' was assumed. For the second scenario, a higher 

evaporation rate of 1.5 cm d ' was imposed for 0.5 day, followed by a zero surface flux 

rate for 1 day, followed by a constant rate of 0.15 cm d"' thereafter. 
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A sensitivity analysis was conducted to evaluate the optimal measurement 

positions (tensiometer locations). Sensitivity coefficients were calculated for the five 

hydraulic parameters 0^ 0^, a, n, and K, used in the closed form van Genuchten hydraulic 

functions for the five different tensiometer locations. For both upper boundary condition 

scenarios, the resulting sensitivity coefficients increased substantially as a function of 

experimental time. These results illustrated the value of data obtained at later times when 

conducting long time duration experiments. Comparisons between the two different 

scenarios however, indicated no real significant benefit to imposing a higher evaporative 

flux rate in the early stages of the experiment. Overall, the absolute sensitivity of the 

matric potential measurements to all five hydraulic parameters increased with time as die 

soil profile became drier. Matric potential was seen to be most sensitive to the parameters 

n and 9^, and much less sensitive to 0,, a, and K,. The tensiometer located closest to the 

upper boundary provided the highest sensitivity coefficients to all parameters with the 

exception of a. For water content measurements, again, the sensitivity coefficients 

increased as a function of time for all five locations with the exception of a at the 

tensiometer located closest to the soil surface. 

To assess the uniqueness of the inverse problem, two-dimensional response 

surfaces of the objective function for 10 parameter planes, a-n, a-K,, n-K, a-O^, n-0s, 

Kj-Oj, a-0p n-0r, K,-0„ and 0^-05, were generated. Objective functions for were calculated 

for all data combined (i.e. all five tensiometer readings and the final average water 

content) and for each tensiometer separately, combined with the final average water 
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content. With the exception of the n-G^ plane, the response surfaces for the objective 

function defined in terms of all the data combined showed well defined global minima 

with no indications of local minima. The results were seen to be consistent with the 

results of the sensitivity coefficients. The high sensitivity of the matric potential to 

yielded well-defined minima in the a-G^, n-G^, and Kj-G^ parameter planes. In contrast 

however, the relatively low sensitivity to K, was interpreted in the response surfaces as a 

trough parallel to the K, axis illustrating a lack of certainty towards its true value. 

Sensitivity analysis also showed matric potential measurements to be quite sensitive to n. 

These results were manifest in the response surfaces for the a-n, n-K,, and n-G, parameter 

planes. The n-G^ was the exception owing to the low sensitivity to G^. 

Having evaluated parameter sensitivities and verified the existence of global 

minima, the authors sought to examine whether the global minima of the response 

surfaces could be identified using an inverse parameter optimization approach. 

Optimizations were performed for both the one-rate and the two-rate evaporation 

experiments. Objective functions were defined in terms the final total volume of water in 

the soil sample and matric potential data fi"om all five of the tensiometer locations, or, 

only one tensiometer, or, fi*om the tensiometers closest to and ftirthest firom the upper soil 

boundary. Three different sets of initial parameter estimates were chosen for the three 

objective function definitions. 

For the one-rate evaporation experiment, optimizations converged to the correct 

parameter values for die three sets of initial parameter values when data from all five or 
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two tensiometers were used in the objective function. When only a single tensiometer was 

used, convergence occurred in at least two out of the three times. For the two-rate 

experiment, convergence was achieved two out of three times regardless of the objective 

function definition. Optimizations failed primarily because of uncertainties in the 

parameters 0r and n, and to a lesser extent, to K,. However, when was constrained to its 

true value, or the single 0-h pair corresponding to h = -150 m was included in the 

objective function, all optimizations converged to the correct parameter values. 

Two-rate evaporation experiments were carried out in the laboratory using two 

undisturbed soil cores with marked textural differences. The soil cores, measuring 10 cm 

high by 10 cm in diameter, were instrumented with 5 horizontally installed tensiometers 

located at 1,3,5, 7, and 9 cm from the top soil surface. To obtain estimates of the soil 

hydraulic parameters, the laboratory experiments were analyzed using both the modified 

Wind method (Wendroth et al., 1993) and by parameter inversion. Three different 

scenarios were used to formulate the objective functions used in the inverse procedure. 

For each scenario, the total volume of water contained in the soil core at the end of the 

experiment was included along with matric potential measurements fi-om all five 

tensiometers, matric potential measurements from one tensiometer, or matric potential 

measurements firom the tensiometers closest to the boundaries for scenarios 1,2, and 3, 

respectively. 

Experimental results from both soil cores showed very good agreement between 

the estimated retention functions obtained by all optimization scenarios and 0(h) data 
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points obtained using the modified Wind method. Additionally, for each core, all the 

inversion scenarios resulted in very similar soil hydraulic parameters. 

In summary, Simunek et al. (1998) showed that parameter optimization 

techniques using an inverse approach could be applied successfully to evaporation 

experiments. Extrapolation beyond the range of measurements however, diminished the 

level of certainty in estimated hydraulic parameters. The authors showed that for their 

experimental setup, measurements firom a single tensiometer at a position close to the soil 

surface were sufficient to obtain accurate estimates of the unsaturated hydraulic 

parameters. Also, when used in conjunction with the parameter estimation technique, the 

two-rate evaporation method provided no clear advantage compared to the one-rate 

method. 
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BACKGROUND 

Governing Equations for Unsaturated Flow 

As a porous material, soil can be characterized as a three phase system comprised 

of a solid phase represented by the soil matrix; a liquid phase consisting of water and 

water soluble substances; and a gaseous phase which makes up the soil atmosphere. From 

a process standpoint with respect to mass movement, perhaps the most important of these 

phases is the solid phase. This is because the sizes, shapes, and surface chemistry features 

of the individual particles and their subsequent organization determine the geometric 

characteristics of the pore spaces which act as conduits for the movement of the liquid 

and the gas phases. In this work, the liquid phase is assumed to be water therefore, all 

future reference to liquid implies water. 

As a starting point for the discussion of mass movement in porous media, it is 

important to quantify the three phases with respect to the total volume of the system. For 

a rigid system, the total volume is given by V, = , where V^, V^, and Vg 

represent the solid phase, the liquid phase, and the gas phase volumes, respectively. The 

porosity of the medium may in turn be expressed as f = V, +Vg. When both 

liquid and gases are present in the pore space the medium is said to be unsaturated with 

respect to water. For unsaturated systems, the ratio of the liquid phase voltmie to the total 



70 

volume is defined as the volumetric water content, and is given by 0^ = / 'V^. 

Conversely, when all the pore space is occupied by the liquid phase, the system is then 

said to be ftjlly saturated with respect to water. This represents the maximum volumetric 

water content or saturated water content and is equal to the porosity. 

In unsaturated systems, water is held in pore spaces by adhesive and cohesive 

forces which are the result of adsorption and surface tension. As in virtually all physical 

systems, the energy status of water in soil is the result of contributions from two principal 

forms of energy: kinetic and potential. Contributions from kinetic energy, which is related 

to the square of the velocity, are however typically neglected as water movement in soil 

systems is usually quite slow. Alternatively, the potential energy, which represents stored 

energy by virtue of position or internal condition, is of primary importance for 

determining direction and magnitude of water flow in soils. Because there is no absolute 

scale of energy, the potential energy must be defined relative to a reference state, that 

being pure, free water at some reference pressure, temperature, and elevation. Thus, the 

difference in energy per unit quantity of water between the reference state and water at 

any point within the system defines the soil water potential at that point. When expressed 

as energy per unit weight of water, the soil water potential has units of length and is 

referred to as matric potential, tension, pressure head, or pressure potential (h). Normally, 

for unsaturated conditions h < 0, and for saturated conditions h >0. In certain situations 

however, saturated conditions may occur even if h < 0; a condition referred to as tension 

saturation. Because water moves in response to a difference in potential, water flow will 
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occur from a point of higher potential to a point of lower potential in accordance with the 

principle of conservation of energy. 

A consequence of the above discussion is that in general, water flow in response 

to potential differences results in wetting or drying within the soil system. Therefore, both 

the water content and the matric potential at any point within the flow domain can be 

functions of time. These flow systems are said to be transient or time dependent, and are 

distinguished from the more restricted case where water flow occurs at a constant rate 

with respect to time and water content and matric potential are time invariant. 

Just as energy must be conserved, so also must mass. The objective in the 

following is to develop an expression of conservation or balance for the mass of water 

that enters, leaves, or is stored in an element of soil. The formulation will follow that of a 

macroscopic approach to produce a volume-averaged description of water balance as 

opposed to a microscopic or pore scale description. To begin, consider a rectangular 

element or control volume of soil as given in Figure 2.1 having dimensions Ax, Ay, Az 

centered about some arbitrary point P(x,y,z) within the flow field. Water is allowed to 

flow in or out of the element through its surfaces allowing the mass of water stored within 

the element to change with respect to time. The net change in mass stored within the 

element during some arbitrarily small time interval At is the difference between the total 

mass inflow and the outflow. 

The component of mass flux (M T') entering the control volume parallel to the 

x-axis during some incremental time dt is given by; 
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Figure 2.1. Elementary control volume for mass balance equation. 



M" = ^dydzdt 
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(2.1) 

Here is the density of water, J, is the volumetric flux in the x-direction, and dydz is the 

cross-sectional area of the face that is perpendicular to the x-axis. 

The mass outflow leaving the control volume due to the flow component in the x 

direction is given by; 

MT P J 
dipj^dx 

dx 
dvdzdt (2.2) 

The resulting net mass accumulation within die control volume due to the flow 

component parallel to the x-axis is equal to the difference between the mass inflow and 

the mass outflow in that direction: 

= p J dvdzdt -
^ W X -

p •/ r IV X 
dx 

dvdzdt (2.3) 

or 

_ S(s>,J,)dxdydzdl 

ar 



Similar expressions can also be developed for the net mass accumulation due to flow 

components in the y and z directions; 
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^ d(pj^)dxdy±dl ,,5^ 

dv 

_ d(s,J.)dxdydidl g 

dz 

Summing these three terms yields the total net mass accumulation within the 

control volume: 

M-
SifA) 

dr dz 
dxdvdzdt (2.7) 

The net rate of change in water storage within the control volume is: 

a(p..9) 

dt 
dxdvdzdt (2.8) 

Where 0 is the volumetric water content (L^/L-). From the law of conservation of mass, 

the net inflow minus the net outflow must equal the net change in storage. Therefore: 
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a(P.„e) 

dt 
dxdvdzdt - -

dx dv dz 
dxdvdzdt (2.9) 

Dividing by the volume and assuming that the density of the water is constant yields 

or 

dJ^ dJ^. dJ^ 

dx dv dz 
(2.10) 

or 

-  -V.J  
dt 

(2.11) 

where V-J represents the divergence of the flux. 

Darcy (1856) developed an empirical linear relationship between volumetric flux 

and hydraulic gradient to describe one-dimensional, steady, saturated flow through 

packed sand columns. This relationship is 

'dL 
(2.12) 

where K, is the saturated hydraulic conductivity of the medium, H is the hydraulic head, 

and dH/dL is the gradient in hydraulic head along the length of the column. In general, H 
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represents the total hydraulic head which is the sum of both the pressure head (h) and the 

elevation head (z): 

H = h^z  (2 .13)  

Later, Buckingham (1907) developed an additional constitutive relationship 

equivalent to Darcy's equation to describe water flow under unsaturated conditions. 

During these conditions, water flow occurs primarily through only water filled pores. 

Therefore, the hydraulic conductivity becomes a function of the degree of saturation of 

the system, and can be expressed as a function of either the matric potential (h), or the 

water content (0). 

(2.14) 
aL 

or 

J=-m^ (2.15)  
aL 

Using (2.13), this leads to the following forms for the expression of the Buckingham-

Darcy equation for steady, one-dimensional, vertical flow 

j=-K{h)— = = -mi -^ + 1 
dz dz \ dz ^ 

(2.16) 

and 
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dz 
(2.17) 

where z is the distance in the vertical direction. Similarly, for multi-dimensional 

problems, the Buckingham-Darcy equation can be expressed as 

J=-K{h)VH (2.18) 

or 

y=-^0)V// (2.19) 

The above equations are fully applicable to conditions of steady unsaturated flow. 

Richards (1931) extended these relationships to include the more general case for 

transient flow conditions by combining the Buckingham-Darcy equation with the 

equation of conservation mass. Combining Equations (2.11) and (2.18) yields: 

(2.20) 
dt 

Equation (2.20) is the three-dimensional form of Richards' equation describing the 

change in soil water content for an isotropic soil. 

In the above form, Richards' equation is a ftinction of both 0 and h. However, in 

order to solve this equation it must usually be written as a function of only one variable. 

To this end. Equation (2.20) can be transformed to a function of only 0 or h, depending on 
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the boundary conditions of the problem. The following transformations can be used to 

yield two distinct forms. 

Expanding Equation (2.20) yields 

dt dx 
m 

dH 

dx dy av dz 
K{h)~ 

dz 
(2.21) 

or 

dt dx cx dv dv dz 
ml 

dh 

dz 
(2.22) 

For a wetting or drying soil, the water content is a ftinction of h only. Therefore, the left 

side of Equation (2.22) may be rewritten via the chain rule as 

f • f f • '."f 

where 

f ,2.24) 

(L"') is termed the water capacity function, and by definition is equal to the inverse 

slope of the moisture retention function h(0). With this transformation Equation (2.22) 

becomes 



79 

c.y,)^ = i-
" dt dx 

m f -
ox dv ov dz 

m 
^ dz 

+ l (2.25) 

or 

C„,(/;)-^=V-[^(/j)Vff] 
6/ 

(2.26) 

The above expression is termed the 'Matric Potential' or 'Pressure Head' form of 

Richards' equation. 

Alternatively, the 'Water Content' form can be developed. Again, via the chain 

rule, the partial derivatives of h with respect to the spatial coordinates can be rewritten as; 

d h ^ M d Q  

dx dQ dx '  3v  dQ 0v '  dz dB dz 
(2.27) 

Substituting (2.26) into Equation (2.22) with K(0) yields: 

dt dt dQ dx av dz 
m) 

J Q d z ^  J  
(2.28) 

Defining the soil water diffiisivity function for an isotropic soil as 

D ,(0) = /:(0)— 
de 

and substituting this into Equation (2.28) yields: 

(2.29) 



80 

dt ~ dx dr dv 
0,(6)£ 

dz oz 
(2.30) 

This equation is called the 'Theta' or 'Water Content' based form of Richards' equation. 

Models for Soil Hydraulic Properties 

As a starting point, solutions to (2.25) or (2.30) require not only knowledge of the 

initial and boundary conditions appropriate for the problem, but also detailed knowledge 

regarding the soil water retention characteristics (i.e., 0(h) or h(0)) of the porous media. 

An additional requirement is knowledge regarding the nature and behavior of the 

unsaturated hydraulic conductivity with respect to changes in water content or matric 

potential (K(0) or K(h)). Collectively, these functions are known as the soil hydraulic 

properties. Detailed information regarding the soil water characteristics is typically 

obtained experimentally from equilibrium desorption or imbibition measurements 

conducted on laboratory soil cores or from simultaneous in situ pressure head and water 

content measurements. These data can then be used in conjunction with a suitable 

empirical parametric formulation to obtain an analytical function for unsaturated water 

content as a function of soil water pressure head (0(h)). This function is known as the 

water characteristic or water retention function and several empirical models have been 

proposed to represent its behavior (Brooks and Corey, 1964; King, 1964; Laliberte, 1969; 
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van Genuchten, 1978, 1980; Payer and Simmons, 1995; Kosugi, 1996). A review of many 

of these models is presented by van Genuchten and Nielsen (1985). A concept used in 

conjunction with these models is that of the effective saturation or reduced water content 

which is defined by: 

where 9^ and 0^ are the residual and saturated water contents, respectively. 0^ is often 

defined as the water content at which h - - and the hydraulic conductivity - 0. However 

in many situations, 0. is treated as an empirical constant. 

The van Genuchten model (van Genuchten, 1978) for soil water retention is given by: 

S, /« < 0 (2.32) 
[1 +(a|/»|)T 

5, = I h ^ 0 (2.33) 

where a (L '), n and m (both dimensionless) describe the shape of the water retention 

function. From a physical perspective, a is inversely related to the air entry value of the 

porous media and n describes the width of the pore size distribution. All numerical 

simulations used in this research are carried out using this model, and for this reason it is 

presented here. 
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There are numerous laboratory and field methods available which allow for the 

direct determination of unsaturated hydraulic conductivity (KJute and Dirksen, 1986). 

However, these methods tend to be time consuming and expensive. Moreover, they 

require rather restrictive initial and boundary conditions to enable analytical or semi-

analytical solutions to the governing flow equation. An alternative is to assume a 

functional relationship between the unsaturated hydraulic conductivity and the more 

easily measured soil water retention function. Several models have been proposed 

(Burdine, 1953; Marshall, 1958; Millington and Quirk, 1961; Green and Corey, 1971; 

Mualem, 1976) for predicting unsaturated hydraulic conductivity from measured soil 

water retention data. Of the various methods, those advanced by Burdine (1953) and 

Mualem (1976) are generally considered superior (van Genuchten and Nielsen, 1985). 

The Burdine model is given as: 

(2.34) 

0 0 

And the model presented by Mualem is: 

2 

(2.35) 

0 0 

where and K, are the relative and saturated hydraulic conductivities, respectively. The 

empirical parameter y has been estimated to be approximately 0.5 for most soils 



83 

(Mualem, 1976; van Genuchten, 1978a, 1980) however, some authors feel that y should 

be treated as an unknown parameter (Russo, 1988; Leij et al, 1996). Direct application of 

these two models leads to closed form analytical expressions for K(0) and K(h) which are 

essential for modeling and for determinations of hydraulic parameters by inverse 

methods. 

In this work, the predictive model of Mualem is used in conjunction with the van 

Genuchten model for 9(h). Introducing (2.32) into (2.35) yields the following expressions 

for K.(0): 

^0) = K^Sj[l - (I - , /2 < 0 (2.36) 

KiQ) = K^, h i  0 (2.37) 

A homogeneous soil is considered to be tiilly characterized in terms of its unsaturated 

flow properties when the soil parameters 0s, 0r, K,, a, n and y are known. 

Forward vs. Inverse Problem 

The distinction between the forward and the inverse problem may be made by first 

considering Equation 2.20, the governing unsaturated flow equation 
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— =V'[/:(0)V^] 
dt 

Where K is the unsaturated hydraulic conductivity function, 0 is the volumetric water 

content, and H is the hydraulic head. In this research, it is assumed that the hydraulic 

conductivity function is represented by the van Genuchten closed form parametric 

analytical model given by Equation 2.36 

^0) = K^SJ 1 - (I - S-j"")'" 

where represents the soil water retention function obtained by equating Equations 2.31 

and 2.32 

5 = 
(0,-0,) [l+(ai/i|)T 

Collectively the functions K(0) and are the soil hydraulic properties, and are 

considered to be unique for a particular soil of interest. In the above system of equations 

05, 0r, K,, a, n, and y are parameters which characterize the hydraulic properties of the 

system, while h and 0 are the system response variables for a given set of initial and 

boundary conditions. 
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In a formal sense, the forward problem refers to the solution of 2.20 either 

analytically or numerically subject to the appropriate initial and boundary conditions to 

yield values of h or 0. Or, more simply stated, predictions of the system responses (h or 0) 

are obtained by solving 2.20 subject to a set of initial and boundary conditions which are 

appropriate over the domain for the flow system of interest. A limitation to the forward 

problem is that one has to assume prior knowledge with respect to the parameters which 

characterize the hydraulic properties. In most situations however, this information is not 

known. 

Alternatively, the inverse problem is an estimation approach which involves the 

use of measured system responses to infer the parameter values that characterize the 

unsaturated hydraulic properties. It is formulated as a nonlinear estimation problem where 

the soil hydraulic parameters are perturbed in an iterative manner until deviations 

between the measured and the modeled system responses are minimized. The deviations 

between the measured and the modeled responses are expressed in the formulation of an 

objective function which is minimized during the estimation. For this work, the objective 

function is defined as (Simunek et al., 1998) 

7=1 <=1 
m n 

2.38 

"b 
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where, 

b is the a vector containing the number of parameters being estimated; 

m is the number of different sets of measurements/estimates; 

n is the number of measurements/estimates in a particular measurement set; 

qj'(x,ti) are specific measurements (0, h, or inflow/outflow) at time tj, for the jth 

measurement set at location x; 

qj(x,tj,b) represent the corresponding model predictions for the vector of optimized 

parameters b; 

Pj*(0,) are values of independently measured soil hydraulic properties (i.e. retention data, 

0(h), K(h) etc.); 

pj(0i,b) represent the corresponding predicted soil hydraulic properties for the vector of 

optimized parameter values; 

bj' represent values of prior information for specific parameters; 

bj are the corresponding final optimized parameter values; 

v and w represent the weights associated with a particular measurements/estimates. 

The first term on the right-hand side of (2.38) represents the deviations between 

the measured and modeled system responses (i.e., measured water contents, matric 

potentials, or fluxes across boundaries). The second term represents the deviations 

between independently measured and modeled hydraulic properties. The last term in 
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njGj 
2.39 

(2.38) is a penalty function, or Bayesian estimate, which accounts for the deviations 

between the prior knowledge of the hydraulic parameters and their estimates. 

If the error variances for a particular set of measurements are the same, then the 

weighting coefficients Wy are equal to one. To minimize differences in magnitudes and 

numbers of data (nj), the weighting coefficients Vj are given by (Clausnitzer and 

Hopmans, 1995). Where cTj and n^ are the measurement variance and the number of j-type 

measurements, respectively. Therefore, the objective function (D(b,q,p) represents the 

average weighted squared deviation between the modeled and the measured flow 

attributes. 

Minimization of the requires repeated solutions to the governing flow equation. 

To begin, initial estimates of the parameters which define the vector b are used to obtain 

a preliminary value for O. The behavior of the 0 in the neighborhood of this initial vector 

is used to select a direction for an updated set of parameter values for the unknown 

parameter vector. The direction of the vector is chosen so that the value of (D becomes a 

minimum. 

Although several nonlinear methods have been proposed to obtain minimized 

values for <I), the Levenberg Marquardt method (Marquardt, 1963) has gained 

considerable popularity and tends to be the standard method used in soil science and 
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hydrology. In addition to providing sum of squared residuals for Equation 2.38, this 

method also provides confidence intervals for optimized parameter values. This is the 

method that was used for obtaining optimized parameter estimates which are reported in 

this work. Details of this method are given by Kool et al. (1987). 

Adversities Associated with Parameter Estimation 

The acquisition of unique and accurate estimates of unsaturated hydraulic 

parameters is predicated on several important assumptions. Most fundamentally, it is 

assumed that the goveming flow equation (Richards' equation) provides an accurate 

representation of the flow system under consideration. In certain situations, i.e. soil 

systems containing large amounts of expanding lattice clays, the presence of high 

temperature gradients, or extremely dry (high matric potential) conditions, Richards' 

equation may be invalid. Of equal importance is the assumption that the imposed initial 

and boundary conditions are accurate. It is also assumed that the specific formulation for 

the soil hydraulic properties, i.e. the soil water retention and the unsaturated hydraulic 

conductivity relationships, provide accurate representations of the unsaturated hydraulic 

data. Although several parametric models have been proposed and appear in the 

literature, diere is no one, comprehensive, and generally accepted formulation. 

An additional requirement for the acquisition of accurate parameter estimates is 

that the problem be well posed. An ill-posed problem is generally characterized as having 
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a solution that is nonunique or which exhibits instability (Yeh, 1986). From a historical 

perspective, the problems associated with ill-posedness are not fiilly understood and are 

ofttimes difficult to explain. A detailed discussion and description of these problems is 

given by Carrera and Neuman (1986). However, a brief description will be presented 

here. 

Nonuniqueness results in multiple (i.e., nonunique) sets of parameter values for 

which minimum objective function values are obtained. It occurs when the objective 

function contains multiple local minima or if there is a global minimum which occurs for 

a range of parameter values, (i.e., whenever the objective function is concave). Carrera 

and Neuman (1986) showed that the concavity of the objective function can be enhanced 

with the inclusion of prior information about specific parameters. This is especially true if 

the variation in parameters is restricted to the neighborhood of the minimum which is the 

case if the prior information is not far fi-om the minimum. The inclusion of prior 

information however, does not guarantee uniqueness. 

The issue of nonuniqueness is closely linked to the notion of parameter 

identitiability. Identifiability pertains to the inability to obtain unique solutions (i.e. 

unique parameter estimates) for the model of interest using the available data. Parameters 

are deemed nonidentifiable when different combinations of parameter values lead to 

similar system responses. Identifiability is therefore strongly dependent upon both the 

assumed model and the experimental data (Kool et al.,l986). 



Instability presents itself as excessive parameter sensitivity with respect to small 

variations or errors in the system response data. In general, the ability to ascertain whether 

a problem is well posed cannot be recognizable a priori. This has provided the motivation 

for several studies involving the experimental design and data collection strategies that 

maximize measurement value in an attempt to minimize the potential for ill posedness. 
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{-DIMENSIONAL EXPERIMENTS 

Materials and Methods 

During the course of this research, several types of one-dimensional soil column 

experiments were conducted using a variety of imposed boundary and initial conditions. 

The motivation was to gather flow attribute data (i.e., spatial and temporal changes in soil 

water pressure potential and water content) that could be used as input data for the inverse 

problem to estimate soil hydraulic parameters. Two groups of 1-D experiments were 

conducted. The first group of experiments was the smallest in terms of scale but 

represents the bulk of the experimental work. This involved a suite of tlow experiments 

using both repacked and intact soil cores to obtain direct measurements of saturated 

hydraulic conductivity and saturated volumetric water content, then to obtain flow 

attribute data in association with both imbibition and desaturation events. The second 

group of experiments was larger scale imbibition experiments that were conducted as 

either upward or downward infiltration processes in repacked homogeneous soil columns. 

Soil Cores 

The smallest scale I-dimensional experiments were conducted using soil both 

repacked and intact soil cores. A suite of experiments were carried out on each soil core 
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which included measurement of saturated hydraulic conductivity and saturated water 

content, desaturation by steady-state pressure outflow, saturation by transient upward 

infiltration, and desaturation by transient evaporation. With the exception of the saturated 

hydraulic conductivity and water content determinations, tensiometers were used to 

record temporal changes in soil water matric potential during imbibition and desaturation 

experiments. Complementary changes in volumetric water content were also obtained by 

using a mass balance approach which involved measuring changes in soil core mass as 

well as changes in the mass of the delivery or collection flask during each experiment. 

Three packed soil cores were prepared using Vinton fine sand (sandy, mixed 

thermic Typic Torrifluvent). Particle size analysis from 4 separate soil samples gave 

average percent sand, silt, and clay values of 97,2, and 1, respectively (Sheri Musil, Dept. 

of Soil, Water, and Environmental Sciences, personal communication). Soil cores were 

packed to a uniform bulk density of 1.5 g cm'^ in aluminum cylinders measuring 7.6 cm 

in length by 7.6 cm in diameter. Saturated hydraulic conductivity measurements were 

carried out using a constant head Marriott system. Following saturated hydraulic 

conductivity determinations, the soil cores were desaturated using a multi-step pressure 

outflow process. The cores were then resaturated using an upward infiltration procedure. 

As a final experiment, the cores were desaturated by evaporation. 

Eleven intact soil cores were retrieved in aluminum cylinders measuring 7.6-cm in 

diameter by 7.6-cm in length from within a 0.9 hectare plot (Field 115) at the University 

of Arizona Maricopa Agricultural Center (MAC) which is located approximately 90 miles 
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northwest of Tucson, AZ. The soil cores were collected along an east-west transect at 5 m 

spacings. For purposes of comparison, all soil cores were retrieved from approximately 

the same sampling depth, 1.5 m. The soils in this area typify the characteristic 

depositional variability of alluvial soils having lenses of material ranging in texture from 

gravelly to clayey and are in the Aridisol soil order. Table 3.1 lists the soil cores numbers 

that were used in these experiments along with the spatial locations from which they were 

collected. Figures 3.1 and 3.2 show the X-Y and the Y-Z locations, within the 

experimental plot. Saturated hydraulic conductivity measurements were made on all 11 of 

the intact soil cores using the same constant head Marriott system used for the packed soil 

cores. Upward infiltration, pressure outflow, and evaporation experiments were also 

carried out on all eleven cores. At the completion of all experimental work the soil cores 

were destructively sampled for final water content determination, soil bulk density and 

particle size analysis. 

Both packed and intact soil cores were placed in flow cells (Soil Measurement 

Systems, Tucson, AZ) specifically designed to accommodate end plates of various 

configurations. This flexibility in end plate adaptation allowed for the ability to vary the 

type of imposed boundary condition with minimal or no disturbance to the core. Flow cell 

end plates were secured to the core using threaded stainless steel rods and wing nuts. 

Once secured, 0-rings in each end plate ensured that the entire flow cell was both water 

and air tight. 



Table 3.1. Spatial locations for intact soil cores. 

Core X - horizontal y - vertical z - depth 
(m) (m) (m) 

31 28.83 20.0 1.49 

32 28.75 15.0 1.74 

39 28.64 25.0 1.50 

42 28.85 10.0 1.41 

47 29.00 5.0 1.45 

49 29.00 30.0 1.61 

66 28.69 35.0 1.50 

67 29.00 40.0 1.38 

73 28.67 45.0 1.45 

75 28.86 50.0 1.49 

78 29.00 55.0 1.49 
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Figure 3.1. X-Y locations of intact soil cores retrieved from field 115. 
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Figure 3.2. Y-Z locations of intact soil cores retrieved from field 115. 
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Saturated Hydraulic Conductivity (K,) and Water Content (65) Determinations 

Soil cores were fitted with acrylic end plates which would accommodate a single 

center positioned quick-disconnect fitting. Prior to attaching the end plates, the soil at 

each end of the core was covered with a 35-nm nylon mesh (TETKO Inc., Kansas City, 

MO) to prevent soil loss. Once assembled, the entire soil core assembly was weighed. A 

Mariotte system was used to supply deaerated 0.005 M CaSO^ + Thymol 

(5-Methyl-2-isopropylphenol) as a wetting solution to the bottom of each soil core at a 

constant pressure head. The choice of this formulation of wetting fluid follows the 

recommendations by KJute and Dirkesen (1986); the Ca ion helps minimize the 

dispersion of clays in the soil, and the Thymol is an effective biological growth inhibitor. 

Applied pressure heads were 3 cm for the packed Vinton fine sand cores and 10 cm for 

tlie intact cores. Outflow volume from the top of each core was collected in a flask and 

monitored with a digital balance to measure the change in mass of the collected effluent 

as a fiinction of time. Outflow data firom each soil core were collected at I to 2 minute 

intervals for periods extending firom 4 to 24 hours. Measurements ceased when outflow as 

a function of time became constant. At the end of the saturated conductivity 

determination the entire soil core assembly was re-weighed to obtain an estimate of 

saturated volumetric water content. Figure 3.3 shows a diagram of the Marriott system 

that was used. 
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Delivery Flask 

Soil Core 

Digital Balance Computer 

Figure 3.3. Diagram of system used to measure saturated hydraulic 
conductivity on repacked and intact soil cores. 



99 

Pressure Outflow Experiments 

At the completion of the saturated hydraulic conductivity measurement and prior 

to the start of the outflow procedure, the bottom acrylic plate was removed and the nylon 

mesh at the bottom of the saturated soil core was replaced with a 1.2-^m nylon filter 

membrane (Cat. no. R12SP14225, Micron Separations Inc, Westborough, MA). The use 

of the filter membrane material at the bottom of the core provided a clear advantage over 

ceramic plates because there was negligible head loss across the membrane. After 

reattaching the bottom acrylic plate, a single tensiometer was installed horizontally at the 

center of the soil core (3.6 cm from the top). All tensiometers used in this work were 

constructed by cementing a 2.86-cm-long, 0.635-cm-o.d., I bar, high flow ceramic cup 

(Model 0652X03-B01M3, Soil Moisture Corp., Santa Barbara, CA) to a 6-cm-long, 6.3-

mm-i.d. polycarbonate tube. A pressure transducer (Model I36PC15G2, Microswitch, 

Freeport, 111) was attached to die polycarbonate tubing with a short piece of Tygon. Each 

pressure transducer was calibrated independently over the range of tension values from 0 

to approximately 700-cm HjO. After tensiometer installation, the entire soil core 

assembly was re-weighed and allowed to equilibrate for 12 to 24 hours. 

To induce drainage, vacuum was applied to the bottom of the soil core at the 

following increments, free drainage (0), 5, 10,25,50, 75, 100,200,300,400, and 500 cm 

HjO. For each incremental step, cumulative outflow volume and soil water matric 

potential were measured. A Campbell 2IX datalogger (Campbell Scientific Inc., Logan, 
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UT) was used to collect and store tensiometer output. Tension was increased to the next 

increment when outflow from the soil core ceased as indicated by a time invariant change 

in mass of the collection flask and steady tensiometer readings. 

Upward Infiltration Experiments 

Hudson et al. (1996) presented a transient upward infiltration procedure for the 

estimation of unsaturated hydraulic properties. In that work, packed soil cores were 

instrumented with tensiometers and a single horizontally installed TDR probe to monitor 

changes in matric potential and water content associated with the upward migration of an 

advancing wetting front. In the research presented here, the experimental time was 

significantly reduced, and a mass balance approach was used to directly determine the 

water content in lieu of using TDR. 

At the completion of each pressure outflow experiment, and prior to the initiation 

of the upward infiltration, the bottom acrylic plate was again removed and the filter 

membrane was replaced with the original 35-nm nylon mesh. An acrylic plate with six 

quick disconnect fittings (one center, and five uniformly distributed radially about the 

center) was secured to the bottom of the soil core. The top plate was also removed and 

replaced with a plate that would accommodate a single vertically installed tensiometer 

located at the center of the core. Also, the top plate had four small vent holes which were 

open to the atmosphere to minimize pneumatic pressure increases associated with the 
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displacement of air as water was pumped into the bottom of the core. 

Wetting solution (0.005M CaS04 + Thymol) was pumped into the bottom of the 

soil core at a constant tlow rate using a syringe pump (Soil Measurement Systems, 

Tucson, AZ). Six 1.0 ml syringes were pumped together at 10-minute intervals to deliver 

wetting fluid to the six injection ports at the bottom of the soil core. A digital balance was 

used to monitor the change in mass of the delivery flask as water was pumped into the 

soil core. Changes in soil water matric potential associated with the upward advancing 

wetting front were monitored using the two tensiometers. Pumping was ended when 

water began to accumulate in the vent holes in the top acrylic plate. At die completion of 

each upward infiltration experiment, the soil core was disconnected fi-om the syringe 

pump and weighed for final water content determination. Figure 3.4 shows a diagram of 

the experimental setup. 

Evaporation Experiments 

After weighing, the soil core was inverted and allowed to re-equilibrate for 24 to 

48 hours until tensiometer readings became constant. Inverting the soil core was 

necessary because it was desired to have two independent tensiometer reading during the 

evaporative process. Because the top plate was removed to allow evaporation to occur, 

inverting the soil core allowed what had been the top tensiometer during the upward 
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Figure 3.4. Diagram of experimental setup used for upward iiifiltration 
experiments on repacked and intact soil cores. 
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infiltration experiment to be used to measure the soil water matric potential at the bottom 

of the core. Once equilibrium was established, the soil core assembly and a micrologger 

were placed on a digital balance. The top soil core assembly was removed to expose of 

the saturated core to the atmosphere. Evaporative water loss from the soil core was 

monitored by changes in mass as recorded by the balance. Changes in matric potential 

were monitored with the two tensiometers. Evaporation was allowed to continue until the 

tensiometers measurements were outside the range of calibration for the pressure 

transducers (< -700 cm). At the completion of the evaporation experiment, the soil core 

was weighed and all of the soil was removed from the aluminum core. The soil was then 

dried at 105° C for 24 hours to the obtain final gravimetric water content. The average 

water content as a function of time during the evaporative process was calculated using 

the final measured water content and the measured evaporative mass loss data. 

Repacked soil column experiments 

Sieved, air dried Vinton fine sand was packed to a uniform bulk density into two 

plexiglas columns. To measure soil water matric potential, each column was instrumented 

with horizontally installed tensiometers installed at replicated locations along the length 

of the column. Tensiometer size and construction was identical to that used in the 1-D 

soil core experiments. A single 20 cm long time domain reflectometry (TDR) probe was 

installed vertically in the center of the colunm. TDR data were acquired using a TDR 
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cable tester (Model 1502C, Tektronix Corp., Beaverton, Oregon) in conjunction with a 

multiplexer. Water was pumped either into the top or the bottom of the column 

(downward infiltration or upward infiltration). Pumping was stopped when saturated 

conditions were observed as exhibited by water leaking from the tensiometer holes. A 

digital balance was used to monitor the cumulative mass of water that was pumped into 

the column by measuring the change in mass of the delivery flask as a function of time. 

In the first repacked soil column experiment, Vinton fine sand was uniformly 

packed to a bulk density of 1.5 g cm"' in a 21.1 cm long by 14.6 cm in diameter plexiglas 

column. Water was uniformly applied to the top of the column using a syringe pump 

which delivered water to five radially distributed injection points. Eight tensiometers 

were installed at replicated depths of 5.0,10.0, 15.0, and 20.0 cm from the top of the 

column and a single vertically installed 20 cm long TDR probe (Model TR-100, 

Dynamax, Inc., Houston, TX) was installed in the center of the column. Changes in soil 

water matric potential and water content associated with the downward migration of the 

wetting fi"ont were monitored until saturated conditions were observed. A diagram of the 

experimental setup is presented in Figure 3.5. 

In the second repacked soil column experiment, Vinton fine sand was packed to a 

uniform bulk density of 1.5 g cm"' into a plexiglas column measuring 20.3 cm in length 

by 12.0 cm in diameter. The column was instrumented with 8 tensiometers at 4 replicated 

depths at 2.3, 5.3,10.3 and 15.3 cm below the top of the column. A single bifilar 20 cm 

long TDR probe was installed vertically in the center of the soil colunm to monitor 
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Figure 3.5. Layout for repacked soil column downward infiltration experiment 



106 

temporal changes in volumetric water content. TDR probe(s) used in this experiment and 

in all subsequent experiments were obtained through the courtesy of Dr. Steve Evett, 

ASDA-ARS, Southern Plains Area Conservation and Production Research Laboratory, 

Bushland, TX. The probes were constructed using two 3.175 mm diameter stainless steel 

rods spaced 3.0 cm apart imbedded in a formed handle that was composed of epoxy with 

10% by volume glass microspheres. Water delivery to the column was again 

accomplished through the use of a syringe pump to six injection ports located at the 

bottom of the column. The mass of water applied to the column was monitored via a 

digital balance. The tensiometers and the single TDR were monitored to assess changes in 

matric potential and water content associated with the upward migrating wetting front. 

Figure 3.6 shows a diagram of the experimental layout. 

Although TDR probes were installed as a means of monitoring changes in water 

content during this group of column experiments, the same water content information was 

also obtained using a mass balance approach. Because the TDR yields an average or 

integrated water content over the length of the probe, and because the column lengths for 

these experiments were approximately equal to the length of the TDR probe, the water 

content could also be inferred to be that for the entire column. Alternatively, using a mass 

balance approach, the water content for the entire column as a function of time could be 

calculated using the known mass of water that was supplied to the column obtained from 

the digital balance and a priori knowledge of the initial water content. The redundancy in 

water content measurements through the use of TDR probes was deemed important for 
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the following reasons; (i) to calibrate TDR probes that would be used in subsequent large 

column experiments, and (ii) to check for the viability of using TDR derived water 

content data when mass balance data were not available or not applicable (such as in 

multi-dimensional experiments). 

Experimental Results 

Results for each group of experiments are presented independently. These results 

consist of observed tensiometer responses, water content data, and flow rates. However, 

before continuing, it is useful to highlight the approaches to which the tensiometer data 

were handled. When using tensiometers to acquire measurements of soil water matric 

potential, it is important to allow these instruments to reach equilibrium with the 

surrounding soil prior to the onset of any dynamic events (i.e., an advancing wetting front 

or initiation of desaturation). Achieving these conditions is necessary to maximize system 

response measurements. For example, if the goal is to acquire tension measurements 

associated with the passing of a migrating wetting front, then it is necessary to install the 

tensiometer at the measurement location early enough so as to obtain measurements 

which reflect, within the practical limits of the instrument, the initial conditions. If the 

tensiometer is installed too late, then little information regarding the dynamics of the 

response can be obtained. 

In imbibition experiments, however, when tensiometers are placed in an initially 
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dry soil, equilibrium conditions may never be met; owing to the limited operational range 

of these instruments (usually > -800 cm H,0). This limitation may be overcome by 

ensuring that the initial conditions with respect to matric potential are within the 

operational range of the tensiometer. In many situations however, it may not be practical 

or even possible to ensure that the initial conditions within the system fall within this 

operational range. Regardless, when installing these devices in anticipation of a dynamic 

event it is important to consider the response time necessary to allow equilibrium 

between the tensiometer and the surrounding soil to occur. Figures 3.7 and 3.8 show 

responses for tensiometers that were installed in soils where the initial conditions were 

within and outside the operational range of the instrument, respectively. In Figure 3.7, 

four identifiable regions can be seen in the response curve. Region 1 shows a dramatic 

decrease in the measured matric potential as the tensiometer comes into equilibrium with 

the surrounding soil. The flattening in region 2 indicates that the tensiometer has reached 

equilibrium. Region 3 shows a rapid increase in matric potential in response to an 

advancing wetting front. Region 4 shows the relatively steady state matric potential 

conditions that exist behind the wetting firont. Although similar in appearance to Figure 

3.7, Figure 3.8 shows only three regions. It does not include region 2 because the initial 

conditions were outside the operational range of the tensiometer. Therefore, the 

tensiometer does not reach equilibrium with the soil. The curve shows only the response 

to the passing wetting front and the relatively steady conditions that exist behind it 

(regions 3 and 4). 
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Figure 3.7. Typical tensiometer response where equilibration between the soil and the 
tensiometer is achieved. 
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Figure 3.8. Typical tensiometer response where equilibration between the soil and the 
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The characteristics of these tensiometer responses are mentioned in an attempt to 

avoid confiision with respect to some of the observed tensiometer data that will be 

presented in this section. Some of the tensiometer data that were collected is this research 

were obtained from soil column experiments for which the initial conditions with respect 

the matric potential of the soil were well outside the measurement range of the 

tensiometers. Therefore, for those experiments, the only tensiometer data that are 

presented are response data that involves regions 3 and 4 with respect to the above 

discussion. The motivation behind this stems from the ultimate purpose for which the 

data were collected, tor comparison to numerically simulated tensiometer results for these 

same experiments. The simulations provide no complimentary information with respect 

to region 1. With this in mind, the data that comprise region 1 serve no useful purpose as 

these data do not represent the true initial conditions of the soil. 

Soil Cores 

Saturated Hydraulic Conductivity and Water Content 

Saturated hydraulic conductivity determinations were made using a constant head 

Mariotte system to apply a hydraulic head difference between the lower and upper 

boundaries of the soil cores. For the repacked soil cores, a hydraulic head of 3 cm was 

imposed. For the intact cores, a 10 cm hydraulic head was imposed. Outflow as a function 
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of time was measured and recorded using a digital balance. Outflow measurements were 

continued until steady-state readings were achieved. Steady-state was assumed when the 

observed outflow became invariant with time. Saturated hydraulic conductivities were 

determined using the average of the last 20 steady-state outflow measurements for each 

core. The conductivity was calculated by (Klute and Dirksen, 1986) 

VL = T, 1 

where V is the volume of water that flows through soil core during time t, A is the cross-

sectional area of the core, and H, - H, is the hydraulic head difference imposed across the 

core (3cm or 10cm). Estimates of saturated volumetric water content (Gj) were also 

obtained from diese experiments by measuring the difference in mass of the soil core 

between fully saturated conditions and oven dried conditions. 

Tables 3.2 and 3.3 list the measured saturated hydraulic conductivity values 

together with the complementary saturated volumetric water contents for the three 

repacked Vinton fine sand soil cores and the intact cores, respectively. For the repacked 

soil cores, the mean saturated hydraulic conductivity is 0.1129 cm min"' and has a 

coefficient of variability of 15.9 percent. The mean saturated volumetric water content is 

40.9 percent and has a coefficient of variability of 3.4 percent. For the 11 intact soil cores, 

the saturated hydraulic conductivity values fall within the same order of magnitude 

having a mean value of 0.0308 cm min ' and a coefficient of variability of 51.4 percent. 
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Table 3.2. Experimentally measured values of saturated hydraulic conductivity (KJ 
and saturated volumetric water content (OJ for repacked soil cores. 

Parameter Replicate Mean Standard Deviation %C.V. 

1 2 3 

K,(cmmin 0.114 0.090 0.134 0.113 0.022 19.6 

ejcm^cm"^) 0.395 0.404 0.428 0.409 0.017 4.2 
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Table 3.3. Experimentally measured values of saturated hydraulic conductivity (K,) and 
saturated volumetric water content (Bj) for intact soil cores. 

Core K, (cm min"') ©s (cm^ cm'^) 

31 0.023 0.333 

32 0.033 0.345 

39 0.051 0.287 

42 0.023 0.281 

47 0.046 0.274 

49 0.020 0.277 

66 0.012 0.341 

67 0.018 0.353 

73 0.050 0.286 

75 0.012 0.260 

78 0.050 0.270 

Mean 0.031 0.301 

Standard Deviation 0.016 0.035 

Max. 0.051 0.353 

Min. 0.012 0.260 

%C.V. 51.4 11.5 
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The mean saturated water content for these same samples is 30.1 percent with a coefficient 

of variability of 11.5 percent. 

Pressure Outflow 

At the completion of each saturated hydraulic conductivity determination, a single 

tensiometer was installed horizontally at the center (3.6 cm from the top) of each soil core. 

The fully saturated soil cores were then desaturated using incremental step increases in 

tension applied to the lower boundary of the core. Tensions applied included 5, 10,25, 50, 

75, 100, 200,300,400, and 500 cm H^O. Cumulative outflow along with equilibrium 

matric potential and soil core mass at each tension were measured to yield volumetric 

water content as a function of matric potential. Figure 3.9 shows the measured soil water 

retention curves for the three repacked Vinton cores. Figures 3.10a and 3.10b show the 

resulting measured retention curves for the 11 intact soil cores. 

Upward Infiltration 

After desaturation, soil cores were resaturated by applying a constant flux to the 

bottom boundary of each core. Changes in matric potential associated with the upward 

advancing wetting front were monitored using tensiometers installed at the center and the 

top of each core. Water content as a function of time was calculated using a mass balance 
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approach by measuring the mass change of the delivery flask. The water content at the 

beginning of the upward infiltration experiment was assumed to be the final water content 

at the termination of the pressure outflow procedure. Figures 3.11 through 3.13 show the 

tensiometer response curves that were obtained during the upward infiltration procedure 

for the three repacked soil cores and Figures 3.14 through 3.24 show the same data for the 

11 intact soil cores. These responses show how the matric potential changes at the two 

tensiometer locations as the wetting fi-ont migrates upward. The early time measurements 

in the response curves reflect the initial matric potential conditions that exist at the two 

measurement points. As time progresses there is a rapid decrease in the measured 

potential when the wetting front reaches each measurement point. As the wetting front 

passes, the curves transition to a more gradual decrease in the rate of matric potential 

change. Eventually the two responses converge, indicating that the matric potentials and 

the water contents at the two locations are the same. The tension measurements continue 

to approach zero until the core becomes saturated. 

Evaporation 

Figure 3.25 shows a response curve for the center, horizontally installed 

tensiometer that was obtained during an evaporation on one of the intact soil cores. This 

curve shows an initially constant rate of change in the matric potential with respect to time 

followed by a steepening in the response curve that maintains a relatively constant slope 
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Figure 3.11. Tensiometer responses during upward infiltration experiment for 
repacked Vinton fine sand soil core #1. 
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Figure 3.12. Tensiometer responses during upward infiltration experiment for 
repacked Vinton fine sand soil core #2. 
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Figure 3.13. Tensiometer responses during upward infiltration experiment for 
repacked Vinton iine sand soil core #3. 
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Figure 3.14. Tensiometer responses during upward infiltration experiment for intact 
soil core #31. 
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Figure 3.15. Tensiometer responses during upward infiltration experiment for intact 
soil core #32. 
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Figure 3.16. Tensiometer responses during upward infiltration experiment for intact 
soil core #39. 
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Figure 3.17. Tensiometer responses during upward infiltration experiment for intact 
soil core #42. 
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Figure 3.18. Tensiometer responses during upward infiltration experiment for intact 
soil core #47. 
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Figure 3.19. Tensiometer responses during upward infiltration experiment for intact 
soil core #49. 
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Figure 3.20. Tensiometer responses during upward infiltration experiment for intact 
soil core #66. 
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Figure 3.21. Tensiometer responses during upward infiltration experiment for intact 
soil core #67. 
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Figure 3.22. Tensiometer responses during upward infiltration experiment for intact 
soil core #73. 
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Figure 3.23. Tensiometer responses during upward infiltration experiment for intact 
soil core #75. 
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Figure 3.24. Tensiometer responses during upward infiltration experiment for intact 
soil core #78. 
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until the matric potential reaches approximately 600 cm of tension. At this point the curve 

begins to flatten asymptotically to a point at approximately 800 cm when the experiment 

is terminated. This flattening in the response curve at tensions greater the 600 cm can be 

attributed to two factors; (i) decreasing hydraulic conductivity at the surface which reduces 

the rate of evaporative loss, and (ii) tensiometer failure as tensions greater than 

approximately 600 cm tend to be at the upper bound of the operating range of these 

instruments. Tensiometers installed at the bottom of the soil core tended to be quite 

problematic and subject to premature failure during these experiments. This was mainly 

due to air entrapment in the porous cup. Because of the problems associated with these 

vertically installed tensiometers, and the resulting lack of useable data, tensiometer data 

used to obtain parameter estimates based on these evaporation experiments were limited to 

(i) matric potential measurements below 600 cm of tension and, (ii) data that were 

collected from the center horizontally installed tensiometer only. Figure 3.25 shows the 

measured matric potential changes as a function of time for the three repacked Vinton fine 

sand soil cores. Figures 3.26 through 3.35 show the same data for the 10 intact soil cores 

that were used in the evaporation experiments. 

Bulk Density and Particle Size Fraction Determinations 

At the conclusion of the evaporation experiments, soil cores were destructively 

sampled for bulk density determinations and particle size analyses. These data are 
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Figure 3.25. Typical matric potential response from a tensiometer located at the 
center of an intact soil core during evaporation experiment. 
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Figure 3.26. Tensiometer responses collected during evaporation experiments for 
repacked Vinton fine sand soil cores. 
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Figure 3.27. Tensiometer response from evaporation experiment for intact soil core 
#31. 
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Figure 3.28. Tensiometer response from evaporation experiment for intact soil core 
#39. 
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Figure 3.29. Tensiometer response from evaporation experiment for intact soil core 
#42. 
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Figure 3.30. Tensiometer response from evaporation experiment for intact soil core 
#47. 
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Figure 3.31. Tensiometer response from evaporation experiment for intact soil core 
#49. 
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Figure 3.32. Tensiometer response from evaporation experiment for intact soil core 
#66. 
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Figure 3.33. Tensiometer response from evaporation experiment for intact soil core 
#67. 



144 

-100 

U -200 

-300 

-500 

S -600 

-700 

2000 3000 4000 0 1000 
Time (min) 

Figure 3.34. Tensiometer response tirom evaporation experiment for intact soil core 
#73. 
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Figure 3.35. Tensiometer response from evaporation experiment for intact soil core 
#75. 
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Figure 3.36. Tensiometer response from evaporation experiment for intact soil core 
#78. 



presented in Table 3.4. Bulk density values are seen to be reasonably consistent given that 

soil cores are susceptible to compaction when sampling field soils. Bulk density values 

range from 1.55 to 1.75 g cm ' having a mean value of 1.67 g cm"' and a coefficient of 

variation of 3.2 percent. Percent gravel represents the most variable fraction of the soil 

core materials. This fraction ranged from a maximum value of 43.6 percent to a minimum 

value of 12.6 percent with a mean value of 27.5 percent and a coefficient of variation of 

33.4 percent. Sand, silt, and clay fractions were less variable wiUi mean values of 83.6 

percent, 9.4 percent, and 7.0 percent, respectively. Of these three fractions, silt was the 

most variable (32.7 percent), followed by clay (24.9 percent) and sand (5.0 percent). These 

soils would be classified as a loamy sand based on the USDA classification scheme (Gee 

and Bauder, 1986). 
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Table 3.4. Bulk density and particle size fractionation for intact soil cores. 

Core # Bulk Density 
(g cm-') 

% Gravel % Sand % Silt % Clay 

31 1.649 35.8 80.1 11.7 8.2 

32 1.551 18.1 82.6 10.1 7.3 

39 1.679 27.5 85.1 6.7 8.2 

42 1.682 43.6 82.6 12.6 4.8 

47 1.717 32.2 90.3 4.7 5.0 

49 1.680 23.1 85.0 9.3 5.7 

66 1.624 35.3 75.0 15.4 9.6 

67 1.658 12.5 80.0 10.4 9.6 

73 1.690 23.0 86.4 7.6 6.0 

75 1.754 31.9 85.3 8.4 6.4 

78 1.722 19.6 87.7 6.6 5.7 

Mean 1.673 27.5 83.6 9.4 7.0 

Std. Dev. 0.054 9.2 4.2 3.1 1.7 

Max. 1.754 43.6 90.3 15.4 9.6 

Min. 1.551 12.5 75.0 4.7 4.8 

%C.V. 3.243 33.4 5.0 32.7 24.9 
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Re-packed Soil Columns 

Figure 3.37 shows the responses for two replicated tensiometers that were 

installed at the z = - 5 cm depth in the first repacked Vinton fine sand soil column 

experiment. From the previous discussion regarding tensiometers and initial soil 

conditions, it can be seen that the tensiometers did not achieve equilibrium with the 

surrounding soil. In spite of this, it can be seen that there is good temporal agreement 

between these two tensiometers with respect to the starting points at which the matric 

potential begins to increase in response to the arrival of the wetting fi-ont. This event is 

highlighted by the ellipse centered at approximately t = 60 minutes. The near 

simultaneous response times are indicative of a uniformly advancing wetting Iront. 

Conversely, significant discrepancies in the starting points of the response curves would 

be indicative of nonuniform wetting fi'ont advancement. At later time, within just a few 

minutes after the wetting fi-ont has passed the 5 cm depth, there is also excellent 

agreement between theses tensiometer responses, indicating that the water content behind 

the wetting front is also uniform. 

In situations such as this, where there is good agreement between replicated 

tensiometers along the length of the response curves, it may be more convenient to 

represent these responses with a single 'averaged' response for that particular location. 

This is an important consideration in inverse applications where minimizations between 

observed response data and model simulation data is sought, as it is difficult to define 
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Figure 3.37. Measured matric potential responses for replicated tensiometers at 
z = -5 cm for downward infiltration experiment. Ellipse shows response start times. 
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objective functions if data from multiple complementary locations are used. Figure 3.38 

shows the resultant averaged response for these two tensiometers. Coming up with this 

averaged response is an exercise that involves simply taking the average of the two 

responses. But again, this is only applicable to situations where there is good temporal 

agreement between the tensiometers. 

In situations where there is not good agreement between replicated measurements 

this approach may be invalid as the average response curve could exhibit anomalous 

behavior. Figure 3.39 gives an example of this type of behavior. There is a significant 

difference in the arrival time of the wetting front at these two locations even though they 

are at the same depth. The resulting averaged response is biased towards the first arrival 

time and then at later times, towards the second arrival. The resultant averaged curve 

exhibits a dramatic slope change between t = 400 and 600 minutes. Parameter estimates 

based on minimized deviations between this averaged response and modeled responses 

would not be representative or perhaps even realistic for this soil. In light of the above 

discussion, tensiometer response data acquired during this group of soil colunm 

experiments were analyzed and is was determined that averaged values could be used. 

Therefore, these results are presented as averaged responses. 

Downward Infiltration Experiment 

Figure 3.40 shows a plot of the averaged tensiometer responses plotted as a 
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Figure 3.38. Averaged tensiometer response at z = -5 cm for downward infiltration 
experiment. 
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Figure 3.39. Example of averaging tensiometer responses that are poorly correlated 
in time. 
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Figure 3.40. Averaged tensiometer responses obtained for downward infiltration 
the repacked Vinton fine sand soil column experiment. 
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function of time. From this plot it can be seen how the tensiometers at successive depths 

respond as the downward migrating wetting fi-ont passes. Tension measurements for all 

four tensiometer depths converge to almost identical readings indicating that the water 

content behind the advancing wetting front is uniform. 

Figure 3.41 shows the calculated average water content plotted as a function of 

time for the same experiment. Water contents were calculated using a mass balance 

approach based on knowledge of the initial volumetric water content and the change in 

mass of the supply flask as a function of time. Assuming a constant density of water, and 

knowing the initial volumetric water content of the soil and the volume of soil, the 

volumetric water content for the entire column at any given time is given by: 

9,0 ' 9„ ^ 4^ 4.2 

where 

0^, is the initial volumetric water content of the entire soil column 

Vsoii is the volume of soil in the soil column 

AV the volume change of water within the delivery flask 
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Figure 3.41. Column average volumetric water content during downward infiltration 
procedure. 
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Early time water content data is seen to increase non-uniformly relative to later times. This 

is attributable to fluctuations in pump output in the early part if the experiment. The early 

time variations in pump output are seen in Figure 3.42 which shows the pump flow rate 

plotted as a function of time. Accounting for these variations in pump output was 

considered to be have potentially significant importance during modeling efforts. 

This particular experiment provided an opportunity to see if a downward 

infiltration process could be applied to the TDR calibration approach by Young et. al., 

(1997) without loss of calibration accuracy. Figure 3.43 shows the calculated volumetric 

water content plotted as a function of the measured dielectric constant along with the 

corresponding three term polynomial calibration fit to the data. For comparison, this figure 

also shows the results obtained by Young, et al., (1997) using an upward infiltration setup 

with an identical TDR probe and the same soil. Comparing these calibration results shows 

that the three term polynomial relationship obtained by Young, et al. tends to slightly 

underpredict the water content at the drier end of the curve and slightly overpredict the 

water content at the wet end. Volumetric water content deviations between these 

calibrations however, are less than 2 percent. 

Upward Infiltration Experiment 

Figure 3.44 shows the averaged tensiometer responses for the four depths of 

observation for the upward infiltration soil column experiment. In terms of scale, this 
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Figure 3.42. Pump output during downward infiltration experiment. 
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Figure 3.43. Comparison between TDR calibration developed for downward 
infiltration experiment using Vinton fine sand and that presented by Young et al. 
(1997) for the same soil. 
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Figure 3.44. Averaged tensiometer responses obtained for upward infiltration 
repacked Vinton tine sand soil column experiment. 
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experiment was almost identical to the previous one. In this case however, tensiometers 

were placed at -2.3, -5.3, -10.3 and -15.3 cm below the soil surface and the water was 

applied to the bottom of the column as an upward infiltration process. Because the 

advancing wetting front moved upwards, its migration was extremely uniform and the 

replicated tensiometer responses to the wetting fi-ont arrivals were virtually identical with 

respect to time. Figure 3.45 shows how the column averaged volumetric water content 

increased at a near constant rate as a function of time. Figure 3.46 however, shows that 

the pump output was quite variable and generally decreased with time. 

An additional objective in this column experiment was to develop a calibration 

relationship for TDR probes that would be used later, in larger scale column experiments 

with the same soil. Figure 3.47 provides a comparison between the calibration relationship 

obtained fi"om this experiment, as well as the calibration results obtained fi-om the previous 

experiment and the calibration results reported by Young et al. for this soil. From this 

Figure it can be seen that the results reported by Young et al. systematically overpredict 

the water content relative to the calibration developed for this upward infiltration 

experiment by approximately 2 percent. Additionally, the calibration relationships that 

were developed based on the results of these two column experiments are virtually 

identical at water contents greater than approximately 20 percent but diverge at drier 

conditions. At the extreme dry ends, these two relationships differ by approximately 3 

percent. 
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Figure 3.45. Column average volumetric water content during upward infiltration 
procedure. 



163 

50 100 150 
Time (min) 

Figure 3.46. Pump output during upward infiltration experiment. 
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Figure 3.47. Comparison between TDR calibration relationships obtained from 
downward infiltration (DI) experiment, upward infiltration (UI) experiment, and 
that presented by Young et al. (1997). 
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Numerical Results 

Soil Cores 

Re-packed Soil Cores 

Parameter estimates for the repacked Vinton soil cores were obtained using 

observations from three experimental procedures. These consisted of pressure outflow 

experiments, upward infiltration experiments, and evaporation experiments. Soil 

hydraulic parameters were estimated using two approaches. The first approach involved 

fitting the measured soil water retention data from both the outflow and evaporation 

experiments using a non-linear least squares regression (Mathcad 2000, MathSoft 

Engineering and Education, Inc., Cambridge, MA) to obtain estimates of 0„ a, and n. The 

rationale behind this approach hinges on the fact that these were both desaturation 

experiments and therefore, the resulting estimated parameters should be similar. Saturated 

volumetric water content (GJ values were measured independently and treated as known. 

Retention data consisted of soil water matric potential measurements taken from a single 

tensiometer located at the center of each soil core and, average volumetric soil water 

contents. Water content values were obtained using a mass balance approach by 

measuring changes in soil core mass associated with each incremental pressure step (for 

pressure outflow) or as a function of time (for evaporation). 

The second approach used to obtain unsaturated hydraulic parameters involved an 

inverse procedure. Using the observed matric potential and water content data obtained 
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from the upward infiltration and evaporation experiments as inputs, HYDRUS-ID (U.S. 

Salinity Lab, ARS-USDA, Riverside, CA) was employed to obtain estimates of the 

parameters 0„ a, n, and y used in the closed form van Genuchten soil hydraulic properties 

relationships. Independently measured values of saturated water content (GJ and 

saturated hydraulic conductivity (K,) were treated as known parameters and eliminated 

from consideration in the optimization procedure. 

For the 1-D simulations of the 7.6 cm long soil cores, the spatial domain was 

uniformly discretized into 49 elements using 50 nodes. This spatial discretization was 

used to simulate both the upward infiltration and the evaporation experiments. Figure 

3.48 illustrates the finite element mesh that was used. The initial conditions for 

modeling/optimization for each soil core were taken as the measured matric potential 

prior to the onset of the water application or at the beginning of the evaporation process. 

The imposed boundary conditions for simulating both the upward infiltration and the 

evaporation experiments were variable flux at the boundary of water application/removal 

and no flow at the other. 

Non-Linear Regression of Soil Water Retention Data 

Table 3.5 lists the results of the non-linear least squares fits to the pressure 

outflow retention data for the three replicated Vinton fine sand cores. Parameter estimates 

are seen to be fairly consistent between the three replicate soil cores. Average values for 
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Figure 3.48. Finite element grid used to 
simulate soil core experiments. Dot 
represents tensiometer location. 
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Table 3.5. Values of a, n, and Or for repacked Vinton cores obtained through non-linear 
fit of soil moisture retention data from pressure outflow experiments. 

Rep # a (cm"') n Or (cm^ cm'^) RMSE 

I 0.02880 3.20410 0.04990 0.00307 

2 0.02540 3.70110 0.07818 0.00773 

3 0.02413 3.79920 0.08949 0.01030 

Mean 0.02610 3.56813 0.07252 

S.D. 0.00243 0.31906 0.02039 

Max 0.02880 3.79920 0.08949 

Min 0.02410 3.20410 0.04990 

%C.V. 9.29859 8.94179 28.11808 
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the three parameters a, n, and 0, are 0.026 cm"', 3.568, and 0.073 cm^ cm'\ respectively. 

Coefficients of variation for a, n, and 0^ are 9.3 percent, 8.9 percent, and 28.1 percent, 

respectively. Figures 3.49 through 3.51 show the plots of the measured soil moisture 

retention data along with the modeled retention curves that were generated using these 

estimated parameters. In all three plots there is good agreement between the measured 

and the modeled retention curves with only minor deviations occurring at the higher 

water contents. 

Retention data from the evaporation experiments were also fit using a non-linear 

least squares regression to obtain estimates for these same parameters. These data are 

compiled in Table 3.6 and are in very good agreement with the estimates obtained using 

the pressure outflow data. Average values for a, n, and 0^ were 0.022 cm"', 3.630, and 

0.062 cm^ cm"\ respectively. Coefficients of variation between cores for the three 

parameters are 11.9 percent, 11.1 percent, and 11.2 percent for a, n, and 0^ respectively. 

Plots of the measured retention data along with the modeled responses obtained using the 

estimated parameters are shown in Figures 3.52 through 3.54. Again, there is good 

correspondence between the measured and the modeled retention curves. However, the 

curves are seen to deviate at higher water content values where the modeled water content 

tends to overpredict the observed data by 3 to 5 percent. 
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Figure 3.49. Pressure outflow soil moisture retention data for repacked Vinton fine 
sand core replicate #1 plotted with modeled retention curve generated using 
estimated parameters obtained by non-linear regression. 
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Figure 3.50. Pressure outflow soil moisture retention data for repacked Vinton fine 
sand core replicate #2 plotted with modeled retention curve generated using 
estimated parameters obtained by non-linear regression. 
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Figure 3.51. Pressure outflow soil moisture retention data for repacked Vinton fine 
sand core replicate #3 plotted with modeled retention curve generated using 
estimated parameters obtained by non-linear regression. 
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Table 3.6. Values of a, n, and 0^ for repacked Vinton cores obtained through non-linear 
fit of soil moisture retention data from evaporation experiments. 

Replicate a (cm ') n 0r (cm^ cm'^) RMSE 

I 0.02169 3.84820 0.06767 0.00674 

2 0.01986 3.87890 0.06456 0.00621 

3 0.02507 3.16510 0.05439 0.00553 

Mean 0.02221 3.63073 0.06221 

S.D. 0.00264 0.40354 0.00695 

Max 0.02507 3.87890 0.06767 

Min 0.01986 3.16510 0.05439 

%C.V. 11.90250 11.11462 11.16558 
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Figure 3.52. Measured soil moisture retention data obtained from evaporation 
procedure for repacked Vinton fine sand core replicate #1 plotted with modeled 
retention curve generated using estimated parameters obtained by non-linear 
regression. 
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Figure 3.53. Measured soil moisture retention data obtained from evaporation 
procedure for repacked Vinton fine sand core replicate #2 plotted with modeled 
retention curve generated using estimated parameters obtained by non-linear 
regression. 
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Figure 3.54. Measured soil moisture retention data obtained from evaporation 
procedure for repacked Vinton fine sand core replicate #3 plotted with modeled 
retention curve generated using estimated parameters obtained by non-linear 
regression. 
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Inverse Modeling 

For the repacked soil cores, several different types and amounts of data were 

given consideration with respect to formulating the objective functions used in the inverse 

procedure. This approach was used in an attempt to ascertain which data would provide 

the most useful information to help ensure unique and accurate parameter estimates. 

Candidate input data consisted of matric potential measurements, volumetric water 

content measurements, and soil water retention data. Water content data obtained during 

these experiments were estimated based on changes in mass as water was either added or 

removed from the soil core. As such, these data represent averaged values for the entire 

core. However, given that the soil cores were relatively small in scale, and the dimensions 

were identical (7.6 cm in diameter by 7.6 cm in height), it was postulated that an 

appropriate assumption might be that these average water content values could indeed be 

treated as representative of the water content at the tensiometer. Admittedly, due to the 

presence of a relatively sharp wetting firont, this assumption is less valid for the upward 

infiltration experiments than for the evaporation experiments. However, this same 

assumption provided the means by which die soil water retention data presented earlier 

were obtained. Therefore, for simulations of both the upward infiltration and evaporation 

experiments, water content data were treated as either averaged values or, as point 

measurements. 
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Upward Infiltration Results 

For the upward infiltration simulations, when water content values were 

considered to be core average values, parameter optimizations were carried out using 

objective functions defined in terms of (I) water content data only, (2) matric potential 

and water content data, or (3) matric potential and final water content data. For 

simulations when water content values were assumed to be point measurements, 

optimizations were carried out using objective functions defined in terms of (4) matric 

potential data only, (5) matric potential and final water content data, (6) matric potential 

and retention data, or (7) matric potential, final water content, and retention data. 

Optimization results tor the upward infiltration experiments are summarized in 

Tables 3.7 and 3.8. Table 3.7 shows the results of the optimizations for which volumetric 

water content values were considered as core average values. Table 3.8 shows the results 

of the optimizations for which volumetric water content values were considered as point 

values. Quantitative assessment of the overall performance of the parameter 

optimizations with respect to the input data is provided by examination of the objective 

function (<1)) values and the regression (r^) values between the observed and the modeled 

responses. 

Table 3.7 shows that when using only average values of water content to define 

the objective function, the resulting <I> values are either identically or very close to zero. 

Similarly, the resuUing r^ values are either identically or very close to 1. However, these 



Table 3.7. Summary of optimized parameter estimates for repacked Vimon soil core 
upward infiltration experiments assuming core averaged values for water content. 

Data used 0) •> 

r 0r (cm^ cm'^) a (cm ') n 7 

Vinton soil core replicate #1 

(1)9 0.0000 1.0000 0.0419 0.1185 2.0040 1.9310 

(2)h,0 0.0029 0.9981 0.0343 0.1338 1.8170 0.0942 

(3)h,0,. 0.0029 0.9982 0.0424 0.1174 1.8590 0.2717 

Vinton soil core replicate #2 

(1)0 0.0000 1.0000 0.0662 0.1143 2.0430 7.6190 

(2)h,0 0.0045 0.9980 0.0626 0.0867 1.9850 0.6939 

(3)h, 0,- 0.0048 0.9980 0.0698 0.0883 1.9220 0.7238 

Vinton soil core replicate #3 

(1)0 0.0043 1.0000 0.0007 0.0374 2.1190 0.1498 

(2) h,0 0.0029 0.9979 0.0365 0.1255 2.0480 0.0689 

(3)h, 0f 0.0031 0.9978 0.0107 0.1019 2.1520 0.2759 
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Table 3.8. Summary of optimized parameter estimates for repacked Vinton soil core 
upward infiltration experiments assuming point measurements for water content. 

Data used 0) r 0r (cm^ cm'^) a (cm ') n Y 

Vinton soil core replicate # I 

(4)h 0.0028 0.9976 0.0700 0.1116 1.7660 0.4748 

(5)h, 0, 0.0029 0.9981 0.0392 0.1265 1.8270 0.1728 

(6) h, 0(h) 0.0424 0.9980 0.0502 0.1326 1.7980 0.1832 

(7) h, 9(h), 9r 0.0358 0.9981 0.0481 0.1327 1.7890 0.1653 

Vinton soil core replicate #2 

(4)h 0.0042 0.9974 0.0497 0.0887 1.9690 0.5766 

(5)h, 0, 0.0047 0.9980 0.0702 0.0884 1.9200 0.7249 

(6)h, 0(h) 0.0374 0.9943 0.1143 0.0680 2.8060 1.6170 

(7)h, 0(h), 0, 0.0390 0.9952 0.1045 0.0686 2.6330 1.4530 

Vinton soil core replicate #3 

(4)h 0.0029 0.9972 0.0413 0.1181 1.9740 0.2268 

(5)h,0f 0.0029 0.9980 0.0122 0.1323 2.0220 0.0545 

(6) h, 0(h) 0.1698 0.9743 0.0433 0.1788 1.8430 0.0004 

(7)h, 0(h), 0,. 0.2183 0.9919 0.0720 0.2236 2.0160 0.0000 
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results are misleading because the model does not yield average water content data if no 

additional information is supplied in the objective function. Therefore, when calculating 

these statistical indicators, the measured values are compared to zero. In reality, averaged 

values of water content serve as constraints and only are usefiil when used in conjunction 

with other data. Therefore, the use of water content alone in the objective function serves 

no purpose. To illustrate this point, parameter estimates obtained using only averaged 

water content data for replicate core #1 were used to model the observed matric potential 

data during the upward infiltration experiment. Figure 3.55 provides a comparison 

between the observed and the modeled response. The response based on these parameter 

estimates yields a very poor representation on the observed data. This shows that 

optimizations based on water content data alone yield inappropriate parameter estimates. 

Optimizations that were carried out using either matric potential data and average 

water content data, or matric potential data and final average water content data also yield 

very good (b and r^ values. For these two different objective function definitions, <I> values 

were all less than 10"*, and r^ values are 0.998 for all three replicate cores. For replicate 

core #1, Figure 3.56 shows a plot of the observed matric potential along with the two 

model fits that were obtained using the estimated parameters. Although there were slight 

differences in the estimated parameter values, the two model fits were identical. The plot 

shows very good agreement between the measured and the modeled responses that were 

obtained using these optimized values. Similar results were also obtained for the other 

two replicated soil cores. 
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Figure 3.55. Measured and modeled matric potential response for Vinton fine sand 
replicate core #1 based on optimized parameter estimates obtained using only 
average water content to define the objective function. 
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Figure 3.56. Vinton fine sand core replicate #1 measured and modeled matric 
potential responses based on optimized parameter estimates obtained using either; 
(2) matric potential and average water content data or; (3) matric potential and the 
final average water content data to define the objective fiinction. 
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When considering water content data as a point measurement in the upward infiltration 

experiments, only the final water content value was included in the objective 

function. This is because at a point, measured changes in water content would only be 

realized at times coincident with the arrival and subsequent passing of the wetting fi"ont at 

the measurement point. But because the water content data acquired in these experiments 

are in reality, average values, there is a conceptual inconsistency in the way the data are 

treated. For much later times, this inconsistency is minimized because the water content 

gradients are significantly reduced and water content can be more realistically considered 

to be representative of point measurements. The inclusion of only the last water content 

measurement was seen as the simplest and most reasonable way to incorporate these data. 

Figure 3.57 shows a composite plot of the model fits that were obtained for replicate core 

#l using the optimized parameter values that were obtained by assuming point 

measurements for water content values when defining the objective function. This plot 

shows that the model responses are again essentially identical and provide a very good 

match to the observed data. From Figures 3.56 and 3.57 it would appear that for this 

replicate soil core, good results can be obtained regardless of the types and amounts of 

data that are used to define the objective ftinction. 

The results for the other two soil core replicates are somewhat different however. 

Figure 3.58 shows a composite plot of the measured and modeled matric potential 

responses for replicate core #2. The modeled responses shown in this plot were obtained 

using parameter estimates the were obtained for objective functions defined in terms of 2, 
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Figure 3.57. Vinton fine sand soil core replicate #1 measured and modeled matric 
potential responses based on parameter estimates obtained using; (4) matric 
potential data only; (5) matric potential and final water content data; (6) matric 
potential and retention data; or (7) matric potential, final water content, and 
retention data to define the objective function. 
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Figure 3.58. Vinton fine sand soil core replicate #2 measured and modeled matric 
potential responses based on parameter estimates obtained using; (2) matric 
potential and final average water content; (3) matric potential and final average 
water content; (4) matric potential data only; (5) matric potential and final water 
content; (6) matric potential and retention data; or (7) matric potential, water 
content, and retention data to define the objective function. 
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3,4, 5, 6, and 7 as defined above. In this composite plot, two groupings of modeled 

responses are clearly visible. The main distinction between the two groupings is the 

deviation that is observed in the range of tensions between approximately -20 and -100 

cm. In this range, one grouping of modeled responses is seen to under predict the 

observed tensiometer response. The two responses that make up this group are die ones 

that included the observed retention data in the objective function. The four modeled 

responses that make up the odier group provide very good representations of the observed 

data. Similar results are found for replicate #3. For these particular experiments, it 

appears that no advantage is realized when retention data are included in the objective 

function. 

Table 3.9 provides a complete summary of the parameter estimates obtained for 

repacked soil core replicate #1. Close inspection shows that the best r^ value is obtained 

when the observed matric potential data and the final average water content data are used 

in the objective function. Although similar r values are obtained when matric potential 

and water content or matric potential and final point valued water content are used to 

define the objective function. 

Table 3.10 summarizes the optimized parameter estimates that were obtained for 

the three replicated Vinton fine sand soil cores firom inversions using matric potential and 

final water content data in the objective function. Average values for 0^, a, n, and y are 

0.0410 cmVcm\ 0.1025 cm ', 1.978, and 0.4238, respectively. Coefficients of variation 

for these four parameters show 0^ to be the most variable (72.2 percent) and n to be the 



Table 3.9. Summary of optimized parameter estimates for repacked Vinton soil core 
replicate #1 upward infiltration experiment. 

Data used <D •> 

r 0r (cm^ cm'^) a (cm ') n Y 

(2)h,9 0.0029 0.9981 0.0343 0.1338 1.8170 0.0942 

(3) h, avg. Of 0.0029 0.9982 0.0424 0.1174 1.8590 0.2717 

(4) h data only 0.0029 0.9976 0.0700 0.1116 1.7660 0.4748 

(5) h, point Of 0.0029 0.9981 0.0392 0.1265 1.8270 0.1728 

(6)h, 0(h) 0.0427 0.9978 0.0494 0.1324 1.7960 0.1789 

(7)h, 9(h), 0,. 0.0460 0.9963 0.0682 0.1274 1.9180 0.3855 
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Table 3.10. Summary of optimized hydraulic parameters for repacked Vinton fine sand 
cores obtained from upward infiltration experiments using matric potential and final 
average water content data as inputs. 

Replicate # 0r (cm^ cm"') a (cm ') n y 

I 0.0424 0.1174 1.8590 0.2717 

2 0.0698 0.0883 1.9220 0.7238 

3 0.0107 0.1019 2.1520 0.2759 

Mean 0.0410 0.1025 1.9777 0.4238 

S.D. 0.0296 0.0146 0.1542 0.2598 

Max 0.0698 0.1174 2.1520 0.7238 

Min 0.0107 0.0883 1.8590 0.2717 

% C.V. 72.195 14.201 7.798 61.306 



190 

least variable (7.8 percent). Table 3.11 shows the same optimized parameter values that 

were obtained for the replicated Vinton fine sand soil cores along with tlie 95% 

confidence limits. 

Evaporation Results 

A similar approach was taken for estimating hydraulic parameters using observed 

data fi-om evaporation experiments. When water contents were assumed to be average 

core values, optimizations were carried out using (I) water content data only, (2) matric 

potential and water content data, or (3) matric potential and final water content. When 

water content data were assumed to be point measurements, optimizations were carried 

out using (4) matric potential data only, (5) matric potential and water content data, (6) 

water content data only, (7) matric potential and retention data, or (8) matric potential, 

retention, and water content data. Similar to the results obtained for the upward 

infiltration experiments, optimizations using only averaged values of water content data 

to define the objective function yielded parameter estimates that provided very poor 

representations of the observed matric potential data. Therefore, these results will not be 

presented. 

Table 3.12 summarizes the results of the optimizations that were carried out using 

observed evaporation data obtained from the three repacked Vinton soil cores. From these 

data it can be seen that the best r^ values are realized when both matric potential and 
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Table 3.11. Summary of optimized parameter estimates and associated confidence 
limits for Vinton fine sand soil cores obtained fi-om upward infiltration experiments. 

95% Confidence Limits 

Replicate Parameter Estimate Std. Error Lower Upper 

1 9^ (cm^ cm'^) 0.0424 0.0041 0.0343 0.0504 

a (cm"') 0.1174 0.0034 0.1107 0.1240 

n 1.8590 0.0204 1.8184 1.8992 

Y 0.2717 0.0374 0.1977 0.3456 

2 9, (cm^ cm"^) 0.0698 0.0021 0.0658 0.0739 

a (cm"') 0.0883 0.0056 0.0773 0.0993 

n 1.9220 0.0547 1.8140 2.0306 

Y 0.7238 0.0613 0.6025 0.8451 

3 0r (cm^ cm'^) 0.0107 0.0004 0.0100 0.0114 

a (cm ') 0.1019 0.0054 0.0913 0.1125 

n 2.1520 0.0457 2.0162 2.2427 

Y 0.2759 0.0502 0.1765 0.3753 
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Table 3.12. Summary of optimized parameter estimates for repacked Vinton soil core 
evaporation experiments. 

Data used (D r 0, (cm^ cm'^) a (cm ') n V 

Vinton soil core replicate #1 

(2) h. Average 0 0.0021 0.9993 0.0641 0.0276 2.9320 -0.5417 

(3)h,0f 0.0016 0.9993 0.0648 0.0271 2.9690 -0.5404 

(4) h data only 0.0014 0.9986 0.0648 0.0259 3.0640 -0.5441 

(5) h, 0 0.0022 0.9993 0.0644 0.0272 2.9490 -0.5400 

(7) h, 0(h) 0.0113 0.9987 0.0670 0.0221 3.5250 -0.5616 

(8) h, 0,0(h) 0.0072 0.9988 0.0669 0.0221 3.5520 -0.5782 
Vinton soil core replicate #2 

(2) h, Average 0 0.0023 0.9991 0.0607 0.0268 2.8840 -0.5370 

(3) h, 0, 0.0019 0.9992 0.0620 0.0250 3.0110 -0.5375 

(4) h data only 0.0027 0.9979 0.0599 0.0305 2.6880 -0.5435 

(5) h, 0 0.0023 0.9992 0.0615 0.0256 2.9730 -0.5383 

(7) h, 0(h) 0.0097 0.9986 0.0656 0.0200 3.7700 -0.5865 

(8) h, 0,0(h) 0.0066 0.9988 0.0650 0.0203 3.6560 -0.5794 

Vinton soil core replicate #3 

(2) h, Average 0 0.0016 0.9996 0.0543 0.0309 2.7970 -0.5082 

(3) h,0f 0.0025 0.9996 0.0536 0.03! 8 2.7310 -0.5049 

(4) h data only 0.0013 0.9990 0.0533 0.0347 2.6400 -0.5171 

(5)h,0 0.0018 0.9996 0.0540 0.0312 2.7690 -0.5062 

(7) h, 0(h) 0.0057 0.9995 0.0563 0.0251 3.1750 -0.5118 

(8) h, 0,0fh) 0.0040 0.9995 0.0560 0.0253 3.1390 -0.5057 
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average water content data were used to define the objective functions. Figure 3.59 shows 

a plot of the measured matric potential and the 6 modeled responses for replicate core #1. 

These responses are based on the parameter estimates obtained using the different data 

sets in the objective function. This plot shows that all of the modeled responses provide 

good fits to the observed data. From a visual perspective however, it is difficult to 

ascertain which response provides the best tit. If the r^ value is used as the criteria to 

assess the performance of the optimized parameter estimates, then the modeled response 

based on parameters obtained when matric potential and water content data were used to 

define the objective function would be the best choice. Figure 3.60 shows a plot of these 

modeled responses along with the observed data for the Vinton sand core replicate #1. 

There is excellent agreement between the observed and the modeled data. Modeled 

responses based on parameter estimates using observed matric potential and water content 

data to define the objective function for the other two replicated soil cores also provided 

excellent fits to the observed matric potential data. Based on these results, parameter 

estimates obtained from objective functions that were defined using the measured matric 

potential and average water content data were considered to be the best choice. Table 3.13 

summarizes the parameter estimates for the three repacked cores that were obtained using 

these objective function definitions. Based on these results, it appears that for these 

evaporation experiments, accurate parameter estimates can be obtained when observed 

matric potential and average water content data are used as inputs to define the objective 

function. Table 3.14 shows the final parameter estimates for these evaporation 
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Figure 3.59. Composite plot of observed and modeled matric potential responses firom 
Vinton soil core replicate #1 evaporation experiment showing the influence of the 
types and amounts of data used to define the objective function. 
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Figure 3.60. Measured and modeled soil water matric potential response based on 
parameters obtained using matric potential and average water content data to define the 
objective function. 
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Table 3.13. Summaiy of optimized parameters for repacked Vinton fine sand cores 
obtained fi-om evaporation experiments using matric potential and average water 
content data as inputs. 

Replicate # 0r (cm^ cm'^) a (cm"') n Y 

I 0.0641 0.0276 2.9320 -0.5417 

2 0.0607 0.0268 2.8840 -0.5370 

3 0.0543 0.0309 2.7970 -0.5082 

Mean 0.0597 0.0284 2.8710 -0.5290 

S.D. 0.0050 0.0022 0.0684 0.0181 

Max 0.0641 0.0309 2.9320 -0.5082 

Min 0.0543 0.0268 2.7970 -0.5417 

% C.V. 8.3228 7.5826 2.3836 3.4288 
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Table 3.14. Summary of optimized parameter estimates and associated confidence 
limits for Vinton fine sand soil cores obtained from evaporation experiments. 

95% Confidence Limits 

Replicate Parameter Estimate Std. Error Lower Upper 

1 0, (cm^ cm'^) 0.0641 0.0002 0.0638 0.0645 

a (cm"') 0.0276 0.0003 0.0271 0.0281 

n 2.9320 0.0142 2.9046 2.9601 

Y -0.5417 0.0019 -0.5455 -0.5380 

2 Of (cm^ cm'^) 0.0607 0.0001 0.0605 0.0609 

a (cm"') 0.0268 0.0003 0.0262 0.0274 

n 2.8840 0.0185 2.8473 2.9201 

Y -0.5370 0.0021 -0.5411 -0.5330 

3 ©r (cm^ cm'^) 0.0543 0.0001 0.0541 0.0545 

a (cm"') 0.0309 0.0004 0.0302 0.0315 

n 2.7970 0.0154 2.7670 2.8277 

Y -0.5082 0.0020 -0.5121 -0.5043 
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experiments along with the 95% confidence limits. 

For purposes of comparison. Table 3.15 provides a composite summary of the 

parameter estimates that were obtained by optimization using the upward infiltration and 

the evaporation experimental data. Several notable differences can be seen in the 

estimated parameters. Optimized parameter values obtained using upward infiltration data 

are much more variable than those obtained using evaporation data. This is probably due 

to the longer experimental time required for the evaporation experiments. These 

experiments are much slower and less dynamic than the upward infiltration experiments. 

Moreover, optimizations yield negative values for the parameter y when evaporation data 

are used. Mualem (1976) showed that this parameter was not constrained to positive 

values. Moreover, Leij et al. (1987) obtained a mean value of -0.72 for this parameter 

based on optimizations that were conducted using 401 sets of water retention and 

hydraulic conductivity data 

These results are not altogether unexpected given that the experiments 

that were used to obtain fhese parameters represent two completely different processes 

(imbibition and desaturation). Hysteresis in the retention function is represented by the 

variations in the parameter estimates seen in the above table. To illustrate this point, 

modeled retention curves for tlie three repacked Vinton fine sand cores were generated 

using the parameter estimates from the upward infiltration and the evaporation 

experiments. These curves are shown in Figures 3.61 through 3.63. In general, all three 

plots show that the estimated hydraulic parameters yield retention curves where the 
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Table 3.15. Summary of optimized hydraulic parameters from upward infiltration (UO 
and evaporation (Evap.) experiments for replicated Vinton fine sand soil cores. 

0r(cm^cm'^) a (cm ') n y 

U.I. Evap. U.I. Evap. U.I. Evap. U.I. Evap. 

Replicate 

1 0.0424 0.0641 0.1174 0.0276 1.8590 2.9320 0.2717 -0.5417 

2 0.0698 0.0607 0.0883 0.0268 1.9220 2.8840 0.7238 -0.5370 

3 0.0107 0.0543 0.1019 0.0309 2.1520 2.7970 0.2759 -0.5082 

Mean 0.0410 0.0597 0.1025 0.0284 1.9777 2.8710 0.4238 -0.5290 

S.D. 0.0296 0.0050 0.0146 0.0022 0.1542 0.0684 0.2598 0.0181 

Max 0.0698 0.0641 0.1174 0.0309 2.1500 2.9320 0.7238 -0.5082 

Min 0.0107 0.0543 0.0883 0.0268 1.8590 2.7970 0.2717 -0.5417 

% C.V. 72.195 8.342 14.201 7.659 7.741 2.384 61.306 3.429 
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Figure 3.61. Modeled retention functions for repacked Vinton fine sand core replicate 
#1. 
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Figure 3.62. Modeled retention functions for repacked Vinton fine sand core replicate 
#2. 
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Figure 3.63. Modeled retention functions for repacked Vinton fine sand core 
replicate #3. 
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volumetric water content for a given tension is greater for evaporation than for the 

upward infiltration. These results are consistent with the hysteretic behavior that is 

observed in soils. Additional features to note are that the curves close at the value of the 

saturated water content. This is because these values were independently measured, and 

as such, they were fixed and not estimated in the optimization process. Conversely, for 

replicates 1 and 3 closure is not achieved at the dry end of the retention curve. This is 

because estimated residual water content values were different. 

Intact Soil Cores 

Non-Linear Regression of Soil Water Retention Data 

Using a similar approach to that used for the repacked Vinton fine sand cores, soil 

hydraulic parameters were first obtained for the intact soil cores by carrying out nonlinear 

regressions to the observed soil water retention data obtained during both the pressure 

outflow and evaporation experiments. These compiled results are presented in Table 3.16. 

Note that no evaporation results are presented for soil core #32 as the core was 

inadvertently destroyed following the upward infiltration experiment. Comparison of 

these data shows that the average estimated a values are quite similar; 0.0346 and 

0.0432 cm ' for the both pressure outflow and evaporation procedures, respectively. 

However, the average estimated values for n and 0r are considerably higher for the 

pressure outflow experiments than for the evaporation experiments. There is considerably 
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Table 3.16. Summary of hydraulic parameters for intact soil cores obtained through 
non-linear fitting of retention data from pressure outflow (P.O.) and evaporation 
(Evap.) experiments. 

a (cm ') n 0r(cm^cm'^) RMSE 

Core# P.O. Evap. P.O. Evap. P.O. Evap. P.O. Evap. 

31 0.0185 0.0418 2.0714 1.2777 0.1640 0.0010 0.0026 0.0018 

32 0.0192 2.0874 0.1397 0.0008 32 0.0192 2.0874 0.1397 0.0008 

39 0.0605 0.0494 1.4093 1.6551 0.0392 0.0784 0.0045 0.0013 

42 0.0350 0.0424 1.9322 1.4316 0.0963 0.0596 0.0052 0.0029 

47 0.0394 0.0747 2.7258 1.6569 0.0842 0.0893 0.0096 0.0031 

49 0.0264 0.0242 2.3114 1.7234 0.1370 0.1168 0.0043 0.0030 

66 0.0213 0.0179 1.4512 1.7065 0.0999 0.1085 0.0086 0.0020 

67 0.0693 0.0206 1.3965 1.2366 0.0999 0.0100 0.0050 0.0058 

73 0.0409 0.0996 2.2024 1.4033 0.1248 0.0477 0.0061 0.0029 

75 0.0141 0.0095 2.5753 1.8842 0.1464 0.1136 0.0033 0.0011 

78 0.0357 0.0524 2.0550 1.5080 0.0999 0.0658 0.0049 0.0031 

Mean 0.0346 0.0432 2.0198 1.5483 0.1119 0.0691 

S.D. 0.0176 0.0278 0.4501 0.2104 0.0349 0.0408 

Max 0.0693 0.0996 2.7258 1.8842 0.1464 0.1168 

Min 0.0141 0.0095 1.3965 1.2366 0.0392 0.0010 

% c.v. 50.911 64.233 22.285 13.588 31.206 59.099 
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more variability in the parameter estimates obtained by fitting the pressure data then by 

fitting the data obtained from the evaporation procedure. Moreover, the retention data fits 

to the evaporation experiments tend to yield much lower root mean squared error (RMSE) 

values. This is may be because the evaporation experiments yield considerably more data. 

Inverse Modeling 

HYDRUS-1D parameter optimizations were performed for the intact soil cores 

using observed experimental data obtained from the upward infiltration and the 

evaporation experiments. Optimized parameters consisted of 0^, a, n, and y. 

Optimizations for the and K, were not performed as these parameters were 

independently measured. For both experimental procedures, only matric potential data 

from the single horizontally installed tensiometer were used as input to the model. 

Upward Infiltration Results 

Table 3.17 lists the resulting parameter estimates for 0^, a, n, and y  that were 

obtained for the 11 intact soil cores. Note that for 7 of these cores, the estimated y values 

are negative. Mean values for the parameters 0,, a, n, and y are 0.061,0.112, 1.326, and 

-0.469 respectively. Values for the parameters 0; and K, are presented for completeness 
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Table 3.17. Summary of optimized parameter values for intact soil cores obtained from 
upward infiltration experiments. 

Core# 0r Q *  a  n Ks* Y 0 r  

31 0.0673 0.3330 0.0932 1.2540 0.0234 -1.6280 0.0004 0.9998 

32 0.1341 0.3450 0.0502 1.6120 0.0334 0.2646 0.0014 0.9993 

39 0.0083 0.2870 0.0692 1.1310 0.0510 1.0510 0.0034 0.9979 

42 0.0288 0.2810 0.0978 1.2440 0.0227 -1.1970 0.0019 0.9989 

47 0.0340 0.2740 0.0702 1.1540 0.0459 0.9852 0.0063 0.9960 

49 0.1396 0.2110 0.0537 1.5130 0.0200 -0.0396 0.0031 0.9981 

66 0.0401 0.3410 0.0350 1.2610 0.0120 -0.0001 0.0016 0.9992 

67 0.0742 0.3530 0.0378 1.2520 0.0184 1.5770 0.0010 0.9996 

73 0.0990 0.2860 0.1325 1.6040 0.0502 -0.9900 0.0012 0.9992 

75 0.0079 0.2600 0.3101 1.3320 0.0115 -3.2870 0.0001 0.9999 

78 0.0372 0.2700 0.2851 1.2240 0.0501 -1.8920 0.0020 0.9989 

Mean 0.061 0.301 0.112 1.326 0.031 -0.469 

S.D. 0.046 0.035 0.096 0.171 0.016 1.472 

Max 0.140 0.353 0.310 1.612 0.051 1.577 

Min 0.008 0.260 0.035 1.131 0.012 -3.287 

% c.v. 76.183 11.537 85.626 12.929 51.428 314.026 

* Independently measured values 
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and were not optimized. Of the optimized parameters for which summary statistics are 

calculated, n is seen to be the least variable (C.V. = 13%), and y the most variable (C.V. 

= 314%). Using the optimized and measured parameter values, the quality of the resulting 

model fits to the measured data are reflected in the sum of squared residuals ((D) and the 

r values. O values are all very low (< 0.0065) and r values are approximately 0.999 or 

better indicating the resulting fits are excellent. Plots of the resulting model fits to the 

observed data are presented in Figures 3.64 through 3.74. 

Evaporation Results 

Table 3.18 lists the results for parameter optimizations that were carried out using 

observed experimental data obtained fi-om evaporation experiments. In all cases, the 

optimized y value is negative. Mean values for the parameters 6^, a, n, and y are 0.076, 

0.060, 1.618, and -1.316, respectively. Values for the parameters Oj and K, are again 

presented for completeness and were not optimized. For the parameters that were 

optimized, n again is seen to be the least variable (C.V. = 22 percent), and a is seen to be 

the most variable (C.V. = 109 percent). A comparison of the parameter estimates 

obtained from the evaporation experiments shows that parameter optimization yields 

greater mean values for the parameters a, n, and 0^ than those obtained by non-linear 

fitting of the evaporation retention data. Using the optimized and measured parameter 

values, the quality of the resulting model fits to the measured data are reflected in the 



208 

-50 

-100 

Id -150 

«  - 2 0 0  

-250 

#31 Observed 
#31 Modeled 

-300 

-350 

-400 
500 600 300 

Time (min) 
400 100 200 

Figure 3.64. Upward infiltration measured and modeled matric potential response 
for soil core #31 based on optimized parameter estimates. 
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Figure 3.65. Upward infiltration measured and modeled matric potential response 
for soil core #32 based on optimized parameter estimates. 
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Figure 3.66. Upward infiltration measured and modeled matric potential response for 
soil core #39 based on optimized parameter estimates. 
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Figure 3.67. Upward infiltration measured and modeled matric potential response for 
soil core #42 based on optimized parameter estimates. 
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Figure 3.68. Upward infiltration measured and modeled matric potential response 
for soil core #47 based on optimized parameter estimates. 
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Figure 3.69. Upward infiltration measured and modeled matric potential response 
for soil core #49 based on optimized parameter estimates. 
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Figure 3.70. Upward infiltration measured and modeled matric potential response 
for soil core #66 based on optimized parameter estimates. 
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Figure 3.71. Upward infiltration measured and modeled matric potential response for 
soil core #67 based on optimized parameter estimates. 
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Figure 3.72. Upward infiltration measured and modeled matric potential response 
for soil core #73 based on optimized parameter estimates. 



217 

-50 

w -100 

-150 

-200 

H -250 
#75 Observed 
#7 5  Modeled 

-300 

-350 
400 500 200 300 

Time (min) 
100 

Figure 3.73. Upward infiltration measured and modeled matric potential response for 
soil core #75 based on optimized parameter estimates. 
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Figure 3.74. Upward infiltration measured and modeled matric potential response 
for soil core #78 based on optimized parameter estimates. 
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Table 3.18. Summary of optimized parameter estimates for imact soil cores obtained 
from evaporation experiments. 

Core# 0r 0s* a n K.* Y O r 

31 0.0000 0.3330 0.0556 1.2140 0.0233 -1.415 0.0187 0.9999 

39 0.0936 0.2870 0.0525 1.6590 0.0509 -0.772 0.0009 0.9996 

42 0.0915 0.2810 0.0318 1.6430 0.0227 -0.503 0.0021 0.9994 

47 0.0873 0.2740 0.0654 1.6270 0.0458 -0.994 0.0017 0.9994 

49 0.1353 0.2770 0.0169 2.2500 0.0199 -0.265 0.0068 0.9988 

66 0.0599 0.3410 0.0274 1.4000 0.0120 -3.228 0.0028 0.9973 

67 0.0759 0.3530 0.0538 1.3090 0.0183 -1.130 0.0006 0.9994 

73 0.0000 0.2860 0.2380 1.2250 0.0502 -4.303 0.0025 0.9989 

75 0.1242 0.2600 0.0085 2.1590 0.0115 -0.167 0.0022 0.9995 

78 0.0926 0.2700 0.0495 1.6930 0.0501 -0.377 0.0011 0.9998 

Mean 0.0760 0.2962 0.0599 1.6179 0.0305 -1.315 

S.D. 0.0454 0.0331 0.0652 0.3591 0.0166 1.3738 

Max 0.1353 0.3530 0.2380 2.2500 0.0509 -0.167 

Min 0.0000 0.2600 0.0085 1.2140 0.0115 -4.303 

% C.V. 59.747 11.177 108.73 22.197 54.594 104.42 

* Independently measured values 
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objective function and the r values. Overall, <() values are higher than those obtained for 

the upward infiltration simulations however, this is a likely consequence of the increased 

number of observations associated with the evaporation experiments, r' values are all 

approximately 0.999 or better indicating the resulting fits are excellent. Plots of the 

resulting model fits to the observed data are presented in Figures 3.75 through 3.84. 

As a final comparison, a summary of the average estimates for the parameters 9^, 

a, and n is given in table 3.19. This table summarizes the results that were obtained for 

both the nonlinear regression of the pressure outflow and evaporation data, and the 

optimizations for the upward infiltration and the evaporation data. Parameter estimates 

obtained by nonlinear regression of the evaporation data and optimizations using the 

evaporation data are quite similar. However, the results obtained by nonlinear regression 

of the pressure outflow data show that average estimates for the parameters n and 0^ are 

considerably larger than the other estimates. In comparison, averaged parameter estimates 

obtained by optimizations using upward infiltration data are seen to be similar in terms of 

0, and, to a lesser extent, in terms of the parameter n, but significantly different in terms 

of a. The results compiled in this table are perhaps not surprising given that the 

evaporation experiments yielded considerably more data than did the pressure outflow 

experiments. Also, the upward infiltration and the evaporation represent two different 

processes. In this respect, the differences in estimated parameter values may be attributed 

to hysteresis. 
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Figure 3.75. Measured and modeled matric potential response during evaporation 
experiment for soil core #31 based on optimized parameter estimates. 
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Figure 3.76. Measured and modeled matric potential response during evaporation 
experiment for soil core #39 based on optimized parameter estimates. 
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Figure 3.77. Measured and modeled matric potential response during evaporation 
experiment for soil core #42 based on optimized parameter estimates. 
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Figure 3.78. Measured and modeled matric potential response during evaporation 
experiment for soil core #47 based on optimized parameter estimates. 
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Figure 3.79. Measured and modeled matric potential response during evaporation 
experiment for soil core #49 based on optimized parameter estimates. 
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Figure 3.80. Measured and modeled matric potential response during evaporation 
experiment for soil core #66 based on optimized parameter estimates. 
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Figure 3.81. Measured and modeled matric potential response during evaporation 
experiment for soil core #67 based on optimized parameter estimates. 
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Figure 3.82. Measured and modeled matric potential response during evaporation 
experiment for soil core #73 based on optimized parameter estimates. 
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Figure 3.83. Measured and modeled matric potential response during evaporation 
experiment for soil core #75 based on optimized parameter estimates. 
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Figure 3.84. Measured and modeled matric potential response during evaporation 
experiment for soil core #78 based on optimized parameter estimates. 
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Table 3.19. Summary of average parameter estimates obtained by nonlinear regression 
of pressure outflow (P.O.) and evaporation (Evap.) data, and optimizations using 
upward infiltration (Ul) and evaporation data. 

Nonlinear regression of pressure outflow (P.O.) and evaporation (Evap.) data 

a n 9r 

P.O. 0.0346 2.0198 0.1119 

Evap. 0.0432 1.5483 0.0691 

Optimizations using upward infiltration (U.l.) and evaporation (Evap.) data 

U.I. 

Evap. 

0.1123 

0.0599 

1.3255 

1.6179 

0.0609 

0.0760 
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Soil Columns 

As a precursor to estimating the unsaturated hydraulic parameters for these two 

larger scale flow experiments, HYDRUS-ID was used to carry out forward simulations 

using the optimized parameter estimates that were obtained for the smaller scale, 

repacked Vinton fine sand soil cores. For these simulations the I-dimensional soil 

profiles were divided into 50 elements. Depending on the direction of the applied water, 

the element spacing increased in the direction of water movement. For example, in the 

downward infiltration experiment where water was applied to the top of the soil column, 

the element spacing at the upper boundary was very fine and coarsened linearly with 

depth. Conversely, in the upward infiltration experiment, the elements were finely spaced 

at the bottom boundary and coarsened to a wider spacing in the upward direction. Figures 

3.85 and 3.86 show the discretized soil profiles that used for these simulations. 

Initial conditions for soil column simulations were specified in terms of the initial 

volumetric water content (0.012 cm^ cm'^). For the downward infiltration experiment, the 

boundary conditions were prescribed as free drainage at the bottom boundary and either 

constant flux (0.01477 cm min"') or variable flux at the upper boundary. Separate 

simulations were conducted for the two boundary condition scenarios to assess the 

influence of the variable pump output on model results. For the upward infiltration 

experiment the prescribed boundary conditions were no flow at the top boundary and 

variable flux at the bottom boundary. The variable boundary conditions were used in 



Figure 3.85. Finite element mesh used to simulate downward infiltration 
column experiment. Tensiometer location points are identified by the four 
black circles along the vertical centerline of the mesh. 
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Figure 3.86. Finite element mesh used to simulate upward infiltration column 
experiment. Tensiometer location points are identified by the four black circles 
along the vertical centerline of the mesh. 
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order to account for variations in pump output that occurred during both experiments. 

Figures 3.87 and 3.88 show plots of the imposed time variable flux rates that were used 

for simulating these two column experiments. 

For the downward infiltration experiment, separate forward simulations were run 

for each upper boundary condition scenarios. The results of these simulations are shown 

in Figures 3.89 and 3.90. These figures show that there is good correspondence between 

the modeled matric potential and the observed data at the z = -5 cm depth, but at the 

deeper depths the modeled responses lag behind the observed responses and the lag tends 

to increase with increasing depth. For the simulation with the variable flux boundary 

condition, the results are only slightly improved. Despite the fact that the soil used in 

these column experiments was the same as that used in the repacked soil cores, one can 

see fi-om these figures that these simulations, in general, provide a poor matches to the 

observed data. This soil column was packed to the same bulk density as the soil core 

experiments and, assuming that there were no anomalies in the flow system, these results 

may suggest that the parameters that were used in the flow model were inadequate. 

Figure 3.91 shows the results of the forward simulation for the upward infiltration 

experiment. Although there is reasonably good correspondence between the simulated 

and the observed matric potential responses at the z = -15.3 cm and -5.3 cm depths, the 

model generally provides a poor overall match to the observed data. Although these 

results appear to be slightly better, they still point to the potential inadequacy of the soil 

hydraulic parameters. 
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Figure 3.87. Variable flux rate upper boundary condition for downward infiltration 
column experiment. 
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Figure 3.88. Variable flux rate lower boundary condition for upward infiltration 
column experiment. 
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Figure 3.89. Modeled matric potential responses for repacked soil column 
downward infiltration experiment (constant flux boundary condition) using 
optimized parameters derived from repacked soil core experiments. 
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Figure 3.90. Modeled matric potential responses for repacked soil column 
downward infiltration experiment (variable flux boundary condition) using 
optimized parameters derived from repacked soil core experiments. 
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Figure 3.91. Modeled matric potential responses for repacked soil column upward 
infiltration experiment using optimized parameter derived from repacked soil core 

experiments. 



241 

For both these experimental procedures, parameter optimizations were performed 

using an objective function defined in terms of the observed soil water matric potential 

measurements and prior information regarding measured estimates of saturated hydraulic 

conductivity and saturated water content. For the downward infiltration experiment, 

separate optimizations were again carried out for the constant flux boundary condition 

and the variable flux boundary condition. Figures 3.92 and 3.93 show plots of the 

measured matric potential data and the optimized modeled responses based on the 

parameter estimates that were obtained for the downward infiltration experiment. In both 

plots there is good agreement between the modeled and the observed responses for the 

observation point ftirthest away from the top of the column but agreement wanes with 

decreasing distance to the upper boundary. In comparing these two plots, it appears that 

for this particular experiment, specifying a constant flux boundary condition yields better 

results than a variable flux boundary condition. As a measure of the goodness of fit 

between the modeled response and the observed response for these two simulations, r 

values were 0.695 and 0.612 for ths constant flux and the variable flux boundary 

conditions, respectively. Attempts to improve these results by adjusting the weights 

associated with the observed data to in order to emphasize the measurements made closer 

to the upper boundary were unsuccessful and resulted in convergence problems or 

unrealistic parameter estimates. 
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Figure 3.92. Modeled matric potential responses for repacked soil column 
downward infiltration experiment (constant flux boundary condition) using 
optimized parameter estimates. 
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Figure 3.93. Modeled matric potential responses for repacked soil column 
downward infiltration experiment (variable flux boundary condition) using 
optimized parameter estimates. 
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Figure 3.94 shows the results of the optimized model responses plotted along 

with the measured matric potential responses for the upward infiltration soil column 

experiment. Contrary to the results that were obtained using the parameters from the 

repacked soil cores, there is generally good agreement between the modeled and the 

measured responses (r = 0.831) in all but the z = -5.3 cm depth measurements. 

Optimized parameter estimates for these two repacked soil column experiments 

are summarized in Table 3.20 . From this table, it can be seen that the estimates obtained 

for the downward infiltration experiment using a variable flux boundary condition and a 

constant flux boundary condition are quite similar. This indicates that the influence of the 

choice of boundary condition (constant tlux of variable flux) for this particular 

experiment is relatively unimportant. For the upward infiltration experiment, the estimate 

for 0^ is more than twice that obtained for the downward infiltration experiment. The most 

pronounced differences in the estimated parameters are seen in the values for n and y. For 

the upward infiltration experiment, the estimate for n is considerably lower than the other 

estimates and the estimate for y is 2.5 to 3 times greater than the other estimates. Table 

3.21 gives the optimized parameter estimates along with the 95% confidence limits. 
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Figure 3.94. Modeled matric potential responses for repacked soil column upward 
infiltration experiment using optimized parameter estimates. 
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Table 3.20. Summary of optimized parameter estimates for repacked Vimon fine sand 
soil column experiments. 

<I> r 0r 9s K, a n y 

(cm^ cm"^) (cm^ cm"^) (cm min') (cm') 

Downward infiltration with constant flux boundary condition 

0.4133 0.6950 0.0103 0.4111 0.1104 0.0368 2.4630 0.5414 

Downward infiltration with variable flux boundary condition 

0.5180 0.6121 0.0114 0.4117 0.1140 0.0362 2.3690 0.6811 

Upward infiltration with variable flux boundary condition 

0.2367 0.8313 0.0282 0.4065 0.1097 0.0354 1.9520 1.7080 
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Table 3.21. Summary of optimized parameter estimates and associated confidence 
limits for Vinton fine sand downward infiltration (DI) and upward infiltration (UI) soil 
column experiments. 

95% Confidence 
Limits 

Column Parameter Estimate Std. Error Lower Upper 

DI 0r (cm^ cm'^) 0.0103 0.0108 -0.1102 0.0315 

Constant Flux 0; (cm^ cm"') 0.4111 0.0036 0.4040 0.4123 

B.C. a (cm ') 0.0368 0.0020 0.0329 0.0406 

n 2.4633 0.1229 2.2221 2.7044 

K, (cm min') 0.1104 0.0038 0.1031 0.1178 

Y 0.5414 0.2014 0.1462 0.9366 

DI 0r (cm^ cm') 0.0114 0.0039 0.0038 0.1090 

Variable Flux 0s (cm^ cm"^) 0.4117 0.0030 0.4059 0.4175 

B.C. a (cm"') 0.0362 0.0016 0.0332 0.0393 

n 2.3689 0.0525 2.2659 2.4720 

Kj (cm min') 0.1140 0.0037 0.1071 0.1210 

Y 0.6811 0.0983 0.4884 0.8739 

UI 0r (cm^ cm'^) 0.0282 0.0033 0.0217 0.0346 

Variable Flux 0, (cm^ cm'^) 0.4065 0.0013 0.4039 0.4090 

B.C. a (cm"') 0.0354 0.0013 0.0329 0.0379 

n 1.9515 0.0389 1.8751 2.0280 

K, (cm min"') 0.1097 0.0037 0.1024 0.1171 

y 1.7079 0.1522 1.4089 2.0070 
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3-DIMENSIONAL EXPERIMENTS 

Materials and Methods 

Two large soil column experiments were conducted using columns measuring 50 

cm in height by 48 cm in diameter. Each column was constructed with a single Lexan 

sheet that was formed into a cylinder, annealed, and attached to a rigid polycarbonate 

base. The columns were filled with Vinton fine sand uniformly packed to a bulk density 

of 1.5 g cm ' to a depth of 40 cm. Instrumentation consisted of tensiometers and TDR 

probes that were used to monitor spatial and temporal changes in soil water matric 

potential and water content associated with the three dimensional distribution of water 

within the system. For both of these experiments, instrumentation with respect to 

tensiometer and TDR probe locations was identical. The only difference in the 

experiments was that the water application rate for the second experiment was 

approximately double that of the first experiment. 

Instrumentation consisted of five vertically installed TDR probes and eight 

vertically installed tensiometers. The TDR probes used in these experiments were 

identical to that used in the second repacked Vinton fine sand column experiment. TDR 

water content determinations were based on the calibration relationship that was 

developed during the repacked soil column upward infiltration experiment. Tensiometer 

construction was identical to that described in the previous experiments. Figure 4.1 shows 
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Figure 4.1. Experimental design for large soil column experiments. 
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a diagram of the experimental layout and Tables 4.1 and 4.2 list the spatial coordinates 

and depths of the TDR probes and the tensiometers. Figure 4.2 shows a map view of the 

instrumentation layout that was employed. 

Water was applied to the soil from a single point source located at the surface at 

the center of the column. The point of water application was located at the center TDR 

probe at the midpoint between the two waveguides. This was accomplished by drilling a 

small hole in the probe handle and inserting a glass tube which made contact with the soil 

surface. Water was pumped to the soil surface using a constant flow rate pump. The 

amount of water applied was monitored using a digital balance and measuring the change 

in mass of the delivery flask as a function of time. 

Experimental Results 

A typical set of tensiometer responses for these experiments is presented in 

Figure 4.3. In reference to Figure 4.2, these data are from tensiometers I and 2 which 

were positioned at a depth of -15 cm and a radial distance of 5 cm from the point source. 

The two dashed curves represent the measured matric potential at these two locations. 

The solid curve is the average of these two measurements. Although there was an earlier 

discussion regarding some of the generalities of these responses, it is important to 

consider some of the characteristics and vexations associated with of these data. 

Because the initial conditions were outside the operating range of the 



Table 4.1. TDR probe locations for large column experiments. 
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Probe # Length (cm) r(cm) 

TDRl 20 0 

TDR2 20 10 

TDR3 20 10 

TDR4 20 20 

TDR5 20 20 

Table 4.2. Tensiometer locations for large column experiments. 

Tensiometer # Depth (cm) r (cm) 

T1 -15 5 

T2 -15 5 

T3 -10 15 

T4 -10 15 

T5 -5 10 

T6 -5 10 

T7 -5 20 

T8 -5 20 
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Figure 4.2. Map view of instrumentation layout used in large 
column experiments. 
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Figure 4.3. Measured tensiometer responses and calculated averaged response showing 
averaging artifact associated with conflicting wetting front arrival times. 
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tensiometers, equilibrium was not achieved. This in itself presents no major impediment 

provided enough matric potential data are recorded so as to show the rebound associated 

with the passing of the wetting front. These plots show that measured potentials of less 

than -600 cm were recorded prior to rebound. Because the tensiometers were placed 

uniformly about the point source, a reasonable assumption is that for this homogeneous 

system, the wetting front propagates symmetrically away from this point and reaches the 

replicated tensiometers at the same time. From this plot, this assumption appears to be 

violated because the tensiometer responses do not match in time. Rather, there is an 

approximate 60 minute time lag between the two, with responses occurring at 

approximately t = 430 min and t = 495 min for tensiometer #1 and #2, respectively. 

An obvious question is then, which set of measured response data does one 

choose for use in the inverse procedure? Using the averaged curve is not a viable 

approach choice because it is does not represent a realistic response owing to the 

averaging artifact. An alternative approach is to look at the times at which the measured 

matric potentials begin to approach steady values. These times reflect the onset of near 

constant matric potential (water content) conditions that exist behind the advancing 

wetting. Figure 4.3 shows that an abrupt slope change occurs at the times t =580 and t = 

640 minutes for tensiometers #1 and #2, respectively. These times can be discriminated 

rather precisely by employing the first derivative test to pick out the inflection points. 

Once identified, it is a simple exercise to shift each response curve either forward or 

backwards in time until these points coincide. Having done this, an averaged response 
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curve can be developed for use in the inverse procedure. 

To demonstrate this approach, Figure 4.4 shows a plot of these same two 

tensiometer responses along with their derivatives with respect to time. The times tl and 

t2 mark the locations of the maximum slope change associated with these tensiometer 

responses. These are the inflection points that correspond to the onset of near steady 

matric potential conditions that exist behind the wetting front. Figure 4.5 shows these 

same responses after being shifted in time until these two times coincide. The resulting 

averaged tensiometer response is well behaved and provides a very good representation of 

the actual responses. This time shifting and averaging approach was employed to 

assemble the observed matric potential data that were used as inputs for optimizations for 

both column experiments. 

Figures 4.6 and 4.7 show the computed averaged tensiometer responses for both 

columns. These data only include matric potential measurements greater than -500 cm. 

Measurements less than -500 cm were considered less reliable due of the limited 

operating range of these instruments. Because the instrumentation layout was the same 

for both experiments, the plots are consistent in appearance. The higher flow rate used in 

the second experiment however, is evidenced in the shorter response times seen in Figure 

4.7. 

Water content data obtained by TDR measurements are shown in Figures 4.8 and 

4.9 for the first and second large column experiments, respectively. These plots show 

how the water content at each of the TDR probes changes with respect to time. The 
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Figure 4.4. Tensiometer responses and associated derivatives showing times 
corresponding to the maximum slope change. 
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Figure 4.5. Averaged tensiometer response obtained by time shifting. 
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experiment. 
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Figure 4.8. TDR derived water content responses for first large column experiment. 
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Figure 4.9. TDR derived water content responses for second large column 
experiment. 
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wetting front arrival times at each of the probes are marked by the start of the water 

content response curves. In reference to both these figures, the TDR probe at the center of 

the column responds almost immediately because the point of application was centered 

between the two waveguides. The next set of probes are positioned at a distance of 10 cm 

from the point of application of water and they respond almost in unison to the 

approaching wetting front. This is a good indication that the wetting front is moving 

symmetrically away from the application point. Placed at a distance of 20 cm from the 

application point, the last two probes show a substantial disparity in response times 

indicating that the wetting front lacks symmetry at these distances. 

These plots show that the calculated water content values associated with the 

wetting front arrivals at the TDR probes are negative. These negative values are an 

artifact and thought to be indicative of a systematic error in the TDR water content 

calibration relationship. The length of time for which these values remain negative 

appears to be proportional to the distance from the point source of water. In other words, 

the further the TDR probe is away from the point source, the greater the length of time for 

which negative water content values are acquired. At increasing distances from the point 

source, the wetting front does not intersect the TDR probes at right angles. Therefore, the 

negative water content values may reflect the fact that the interrod space is not uniformly 

wetted. 

Tliese water content data provide useful information regarding the horizontal and 

vertical velocity components of the wetting front as it moves radially away from the 
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point of application. In Figure 4.8, the start times are roughly 4, 129,139,990, and 850 

minutes following the initiation of water application. The wetting front velocity in the 

horizontal direction can be estimated by dividing the horizontal travel distance between 

the probes by the time required for the wetting front to travel between probes. Starting 

from the center probe, the estimated time of the arrival of the wetting front is 4 minutes. 

But since the point source was located between the two waveguides this can actually be 

considered time zero and all other arrival times can be shifted 4 minutes to account for 

die time lag. Additionally, to correct tor the differences in arrivals at the two furthest 

probes, die arrival times can be averaged. This yields an average arrival time of 914 

minutes. The time to reach the probes at a distance of 10 cm from the origin is estimated 

to be 130 minutes. Dividing the 10 cm distance by the travel time yields a horizontal 

velocity of 0.073 cm min '. Similarly, the time difference between the wetting front 

arrivals at the probes at 10 cm and average arrival time at the probes 20 cm from the 

source is 914 min -130 min or approximately 784 minutes. Dividing the 10 cm travel 

distance between the probes located at 10 cm and the probes located at 20 cm by this time 

yields a velocity of 0.013 cm min"'. The horizontal velocity is given by the following 

relationship 

where Xj - X; is the distance between the TDR probes and t, -1, is the time difference 
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between the observations. 

For these two large column experiments, Figure 4.10 shows the water content 

responses for the center TDR probes plotted as a function of time. This plots shows that 

for the first large column, the water content tends to reach an asymptotic value between 

0.21 and 0.22 cm^ cm"' at t = 1900 minutes. Because TDR provides an integrated value of 

water content over the length of the probe, the time at which the water content tends to a 

constant value may be considered the time at which the wetting front reaches the end of 

the probe. This consideration is based on the assumptions that the application rate of 

water does not change appreciably and the water content behind the wetting front remains 

constant. From this information, the vertical component of wetting front velocity can be 

estimated by dividing the length of the TDR probe by the time it takes for the water 

content to reach a constant value. In this case: 

20cm nninc _ •  - 1  V, = = 0.0105c/wmm 
' 1900min 

This same analysis was used to estimate the horizontal and vertical velocity components 

for the second large column. Table 4.3 summarizes these results. 

The average flow rates for these two large column experiments were 3,0 cm^ min"' 

and 4.8 cm^ min"', respectively. The actual flow rates however, were not constant and are 

shown in Figures 4.11 and 4.12. Clearly, there was a considerable amount variability in 

the pump output over time. When modeling these experiments, this variability was 

accounted for by imposing variable flux boundary conditions. 
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Figure 4.11. Pump output during first large column experiment. 
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Figure 4.12. Pump output during second large column experiment. 
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Table 4.3. Vertical and horizontal components of wetting front velocity during large 
column experiments. 

Column V^ (cm min'') Vh (cm min') 

Oto 10 cm 10 to 20 cm 

1 0.011 0.073 0.013 

2 0.029 0.078 0.016 
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Numerical Results 

Forward simulations and parameter optimizations were carried out using 

HYDRUS-2D (U.S. Salinity Laboratory, ARS, U.S. Dept. of Agriculture, Riverside, CA), 

a finite element model for simulating two-dimensional water flow in variably saturated 

porous media. The model will also accommodate flow in a three dimensional space which 

exhibits radial symmetry about the vertical axis. In this respect, the model was considered 

an obvious choice for simulating the point source applications used in these experiments. 

The finite element mesh used to perform the simulations is shown in Figure 4.13. 

The flow domain consisted of 775 nodes and 1440 elements. Axisymmetrical flow was 

simulated emanating fi'om a point source that was assumed to be located at the central 

axis of the domain (upper left hand comer of the domain). It was necessary to utilize two 

nodes to simulate the point source application of water because the model would not 

accommodate a single nodal application. Imposed boundary conditions were, variable 

flux at the two extreme left hand boundary nodes, atmospheric across the remaining 

upper boundary nodes, no flow along the vertical boundaries, and free drainage across the 

lower boundary. The variable flux conditions at the two application nodes was imposed to 

account for variations in pump output during the experimental procedures. 

For these large-scale soil columns, forward simulations were first conducted using 

optimized parameter estimates that were obtained for the repacked soil core and repacked 

soil column experiments. Figures 4.14 and 4.15 show the results of the forward 



Figure 4.13. Finite element mesh used to simulate large column experiments. 
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Figure 4.14. Comparison between observed tensiometer data from first large 3-D 
column experiment and modeled matric potential obtained using optimized 
parameter estimates from repacked Vinton fine sand soil core experiments. 
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0 z a -15 ciB, r « 5 cm 

• z s -10 cm, r « 15 ca 

• z 3 -5 cm, r s 10 cm 

V z s -5 cm, r s 20 cm 

Modeled 

O-lOO 

-400 

-500 
500 1000 

Time (min) 
1500 2000 

Figure 4.15. Comparison between observed tensiometer data from first large 3-D 
column experiment and modeled matric potential obtained using optimized 
parameter estimates from repacked Vinton fine sand 1-D soil column experiments. 
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simulations that were conducted using these parameters. These plots show that the 

optimized parameters obtained for this same soil from smaller scale repacked soil core 

and soil column experiments are inadequate in terms of successfully modeling the results 

for this larger scale flow system. Regression (r') values for these two simulations were 

less than 0.3. Similar results were obtained when these same parameter estimates were 

used to carry out forward simulations of the second large column experiment. 

Using only the observed tensiometer data to define the objection function, 

parameter optimizations were carried out for both of these larger scale soil column 

experiments. Figure 4.16 shows the observed tensiometer responses plotted along with 

the modeled matric potential responses that were obtained using die optimized parameter 

estimates for the first large column experiment. With two notable exceptions, modeled 

responses provide reasonable fits to the data. Of note, is the poor match to the tensiometer 

data that were measured at the depth of 15 cm and at a radial distance of 5 cm from the 

point source. In reference to Figure 4.2, these data are from tensiometers labeled T1 and 

T2. Subsequent optimizations with these data removed from the objective function 

showed no improvement in terms of fitting the other observed other data and provided no 

significant change in the estimated parameter values. Optimization results with these data 

removed are shown in Figure 4.17. An additional detraction to the model fit is the 

underestimation of the observed matric potential at later times. This result is seen in both 

Figures 4.16 and 4.17 as the modeled results overshoot the observed matric potential. The 
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Figure 4.16. Comparison between observed tensiometer data from first large 3-D 
column experiment and modeled matric potential obtained using optimized 

parameters. 
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Figure 4.17. Measured and modeled matric potential responses for first large 
column obtained using optimized parameter estimates following the removal of data 
from one tensiometer. 
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difference between the observed and the modeled results in this region is approximately 

20 cm. Having obtained parameter estimates that appear to be reasonably representative 

of the soil used in the first large column experiment, a forward simulation of the second 

large column was carried out. The results of this simulation are shown in Figure 4.18. 

With the exception of the data obtained from the tensiometer located at a depth of 5 cm 

and a radial distance of 20 cm and from the source, the modeled responses generally 

provide a poor match to the observed responses. These results indicate that these 

optimized parameter estimates are inadequate in terms of providing an accurate 

description of the soil system used in this second large column experiment. 

Optimizations were also conducted using measured tensiometer data from this 

second large column experiment. These results were however, not as successful as those 

presented above. In spite of the fact that these experiments were essentially identical in 

terms of layout and model design, optimizations for this experiment were difficult to 

conduct. Inclusion of either of the parameters 0, or y resulted in complete optimization 

failure. As a result, these two parameters were not optimized but rather, estimated in a 

manual fashion. The resulting plot of the modeled vs observed matric potential responses 

is shown in Figure 4.19. 

Overall, the results of the optimizations for these large column experiments are 

disappointing. They are, however, somewhat consistent with results from the previous 

numerical results that have been presented in this research. In general, the resulting 
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parameter estimates tend to exhibit greater amounts of dissimilarity between replicated 

experiments when the scale of the experimental work is increased. Table 4.4 summarizes 

the results of the parameter optimizations for these two large soil columns. 
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Figure 4.18. Results of forward simulation for second large column experiment 
using optimized parameters obtained for first large column experiment. 
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Observed 
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Figure 4.19. Comparison between observed tensiometer data from second large 
column experiment and modeled matric potential obtained using optimized 
parameters. 
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Table 4.4. Summary of optimized parameter estimates for large column experiments. 

Column d) r es a n Y 

cm^ cm cm^ cm cm'  cm min"' 

I 0.283 0.716 0.048* 0.442 0.095 1.750 0.088 0.925 

2 0.402 0.753 0.048" 0.518 0.061 1.664 0.087 0.800* 

' Not optimized 
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Table 4.5. Summary of optimized parameter estimates and associated confidence limits 
for 3-dimensional large scale Vinton fine sand soil column experiments. 

95% Confidence 
Limits 

Column # Parameter Estimate Std. Error Lower Upper 

1 0, (cm^ cm'^) 0.0480* N/A N/A N/A 

0s (cm^ cm"^) 0.4421 0.0120 0.4185 0.4658 

Kj (cm sec') 0.0880 0.0090 0.0702 0.1059 

a (cm"') 0.0954 0.0083 0.0792 0.1117 

n 1.7475 0.0550 1.6393 1.8558 

7 0.9248 0.1768 0.5771 1.2726 

2 0r (cm^ cm"^) 0.0480" N/A N/A N/A 

05 (cm^ cm'^) 0.5183 0.0111 0.4965 0.5402 

Kj (cm sec"') 0.0874 0.0107 0.0664 0.1085 

a (cm"') 0.6014 0.0025 0.0553 0.0650 

n 1.6637 0.0414 1.5825 1.7448 

Y 0.8000* N/A N/A N/A 

* Not optimized 
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CHAPTER 5 

SUMMARY AND DISCUSSION 

Experimental and numerical results for several transient flow experiments using 

both repacked and intact soil cores and soil columns have been presented. Experimental 

results consist of observed matric potential and water content data diat were obtained 

from imbibition and desaturation experiments. These data were used to define objective 

functions for use in conjunction with an unsaturated flow mode! and optimization scheme 

to estimate the unsaturated hydraulic parameters used in the closed form van Genuchten 

hydraulic properties. Numerical results consist of optimized hydraulic parameter 

estimates and modeled matric potential responses. 

As a first step, three replicated soil cores were prepared using Vinton fine sand 

that was packed to a unitbrm bulk density in aluminum cylinders which measured 7.6 cm 

in diameter by 7.6 cm in length. For these same soil cores, direct measurements of 

saturated hydraulic conductivity and saturated water content were obtained using a 

constant head Marriott system. These measured values were assumed known and for 

these experiments, were eliminated from consideration in the optimizations. Following 

these determinations, the soil cores were instrumented with tensiometers and used in 

several transient flow experiments to obtain measurements of soil water matric potential 

and water content associated with imbibition and desaturation. Experimentation consisted 

of pressure outflow, upward infiltration, and evaporation procedures. The resulting data 
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sets were used to obtain estimates of unsaturated soil hydraulic parameters either through 

nonlinear regression of observed soil water retention data or by using an inverse 

approach. This same approach was also used to obtain estimates of hydraulic parameters 

for 11 intact soil cores. 

For the repacked soil cores, estimates for the parameters a, n, and 0^ were first 

obtained by nonlinear least squares regression of pressure outflow and evaporation 

retention data. Average estimates of these three parameters were found to be similar, 

indicating that for retention data in this limited range (0 to = -700 cm) of tension 

measurements, the evaporation method provides a promising alternative to the pressure 

outflow method. Using measurements of matric potential and average water content as 

inputs to define an objective function, optimized estimates were obtained for these same 

three parameters and the empirical parameter y used in the unsaturated hydraulic 

conductivity function. Estimates for the parameters a and 0^ were found to be similar to 

those obtained by nonlinear regression. However, estimates for the parameter n were 

found to be significantly lower than those obtained by regression. Estimates for the 

parameter y were all negative. 

For the upward infiltration experiments, optimized estimates were again obtained 

for the four parameters a, n, 0^ and y. For these optimizations, the objective function was 

defined in terms of the observed matric potential measurements and the final volumetric 

water content. Optimized parameters estimates obtained from these imbibition 

experiments were markedly different from those obtained firom the desaturation 
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experiments. Giving consideration to hysteresis, these results are not surprising. Table 5.1 

provides a summary of the average parameter estimates that were obtained for these 

replicated soil cores. 

For the intact soil cores, non-linear fits to the pressure outflow and evaporation 

data yield similar average estimates for the parameter a. For the parameters n and 0^ 

however, regressions to the pressure outflow data yield considerably higher estimates 

than those obtained for the evaporation experiments. Moreover, there is consistently less 

error between the fits to the retention curves for evaporation data. The decreased error 

between the measured retention data and the regression is attributed to the fact that the 

evaporation method yields a greater number of data points. 

Optimizations using measured matric potential and average water content data 

obtained trom evaporation experiments yielded average parameter estimates for 0„ a, and 

n that are consistent with estimates obtained by regression. For the three replicated soil 

cores, optimized estimates of y were all negative, having an average value of-1.3. 

Despite the fact that Mualem (1976) obtained an average estimated value of 0.5 for this 

parameter, he also showed that negative values were theoretically plausible. Moreover, 

Leij et al. (1997) obtained a mean value of -0.72 for this parameter. In comparison, the 

average value obtained in this research seems low. From an objective standpoint 

however, estimates of this parameter obtained from optimizations yielded the best fit to 

the observed data. 

Optimizations using measured matric potential and final average water content 
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Table 5.1. Summary of average parameter estimates based on pressure outflow (P.O.), 
evaporation (Evap.), and upward infiltration (U.I.) experiments for repacked soil cores 
using either nonlinear regression (N.L. Reg.) or optimization (Opt.). 

0r Q* a n K,* Y 

cm^ cm'^ cm^ cm'^ cm"' cm min"' 

P.O. N.L. Reg. 0.0725 0.4090 0.0260 3.5681 0.1129 N/A 

Evap. N.L. Reg. 0.0622 0.4090 0.0221 3.6307 0.1129 N/A 

Evap. Opt. 0.0641 0.4090 0.0296 2.8420 0.1129 -0.5334 

U.I. Opt. 0.0362 0.4090 0.1112 1.9313 0.1129 0.3151 

* Measured directly. 
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data from upward infiltration experiments on the intact soil cores again yield considerably 

different estimates for the parameters 0^, a, and n than those obtained from the 

evaporation experiments. For the parameter y, 7 of the 11 estimates were again negative. 

Table 5.2 summarizes the average parameter estimates obtained for the intact soil cores. 

A comparison of Tables 5.1 and 5.2 reveals that the optimized parameter 

estimates obtained from evaporation experiments consistently yielded higher average 

values for the parameters n and 9r and lower values for a. These results reflect the 

influence of hysteresis. Therefore, when taken together, parameter estimates derived from 

experimental data obtained from upward infiltration and evaporation procedures should 

fully describe the imbibition and desaturation branches of the retention response. 

Although the range of tensions for which this is valid seems limited (0 to approximately -

700 cm), in certain situations it may be sufficient. 

Imbibition experiments were also conducted using larger scale soil columns 

measuring approximately 13 cm in diameter by 20 cm in height. The soil columns were 

uniformly packed to the same bulk density with the same Vinton fine sand. Replicated 

tensiometers were placed along the length of the soil columns to monitor changes in 

matric potential associated with an advancing wetting front. Optimized estimates of the 

soil hydraulic parameters were obtained using the observed matric potential data to define 

the objective functions. 

Optimized parameter estimates obtained from imbibition experiments at one scale 

were found to be inadequate in terms of characterizing systems at larger scales. This was 



287 

Table 5.2. Summary of average parameter estimates based on pressure outflow (P.O.), 
evaporation (Evap.), and upward infiltration (U.I.) experiments for intact soil cores 
using either nonlinear regression (N.L. Reg.) or optimization (Opt.). 

0r es* a n Y 

cm^ cm'^ cm^ cm"^ cm"' cm min"' 

P.O. N.L. Reg. 0.1119 0.3006 0.0346 2.0198 0.0310 N/A 

Evap. N.L. Reg. 0.0691 0.3006 0.0432 1.5483 0.0310 N/A 

Evap. Opt. 0.0760 0.3006 0.0599 1.6179 0.0310 -1.3150 

U.I. Opt. 0.0609 0.3006 0.1123 1.3260 0.0310 -0.4688 

* Measured directly. 
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demonstrated when parameter estimates obtained from upward infiltration experiments 

that were conducted on repacked soil cores were used to predict matric potential 

responses in the larger scale soil columns. This was further demonstrated when optimized 

parameter estimates obtained from the I-dimensional soil columns were used to predict 

matric potential responses in large scale 3-dimensional flow systems. Scaling and 

dimensionality issues have historically been recognized. These results however, are 

perplexing given that the soil used in these experiments was the same and uniformly 

packed to the same bulk density. Tables 5.3 and 5.4 summarize the parameter estimates 

that were obtained for the repacked soil cores and columns. Table 5.3 is the same as 

Table 3.11 and is repeated here for convenience. The data presented in Table 5.4 for the 

I-dimensional soil column are the results reported in Table 3.21 that were obtained for 

the downward infiltration experiment modeled with a variable flux boundary condition. 

The data reported for the large scale 3-dimensional soil column are the results from Table 

4.5 for the soil column labeled #1. These results were chosen because they represent a 

more complete set of optimized parameter values. 

These summary tables show that for the parameters and K,, the optimized 

estimates obtained from the larger scale experiments tend to fall within the range of 

measured values that were obtained from the repacked soil core experiments. These 

results would be expected as these parameters tend to be more physically based. 

Optimized values for 0^ fall within a relatively small range in comparison to the estimates 

obtained from the larger scale 1-dimensional experiments. Collectively, estimates for this 
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Table 5.3. Summary of measured and optimized parameter values and associated 
confidence limits for Vinton fine sand soil cores obtained fi-om upward infiltration 
experiments. 

95% Confidence Limits 

Replicate Parameter Estimate Std. Error Lower Upper 

1 0r (cm^ cm'^) 0.0424 0.0041 0.0343 0.0504 

0s (cm^ cm'^) 0.3950* N/A N/A N/A 

a (cm ') 0.1174 0.0034 0.1107 0.1240 

n 1.8590 0.0204 1.8184 1.8992 

K, (cm min"') 0.il44* N/A N/A N/A 

y 0.2717 0.0374 0.1977 0.3456 

2 0r (cm^ cm'^) 0.0698 0.0021 0.0658 0.0739 

0s (cm^ cm'^) 0.4040* N/A N/A N/A 

a (cm"') 0.0883 0.0056 0.0773 0.0993 

n 1.9220 0.0547 1.8140 2.0306 

K, (cm min"') 0.0923* N/A N/A N/A 

Y 0.7238 0.0613 0.6025 0.8451 

3 (cnr cm ") 0.0107 0.0004 0.0100 0.0114 

Oj (cm^ cm'^) 0.4280* N/A N/A N/A 

a (cm"') 0.1019 0.0054 0.0913 0.1125 

n 2.1520 0.0457 2.0162 2.2427 

K, (cm min"') 0.1342* N/A N/A N/A 

Y 0.2759 0.0502 0.1765 0.3753 

'Measured directly 
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Table 5.4. Summary of optimized parameter estimates and associated confidence 
limits for repacked Vinton fine sand I-dimensional soil columns, and 3-dimensional 
soil columns. 

95% Confidence 
Limits 

Parameter Estimate Std. Error Lower Upper 

1-D soil columns 

0r(cm^ cm"^) 0.0114 0.0039 0.0038 0.1090 

0, (cm^ cm"') 0.4117 0.0030 0.4059 0.4175 

a (cm"') 0.0362 0.0016 0.0332 0.0393 

n 2.3690 0.0525 2.2659 2.4720 

KsCcmmin ' )  0.1140 0.0037 0.1071 0.1210 

Y 0.6811 0.0983 0.4884 0.8739 

3-D soil columns 

0r(cm^ cm"') 0.0480* N/A N/A N/A 

0s (cm' cm"') 0.4421 0.0120 0.4185 0.4658 

a (cm"') 0.0954 0.0083 0.0792 0.1117 

n 1.7475 0.0550 1.6393 1.8558 

K, (cm min"') 0.0880 0.0090 0.0702 0.1059 

Y 0.9248 0.1768 0.5771 1.2726 

' Not optimized 



291 

parameter cover a full order of magnitude (0.01 cm^ cm"^ - 0.10 cm^ cm"'). For the 3-

dimensional experiments, estimates for this parameter were not reported due to numerical 

difficulties. The wide range of estimated values that were obtained for this parameter 

tends to reflect the general difficulty experienced in assigning its value. Although 

physically based, it is essentially unmeasurable and is typically thought of as a fitting 

parameter. For the I-dimensional experiments, the range of estimated values for the 

parameter n tend to overlap. For die 3-dimensional experiments however, die range of 

values was significantly less. For the parameter a, estimates obtained for the small scale 

1-dimensional soil cores and the 3-dimensional soil columns overlap. However, for the 

larger scale 1-dimensional soil columns the values are much lower. The parameter y tends 

to increase with increasing experimental scale. These parameters (a, n and y) are more 

empirically based and are perhaps much more scale dependent. These results call in 

question the validity of assuming that parameters estimated fi*om experiments at one scale 

can be used to accurately describe systems at different scales. 

Final thoughts and suggestions for future work 

Within the soil physics literanire there is an abundance of reported work involving 

the use of inverse methods for parameter estimation. As I stated at the beginning, little 

attention has been focused on applications of these methods to experimental data. During 

die course of this work, it became clear to me why this is true. Quite simply, inverse 

modeling is plagued by problems of instability and nonimiqueness; overcoming these 
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problems is by no means an easy task. In reviewing the literature, one encounters a 

continuum of approaches that researchers have followed in order to obtain useful results. 

As a consequence there is no absolute path to follow, but instead, there are many possible 

ways to approach this topic. A common thread however, is the that the inverse problem 

must be well posed and incorporate simplifications that are appropriate for the system of 

interest. With respect to applications in soil physics and vadose zone hydrology, an 

invaluable resource would be a thorough and up to date, comprehensive review of the 

literanare pertaining to the applications of inverse methods for parameter estimation. Such 

a review should include a compilation of the of the work done in this arena. This would 

provide clarity for future research regarding the choice of experimentation. 

The ability to make comparisons between parameter estimates based on laboratory 

scale experiments and estimates made at die field scale needs to be reconciled. The non

transferability of parameter estimates between scales as evidenced in this research seems 

to shadow the dilemma regarding the appropriateness of applying parameter estimates 

obtained at the laboratory scale to the field. At this juncture, although we can certainly 

conduct field scale experiments, we seem to lack the numerical tools necessary to make 

accurate estimations of parameters based on the data obtained firom these experiments. 

Along these lines, numerical experiments using synthetic data sets similar to what has 

been done for laboratory experiments can be pursued. 

In the application of this approach, something that tends to be overlooked is the 

use of inferential statistics. An added dividend to using nonlinear regression techniques is 
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the wealth of statistical information that can be generated. This information can be used 

diagnostically to help quantify the value of the data, identify and infer model error and 

uncertainty. These statistical tools are now finding popular use in the groundwater 

modeling community. For an excellent reference in the application of these statistics see 

Hill, (1998). 


