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Abstract

Ground-water flow modeling is an important tool fre-
quently used in studies of ground-water systems. Reviewersand
users of these studies have a need to evaluate the accuracy or
reasonableness of the ground-water flow model. This report
provides some guidelines and discussion on how to evaluate
complex ground-water flow models used in the investigation of
ground-water systems. A consistent thread throughout these
guidelinesisthat the objectives of the study must be specified
to allow the adequacy of the model to be evaluated.

Introduction

The simulation of ground-water flow systems using com-
puter modelsis standard practicein the field of hydrology.
Models are used for a variety of purposes that include educa
tion, hydrologic investigation, water management, and legal
determination of responsibility. In the most general terms, a
model isasimplified representation of the appearance or oper-
ation of areal object or system. Ground-water flow models rep-
resent the operation of areal ground-water system with mathe-
matical equations solved by a computer program. A difficulty
that faces all individual s attempting to usethe results of amodel
isthe development of an understanding of the strengthsand lim-
itations of amodel analysis without having to reproduce the
entire analysis.

The primary purpose of thisreport isto help users of
reports that document ground-water flow models evaluate the
adequacy or appropriateness of amodel. A secondary purpose
for this report isto provide for model devel opers aguideto the
information that should be included in model documentation.
Theinformation in thisreport is mainly qualitative. It reflects
theviews devel oped by the authors on the basis of over 50 years
combined experience with ground-water modeling. Theauthors
have used models, reviewed modeling studies and reports, pro-
vided modeling advice, taught modeling courses, and devel-
oped computer model programs.

It isimportant to distinguish among three terms we use to
discuss the modeling process. conceptual model, computer

model program, and model. A “conceptual model” isthe
hydrologist’s concept of a ground-water system. A “computer
model program” is a computer program that solves ground-
water equations. Computer model programs are general pur-
pose in that they can be used to ssimulate a variety of specific
systems by varying input data. A “model” isthe application of
acomputer model program to simulate a specific system. Thus,
amodel incorporates the model program and all of the input
data required to represent a ground-water system. The modeler
attempts to incorporate what he or she believes to be the most
important aspects of the conceptual model into a model so that
the model will provide useful information about the system.

The information provided in this report is generally rele-
vant to all types of ground-water flow model programs; how-
ever, the examples cited throughout the report use the model
program MODFLOW (Harbaugh and others, 2000).

This report reviews the important aspects of simulating a
ground-water flow system using a computer model program
and explains the ramifications of various design decisions. An
important part of the information necessary for evaluating a
model isthe intended use of amodel, becauseit isimpossibleto
develop amodel that will fulfill all purposes. Further, the
intended use must be specific as opposed to general. For exam-
ple, saying that amodel will be used to evaluate water-
management alternatives is inadequate. Specific information
about the alternativesto be considered also would be necessary.
Thus, a consistent thread throughout this report is the need to
consider the purpose of a model when evaluating the appropri-
ateness of the model.

Appropriateness of the Computer Model
Program

Many computer model programs are available for smulat-
ing ground-water systems. Each computer model program can
be characterized by the mathematical method used to represent
ground-water equations (Konikow and Reilly, 1999), assump-
tions, and the range of simulation capabilities. For example, the
mathematical method in MODFLOW isfinite differencein
space and time, with backward difference for time. Major
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assumptions are (1) confined three-dimensional flow with
water-table approximations, and (2) principal directions of
hydraulic conductivity are aligned with the coordinate axes. A
variety of hydrologic capabilitiesareincluded, for example, the
simulation of wells, rivers, recharge, and ground-water evapo-
transpiration. There also are simple analytical models that
assume homogeneous conditionsfor one or two dimensionsthat
can be used to solve some problems. The tool or computer
model program used can be as simple or as complex asrequired
for the problem, but the method, assumptions, and capabilities
must be evaluated to assure that the tool is appropriate and can
provide scientifically defensible results.

Questionsto be answered in the eval uation of the appropri-
ateness of the modeling program are:

1. Arethe objectives of the study clearly stated?

2. Isthe mathematical method used in the computer model
program appropriate to address the problem?

3. Doesthenumerical or analytical model selected for use
simulate the important physical processes needed to
adequately represent the system?

Different Modeling Approaches to Address
a Problem

A general-purpose computer model program such as
MODFLOW can be used in many waysto address a problem as
illustrated in table 1. Approaches to a problem that are com-
monly used are: calibrated model, hypothetical system model,
sensitivity analysis, superposition, and particle tracking. Fre-
quently, several approaches are combined to address a problem.

A Calibrated Model

A model that is“calibrated” is required to address many
hydrologic problems. Model calibration in its most limited
meaning isthe modification of model input datafor the purpose
of making the model more closely match observed heads and
flows. Adjustment of parameters can be done manually or auto-
matically by using nonlinear regression statistical techniques.
In the broader meaning of model calibration, parameter adjust-
ment is only one aspect of model calibration. Key aspects of the
model, such as the conceptualization of the flow system, that
influence the capability of the model to meet the problem objec-
tives also are evaluated and adjusted as needed during calibra-
tion. For example, it may be noticed that some of the parameters
that result in the best match to observations are not reasonable
based on other knowledge of their values. This may indicate
that there is a conceptualization problem with the model. Thus,
the closeness of fit between the simulated and observed condi-
tions, and the extent to which important aspects of the simula-
tion are incorporated in the model are both important in evalu-
ating how well amodel is calibrated. In practice, calibration is

conducted differently by each investigator; some examples that
discusscalibrated model sare L uckey and others (1986), Buxton
and Smolensky (1999), and Anderson and Woessner (1992,
section 8.3 and 8.4).

The amount of effort that is required in calibrating a
ground-water flow model is dependent upon theintended use of
themodel (that is, the objective of theinvestigation). Most mod-
els of specific ground-water systemsthat are used to estimate
aquifer properties, understand the past, understand the present,
or to forecast the future are calibrated by matching observed
heads and flows. Determining if the calibration is sufficient for
theintended use of the model is very important in evaluating
whether the model has been constructed appropriately. (See
later section for more on evaluating the adequacy of model
calibration.)

A Hypothetical Model

A hypothetical model isamodel of an idealized or repre-
sentative system as opposed to amode of a specific system. In
an attempt to understand the basic operation of a ground-water
system, the determination of whether to develop amodel of a
hypothetical idealized system or amodel of an actual system
greatly affects the amount of data needed to construct the
model. Hypothetical models are not calibrated, but input data
are frequently adjusted during model development to make the
model fit the idealized system or to test how the model
responds. The utility of hypothetical modelsis that the system
can be defined exactly and the cause and effect processes under
investigation can be clearly identified with minimal cost. The
input data needed to define the hypothetical system can be as
simple or ascomplex asrequired to investigate the processes of
interest. No effort is required to collect and interpret data from
an actual ground-water system and no uncertainty existsin the
ability of the model to represent the system, which resultsin
substantial cost savings compared to making amodel of a spe-
cific system. Hypothetical models have been used to examine
various processes that affect or are affected by ground-water
flow, for example: boundary conditions (Franke and Reilly,
1987), contributing areas to wells (Morrissey, 1989; Reilly and
Pollock, 1993), and model calibration (Hill and others, 1998).

Sensitivity Analysis

Sensitivity analysisisthe evaluation of model input
parameters to see how much they affect model outputs, which
are heads and flows. The relative effect of the parameters helps
to provide fundamental understanding of the simulated system.
Sensitivity analysisalso isinherently part of model calibration.
The most sensitive parameters will be the most important
parametersfor causing the model to match observed values. For
example, an areain which the model isinsensitive to hydraulic
conductivity generally indicates an areawhere thereisrela
tively little water flowing. If the model isbeing calibrated, then
changing the value of hydraulic conductivity in this areawill
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Table 1. Types of problems that may initiate a hydrologic study involving a ground-water flow model.

Problem Type

Reason for Undertaking Study

Approach to Model the Problem

Basic Understanding of Ground-
Water System

Investigation of hydrologic processes

o Hypothetical system model
o Superposition
e Particle Tracking

Determination of effective data collection
network

o Calibrated model

o Hypothetical system model
o Superposition

e Sensitivity analysis

Preliminary model to determine current
level of understanding

o Calibrated model

o Hypothetical system model
o Superposition

o Sensitivity analysis

Estimation of Aquifer Properties

Aquifer test analysis

e Calibrated model
e Superposition

Determination of aquifer properties

e Calibrated model

Understanding the Past

Understanding historical development of an
aquifer system

o Calibrated model

Estimation of predevelopment conditions

o Calibrated model

Determination of the effect of ground-water
pumpage on surface-water bodies

o Calibrated model
e Superposition

e Particle Tracking

Understanding the Present

Determination of sources of water to wells

o Calibrated model
e Particle Tracking

impacts on the system

Determination of responsible parties causing

e Calibrated model
e Particle Tracking

Forecasting the Future Management of a system

e Calibrated model
o Superposition
o Particle Tracking

not help much in causing the model to match observations. The
calibration will not provide much certainty about the value of
the parameter, but the uncertainty will not matter provided the
model is not used in situations where large amounts of water
will flow in that area. Such amodel, however, would probably
not be suitable for evaluation of recharge or withdrawal in this
area because the amount of flow in the areawould be much
greater than it was when the model was calibrated, and the
uncertainty from the calibration would be unacceptable. Ander-
son and Woessner (1992, p. 246-257) provide some examples
of sensitivity analyses.

Sensitivity analysis can be conducted manually or auto-
matically. In the manual approach, multiple model simulations
are made in which ideally a single parameter is adjusted by an
arbitrary amount. The changesto the model output for all of the
parameter changes may be displayed in tables or graphs for
evaluation. The automatic approach directly computes parame-
ter sensitivity, which isthe change in head or flow divided by
the change in a parameter. Automatic sensitivity analysisis
inherently part of automatic parameter adjustment for model
calibration. The automatic parameter adjustment al gorithm uses
parameter sensitivity to compute the parameter values that
cause the model to best match observed heads and flows.
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Superposition

Superposition (Reilly and others, 1987) is amodeling
approach that isuseful in saving time and effort and eliminating
uncertainty in some model evaluations. Models that are
designed to use superposition evaluate only changesin stress
and changesin responses. Most aquifer tests that analyze draw-
down use superposition. Only the change in heads (the draw-
down) and change in flows are analyzed, which assumes the
response of the system isonly due to the stress imposed and is
not due to other processes in the system. The absol ute value of
the head and a quantification of the actual regional flowsare not
needed. I n the past, superposition was frequently used with ana-
log model analysis of ground-water systems because electrical
simulation of areal stresses and boundary conditions was
extremely difficult. As modern numerical computer models
made simulation of al stress conditions easier, superposition
was used less frequently in areal models. If the problem to be
solved involves only the evaluation of a change due to some
change in stress, however, the application of superposition can
greatly simplify the data needs for model development. Super-
position is strictly applicable to linear problems only, that is,
constant saturated thickness and linear boundary conditions. If
the system isrelatively linear, however, for example the satu-
rated thickness does not change by a significant portion (no
absol ute guidance can be given, but some investigators have
used a 10 percent changein thickness as arule of thumb), super-
position can still provide reasonably accurate answers. Cur-
rently, superposition isused primarily in the simulation of aqui-
fer tests, in that only changes due to the imposed change in
stress (that is, the well discharge) are simulated and zero draw-
downs are specified as the initial and boundary conditions;
example smulations are presented in Prince and Schneider
(1989) and McAda (2001).

Particle Tracking

Particle tracking (Pollock, 1989) is the determination of
the path a particle will take through a three-dimensional
ground-water flow system. The determination of the paths of
water in the flow system aids in conceptualizing and quantify-
ing the sources of water in amodeled system. For example,
Buxton and others (1991) used particle-tracking analysis to
determine recharge areas on Long Island, New Y ork, and Mod-
icaand others (1997) made use of particle tracking in the con-
text of a ground-water flow model to understand the patterns
and age distribution of ground-water flow to streams of the
Atlantic Coastal Plain. Although particle tracking is useful in
determining advectivetransport, thisreport does not addressthe
use of models to determine transport of chemicals, but rather
refers to the approach of using particle tracking to understand
the flow system.

Spatial and Temporal Approaches

In addition to the overall modeling approaches discussed
above, many model programs can be used in one, two, or three
dimensions, and they can be applied astransient or steady state.
The simplification of the model domain to one or two dimen-
sions, either in plan view or cross section, is used to minimize
the cost of constructing amodel. The simplification of the sys-
tem to one or two dimensions, however, must be consistent with
the flow field under investigation and consistent with the objec-
tives of the study. Consistent with the flow field, means that
there isno or negligible flow orthogonal to the line or plane of
the one- or two-dimensional system being simulated.

Steady-state models are used widely, athough true steady-
state conditions do not exist in natural systems. All natural sys-
tems fluctuate in response to climatic variations that can be sea-
sonal, annual, decadal or longer. In steady-state models, an
assumption is made that a system can be represented by a state
of dynamic equilibrium or an approximate equilibrium condi-
tion. If the objectives of the investigation do not requireinfor-
mation on the time it takes for a system to respond to new
stresses or the response of the system between periods of rela-
tive equilibrium, then simulation of the system as a steady-state
system may be a reasonable approach. However, if the system
isnot at aperiod of equilibrium or approximate equilibrium dur-
ing the periods of interest, then atransient analysisis required.

Questionsto be answered in the eval uation of the appropri-
ateness of the modeling approach to analyze the problem are:

1. Istheoveral approach (calibrated model, hypothetical
system model, sensitivity analysis, superposition, and
particle tracking) for using simulation in addressing the
objectives clearly stated and appropriate?

2. If theanalysisisnot three dimensional, isthe
representation of the system using one or two dimensions
appropriate to meet the objectives of the study and
justified in the report?

3. If themodel is steady state, is adequate information
provided to justify that the system is reasonably close to
a steady-state condition?

Models of ground-water systems may be very different in
their level of complexity. Whether the model design and
approach are appropriate for the problem being investigated
must be evaluated. Thisevaluation requiresaclear statement of
the problem to be investigated and the modeling approach. A
further requirement is an understanding of the model design.
The remainder of this report focuses on specific aspects of
model design that should be examined in determining the worth
of aparticular model. These aspects are: discretization and rep-
resentation of the hydrogeol ogic framework, boundary condi-
tions, initial conditions, accuracy of the numerical solution, and
accuracy of calibration for the intended use of the model.
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Discretization and Representation of the
Hydrogeologic Framework

A fundamental aspect of numerical modelsisthe represen-
tation of the real world by discrete volumes of material. The
volumesare called cellsin thefinite-difference method, and the
volumes are called elements in the finite-element method. The
accuracy of the model islimited by the size of the discrete vol-
umes. Further, for transient models, time is represented by dis-
crete increments of time called time stepsin most model pro-
grams. The size of the time steps also has an impact on the
accuracy of amodel. Theissue of the size of the discrete vol-
umes and time stepsis discussed for the finite-difference
method.

Cell Size

The size of cells determines the extent to which hydraulic
properties and stresses can vary throughout the model ed region.
Hydraulic properties and stresses are specified for each cell, so
the more cellsin amodel, the greater the ability to vary hydrau-
lic properties and stresses. If the cell sizeistoo large, important
features of the framework may beleft out or poorly represented.
Accordingly, itisimportant to eval uate the known (or assumed)
variation of hydraulic properties and stresses of the system
being simulated compared to the size of the cells. For example,
the differences in the representation of a confining unitin a
regional ground-water flow model and a sub-regional model of
Long Island, New Y ork (Buxton and Reilly, 1987) are substan-
tia (fig. 1), and the locations where the clay is absent is much
better represented at the finer scale. In aparallel sense, the rep-
resentation of the streams and shoreline are different depending
on the scale (fig. 2). The intended use of the modd and the
importance of the features being discretized affect both the
evaluation of whether the model is discretized appropriately
and whether important features are missing that would cause a
systematic error or bias in the simulation results.

Figure 3 shows the difference in smulated drawdown
when different cell sizesare used to simulate pumping from two
wellsin aone-layer model. The 3,300 ft by 3,300 ft system is
confined with auniform transmissivity of 10,000 ft2/d. No-flow
boundaries surround all sides except the northern boundary,
which has a specified head of O ft. The wells are 200 ft apart,
and each is pumped at a constant rate of 100,000 ft3/d.

Figure 3A showsdrawdown with agrid spacing of 300 ft. With
this grid spacing, the two wells are located in asingle cell, so
the model “sees’ the two wells as a single well pumping at
200,000 ft3/d. Fi gure 3B shows the same system using a 100-ft
grid spacing; this spacing allows each well to be represented
separately. Both grids result in nearly identical drawdown for
distances greater than 500 ft from the wells, but the drawdown
is quite different close to the well.

Continuity of geologic deposits can be disrupted when
cellsaretoo large; for example, isolated cells, unintended holes
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Figure 1. Extent of the south-shore confining unit on Long Island,
New York, (A) as represented in a regional ground-water flow
model grid, and (B) as represented in a sub-regional ground-
water flow model grid. (Modified from Buxton and Reilly, 1987.)

in confining units, and breaks in channels with high conductiv-
ity can occur. An example of thisis shown in figure 4 where a
high hydraulic-conductivity channel becomes discontinuous
when discretized with finite-difference cellsthat aretoo large to
accurately define the important feature of the framework. The
effect of the high hydraulic-conductivity channel is not ade-
quately represented in amodel with this discretization because
it is not represented as a channel but rather as a set of discontin-
uous pockets of high hydraulic conductivity.
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Figure 2. Representation of stream and shoreline boundaries on
Long Island, New York, (A) as represented in a regional ground-
water flow model grid, and (B) as represented in a sub-regional
ground-water flow model grid. (Modified from Buxton and

Reilly, 1987.)

Further, selecting a cell sizethat is just adequate to repre-
sent the variation of hydraulic properties and stresses generally
isinadequate. A change in a property or stressin asystem has
an effect on the computed head somedistance away. A complex
distribution of hydraulic properties and stresses resultsin a
complex head distribution. Many cells are needed to simulate a
complex head distribution because the finite-difference method
computes a single value of head for each cell. Many single val-
ues are required to approximate a complex distribution. Thus, it
isimportant to incorporate a sufficient number of cellsto allow
the complexity of head distribution to be simulated. A simple
exampleis shown in figure 5. A system is simulated with two
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Figure 3. Simulated drawdown from two wells using different

grid spacings.

different grid spacings, as described for figure 3, except that a
single well pumping 200,000 ft3/d is bei ng simulated. Thefig-
ure shows a cross section of head along the row containing the
well. The head distribution is most complex near the well, and
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accordingly, thereis noticeable difference in drawdown for the
two grid spacings near the well. If accuracy of head near the
well is not important to the problem, then the coarse grid is Hydraulic conductivity, K,
probably acceptable. But, if accuracy is heeded near the well,
then the finer grid would be necessary.

Some of the examplesin this report have used uniform
horizontal grid spacing; however, finite-difference models gen-
erally allow the widths of rows and columnsto vary, whichis
called variable grid spacing. The use of variable grid spacing
allows someflexibility to make cells smaller in some areas and
coarser in other areas. Another approach to alowing cell sizes
to vary, called telescopic refinement, is to couple afiner grid
model to asubregion of acoarser grid model. Thisapproach can
avoid having the elongated cells, which are characteristic of . L .
using variable grid spacing. An approach for implementing Figure 4. Large finite-difference cells may be inadequate to represent

telescopic refinement with MODFLOW is documented in some important features of a ground-water system. (A) Map of the
Leake and Claar (1999). distribution of horizontal hydraulic conductivity showing a channel of

high hydraulic conductivity. (B) Finite-difference cells representing the
high hydraulic-conductivity channel are no longer continuous, because
there is no direct connection between diagonal cells in the finite-
difference method.

\
=
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In the vertical direction, two approaches commonly are
used to represent the hydrogeol ogic framework in the
model—uniform model layers (arectilinear grid) and deformed
model layers (fig. 6). Deformed model layers alow horizontal
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Figure 5. Cross section of drawdown showing the effect of grid spacing.
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continuity to be maintained with fewer cells at the expense of
introducing some error in the finite-difference method. As
exampl es, the discretization of the geol ogic framework into uni-
form model layers was used in the simulation of ground-water
flow on Cape Cod, Massachusetts as shown in figure 7 (modi-
fied from Masterson and others, 1997), and the di screti zation of
the geol ogic framework by deformed or hydrogeol ogic model
layerswas used in the simulation of ground-water flow on Long
Idand, New Y ork as shown in figure 8 (modified from Buxton
and others, 1999).

A two-dimensional (single-layer) model and athree-
dimensional (eight-layer) model of Cape Cod, Massachusetts,
provide an example of the effect of vertical discretization on
model results. The number of layers used to discretize the aqui-
fer affects the resultant flow field and estimation of the area
contributing recharge to pumping wells. The ground-water flow
system in the example consists of athick (250-500 ft) multilay-
ered sequence of unconsolidated deposits or materials that
range in grain size from gravel and sand to silt and clay and
includes numerous overlying ponds and streams and variable
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Figure 6. Schemes of vertical discretization for (A) aquifer cross section, (B) aquifer cross
section with rectilinear or uniform grid superimposed, and (C) aquifer cross section with

deformed grid superimposed.
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Figure 7A. Horizontal and vertical discretization using uniform layers for the model simulating ground-water flow on
Cape Cod, Massachussetts. Horizontal grid. (Modified from Masterson and others, 1997.)
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Figure 7B. Horizontal and vertical discretization using uniform layers for the model simulating ground-water flow on
Cape Cod, Massachussetts. Hydrogeologic cross section near column 85. (Modified from Masterson and others, 1997.)

recharge rates from precipitation. More than 30 public-supply
wells, screened at various depths, withdraw water from the sys-
tem at widely differing rates. The three-dimensiona model was
developed first and then simplified into a two-dimensional
model that was calibrated independently; consequently, the
total transmissivities of the two models are not identical. The
contributing recharge areas for the two-dimensional model and
three-dimensional model (fig. 9) are different, however, even
though both model s represent the flow field on Cape Cod, Mas-
sachusetts. In the two-dimensional model (fig. 9A), the contrib-
uting areasarefairly typical of the simple€llipsoidal shapesthat
are delineated by two-dimensional analytical and numerical
modeling techniques. In comparison, however, the shapesof the
contributing recharge areas using the multilayer three-
dimensional model (fig. 9B) are more complex (Barlow, 1994;
Franke and others, 1998).

In evaluating a ground-water flow simulation, the proper
or sufficient discretization is not straightforward to determine.
Enough detail is required to represent the hydraulic properties,
stresses, and complexities of the flow field for the objectives of
the study; yet, the cost will belessif themodel iskept assimple

as possible so that data entry, computer resources, and analysis
of model output are as minimal as possible. Thus, the determi-
nation of the proper discretization isaways acompromise. Ide-
ally, the modeler would test the effect of grid spacing on a
model to help determine the optimal grid spacing; however, the
authors have not seen this done with any frequency. The model
documentation should justify the discretization that is used.

Specifying Properties of Cells

A second aspect of representing the hydrogeologic frame-
work isthe choice of the hydraulic properties assigned to the
cells. When simulating an actual system (as opposed to a hypo-
thetical system), the properties of a system are generally not
known at every cell in the grid; therefore, interpolation from
limited real-world data must be done. Given the uncertainty of
knowledge of the distribution of hydraulic properties, groups of
cells are sometimes given a uniform value rather than attempt-
ing to define an individual value for every cell. Interpolation
schemes, such as distance weighting and various geostatistical
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Figure 7C. Horizontal and vertical discretization using uniform layers for the model simulating ground-water flow on Cape
Cod, Massachussetts. Vertical grid using uniform layers along column 85. (Modified from Masterson and others, 1997.)

methods, also are used. The user of amodel should evaluate the
appropriateness of the interpolation scheme. To make such
evaluation possible, the model documentation should specify
the interpolation method used and include the rationale for
using that interpolation method.

Three examples of interpolated hydraulic conductivity
datafor ahypothetical system are shown in figure 10. All three
exampl es are based upon the assumption that values are known
(presumably from aquifer tests) at four points. Figure 10A
shows the use of the nearest-neighbor method. For every cell,
the data point that is closest to the center of a cell isused asthe
cell value. An even simpler approach would be to use asingle
value for all the cells that is the average of the four known val-
ues. This simpler approach could be justified if the known val-
ues are not considered to be accurate. Figure 10B shows grid
values determined by using a weighted average of the four
known values based on the inverse distance squared from the
center of acell to thefour points. Finally, figure 10C showsgrid
values determined from the hydraulic conductivity of the two
adjacent contours. The value for acell is the distance-weighted
average of the two contour values. Contours were drawn based
on the four known points plus additional geologic information
about the types of sediments throughout the area (which was
made up for thisexample). Thethree distributions shownin fig-
ure 10 differ significantly even though they are all based on the
same four data points. There are many other methods available
for interpolation that would each produce different parameter
distributions.

Theauthorsareaware of only onegeneral guidelineto help
determine the best interpolation method to use in a particular
situation. This guideline statesthat it is best to use the simplest
interpol ation method that is consi stent with the known data. The
rationalefor thisguidelineisthat unwarranted complexity inthe
discretized values builds a bias into amodel that affects all
future use. Ideally the model developer would evaluate the
importance of the interpolation method by testing different
methods and comparing the effect on model results. Such test-
ing isnot always practical depending on the resources available
for model development.

The chosen interpolation method is often implemented by
a computer program. The model documentation should refer-
ence the program that is used. Some model programs incorpo-
rate interpolation capabilities. For example, the Hydrogeol ogic-
Unit Flow (HUF) Package (Anderman and Hill, 2000) in MOD-
FLOW vertically averages hydraulic properties for cells based
on real-world geometry of hydrogeologic units.

The discretization of the storage properties of the ground-
water system has some intricacies of its own. The two main
types of aquifer storativity are confined storage (specific stor-
age) and unconfined storage (specific yield). Unconfined stor-
ageisrelated to the release of water as the water table lowers
(dewatering of the aquifer material); thus, it occurs only along
thetop boundary of the saturated flow system. Confined storage
isrelated to the release of water as the head drops because of
expansion of the water itself as the pressure changes and
changes in the solid framework of the aquifer (no dewatering
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occurs). In simulating the changes in storage for transient sys-
tems, it isimportant that the unconfined storage occurs only at
the top boundary (or top active layer), even if the water-table
aquifer is divided into many layers. Some model programs,
such as MODFLOW, control which storage coefficient is used
based on the layer geometries and heads, thus ensuring that the
proper (either the specific storage or the specific yield) coeffi-
cient isused. Other model programs require the user to specify
the coefficient for each cell. Some investigators have errone-
ously specified specific yield for all layersin an unconfined
aquifer, when it should be specified only for the uppermost

active layer, causing incorrect quantities of water to be smu-
lated from storage. Thus, care must be taken in determining if
the proper storativity is simulated in amodel.

Models that simulate awater table also can have a unique-
ness problem related to the representation of the hydrogeol ogic
framework by discrete volumes. Ground-water model programs
such asMODFLOW alow cells representing the water table to
go dry (desaturate) so that ground-water flow is not smulated
inthosecells. Cellsalso can convert from dry to wet in some sit-
uations. Cell wetting and drying depends on avariety of factors
such asinitial conditions, the iterative solution process, and
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user-specified optionsto control wetting and drying. By varying
these factors, it is possible to change the number of dry cells,
and thus the head will vary. Careful evaluation isrequired to
detect the potential for nonuniqueness and reject solutions that
are unreasonable.

To avoid solver convergence problems that sometimes
occur when cells can convert between wet and dry, someinves-
tigators have resorted to specifying cells representing the water
table as having a constant saturated thickness. It isimportant to
evaluate the extent to which this has been done and the degree
to which the thickness represented by the simulated heads var-
iesfrom the assumed specified thickness. For steady-state mod-
els, the following process can be repeated until the simulated
saturated thicknessisreasonably closeto the specified saturated
thickness:

1. Runthe model.

2. Comparethe simulated saturated thickness (head minus
bottom elevation) to the specified saturated thickness.

3. Adjust the specified saturated thickness to match the
simulated thickness.

For transient models, the changes in saturated thickness
throughout the simulation can be compared to the specified sat-
urated thickness to insure that the change is small compared to
the total saturated thickness.

Time Steps

Transient modelssimulatetheimpact of stressesover time.
In MODFLOW, timeisdivided into time steps, and head is
computed at the end of each time step. Many time stepsare
required to simulate a complex distribution of head over
time. Thisis similar to the need for many cellsto represent
thespatial distribution of head. It isimportant to incorporate
enough time stepsto allow thetemporal complexity of head
distribution to be simulated.

Figure 11 shows the effect of using different numbers
of time steps to simulate the drawdown of awell. The sys-
tem isthe same as that used for the fine-grid simulation in
figure 3, with adimensionless storage coefficient of 0.01
and awell located in the cell at row 17 and column 17. The
hydrographs are for the cell at row 17, column 13, whichis
the 41 cell di rectly to the left of the pumping cell. At the
start of the simulation, the well is turned on with a pumping
rate of 100,000 ft3/d. Each time stepis1.5timeslonger than
the previous time step, which resultsin more time stepsin
early time when head is changing most rapidly. Use of six
or more time stepsin this model produces nearly the same
results, but four or less time steps produces much different
results, especialy in early time.

MODFLOW also makes use of stress periods to facili-
tate specification of stressdata. A stress period isagroup of
one or more time steps in which stress input data are con-
stant. In many situations, it is appropriate to maintain the
same stresses for multiple time steps, so combining time

DRAWDOWN, IN FEET

01 2 3 4 5 6 7 8 9

steps into a stress period for the purposes of data input mini-
mizesthe data preparation effort. A new stress period must start
whenever it becomes necessary to change stress input data. If
stress periods are too long, important dynamics of the stresses
may be left out or poorly represented. For example, the Well
Package of MODFLOW (Harbaugh and others, 2000) allows
pumping rates for wells to change every stress period, and
within a stress period the pumping is constant. If the smulation
is broken into stress periods of one year, for example, but the
actual pumping rate changes more frequently, then stress peri-
ods may need to be shorter.

The intended use of the model is aso an important factor
in eval uating whether the size of stress periodsand time stepsis
appropriate. Considering again the simulation of wells, if a
model is used to analyze the average response of a system over
many years, then pumping might be represented as yearly aver-
ages using yearly stress periods. Therewould likely be multiple
time steps in each yearly stress period, but the stress would
remain constant for each year. Thus, hourly, daily, and seasonal
variationsin pumping would beignored. But, if amodel isused
to simulate seasonal system response, then pumping should be
represented with shorter stress periods — perhaps monthly.

Questions to be answered in evaluating the appropriate-
ness of the discretization and the representation of the hydro-
geologic framework in the simulation of the ground-water sys-
tem are;

1. Doesthehorizontal discretization represent theimportant
features of the hydrogeologic framework to meet the
objectives of the study?

10 11 12 13 14 15 16

TIME, IN DAYS
EXPLANATION
—1STEP  —6 STEPS
——2STEPS ——10 STEPS
3STEPS ——20 STEPS
—4 STEPS

Figure 11. Drawdown versus time for different numbers of time steps.
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2. Arethe physical boundaries represented appropriately in
space by the discretized representation?

3. Isthehorizontal discretization appropriate to represent
the degree of complexity in the aquifer properties and
head distribution (flow system)?

4. Doesthevertical discretization adequately represent the
vertical connectivity and transmitting properties of the
hydrogeol ogic framework to meet the objectives of the
study? Does the method of vertical discretization, either a
rectilinear grid or deformed grid, introduce any bias into
the representation of the hydrogeol ogic framework?

5. Isthe method of assigning parameter valuesto individual
cells explicitly explained? I's the method appropriate for
the objectives of the study and the geologic environment?

6. If theground-water system istransient, thenisthe
specification of storage coefficients appropriate?

7. If the ground-water system isunconfined in some areas,
then is the treatment of changes in saturated thickness
and the potential for cellsto go dry explained and
appropriate? If cells have gone dry, does the resultant
solution seem appropriate?

8. Isthetime discretization fine enough to represent the
degree of complexity in stresses and head distribution
over time?

The evaluation of the proper or sufficient discretization of
the hydrogeologic framework of a ground-water flow simula-
tionis not straightforward to determine. The continuity of
deposits and the reasonableness of the specification of values
for each cell in light of the depositional environment of the
hydrogeol ogic framework must be considered. As always, the
objectives of the study also determine which features must be
represented in the model and the level of detail required to ade-
quately represent their effect on the flow system.

Representation of Boundary Conditions

Boundary conditions are akey component of the concep-
tualization of a ground-water system. The topic of boundary
conditions in the simulation of ground-water flow systems has
been discussed in Franke and others (1987) and Reilly (2001).

Asdiscussed in Reilly (2001), computer simulations of
ground-water flow systems numerically eval uate the mathemat-
ical equation governing the flow of fluids through porous
media. This equation isasecond-order partial differential equa
tion with head as the dependent variable. In order to determine
aunigue solution of such a mathematical problem, it is neces-
sary to specify boundary conditions around the flow domain for
head (the dependent variable) or its derivatives (Collins, 1961).
These mathematical problemsarereferred to asboundary-value
problems. Thus, arequirement for the solution of the mathemat-
ical equation that describes ground-water flow isthat boundary
conditions must be prescribed over the boundary of the domain.

Boundary conditions also represent any flow or head con-
straints within the flow domain. For example, recharge from
percolation of precipitation, river interaction, and pumping
fromwellsare simulated asboundary conditions. Three types of
boundary conditions—specified head, specified flow, and head-
dependent flow—are commonly specified in mathematical
analyses of ground-water flow systems. Thevalues of head (the
dependent function) in the flow domain must satisfy the pre-
assigned boundary conditions to be avalid solution.

In solving a ground-water flow problem, however, the
boundary conditions are not ssimply mathematical constraints;
they generally represent the sources and sinks of water within
the system. Furthermore, their selection is critical to the devel-
opment of an accurate model (Franke and others, 1987). Not
only isthe location of the boundaries important, but also their
numerical or mathematical representation in the model. Thisis
because many physical features that are hydrologic boundaries
can be mathematically represented in more than one way. The
determination of an appropriate mathematical representation of
aboundary condition is dependent upon the objectives of the
study. For example, if the objective of amodel study isto under-
stand the present and no estimate of future conditionsis
planned, then local surface-water bodies may be simulated as
known constant-head boundaries; however, if the model is
intended to forecast the response of the system to additional
withdrawals that may affect the stage of the surface-water bod-
ies, then a constant head is not appropriate and amore complex
boundary isrequired. A model of aparticular areadevel oped for
one study with aparticular set of objectivesmay not necessarily
be appropriate for another study in the same area, but with dif-
ferent objectives. All of these aspects of boundary conditions
must be considered in evaluating the strengths and weaknesses
of aground-water flow model.

In the ground-water flow modeling process (fig. 12),
boundary conditions have an important influence on the areal
extent of the model. Ideally in developing a conceptual model,
the extent of the model is expanded outward from the area of
concern both vertically and horizontally so that the physical
extent coincideswith physical features of the ground-water sys-
tem that can be represented as boundaries. The effect of these
boundaries on heads and flows must then be conceptualized,
and the best or most appropriate mathematical representation of
this effect is selected for use in the model.

When physical hydrologic features that can be used as
boundary conditions are far from the area of interest, artificial
boundaries are sometimes used. The use of an artificial bound-
ary should be evaluated carefully to determine whether its use
would cause unacceptable errorsin the model. For example, a
no-flow boundary might be specified along an approximated
flow line at the edge of a modeled area even though the aquifer
extends beyond the modeled area. The rationale might be that
theartificial boundary is positioned far enough from the area of
interest that whatever is simulated in the area of interest would
not cause significant flow across that area of the system. The
rationale for artificial boundaries can generally be tested using
themodel. In the example of an artificial no-flow boundary, the
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Figure 12. Flow chart of the ground-water flow modeling
process. (From Reilly, 2001.)

appropriateness can be tested by looking at how much the head
changes near the boundary when the model is used for its
intended purpose. Substantial change in heads near the bound-
ary isanindicationthat significant flow acrossthe region would
occur if the artificial boundary were not imposed.

Another example of an artificial boundary is a specified-
head boundary at alocation where there isno source of water to
maintain the head at its specified value. The appropriateness of
this boundary can be tested by evaluating the flow from the
boundary and the change in flow due to changes in parameter
values or stresses within the model. If a stress causes alarge
change in flow from the boundary, then the head would proba-
bly change at the boundary if it were not artificially fixed. Arti-
ficial boundaries, if applied improperly and not evaluated, can
overly constrain the response of the system and bias the results
of ananalysis. A frequently observed exampleiswhen the area
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of interest for astudy isartificially bounded by specified heads,
without regard to the flow being simulated from this boundary
into the study area. In this case, the model may not be sensitive
to parameter values and stresses because the specified heads
artificially keep the simulated heads from deviating much. For
further discussion of this topic, see Franke and Reilly (1987).

The objective of the modeling analysis and the magnitude
of the stressesto be simulated al so influence the selection of the
appropriate approach to simulate the physical features that
bound the ground-water system. When ground-water systems
are heavily stressed, the physical featuresthat bound the system
can changein responseto the stress. Any representation of these
features must account for these potential changes, either by
understanding the limitations of the simulation or by represent-
ing the physical feature as realistically as possible.

In evaluating the appropriateness of a ground-water flow
model, the boundary conditions are key because they determine
where the water enters and | eaves the system. If the boundaries
areinappropriate, the model will be apoor representation of the
actual ground-water flow system. Questions to be used in
evaluating the boundary conditions of a ground-water flow
model are:

1. Areadl the external boundaries of the model associated
with a definable physical feature?

If no—
A. Why not?

B. Issufficient justification provided to warrant the use
of artificial boundaries?

C. Aretheeffectsof the“artificial” boundariestestedin
the calibration of the model and documented in the
report? Doesthe documentation of their useand their
testing make a convincing argument for their reason-
ableness?

If yes—
A. Isthemathematical representation of the physical
feature appropriate?

B. Arethereconditions under which the representation
of the boundary used in the model would become
invalid? Are these conditions discussed?

2. Dotheboundary conditions of the model overly constrain
the model results so that the calibration isinsensitive and
the predictions are not realistic?

Representation of Initial Conditions in
Transient Simulations

Initial conditions represent the heads at the beginning of a
transient smulation. Thus, initial conditions serve as a bound-
ary condition in time for the transient head response of a
ground-water model solution. Initial conditionsareusedonly in
transient simulations, and are different from starting heads (or
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theinitial guess) in steady state solutions. In steady-state solu-
tions, the starting heads can and do affect the efficiency of the
matrix solution, but the final correct solution should not be
affected by different starting heads. In transient solutions, how-
ever, theinitial conditions are the heads from which the model
calculates changes in the system due to the stresses applied.
Thus, the response of the system isdirectly related to theinitial
conditions used in the simulation.

The changes in head that occur in the transient model due
to any applied stress will be a combination of the effect of the
changein stress on the system and any adjustments in heads as
aresult of errorsintheinitial head configuration (theinitial con-
ditions). Adjustments in heads resulting from errorsin theini-
tial head configuration do not reflect changes that would occur
in the actual system, but rather occur because the heads speci-
fied astheinitial condition are not avalid solution to the numer-
ical model. Because errorsin theinitial head conditions cause
changes in head over time during the simulation, it is best to
begin all transient simulations with ahead distribution that isa
valid solution for the model. This ensures that there are no dis-
crepancies (or errors) between the specified initial conditions
and avalid head solution for the model.

For simulations that start from a period when the aquifer
system was in a steady-state equilibrium, the development of
appropriate initial conditionsis straightforward. A simulation
of the steady-state period should be made. The results of this
simulation should then be used as theinitial conditions for the
transient simulation.

Sometimes, however, itisnot possibleto start asimul ation
from a point in time where the aquifer was in steady-state equi-
librium. This condition could occur if thesimulation isintended
to simulate seasona or other cyclic conditionswherethe system
isnever at steady state, or ininstanceswherethereisaperiod of
unknown stress that cannot be reproduced accurately, or when
it is not feasible to simulate the entire period of record from a
time of steady state because of time and money constraints.
Under these conditions, it isimportant that theinitial conditions
used do not biasthe resultsfor the period of interest. Somerules
of thumb for the evaluation of the appropriateness of the initial
conditions in these non-ideal situations are to evaluate the time
constant of the system under investigation and to test the effect
of different initial conditions on the results of the model.

The time constant for a ground-water system is derived
from adimensionless form of the ground-water flow equation
and is defined as (Domenico and Schwartz, 1998, p. 73):

2
K

where T isthe time constant (T), S is the specific storage of a
confined aguifer (L™1), L isacharacteristic length of the system
(L), and K isthe hydraulic conductivity (LT™Y). Theeffect of any
transient condition will not be observable if the time after the
condition occursis significantly larger than the time constant
for the aquifer (T) (Domenico and Schwartz, 1998). Thus, the
effect of apoor or erroneousinitial condition (assuming therest

of the model including boundary conditions is correct) should
not be observable in model results that are for periods of time
significantly larger than the time constant for the aquifer. The
time constant is developed from the ground-water flow equa-
tion for a confined system with homogeneous hydraulic con-
ductivity. Thus, its application in actual systemsisnot always
exact. The appropriate characteristic length (L) of the systemis
usually chosen to represent the distance between major bound-
aries. The specific storage (S represents the compressible stor-
age characteristics of the system; however, an equivalent
storativity for unconfined aguifers could be calculated as the
specific yield (Sy) divided by the thickness (b) of the uncon-
fined aquifer. For unconfined aquifers, an approximate time
constant would be:

_ s’
T K

The determination of the importance and duration of
effects of erroneous or imperfect initial conditions can also be
accomplished by testing the effect of different initial conditions
on the model under study. Thistest isaccomplished by simulat-
ing the same system with the stresses and different initial con-
ditions. When the simulations for all the different initial condi-
tions produce the same result, then one can assume the
influence of the inaccurate initial conditionsis negligible at al
following time periods.

A simulation of asimple transient ground-water system
canillustrate some of thesepoints. Intheillustrative simulation,
the simple transient ground-water system is 20,000 ft long and
20,000 ft wide with two aquifers separated by a confining unit,
and bounded by no-flow boundaries with a stream along one
edge. The aquifer has uniform areal recharge of 0.003 ft/d. The
upper aquifer isunconfined and both aquifers have a horizontal
hydraulic conductivity of 50 ft/d and avertical hydraulic con-
ductivity of 5 ft/d. The confining bed is 10-ft thick with a verti-
cal hydraulic conductivity of 0.001 ft/d. The system is dis-
cretized as shown in figure 13, and simulated using the finite-
difference model MODFLOW. Theareal grid sizeis 1,000 ft by
1,000 ft, and the two aquifers are each represented by two lay-
ers; the bottom aquifer isrepresented by alower layer (layer 4)
50-ft thick overlain by a 40-ft thick layer (layer 3), and the
unconfined aquifer isrepresented by a50-ft thick layer (layer 2)
overlain by alayer (layer 1) with a uniform bottom at 50 ft,
which allows changesin thicknessasafunction of thehead. The
stream is represented as a constant head of O ft along the right-
hand boundary in the top layer. The specific yield for the top
layer is0.2 and the specific storage for the entire model domain
is1.0x 1076 wt.

The steady-state head distribution for the simple systemin
layer 1issymmetric perpendicul ar to the stream and variesfrom
67.94 ft at the ground-water divide to 0.0 ft at the stream
(fig. 14). A transient ssimulation is run from the initial steady
state to examine the effect of awell discharging 100,000 ft°/d
fromlayer 3incell 10, 10 (9,500 ft fromthedivide). The correct
simulation has asthe initial condition the steady-state head
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Figure 13. Extent and model grid of the finite-difference model
used to illustrate initial conditions: (A) areal grid, and (B) cross-

sectional grid.

distribution before the well began discharging; the response of
the system through timeis shown at the divide in layer 1

(fig. 15A) and at the cell containing the well in layer 3

(fig. 15B). The effect of inaccurate initial conditions can be
observed in the response of the aquifer at these same locations.
Twodifferentinitial conditions, asshown onfigure 14, are used
to test the response of the system to inaccurate initial condi-
tions. These two other conditions are a uniform head of 100 ft
everywhere (all layers), except at the stream, and alinearly
changing initial head ranging from 95 ft to O ft at the stream.
The response of the system over time in response to the pump-
ing well compared to the correct response that used the steady-
state head distribution is shownin figure 15 for acell inlayer 1
at the divide and for the cell containing the well in layer 3. The
time constant can also be calculated for this system, although
some approximations must be made to estimate a saturated
thickness. If the saturated thickness of the unconfined aquifer is
assumed to be 100 ft (the thickness at the stream), then thetime
constant is calculated as:

_0.2(20, 000ft)?

— 4 —
= m = 16x10 days—44years.
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Asshowninfigure 15, the curvesfor thetwo
inaccurate initial conditions do not approach
the correct transient response until about 20
to 40 years after the start of pumping. Thus,
inaccurateinitial conditions can cause errors
for asignificant time period in transient sim-
ulations.

Examination of the simulated response
through time from 0-5 years in the finite-
difference cell containing thewell illustrates
some interesting points. The correct
response of the system is simulated for the
case with the steady-state heads asthe initial
conditions (fig. 16); theinitia value for the
head is 50.09 ft in the cell containing the
well. The case with the linearly varying
heads as initial conditions hastheinitial
valuefor thecell containing thewell equal to
50.0 ft, which is almost the same as the cor-
rect steady-state value. Even though the ini-
tial conditionsin theindividual cell are
amost the same, the responseis different,
because theinitial conditions over the entire
model domain affect the head response. The
response of the system with the linearly
varying initial conditionsisobviously in
error because the response of the system
shows anincreasein head after thefirst time
step in response to pumping, which is not
physically reasonable.

Questions to be used in evaluating the
initial conditions of a ground-water flow
model are:

1. Doesthetransient model simulation start from a steady-
state condition?

If yes—
A

Constant-Head
Boundary

Confining
Unit

Werethe initial conditions generated from a steady-
state simulation of the period of equilibrium, which
isthe preferred method?

B. If theinitial conditionswere not generated from a
steady-state simulation of the period of equilibrium,
then isthere a compelling reason why they were not
generated, or aretheinitial conditionsinvalid?

If no—

A. Woasit possibleto select aperiod of equilibrium to
start the simulation and make the determination of
initial conditions more straightforward?If it is possi-
ble, then the model should have simulated the tran-
sient period from the period of equilibrium.

B. Ifitwasnot possibleto select aperiod of equilibrium
to start the simulation, then what was the justifica
tion for selecting the starting time and theinitial con-
ditionsfor thesimulation? How wasit shown that the
initial conditions used did not bias the result of the
simulation?
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Figure 14. Head distribution along a model row from the divide to
the constant-head node for three different initial conditions used
for a transient simulation.
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Accuracy of the Matrix Solution

Discrete numerical modelsinvolve the solution of
large sets of simultaneous algebraic equations (Har-
baugh and others, 2000). This solution of large sets of
algebraic equations usually involves the use of sophisti-
cated matrix solution techniques. Most of the solution
techniquesareiterativein naturewhereby the solutionis
obtained through successive approximation, which is
stopped when it isdetermined that a“good” solution has
been obtained (Bennett, 1976). The criterion used in
most iterative solution techniquesis called the “ head
change criterion.” When the maximum absol ute value
of head changefrom all nodes during aniterationisless
than or equal to the selected head change criterion, then
iteration stops.

When eval uating aground-water flow model, even
if the computer model has output results, one must
check to determine if indeed a solution has been
obtained by the matrix solution technique. The first
check isto evaluate the head change criterion. Wasthe
head change criterion set small enough to obtain a
model solution with minimal error? One means of eval-
uating the head change criterion isto examinethe global
mass balance for the model. If the error in the mass bal-
ance (for example, total inflow minus total outflow
divided by one half the sum of the inflow and outflow)
over the entire model domainissmall, usualy lessthan

60 Lai““-\:\-\:\.\k .

10 20 30 40 50 10 20 30 40 50
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INITTAL CONDITIONS
—e—= LINEAR

—=— CONSTANT 100 FEET
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DISTRIBUTION

Figure 15. Head in a cell through time in response to a well discharging at a rate of 100,000 ft/d: (A) the head in layer 1 at the
divide, and (B) the head in the cell with the discharging well in layer 3.
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Figure 16. Head in the well for the first 5 years after the start of
pumping for the cases using the initial conditions of the steady-

state head distribution and the linearly varying head distribution.

0.5 percent, then the head change criterion is assumed to have
been sufficient. If the error in the mass balance calculationsis
significant, then the matrix sol ution was not good and the model
should be corrected by improving the matrix solution. The
matrix solution can be improved by lowering the head change
criterion, adjusting iteration parameters (if the solution tech-
niques use iteration parameters), using different starting heads
for steady-state simulations, or using a different solution tech-
nique.

Even if the head change criterion is met and the global
mass balance error is small, the model solution may not be
appropriate for the system under investigation. Two potential
reasons are that some models can either be mathematically non-
unique or very nonlinear. The mathematically nonunique prob-
lem usually is apoorly posed problem where amodel has only
specified-flow boundary conditions and no other boundary con-
dition that specifies a head or datum (such as, constant head,
river stage, general head boundary, etc.). In this type of prob-
lem, thereisafamily of solutionsall with the same gradientsbut
different absolute heads. The matrix solution technique may not
converge or it may converge to one of the infinite number of
possible solutions.

In nonlinear problems, the solution affectsthe coefficients
of the matrix being solved; thus, the solution affects the prob-
lem being solved. Asaresult, the manner in which theiterative
solution technique approaches a solution can affect the final
solution. An example from Reilly (2001) illustrates this point.
Consider a one-dimensional water-table system with asloping
impermeabl e bottom that contains a specified head and extends
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5,000 m, with an areal recharge rate of 0.5 m/yr. The start-
ing head for the equation solution is specified at 20 m,
whichisaboveall the bottom elevations of the cellsbut yet
closeto the magnitude of the expected results. Figure 17A
isacross-sectional view of afinite-difference representa-
tion of the steady-state solution. The cell farthest from the
specified head issimulated asbeing dry. Thetotal recharge
flowing to the specified head cell for a500-m widthis
2,740 m3d. The convergence criterion of the moddl was
met and the mass balance was excellent (showing 0.00 per-
cent budget discrepancy). Now consider figure 17B, which
istheresult of asimulation of the same problem, except the
starting head for the matrix solution was set at 100 m. As

5 is shown in figure 17 and table 2, three cells are now sim-

ulated as being dry. Theresult is that less rechargeissim-
ulated as entering the model and the heads and water bud-
gets are reduced accordingly, with only 2,055 m3/d bei ng
represented as recharge entering the system for a 500-m
width. Although both solutions converged and had excel-
lent mass balances, at least one of them isincorrect.
Because it is anonlinear problem, it is not easy to deter-
mine which solution is correct. The rate of convergence
and the method of making cells inactive must be consid-
ered and evaluated. After evaluating these aspects, and
noting that theheadin cell 7 (table2 and fig. 17) of the sec-
ond model is above the bottom elevation of cell 8, which
was converted to dry during theiterative process, it seems
that the first model most likely is correct. In the second model,
the iterative solution, in attempting to converge, apparently
overshot the bottom of some of the cells, which prematurely or
erroneoudly truncated the area from the active model domain,

Table 2. Heads calculated for the same system with areal recharge
and two different intitial heads.

[m, meters]
Head Head
Cell Bottom calculated calculated
number  elevation of cell  withtheinitial  withtheinitial
head at20m  head at 100 m
1 -30.0 0.00 0.00
2 -25.0 1.93 1.46
3 -20.0 3.83 2.86
4 -15.0 5.68 4.17
5 -10.0 7.49 5.38
6 -5.0 9.24 6.42
7 0.0 10.90 7.20
8 5.0 12.45 Dry
9 10.0 13.81 Dry
10 15.0 Dry Dry
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Figure 17. Cross-sectional view of a finite-difference representation simulating a variable thickness
ground-water system with flow to a specified head due to areal recharge: (A) starting head set at
20 meters, and (B) starting head set at 100 meters. (From Reilly, 2001.)

and resulted in the wrong problem being solved. The model
developer or user must carefully evaluate nonlinear problems
and monitor the rate of convergence to ensure that cells that
should be part of the active problem domain are not removed.
The accuracy of the matrix solution usually is not an issue
with ground-water models that meet the head change criterion
and have small mass balance errors. It isimportant when using
models and especially nonlinear models, however, to keep in
mind that the accuracy of the solution is not assured, whichis
another aspect for continued evaluation. Some models do not
converge smoothly, and investigators use non-standard meth-

ods (tricks) to obtain amodel solution. For example, some non-
standard methods that have been used include: the saving of
intermediate solutions that have not yet converged and chang-
ing matrix solution parameters when restarting the model; mak-
ing a nonlinear water-table simulation linear by fixing the satu-
rated thickness of the model; and obtaining a steady-state
solution by using storage to slow convergence and damp the
approach to the solution through simulating along transient
time period. Aslong as the non-standard method does not vio-
late any important hydrologic process, they are usually trans-
parent to the final solution and are appropriate. However, these



non-standard techniques should be evaluated to determine
whether they cause potentia errors to be introduced to the
model solution.

Questions to be addressed when eval uating the adequacy
of the matrix solution in the simulation of a ground-water sys-
tem are;

1. Istheground-water system and set of matrix equations
linear or nonlinear?

If linear —
A. Wasthe head change criterion met and was it suffi-
ciently small to obtain an acceptable (that is, less
than 0.05 percent error) global mass balance?

If nonlinear —
A. Wasanonlinear matrix solution technique used?

B. Wasthe head change criterion met and was it suffi-
ciently small to obtain an acceptable (that is, less
than 0.05 percent error) global mass balance?

C. Didthe nonlinear terms, such as cells going dry or
drains turning off, behave smoothly during theitera-
tion process? Or were there large oscillations that
would indicate a potential for convergenceto an
incorrect solution?

D. Wereany “tricks’ used to smooth convergence, such
as setting saturated thickness as a constant in water-
table smulations, and are the assumptions used in
defining these artificially constrained features rea-
sonable for the solution obtained?

2. Doesthe solution seem reasonablefor the problem posed?
If it is not and there are no input data errors, then another
matrix solution technigque should be tried to determine
whether it is a matrix-solution issue or some other
problem.

Adequacy of Calibration for Intended Use of
Model Results

Asdiscussed previoudly, not all objectives of using a
ground-water model require calibration. For modelsthat require
calibration, however, an evaluation of the adequacy of the cali-
bration isanother difficult task. There are different quantitative
mesasures that investigators use to show the accuracy of the cal-
ibration of a ground-water flow model. Some of these are: the
mean error, the mean absol ute error, and the root mean squared
error (Anderson and Woessner, 1992). The areal distribution of
residual s (differences between measured and simulated val ues)
also isimportant to determine whether some areas of the model
are biased either too high or too low. The difficulty that arises,
however, is how to determine what is good enough.

As stated previoudly, key aspects of the model, such asthe
conceptualization of the flow system, that influence the appro-
priateness of the model to address the problem objectives, are
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often not considered during calibration by many investigators;
their focus is on the quantitative measures of goodness of fit.
However, the appropriateness of the conceptualization of the
ground-water system and processes should always be evaluated
during calibration. Thus, the method of calibration, the close-
ness of fit between the simulated and observed conditions, and
the extent to which important aspects of the simulation were
considered during the calibration process are all important in
evaluating the appropriateness of the model to addressthe prob-
lem objectives.

Freyberg (1988) reported on a class exercise where differ-
ent models were calibrated by students using the same model
and identical sets of data. Freyberg's observations of the exer-
cise showed that “ successin prediction was unrel ated to success
in matching observed heads under premodification conditions.”
He concluded, “good calibration did not lead to good predic-
tion.” Thisis not to imply that matching heads is unimportant,
only that there are other factors that need to be considered in
determining the “goodness” of amodel. Put interms of logic, a
good match between cal culated and observed heads and flow is
anecessary condition for areasonable model, but it is not suffi-
cient. The conceptual model and the mathematical representa
tion of all the important processes must also be appropriate for
the model to accurately represent the system under investiga-
tion. Thus, amodel that matches heads and flowswell must also
be evaluated to determineif it is areasonable representation of
the system under study. As stated by Bredehoeft (2003), “A
wrong conceptual model invariably leads to poor predictions,
no matter how well the model isfit to the data.”

Thus, the evaluation of the adequacy of the calibration of
amodel should be based more on theinsight of theinvestigators
and the appropriateness of the conceptual model rather than the
exact value of the various measures of goodness of fit. For
example, it would be possible to specify every cell in amodel
that had an observation associated with it as a specified head
cell in the model. Thiswould produce a perfect match between
simulated and observed heads, however, it is conceptually
unreasonabl e to simulate random cells as specified heads that
could serve as sources and sinks of water. Thus, although the
measures of calibration might make it appear to be awell-
calibrated model, in effect the violation of areasonable concep-
tual model makesit a poor model. A model devel oped accord-
ing to awell-argued conceptual model with minor adjustments,
in our opinion, is generally superior to amodel that hasa
smaller discrepancy between simulated and observed heads
because of unjustified manipulation of the parameter values. A
reasonabl e representation of the conceptual model and sources
of water ismore important than blindly minimizing the discrep-
ancy between simulated and observed heads.

Models can be calibrated by trial and error or by automatic
parameter estimation techniques, such as nonlinear regression
to minimize some measure of goodness of fit between the sm-
ulated and observed values. A key concept in automatic param-
eter estimation methods isthat alimited set of parameters used
in the model is designated to be automatically adjusted. These
parameters usually areidentified for specific regions (or zones)
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of the model that are determined before the calibration process
(apriori). An example of parameter zonesfor hydraulic conduc-
tivity isshown in figure 18 for the top two layers of amodel of
the Albuguerque Basin, New Mexico (Tiedeman and others,
1998). In this example, the zones represent different hydrogeo-
logic units. The areal extent of these units remains fixed during
automatic calibration, and the conceptualization of the location
and extent of these zones is part of the information specified
before the automatic calibration process. The parameters and
boundary conditions that are not identified for automatic cali-
bration either remain fixed at their initial values or must be cal-
ibrated by trial and error. In addition, most automatic calibra-
tion methods weight observations according to theinvestigators
insight into the reliability of the observations. Obvioudly, if the
model is conceptualized incorrectly, the parameter zones are
not representative of the actual parameter distribution, the fixed
parameters and boundary conditions are poorly chosen, or the
weighting functions are not appropriate, then the resultant esti-
mates of the parameter values will be inaccurate even if the
residual between observed and simulated conditionsis automat-
ically minimized.

If there are errors in the model conceptualization, the
parameter zones sel ected, and the weighting functions defined
for observed val ues, then the parameter estimation methodswill
provide the best parameters for the poorly defined model. This
does not mean that the model will be an accurate representation
of the system or will produce reasonable predictions. Perhaps
the best use of the formal parameter estimation methods isto
test different model, zone, and weighting function conceptual-
izations and determine which conceptualizations are most rea-
sonable. In testing alternative models, Hill (1998) states that
better models will have “three attributes: better fit, weighted
residualsthat are more randomly distributed, and morerealistic
optimal parameter values.” This approach was used by Y ager
(1996) to test three different model conceptualizations for the
Niagara Falls areain New Y ork and by Tiedeman and others
(1998) to test six different system conceptualizations of the
Albuguerque Basin system. This use of parameter estimation
provides a quantitative means (although some subjectivity
comes into determining which model is good enough) to test
different conceptualizations.

Intrial and error calibration, investigators have the ability
to continuously change their conceptualization of the system
and parameter distributions in order to improve the calibration
fit, although the benefits of these changes are frequently diffi-
cult to quantify. It istheinsight and skill of theinvestigator dur-
ing atrial and error calibration that will control how well a
model represents the ground-water system under investigation.
In evaluating the adequacy of amodel calibration, the concep-
tual model and the insight of the investigators generally are
more important than just an eval uation of quantitative measures
of goodness of fit.

Questions to be addressed in eval uating the adequacy of
calibration of amodel using either trial and error or automatic
methods are:

1. Istheconceptual model of the system under investigation
reasonable?

2. Arethe mathematical representations of the boundary
conditions reasonable for the objectives of the study?

3. Doesthe simulated head and flow distribution mimic the
important aspects of the flow system, such as magnitude
and direction of the head contours?

4. Does some quantitative measure of head and flow
differences between the simulated and observed values
seem reasonabl e for the objectives of the investigation?

5. Doesthedistribution of areas where simulated heads are
too high and areas where simulated heads are too low
seem randomly distributed? If they are not randomly
distributed, then is there a hydrogeologic justification to
change the model and make the residuals more random
areally?

Just because amodel is constructed and calibrated, does
not ensure that it is an accurate representation of the system.
The appropriateness of the boundaries and the system concep-
tualization is frequently more important than achieving the
smallest differences between simulated and observed heads and
flows.

Model Input Data, Output Listing, and Report
Consistency Check

In eval uating the adequacy of amodel, the input data, out-
put listing, and report ideally should be compared with each
other to ensure that they al represent the same analysis.
Depending on the level of evaluation being undertaken, this
comparison can vary greetly in its thoroughness. Many times
the output listing and input data sets are not available to the per-
son evaluating the model, so there is nothing that can be
checked.

If thelisting fileisavailable, thenitisuseful asaminimum
to compare some of the model output to information in the
report. The simulated water budget in the output listing can be
compared to budget val ues determined from the system concep-
tualization and real-world measurements provided in thereport.
For example, if the areal rechargerateis specified in thereport,
the total recharge over the modeled area can be calculated and
compared to the reported recharge in the model budget. Heads
or drawdowns in the model output listing can be compared to
valuesin the report.

If amore thorough evaluation is required, then the input
data can also be checked. Although it isimpossible to ensure
that all the preprocessor steps and manual data entry were
undertaken correctly, data checking can increase confidence
that the model is consistent with the description in the report.
Whether the model data files were constructed by manually
entering informationinto files or by using agraphical user inter-
face, there is the possibility that the data files contain errors.
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Figure 18. Hydraulic-conductivity zones identified for automatic parameter estimation in a ground-water flow model of the
Albuquerque Basin, New Mexico: (A) zones in model layer 1, and (B) zones in model layer 2. (From Tiedeman and others, 1998.)



26 Guidelines for Evaluating Ground-Water Flow Models

Examples of possible errors are: numbers scaled improperly,
inconsistent data, data entered into incorrect fields, data
assigned to incorrect cells, typographical errors, and many oth-
ers. An example of inconsistent data is the use of inconsistent
time or space unitsfor different parts of the data. For example,
pumping might be entered in cubic feet per second (ft3/s) and
hydraulic conductivity infeet per day (ft/d). An example of data
assigned to incorrect cellsisthe specification of stressdata, for
example pumping wells located in inactive cells.

The extent to which theinput data can be checked depends
on the size of the model, available resources, and how the data
were entered. Typical models vary in size from severa thou-
sand cells to over a hundred thousand cells. There are multiple
datavalues per cell, so it isimpractical to check every input
valuein even the smaller models. Thus, data scanning isabetter
term to describe the data-checking process. If datafiles are
available, then they can be checked or scanned directly. If the
output listing is available and if thislisting contains an echo of
theinput data, then usually it is easier to examine the output list-
ing thantheinput files. Also, seeing thedatain the output listing
provides added confirmation that the data files have been prop-
erly read by the model program.

Some checks that can be considered are;

1. Do the model water-budget quantities seem appropriate
for the values described for the actual system in the
report?

2. Aretheinput datathe same as those described in the
report?

3. Aredatavalues consistent and assigned to appropriate
cells?

Checking theinformation that isread directly by the model
increases confidence that the simulation isindeed a solution to
the problem described. The level of evaluation required deter-
mines the thoroughness of the consistency check that should be
undertaken.

Model Reporting and Archiving

Because model s are embodi ments of scientific hypotheses,
aclear and complete documentation of the model development
isrequired for individual s to understand the hypotheses, to
understand the methods used to represent the actual systemwith
amathematical counterpart, and to determine if the model is
sufficiently accurate for the objectives of the investigation. As
stated in U.S. Geological Survey Office of Ground Water Tech-
nical Memorandum 96.04 (see appendix), thereisno rigid
checklist or recipe for reporting on the use of simulationin a
ground-water study. The appropriate level of documentation
will vary depending on the study objectives and the complexity
of the simulations. A valuable result of the ground-water mod-
eling effort isthe insight gained by the investigator during the
modeling process about the functioning of theflow system. This

understanding of the flow system gained during the modeling
process can be an important product of the study and should be
appropriately discussed and documented in the modeling
report.

The general structure of awell-constructed report describ-
ing simulation is much the same as that for any investigative
study. It should present (1) the objectives of the study, (2) a
description of the work that was done, (3) logical argumentsto
convince the reader that the methods and analyses used in the
study are valid, and (4) results and conclusions.

Ten specific topicsthat should be addressed in reports that
describe studies in which simulation is used are listed and
explained in U.S. Geological Survey Office of Ground Water
Technical Memorandum 96.04 to aid individualsin document-
ing their model studies. These 10 topics are:

1. Describethe purpose of the study and therolethat simula
tion playsin addressing that purpose.

2. Describe the hydrologic system under investigation.

3. Describethe mathematical methods used and their
appropriateness to the problem being solved.

4. Describethe hydrogeologic character of the boundary
conditions used in the simulation of the system.

5. If themethod of simulation involves discretizing the
system (finite-difference and finite-element methods for
example), describe and justify the discretized network
used.

6. Describethe aquifer system properties that are modeled.

7. Describe all the stresses modeled such as pumpage,
evapotranspiration from ground water, recharge from
infiltration, river stage changes, leakage from other
aquifers, and source concentrations in transport models.

8. For transient models, describe the initial conditions that
are used in the simulations.

9. If amodel iscalibrated, present the calibration criteria,
procedure, and results.

10. Discussthe limitations of the model’s representation of
the actual system and the impact those limitations have
on the results and conclusions presented in the report.

Once the study isfinished, it is always useful to organize
and archive the model files. The purpose of the archive isto
ensurethat theresultsarereproduciblein the futureeither by the
model developer or other interested parties. Thus, the archive
should reference any published reports on the model and pro-
vide enough explanationin atext “readme” filefor the model to
be used by others. The archival of the model provides good sci-
entific practice and reproducibility of results.



Summary

Ground-water models are designed and built to meet spe-
cific objectives. Models must be critically evaluated to ensure
that there are no datainput errors and that the conceptual model
does indeed accurately represent the actual ground-water sys-
tem sufficiently to meet the objectives of the study. Theitems
to be evaluated are: the appropriateness of the model program,
thedi scretization and representation of the geol ogic framework,
the representation of the boundary conditions, the representa-
tion of theinitial conditions, and the accuracy of the matrix
solution.

Ground-water flow models attempt to reproduce, or simu-
late, the operation of areal ground-water system using a math-
ematical counterpart (a mathematical model). Thus, the evalua-
tion of the model isintended to ensure that the model program
and numerical representation of the important aspects of the
system are sufficient to meet the objectives of the study. The
guidelines presented in this report raise some of the important
aspects of model evaluation.

Acknowledgments

The technical review and improvement of the report by
William Alley, James Bartolino, William Cunningham, and
Keith Prince are gratefully acknowledged. Sandra Cooper pro-
vided editorial review and assistance. Thefinal report and illus-
trations were prepared by E.G. Baker and K.A. Waltenbaugh,
and J.E. Banton, respectively.

References

Anderman, E.R., and Hill, M.C., 2000, MODFL OW-2000, the
U.S. Geological Survey Modular Ground-Water
M odel—Documentation of the hydrogeologic-unit flow
(HUF) package: U.S. Geological Survey Open-File Report
00-342, 89 p.

Anderson, M.P., and Woessner, W.W., 1992, Applied Ground-
water Modeling—Simulation of flow and advective trans-
port: Academic Press, Inc., San Diego, Calif., 381 p.

Barlow, P.M., 1994, Two- and three-dimensional pathline
analysis of contributing areasto public-supply wells of Cape
Cod, Massachusetts: Ground Water, v. 32, no. 3, p. 399-410.

Bennett, G.D., 1976, Introduction to ground-water hydrau-
lics—A programmed text for self-instruction: Techniques of
Water-Resources Investigations of the United States Geolog-
ical Survey, Book 3, Chapter B2, 172 p.

Bredehoeft, J.D., 2003, From models to performance assess-
ment: The conceptualization problem: Ground Water, v. 41,
no. 5, p. 571-577.

Buxton, H.T., and Reilly, T.E., 1987, A technique for analysis
of ground-water systems at regional and subregional scales,

Summary 27

applied on Long Island, New York: U.S. Geological Survey
Water-Supply Paper 2310, p. 129-142.

Buxton, H.T., Reilly, T.E., Pollock, D.W., and Smolensky,
D.A., 1991, Particle tracking analysis of recharge areas on
Long Island, New Y ork: Ground Water, v. 29, no. 1, p. 63-71.

Buxton, H.T., and Smolensky, D.A., 1999, Simulation of the
effects of development of the ground-water flow system of
Long Idand, New York: U.S. Geological Survey Water-
Resources | nvestigations Report 98-4069, 57 p.

Buxton, H.T., Smolensky, D.A., and Shernoff, P.K., 1999, Fea-
sibility of using ground water as a supplemental supply for
Brooklyn and Queens, New Y ork: U.S. Geological Survey
Water-Resources Investigations Report 98-4070, 33 p.

Coallins, R.E., 1961, Flow of fluids through porous materials:
Reinhold Publishing Corp., N.Y ., 270 p.

Domenico, P.A., and Schwartz, F.W., 1998, Physical and
Chemical Hydrogeology (Second Edition): John Wiley and
Sons, New York, N.Y., 506 p.

Franke, O.L., and Reilly, T.E., 1987, The effects of boundary
conditions on the steady-state response of three hypothetical
ground-water systems—Results and implications of numeri-
cal experiments: U.S. Geological Survey Water-Supply
Paper 2315, 19 p.

Franke, O.L., Reilly, T.E., and Bennett, G.D., 1987, Definition
of boundary and initial conditionsinthe analysis of saturated
ground-water flow systems—An introduction: U.S. Geolog-
ical Survey Techniques of Water-Resources Investigations
3-B5,15p.

Franke, O.L., Reilly, T.E., Pollock, D.W., and LaBaugh, JW.,
1998, Estimating areas contributing recharge to wells—Les-
sonsfrom previous studies: U.S. Geological Survey Circular
1174, 14 p. (Third printing, 1999.)

Freyberg, David L., 1988, An exercise in ground-water model
calibration and prediction: Ground Water, v. 26, no. 3,

p. 350-360.

Harbaugh, A.W., Banta, E.R., Hill, M.C.,and McDonald, M.G.,
2000, MODFL OW-2000, The U.S. Geological Survey Mod-
ular Ground-Water Model—User guide to modularization
concepts and the ground-water flow process: U.S. Geological
Survey Open-File Report 00-92, 121 p.

Hill, M.C., 1998, Methods and guidelines for effective model
calibration: U.S. Geological Survey Water-Resources Inves-
tigations Report 98-4005, 90 p.

Hill, M.C., Cooley, R.L ., and Pollock, D.W., 1998, A controlled
experiment in ground-water flow model calibration: Ground
Water, v. 36, no. 3, p. 520-535.

Konikow, L.F., and Reilly, T.E., 1999, Groundwater modeling:
in Delleur, JW. (ed.), The handbook of groundwater engi-
neering: CRC Press, Boca Raton, Fla., 40 p.

Leake, SA., and Claar, D.V., 1999, Procedures and computer
programsfor tel escopic mesh refinement using MODFL OW:
U.S. Geological Survey Open-File Report 99-238, 53 p.

Luckey, R.R., Gutentag, E.D., Heimes, F.J., and Weeks, J.B.,
1986, Digital simulation of ground-water flow in the High
Plains aquifer in parts of Colorado, Kansas, Nebraska, New



28 Guidelines for Evaluating Ground-Water Flow Models

Mexico, Oklahoma, South Dakota, Texas, and Wyoming:
U.S. Geological Survey Professional Paper 1400-D, 57 p.
Masterson, J.P., Walter, D.A., and Savoie, Jennifer, 1997, Use
of particle tracking to improve numerical model calibration
and to analyze ground-water flow and contaminant migra-
tion, Massachusetts Military Reservation, western Cape Cod,
Massachusetts: U.S. Geologica Survey Water-Supply Paper

2482, 50 p.

McAda, D.P., 2001, Simulation of along-term aquifer test con-
ducted near the Rio Grande, Albuquerque, New Mexico:
U.S. Geological Survey Water-Resources Investigations
Report 99-4260, 66 p.

McDonald, M.G., and Harbaugh, A.W., 1988, A modular three-
dimensional finite-difference ground-water flow model:
Techniques of Water-Resources | nvestigations of the United
States Geological Survey, Book 6, Chapter A1, 586 p.

Modica, Edward, Reilly, T.E., and Pollock, D.W., 1997, Pat-
terns and age distribution of ground-water flow to streams:
Ground Water, v. 35, no. 3, p. 523-537.

Morrissey, D.J., 1989, Estimation of the recharge area contrib-
uting water to a pumped well in a glacial-drift, river-valley
aquifer: U.S. Geological Survey Water-Supply Paper 2338,
41 p.

Pollock, D.W., 1989, Documentation of computer programs to
compute and display pathlines using results from the U.S.
Geological Survey modular three-dimensional finite-

difference ground-water flow model: U.S. Geological Survey
Open-File Report 89-381, 188 p.

Prince, K.R., and Schneider, B.J., 1989, Estimation of hydraulic
characteristics of the Upper Glacial and Magothy aquifers at
East Meadow, New Y ork, by use of aquifer tests: U.S. Geo-
logical Survey Water-Resources I nvestigations Report 87-
4211, 43 p.

Reilly, T.E., 2001, System and boundary conceptualizationin
ground-water flow simulation: U.S. Geological Survey Tech-
niques of Water-Resources Investigations, Book 3,

Chapter B8, 26 p.

Reilly, T.E., Franke, O.L., and Bennett, G.D., 1987, The princi-
ple of superposition and its application in ground-water
hydraulics: U.S. Geological Survey Techniques of Water-
Resources Investigations 3-B6, 28 p.

Reilly, T.E., and Pollock, D.W., 1993, Factors affecting areas
contributing recharge to wellsin shallow aquifers: U.S. Geo-
logical Survey Water-Supply Paper 2412, 21 p.

Tiedeman, C.R., Kernodle, JM., and McAda, D.P., 1998,
Application of nonlinear-regression methods to a ground-
water flow model of the Albuquerque Basin, New Mexico:
U.S. Geological Survey Water-Resources Investigations
Report 98-4172, 90 p.

Y ager, R.M., 1996, Simulated three-dimensional ground-water
flow in the Lockport Group, a fractured-dolomite aquifer
near Niagara Falls, New York: U.S. Geological Survey
Water-Supply Paper 2487, 42 p.



Appendix
April 24, 1996

OFFICE OF GROUND WATER TECHNICAL MEMORAN-
DUM NO. 96.04

Subject: PUBLICATIONS—Policy on documenting the use of
ground-water simulation in project reports

It has been more than two decades since Ground Water
Branch Technical Memorandum No. 75.11 wasreleased on the
subject of documenting the use of ground-water simulation in
project reports. Because of the time lapse, changesin modeling
techniques, and the frequency of problems found when reports
arereviewed, arevisit to policy on this subject is appropriate.

Thereisnorigid checklist or recipefor reporting ontheuse
of simulation in aground-water study. The appropriate level of
documentation will vary depending on the project objectives
and the complexity of the simulations. The general structure of
awell-constructed report describing simulation is much the
sameasthat for any investigative study. It should present (1) the
objectives of the study, (2) a description of the work that was
done, (3) logical arguments to convince the reader that the
methods and analyses used in the study arevalid, and (4) results
and conclusions.

Specific topics that should be addressed in reports that
describe studiesin which simulation is used include the follow-
ing.

1. Describethe purpose of the study and therolethat smula-
tion plays in addressing that purpose.

The objective of the simulation must be clearly stated.
The model should be represented as atool to help solve
specific problemsor answer specific questionsrather than
as an end product.

2. Describe the hydrologic system under investigation.

The extent, nature of boundaries, transmitting properties,
storage properties, sources of water, discharge
mechanisms and other relevant components of the
ground-water system should be described as known or
conceptualized. Usually this can be accomplished in part
by referencing previousworks, but major relevant system
characteristics should be summarized in the report that
describes the smulation.

3. Describe the mathematical methods used and their
appropriateness to the problem being solved.

In most cases, areferenceto areadily available
publication will be sufficient to document mathematical
details; however, it will usually be desirable to briefly
summarize the methods that are used. For awell-
documented computer program, this will often require
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only a paragraph or two. If a documented computer
program is modified such that computed values are
affected, the modifications should be documented and
evidence that the modifications are correct should be
supplied.

Describe the hydrogeol ogic character of the boundary
conditions used in the simulation of the system.

In many cases, the model boundaries are placed where
the aquifer terminates against relatively impermeable
rocks or isintersected by a perennial stream whose head
variation in time and space is known. In other cases, the
aquifer may be so extensiverelative to the area of interest
that the modeled area may need to extend beyond the
project areato accurately simulate the natural boundaries
of the aquifer system. If the modeled areais arbitrarily
truncated at some distance from the area of interest, it
should be shown that the selection of the arbitrary
boundary condition does not materially affect the ability
of the model to simulate the system for the purposes of
the study. Internal boundaries such as streams, lakes, and
pinchouts of important hydrogeol ogic zones should be
identified and their representation in the model should be
described in the report. A clear, convincing argument of
the appropriateness of the boundary conditions used in
the model to represent the actual system should be made
for the entire bounding surface of the modeled volume or
cross section, aswell asfor any internal boundaries.

If the method of simulation involves discretizing the
system (finite-difference and finite-element methods for
example), describe and justify the discretized network
used.

The spacing and distribution of the blocks, elements, or
subregions should reflect, in part, the spatial variability
of the hydraulic parameters and the location of
boundaries (for example streams, lakes, bed pinchouts),
human-made features (for example wells and dams), and
stresses. In most cases, a map showing the discretized
network superimposed on the study areais required.
Vertical discretization should be described and/or shown
on illustrations. The manner in which time is discretized
for transient models al so should be described. If a steady-
state model is used to sSimulate an average or approximate
steady-state condition, discuss the errors that could be
introduced in the study results as a consequence of using
a steady-state model.

Describe the aquifer system properties that are modeled.

Explain whatever inferences are made from field data
and previous studies as to the spatial variation of
hydraulic properties of aquifers and confining beds and
how discretized values are computed throughout the
simulated area. During model calibration (seeitem 9),
modeled values are often changed; the final aquifer
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system properties that are modeled should be described
in the report. This can be through maps or descriptionsin
the text. Lists of model arrays do not generally provide
much understanding of the model and accordingly should
not be included in the report unlessit is expected that
readers will want to repeat the simulations. If lists of
arrays are included, they should usually be provided on
electronic media. Note that Office of Ground Water

Technical Memorandum No. 93.01 describesthe separate

requirement for archiving the complete model data sets
used in ground-water projects.

7. Describe all the stresses modeled such as pumpage,
evapotranspiration from ground water, recharge from
infiltration, river stage changes, |eakage from other
aquifers, and source concentrations in transport models.

The relations between observed and model ed stresses
should be described. For example, it usually is desirable
to provide a representative sample of actual pumping
histories and the corresponding modeled pumping
histories, although such information would not
necessarily be provided for every pumped well. The
manner in which stresses are averaged within the
discretized time and space scheme should also be
described. If a steady-state model is used to simulate an
average or approximate steady-state condition, describe
how the average stresses representing this system are
calculated.

8. For transient models, describetheinitia conditions that
are used in the simulations.

Ideally, atransient simulation will start from a steady-
state condition, and the steady-state initial conditionswill
be generated by a steady-state simulation using the same
model. In this case, the steady-state simulation must use
the same hydraulic and stress parameters that are used in
the transient simulation, except that the transient stresses
areremoved. In situationswhere it is not possible to start
atransient model from a simulated steady-state
condition, it is necessary to describe how theinitial
conditions were derived. It is aso important to estimate
the error in the derived values and the possible impact on
the model results.

9. If amode iscalibrated, present the calibration criteria,
procedure, and results.

Describe the source of the observed data to which model
results are compared. Explain the appropriateness of
using these data for model comparisons and the rationale
for any adjustments made to actual observations when
making the comparisons. For example, when steady-state
models are used to simulate an approximate steady-state
condition, it isimportant to explain to what extent the
observations that have been made at specific pointsin
time correspond to the approximate steady-state

condition being simulated. Give a representative sample
of the actual comparisons used for calibration, and show
the locations of the observation points on maps. When
the number of observationsis extensive, locations of
representative points can be shown. It isimportant to
report and use as many types of data as possible for
calibration. For example, in aflow model, both head and
flow observations are desirable for use in calibration.

10. Discussthelimitations of the model’s representation of
the actual system and the impact those limitations have
on the results and conclusions presented in the report.

Evaluating the sensitivity of the computed model
responses to changes in parameter values that reflect
plausible parameter uncertainty helpsto assessthe model
reliability. If the model isto be used to make specific
projections, it is useful to estimate the impacts of the
uncertainty of parameter values on the projections. In
calibrated models, a concern is nonuniqueness, which is
the extent to which other combinations of parameter
values or configurations may result in an equally good fit
to the observed data. Discuss the extent to which
nonuniqueness may affect the use of the model in the
study.

In summary, areport describing a study in which smula-
tion is used should address the above topics; however, thereis
considerable flexibility in the form of such areport. The report
should describe the purpose of the simulation and convince the
reader that the use of simulation is credible. The report should
further describe the system being simulated, the methods of
simulation, and the data that are used.

William M. Alley
Chief, Office of Ground Water

Distribution: A, B, S, FO, PO

This memorandum supersedes Ground Water Branch Technical
Memorandum No. 75.11
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