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PREFACE

The computer program described in this report is designed to allow observations of the advective
transport of steady-state ground-water flow through porous media to be used in the estimation of ground-
water flow parameters. The program is developed as a package for the U.S. Geological Survey’s
MODFLOWP three-dimensional ground-water flow parameter-estimation model, and is intended to be
the first of a family of alternative observation packages that can be used with MODFLOWP to estimate

ground-water flow parameters and calibrate ground-water flow models.

The code for this model will be available for downloading over the Internet from a U.S.
Geological Survey software repository. The repository is accessible on the World Wide Web from the
U.S. Geological Survey Water Resources Information web page at URL http://water.usgs.gov/. The URL
for the public repository is http://water.usgs.gov/software/. The repository is also available from a
anonymous FTP site on the Water Resources Information server (water.usgs.gov or 130.11.50.175) in the
/pub/software directory. When this code is revised or updated in the future, new versions or releases will

be made available for downloading from these same sites.
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ADVECTIVE-TRANSPORT OBSERVATION (ADV) PACKAGE,

A COMPUTER PROGRAM FOR ADDING ADVECTIVE-TRANSPORT OBSERVATIONS OF
STEADY-STATE FLOW FIELDS TO THE THREE-DIMENSIONAL GROUND-WATER FLOW
PARAMETER-ESTIMATION MODEL MODFLOWP

by Evan R. Anderman and Mary C. Hill

ABSTRACT

Observations of the advective component of contaminant transport in steady-state flow fields can
provide important information for the calibration of ground-water flow models. This report documents
the ADV, Advective-Transport Observation, Package, which allows advective-transport observations to
be used in conjunction with the hydraulic head and head-dependent flow observations included in the

three-dimensional ground-water flow parameter-estimation model MODFLOWP.

The particle-tracking routine used in the ADV Package duplicates the semi-analytical method of
MODPATH, as shown in a sample problem. Users are allowed to track particles in a forward or
backward direction, or even to include effects such as retardation through manipulation of the effective-
porosity value used to calculate velocity. Although effective porosity could be included as a parameter in

the regression, this capability is not included in this package.

The weighted sum-of-squares objective function, which is minimized in the parameter estimation
process, was augmented to include the square of the weighted x-, y-, and z-components of the differences
between the simulated and observed advective-front locations at defined times, thereby including the
direction of travel as well as the overall travel distance in the calibration process. The sensitivities of the
particle movement to the parameters needed to minimize the objective function are calculated for any
particle location using the exact sensitivity-equation approach; the equations are derived by taking the
partial derivatives of the semi-analytical particle-tracking equation with respect to the parameters. The
ADV Package is verified by showing that parameter estimation using advective-transport observations

produces the true parameter values in a small but complicated test case when exact observations are used.

To demonstrate how the ADV Package can be used in practice, a field application is presented.

In this application, the ADV Package is used to investigate the importance of advective-transport



observations relative to head-dependent flow observations when either or both are used in conjunction
with hydraulic-head observations in a simulation of the sewage-discharge plume at Cape Cod,
Massachusetts. The analysis procedure presented can be used in many circumstances to evaluate the
probable effect of new observations on the parameter estimation. The procedure consists of two steps:
(1) Parameter sensitivities and correlations calculated at initial parameter values are used to assess the
model parameterization and expected relative contributions of different types of observations to the
regression; and (2) optimal parameter values are estimated by nonlinear regression and evaluated. In this
application, advective-transport observations improved the calibration of the model and the estimation of
ground-water flow parameters, and use of formal parameter-estimation methods and related techniques

produced significant insight into the physical system.

INTRODUCTION

The use of nonlinear regression to estimate optimal parameter values of ground-water flow
models (Yeh, 1986; Carrera and Neuman, 1986a, b, and ¢; Cooley and Naff, 1990; Hill, 1992; Sun, 1994)
results in more objective, automated, model calibration than using trial-and-error calibration methods
alone, and allows for quantitative evaluation of model reliability. Simultaneously, use of nonlinear
regression raises awareness of problems in ground-water flow model calibration that often are obscure
when calibration is accomplished by trial and error alone. Such problems include (1) parameters
important to the predictions for which the ground-water flow model is developed may not be precisely
estimated because available observations provide insufficient information, (2) high correlation between
parameters prevents them from being uniquely estimated using available observations, but the individual
values may be important to predictions, and (3) different ground-water flow model constructions with
optimal parameter estimates may fit the available observations equally well. Use of regression in the

model calibration procedure makes these problems more obvious.

Historically, many ground-water flow models have been calibrated using only measurements of
hydraulic head. The insensitivity and non-uniqueness that often occur when only head observations are
used can be reduced by obtaining additional field observations, such as flow rate at head-dependent
boundaries (Hill, 1992), temperature (Woodbury and Smith, 1988; Doussan and others, 1994), resistivity
(Ahmed and others, 1988), or concentration (Strecker and Chu, 1986; Wagner and Gorelick, 1987; Sun
and Yeh, 1990a and b; Keidser and Rosbjerg, 1991; Cheng and Yeh, 1992; Xiang and others, 1993;



Weiss and Smith, 1993; Sun, 1994; Harvey and Gorelick, 1995; Christiansen and others, 1995; Hyndman
and Gorelick, 1996; Medina and Carrera, 1996; and others).

Using concentration data directly in the nonlinear regression is complicated by, among other
things, the large computational effort required to solve the advective-dispersive equation. Partly because
of this problem, parameter-estimation models that use concentration data directly are not widely used in
practice, effectively limiting the calibration of ground-water flow model parameters to the use of head
and flow data alone. It is apparent, therefore, that there is a need for innovative methods to extract
fundamental ground-water flow system information from concentration data without resorting to use of

the advective-dispersive equation.

An alternative approach to using concentration data directly is to derive observations of the
advective component of solute transport from concentration data, and use these observations in the
estimation of ground-water flow parameters. Observations of time and path of advective transport
contain important information about ground-water flow parameters because they are a direct consequence
of ground-water velocities and generally reflect more long-term aquifer conditions than head or flow

observations.

It can be difficult to accurately locate the advective front of a contaminant plume directly from
concentration data because of the effects of, for example, transverse dispersion and complex patterns of
transport. Some of the difficulties are investigated in this report using synthetic test cases. Use of
advective-transport observations in the estimation of ground-water flow parameters of field problems was
considered by Sykes and Thomson (1988) and Anderman and others (1996). Both concluded that the

advective-transport observations were important to model calibration.

Purpose and Scope

In this report, advective-transport observations are represented using the Advective-Transport
Observation (ADV) Package of the three-dimensional ground-water flow parameter-estimation model
MODFLOWP (Hill, 1992) using particle-tracking methods. The weighted sum-of-squares objective
function of MODFLOWP is augmented to include the square of the weighted x-, y-, and z-components of
the differences between the simulated and observed advective-front locations at defined times. This
method expands on the work of Sykes and Thomson (1988) because it uses the position of advective
transport as well as the overall travel time. The particle-tracking capabilities of the ADV module are

evaluated using the sample problem presented in the MODPATH documentation (Pollock, 1989, p. 43).



Using advective-transport observations to estimate parameter values is evaluated in a small but complex
synthetic test case. The use of advective-transport observations in a field problem is demonstrated

through an application to the Otis Air Force Base sewage-discharge plume on Cape Cod, Massachusetts.

Conceptual Approach

The conceptual basis for the use of advective-transport observations is best illustrated through an
example of a hypothetical field area, as shown in figure 1. At this site, the contaminant source has been
active long enough to produce an extensive plume. A number of monitoring wells measure the extent of
contaminated ground water, as well as the elevation of the water table. Additionally, the average annual
amount of flow between one of the lakes and the ground-water system has also been measured. The
sharp fronts of the concentration contours shown in figure 1 indicate that the movement of the
contaminant plume is largely due to advection so that the direction and length of the plume are controlled
by the hydrogeologic characteristics of the field site. Although the head and flow observations represent
aquifer conditions at discrete points in time, the configuration of the contaminant plume represents
average aquifer conditions integrated over the time of contaminant movement. An advective-transport
observation can be obtained by contouring measured contaminant concentrations and choosing a suitable
point along the plume front, as shown by the triangle in figure 1. The selection of the advective-front
location is generally not straightforward, and is discussed in more detail in the OBTAINING
ADVECTIVE-TRANSPORT OBSERVATIONS section. Once an observation is obtained, a simulated
equivalent is needed. To simulate advective transport, a particle is tracked through the grid from the
source location for the total time of contaminant transport, as shown by the gray line in figure 1. The
differences in the x-, y-, and z-components between the simulated and observed advective-front locations
are then used in the nonlinear regression in conjunction with the differences between the simulated and

observed heads and flows to estimate model parameter values.

There are several conceptual advantages of particle tracking over the use of the full advective-
dispersive equation. First, particle tracking is not affected by numerical dispersion, which hampers many
advection-dispersion models. Second, the computational effort is greatly reduced because computations
are only required along the particle path. Only a single particle usually needs to be tracked to represent

the advective transport of each point source considered.

Particle tracking has at least two primary drawbacks. First, it is unclear how to locate the

advective front of a contaminant plume moving in three dimensions in the presence of dispersion,



CONTAMINANT
—~PLUME CONTOURED
FROM MEASURED
CONCENTRATIONS

~ OBSERVATION
WELLS

/

MODEL GRID

Observed Advective-
Transport Location / = Simulated
Particle

Path

AZ Ay

AX

Figure 1.--Conceptual representation of advective-transport observations.



retardation, decay, chemical reactions, a possibly transient flow field, and other factors that cause solute
transport in actual systems to differ from plug flow. In many instances, these problems are compounded
by the absence of a reliable history of source release strengths, amounts, or locations. Some comments
about these problems are presented in the OBTAINING ADVECTIVE-TRANSPORT OBSERVATIONS
section. Even if the advective-transport location has been incorrectly identified, however, the flow model

would still at least be calibrated with some consideration of the correct flow direction.

The second drawback to the use of particle tracking is that abrupt changes in hydraulic
conductivity laterally or vertically can result in simulated flow paths that change dramatically as
hydraulic conductivity changes (LaVenue and others, 1989; Poeter and Gaylord, 1990). These dramatic
changes can violate smoothness requirements of gradient-based optimization methods, such as the
modified Gauss-Newton method used in this work. An example of this problem is presented in the
COMMON PROBLEMS section.

The method developed in this work is not restricted to representing the movement of a
contaminant. The time and path of travel could be determined from a tracer test or from age dating of
water samples that originate from a known location. The model presented here is applicable to these and
many other situations, but is not applicable to situations in which the source or destination location is

unspecified.

Methods

To incorporate particle tracking into the modified Gauss-Newton optimization method used in
MODFLOWP (Hill, 1992, p. 76), the calculated particle location and its sensitivity to each estimated
parameter are needed. Particle location is simulated by tracking the successive Cartesian (x-, y-, and z-)
components of particle displacement through the ground-water flow model grid over time. Particle
tracking was incorporated into the forward and inverse capabilities of MODFLOWP for particles moved
by steady-state simulated flow. Particle-tracking computations are only required to determine the path of
a single particle for each observation, greatly reducing the computational effort compared to solution of
the advective-dispersive equation. The particle-tracking method used is the semi-analytical method
presented by Pollock (1989) modified so that the cell-face velocities are calculated using an interpolated
saturated thickness, instead of the single-cell saturated thickness used in MODPATH. The original
method produces discontinuities in velocity, and thus sensitivity, at cell boundaries. The velocity at any

point within a cell is linearly interpolated from cell-face velocities. Users are allowed to track particles



in a backward direction, and manipulation of the effective-porosity value needed to calculate velocity
allows effects such as retardation to be simulated. Given an initial particle position, the x-, y-, and z-
displacements are calculated and a single particle is tracked through the model grid for a specified
amount of time. The sensitivities of the particle movement to the parameters are calculated for any
particle location using the exact sensitivity-equation approach, which is consistent with the sensitivity
calculations in MODFLOWP, by taking the partial derivatives of the semi-analytical particle-tracking

equation with respect to the parameters.

ADVECTIVE-TRANSPORT OBSERVATION PACKAGE
METHODOLOGY

This section describes how the ADV Package interacts with MODFLOWP to incorporate
advective-transport observations in the parameter estimation. The discussion includes the complete
derivation of the augmented weighted sum-of-squares objective function, a brief description of how
sensitjvities are calculated, and a brief description of the forward particle-tracking equations used in the
ADV Package; complete derivations of the particle-tracking equations and sensitivities are presented in

Appendix C.

Augmented Objective Function and Normal Equations and The Calculation of Sensitivities

The ADV Package augments arrays in MODFLOWP that already contain observed and
simulated hydraulic heads and flows and calculated sensitivities. In this way, the weighted sum-of-
squares objective function in MODFLOWP is augmented to include the square of the weighted x-, y-,
and z-components of the difference between the simulated and observed advective-front location at

defined times. The sum-of-squares objective function, S, is then expressed as:

S=§,+S5,+§,+5, (D
where
S, is the sum of the squared weighted hydraulic-head differences,
S, is the sum of the squared weighted head-dependent flow differences,
S, is the sum of the squared weighted prior-information differences,
S, is the sum of the squared weighted advective-transport differences, expressed as
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where
NT is the number of advective-transport observations,
X,,y,,z, arethe x-, y-, and z-components of the observed advective transport,

X,,¥,,Z are the x-, y-, and z-components of the simulated advective transport, and
®,,0,, T, arethe x-, y-, and z- advective-transport observation weights.

.
The above expression for S, is applicable when the weight matrix is diagonal, so that covariances
between measurement errors are ignored. Although this is common in practice, the ADV Package
supports a full weight matrix, as discussed in Appendix A. While errors in the x-, y-, and z-advective-
transport movements are probably not independent, it is not clear how to determine error correlation, and
few users are expected to use a full weight matrix. In the following discussion a diagonal weight matrix

is assumed.

Determination of proper weighting is nearly always problematic. Linear theory indicates that
parameter estimates with the smallest variances are achieved when the weights of equation (1a) equal the
inverses of variances of the observation measurement error (Graybill, 1976; Draper and Smith, 1981, p.
110; Hill, 1992), and the authors have found this to be a useful guideline in nonlinear problems as well.
Standard deviations and coefficients of variation are more intuitive to work with and can be used to
calculate variances as the square of the product of the coefficient of variation and the measured value, or
the square of the standard deviation. Many components of the measurement error can be difficult to
quantify; for example, errors due to partially penetrating observation wells or the presence of residual
drawdown from aquifer pumping are often inadvertently neglected. Thus, the specified error variances
are often subjective and can be smaller than they should be. The tendency to be too small is reflected in

the model fit, as measured by the calculated error variance or the standard error being greater than 1.0.

The minimum of the objective function in equation (1) is determined using the modified Gauss-

Newton nonlinear optimization procedure presented by Hill (1992, p. 76):

(c'(x7ax, +R)c+ip)cd, =" X[y~ )
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C is a diagonal scaling matrix with elements equal to
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is the sensitivity matrix evaluated at parameter values b, with column j equal to
6y :
~Ysp > where b, isan elementof b,
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is the parameter-estimation iteration number,
is the weight matrix,
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can be included for problems with large residuals and a large degree of nonlinearity

(see Hill, 1992, p. 77),
is the identity matrix, with elements equal to 1 along the diagonal and zero elsewhere,

is the vector of observed values, such as heads, flows, and prior information,

' I~

is the vector of corresponding simulated values,

~

I I~

is the vector used to update the parameter estimates,

-

M, is the Marquardt parameter,
p, is the damping parameter, and
T superscripted indicates the transpose of the vector or matrix.

To include advective-transport observations in the parameter estimation y, y , Q, and X of

= =r =r

the normal equations are augmented as follows. The advective-transport observation values are added to

the observation vector y, which becomes:

W

ynh
ynh+l

3)

I
Il

Yy nh+ng

ynh+nq+l

Yy nh+ng+nt*ktdim

where
nh is the number of head observations,
nq is the number of flow observations,
nt is the number of advective-transport observations, and



ktdim is the dimension of the particle tracking, either 2 or 3.
The corresponding simulated values are calculated using the particle-tracking equations of the following

sections and are added to the simulated-value vector y at each parameter-estimation iteration. Thus,
=r

y looks similar to y of equation (3) except that the elements are simulated instead of observed values.

The weights of each of the advective-transport observations are added to the weight matrix @. Thus, the
augmented Q is a nh+ng+nt*ktdim dimensional square matrix of the form shown by Hill (1992, p. 54).
The sensitivity matrix X is augmented with the sensitivity of each of the advective-transport

observations i to each parameter j. The parameter vector 5 remains unchanged.

Calculation of sensitivities is the most computationally intensive part of nonlinear regression.
Depending on the optimization method used to solve the nonlinear regression, there are more and less
efficient methods to numerically calculate the sensitivities. The sensitivity-equation method (Yeh, 1986)
is most efficient when the number of observations exceeds the number of estimated parameters. It is one
of two methods available in MODFLOWP (Hill, 1992, p. 90), and is the only method supported by the
ADV Package. Sensitivity-equation sensitivities are derived by taking the partial derivative of the

governing equation with respect to each parameter, as discussed in Appendix C.

Calculation of Particle Location

Particle location is simulated by tracking the successive Cartesian (x, y, z) components of
particle displacement through the ground-water flow model grid either forward or backward in time. The
derivations of the particle-tracking equations are given in Appendix C for the x-component only;
extension to the y- and z-components is straightforward. Vertical particle displacement is corrected for
distorted grids using the methods of Pollock (1989, p. 12) and Zheng (1994). If the particle is discharged
from the model grid before the time of the observation, the final simulated particle position is determined
by projecting the particle using the velocities calculated at the point of discharge. Such projection of the
final particle position often results in large advective-transport differences in equation 1, in effect

penalizing unrealistic simulated advective-front positions.

Particles can be tracked in a backward direction in the ADV Package, a feature which has many

uses in parameter estimation. For example, if the age of water at one point in the system and the likely

10



source area are known, this feature can be used to represent such an observation. Additionally, this

feature can be used to calculate predicted well capture areas and the corresponding confidence intervals.

There are a number of special cases with respect to the calculation of the vertical velocities that
are worth discussing here. A nonzero vertical velocity at the top of the top layer can only occur if there
is an appropriate boundary condition active in the cell. In MODFLOW, a number of different types of
boundaries, such as recharge, head-dependent boundaries (River, Streamflow-Routing, Drain, and
General-Head Boundary Packages), and evapotranspiration, may contribute to the net flux at the top
boundary. Conceptually, boundaries may represent sources of water which overlie, are adjacent to, or
underlie the ground-water system being represented. It is not necessary to distinguish these special cases
in MODFLOW; however, the different conceptual representations of boundaries are important to particle
tracking (Pollock, 1989, p. 15). The ADV Package supports a more limited representation of boundary
flows than is available in MODPATH. In the ADV Package, influx from boundary conditions that are
applied to the top layer are assumed to apply to the top of the top layer. All other boundaries are

considered as internal sources of water, so that the flow is introduced at the cell center.

The finite-difference approximation equations upon which the MODFLOW model is based
assume that hydraulic properties are uniform within individual cells, or at least that average or integrated
parameters can be specified for every cell (McDonald and Harbaugh, 1988, p. 2-31). Hydraulic head is
calculated at cell centers, so that hydraulic properties of adjacent cells need to be combined to calculate
conductances to be used in the continuity equation. This is accomplished within MODFLOW
(McDonald and Harbaugh, 1988, p. 5-6 and 5-9) and BCF2 (McDonald and others, 1992, p. 5) for
horizontal-conductance components within layers, but the calculation of vertical hydraulic conductance
between layers is left to the user (McDonald and Harbaugh, 1988, p. 5-11). This conductance, called
Vcont, is then used to calculate the flux between two layers using the head difference across the layer.
There are three different configurations that Vcont could represent (fig. 2): (a) vertically adjacent cells
span a single geohydrologic unit and both cells are assigned the same hydraulic conductivity; (b)
vertically adjacent cells are assigned different hydraulic conductivity but no confining unit separate the
two; or (¢) vertically adjacent cells are assigned either the same or different hydraulic conductivity and a
confining layer separates the two layers. The particle-tracking algorithm presented here is capable of
tracking particles through model layers representing all of these situations. If situation (c) applies,
however, then it is assumed that flow through the confining unit is vertical, and the thickness and
effective porosity of the confining layer are needed to calculate the travel time through the confining

layer (fig. 3).
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Figure 3.-- Particle tracking through a semi-confining unit.
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For three-dimensional applications, MODFLOW is capable of allowing distorted grids to
represent individual geohydrological units that vary in thickness and elevation over the model area.
While distortion of the model grid may better represent the flow system, it can also introduce error into
the vertical tracking of a particle through the grid if the track does not account for this distortion. An
example of distortion is shown in figure 4. The correction implemented in this work is based on the
methodology of Pollock (1989, p. 12-14) and Zheng (1994), where particles are tracked from cell face to
cell face and the vertical position of a particle is corrected each time the particle moves from one cell to
another within a given layer. The correction is calculated such that the ratio of the vertical distance of
the particle from the bottom of the cell divided by the vertical length of the cell face is the same for

adjoining cell faces.

To demonstrate that the implementation of the particle tracking procedure in ADV is correct,
results are compared to published results of MODPATH (Pollock, 1989). The MODPATH sample
problem consists of an unconfined aquifer separated from an underlying confined aquifer by a 20-ft thick
confining layer (fig. 5). A partially-penetrating well located in the center of the confined aquifer
discharges at a rate of 80,000 cubic feet per day. The boundary conditions consist of (1) uniform areal
recharge of 0.0045 foot per day to the unconfined aquifer; (2) no flow on all sides and along the bottom
of the confined aquifer; and (3) a partially-penetrating river located along one side at the top of the
unconfined aquifer. The model grid consists of 27 rows and columns and 5 layers. Grid spacing varies
from 40 ft by 40 ft at the well to 400 ft by 400 ft along the model edges. The unconfined aquifer is
represented by layer 1 and has a variable thickness of approximately 80 ft. The confined aquifer is
represented by four 50-ft thick layers, with the confining layer represented using the quasi-three-

dimensional approach.

Many of the features included in MODPATH that populate the model grid with particles are not
necessary for the particle tracking included in the ADV package, and it is beyond the scope of this report
to reproduce all of the results demonstrated in the MODPATH sample problem. Comparison of the path
lines for a cross section taken perpendicular to the river sufficiently demonstrates that the ADV particle
tracking duplicates that of MODPATH. The path lines shown in figure 6 were generated using backward
tracking from the well located in the cell at row 14 and column 14 of layer 4. The plot shown in figure
6a was generated by MODPATH and is duplicated from Pollock (1989); the plot shown in figure 6b was
generated using the ADV package. The circles plotted in figure 6 represent the particle locations in 20-

year increments starting from the well; thus, in both cases, the particles are t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>