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DISCLAIMER NOTICE

The information in this document has been funded in part by the United States Environmental
Protection Agency under cooperative agreement # CR 815363 with Holcomb Research Institute , Butler
University, Indianapolis, Indiana. It has been subjected to the Agency's peer and administrative review, and
it has been approved for publication as an EPA document. Mention of trade names or commercial products
does not constitute endorsement or recommendation for use.

All research projects making conclusions or recommendations based on environmentally related
measurements and funded by the Environmental Protection Agency are required to participate in the Agency
Quality Assurance Program. This project did not involve environmentally related measurements and did not
involve a Quality Assurance Project Plan.



FOREWORD

EPA is charged by Congress to protect the Nation’s land, air, and water systems. Under a mandate
of national environmental laws focused on air and water quality, solid waste management and the control
of toxic substances, pesticides, noise and radiation, the Agency strives to formulate and implement actions
which lead to a compatible balance between human activities and the ability of natural systems to support
and nurture life.

The Robert S. Kerr Environmental Research Laboratory is the Agency’s center of expertise for
investigation of the soil and subsurface environment. Personnel at the laboratory are responsible for
management of research programs to: (a) determine the fate, transport and transformation rates of
pollutants in the soil, unsaturated and the saturated zones of the subsurface environment; (b) define the
processes to be used in characterizing the soil and subsurface environment as a receptor of poliutants; (c)
develop techniques for predicting the effect of pollutants on ground water, soil and indigenous organisms;
and (d) define and demonstrate the applicability and limitations of using natural processes, indigenous to
the soil and subsurface environment, for the protection of this resource.

This report describes quality assurance and code testing in ground-water modeling. The quality
assurance procedures presented cover both development and application of ground-water modeling codes.
An important part of quality assurance is code testing and performance evaluation. The section on code
testing and performance evaluation discusses past efforts to test ground-water simulation codes and
document their performance and presents the three-level testing procedure developed by the International
Ground Water Modeling Center and the Center’'s approach to developing benchmarks for the first two test
levels.

Ol & el

Clinton W. Hall

Director

Robert S. Kerr Environmental
Research Laboratory



ABSTRACT

This report provides background information on quality assurance and defines the role of quality
assurance and quality control in ground-water modeling. A functional and practical quality-assurance
methodology is presented which is written from the perspective of the model user and the decision-maker
in need of technical information on which to base decisions. An important part of quality assurance is code
testing and performance evaluation. A section is included on code testing and performance evaluation
presenting the three-level testing procedure developed by the Intemnational Ground Water Modeling Center,
the development of test problems and related benchmarks for the first two test levels, and a discussion of
the implementation of the testing procedure.



BACKGROUND AND REPORT ORGANIZATION

This report describes part of the work performed by the International Ground Water Modeling Center
(IGWMC) under a cooperative agreement with the U.S. Environmental Protection Agency entered into by
the Center while at Holcomb Research institute of Butier University, Indianapolis, Indiana. In line with
IGWMC'’s goal to advance the utility of computer modeling in ground-water management, this project aimed
at developing a comprehensive set of quality assurance procedures and code testing tools, and at
promoting their widespread acceptance by the ground-water professional community.

The agreement included arrangements for IGWMC director Paul K.M.van der Heijde to participate
in a special ground-water modeling committee of the Water Science and Technology Board of the National
Research Councll. The findings of this committee were reported in "Ground Water Models: Scientific and
Regulatory Applications®, published in 1990 by the National Academy Press, Washington, D.C. In addition,
the agreement supported Paul van der Heijde's participation in the Ground Water Modeling Task Group
D.18.21.10 of the American Society for Testing and Materials (ASTM).

The authors are grateful to Aly I. El-Kadi, Steve Baedke, Pamela Kobe, Stan A. Williams, Milovan S.
Beljin, and P. Srinivasan for their past contributions to the IGWMC model testing studies; to Mary Willis, Amy
Maxwell and Mary Pigman for word processing; to James N. Rogers and Lela Goodale Fellows for
manuscript editing; and to Colleen Baker for graphics.

Paul KM. van der Heijde
Golden, Colorado



CONTENTS

L a1 o (o iii
o1 Vo iv
Background and Report Organization .. ........ ...t i i e e e e e v
I UPES . . . i e e e e e ix
1o, 1= ix
1. INTRODUGCTION . ... it ettt et et ettt e et 1
2. QUALITY ASSURANCE IN GROUND-WATERMODELING ............ ... ..., 4
2.1. Quality Assurance Definitions . ... ........ ... e e 4

22. QAiInModel Development . ... ... .. ... e 5

2.2.1. Model Development Process . .. .......coi ittt it e 5

2.2.2. QA in Software Development and Maintenance ........................ 6

2.2.3. Documentation of Code Design and Code Development . ................ 8

2.2.4. Verification of Program Structureand Code .. . ........................ 8

225 Model Validation . . ... ... ... i i it 11

2.2.6. Verification and Validation Criteria . . ............................... 13

2.2.7. Software Documentation . . ... ... ..t e e e e 16

2.2.8. Scientific and Technical Reviews .. ................................ 17

2.2.9. POSt-AUAIS . . ..ottt e e e e 19

23. QAin Model Application . ....... ...t e e e 20

2.3.1. QA Requirements in Model Application ............................. 20

232 DataCollection . ... .. e e 22

233. Model Formulation .. ......... .. .. . . i i e 22

2.3.4. Model Calibration and Verffication ................................. 23

2.3.5. Sensitivity Analysls . ... ... ... ... e e 26

236. Scenanio Analysis . ... ... ... e e e 27

2.3.7. Interpretation and Presentationof Results ... ........................ 28

238 POSL-AUARS . . .. ... e e et e e 28

24 QA Organization StrUCtUre . . . . ... ... it it i ittt e s 28

T N o - 29

2.6, QA ASSESSIMENL . . . .ttt it e e 30

27 QAand Code Selection ... ... .ttt i e e e e 41

2.71. Code Selection Process . .........cviititiiterininnniinnneeennns 41

2.7.2. Formulation of ModelingNeeds . ........... ... ... .. 42

2.7.3. Description of Code Characteristics . . ..............ciiiieen.. 42

274. Code SelectionCriteria . . ............c0iiiiiiiiiiiiiiiinnnnnn. 43

vil



CONTENTS - continued

275. QAInCodeSelection ... ...... ... i e e 47

2.8 QA CIOSUIE . ..ottt e i e e e 48

3. CODE TESTING AND EVALUATION PROCEDURES .. ..........ciitiiiniiiiinnennn. 49

3. Introduction . ... e e e e 49

3.2. Literature Review . .. ... .. . it i i i e e 49

3.3. The Need for Comparative Code Testing ...............cciiiiiininennn.. 61

3.4. Testing Strategy and Example Benchmark Problems . . . ........................ 63

4, CONCLUSIONS . .. e e e e e e e e e e e e e e e 72

5. REFERENCES . .. ... . i e e e e e e e e e e e 73

APPENDIX

Review of Three-Dimensional Analytical Models for Solute Transport

in Ground-Water Systems .. ............. ...ttt e 82

viii



FIGURES

Number Page
1. Model development CONCePLS . . ... o ittt e e e 5
2. Example of a comparison between an analytical and various

numerical SOlUtIONS . . . . . ... ... e 14
3. Example of close correspondence between shapes of

analytical and numerical solution over the spatial domain .. ............. 15
4.  Graphical representation of two-dimensional verification deviations .............. 15
5.  Test problems for two-dimensional solute transport models ................... 56
6. Comparison of analytical and numerical solutions for problem 1.1,

case 4 with Pe = o (e, pureadvection) ........................... 58
7.  Concentration distributions along x-axis showing comparison of analytical

and numerical solutions for problem 1.3, case1...................... 59
8.  Time versus concentration at the pumped well showing comparison of

analytical and numerical solutions for problem 1.6, case2 .............. 60
9.  Comparison of analytical and numerical solutions for problem BM-1.2;

relative concentration versus distance . .............. .. ... ..., ... 61
10. Comparison of analytical and numerical solutions for problem BM-1.2;

relative concentration versustime . ............. .. .. ... .. ... 62
11.  Synthetic data set 1: Movement of a contaminant plume from a continuous

source in a non-uniform, unconfined flowfield ....................... 67
12.  Synthetic data set 2;: Contaminant transport from a continuous source in

a heterogeneous aquifer .. ......... ... ... e, 69

TABLES
Number Page

1. Assessment framework for ground-water model applications . . ................. 31
2. Typical field conditions for which model representation should betested ... ....... 65
3. Syntheticdata set 1 ... ... ... ... it i e 65
4, Syntheticdata set 2 . ...... ... ... ... . e 68
5. Test scenario for three-dimensional solute transportcodes .................... 70



1. INTRODUCTION

Ground-water modeling has become an important methodology in support of the planning and
decision-making processes involved in ground-water management. The effective application of computer
simulation codes in modeling field problems is a qualitative procedure, a combination of science and art.
A successful model application requires a combination of knowledge of scientific principles, mathematical
methods, and site characterization paired with expert insight in the modeling process, often to be provided
within the framework of a multi-disciplinary team effort. As participants at the workshop on *Modeling for
Water Management® organized by the European Institute for Water (Como, ltaly, May 21-22, 1987)
formulated: "Modeling imposes discipline by forcing all concerned to be explicit on goals, criteria,
constraints, relevant processes, and parameter values.”

Ground-water models provide an analytical framework for obtaining an understanding of the
mechanisms and controls of ground-water systems and the processes that influence their quality, especially
those caused by human intervention in such systems. For managers of water resources, models may
provide essential support for planning and screening of alternative policies, regulations, and engineering
designs affecting ground-water. This is particularly evident with respect to ground-water resources
development, ground-water protection, and aquifer restoration.

Successful water management requires that decisions be based on the use of technically and
scientifically sound data collection, information processing, and interpretation methods, and that these
methods are properly integrated. As computer codes are essential building blocks of modeling-based
management, it is crucial that before such codes are used as planning and decision-making tools, their
credentials must be established, independently of their developers, through systematic testing and evaluation
of the codes’ characteristics. As is the case in the nuclear industry (Bryant and Wilburn, 1987), software
applications in ground-water management have become too prominent for the codes to be developed and
maintained in the informal atmosphere that was common in early ground-water modeling software
development. Furthermore, the application of ground-water modeling codes to site-specific problems require
adherence to systematic, comprehensive procedures and detailed reporting.

In discussing ground-water modeling distinction should be made between model development and
model application. Mode! development consists of three components: (1) research aimed at obtaining a
quantitative understanding of the studied ground-water system; (2) software development; and (3) model
testing and evaluation. Often, model development, and particularly code development, Is driven by
immediate and long-term needs of ground-water resources management. Model application is part of a
larger set of activities aimed at solving site- or problem-specific issues, and includes such activities as data
collection, interpretation and storage, system conceptualization and model design, formulation of alternative
problem-solving scenarios and engineering designs, and post-simulation analysis.



Although a consensus may exist as to what ground-water modeling entails, the definition of a
"model” per se is somewhat nebulous. In hydrogeology, the term "ground-water model" has become
synonymous with conceptual ground-water models, mathematical ground-water models (including analytical
and numerical models), computer models, and simulation models. Furthermore, the term "ground-water
model” may apply either to a computer code without site-specific data, or to the representation of a site-
specific system using such a generic code, together with pertinent data.

In this report a ground-water model is defined as a non-unique, simplified, mathematical description
of the subsurface component of a local or regional hydrologic system, coded in a computer programming
language, together with a quantification of the simulated system in the form of boundary conditions, system
and process parameters, and system stresses (van der Heijde et al. 1988). The generalized computer
code usable for different site- or problem-specific simulations is referred to as a (computer) simulation
code or a generic simulation model. A ground-water modeling study is defined as the development and
use of a ground-water model (i.e., code and data) to solve specific ground-water management problems.
Sometimes, such a ground-water model is the result of the application of one or more simulation codes to
a generalized ground-water management problem; e.g., in support of promulgating government-mandated
regulations. Generalizing such a management problem may be based on the use of concepts and data
describing an "average” or “hypothetical” site representing targeted sites.

Sometimes, a model is described in terms of the mathematical solution technique employed. Most
commonly used terms are "analytical model”, "semi-analytical model®, and "numerical model” (van der Heijde
et al., 1988). An analytical model is a model in which the solution of the mathematical problem (governing
equation and boundary conditions) results in a closed-form or analytical expression for the state variable,
continuous in the space and time domains. In a numerical model a solution for the mathematical problem
is found, discrete in both the space and time domains, by using numerical approximations of the governing
partial differential equation(s). In a semi-analytical model complex analytical solutions are approximated
by numerical techniques, resulting in a discrete solution in either the space or time domain.

Developing efficient and reliable software and applying such tools in ground-water management
requires a number of steps, each of which should be taken conscientiously and reviewed carefully. Taking
a systematic, well-defined and controlied approach to all steps of the model development and application
process is essential for its successful utilization in management. Quality Assurance (QA) provides the
mechanisms and framework to ensure that decisions are based on the best available data and (modeling-
based) analyses.

The following sections provide background information on quality assurance and define the role of
QA in ground-water modeling. They present a functional and practical quality-assurance methodology,
written from the perspective of the model user and the decision-maker in need of technical information on
which to base decisions. An important part of quality assurance is code testing and performance evaluation.
The section on code testing and performance evaluation presents the three-evel testing procedure



developed by the International Ground Water Modeling Center, the development of test problems and related
benchmarks for the first two test levels, and a discussion of the implementation of the testing procedure.



2. QUALITY ASSURANCE IN GROUND-WATER MODELING

2.1. QUALITY ASSURANCE DEFINITIONS

Quality assurance in ground-water modeling is the procedural and operational framework put in
place by the organization managing the modeling study, to assure technically and scientifically adequate
execution of all project tasks included in the study, and to assure that all modeling-based analysis is
verifiable and defensible (Taylor, 1985). QA in ground-water modeling is crucial to both model development
and model use and should be an integral part of project planning and be applied to all phases of the
modeling process.

The two major elements of quality assurance are quality control (QC) and quality assessment.
Quality control refers to the procedures that ensure the quality of the final product. These procedures
include the use of appropriate methodology in developing and applying computer simulation codes,
adequate verification and validation procedures, and proper usage of the selected methods and codes. To
monitor the quality control procedures and to evaluate the quality of the studies, quality assessment is
applied (van der Heljde, 1987).

Each project should have a quality assurance plan (QA plan), listing the measures planned to
achieve the project’s quality objectives (van der Heljde, 1989).

*Quality assurance” is a term used in many different disciplines and environments. Its meaning and
implementation differs from field to field. For example, there Is a significant difference between QA in
software engineering, software quality assurance (SQA), and QA in industrial production (Bryant and Wilburn
1987). Also, there are significant differences between data QA (e.g., EPA, 1986) and software QA
procedures.

Many modeling studies are performed without adequate QA arrangements being in place. A formal
QA plan, part of the overall project plan, is often lacking. QA assessment is frequently postponed until the
project reaches its final stage (van der Heijde and Park, 1986). This is especially true for studies where
models are applied to solve site-specific problems. However, when policy decisions, affecting large
constituencies, are based on modeling assessments, both the simulation code used and its application are
often subject to critical review before the study results are accepted. Increasingly, financial and criminal
liability in ground-water contamination cases requires modelers to implement rigorous QA procedures in all
stages of modeling projects.



2.2. QA IN MODEL DEVELOPMENT

2.2.1. Model Development Process

Model development is closely related to the scientific process of acquiring new, quantitative
knowledge about nature through observation, hypothesizing, and verifying deduced relationships, resulting
in the establishment of a credible theoretical framework for the observed phenomena. The fundamental
understanding of a ground-water system thus is the product of research synthesized by theory.

The object of such research is a prototype natural system containing selected elements of a real
world multi-element ground-water system. The selection of a particular prototype system for study is driven
by management needs and the researcher's personal interest, and is influenced by the initial
conceptualization of the integrated systems based on cursory sampling the real world (Figure 1). The
conceptual model of the selected ground-water system forms the basis for determining the causal
relationships among various components of the system and its environment. These relationships are defined
mathematically, resulting in a mathematical model. If the solution of the mathematical equations is complex
or when many repetitious calculations are required, the use of computers is essential. This requires the
coding of the solution to the mathematical problem in a programming language, resulting in a computer
code. The conceptual formulations, mathematical descriptions and the computer coding constitute the
prototype model (Figure 1). Preparation of model documentation should be initialized during the formulation
phase of the mathematical model, continued during the code design and program coding phases, and
concluded after all other model development steps have been completed.

Real World
Management Muitielement Sampling
Systems
P Rea! World
rototype System
selection |
criteria {selected elements) secgﬁg'c::
validation
Prototype Model
deﬁlg? Concepts design
criteria 3 examination criteria
Mathematical Model
verification
performance Code correctness
testing testing
Figure 1. Model development concepts (van der Heijde et al., 1988)



Before a ground-water model is used as a planning and decision-making tool, its credentials must
be established through systematic testing of the model's correctness and evaluation of the model’s
performance characteristics. Of the two major approaches available, the evaluation or review process is
rather qualitative in nature, while code testing results can be expressed using quantitative performance
measures. Performance characteristics may be expressed in terms of reliability (e.g., convergence and
stability of solution algorithms, and absence of terminal failures), efficiency of coded algorithms (in terms
of achieved numerical accuracy versus memory requirements and code execution time), and resources
required for model setup (e.g., input preparation time). Performance characteristics need to be determined
for the full range of parameters and stresses the code is designed to simulate. Ground-water resource
managers may be interested in further testing of a code to determine what the consequences are if such
a code is used beyond its original design criteria, or beyond the range of applications for which It has
already been tested. Through extensive and systematic code testing and model evaluation, confidence in
the applicability of the code will increase.

Thus, code testing (or code verification) is aimed at detecting programming errors, testing
embedded algorithms, and evaluating the operational characteristics of the code through Its execution on
carefully selected example test problems and test data sets. It is important to distinguish between code
testing and model testing. Code testing is limited to establishing the correctness of the computer code with
respect to the criteria and requirements for which it is designed (e.g., to represent the mathematical model).

Model testing or (prototype) model validation is more inclusive (and often more eluding) than
code testing, as it represents the final step in determining the validity of the quantitative relationships derived
for the real-world prototype system the model is designed to simulate (Figure 1).

2.2.2. QA in Software Development and Maintenance

Software quality assurance (SQA) consists of the application of procedures, techniques, and tools
throughout the software life cycle, to ensure that the products conform to pre-specified requirements (Bryant-
and Wilburn, 1987). This requires, that in the initial stage of the software development project, appropriate
SQA procedures (e.g., developing a QA plan, record keeping, establishing a project QA organization),
techniques (e.g., auditing, design inspection, code inspection, error-prone analysis, functional testing, logical
testing, path testing, reviewing, walk-throughs), and tools (e.g., text-editors, software debuggers, source
code comparitors, language processors) need to be identified and the software design criteria be
determined. Currently, many ground-water modeling codes have not been subject to such a rigorous SQA
approach. Ideally, SQA should be applied to all codes currently in use and yet-to-be-developed codes, be
it for either research or resource management.



The use of the software life cycle concept has proven successful in determining the QA requirements
of the development, use, and operation of software (Bryant and Wilburn, 1987). The software development
life cycle consists of three major phases: the initiation phase, the development phase, and the operation
phase (NBS, 1976). According to this concept, the initiation phase is used to define the objectives and
requirements for the software and to perform feasibility studies and cost-benefit analysis. In the development
phase, software and documentation requirements are determined, program design formulated, and coding
implemented and tested.

In the operation phase, the software is used for the purpose for which It has been designed. During
this phase the software is maintained, evaluated regularly, and changed as additional requirements are
identified. When maintenance is no longer justified (e.g., because of changes in computer environments
used, changes in operational requirements, or changes in software design objectives), the end of the
software life cycle is reached, a situation applicable to many of the ground-water simulation codes
developed in the 1970s. A detailed discussion of the QA requirements for each of these software life cycle
phases is given by Bryant and Wilburn (1987).

The most important QA procedures in code development and maintenance are (van der Heijde,
1987):

. documentation of code design and code development;

. verification of program structure and coding;

. validation of complete software product (model validation; see Figure 1);
. documentation of code characteristics, capabilities and use;

. scientific and technical reviews;

. administrative auditing.

To evaluate ground-water modeling codes in a systematic and consistent manner, the international
Ground Water Modeling Center (IGWMC) has formulated a model review, verification, and validation
procedure (van der Heijde et al., 1985). As part of this procedure, the IGWMC has developed a three-level
code testing strategy (see section 3).

If any modifications are made to the simulation code, e.g., to adapt the code for a specific
application, the code should be tested again; all QA procedures for code development should again be
applied, including record keeping, testing and reporting. The modified code should be test run, where
applicable, with the test data sets with which the previous version was tested, and compared with the test
results of that earlier version. All new input and output files should be saved for inspection and possible
reuse.



2.2.3. Documentation of code design and code development

QA for code development and maintenance implies a systematic approach, starting with the careful
formulation of code design objectives, criteria and standards, followed by an implementation strategy. The
implementation strategy includes the design of the code structure and a description of the way in which
software engineering principles will be applied to the code. In this planning stage, measures will be taken
to ensure complete documentation of code design and implementation, record keeping of the coding
process, description of purpose and structure of each code segment (functions, subroutines), and record-
keeping of the code verification process. An integral part of the code development process is the
preparation of user-oriented documentation.

The paper trail for QA in model development consists of reports and files on the development of the
model and should include:

. report on the development of the code including the (standardized and approved)
programmer’s note book;
. verification report including verification (or validation) scenarios, parameter values,

boundary conditions and initial conditions used and their source, verification
results, and, if applicable, bench marks (data, coding, source);

. nature of the verification grid used, and grid design justification;
. changes and verification of changes made in code after baselining;
. in case of validation, a detailed description of the calibration procedure, if applied.

In addition, depending on the level of QA required, various files should be retained (in hard-copy
and, at higher levels, in digital form) including:

. executable image and source code of baselined version of the code;
. input and output for each verification run;
. validation input and output.

2.2.4. Verification of Program Structure and Code

In software engineering, verification is the process of demonstrating consistency, completeness, and
correctness of the software (Adrion et al., 1986). ASTM (1984) defines verification as the examination of the
numerical technique in the computer code to ascertain that it truly represents the conceptual model, and
that there are no inherent problems with obtaining a solution.

in ground-water modeling, the objective of the code verification process is twofold: 1) to check the
correctness and accuracy of the computational algorithms used to solve the governing equations, and 2)
to assure that the computer code is fully operational.



To check the code for correct coding of theoretical principles, for code logic and for major
programming errors ("bugs”), the code is run using specially designed problems. This approach to code
testing allows for evaluation of reliability (e.g., stability of solution algorithms, absence of terminal failures),
efficiency of coded algorithms and internal and external data transfers (e.g., code performance in terms of
numerical accuracy versus time of computation, memory use and storage requirements), and the demand
for code execution preparation resources (e.g., input preparation time). A well-structured code allows for
efficient testing of individual code segments, subroutines, functions and modules, as well as of the overall
program structure. This stage of code testing is also used to evaluate the sensitivity of the code to grid
design, to various dominant processes, and to a wide selection of parameter values (Huyakorn et a/., 1984a;
Sykes et al., 1983; Ward et al., 1984; Gupta et al., 1984).

At this point, it is necessary to make a distinction between generic simulation models based on an
analytical solution of the governing equation(s) and models which include a numerical solution. Verification
of a coded analytical solution is restricted to comparison with independently calculated results using the
same mathematical expression, i.e., manual calculations, comparison with the results from computer
programs coded independently by third party programmers, or using general mathematical computer
software systems such as Mathematica® (Wolfram, 1991) and Mathcad®:% ® (Mathsoft, 1991). Verification
of a code representing a numerical model might take two forms: (1) comparison with analytical soiutions;
and (2) code intercomparison between codes, representing the same generic simulation model, using
synthetic data sets.

In a frequently used verification approach for numerical models, the test problem describes a system
for which the stresses and parameters are defined in every point of the space and time domains, and the
response of such a system is described by a closed-form solution to the governing partial differential
equation (analytical solution; IGWMC test level 1; see section 3.4). The numerical model to be tested
provides solutions to the same equation at a limited number of discrete points in space and time. Assuming
that the coding is correct, the differences between the system responses described by the analytical solution
and the numerical model are due primarily to the approximate nature of the numerical method involved and
to the limitations in computer accuracy, and are generally not randomly distributed. In many instances, the
magnitude of these differences is related to the resolution in the discretization used in the computational
scheme (Lapidus and Pinder, 1982). Theoretically, if the resolution increases such that the spatial and
temporal step sizes approach zero, the differences between the numerical and the closed-form solution
should disappear.

It should be noted that, if a computer code implementation of the analytical solutions has been used
in this type of testing, the resulting code should be subject to the same rigorous QA as the numerical model.

Although testing numerical models by comparing results for simplified situations with those of
analytical models does not guarantee a fully debugged code, a well-selected set of problems ensures that
the code’s main program and most of its subroutines are being used in the testing, including all of the
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frequently called ones and those which might for certain sets of field parameters become critical to the
code’s computational performance. The effectiveness of a verification exercise can be further enhanced by
using so-called walk-throughs, a step-by-step analysis of the computer program’s operation using the data
of the verification problem.

As part of the code verification process, hypothetical, highly simplified problems might be used to
test special computational features that are not represented in simple, analytical models ((GWMC test level
2; see section 3.4). Specifically, this type of testing may be aimed at evaluating the code’s performance in
dealing with irregular boundaries, time varying stresses (sources/sinks), heterogeneity and anisotropy in
aquifer properties, and grid orientation and geometry. Such hypothetical problems might be based on the
features of a single field site or a generic mixture of features of various sites. The resulting data sets are
referred to as synthetic test data sets.

The synthetic or hypothetical system used for such a test is defined by synthetic system parameters
and system stresses and no independently observed system response is available. Therefore, testing takes
place either by evaluating code behavior regarding such aspects as numerical consistency and stability, or
by comparing the discretized predictions obtained with the numerical model tested with those obtained with
another, preferably well-established, numerical model, using high-resolution spatial and temporal
discretization schemes. As the absolute “truth” for these hypothetical problems is unknown, only a
comparative verification of a model can be obtained. Using this approach provides a relative benchmark.
This type of code verification is sometimes referred to as "benchmarking®.

If the simulation results in such a code inter-comparison do not deviate significantly from each other,
a "relative” or "comparative” validity is established (van der Heijde et al., 1988). However, if significant
differences occur, in-depth analysis of the results of simulation runs, performed with both codes, is called
for.

The International Ground Water Modeling Center collects coded analytical solutions and two- and
three-dimensional synthetic benchmarks for transient flow and solute transport in saturated and unsaturated
porous media. Various well-established two- and three-dimensional models are used to derive the
benchmark predictions. The design of the benchmark problems draws on known characteristics of the
various numerical methods used in solving the linear and nondinear ground-water flow and transport
equations.

Most ground-water simulation codes have been verified only with respect to certain segments of
their coding, or for a subset of all the conditions they have been designed to simulate. In the past, very few
codes have been subject to complete and systematic verification along the principles outlined above.

it should be noted that the code verification stage can (and should) be used to evaluate the
operational characteristics of the code, such as the sensitivity of the code to grid design, to various
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dominant processes, and to a wide selection of parameter values.

Finally, the term "model verification" is sometimes used in conjunction with the calibration of a site-
specific model (Anderson and Woessner, 1992; see section 2.3.4).

2.25. Model Validation

Much confusion has resulted from equating model validation with code validation and code
verification. The term "validation® is defined according to the discipline in which it is used. In terms of
software engineering, such as adopted by the National Bureau of Standards, code validation is defined as
"the determination of the correctness of the final software product with respect to user needs and
requirements” (Adrion et al., 1986). In discussing standard practice for evaluating environmental fate models
of chemicals, the American Society for Testing and Materials uses the definition that model validation *is the
comparison of model results with numerical data independently derived from laboratory experiments or
observations of the environment” (ASTM, 1984).

Van der Heijde (1987) defined the objective of ground-water model validation as determining how
well a modei’s theoretical foundation and computer implementation describe actual system behavior interms
of the "degree of correlation” between calculated and independently observed cause-and-effect responses
of the prototype real-world ground-water system for which the mode! has been developed. (Figure 1). This
definition applies to a generic simulation model, not to a site-specific ground-water model, although a site-
specific model is developed to accomplish validation.

The term "model validation® is also used in site-specific modeling. Anderson and Woessner (1992,
p-6) argue that a site-specific model design and application protocol “builds support in demonstrating that
a given site-specific model is capable of producing meaningful results, i.e., that the model is valid®. In their
view the process of model validation encompasses the entire modeling protocol. Moreover, if a post-audit
demonstrates that the site-specific model was accurate in its predictions, the model is considered "validated"
for that site (Anderson and Woessner, 1992, p.9). They state that "because each site is unique, a model
ideally should be validated for each site-specific application.”

Various methods exist to quantify or describe qualitatively this degree of correlation (Koch and Link,
1980). it should be noted that the actual measured data of model input, system parameters and system
response are samples of the real system and inherently incorporate errors. Thus, mode! validity established
in this manner is always subjective (NRC, 1990).

An additional complexity is that often the data used for field validation are not collected directly from
the field but are processed in an earlier study. Therefore, they are subject to inaccuracies, loss of
information, interpretive bias, loss of precision, and transmission and processing errors, resulting in a general
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degradation of the data to be used in the validation process.

There has been some discussion regarding the role of calibration in the validation process. Some
authors consider calibration a weaker form of validation, insofar as It tests the abillity of the code (and the
generic model) to fit the field data after careful adjustments of the physical parameters (Ward et al., 1984).
The justification for this viewpoint Is that true validation is not possible due to the incompleteness of and
uncertainty in the available system parameters and the uncertainty in the observed dependent variables.

The rigorous form of validation is based on model prediction without calibration. The system
stresses and system parameters are assumed to be known, together with the system’s responses to the
stresses present. This approach is a test of the model’s ability to fit the experimental data using modeling
independent estimates of the parameters. In principle, this is the correct approach to validation. However,
unavailability and inaccuracy of field data often prevent applying such a rigid validation approach to actual
field systems. Typically, a part of the field data is designated as calibration data, and a calibrated site-model
is obtained through reasonable adjustment of parameter values. Another part of the field data is designated
as validation data; the calibrated site model is used in a predictive mode to simulate similar data for
comparison. The quality of such a test is, therefore, determined by the extent to which the site model is
“stressed beyond" the calibration data on which it is based (Ward et al. 1984).

From a user point-of-view determining the validity of a generic ground-water model relates to
answering such questions as (Figure 1):

. Is the conceptual model valid for the prototype system it represents?

. Does the mathematical model truly represent the conceptual model, the processes
involved, and the stresses present for the various design conditions?

. Does the code indeed represent the mathematical framework of the model?

. Will the model be able to truly represent the responses of the prototype system to

the site-specific stress scenarios the user intends to investigate?

Therefore, complete model validation requires testing over the full range of conditions for which the
model is designed. The development of generic models is an evolutionary process responding to new
research results, developments in technology, and changes in user requirements. Model review and
validation needs to follow this dynamic process and shouid be applied each time the model is modified.

For many types of ground-water models, the extensive high-quality data sets required for their
validation are lacking. Furthermore, the data sets which are available are often limited with respect to the
variety of conditions and stresses that occur in the sampled system. Therefore, testing of models is
generally limited to verification, using existing analytical solutions and synthetic benchmarks, to code
inter-comparison, and to in-depth post-audits of site-specific model applications (NRC 1990).
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The first step in the validation process is the definition of the validation scenarios. Planning and
conducting fieid validation should include the following steps (Hern et al., 1985):

1. define data needs for validation and select an available data set or arrange for a site to
study;

2, assess the data quality in terms of accuracy (measurement errors), precision, and
completeness;

3. define model performance or acceptance criteria;

4. develop strategy for sensitivity analysis;

5. perform validation runs and compare model performance with established acceptance
criteria;

6. document the validation exercise in detail.

Further development of databases for field validation of many types of ground-water models is
necessary. These research databases should represent a wide variety of hydrogeological situations and
ground-water protection problems, and should reflect the various types of flow, transport, and deformation
mechanisms present in the field. The databases should also contain extensive information on
hydrogeological, soil, geochemical, and climatological characteristics. With the development of such
databases and the adoption of standard model-testing and validation procedures, the reliability of models
used in field applications can be improved considerably.

It should be noted that absolute validity of a model does not exist. Whether a model is valid for a
particular application can be assessed by applying predetermined performance criteria, sometimes called
validation or acceptance criteria. If various uses in planning and decision making are foreseen, different
performance criteria might be defined. The user should then carefully check the validity of the model for
the intended use.

2.2.6. Verification and Validation Criteria

An important aspect of code verification and validation is the definition of informative and efficient
measures for use as evaluation or performance criteria. Such measures need to characterize accuracy
and stability of the solution derived with the numerical model over total space and time domains appropriate
for the model, and for the full range of parameter values that might be encountered in the systems for which
the model has been developed (van der Heljde, 1990).

Thus far, acceptance of verification and validation tests has been based primarily on visual
inspection of graphical representation of the prediction variable for the code tested and the benchmark used
(Figure 2). Such inspection, and for that matter, any set of quantitative measures to be derived, should
involve the overall goodness-of-fit, including maximum deviation, average deviation, and spreading in
deviation, both in absolute terms and relative to the value of the prediction variable. These measures should

13



1.2

L4 — analytical
SEFTRAN (FE)
MOC

[ ]
1.04 &
—1 RANDOM WALK

c
L
‘é 0.8 Case 3 aL=O.2m
L3
c
[ ]
[4]
€ 08} .
8 t = 25 days t =50 days
®
2 o4}
E .
[ ]
[
02}
00 1 1 2.A¢A4“ ’:;AA#AAAA‘AA
o 100 200 300 400
distance (m)
Figure 2. Example of a comparison between an analytical and various numerical solutions (from Beljin
1988).

be applied to both the time and space domains, and to both the full domains and representative parts of
the domains. The measures should facilitate evaluation of the model's behavior for different spatial and
temporal scales and resolutions, and should reveal oscillations and trends in the deviations of the concerned
variable (Figure 3).

Most of the graphical goodness-of-fit determinations use single-dimension graphs, e.g., head versus
time or head versus distance. Thus far, multi-dimensional graphs have been used primarily in validation
tests, e.g., in the form of contoured deviations. Extending these multi-dimensional graphical techniques to
the verification process might significantly enhance our ability to judge the goodness-of-fit (Figure 4).

Donigian and Rao (1986) listed three general procedures used to provide quantitative measures of
performance for a code:

. paired -data performance - the comparison of simulated and observed data for exact
locations in time and space;

. time and space integrated, paired-data performance - the comparison of spatially and
temporally averaged simulated and observed data;

. frequency domain performance - the comparison of simulated and observed frequency
distributions.

They selected two statistical models to generate quantitative measures of performance for the ground-water
codes under review: standard linear regression statistics estimation of error statistics.
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Each of the three testing levels adopted by the IGWMC requires a different approach to the definition
of these measures. At the first two levels of testing, the verification phase, statistical measures are improper,
but statisticaldike measures might prove useful. For example, ASTM (1984) presents expressions for a

deviation coefficient DC, e.g.,

DC = [ (x-y)Ix] 100%

n
bC = Z':l x-y) 1 1 100%
X=

where x = predicted value, y = measured value, and n = total number of computed deviations.

The third level of model testing, the field validation, is similar to the standard data fitting procedure,
subject to statistical analysis, and thus open for description by statistical measures such as used by
Donigian and Rao (1986).

2.2.7. Software Documentation

Computer code documentation can be defined as the information recorded during the design,
development, and maintenance of computer applications as to explain pertinent aspects of a data
processing system, including purposes, methods, logic, relationships, capabilities, and limitations (Gass,
1979). It is the principal instrument for those involved in a modeling effort, such as code developer, code
maintenance staff, computer system operators and code users, to communicate regarding all aspects of the
software. The main purposes of software documentation are given by Gass (1979) as:

to record technical information that enables system and program changes to be
made quickly and effectively;

to enable programmers and system analysts, other than software originators, to use
and to work on the programs;

to assist the user in understanding what the program is about and what it can do;
to increase program sharing potential;

to facilitate auditing and verification of program operations, i.e., code evaluation;
to provide managers with information to review at significant developmental
milestones so that they may determine that project requirements have been met
and that resources should continue to be expended;

to reduce the disruptive effects of personnel turnover;

to facllitate understanding among managers, developers, programmers, operators,
and users by providing information about maintenance, training, and changes in
and operation of the software;

to inform other potential users of the functions and capabilities of the software, so
that they can determine whether it serves their needs.
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Detailed guidelines for the preparation of comprehensive software documentation is given by the
Federal Computer Performance Evaluation and Simulation Center (FEDSIM, 1981). This publication
discusses the structure recommended for four types of manuals providing model information for managers,
users, analysts, and programmers. According to FEDSIM (1981) the manager's summary manual should
contain a model description, mode! development history, an experimentation report, and a discussion of
current and future applications. Currently ASTM (American Society for Testing and Materials) is developing
a standard ground-water code description for this specific purpose (Ritchey, 1992). The user’s manual
should consist of an exterxded model description, model input data description and format, type of output
data provided, code execution preparation instructions, sample model runs, and a trouble-shooting guide.
The programmer’s manual should include model specifications, model description, flow charts, description
of routines, data base description, source listing, and error messages. Finally, the analysts manual should
present a functional description of the model, model! input and output data, and code verification and
validation information. The code itself should be well-structured and internally well-documented; where
possible self-explanatory parameter, variable, subroutine and function names should be used.

Typically, ground-water modeling code documentation should include a description of the theoretical
framework represented by the generic model on which the code is based, code structure and language
standards applied, and code use instructions regarding model setup and code execution parameters.

Good documentation includes a complete treatment of the equations on which the generic model
is based, of the underlying assumptions, of the boundary conditions that are incorporated in the model, of
the method and algorithms used to solve the equations, and of the limiting conditions resulting from the
chosen approach. The documentation must also include user’s instructions for implementing and operating
the code, and for preparing data files. It should present examples of model formulation (e.g., grid design,
assignment of boundary conditions), complete with input and output file descriptions, and include an
extensive code verification and validation report. Finally, programmer-oriented documentation should
provide instructions for code modification and maintenance.

While documentation should commence at the very beginning of a software development project,
it is often left until the project is otherwise complete (Gass, 1979). This, in turn, makes documentation more
difficult because it requires searching old records and fading memories. A frequently cited reason for
incomplete documentation is that the model originally was a research tool and that it was subsequently
elevated to forming the core of a policy evaluation.

2.2.8. Scientific and Technical Reviews

Generally, the complete scientific and technical review process is qualitative in nature and comprises
(van der Heijde et al., 1985; Bryant and Wilburn, 1987):
. examination of model concepts, governing equations, and algorithms chosen;
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. evaluation of documentation and general ease-of-use;

. inspection of program structure and program logic;

. error-prone analysis;

. examination of the computer coding.
i verification or validation runs have been made, the review process should include evaluation of these
processes.

To facliitate thorough review of the generic model, detalled documentation of the model and its
developmental history is required, as is the availablility of the source code for inspection. In addition, to
ensure independent evaluation of the reproducibility of the verification and validation results, the computer
code should be available or at least accessible for use by the reviewer, together with files containing the
original test data used in the code’s verification and validation.

Model development review should be performed by an experienced team consisting of at least a
scientist knowledgeable in theoretical aspects of ground-water modeling and a software engineer.
Increasingly, the theoretical framework of a model is so complex that review should be performed by a multi-
disciplinary team (hydrodynamics, hydrogeology, geochemistry, contaminant chemistry, aquatic
microbiology, and stochastic and numerical analysis) rather than by individuals. Because review is rather
subjective in nature, selection of the reviewers is a sensitive and critical process.

Model Examination—

Model examination determines whether anything fundamental was omitted in the initial
conceptualization of the prototype system. Such a procedure determines whether the concepts underlying
the model adequately represent the nature of the system under. study, and identifies the processes and
actions pertinent to the model’s intended use. The examination also determines whether the equations
representing the various processes are valid within the range of the model’s applicability, whether these
equations conform mathematically to the intended range of the model’s use, and whether the selected
solution approach is the most appropriate. Finally, model examination determines the appropriateness of
the selected initial and boundary conditions, and establishes the applicability range of the model.

For complex models, detalled examination of the implemented algorithms is required to determine
whether appropriate numerical schemes have been adopted to represent the model. This step should
disclose any inherent numerical problems such as non-uniqueness of the numerical solution, inadequate
definition of numerical parameters, incofrect or non-optimal values used for these parameters, numerical
dispersion, numerical instability such as oscilations or divergent solution, and problems regarding
conservation of mass (ASTM, 1984).

In addition, the specific rules for proper application of the mode! should be analyzed from the
perspective of its intended use. Examples of such rules are:
. data assignment according to node-centered or block-centered grid structure for the finite-
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difference method;
. size and shape of elements in the integrated finite-difference and finite-element methods;

. grid size variations;

. treatment of singularities such as wells;

o approach to vertical averaging in two-dimensional horizontal models or layered three-
dimensional models;

) inclusion of approximate solutions in the analytical element method;

) treatment of boundary conditions.
Consideration Is also given to the ease with which the mathematical equations, the solution procedures, and
the final results can be physically interpreted.

Computer Code Inspection—

Part of the model review process is the inspection of the computer code. In this inspection attention
is given to the manner in which modermn programming principies have been applied with respect to code
structure, compliance with programming standards, efficient use of programming languages, and internal
documentation. This step might reveal undetected programming or logic errors, hard to detect in verification
runs.

Evaluation of Generic Model Documentation--

Documentation of a generic model is evaluated through visual inspection, comparison with existing
documentation standards and guidelines, and through Iits use as a guide in preparing for and performing
verification and validation runs. A discussion of what constitutes good documentation has been presented
in section 2.2.7.

Evaluating Ease of Use—-

The data files provided by the model developer are used to evaluate the operation of the code and
the user’s guide through a test-run process. In this stage special attention is given to the rules and
restrictions (tricks"; e.g., to overcome restrictions in applicability) necessary to operate the code, and to
the code’s ease-of-use aspects (van der Heijde and Beljin, 1988; see section 2.7.2.).

2.2.9. Post-Audits

An important role in determining the validity of a generic simulation model might be reserved for
post-audits. Although post-audits are used primarily to determine the success rate of a model application,
positive results of a well-executed post-audit analysis contribute to the acceptability of the mode!’s predictive
ability and may be considered as a form of code validation, even when used in conjunction with calibration
(e.g., Anderson and Woessner, 1992). To use post-audits successfully, conceptualization, assumptions, and
system parameters and stresses should be evaluated, and if necessary, updated, and the model rerun to
facilitate comparison of predictions with recent, observed system responses.
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23. QA IN MODEL APPLICATION

2.3.1. QA Requirements in Mode! Application

The application of a generic simulation mode! to a site-specific problem is often called *model
application” or "(computer/simulation) code application". The application of a generic model to site-specific
conditions should follow a well-structured mode! application protocol. Such protocols are described by
Mercer and Faust (1981), van der Heijde et al. (1988) and Anderson and Woessner (1992), among others.
Quality assurance in this type of ground-water studies follows the same pattern as Is discussed for generic
model development projects and consists of using appropriate data, data analysis procedures, modeling
methodology and technology, administrative procedures and auditing. it should be noted that, to a large
extent, the quality of a modeling study is determined by the expertise of the modeling and quality
assessment teams.

Quality assurance in code application addresses all facets of the modeling process, including such

Issues as: . correct and clear formulation of problems to be solved;

. project description and objectives;

. type of modeling approach to the project;

. if modeling is the best available approach and if so, if the selected code is
appropriate and cost-effective;

. conceptualization of system and processes, including hydrogeologic framework,
boundary conditions, stresses, and controls ;

. detailed description of assumptions and simplifications, both explicit and implicit
(to be subject to critical peer review);

. data acquisition and interpretation,;

. code selection considerations, or justification for modifying an existing code or
developing a new one;

. model preparation (parameter selection, data entry or reformatting, gridding);

. the validity of the parameter values used in the model application;

. protocols for parameter estimation and model calibration to provide guidance,
especially for sensitive parameters;

. level of information in computer output (variables and parameters displayed;
formats; layout);

. Identification of calibration goals and evaluation of how well they have been met;

. the role of sensitivity analysis;

. post-simulation analysis (including verification of reasonableness of resuits,

interpretation of results, uncertainty analysis, and the use of manual or automatic
data processing techniques, as for contouring);
. establishment of appropriate performance targets (e.g., 6-foot head error should
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be compared with a 20-foot head gradient or drawdown, not with the 250-foot
aquifer thickness!); these targets should recognize the limits of the data;

o presentation and documentation of results;
. evaluation of how closely the modeling results answer the questions raised by
management.

QA for model application should include complete record-keeping of each step of the modeling
process. The paper trail for QA should consist of reports and files addressing the following items:

. assumptions;

. parameter values and sources;

. boundary and initial conditions;

. nature of grid and grid design justification;

. changes and verification of changes made in code;
. actual input used;

. output of model runs and interpretation;

. validation (or at least calibration) of model.

As is the case with code development QA, all data files, source codes, and executable versions of
computer software used in the modeling study should be retained for auditing or post-project re-use (in
hard-copy and, at higher levels, in digital form) including:

. version of the source and executable image of the code used;

. calibration input and output;

. verification input and output;

. application input and output (e.g., for each of the scenarios studied).

if any modifications are made to the code used in the modeling study, the code should be tested
again according to a standard testing protocol; the code should be subject to the full QA procedure for code
development, including accurate record keeping and reporting. All new input and output files should be
saved for inspection and possible re-use together with existing files, records, codes, and data sets.

An increasing number of costly decisions are made in part based on the outcome of modeling
studies. In the light of major differences noted in comparative studies on model application (e.g.,
MclLaughlin and Johnson, 1987; Freyberg, 1988) and the general lack of confidence in modeling results,
effective quality assurance might go so far as to require that the analysis is done by at least two independent
modeling teams. In that case, a third modeling team or a review panel should review and compare the
results of both modeling efforts and assess the importance and nature of differences present.

A detailed discussion of QA aspects of particular modeling procedures is presented below.

2.3.2. Data Collection
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An important (sometimes preliminary) step in a modeling project is data collection. Quality
assurance in this stage of the project defines steps to be taken In the acquisition, review, collation,
conversion and synthesis of technical data collected in preparation of model input, and for deriving
preliminary technical conclusions.

Data received by the project team may be in one of many forms available and at different levels of
applied review and documentation (QA). To assure traceability, records of receipt with information on
source and description of documentation should be filed along with the original data sheets and files.
During additional data processing, records of such actions and subsequent findings need to be kept.
Examples of such data processing are unit conversions, contouring, node allocation, etc. A reviewer needs
to be able to judge the conversions to be defensible. Record-keeping should include example calculations
and conversions, and software references for data processing (e.g., name of software, provider, version).

2.3.3. Model Formulation

In the model formulation or design stage attention is given to many aspects of the system and
possible avenues of analysis. It includes system conceptualization (i.e., definition of the hydrogeological
framework, relevant processes and the boundary conditions present) and mode! conceptualization (i.e., what
does the project team consider justifiable in simplifying the system in a manner consistent with the
objectives of the modeling study). QA in this stage requires documenting the analysis of all relevant issues
such as: the interaction between ground-water and surface water; governing constitutive relationships and
equations of state; determination of temporal scale (steady-state versus transient); if the system is saturated
and/or unsaturated; the dimensionality of the model; boundary conditions; and the initial state of system.

After the decision to use a model has been made, an appropriate code is selected by matching a
detailed description of the modeling needs with well-defined, quality-assured characteristics of existing
codes, while taking into account the objectives of the study and the limitations in the personne! and material
resources of the modeling team (van der Heijde, 1987). If a good match between model requirements and
code characteristics cannot be found, releasing some of the matching criteria, modification of an existing
code or the development of a new code may be considered. A separate section discusses in detail model
selection procedures and emphasizes choosing QA codes.

In case a code is selected that has to be obtained from elsewhere, special care applies to the code
transfer and implementation. Here, QA means evaluation of completeness of documentation and computer
files, documenting transfer media formats, and filing of receipt notices and acceptance sign-offs.

One of the critical steps in applying a ground-water model is designing the grid (Mercer and Faust,
1981). Generally, the finer the grid the more accurate the solution. Various rules might apply to gridding
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process, dependent on the model selected (van der Heijde et al., 1988). Examples are found in: 1) the
location of grid nodes near or at wells or the center of well fields; 2) designing a fine grid where a high leve!
of accuracy iIs important, where detalled analysis is required (resolution, not accuracy at issue), or where
large changes In spatial characteristics occur (this might influence accuracy in other areas of model); and
3) aligning the grid axis with the principal directions of hydraulic conductivity or other anisotropic
parameters. Other rules apply to particular methods, such as the treatmenit of irregular boundaries in finite-
difference grids, and the use of small grid cells next to large elements etc.

Other considerations in the gridding process are:
o relationship between spatial scale and discretization;
. trade-offs between (relative) accuracy and discretization;
. the role of spatial averaging and aggregation in reaching project objectives;
. variant accuracy requirements in space and time.

The next step in model application is the preparation of an input file by assigning nodal or elemental
values and other data pertinent to the execution of the selected computer code.

2.3.4. Model Calibration and Verification

Calibration is the process of adjusting model inputs until the resulting predictions give a reasonable
good fit to observed data (NRC 1990). Most calibrations are performed under steady-state conditions, but
may also involve a second calibration to a transient data set. Commonly, calibration is started with the best
estimates of values for model input based on measurements and subsequent data analysis. The results of
the initial simulations may be used to improve the concepts of the system or to modify the values of the
parameters. The success of model calibration is dependent on the validity of the underlying model
formulation; if the model’s structure ignores important sources, geological heterogeneities, physical
processes, or chemical reactions, parameter estimation and model calibration will be reduced to a fitting
exercise that forces available inputs to compensate (usually inadequately) for a proper formulation (NRC
1990).

Often, more data may be needed during the calibration process. In some cases the code is used
initially to design a data collection program. The newly collected data may be used both to improve the
conceptualization of the system and to prepare for the predictive simulations.

Model inputs subject to modification during calibration include:
. constitutive coefficients and parameters (e.g., hydraulic conductivity, dispersion
coefficients and partition coefficients);
. forcing terms (e.g., sources and sinks for water or contaminants);
. boundary conditions (specified heads, concentrations, and fluxes).
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During calibration sensltivity analysis is performed to assist in identifying which elements of the
model input are most critical to the outcome of the calibration procedure. The degree of allowable
adjustment of any parameter is generally directly proportional to the uncertainty of its value or specification
and limited to its expected range of values or confidence interval (Konikow and Patten, 1985).

Usually, the model is considered calibrated when It reproduces historical data within some
acceptable level of accuracy, determined prior to the calibration exercise. It should be noted that a good
fit to historical data does not guarantee good predictions, particularly if the historical fit is based on a small
amount of data, or if it does not test the model capabilities that are required for making predictions (NRC
1990).

Calibration is often accomplished through a trial-and-error adjustment of the model input data.
Because a large number of interrelated factors influence model output, this may become a highly subjective
procedure (Konikow and Patten, 1985). Automatic parameter identification procedures may help to eliminate
some of this subjectivity. The hydrological experience and judgment of the modeler continues to be a major
factor in calibrating a model both accurately and efficiently.

An important QA aspect of calibration is the use of calibration targets (Anderson and Woessner
1992). For example, for flow, field-measured values of heads and fluxes (e.g., base flow, spring flow,
infiltration from a losing stream, and evapotranspiration from the water table) form the sample information
or calibration values. The calibration value with its associated error forms the calibration target, which
should be determined before calibrating the model. The associated error might consist of:

. measurement error
. scaling error (representativeness of measurement for model variable)
. interpolation error (from transferring measured information to nodal values)

Additional calibration information for a flow model can be obtained from velocities and solute
distributions. Such additional calibration information might increase the likelihood to obtain a “unique”
solution (NRC, 1990).

Calibration measures commonly used may be qualitative or quantitative in nature. Qualitative
measures of calibration progress may be based on:

. comparison between contour maps of measured and simulated variable, providing
information on the spatial distribution of the error;

. contouring the calibration error (residuals);

. graphic representation of calibration error per cell or element (comparable to a
three-dimensional bar-graph);

. scatterplot of measured versus simulated variables; deviation of points from the

straight line should be randomly distributed (might include confidence intervals for
the linear regression);
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. tabulation of measured and simulated variables, and their deviations for each node.

Quantitative measures, often referred to as calibration criteria, include (Anderson and Woessner

1992):

] The mean error (ME) is the mean difference between measured heads and
simulated heads:

ME =

D=

z (hm - hc)l
1

with n the number of calibration values. The ME can be represented in a graph
against various values of the calibrated parameter. Both negative and positive
differences are incorporated in the ME and may cancel out each other.

. The mean absolute error (MAE) is the mean absolute value of the differences in
measured and simulated heads:

1 n
MAE=1 %" |(h, - h)|
=1

. The root mean squared (RMS) error or the standard deviation is the average of the
squared differences in measured and simulated heads:

n
AMS=[1 3 (hy - b,)} 17
1

An overall assessment of the success of calibration may be expressed using calibration levels
(Anderson and Woessner 1992):

level 1:
level 2:
level 3:
level n:

simulated value falls with target (highest degree of calibration);

simulated value falls within two times the associated error of the calibration target;
simulated value falls within three times the associated error of the calibration target;
simulated value falls within n times the associated error of the calibration target (lowest
degree of calibration).

As the set of parameters used in the calibrated model may not accurately represent field values, the
calibrated parameters may not represent the system under a different set of boundary conditions or
hydrologic stresses. Model verification will help establish greater confidence in the calibration and the
predictive capabilities of the calibrated model (Anderson and Woessner, 1992).
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A site-specific model is considered "verified" if its accuracy and predictive capability have been
proven to lie within acceptable limits of error by tests independent of the calibration data. In general, model
verification is performed using a transient data set, e.g., the response of heads to drought or long-term
pumping. i only a single time-series is available, the series may be split in two sub-series, one for
calibration (e.g., representing the response of the system to natural cyclic variations in stress), and another
for verification (e.g., representing the response of the system to a significant changed stress condition such
as caused by irrigation development). If such data are not available, verification may be performed using
a second "independent” steady-state data set (.e., not used previously for calibration). If the parameters
are changed during the verification, this exercise becomes a second calibration and the first calibration
needs to be repeated to account for the changes. The second exercise cannot be considered “verification®
anymore.

From a QA point of view, adherence to a well-defined model calibration procedure is critical.
Reporting should include description of calibration targets, measures of calibration, calibrated variables,
calibration assessment (i.e., comparing calibration measures with calibration targets according to an
established classification and evaluation of reasonableness of calibrated variables), and if performed, model
verification results.

2.3.5. Sensitivity Analysis

An important characteristic of a model is its sensitivity to variations or uncertainty in input
parameters. Sensitivity analysis is used to identify those parameters most influential in determining the
accuracy and precision of model predictions. This information is of importance to the user, as he must
establish required accuracy and precision in the model application as a function of data quantity and quality
(Hem, et al. 1985). Sensitivity analysis defines quantitatively or semi-quantitatively the dependence of a
selected model performance assessment measure (or an intermediate variable) on a specific parameter or
set of parameters (Intera, 1983). Sensitivity analysis can also be used to decide how to simplify the
simulation model (e.g., processes involved, dimensionality, spatial and temporal variability, boundary
conditions, etc.) and to improve the efficiency of the calibration process.

Model sensitivity can be expressed as the relative rate of change of selected output caused by a
unit change in the input. If the change in the input causes a large change in the output, the model is
sensitive to that input. Sensitivity analysis methods are mostly non-statistical, or even intuitive in nature.
In this context the use of a sensitivity index as described by Fjeld et al. (1987) is of interest.

Sensitivity analysis is typically performed by changing one input parameter at a time and evaluating
the effects on the distribution of a dependent variable, e.g., hydraulic head. Nominal, minimum, and
maximum values for the selected input parameter are specified. The distribution of the dependent variable



is determined for its nominal value, resulting in  C,"" . The minimum and maximum values of a given
parameter are then substituted for its nominal value, yielding bounds on the dependent variable, /.e., C,""'
corresponding to the minimum value of parameter p, and 0,"'"‘ corresponding to the maximum value of
parameter p. The sensitivity index S, may be defined as (Fjeld et al. 1987):
cl - crm

Cnam
where C, Is ether C/™ or C™ . Coa' Is the maximum instantaneous value of the dependent

variable based upon nominal values of the parameter (i.e., the nominal value of the dependent variable at
the maximum time).

S, =

it should be noted that if models are coupled, as in multimedia transport of contaminants, the
propagation of errors and the increase in uncertainty through the subsequent simulations must be analyzed
as part of the sensitivity analysis.

Although a detailed sensitivity analysis can be laborious and time-consuming, It is usually feasible
to carry out a small scale exploratory analysis that focuses on a few critical inputs identified, most likely by
intuition.  Sensitivity analysis should be performed initially at the beginning of calibration to design a
calibration strategy. After the calibration is completed a more elaborate sensitivity analysis is performed to
quantify the uncertainty in the calibrated model caused by uncertainty in the estimates of aquifer parameters,
stresses, and boundary conditions.

Well-documented sensitivity analysis provides reviewers an excellent opportunity to evaluate many
aspects of the simulations performed during the scenario analysis stage. Therefore, results of a sensitivity
analysis should be qualitatively discussed (Anderson and Woessner 1992).

2.3.6. Scenario Analysis

The main objective of most model applications is scenario analysis and subsequent screening of
the proposed alternative scenarios in support of management'’s decision-making. Therefore, the scenario
analysis step should be carefully executed and extensively documented. Important elements of such
documentation include code execution options used, a complete set of input data (type, format), and an
overview of the immediate (non-manipulated or -postprocessed) results of the simulations.
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2.3.7. Interpretation and Presentation of Results

QA in this stage includes Iinspection of the form of the results, and of the meaning and
reasonableness of computational results and post-simulation analysis. Performing control calculations and
post-simulation validation (see post-audits) of predictions are major means in the QA framework.

It should be noted that there is a significant difference between validation of the predictions made
with deterministic models and those obtained with stochastic models. The validation of mathematical
models for uncertainty analysis, e.g., in perfformance assessment, must confirm the probability distribution
calculations for each scenario evaluated. The calculated probabilities predict the behavior of the scenario
performance measure, that would result if the governing parameters are allowed to vary within the range
of plausible values (Brandstetter and Buxton, 1987). Re-sampling studies must be conducted by repeatedly
and randomly selecting parameter values from a range of plausible values. Calculations need to be made
with each new set of parameters.

2.3.8. Post-Audits

Another important QA procedure is found in post-audit studies. Whenever an opportunity exists to
obtain further field information regarding the system being modeled, refinements and improvements in the
model should be made and previous analysis modified. Sometimes, such an opportunity is offered in the
form of post-audits. A post-audit is an evaluation of the correctness of the initial predictions, conducted
several years after the original modeling study is completed (Anderson and Woessner, 1892). If the model's
predictions were accurate, the model might be considered “valid" for the specific site and the actual stresses.
A post-audit requires new field observation for the predicted variable, collected after the system has had a
chance to adjust to the foreseen changes. Studies by Konikow (1986), Person and Konikow (1986), and
Lewis and Goldstein (1982), among others, have demonstrated the need to evaluate modei-based
predictions when new information becomes available or after a period of time when the effects of the
predicted changes in the system become evident.

2.4. QA ORGANIZATION STRUCTURE

QA is the responsibility of both the project team (quality control and internal auditing) and the
contracting or supervising organization (quality assessment). QA should not drive or manage the direction
of a project nor is QA intended to be an after-the-fact filing of technical data.

There are two levels in the QA framework within the organization that carries out a software
development or model application study: 1) a permanent organization, complete with QA management
policies, goals and objectives; and 2) project QA organization where general QA policies and assignments
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are detailed towards project objectives. Upper levels of management need to recognize that QA is a vital
part of software development and modeling studies. Such recognition by upper management must be
translated into a commitment through policies that set quality goals, establish QA functions, and authorize
necessary resources in terms of people, funding and equipment to perform the tasks (Bryant and Wilburn,
1987).

The QA organization should have a charter with each element of the organization defined, and its
responsibility outlined. The persons responsible for QA should be independent from those responsible for
software development or model application. The QA organization must not be subordinate in any way to
product development or delivery (Bryant and Wilburn, 1987).

Competent staffing is the key to a successful QA program. QA staff must have the respect of the
project staff with whom they work. They must understand how the work, whose quality they are assuring,
is actually accomplished. Implementation of a successful QA program requires that all individuals involved
understand what QA means, why It is being done, how they will benefit, what is expected of them, what are
the responsibilities for each individual, and that good QA will help rather than hinder the modeling process
(Bryant and Wilburn, 1987). They should be convinced of the usefulness of QA and the importance given
to it by management.

Successful QA, as is the case with the successful completion of a project, is dependent on the
capabilities of the modeling team. A good modeling team is multi-disciplinary, includes highly trained and
widely experienced senior staff, and has effective internal communication. Such a team is managed by
persons that have an overview of the different disciplines involved in the project, and who are able to
translate management’s questions into technical project objectives, and explain modeling results to
management.

2.5. QA PLANS

At the beginning of a mode! development or application project a project plan should be made
containing a complete set of QA procedures, called the QA plan. These QA procedures comprise a list of
the measures required to achieve prescribed quality objectives. The QA plan needs approval before
initiation of technical work. Major elements of such a QA section of the project plan or QA plan are:

. formulation of QA objectives and required quality level in terms of validity,
uncertainty, accuracy, completeness, and comparability;

. development of operational procedures and standards for performing adequate
software development and model application studies;

. establishing a paper trail for QA activities in order to document that standards of
quality have been maintained;

. QA milestones for internal and external auditing and review procedures.
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The QA plan should also specify individual responsibilities for achieving these goals and outline
procedures for remedial or corrective action in case problems are detected in the quality assessment stage.

An lllustrative example of a generic computer software maintenance and quality assurance plan is
given in Wilkinson and Runkie (1986); its implementation for the high-Hevel waste management program at
Sandia National Laboratories Is discussed in Harlan and Wilkinson (1988). The plan contains requirements
for software storage and documentation, as well as a brief description of the software maintenance process.
The Sandia National Laboratories has established a computerized software management system for
implementing the QA plan. This system aims at: 1) being a repository for current and previously used
versions of the software (to allow traceability and retrievability); 2) a repository for documentation including
reports, documentation of errors, modifications and enhancements, results of verification simulations, etc.
In this context, retrievability is defined as the capability to access previous versions of software developed
over a reasonable period of time even though they may not be executable due to hardware and/or system
software changes over that period of time; traceability is the ability to identify the actual configuration of the
software used in the calculations (Wilkinson and Runkie 1986).

The Sandia QA plan was prepared in accordance with the "Draft Quality Assurance Plan for
Operational Software® of the U.S. Nuclear Regulatory Commission (Codell and Sllling, 1984), and aimed at
satisfying NRC's NUREG-0856 (Silling 1983). It includes a description of the preparation and filing of
standard forms for software testing, manuscript review, software problem reports, computer code summary
descriptions, update logs (including data and version), and software update description.

A typical model application QA plan provides a description of the preparation, review, and filing of
standard forms for all major activities in the project, and of all relevant project data, analyses, and products
(reports, electronic files, maps, etc.). It should also present the chain-of-responsibilities in the project, and
the QA organization adopted. Examples of the forms included are: 1) checklists for all elements of the
modeling procedure adapted (see table 1); 2) forms for data and software transfers from third parties; 3) use
of standardized project notebooks (containing relevant handwritten or word-processed notes detailing
conceptualization assumptions, data evaluation, code implementation, model setup, input file preparation,
post processing, etc.); 4) forms for data, simulation and report review; and 5) standardized software problem
reports and computer code summary descriptions (including data and version). All forms should include
space for date of filing, and for QA approvals.

2.6. QA ASSESSMENT

Quality assessment consists of two elements: auditing and technical review (van der Heljde, 1987).
Audits are procedures designed to assess the degree of compliance with QA requirements, commensurate
with the level of QA prescribed for the project. Compliance is measured in terms of traceability of records,
accountability (approvals from responsible staff), and fulfillment of commitments in the QA plan. Technical
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review consists of independent evaluation of the technical and scientific basis of a project, and of the
usefulness of the project results.

QA assessment not only involves checking if procedures have been applied correctly, but also
establishing quantitatively the overall success of the project in meeting its original objectives.

Various phases of quality assessment exist for both model development and application. First,
review and testing in case of software development or review and performing control calculations by the
responsible researcher, and sometimes by other staff not involved in the project, or by invited experts from
outside the organization. Also to be considered is the quality assessment by the organization for which the
project has been carried out. Again, three levels can be distinguished for project or product review or
testing: 1) review or testing by the project officer or project monitor; 2) review or testing by technical experts
within the funding or controlling organization, who were not involved in the project; and 3) review or testing
by an external peer review panel (van der Heijde, 1987).

Quality assessment generally takes the form of technical and administrative reviews. Review
comments can be presented in the form of a memorandum or report, or as annotations in the margin in
a certified copy of the reviewed documents. In case this review leads to important recommendations for
corrective action or additional studies, follow up activities by the project team, and additional review need
to be arranged and documented.

It should be noted that, like in software development, reviewing model application projects

increasingly involve various scientific and engineering disciplines. For such projects, establishing a muilti-
disciplinary review team or panel might be the most appropriate approach.

Table 1: Assessment Framework for Ground-Water Model Applications (EPA 1992)

Modeling Application Objectives
1 Management’s decision objectives and the modeling objectives should be clearly specified up-front.

2 Management’s decision objectives should be based upon existing information about the physical
characteristics of the site (e.g., hydrogeologic system) and the source and location of the
contamination.

3 The function of the model (e.g., data organization, understanding the system, planning additional
field characterization or evaluation of remediation alternatives) should be defined during the
development of the modeling objectives.

31



Table 1 - continued

10

11

12

13

The potential solutions to be evaluated (e.g., containment and remediation solutions) should be
identified prior to the initiation of the modeling.

The level of analysis required (e.g., numerical model, analytical model or graphical techniques)
should be determined during the definition of the modeling objectives.

Management, in consultation with a professional ground-water scientist, should specify the time
period (e.g., one year, ten years or hundreds of years) for which model predictions are required.

The level of confidence (quantitative or qualitative) required of the modeling results should be
specified.

Performance targets (e.g., allowable head error) for the model application should be specified up-
front.

An analysis should be performed of the incremental costs associated with expanding these study
objectives (e.g., expanding the size of the study area, the number of remedial technologies modeled
or the performance targets of the model) and the consequent incremental improvement in
supporting management’s decision objectives.

Management's decision objectives should be reaffirmed throughout the modeling process.

The modeling objectives should be reviewed, after the development of the conceptual model and
prior to the initiation of the modeling, to ensure that they support management’s decision objectives.

The level of analysis required should be reviewed during the course of the project and, if necessary,
modified.

The function of the model should be reviewed during the course of the project and, if necessary,
modified.

Project Management

14

The individuals who are actually performing the modeling, managing the modeling effort and
performing the peer review should have the ground-water modeling experience required for the
project. Specifically, for their role on the project, each should have the appropriate level of:
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Table 1 - continued

. formal training in modeling and hydrogeology;

. work experience modeling physical systems;
. field experience characterizing site hydrogeology; and
. modeling project management experience.
15 These individuals should be organized as a cohesive modeling team with well defined roles,

responsibilities and level of participation.
16 The organization of the team should be appropriate for the application.

17 An independent quality assurance (QA) process should be established at the beginning of the

project.

18 This QA process should include ongoing peer review of the:
. modeling objectives development;
. conceptual model development;
. model code selection;
. model setup and calibration;
. simulation of scenarios; and
. post simulation analysis.

19 This QA process should be implemented.

20 A procedure should be established up front for documenting the model application.

21 The documentation should include a discussion of the:
. general setting of the site;
. physical systems of interest;
. potential solutions to be evaluated;
. modeling objectives and time frame for model predictions;
. quality assurance and peer review process;
. composition of the modeling team;
. data sources and data quality;
. conceptual model: hydrostratigraphy, ground-water flow system, hydrologic

boundaries, hydraulic properties, fluid sources and sinks, loading and areal extent
of contaminant source, and contaminant transport and transformation processes;
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Table 1 - continued

. selection of the computer code: description of the code, reliability, usability,
transportability, performance, public domain versus proprietary models, limitations,
and related applications;

. ground-water model construction: code modifications, model grid, hydraulic
parameters, boundary conditions, and simplifying assumptions;

. calibration, sensitivity analysis, and verification;

. predictive simulations: scenarios, implementation of the scenarios, and discussion
of the results of each run;

. uncertainty analysis;

. discussion of results related to management'’s information needs as formulated in
the decision objectives;

. executive summary (in terms of the decision objectives);

. references; and

. input and output files.

22 The documentation should provide the information required for an independent reviewer to complete

a post application assessment.

Conceptual Model Development

23 An initial conceptual model of both the local and regional hydrogeological system should be
developed prior to any computer modeling.

24 The conceptual model should be based upon a quantification of field data as well as other
qualitative data that includes information on the:

. aquifer system (distribution and configuration of aquifer and aquitard units):
thickness and continuity of relevant units, areal extent, and interconnections
between units;

. hydrologic boundaries: physical extent of the aquifer system, hydrologic features
that impact or control the ground-water system, ground-water divides, and surface
water bodies;

. hydraulic properties (Including, where relevant, homogeneous and isotropic
characteristics): transmissivity, porosity, hydraulic conductivity, storativity, and
specific yield;

. sources and sinks: recharge to the aquifer (e.g., infiltration), evapotranspiration,
drains, ground-water discharges (e.g., flow to surface water bodies), and wells
(e.g., water supply, injection or irrigation wells, horizontal wells);




Table 1 - continued

25

26

27

28

31

32

. fluid potential (i.e., the potentiometric surface, the magnitude and direction of the
hydraulic gradient within each model layer);

. contaminant: source, loading, areal extent, physical properties, chemical
interactions, and biotransformations;

. solls.

The quantity, quality and completeness of the field data should be analyzed as part of the
development of the conceptual model.

If there are data gaps (e.g., missing water level or hydraulic conductivity information), additional field
work and other attempts to fill in these gaps should be documented.

If there are data gaps, the tradeoff should be analyzed between the cost of acquiring additional data
and the consequent improvement in meeting management'’s decision objectives.

The data sources should be documented.

The quality of the data should be examined and documented and the influence of their quality on
the project’s resuits should be assessed.

Any and all potential interactions with other physical systems (e.g., surface water systems or
agricultural systems) should be evaluated, prior to the beginning of the modeling, by means of a
water budget, a chemical mass balance or other analytical techniques.

The manner in which existing and future engineering (e.g., wells, slurry walls) must be represented
in the numeric or analytic model should be explicitly incorporated into the conceptual model.

Sufficient contaminant sources should be identified to account for the contaminant mass in the
plume.

A clear statement of the location, type and state of the boundary conditions; justification of their
formulation; and the source(s) of information on the boundary conditions should be included as part
of the conceptual model.

All conceptual model parameters and reasonable parameter ranges should be specified prior to
beginning the calibration of the numerical model.
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Table 1 - continued

Model (code) Selection

35 The selected model (code) should be described with regard to its flow and transport processes,
mathematics, hydrogeologic system representation, boundary conditions and input parameters.

36 The reliability of the model (code) should be assessed including a review of:

. peer reviews of the model’s theory (e.g., a formal review process by an individual
or organization acknowledged for their expertise in ground-water modeling or the
publication of the theory in a peer-reviewed journal);

. peer reviews of the model’s code (e.g., subject to a formal review process by an
individual or organization acknowledged for their expertise in assessing ground-
water computer models);

. verification studies (e.g., evaluation of the model results against laboratory tests,
analytical solutions or other well accepted models);

. relevant field tests (i.e., the application and evaluation of the model to site specific
conditions for which extensive data sets are available}; and

. the model’s (code) acceptability in the user community as evidenced by the

quantity and type of use.

37 The usability of the model (code) should be assessed including the availability of:
. the model’s binary code;

. the model’s source code;

. pre- and post-processors;

) existing data resources;

. standardized data formats;

. complete user instruction manuals;

o sample problems;

. necessary hardware;

. transportability across platforms; and
. user support.

38 The tradeoff should be analyzed between model (code) performance (e.g., accuracy and processing
speed) and the human and computer resources required to perform the modeling.

39 The model (code) should be in the public domain or at least readily accessible to all interested
parties. If not, the modelers should explain how the inaccessibility would not detract from the study
objectives and the regulatory process.
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Table 1 - continued

40

41

42

The assumptions in the model (code) should be analyzed with regard to their impact upon the
modeling objectives.

Any and all discrepancies between the modeling requirements (i.e., as indicated by the decision
objectives, conceptual model and available data) and the capabilities of the selected model should
be identified and justified. The modelers should explain why the modeling objectives and/or the
conceptual model did or did not need to be modified. For example, the implications of the selected
code supporting one, two or three dimensional modeling; providing steady versus unsteady state
modeling; or requiring simplifications of the conceptual model should be discussed.

If the modeling objectives are modified due to such discrepancies, those modifications should be
documented.

if the model source code is modified, the following tests should be performed and the testing
methodology and results should be justified:

. reliability testing (see criteria #36);
. usability evaluation (see criteria #37);
. performance testing.

Model Setup And Input Estimation

44

45

The overall grid resolution (e.g., average spacing of 100 feet versus 1000 feet) should be analyzed
with respect to the dependent variable accuracy required to meet management’s objectives. For
example, the grid should be fine enough to allow the hydraulic gradient to be accurately
represented.

The finite element or finite difference grid design should be analyzed with respect to the modeling
objectives such as the need to locate or model wells accurately, existing and future engineering or

contaminant sources and plumes.

The grid should be designed with respect to the physical system. For example:

. the main grid orientation should be aligned with the principal directions of hydraulic
conductivity and/or transmissivity;
. a finer grid should be used in areas where resuits were needed (e.g., in the area

of highest pollution or drawdown) or areas having large: changes in transmissivity,
changes in hydraulic head, or concentration gradients; and
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Table 1 - continued

. a coarser grid should be used where data are scarce and for those parts of the
study area that are not of particular interest.

47 The grid spacing and time step size should be analyzed with respect to numerical accuracy. For
example:

. i a finite difference model with variable grid spacing was used, the grid should be
expanded towards distant boundaries by less than a factor of 2;

. if a finite element model was used, the following should be analyzed with regard
to their impact on the numerical accuracy of the model application: length to width
ratio of each element, size difference between neighboring elements, and the Peclet
number (P, = v « AX/D);

. the Courant number (C, = v » At/AX) should be < 1.
where:

D = Dispersion Coefficient [L?/T]
At=Time Step [T]

V = Velocity [L/T]

AX = Grid spacing [L]

. if Random Walk particle tracking was used, the grid spacing and particle mass
should be analyzed with respect to the contaminant resolution required.

48 The mapping of the location of the boundary conditions on the grid shouid be evaluated. For

example:
. the boundaries should be located far enough away from the areas of interest to
dampen any instability in the mode!;
. the manner in which the boundaries are represented in the grid should ensure the

fineness of the grid, the accuracy of the geometry and the accuracy of the
boundary conditions; and

. for finite element grids, internal and external boundaries should coincide with
element boundaries.

49 Well nodes should be located near the physical location of the wells.

50 The data sources, the data collection procedures and the data uncertainty for the model input data
should be evaluated and documented in the project report or file.

51 All model inputs should be defined as to whether they are measurements, estimates or assumptions
including:
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52

53

55

57

58

. the constitutive coefficients and parameters (i.e., parameters that are not generally
observable but must be inferred from observations of other variables, for example
the distribution of transmissivity and specific storage);

. the forcing terms (e.g., sources and sinks of water and dissolved contaminants);
. the boundary conditions; and
. the initial conditions.

The input estimation process whereby data are converted into model inputs (e.g., spatial and
temporal interpolation and extrapolation or Kriging) should be described and the spatial location and
the associated values of the data used to perform the interpolation should be shown on a map or
provided in a table.

The uncertainty associated with the input estimation process should be specified, explained and
documented.

The model should be calibrated.
If the model is not calibrated, the reasoning for not calibrating the model should be explained.

The criteria being used to terminate the calibration process (i.e., the definition of an adequate match
between observed and modeled values) should be justified with regard to the modeling objectives.

The calibration should be performed in a generally acceptable manner. Specifically:

. a sensitivity analysis should be performed to determine the key parameters and
boundary conditions to be investigated during calibration;

. the calibration should include a calculation of residuals between simulated and
measured values;

o the calibration should include an evaluation of both spatial and temporal residuals:

. the calibration should be performed in the context of the physical features (e.g.,

were residuals analyzed with respect to the pattern of ground-water contours
including mounds or depressions or indications of surface water discharge or
recharge).

if a water budget is developed, the results and their use in calibrating the model should be
explained.
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Table 1 - continued

59 All changes in initial model parameter values due to calibration should be justified as to their
reasonableness.

60 Any discrepancies between the calibrated model parameters and the parameter ranges estimated
in the conceptual mode! should be justified.

61 If the conceptual model is modified as a result of the model calibration, all changes in the

conceptual model should be justified. Whenever feasible the calibrated model should be verified
with an independent set of field observations.

Simulation Of Scenarios

62 For each modeling scenario, the model inputs and the location of features in the model grid should
be justified. For example:

. if a pumping well was not located at a node, the allocation of well discharges
among neighboring nodes should be justified;

. if a slurry wall is a remedial alternative, the representation in the model of the wall's
geometric and hydraulic properties should be justified;

. if cleanup times are calculated, all assumptions about the location, quantity and
state of the contaminants should be justified;

. when a remedial action, such as extraction wells, affects the flow, such effects

should be determined, including the downgradient distance to the stagnation point
and the lateral reach of each modeled extraction well.

Post Simulation Analysis

63 The success of the model application in simulating the site scenarios should be assessed.
64 This assessment should include an analysis of:
. whether the modeling simulations were realistic;
. whether the simulations accurately reflected the scenarios;
. whether the hydrogeologic system was accurately simulated; and
. which aspects of the conceptual model were successfully modeled.
65 The sensitivity of the model results to uncertainties in site specific parameters and the level of error

in the mode! calibration should be examined and quantified. For example, the modeling scenarios
should be simulated for the range of possible values of the more sensitive hydrogeologic




Table 1 - continued

67

68

69

parameters. Moreover, the range of error in the model calibration should be considered when
drawing conclusions about the model resduilts.

The post-processing should be analyzed to ensure that it accurately represents the modeling results
and interpolation and smoothing methods should be documented, where appropriate.

The post-processing results should be analyzed to ensure that they support the modeling objectives.
The final presentation should effectively and accurately communicate the modeling results.

When feasible, a post audit of the mode! should be carried out or planned for in the future.

erall Effectiven

70

7

72

73

74

Any difficulties encountered in the model application should be documented.

The model application should provide the information being sought by management for decision
making.

The model application results should be acceptable to other relevant parties.
The model application should support a timely and effective regulatory decision.

Those aspects of the modeling effort that, in hindsight, might have been done differently should be
documented.

2.7. QA AND CODE SELECTION

2.7.1. Code Selection Process

In the model application process, code selection is a critical step in ensuring an optimal trade-off

between project effort and result. The result is generally expressed as the expected effectiveness of the
modeling effort in terms of forecast accuracy. The effort is ultimately represented by the project costs.
Such costs should not be considered independently from those of field data acquisition. For a proper
assessment of modeling cost, such measures as choice between the development of a new code or the
acquisition of an existing code, the implementation, maintenance, and updating of the code, and the
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development and maintenance of databases, need to be considered.

As code selection is in essence matching a detailed description of the modeling needs with well-
defined characteristics of existing codes, selecting an appropriate code requires formulation of the modeling
needs as well as systematic characterization of existing simulation codes. Code credibility is a major
problem in model use; therefore, special attention should be given in the selection process to ensure the
use of qualified simulation codes that have undergone adequate review and testing. Selecting an
appropriate model is crucial to the success of a modeling project.

2.7.2. Formulation of Modeling Needs

To select a simulation code efficiently, management-oriented criteria need to be developed for evaluating
and accepting such models. To obtain such criteria, the management objectives to be addressed and the
level of analysis sought (based among others on the sensitivity of the project for incorrect or imprecise
answers or risk involved), should be known. Furthermore, adequate knowledge of the physical system under
study should be present, and an analysis of the constraints in human and material resources available for
the study should be completed. The set of chosen selection criteria should be based on:

. trade-offs between costs of running a code (including data acquisition for the
required level of analyses) and accuracy;

. a profile of model user and a definition of required user-friendliness;

. accessibility in terms of effort, cost, and restrictions;

. acceptable temporal and spatial scale and level of aggregation.

Based on these considerations, the user needs to formulate the code characteristics relevant to the
problem under study, and prioritize these characteristics for mapping on the characteristics of existing
codes. Code characteristics, often focussed on in the selection process, include the purpose of the model,
the nature of the ground-water system represented, and the mathematical method(s) employed.
Furthermore, the user may be interested in the correctness of the model, the completeness of
documentation, and the quality, perfformance, and usability of the software. Other information the user may
find relevant to code selection include the computer system it runs on and the conditions for its use.

2.7.3. Description of Code Characteristics

There are various types of ground-water models, designed to simulate different types of ground-
water systems, and able to compute different system variables. To be able to identify the main attributes
of a particular model a descriptive system is needed using standardized, well-defined model descriptors.
As part of the development of a data base of ground-water modeling code descriptions (MARS: Model
Annotation Search and Retrieval), the International Ground Water Modeling Center has developed such a
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systematic list, containing hundreds of hierarchically grouped descriptors (van der Heljde and Williams,
1989). The level of detail adopted for this descriptive system allows the user to identify simulation codes
of interest, and to perform a preliminary usability assessment.

The description of the simulation codes covers the purpose of the model, the nature of the ground-
water system represented and the mathematical method(s) employed. Furthermore, it addresses the
correctness of the model, the completeness of documentation, and the quality, performance, and usability
of the software. Other information included in the descriptive system MARS concerns the computer system
on which the software runs and the conditions for its use.

Before a final selection is made, the user should obtain code documentation and assess code
characteristics in detail. Also, the user should be aware of general performance characteristics of the
various numerical methods available. Each method has Its strengths and weaknesses, often related to the
type of terms included in the governing equations, the boundary conditions applicable, and the parameter
distribution of interest. For example, Kinzelbach (1987) evaluated two-dimensional tracer solute transport
codes, representing four major solution approaches. He demonstrated that standard finite difference and
finite element methods yield unreliable results if discretization conditions are not met. Particle tracking
methods, e.g. the method of characteristics and the random walk method, show oscillations and demixing
problems.

If the accuracy of the computations to be made with the selected model is very critical, one has to
evaluate the code’s documentation and related publications for verification tests, specifically addressing the
type of situations expected to be encountered at the field site. An example of such verification can be found
in Khoury et al. (1989). They used the USGS MOC code to analyze the design of a reservoir. A naturally
occurring clay layer should provide the impermeable base for the reservoir. However, this clay layer is
absent in one corner of the reservoir, where the clay layer pinches out, and in an area adjacent to the
maximum height dam section. The area upstream of the dam is to be remediated using a compacted clay
blanket. Concern persisted that leakage from the reservoir could generate excessive piezometric mounding
in the confined aquifer underlying the clay layer, which in turn could impact the dam design and valley
stability, and could cause other problems. To assess the applicability and accuracy of the code, its
predictions for an analogous problem with a simplified asymmetric geometry were compared against an
analytical solution (Khoury et al., 1989), and against the solution obtained with a proprietary two-dimensional
finite element code.

2.7.4. Code Selection Criteria

The major criteria in selecting a code are: 1) that the code is suitable for the intended use; 2) that
the code is reliable; and 3) that the code can be applied efficiently. If different problems must be solved,
more than one code might be needed, or a code might be used in more than one capacity. In such cases,
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the model requirements for each of the problems posed have to be clearly defined at the outset of the
selection process. To a certain extent this is also true for modeling the same system in different stages of
the project. Often, a code is selected in an early stage of a project to assist in problem scoping and system
conceptualization. Limitations in time and resources and in data avallability might initially force the
formulation of a “simple” model. Growing understanding of the system and data availability might lead to
a succession of models of increasing complexity and subsequent selection of different codes. In such
cases, flexibility of the candidate code, or the availability of a set of integrated codes of different levels of
sophistication, might become an important selection criterion.

As mentioned above, the major criteria in selecting a code are its suitability for the identified tasks,
its reliability, and its efficiency. The reliability of a code is defined by the level of quality assurance applied
during its development, and by its verification, field validation, and performance evaluation. The reliability
of codes should be established by applying a widely accepted review and testing procedure (see section
2.2)). Such a procedure has not yet been adopted, although various organizations have established their
own procedures (e.g., Wilkinson and Runkle, 1986; van der Heijde, 1987). In addition, discussions have
started within the Section on Ground-water Models of Subcommittee D-18.21 of the American Society for
Testing and Materials (ASTM) to develop standard guidance in ground-water simulation code selection.

A code’s efficiency is determined by the availability of its source or run-time version and of its
documentation, and by its usability, portability, modifiability, and economy with respect to human and
computer resources required for its operation.

Acceptance of a simulation code should be based on technical and scientific soundness, its
efficiency, and legal and administrative considerations. A model's efficiency Is determined by the rapid
access to its code, availability of good documentation, access to user support, and by its reliability,
credibility, usability, portability, modifiability, runtime resource utilization, and overall economy. A brief
discussion of some of these criteria is given below and follows a more extended treatment in van der Heijde
and Beljin (1988). This latter publication includes also a proposed rating system for each of these criteria.

Availability—-

A generic simulation model is defined as available, if the program code associated with it can be
obtained either as source code or as an executable, compiled version, or if the program can be accessed
easily by potential users. Ground-water software is either in the public domain or has proprietary status.
In the United States, most software developed by federal or state agencies or by universities through funding
from such agencies is available without restrictions in its use and distribution, and is therefore considered
to be in the public domain. In other countries the situation is often different, with most software having a
proprietary status, even if developed with government support, or its status is not well-defined. There, the
computer code can be obtained or accessed under certain restrictions of use, duplication, and distribution.

Codes developed by consultants and private industry are often proprietary. This may also be true
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of software developed by some universities and private research institutions. Proprietary codes are in
general protected by copyright law. Although the source codes of some generic models have appeared
in publications such as textbooks, and are available on tape or diskette from the publisher, their use and
distribution might be restricted by the publication’s copyright.

Further restrictions occur when a code includes proprietary third-party software, such as
mathematical or graphic subroutines. For public domain codes, such routines are often external and their
presence on the host-computer is required to run the program successfully.

Between public domain and proprietary software is a somewhat grey area of so-called freeware or
user-supported software. Freeware can be copied and distributed freely, but users are encouraged to
support this type of software development with a voluntary contribution. In ground-water modeling, this type
of distribution is rarely used.

For some codes developed with public funding, distribution restrictions are in force, as might be the
case if the software is exported, or when an extensive maintenance and support facility has been created.
In the latter case, restrictions are in force to avoid use of non-quality-assured versions, to prevent non-
endorsed maodification of source code, and to facilitate efficient code update support to a controlled user

group.

User support-
If a particular code is selected for a site-specific problem, the user may encounter technical
problems in running the code on the available computer system. Such a difficulty may result from:

. compatibility problems between the computer on which the code was developed
and the user's computer;

. coding errors in the original program;

. user errors in data input and code execution.

User-related errors can be reduced by becoming more familiar with the code. Here the user benefits
from good documentation. If, after careful code selection, problems in implementation or execution occur
and the documentation fails to provide answers, the user needs help from someone who is knowledgeable
about the code’s operation and familiar with its use. Such assistance, called software implementation and
execution support or software user support, cannot replace the need for proper training in code use and
modeling in general; requests for support from code developers may assume such extensive proportions
that user support becomes a consulting service or on-the-job training. This potentiality is generally
recognized by code developers, but not always by the users of the software.

Credibility—
A major issue in the use of ground-water simulation codes is their credibility. A code’s credibility,
and that of the theoretical framework it represents, is based on its proven reliability, and on Its acceptance
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by users (based in part on the number of successful applications). Modelers and ground-water managers
often have the greatest confidence in those simulation codes most frequently applied. This notion is
reinforced when successful, peer-reviewed applications are published. As reliability of a program is related
to the localized or terminal failures that can occur because of software errors (Yourdon and Constantine,
1979), it Is assumed that most such errors, originally present in a widely used program, have been detected
and corrected. Yet no computer program is without programming errors, even after a long history of use
and updating. Some errors will never be detected and do not, or only slightly, influence the program'’s utility.
Other errors show up only under exceptional or untested circumstances. Decisions based on the outcome
of simulations will be viable only if the codes used have undergone adequate review and testing (see section
2.2). However, relying too much on field validation (if present), or on frequency of code application may
exclude certain scientifically sound, well-documented and thoroughly tested codes, even those most efficient
for solving the problem at hand.

It may be argued that if a code is used by a large number of people, this demonstrates significant
user confidence. Such extensive use often reflects the code’s applicability to different types of ground-water
systems, and its capability to address various management questions. It might also imply that the code is
relatively easy to use (see Usability). Finally, if a code has a large user base, many opportunities exist to
discuss particular applications with knowledgeable colleagues.

Usability—-

Various problems can be encountered when a simulation code is implemented on the user's
computer system. Such difficulties may arise from hardware incompatibilities or coding of user errors in
code installation, data input, or program execution. Programs that facilitate rapid understanding and
knowledge of their operational characteristics and which are easy to use are called user-friendly and are
defined by their usability (van der Heijde and Beljin, 1988). In such programs, emphasis Is generally placed
on extensive, well-edited documentation; easy input preparation and code execution, preferably through the
use of (intelligent) pre-processors with ondine help systems; and well-structured, informative output.
Adequate code support and maintenance also enhance the code’s usability.

Portability-

Programs that can be easily transferred from one execution environment to another are called
portable. To evaluate a program’s portability, both software and hardware dependency need to be
considered. If the program needs to be altered to run in a new computer environment, its modifiability is
important.

Modifiability—

In the course of a computer program’s useful life, the user’s experiences and changing management
requirements often lead to changes in functional specifications for the software. In addition, scientific
developments, changing computing environments, and the persistence of errors make it necessary to modify
the program. If software is to be used over a period of time, it must be designed so that it can be
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continually modified to keep pace with such events. A code that is difficult to modify Is called fragile and
lacks maintainability. Such difficulties may arise from global, program-wide implications of local changes
(van Tassel, 1978).

Runtime Resource Utilization—

Runtime resource utilization refers to the computational resources needed to perform the modeling
computations. The main resources comprise of type and number of hardware devices and system software
required, computer core memory (RAM) use, program execution (CPU) time, input/output processing (1/0)
time, and mass storage requirements. Computer core memory use is often predefined in the code by the
programmer. In other cases, the user determines core use indirectly by specifying the problem setup.
Program execution and 1/0 time, together with mass storage space needs, may be measured by running
a suite of representative benchmarks.

2.7.5. QA in Code Selection

It should be realized that a perfect match rarely exists between desired characteristics and the
characteristics present in available generic models. Many of the selection criteria deemed important for a
particular application are subjective or often weakly justified, often because there are insufficient data in the
selection stage of the project to establish the importance of certain characteristics of the system to be
modeled. If a match is hard to obtain, reassessment of these criteria and their relative weight in the
selection process is necessary. Hence, code selection is very much an iterative process, the success of
which depends on expert judgment.

Quality assurance in code selection follows the same pattern as discussed in the QA aspects of
code development and model application. The principal elements of code selection QA are: 1) carefully
following the step-by-step selection procedure as described above; 2) detailed reporting on the adherence
to this procedure; and 3) documenting the considerations, assumptions, and decisions made at each step.
Specifically, detailed justification should be presented why the code selected is adequate for the problem
under study, and the limitations of the selected code in regard to the problem under study should be
discussed.

Further information on ground-water model selection is presented in (Rao et al. 1981; Kincaid et al.

1984; Boutwell ot al. 1985; Simmons and Cole 1985). An overview of ground-water models available is given
in van der Heijde and Beljin (1988), van der Heljde et al. (1988) and van der Heijde and Einawawy (1992).
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2.8. QA CLOSURE

Literally, quality assurance assures the quality of the product (code, model) or activity of concern
(modeling). A more workable description is that QA (in modeling) guarantees that the quality of the model-
based analysis and advice (to decision-makers) satisfies quantitative quality criteria or measures. As the
principle idea behind QA is accountability, and the main mechanism is maintaining records (hardcopy and
electronic files, reports) of all activities and results, a more proper term might be quality documentation.

Taken in a broad sense, QA provides a methodological and administrative framework to do the best
we can within the limitations of our current understanding of nature and available technology.

That QA always assures acceptable quality of a code development project or a modeling study Is
an idle hope. However, adequate QA can provide safeguards against faulty codes or improper modeling.
Regulators and decision-makers should understand that there is no way to guarantee that modeling-based
advice is entirely correct, nor that the simulation code used (or any scientific model or theory, for that
matter) can ever be proven, verified or validated in the strictest sense of these terms. Rather, a model can
only be invalidated by disagreement of its predictions with independently derived observations regarding
real systems.

it should be noted that a major role of QA/QC is to provide communication between the modeler
and his/her peers, and between modeler and decision-maker, giving the latter a sense of the accuracy,
uncertainty, and reliability of the modeler’s advice. Therefore, QA should not apply to the work of junior
modelers only, but should also be adhered to by expert modelers.

There are various cautions to be made. QA should never become so stifling that experienced
modelers are discouraged to take new avenues not previously explored, or that an inappropriately large part
of the budget of a project is consumed by responding to bureaucratic requirements. When QA regulations
become bureaucratic red tape, the time and cost of QA may take away precious resources from the data
collection and problem analysis activities. Furthermore, the risk is present that QA deteriorates and
becomes only a checklist installing false confidence in modeling results.



3. CODE TESTING AND EVALUATION PROCEDURES

3.1. INTRODUCTION

The usefulness of predictive simulations based on ground-water models is often limited by our
inability to indicate and quantify the reliability of such model results. Researchers have developed various
techniques to assess confidence levels for model predictions, so that water resources managers can
account for uncertainties in the decision-making process. For example, Freeze et al. (1990) present a
methodology based on the application of decision analysis to engineering design in a hydrogeological
environment. The methodology involves the coupling of a decision model based on a risk-cost-benefit
objective function, a simulation model for ground-water flow and contaminant transport, and an uncertainty
model that encompasses both geological uncertainty and parameter uncertainty.

One of the areas of concern is the credibility of the simulations codes used and the generic models
they represent. As discussed in the previous section, an important aspect of the credibility of a simulation
code is its reliability. The reliability of codes is established by applying a comprehensive, systematic review
and testing procedure. The quality assurance aspects of such a procedure have been discussed in section
2.2. The following section presents a systematic code verification and performance testing protocol, based
on the use of analytical solutions and synthetic data sets as benchmarks. Although the report provides
some example test problems, it does not contain actual benchmarks. A comprehensive set of benchmarks
for two- and three-dimensional ground-water flow and transport models will be presented in a follow-up
report.

3.2. LITERATURE REVIEW

Starting in the early days of computer-based simulation of ground-water systems, verification of
codes have been part of code development activities (e.g., Pinder and Bredehoeft, 1968; Prickett and
Lonnquist, 1971; Pinder and Frind 1972). More recently, such code verification by the code developers have
become quite elaborate (Ward et al., 1984; Reeves et al., 1986; Gupta et al., 1987; Sims et al., 1989; Faust
et al., 1990; Zheng, 1990).

In some cases, verification of codes and evaluation of their performance have been performed by
test teams, independent of the code developing team (e.g., Beljin, 1988; Watson and Brown, 1985). Often,
such third-party testing is initiated by a regulatory agency to determine, if the code s acceptable for use
within a certain regulatory framework. The need for comprehensive verification and validation of ground-
water simulation codes is ilustrated by the success of a series of international cooperative programs:
INTRACOIN, HYDROCOIN, and INTRAVAL. These studies attempted to evaluate conceptual and
mathematical models for ground-water flow and radionuclide transport in the context of performance
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assessment of repositories for radioactive waste (Nichoison et al., 1887; INTRAVAL, 1990). They were
performed by participating modeling groups from different countries, coordinated by the Swedish Nuclear
Power Inspectorate (SKI). The individual teams were supported by government agencies in their country.
The first project, the International Nuclide Transport Code Intercomparison study, INTRACOIN, ran from
1981-1986. This was succeeded by the Hydrologic Code Intercomparison study, HYDROCOIN, compieted
in 1990. A third project, INTRAVAL (Intemnational Project to Study Validation of Geosphere Transport
Models) was initiated in 1987 and is still active. These studies tested the numerical accuracy of computer
codes, the validity of the underlying conceptual models, and different techniques for sensitivity and
uncertainty analysis.

The INTRACOIN study consisted of a comparison of twenty-two different computational codes
describing transport of radionuclides in geologic media (INTRACOIN, 1984). This comparison was
performed at three levels aimed at establishing: 1) the numerical accuracy of the codes; 2) the capabilities
of the codes to describe in-situ measurements; and 3) the quantitative impact of various physical
phenomena on the nuclide transport calculations in a typical repository scenario assessment. Using the
terminology defined in section 2 of this report, INTRACOIN Level 1 concerns verification of the simulation
code, Level 2 concerns validation of the generic model, and Level 3 concerns performance evaluation
through analysis of the sensitivity of the code for perturbations in field parameters and boundary stresses.

At INTRACOIN Level 1, researchers verified the codes either by comparing computational results
from numerical models with existing analytical solutions, or by intercomparison of the computational resuits
from codes utilizing different numerical methods (INTRACOIN, 1984). This study was limited to one-and two-
dimensional far-field radionuclide geosphere transport models; although a few of the participating codes
could handle three-dimensional problems, the study did not include a three-dimensional test case because
“too few of the participating codes were able to treat such problems” (INTRACOIN, 1984, p. 11). The seven
test problems ranged from simple one-dimensional transport in a porous medium with constant parameters
to two-dimensional transport in a fractured medium with diffusion into the rock matrix:

. one-dimensional advection-dispersion, constant migration parameter (i.e., ground-water
velocity, retention factors and dispersivity are held constant), and constant leach-rate;

. one-dimensional advection-dispersion in a layered medium (piece-wise constant migration
parameters);

. one-dimensional advection-dispersion with continuously varying parameters;

. two-dimensional advection-dispersion with constant retention factors and dispersivity:

- parallel flow field and radial dispersion;
- two-dimensional flow field and radial dispersion (flow field between two wells;
. one-dimensional advection-dispersion with diffusion into the rock matrix;
. two-dimensional advection-dispersion with matrix diffusion:
— parallel flow field and radial dispersion;
- two-dimensional flow field and radial dispersion; and
. one-dimensional advection-dispersion with linear mass transfer kinetics and constant
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migration parameters.

The twenty-two codes involved were divided into five groups: 1) one-dimensional advection-
dispersion models, 2) one-dimensional advection-dispersion models with piece-wise constant parameters,
3) models including matrix diffusion, 4) models including noninear chemical effects, and 5) combined
models including équations for hydrology and heat transport. The fifth group of models incorporated
equations for hydrology and heat transport which were not included in the test objectives of the INTRACOIN
study. Also, models for ground-water flow, transport in the biosphere and dose calculations, and "near-field*
models were not included (INTRACOIN, 1984). In general, each code was run only for selected problems;
only the first problem was used by almost all test teams. Code comparison was performed using three
criteria:

. the nuclide concentrations at the end of the migration path as a function of time;

. maximum concentrations, the times for the maxima, and the times when the concentration
is half the maximum concentration; and

. execution time (CPU time) and the time for one-single precision floating point multiplication

at the computer installation.
The comparative results were presented in the tabular and graphic form.

The results of the various INTRACOIN Level 1 test problems showed generally good agreement
among the participating codes (INTRACOIN, 1984). Result variations were attributed to a variety of causes.
Some of the codes use algorithms primarily designed to handle predominantly advective or predominantly
dispersive problems, and can thus not be expected to give unconditionally reliable results in all ranges of
parameter values. Using a low Peclet number (Pe<10) will accommodate a sensitive intercomparison for
this issue. However, most of the deviating results have been explained either by discrepancies in the
implementation of boundary conditions, discrepancies in the implementation of input data, or considered
the result of truncation errors (coarse discretization in space or time domain). The study concluded that
carefully designed benchmarks combined with convergence test studies, varying the discretizations of the
model domain, will contribute significantly to the quality assurance of numerical codes. Specifically, the
study considered the development of rigorous and well-programmed analytical solutions of “uttermost
importance” in the quality assurance process. It was recommended to perform future benchmark studies
using firmly designed test cases, with: 1) stringent definition of boundary conditions and their numerical
implementation; 2) stringent definition of the discretization of continuously varying properties; and 3)
parameters values chosen such as to give an optimal sensitivity in the comparison. Furthermore, it is
necessary that accuracy measures be defined for such studies. It was noted that codes based on the
discrete parcel random walk algorithm or on particle tracking seem to need "finger tip feeling” from the user
in order to yield reliable resuilts.

INTRACOIN (1986) presents the results of the validation using in-situ measurements (INTRACOIN
Level 2) and sensitivity analysis (INTRACOIN Level 3) activities. The capabilities of the codes to describe
in-situ measurements were evaluated by comparing various concepts of physico-chemical radionuclides
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transport in geologic media with field experiments, complemented by laboratory data. Two carefully-selected
field experiments were chosen for comparison with mode! calculations, one in a fractured medium, and one
in a porous medium. The researchers involved in INTRACOIN Level 2 testing concluded that in general the
participating codes could reproduce field experiment results reasonably well, but that there is an urgent need
for better and more-detailed experiments if a reasonable level of validation is expected (INTRACOIN, 1986).
In this context it was considered crucial that future validation sites need to be well-characterized with respect
to heterogeneities and flow channels. The report recommended that field experiments should be performed
which are directly designed for the purpose of validation in order to reduce the degrees in freedom in
interpreting the experimental situation.

The Hydrologic Code Intercomparison study, HYDROCOIN, was established as a flow-oriented
complement to the INTRACOIN study. The project, initiated in 1984, focused on analytical and numerical
methods used to simulate ground-water fiow (HYDROCOIN, 1988). The objective of HYDROCOIN was:"...to
obtain improved knowledge of the influence of various strategies for groundwater modeling for the safety
assessment of final repositories for nuclear waste..." The study aimed to assess three Issues: 1) the impact
of different solution algorithms on ground-water flow calculations; 2) the capabilities of different models to
describe field and laboratory experiments; and 3) the impact of incorporating various physical processes
in the ground-water flow calculations. HYDROCOIN used the same three levels of code evaluation as
formulated for the INTRACOIN study.

At HYDROCOIN Level 1, the numerical accuracy of the codes was determined by comparing the
computational results with analytical solutions or by code intercomparison in the same manner as previously
described for INTRACOIN. Seven hypothetical test cases were developed:

1) transient flow from a borehole in a permeable medium containing a single fracture
(analytical solution);

2) steady-state flow in a two-dimensional domain containing two permeable fracture zones
intersecting each other;

3) partially saturated flow through a sequence of alternating high and low permeability
sedimentary rocks;

4) thermal convection for a system where the heat is evolved from a spherical source with a
decaying heat output (analytical solution);

5) fluid flow and salt transport in a two-dimensional domain in which the fluid density depends
on the salt concentration;

6) steady-state flow in a (weakly) three-dimensional domain, representing a generic bedded-
salt geological setting; and

7) steady-state flow through a shallow land-burial site in argillaceous media.

The test cases were designed primarily to yield sensitive tests for the models rather than to represent
realistic waste repository scenarios.

Twenty-nine simulation codes have been subjected to these test scenarios. The computed entities
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used for the comparisons included the distribution of ground-water pressure, salt concentration and
temperature, and flow velocities and trajectories. The HYDROCOIN (1988) report concluded that for the four
linear test cases (cases 1, 2, 6 and 7) agreement between the calculated primary entities was satisfactory.
Deviations observed were explained in terms of the use of different discretization densities in time and space,
or as a result of the use of element types with different numerical characteristics. However, the agreement
between calculated velocity fieids and trajectories was less convincing than that of the scalar entities. As
this was considered primarily a product of the differences in post-processing algorithms used by the various
teams, the selection of such algorithms should be subject to additional scrutiny. The mildly non-inear case
(Case 4) was easy to solve, and good agreement was achieved between the calculated primary scaler
entities . The two strongly noninear cases (Cases 3 and 5) revealed many problems in the simulations,
specifically Case 3. Here, the permeability contrast specified resulted in the moisture content to be
discontinuous in the domain. Finally, the report concluded that test results are highly dependent on
appropriate discretization in space and time. The HYDROCOIN study participants found no definite
difference between the results of finite-differences and finite-elements when applied correctly. It was pointed
out that it is easier to model a complex geometry domain accurately using finite-elements, yet finite-
difference solvers are less expensive to run than finite-element solvers. A more detailed discussion of the
actual testing of a number of codes is given by U.S. Nuclear Regulatory Commission (1988). This latter
report provides details regarding the setup of the models for the different test cases, grid design, selection
of iteration criteria, and implementation of boundary conditions and singularities, among others.

At HYDROCOIN Level 2 testing, the capabilities of the participating models to describe field
measurements and laboratory experiments were evaluated (HYDROCOIN 1990). At the beginning of this
phase, an extensive search was launched for data sets from relevant experiments. In the ideal data set,
measured values for all model parameters should be present in order to reduce the freedom in interpretation
of the data. However, no such an ideal data set could be found. The five experiments and field sites
selected represent a variety of spatial and temporal scales, several processes of importance, and various
media of interest. These five case studies were analyzed using twenty-two participating codes.

In performing the case studies the participating study teams encountered problems related to
complexities in the ground-water system, allowing alternative formulations for relevant hydrologic processes
or hydrogeologic structures and the representation of flow parameter heterogeneity. Furthermore, the study
teams experienced significant difficulties in interpretation of experimental data. Specifically, major differences
appeared between the participating modeling teams in the interpretation and formulation of the boundary
conditions. In spite of these difficulties, eventually the models were “tuned” to simulate the experimental
results of the five test cases. Several conceptual models and parameter sets yielded comparable resuits,
and deviations between experimental findings and modeling results found plausible explanations.

In 1987 a third project began, the International Project to Study Validation of Geosphere Transport
Models (INTRAVAL). The focus of this project is the validity of model concepts. It uses the results of
laboratory and field experiments and the results of natural analogue studies to study analytically the model
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validation process (INTRAVAL, 1990).

Other benchmarking, validation, and verification studies have been performed, yet not with as
systematic an approach as used In the INTRACOIN, HYDROCOIN, and INTRAVAL studies. Potter et al.
(1987) conducted a verification study of numerical models for variably saturated flow through a
heterogeneous media. They examined the steady-state performance of six flow models employing different
numerical methods. The methods included were: (1) finite-difference single formulation; (2) finite-difference
double formulation; (3) finite-element single formulation employing linear bases; (4) finite-element double
formulation employing linear bases; (5) continuous finite-element formulation employing Hermitian bases;
and (6) a Darcian-continuous finite-element formulation employing Hermitian bases. These numerical models
were compared with two newly-developed, steady-state analytical solutions to the Richard’s equation for flow
through a variably-saturated, heterogeneous soil column. The authors found the accuracy for the double
formulation finite-difference and finite-element methods significantly higher than for single formulation
models. Comparing finite-difference to the finite-element resuits, the finite-difference method was found to
be notably more accurate. The Darcian-continuous finite-element model showed a significant increase in
accuracy over the continuous model and over the other models. The study concluded that for the cases
explored, using a finite-difference solution may be the most logical choice considering accuracy, complexity,
parameter estimation, and knowledge of the physical characteristics of the specific system. According to
the authors, "finite-difference concepts are simple, straightforward, and understood by a wider audience than
are the finite-element procedures” (Potter et al., 1987, p. 442).

Two studies evaluated computer-coded models designed to simulate the fate of pesticides in the
vadose zone. Watson and Brown (1985) performed a comprehensive evaluation of the SESOIL mode!
(Bonazountas and Wagner, 1984) and Carsel et al. (1986) evaluated the PRZM model (Carsel et al., 1984).
The studies are discussed by Donigian and Rao (1986), illustrating the testing and evaluating of unsaturated
zone flow and solute transport models. In reference to the definitions in this report, the Watson and Brown
study includes both verification and validation. They performed verification through comparison of SESOIL
model predictions of the leaching of aldicarb from a soil column to ground water, with predictions by Jones
et al. (1983) using three other models: PRZM (Enfield et al., 1982), PESTAN, and PISTON (Donigian and
Rao, 1986, p. 104). Verification also included comparing SESOIL results with those from an analytical
solution. Validation was performed by comparison of the SESOIL model predictions with relevant published
field data. The study by Carsel et al. (1986) can be described as (partial) validation performed by comparing
the PRZM model results with available field data. As Donigian and Rao (1986) point out, the Carsel et al.
(1986) study is a good example of the problems encountered in model performance testing using field data
not collected specifically for model evaluation, but rather as monitoring data. Often, these field data sets
lack certain type of data important for model evaluation. Also, many field tests are of short duration. With
regard to validation, Donigian (1983) recommends making conditions under which the model operates as
close as possible to the actual field conditions when the observed data were collected, and to be aware of
model assumptions and limitations in representing field conditions. He suggests that model testing should
be performed with an "informed skepticism" and a questioning approach, in order to use the models as tools
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to aid decision making.

A study performed by Hecox et al. (1989) calibrated and verified a quasi-three-dimensional flow and
solute transport model. This model consisted of the internally linked flow and transport codes PLASM
(Prickett and Lonnquist, 1971) and RANDOM WALK (Prickett et al., 1981). The study intended to use the
model to assess understanding of flow and transport mechanisms, to aid in the design of a remedial system,
and to predict future plume movement directions and concentrations. Flow verification consisted of
comparing actual and simulated aquifer pumping test drawdowns, as well as actual and simulated seasonal
recharge water level fluctuations. The solute transport verification consisted of comparing actual and
observed solute front movement rates and concentration distributions for one slightly-retarded and two
distinctly-retarded compounds (Hecox et al., 1989). As the Hecox report describes, the flow verification of
drawdown was accomplished through a three week pumping test, and the flow verification of seasonal
recharge water level fiuctuations was accomplished through simulating drainage. Results were reasonably
close to observed levels for each flow verification, and differences were explained rationally. The runs for
solute transport verification were made using three distinct plumes. Calibration for solute transport focussed
on the retardation factor only. The report argues that because the simulations showed a reasonable
agreement with the observed plumes without calibration for dispersivity or porosity, the model has been
verified.

Kinzelbach (1987) compared four major numerical solution methods by applying typical
representative two-dimensional code implementations to a number of test cases using equal discretization
of the space and time. The codes selected represent the following approaches:

. an explicit finite difference formulation with central or upwind spatial differences;

. a finite element formulation with triangular elements and linear interpolation with forwards
differencing in time;

. the method of characteristics (MOC); and

. the random walk method with the option of adding complete velocity terms according to

the Ito-Fokker-Planck theory.

The test cases (Figure 5) were selected on basis of expected numerical problems with one or more of the
numerical solution techniques. The first test case featured a permanent solute source in axiparallel fliow with
a Peclet number of 0.5 in longitudinal direction and a time step in accordance with the Courant criterion.
In the explicit finite difference model and in the MOC model the time step was chosen to also comply with
the Neumann stability criterion. Test case 2 used dispersivity values resulting in a Peclet number smaller
than 2. For the third test case the flow field was rotated 45° with respect to the coordinate axes and a high
dispersivity anisotropy was chosen. Finally, test cases 4 and 5 treat the permanent source with a single well
1000 m downstream of the source. The difference between cases 4 and 5 is the choice of dispersivity
values. The results were presented in graphic form by using concentration versus longitudinal or transverse
distance, contoured concentration distributions in space, and breakthrough curves plotting concentration
versus time.
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Varying data for individual test cases

Test case 1 2 3 4 5
Pumping rate Q 0 0 0 3400 m>/d 3400 m>/d
Longitudinal dispersivity o 100 m 10m 100 m 100 m 10m
Transverse dispersivity or 10m Im Im 0m Im

ZERO CONCENTRATION BOUNDARY

Common data for all test cases
Pore velocity u 1 m/d
Thickness of flow m 25 m
Source strength M 120 kg/d
Effective porosity ne 0.17
Grid distance

(x-direction) Ax SO m
Grid distance

(y-direction) Ay 50 m

POLLUTION SOURCE

N\

DIRECTION OF FLOW

ZERO CONCENTRATION BOUNDARY

FINITE ELEMENT GRID
(PRINCIPAL DIRECTIONS)

TEST CASES 1, 2, 4, 5

FINITE DIFFERENCE GRID

FINITE ELEMENT GRID

ZERO DISPERSIVE FLUX BOUNDARY

IMPERVIOUS BOUNDARY

TRANSVERSE SECTION

POLLUTION SOURCE

FINITE DIFFERENCE GRID

ZERO CONCENTRATION BOUNDARY

wmmlie- DIRECTION OF FLOW

TEST CASE 3

LONGITUDINAL
SECTION

|

!

!

]

| PUMPING WELL

|

I

! FINITE ELEMENT GRID
| ™~

]

1

ZERO DISPERSIVE FLUX BOUNDARY

IMPERVIOUS BOUNDARY

Figure 5. Test problems for two-dimensional solute transport models (from Kinzelbach, 1987)
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In the mid 1980s the international Ground Water Modeling Center developed a three-level ground-
water simulation code testing procedure. The procedure and methodology have been presented in van der
Heijde et al. (1985) and applied by Huyakorn et al. (1984a) and Beljin (1988) to two-dimensional fiow and
solute transport codes. At the first level, the code is verified by testing against analytical solutions for highly
schematized and simplified systems (IGWMC Level 1). The second level aims at testing code features
specifically designed to cope with problems for which no closed-form analytical solutions exist IGWMC
Level 2). Here, verification is attempted by using complex, synthetic data sets representing hypothetical or
strongly simplified real-world systems, specially designed for testing specific types of models or code
features (e.g., in the neighborhood of singularities [wells] and discontinuities in the parameter field [flow
barriers, abrupt changes in hydrogeology]). At the third level, the model (and its code) Is validated against
independently obtained field or laboratory data (IGWMC Level 3).

The study of Huyakorn et al. (1984a) applied the IGWMC testing approach to the two-dimensional
finite element code SEFTRAN (Huyakorn et al., 1984b). In Level 1 testing, six analytical solutions were used.
The problems were selected to allow verification of several distinct features of the Galerkin formulation and
its coding. For each problem, a range of realistic values of the flow and transport parameters was selected
to evaluate the code’s numerical behavior under various potential application conditions. The six problems
considered range from a simple one-dimensional problem to a relatively complex two-dimensional problem
involving transport in a nonuniform fiow field:

. transport of a retarding solute in a semi-infinite column with a first-type (Dirichlet) inlet
boundary condition;

. transport of a retarding and decaying solute in a semi-infinite column with a third-type
(Cauchy) inlet boundary condition;

. transport from a continuous point source in a uniform ground-water flow field;

. transport of a slug released from a point source in a uniform ground-water flow field;

. transport in a radial fiow field created by an injection well; and

. transport in a nonuniform flow field created by a recharging-discharging well pair.

For each of the problems, the report provides a detailed problem statement, test objectives, input
specification, spatial and temporal discretization and simulation results. As expected, the code displayed
significant numerical problems for simulations with high Peclet numbers (Figure 5), a coarse grid
discretization (Figure 6), and a doublet (recharging-discharging well pair) with small dispersivity values
(Figure 7).

In level 2 testing of the code, two hypothetical field situations were used. The problems included
an irregular geometry and complex boundary conditions as well as heterogeneous and anisotropic system
characteristics. The first situation involves a cross-section analysis of contaminant transport in an
unconfined aquifer system located underneath a landfill. The second situation involves an areal analysis of
contaminant transport from a disposal pit to a pumping well. Test objectives included:
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Figure 6. Comparison of analytical and numerical solutions for problem 1.1, case 4 with Pe = = (i.e,,
pure advection) (from Huyakomn et al., 1984a).
. to determine the ability of the code to accommodate irregular geometry and zonal
variations of aquifer properties;
. to evaluate the ability of the code to handle assoclated, time-dependent flow and transport
problems; and
. to assess the efficiency with which the code can represent a region of complex geometry.

The evaluation of these test objectives was limited to a rather intuitive, qualitative assessment of the reality
of the simulation results, and by examining the numerical solution for irregular behavior.
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Figure 7. Concentration distributions along x-axis showing comparison of analytical and numerical

solutions for problem 1.3, case 1 (from Huyakorn et al., 1984a).

For Level 3 testing Huyakorn et al. (1984a) used the experimental data set describing the movement
of a chloride plume at the Canadian Air Forces Base Borden Landfill, Ontario, Canada. The simulation

results obtained by the study team were compared with field observations and predictions made by other
modeling teams.

Beljin (1988) applied the IGWMC testing approach to three two-dimensional solute transport models,
representing different numerical solution techniques. The code SEFTRAN (Huyakorn et al., 1984b)
represents a form of the finite element technique, the USGS 2D-TRANSPORT/MOC/KONBRED code
combines the method of characteristics with a finite difference solution technique (Konikow and Bredehoeft,
1978), and RANDOM WALK (Prickett et al., 1981) uses a finite difference approximation for flow and a
random walk particle movement technique for transport. The numerical accuracy of the computational
algorithms was verified by comparing simulation results with five analytical solutions for solute transport.
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Figure 8. Time versus concentration at the pumped well showing comparison of analytical and

numerical solutions for problem 1.6, case 2 (from Huyakorn et al., 1984a).

Verification was also used to evaluate the sensitivity of each code to various parameters as well as to time
and space discretization. For each test problem, specific test objectives, the mathematical formulation, and
the data sets used are given. Beljin (1988) selected the first five of the six Level 1 test problems formulated
by Huyakorn et al. (1884a). The numerical results of the codes were compared with the analytical solutions
in both tabular and graphical representations. Graphical display of the results was in the form of relative
concentration versus distance for a particular time since the start of the release (see Figure 8), and relative
concentration versus time for a particular distance from the source (see Figure 9). The report expressed
the goodness-of-fit both qualitatively and quantitatively. Qualitatively, it Is described by such attributes as
*poor,” “reasonable,” "acceptable,” "good,” and “very good.” Quantitavely, the goodness-of-fit is expressed
by the root-mean-squared error between the analytically and numerically computed values of concentration.
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Figure 9. Comparison of analytical and numerical solutions for problem BM-1.2; relative concentration

versus distance (from Beljin, 1988).

3.3. THE NEED FOR COMPARATIVE CODE TESTING

Although the preceding literature review illustrates some of the work now under way in code testing,
a more systematic code testing approach is needed, together with unified and consistent guidelines and
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procedures (Donigian, 1983). Such a testing approach should provide benchmark problems (i.e., problem
description, data set, and solution), applicable to a wide range of code types, and addressing all potential
code performance problem areas. Furthermore, such a testing approach should provide quantitative and
qualitative measures for evaluation of the verification and validation progress, and for establishing code
performance characteristics. It should be noted that when a code is subjected to such a systematic and
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comprehensive procedure, the opportunity exists to evaluate the code’s documentation and operational
characteristics.

As pointed out in Streile and Simons (1986), since few experimental investigations have tested the
multi-dimensional theories and conceptualizations, research aimed at verifying and validating the simulation
models is urgently needed. Engesgaard and Christensen (1988), in their study of chemical transport models,
also support further verification and validation studies of transport processes and chemical transformations
in such models. It is their assertion that further efforts should be directed toward mode! testing studies
rather than toward the development of more complex models. It is generally believed the credibility of
current capabilities of computer models should be established before extending those capabilities.

3.4. TESTING STRATEGY AND EXAMPLE BENCHMARK PROBLEMS

In testing a code, it should be subject to a step-wise evaluation of its performance at simulating
increasingly complex problems. The IGWMC testing strategy attempts to do this by focusing first on Level
1 testing, and, if successfully completed, continuing with Level 2 testing. Eventually, if an adequate field or
laboratory data set is available, the code’s (and its underlying theoretical model) might gain further credibility
by being subject to Level 3 testing.

For saturated flow codes focus of the testing will be the computation of the distribution of hydraulic
head (in space and time), head gradients, global water balance and individual boundary fluxes, flow velocity
patterns (direction and magnitude), flow path lines, capture zones, and travel times. For solute transport
codes such evaluations will concern the concentration distribution in the aquifer (in space and time), global
mass balance (per species), and breakthrough curves at observation points and sinks (wells, streams).

At Level 1, the code is analyzed for its individual capabilities and functions. Test problems are
designed to verify the operation of these functions (functionality testing). For flow simulating codes, such
functions include the code’s capabilities to handle boundary geometry and conditions, flow towards drains,
flow from and towards streams, etc. Among others, flow fields are evaluated for numerical symmetry, and
numerical solutions for iteration progress. For solute transport, concentration distributions in time and space
are evaluated with respect to symmetry, numerical accuracy, and efficiency of the solution procedure. As
most numerical solute transport models require calculation of the velocity field at each time step, special
attention needs to be given to evaluate the accuracy of the direction and magnitude of the velocities used
in the transport part of the code. This requires Level 1 benchmarks that not only provide the hydraulic head
distribution, but also calculate the velocity distribution.

The Level 1 benchmarks for the numerical models range from simple calculations based on gradient
analysis, Darcy’s law and mass balances to complex analytical solutions. At this test level, not only the
model’s algorithms are checked but also its sensitivity for grid orientation and resolution, and time
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discretization. A review of coded analytical solutions for solute transport useful for Level 1 testing is included
In Appendix A. In addition to the sources of information on analytical solution mentioned in Appendix A,
analytical solutions for saturated flow may be found in Harr (1962), TNO (1964), Edelman (1972), Huisman
(1972), Bear (1979), and Strack (1989). Analytical solutions for unsaturated flow can be found in Potter et
al. (1987). Additional analytical solutions for solute transport are given in Lester et al. (1986) and Wexler
(1992).

At Level 2, the code is applied to hypothetical problems designed to study specific code behavior,
e.g., around singularities and discontinuities in the parameter field and near irregularities in the internal and
boundary geometries. Due to the absence of analytical solution to provide "ground truth®, the code’s test
results are checked for unexpected or unexplained behavior and code intercomparison is used to obtain
a relative measure of performance. This form of checking can be used to study the influence of a number
of factors on code behavior. Such factors include various hydrogeologic conditions (such as aquifer
stratification and heterogeneities), physico-chemical processes and ranges of their respective parameters,
boundary and initial conditions, large variations in the gradient of the dependent variable, (e.g., solute
fronts), and sources and sinks. Some of the different conditions are summarized in Table 2.

As is the case on Level 1, at Level 2 grid orientation and resolution effects, as well as associated
numerical dispersion and oscillations, are included in the evaluations. For this purpose, the test probiems
will be solved using a critical range of Peclet and Courant numbers. Accurate numerical solutions will be
generated using codes that are known to effectively handle these critical conditions, high resolution
numerical grids, and small time steps. This approach is based on the idea that the smaller the discretization
Is in space and time, the better the approximate numerical solution will represent the real (unknown) solution
of the governing partial differential equation (Huyakorn and Pinder, 1983). The benchmarks will be
developed in a step-wise fashion, going from coarse resolution grids and large time steps to higher
resolution grids and smaller time steps. After each run, computational differences will be monitored (as well
as the execution time). When further refinement, e.g., with a factor 2, does not provide significant changes
in the computational results, the benchmark is established. The high-resolution synthetic data sets and their
solutions will be made available to model developers and users as benchmarks. To establish a benchmark
at Level 2, the code selected needs to have successfully completed the Level 1 and Level 2 testing.
Furthermore, successful field applications increase the credibility of the code, and the acceptance of
benchmarks established with it. Examples of Level 2 test problems are given in Table 3 and Table 4.



Table 2. Typical field conditions for which mode! representation should be tested.

Boundary conditions

specified head (constant or varying in
time)

recharge (from precipitation or as
interflow; constant or varying in time)

no flow

specified flow

head dependent flow (e.g., streams,
reservoirs, drains, spring flows,
evapotranspiration)

specified concentration

specified solute flux

concentration dependent solute flux

Sources/sinks

wells (individual wells, wellfields)

drains (open drains, subsurface drains)
ponds, impoundments, lakes
excavations, open mine pits

point solute sources

areal solute sources of limited extent
non-point solute sources (e.g., chemicals
introduced by precipitation)

Aquifer conditions

confined

leaky-confined

phreatic

heterogeneity (e.g., single aquifers, aquifer-
aquitard systems, aquifers with low permeable
discontinuous lenses, pinchouts of aquifers
and confining beds, scale dependency, highly
contrasted neighboring parameter zones)
anisotropy (hydraulic conductivity, dispersivity)

Flow characteristics

uniform fiow field

steady-state, symmetrically curved stream-
lines

non-steady flow field

varying density

porous media flow

discrete fractures

dual porosity

Transport processes

advection-dominated transport
advective-dispersive transport

retardation (linear equilibrium adsorption)
first-order decay

Table 3. Synthetic Data Set 1 (see Figure 11)

General Aspects:

This problem concerns the transport of a contaminant plume from a continuous

areal source of limited extent into a generic but realistic unconfined ground-water
system bound by a ground-water divide, two impermeable parallel rock outcrops

and a fully penetrating stream.

(continued...)



Table 3 — continued

Objectives:

Assumptions:

This problem verifies the capabillity of a transport code to simulate transport in a
non-uniform, unconfined filow field, i.e. It tests for both the flow and transport
simulating modules of the code. Grid orientation and resolution effects are
explored in this stationary problem. Three types of grid orientation are used: (1)
parallel to the main flow direction(s), (2) under a 45 degree angle with the main
fiow direction, and (3) under a 60 degree angle with the main fiow direction. The
problem will be run: (1) with only areal recharge and the solute source, (2) with
only an active well and the solute source, and (3) with both areal recharge and an
active well.

. aquifer is homogeneous and isotropic with respect to hydraulic
conductivity

. ground-water flow is steady

. fluid density and viscosity are constant

. solute source does not affect flow field

Specification of Parameters

A single pumping well (400 m*®/d) and a contaminant source are located in an aquifer measuring 200 m by
200 m wide and 21 m thick (for dimensions and location of source and location of well see figure 11. The
following physical parameters are used in conducting the simulation:

=K =K, =

1.0 m/d (hydraulic conductivity for fine to medium sand)

K,
0 = 0.35 (porosity in fairly uniform sand)
D" = 1 x 10"* m?/d (molecular diffusion coefficient)

dispersivity values

a, (- 2% Qyy

1 1.0 0.1 0.01 a, = longitudinal dispersivity

2 1.0 0.01 0.01 a,, = transverse horizontal dispersivity
3 1.0 0.01 0.001 a;, = transverse vertical dispersivity

4 1.0 0.5 0.1

5 5.0 0.1 0.1
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Figure 11. Synthetic data set 1: Movement of a contaminant plume from a continuous source in a non-
uniform, unconfined flow field.
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Table 4. Synthetic Data Set 2 (see Figure 12)

General Aspects:

Objectives:

This problem involves the movement of a contaminant in an areally recharged
unconfined aquifer composed of a fine slity sand, within which is located a
discontinuous 2 m medium-grained sand layer. The boundaries are identical in
nature to those of synthetic data set 1. This probiem is based on Sudicky (1989).

This problem verifies the capability of a transport code to simulate transport in a
non-uniform, unconfined flow field, with heterogeneous aquifer properties in the
vertical direction, i.e., it tests for both flow and transport in a layered aquifer with
lenses of high permeability. Grid orientation scenario is identical to the one used

in synthetic data set 1.

Assumptions: . aquifer is isotropic with respect to hydraulic conductivity
. ground-water flow is steady
. fiuid density and viscosity are constant
. solute source does not affect flow field

Specification of Parameters

A contaminant source is located in an unconfined aquifer measuring 250 m by 250 m wide (for dimensions
and location of source, location of boundaries and boundary conditions see Figure 12). The following

physical parameters are used in conducting the simulation:

K = ny = Kzl
x2 = KyZ = K,,

P

5 x 107* em/s (hydraulic conductivity for fine silty sand)
1 x 1072 em/s (hydraulic conductivity for medium-grained sand)

6 = 0.35 (porosity in faily uniform sand)
D" = 1.34 x 107° cm?/s (molecular diffusion coefficient)

dispersivity values

a, = longitudinal dispersivity

a;, = transverse horizontal dispersivity

a;, = transverse vertical dispersivity

o, ary
1 1.0 0.1
2 1.0 0.01
3 1.0 0.01
4 1.0 05
5 5.0 0.1
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Figure 12. Synthetic data set 2: Contaminant transport in a heterogeneous aquifer

69



As discussed before, there should be a logical progression in the sequence of test problems. The
"code tester” should evaluate the results of each test before proceeding with the next test. If necessary, the
current test problem needs to be repeated with different input values to explore the code’s behavior under
various parameter and stress conditions (i.e., performance evaluation). Table 5 presents such a sequence
designed for testing of three-dimensional solute transport codes.

Table 5. Test scenario for three-dimensional solute transport codes.

1. Solute transport in a steady-state uniform flow field in a large homogeneous isotropic
aquifer (analytical solutions are available);

2. Solute transport in a non-uniform steady-state flow field in a large homogeneous aquifer
(analytical solutions available);

3. Solute transport in a non-uniform flow field in a large homogeneous aquifer (analytical
solutions not available):
3.1. steady-state flow field with:
3.1.1. different solute source patterns
3.1.2, different boundary conditions
3.1.3. different boundary conditions, combined with sources and sinks (for flow
and solute transport)
3.2 non-steady flow field with:
3.2.1. sources and sinks (for flow and solute transport)
3.2.2. different boundary conditions

3.23. both
4 Non-uniform flow field in a heterogeneous anisotropic aquifer (no analytical solutions
available):

4.1, layered system

4.1.1. steady-state fiow field with:
4.1.1.1. sources and sinks
4.1.1.2. different boundary conditions
4.1.1.3. both

4.1.2. non-steady flow field with:
4.1.2.1. sources and sinks
4.1.2.2. different boundary conditions
4.1.2.3. both

continued.....
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Table 5 - continued

4.2. lens heterogeneities

43.

4.2.1.

422

steady-state flow field with:

4.2.1.1. sources and sinks

4.2.1.2. different boundary conditions
4.2.1.3. both

non-steady flow field with:

4.2.1.1. sources and sinks

4.2.1.2. different boundary conditions
4.2.1.3. both

random heterogeneities

4.3.1.

4.3.2.

steady-state flow field with:

4.3.1.1. sources and sinks

4.3.1.2. different boundary conditions
4.3.1.3. both

non-steady flow field with:

4.3.2.1. sources and sinks

4.3.2.2. different boundary conditions
4.3.2.3. both
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4. CONCLUSIONS

There is a urgent need for comprehensive, systematic testing of all types of ground-water models
and for the establishment of a verification and validation protocol. Ground-water management decisions
should be based on the use of technically and scientifically sound methods of data collection, information
processing, and Iinterpretation. Because few experimental investigations have tested multidimensional
theories, conceptualization, and associated computer codes, it is extremely important to conduct further
research aimed at developing and executing verification and validation studies for prominent ground-water
models. It may be argued that from a ground-water management point-of-view further efforts should be
directed towards model testing studies rather than toward the development of more complex models.

In recent years, the IGWMC has developed a testing procedure and methodology for model
evaluation as part of its efforts to implement a comprehensive quality assurance program. The current
project attempts to systematically analyze the scientific considerations and collect the technical elements
for implementation of such a methodology. The next step is the application of this comprehensive
methodology to actual computer codes.
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1 Introduction

Concern over the increasing problem of ground-water pollution has created a
need for better accuracy in predicting contaminant migration through porous
media. Mathematical modeling has been recognized as an important tool in
predicting such migration. Currently, two modeling methods are available,
analytical and numerical; both provide a means for ground-water investi-
gations and for evaluating monitoring programs and remedial actions. Ad-
vances in analytical modeling of the flow of ground water dominated technical
literature during the 1950s, and 1960s. A number of analytical solute trans-
port models were developed during the 1960s and 1970s (Bear, 1979; Cleary
and Adrian, 1973; Hunt 1983; Huyakorn et al., 1987). Although progress
in analytical modeling continues, especially in modeling of solute transport,
during the last two decades attention was largely diverted to numerical mod-
eling (Bear and Verruijt, 1987).

Modeling is an iterative process with several phases that can be defined
as (Walton, 1988): (1) collection of data; (2) definition of the problem; (3)
design of a conceptual model; (4) formulation of a model; (5) programming
of a model; (6) specification of the structure of the model (specification of
initial and boundary conditions, geometry of the model, parameters, etc.);
(7) the model sensitivity study; (8) model calibration; (9) model runs; and
(10) analysis of simulation results. Modeling development should be a se-
quential process progressing from simple conceptual models to sophisticated
representation of ground-water systems.

During the early phase of a ground-water contamination study, analyti-
cal models offer an inexpensive way to evaluate the physical characteristics
of a ground-water system. Widespread availability of microcomputers and
other graphic devices enables investigators to conduct a rapid preliminary
analysis of ground-water contamination and sensitivity analyses. However,
several of assumptions regarding the ground-water system are necessary to
obtain an analytical solution for the transport problem, including a constant
ground-water velocity, constant dispersion coefficients, constant physical pa-
rameters, and a simplified geometry for the system. Although these simpli-
fying assumptions do not necessarily dictate that analytical models cannot
be used in “real-life” situations, they do require sound professional judgment
and experience in their application to field situations. Walton (1979) ar-
gues that with appropriate recognition of hydrogeologic controls, there are

1



many practical ways to circumvent analytical difficulties posed by compli-
cated field conditions. When modeling complex field problems, numerical
models are more realistic and adaptable than analytical models. Nonethe-
less, it is also true that in many field situations few data are available; hence,
complex numerical models are often of limited use. When sufficient data has
been collected, numerical models may be used for predictive evaluation and
decision assessment. This can be done during the later phase of the study.
Analytical models should be viewed as a useful complement to numerical
models.

Because analytical models give an exact solution of the governing equa-
tion, they are quite useful for designing and verifying numerical models. As
a partial check for correct computer programming, the code is applied to
problems for which analytical solutions exist. Because an analytical solution
is exact to any required degree of numerical accuracy, it is a useful reference
for testing and verifying the accuracy of the algorithm used in the numerical
model.

In addition to their value as practical tools, analytical models have proven
useful in understanding basic principles of solute transport and thus are an
excellent educational tool. Use of the analytical models on microcomputers
is popular in university classrooms and for teaching short courses on basics of
ground-water hydrology and introductory courses on ground-water modeling

A large portion of the literature on solute transport modeling is devoted to
one- and two-dimensional models (Cleary and Ungs, 1978; Bear, 1979; Hunt,
1983). For example, an excellent review of one-dimensional solute transport
models can be found in van Genuchten and Alves (1982). It has been recog-
nized that many field situations require the use of three-dimensional models.
The increasing effort in development and use of three-dimensional numerical
models requires more effort in verifying the models with three-dimensional
analytical models. The objectives of this report are to review and inventory
available three-dimensional analytical solute transport models that can be
used for research and practical application, as well as for model verification.

Concern over the fate of nuclear waste buried in a geological formation has
created a need for better prediction of transport of radionuclides in ground-
water systems. Because ground-water models are the only tool available for
this type of prediction, a number of analytical and numerical models have
been developed during the past decade (Chambre et al., 1982; Codell et al.,
1982; Herbert, 1984; Gureghian, 1987). Many of the solutions for trans-
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port of radionuclides in porous media can be readily applied for contaminant
transport. The present report brings these model types to the attention of
ground-water specialists outside of the nuclear waste industry.

This report contains several sections: (1) introduction, (2) literature re-
view, (3) general theory of solute transport in porous media, (4) listing of
models, (5) conclusions, and (6) recommendations and future needs. Each
model is completely described mathematically by presenting its governing
equation, initial and boundary conditions, and the solution. An effort was
made to list all the assumptions associated with the model. In addition,
information about computer codes availability is provided. Special attention
is given to future research needs and software development. The bibliogra-
phy contains the most comprehensive literature list available on analytical
three-dimensional solute transport models.

Although different authors use different mathematical notation, this re-
ports attempts to present all equations in a consistent manner, using one no-
tation system. If the reader is interested in more detailed information about
a particular solution (e.g., solution technique, example problems, etc.), in
addition to the reference, the original equation number and page number are
given.

The solutions of the three-dimensional advective-dispersive equation are
given in order of difficulty, from a simple instantaneous point source in an
infinite aquifer to a volumetric source in a finite-depth aquifer. Appendix
A provides a summary reference table of all reviewed models. The table
includes the model name, list of processes, source configuration, boundary
conditions, type of release, and references.

Many of the solutions presented have been used only for research. Sci-
entists have utilized the solutions by coding them into computer programs
(codes) using a higher computer language (FORTRAN, BASIC, C, or PAS-
CAL) or symbolic packages (MATHCAD™ or MATHEMATICA™). As
research codes, most of these are not readily available nor fully documented.
Hence, it is not surprising how few codes are available for practical use in
comparison to the number of one- and two-dimensional codes. Some of the
solutions presented in the report that have been coded and are available as
public domain or proprietary programs for use on microcomputers, are listed
in the quick reference table (Appendix A).



2 Literature Review

The compiled list of models in the report has been extracted from exist-
ing literature. This section describes briefly the development of the three-
dimensional analytical models in their chronological order. The complete
mathematical description of the models is presented in section 4.

Walton (1979; 1988) has probably made the most significant contribution
to practical application of analytical ground-water models for both flow and
transport. In his numerous publications, he has collected and described
a large number of flow and solute transport models. These are presented
in a systematic manner and for many of them he has developed simplistic
computer codes. ,

Hunt (1973; 1978) provided one-, two-, and three-dimensional solutions
for instantaneous, continuous, and steady-state pollution sources in uniform
ground-water flow. The solutions have been used to determine how long a
continuous source must be in place before steady-state conditions are ap-
proached, as well as to examine the effect of a finite aquifer depth upon
solutions for an aquifer of infinite depth.

Prakash (1977; 1982; 1984) described analytical models for prediction of
efluents released in a two- or three-dimensional ground-water flow field from
a point, line, and plane source. The effects of the upper and lower boundaries
in the models are accounted for by the method of images.

Yeh (1981) presented a generalized analytical transient, one-, two-, and
three-dimensional model (AT123D) with a computer code to compute the
spatial and temporal distribution of a contaminant plume in an aquifer sys-
tem. The closed-form solutions are based on the application of Green’s func-
tions (Yeh and Tsai, 1976). Due to the versatility of these functions, the
source configuration can be: a point source, a line source parallel to the
z-axis, a line source parallel to the y-axis, an area source perpendicular to
the z-axis, an area source perpendicular to the y-axis, an area source per-
pendicular to the z-axis, and a volume source. Three kinds of releases are
included: instantaneous, continuous, and finite duration releases. Four vari-
ations of the aquifer dimensions are: finite depth and finite width, finite
depth and infinite width, infinite depth and finite width, and infinite depth
and infinite width. Combining all these options, the user can select 288 op-
tions for the three-dimensional case. AT123D was tested against numerical
models by EPRI (1984). A pre- and post-processor have been developed to
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accommodate handling of input data and model results (U.S. EPA, 1984).

Sagar (1982) obtained approximate solutions to the three-dimensional
solute transport equation by integrating the appropriate Green’s functions.
This method offers an advantage because Green’s function in three-dimensions
is simply a product of three Green’s functions, one for each direction. Two
approximations are used during the integration. First, error function differ-
ences are approximated by exponential functions through Taylor’s expansion
series; second, the time integral is approximated by the Laplace method. The
pollution sources are considered to be of finite size in space, and a function
of time. The boundary conditions considered are of a stream in a horizontal
flow field and a water table in a vertical flow field.

Domenico and Palciauskas (1982) developed for compliance and regula-
tory purposes a simple model for maximum concentration predictions (U.S.
EPA VHS Model). The source configuration is a vertical plane. The model
assumptions are that the flow is one-dimensional with lateral spreading of
contaminant in two dimensions and with vertical spreading downward, per-
pendicular to the flow path. The model does not include chemical reac-
tion or longitudinal dispersion. The maximum concentrations encountered
in the steady-state model occur in the plane of symmetry (y = z = 0).
Robbins and Domenico (1984) and Domenico and Robbins (1985) developed
a three-dimensional advection-dispersion model under transient conditions.
The model includes dispersion and advection only. Domenico (1987) ex-
tended the model to include first-order reactions.

Goltz (1986) and Goltz and Roberts (1986) presented analytical solutions
for the solute transport in a three-dimensional infinite medium with (1) first-
order and (2) diffusion rate limitations. Sorption is assumed to be governed
by a linear isotherm. The porous medium was divided into regions of mobile
and immobile water and the advective-dispersive solute transport equation
was coupled either with (1) expressions for the first-order rate solute transfer
between the mobile and immobile regions (first-order rate models), or with
(2) expressions for diffusional transfer between the two regions (diffusion
models). Solutions are given for point sources. The principle of superposition
can be used to integrate the point source response to obtain responses for
other initial conditions. The first-order rate model solution was also obtained
by Carnaham and Remer (1984); they provide solutions for various initial
condition geometries.

Huyakorn et al. (1986; 1987) presented an analytical model for predict-
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ing contaminant transport from a Gaussian vertical strip source in a one-
dimensional uniform ground-water flow field. The model takes account of
dispersion, adsorption, and decay. In addition, the effects of partial pene-
tration of the contaminant source and finite aquifer thickness are accounted
for. Type curve procedures were developed for evaluating steady-state con-
centration along the plume center line. The model has been compared with
other analytical models and two examples are presented.

El-Kadi et al. (1987) have applied the U.S. EPA Screening Level Ground
Water Model or SLM (U.S. EPA, 1985), which is based on the Huyakorn
model (Huyakorn et al., 1987), to site-specific settings. SLM employs a three-
dimensional analytical solution for contaminant transport under steady-state
conditions. It is interesting to note that the model is the only one that
includes the scale-dependent dispersivity parameters (e.g., a; = 0.1z; ar =
0.03z; and az = 0.0025z to 0.01z ). SLM has been tested against a well-
validated numerical model CFEST (Gupta et al., 1987) and an alternative
analytical model AT123D (Yeh, 1981).

Wexler (1989) compiled a list of analytical solutions from existing lit-
erature and derived his own solutions for a variety of boundary condition
types and solute source configurations in one-, two-, and three-dimensional
systems. Regarding three-dimensional problems, a solution modified from
Cleary and Ungs (1978, pp. 24-25) and two new solutions were presented in
Wexler’s report. In the first solution, the aquifer is assumed to be of infi-
nite extent along all three coordinate axes. Fluid is injected into the aquifer
through a point source at a constant rate. The remaining solutions are based
on the assumptions that the aquifer system is semi-infinite in length with a
solute source located along the inflow boundary. The semi-infinite aquifer
can be either finite in both width and height, or infinite in width and height.
The solute source is referred to as a “patch” source with a finite width and
height. The concentration within the patch is uniform. First-order solute
decay, adsorption, and ion exchange are included. Three computer program

listings for models POINT3, PATCHF, and PATCHI are given in the report.
Transport of Radionuclides

The disposal of radioactive waste in deep geological formations is being
considered by many countries. Mathematical models have been used to sim-

ulate physical and chemical processes that would occur if the waste escapes
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from the sites into ground water (Codell and Schreiber, 1979; Simmons and
Cole, 1985).

Codell et al. (1982) developed ground-water models for evaluating the
transport of radionuclides. The models were used for estimating the migra-
tion of radionuclides from low-level waste facilities. Two computer programs
were developed: the first program, GROUND, calculates concentration and
flux from a variety of sources for a single radicactive component released from
a vertical plane; the second program, GRDFLX, calculates concentration and
flux from sources typical of low-level waste burial grounds (horizontal areal
sources). The programs consist of two parts: Part 1 is the point concentration
model (used for calculating the concentration in the aquifer at some point
downgradient of a release), and Part 2 is the flux model (used to calculate
the discharge rate of radionuclide entering a surface-water body). The point
concentration model has been developed for a variety of boundary and source
configurations: (1) a point source, (2) a vertical line source, (3) a horizontal
line source, (4) a vertical plane source, and (5) a horizontal plane source.
Galya (1987) presented a solution to a horizontal plane source model that is
identical to the solution given by Codell et al. (1982) without referring to
the latter.

The verification and testing of numerical accuracy of ground-water models
for the transport of radionuclides in a three-dimensional permeable medium
is of great concern (Herbert, 1984). Verification of one- and two-dimensional
transport codes was carried out in the international INTRACOIN study (IN-
TRACOIN, 1984; Cole et al., 1987). However, three-dimensional codes have
not yet been tested in a similar way. Chambre et al. (1982) discussed equilib-
rium and nonequilibrium transport of radionuclides in porous media. They
also developed mathematical analysis for transport of radionuclides in frac-
tured media, wherein radionuclides are advected by ground water flowing
through planar fissures. Molecular diffusion into and out of micropores pen-
etrating the rock surfaces of the fissures plays an important role in retarding
the migration of radionuclides through the fissures. Solutions were given for
an impulse release, stop release, band release, and solubility-limited dissolu-
tion.

INTERA (1983) developed a package of analytical solutions, VERTPAK-
1, covering fluid flow, rock deformation, and solute transport in fractured
and unfractured media. The package contains two analytical solute transport
models: one for one-dimensional dispersive-advective transport of a simple
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chain of three radionuclide components in a semi-infinite porous medium
(LESTER model), and the other for transport of a solute along a planar
fracture (TANG model). The solute diffuses into the rock mass adjacent
to the fracture and may be subject to first-order decay, adsorption and the
fracture-rock mass interface, and adsorption within the rock mass.

Herbert (1984) presented analytical solutions to the three-dimensional
transport equation of a single radionuclide in a steady-state flow field. The
solutions were obtained by the method of separation of variables. Two cases
were considered: the first represents a model with the dispersion term as a
constant diffusion type; the second case is more realistic by including dis-
persion as a velocity-dependent term. The sorption is accounted for by a
constant retardation factor (the nuclide is assumed to be retarded by equi-
librium sorption onto the soil). The solutions and parameter values are
given for both cases, which may be used to test any numerical radionuclide
transport model. The solutions were used to verify the three-dimensional
finite-element transport code NAMSOL (Dolman and Robinson, 1983).

Chambre et al. (1982; 1985) prepared a number of analytical perfor-
mance models for geologic repositories. They provide the most complete and
comprehensive available mathematical treatment of radionuclide transport
in fractured media. However, these models are one-dimensional and are not
included in this review.



3 Theory

This section gives a quick review of the theory of solute transport through
porous media. Interested reader can find a number of excellent textbooks
covering the topic in much more depth (e.g., Bear, 1979; Hunt, 1983; Bear
and Bachmat, 1990).

3.1 Advective-Dispersive Equation

Three-dimensional solute transport through a porous medium with a uniform
ground water flow in z-direction can be expressed mathematically by the
following partial differential equation (Anderson, 1979; Freeze and Cherry,
1979):

Pc . PC L ¥FC _ 8C _8C

Deegar ¥ Dwggr + Dz =V = 5o @)
where

C = concentration of the solute

D;, = dispersion coeflicient in z-direction,
= aLV

D,, = dispersion coefficient in y-direction,
= aTV

D,, = dispersion coefficient in z-direction,
= aTV

a; = longitudinal dispersivity

ar = transverse dispersivity

1% = ground-water velocity (in z-direction)

The relationship between the concentration of adsorbed, S, and dissolved
constituent, C, is defined by an isotherm. For analytical models, assumptions
have been made that the solid and liquid phases are in equilibriumn, and that
their concentrations are related by a linear formula

S=K,C, 2)

where K is the distribution coefficient.



The ground-water velocity V is the same as the velocity of contaminant for
a nonreactive (conservative) solute. For a reactive (nonconservative) solute,
as the result of sorption, the solute transport is retarded relative to the
transport caused by advection and dispersion only. The retardation factor
(or retardation coefficient), Ry, is defined as

Rd =1+ %Kda (3)

where p, is the bulk density of the porous medium and n is the porosity.

Solute may undergo radioactive or biological decay as it is transported
through the porous medium. The decay is expressed by the following equa-
tion:

acC

Bt
where ) is the first-order decay constant of the solute and can be calculated
if the half-life of the solute, t;/,, is known

A =1n(2)/tys. (3)

Equation 1 with both adsorption and radioactive decay processes included
becomes

o*C o*C o*C oc aocC
zz&—{-i.Dyya_yz-}-DzzW —Vg - ARC = Rd—a—; (6)
Depending on initial and boundary conditions associated with equations
1 and 6, a number of closed-form analytical solutions are published in the
ground-water literature. The solutions are listed and grouped in this report

according to the geometry (configuration) of contaminant sources.

D

General Assumptions

The following assumptions are associated with equations (1) and (6) and
are common to all models in the report:

e the aquifer is homogeneous and isotropic

¢ one-dimensional steady-state ground-water flow (a constant velocity)
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o the direction of the ground water flow coincides with the positive z-axis
o the model coeflicients V, D;;, R4, and A are constants

o the density and viscosity of the solute are same as those of native
ground water

In addition, solute injection rates are often assumed to be negligible rel-
ative to the regional ground-water flow rate (in order to satisfy the constant
ground-water velocity assumption). In some of the models presented, lat-
eral dispersion is assumed to dominate mixing conditions. Any additional
assumptions made in the model development are given along with the model
description.

3.2 Initial and Boundary Conditions

To obtain a particular solution of equation (1), it is necessary to provide
additional information about the system. The additional information include
initial and boundary conditions. Assigning correct boundary conditions is a
particularly important step in ground-water modeling.

Initial conditions describe the distribution of concentration in the studied
domain at some initial time (¢ = 0). The general initial condition of the
advection-dispersion equation (1) is written as (Javandel et al., 1984)

C=f(:z:,y,z,t=0) (7)

where f(z,y,2,t = 0) can be a constant or some other known function.

Boundary conditions provide information on interaction between the con-
sidered domain and the rest of the universe. Different boundary conditions
result in different solutions. Three types of boundary conditions are:

1. Durichlet or first-type boundary condition.
C = CO(Iayazvt) (8)

where Cop(z,y, z,t) is a given function for the particular portion of the bound-
ary.
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Examples of this type of boundary condition are specified concentration
on the boundary, zero concentration, or specified concentration at injection
wells.

2. Neumann or second-type boundary condition.

oC
(Dij67j)ni = Q(x, y’z,t) (9)

where ¢ is a known function and n; are components of the unit vector normal
to the boundary.

Typical examples are zero concentration gradient on impervious bound-
aries, and concentration gradient on outflow boundary.

3. Cauchy or third-type boundary condition.
ocC

Y aIJ‘

(D CV:')":' =g(.‘C,y,Z,t) (10)

where g is some known function. The first term represents flux by dispersion
and diffusion, and the second term represents the advection effect.
Examples include specified mass flux of contaminant at injection wells,
specified mass flux of contaminant from landfills, streams, and so forth.
One of the common assumptions associated with analytical models is
that the domain is infinite. The boundary conditions are then prescribed at
infinity without any need to define their character (de Marsily, 1986).
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4 Mathematical Models

All analytical models in this section are classified according to the geometry of
the contaminant source (point, line, areal, or volumetric source). In addition,
they are divided according to the type of contaminant release: instantaneous
or continuous.

4.1 Point Source

This section includes models with a point source. In practice this source may
be an underground storage tank, an injection well, or a small spill. If the
size of the source is small compared to the model area, the source can be
treated as a point source (e.g., a lagoon or a small landfill). Another way of
modeling such a plane (or volumetric) source is by dividing the source into
smaller areas (volumes) and by representing each area (volume) as a point
source. Based on the principle of superposition, the resulting plume from the
point sources will be equivalent to the plume from the areal (or volumetric)
source.

Regarding time of activity of a source, the source can be continuous (a
constant release of contaminant into the aquifer system) or instantaneous (a
spill or a contaminant source that is active for a short time relative to the
total elapsed time). Again, using the principle of superposition in time, one
can simulate a variable source rate of contaminant as the sum of a finite
number of constant source rates distributed in time (Wagner et al., 1985).

4.1.1 Case Al-1

Let the governing equation for the solute transport take the following form:

d*C 0°C 9*C oc oC
Dzz&—'z—+Dyyw+D"-8_z?_V5; = -a—t (11)

The solution to the equation 11 for an instantaneous point source (Figure
1) can be obtained by applying the following initial and boundary conditions:

Ce,3,%,0) = 6(z,,2), (12)
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in which n is the porosity, §(z,y, z) is the Dirac delta function, and M is the
total mass of pollutant released at the coordinate origin at time ¢t = 0 :

M= / / / C(z,y, z)ndzdydz. (13)

The mass of the contaminant introduced at the source equals CoV;, where
Co is the initial concentration and V; is the initial volume (Freeze and Cherry,
1979, p. 395). In the mathematical formulation of the initial conditions, the
contaminant input occurs at a point and therefore has mass but no volume.
In practice, this is expressed by the quantity CyV5.

The aquifer is assumed to be infinite and the boundary conditions can be
specified as follows:

C(o0,y,2,t)=0; C(z,00,2,t)=0; C(z,y,00,t)=0. (14)

In a case of the instantaneous point source at the coordinate origin, the
solution is given by Hunt (1978, p. 76, equation 10)

M (z -~ Vit)? y? 2?
C(z,y,z,t) = exp( - - .
( ) 8n\/7r3t3D,,Dtz, 4Dt 4Dyt 4Dt

(15)
The spreading from a point source occurs in the direction of flow, and
the peak concentration, C,,,z, is where y = z =0 and z = V't

M

sn\/ﬁtap,,p

Craz = (16)

Assumptions:

In addition to the general assumptions, the following assumptions are
associated with Case A1-i

e instantaneous point source
o aquifer is of infinite depth

e transient state (for solute transport)
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Figure 1: Point source in an infinite aquifer.
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4.1.2 Case Bl-i1

Governing Equation:

o*C o*C o*C ac ac
er=— + D D,, ~-V—=-XC=—.
Rl I R > ot an
The solution to the above equation for an instantaneous point source at
the origin with radioactive decay was first developed by Baetsle (1969) and
later included with the other analytical solutions in a text by Hunt (1983, p.
133, equation 6.47)

D

M
C(z,y,z,t) = exp (—)\t -
8ny/73t3D,.D,,D,,

(z — Vit)? y? 2?
4D..t  4D,t 4D,,t) '
(18)

The initial and boundary conditions are identical to those in the model
Case Al-1.

A small spill can be modeled as a point source if the considered domain
is relatively large compared to the size of the spill. In that case, the given
solution can be used to predict the concentration distribution caused by the
spill.

The spreading from the point (spill) occurs in the direction of flow, and
the peak concentration, Cpqz, is where y = 2 =0 and z = Vit:

_ M
8n,/73t3D.. Dy, D..

Craz exp (—At). (19)

Assumptions:

The following assumptions are associated with Case B1-i

o instantaneous point source
e first-order radioactive decay
e agquifer is of infinite depth

e transient state
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4.1.3 Case Al-c

Governing Equation:

o*C o*C 0*C oc ocC
D,,E;,; + Dw-a?' + D"—a—z; — V'é-; = '6—t (20)

The solution to the equation for an instantaneous point source was ob-
tained (Case Al-i) by using the following initial condition (Hunt, 1978):
M
C(z,y,2,0) = —n—6(:c,y,z), (21)

where M is the total mass of pollutant released at the coordinate origin at

timet=0: M= /;‘: [_: /_‘: C(z,y, z)ndzdyd:=. (22)

The aquifer is again assumed to be infinite and boundary conditions for
this model are the same as for Case A1-i, e.g., the concentration is zero at
infinity:

C(o0,y,2,t) =0; C(zx,00,2,t)=0; C(z,y,00,t)=0. (23)

A solution of the governing equation with the initial and boundary con-
ditions is given by Hunt (1978, p. 77, equation 11) as

M exp (2va ) [ % r—Vt
C(z,y,2,t) = L fex (-— )er c( )]
(&8,5,%) 8rnry/Dyy D, P\"2p., Je\z D..t

+ [exp (%) erfc (2’\;%%)] (24)

where M = dM /dt is the mass flux; erfc = complementary error function;
and r is defined as

Dl'z' Dzz
r= \/1:2 + y? + 22 (25)

Dyy DZZ.
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Assumptions:

In addition to the general assumptions associated with the solute trans-
port governing equation, this model assumes the following assumptions:

e conlinuous point source
e agquifer is of infinite depth

e transient state
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4.1.4 Case A2-c

Governing Equation:

o*C o*C o*C oC
D,,a—z{ + D"”a_y'-’— + D"E; - V—-a? = 0. (26)
The steady state solution of the model Case A I-c follows from equation 24
by taking the limit as t.— oo (Hunt, 1978, p. 77, equation 12).

M (z - r)V}
C(z,y,z,00) = ex . 27
( y ) 47rnr\/Dtzz P [ 2Dzz‘ ( )

Assumptions:

In addition to the general assumptions, the following assumptions are
associated with Case A2-c

e continuous point source
o aquifer is of infinite depth

o steady state
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4.1.5 Case A3-c

Governing Equation:

0*C 0*C 0*C oC
sz—a}? + Dyy—a?; + D2252—2 - V-g; = 0. (28)

When the source is located at the coordinate origin either upon the free
surface of an unconfined aquifer with the depth B (Figure 2), or midway
between two parallel, impermeable planes spaced a distance 2B apart in z2-
direction, the steady-state solution, C'(z,y, z,00), can be obtained from the
method of images (Hunt, 1978, p. 80, equation 23)

C'(z,y,2,00) = C(z,y,2z,00)+ > _[C(z,y,z — 2iB,0)
i=1
+ C(z,y,2 + 2iB, )] (29)
in which C(z,y, z,00) is given by equation 27 (Case A2-c).

Assumptions:

In addition to the general assumptions, the following assumptions are
associated with Case A$-c

e continuous point source
e aquifer is of finite depth

e steady state
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Figure 2: Point source in a finite-thickness aquifer.
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4.1.6 Case Bl-c

The governing equation for this model includes radioactive decay and has
the following form:

9*C 9*C a*C oC ocC
rz@"*’pyya_yz'*'Dzz'b—;{_Vg_Ac— Ea (30)

The solution to equation 30 is given by Hunt (1983, p. 135, equation
6.53) as

Mexp (2zDV ) ar r
C(z,y,2,t) = = [ex (—— )erfc( —a t)]
( ) 87rnr\/Dny,, P D,

+ [exp (\/4%—:) erfe (2——;)—:”; + a\ﬁ)} , (31)

in which r and a are defined as
D
— 2 9 Zzz 2 9
T \/.’E +y Dyy+z Dzz, (3)

f V2
=4/A . 33
a + iD.. ( )

All other symbols were defined previously.

D

Assumptions:

In addition to the general assumptions, the following assumptions are
associated with Case Bl-c:

e continuous point source
e first-order radioactive decay
e aquifer is of infinite depth

e ilransient state
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4.1.7 Case B2-c

Governing Equation:

*C o*C o*C ocC ocC

—-— —-— — = V—=2AC=—.

** 9?2 + Dy Oy? + D, 022 4 Oz ¢ ot (34)
The steady-state solution for a continuous point source can be obtained

simply by letting ¢ — oo in equation 31 (Hunt, 1983, p. 136, equation 6.62):

D

M VvV ar
Clorm =]
( y ) 47rnr\/Dny,, P 2D::1: \/D; ( )

where r and a are defined again as

D., D,
r=\/x2+y2D +22D , (36)
vy 2z

V2
a—\//\+4Du- (37)

The following assumptions are associated with Case B2-c:

Assumptions:

o continuous point source,
o first-order radioactive decay
o aquifer is of infinite depth

e steady state
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4.2 Line Source

Analytical solutions for two-dimensional dispersion model with a horizontal
line source are well known and have been described by Cleary and Ungs
(1978). The solutions are available for two different cases: (a) the line source
orthogonal to the ground-water flow, and (b) the direction of flow forming
an angle with the z-axis (Javandel et al., 1984). The three-dimensional
dispersion models described below include cases of vertical and horizontal
line source. The line source is assumed to be perpendicular to the ground-
water flow.

4.2.1 Vertical Line Source

Governing Equation:

o*C o*C 0*C oc acC
,xb—a;z— + Dwa—z + Dzz-éz—z - V% — MRC = Rd—a—t' (38)
Green’s functions are powerful tools in deriving solutions to the above
three-dimensional advection-dispersion equation for various geometry of sources
(Yeh, 1981; Codell et al., 1982; Sagar, 1982; Galya, 1987). Codell et al. (1982,
p. 3.6, equation 3.13) developed a solution for a vertical line source of length
B (the thickness of the aquifer) as

D

Oz, 2,1) = ;l%dxl(x,tm(y,ﬂzz(z,t):r(t), (39)

where

(=-%)
Ry

" 4D,t/Ry

1

= — == €XP

' 9 /xD.t/Rq

Y= ———-l—————exp [ ———-yz—] (41)
' 2/xD,t/Ry 4Dyt/Rq)’

X , (40)

1
ZZ—E’

T(t) = exp(—At). (43)
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The terms in the above equation are defined as

X; = Green’s function in z-direction
Yy, = Green’s function in y-direction
Z; = Green’s function in z-direction
T = degradation function (due to decay of contaminants

biodegradation, hydrolysis, etc.)
D;; = dispersion coefficient tensor
retardation factor
decay constant

>
(I

Assumptions:

In addition to the general assumptions, the following assumptions are
associated with the line model:

e a unit mass released,

e instantaneous vertical line source
e first-order radioactive decay

o aquifer is of finite depth

e transient state
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4.2.2 Horizontal Line Source

Governing Equation:

0*C o*C o0*C aC ac
zxﬁ + .Dwa—y2 + Dzzgz? - V—a; - ARdC = Rd—a-t— (44)
Codell et al. (1982, p. 3.6, equation 3.16) obtained a solution for the
horizontal line source of length L centered at (0,y,, z,) (Figure 3) as

D

1
Clas20) = X @OV D22, 0T() (45)
where
2
1 (=~ %)
X) = ——————exp |- e 46
' 2\/rD t/Ry ®|” 4D:t/Rq (46)
1 L +Y—Ys L y+ys
Vo= lerf | === +erf | 2 ) 47
T [ (2\/5;&: 2 /DR 4
0 2.2
7, = 1 [l + 2Eexp(—-z—7r—2llz—t-) cos(iwz/B)cos(iﬂ'z,/B)] , (48)
B =1 Rd
T(t) = exp(—At). (49)
Assumptions:

In addition to the general assumptions, the following assumptions are
associated with Horizontal Line Source Model

e a unit mass released

o instantaneous horizontal line source
e first-order radioactive decay

e agquifer is of finite depth, B

e transient state

26



HORIZONTAL LINE SOURCE

WATER TABLE

REGIONAL FLOW

. BOTTOM BOUNDBEY

- e T T T A .

Figure 3: Horizontal line source in a finite-depth aquifer.
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4.3 Plane Source

The finite plane source is more realistic than a point source in many “real-
world” problems. Whether the solution is given in a closed-form or not, two
types of models are available. Cleary (1978), Cleary and Ungs (1978), Codell
et al. (1982), Huyakorn et al. (1987), and others developed solutions that
require numerical integration. Domenico and Palciauskas (1982, Domenico
and Robbins (1984), and Domenico (1987) presented analytical solutions in
closed-forms with no numerical integration required. The porous medium is
assumed to be infinite, semi-infinite, or finite.

4.3.1 Vertical Plane Source of Width L and Depth B

Governing Equation:

2 2 2

D WHy? 022 oz ot

Codell et al. (1982, p. 3.7, equation 3.17) give the solution for the verti-
cally averaged concentration of a horizontal line source of length L centered
at (0,y,, zs) (equivalent to an area source of width L and depth B) as

1
C’(:c,y,z, t) = n—le(I,t)}fg(y,t)22(z,t)T(t), (51)
where
PR
Xy = —————ex Gl ) : (52)
Q\IWDxt/Rd 4Dxt/Rd

1
Zy = B (54)
T(t) = exp(—At) (55)
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Assumptions:

In addition to the general assumptions, the following assumptions are
associated with the plane model:

® a unit mass released

¢ instantaneous vertical plane source
o first-order radioactive decay

e aquifer is of finite depth, B

e transient state
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Figure 4: Vertical plane source in a finite-depth aquifer.

30



4.3.2 U.S. EPA VHS Model

This steady-state model describes the spreading of a contaminant plume in
the vertical and lateral directions perpendicular to the flow direction. The
following governing equation is given (Domenico and Palciauskas, 1982, p.
309, equation 17)

8*C d*C aC
DT(82+32> V—a?—, (56)
where

Dr =D, =D,, =arV.

The problem is viewed as a two-dimensional problem in a semi-infinite
medium bounded at the top by a zero flux boundary. The maximum con-
centration of the contaminant Cy is assigned over a specified area:

C0,y,z) = Co 0<z< Z
= Gy -Y/2<z<Y/2
= 0 otherwise.

where Y and Z are the source dimensions in y- and z-direction, respectively
(Figure 5). The solution to equation 56 for the given boundary conditions is
(Domenico and Palciauskas, 1982, p. 309, equation 18)

Co y+Y/2 y=-Y/2
Clz,y,2) = [e'f(Q\/ET_x) ef(Q\/aT—-’E)]

2427 z— 7
{erf (2,/«111) —erf (2,/a7~z)] (57)
in which erfis the error function.

The maximum concentration occurs along the centerline (y = z = 0) and
is given as

cwany=cm [ ot 2]
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Equation 58 was used by the U.S. EPA to evaluate delisting petitions to
exclude certain waste from the hazardous waste list (Domenico and Palci-

auskas, 1982; van der Heijde, 1989).
Assumptions:

In addition to the list of general assumptions, the following assumptions
are associated with the model:

e continuous vertical plane source
e semi-infinite domain
e no longitudinal spreading

o steady state
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Figure 5: Vertical plane source in a semi-infinite aquifer.
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4.3.3 Domenico’s Model

Governing Equation:

o2C o) oC ac ocC
;z‘a;z“"Dny;;-}-DuE? —V—a-; = —a—t (59)

Domenico and Robbins (1985) and Domenico and Schwartz (1990, p. 646,
equation 17.18) presented a solution to the problem of a vertical plane source
in a semi-infinite aquifer. The domain is bounded at the top by a zero flux
boundary. The maximum concentration of the contaminant Cj is assigned
over the areal source:

D

C(0,y,z) = Co 0<z< 2
= (o -Y/2<z2<Y/2
=0 otherwise.

where Y and Z are the source dimensions in y- and z-direction, respectively
(Figure 5). The solution to the problem for the given boundary conditions is

C(z,y,2,t) = Cerfc(;\/__zi)

i (28) s (12
(g2l w

The maximum concentration occurs along the centerline (y = z = 0) and
is given as

C(z,O,O,t)-%—Oerfc (2’”\/"_‘;}_) erf[z\/a_ﬁ] [2\/%} (61)
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Assumptions:

In addition to the general assumptions, the following assumptions are
associated with Domenico’s Model

o continuous vertical plane source,
o semi-infinite domain,

e transient stale.

Special Cases:
Case 1:

For £ << V't the argument of erfc approaches -2, and the above solution
collapses to the U.S. EPA VHS steady-state model.

Case 2:

If the vertical plane source is located in an infinite aquifer (with two
spreading directions in z), the source dimension Z should be replaced with

Z/2.
Case 3:

If dispersion in z-direction is eliminated, the error function terms are
ignored and Cp/8 is replaced with Co/4 (Domenico and Schwartz, 1990).
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4.3.4 Horizontal Plane Source

Governing Equation:

o*C 02C 0’C ac ocC
Dzza—xi + Dw—a'y—2 + Dzz—a;' - V-a—x- — AR, C = Rd—a—t-. (62)
The initial and boundary conditions to be applied for the horizontal plane
source are given as (Galya, 1987, p. 734, equations 2 - 5)

C(z,y,2,0) = 0
C(z,00,2,t) = 0

ocC

Dz'é; =0 z2=0
acC

Dz-a—z = 0 z=HB

C(z,y,00,t) = 0

where B the saturated thickness of the aquifer. The plane source has length
X in the z-direction and width Y in the y-direction (Figure 5).

The solution for an instantaneous unit release of mass over the area has
the following form (Codell et al., 1982, p. 3.8, equation 3.21; Galya, 1987, p.
734, equation 6):

Clz,y,2,t) = ;}%—dxo(z,t)yo(y,t)zl(z,t)T(t). (63)

Application of a convolution integral with respect to time provides the
concentration C due to a continuous or transient release at a rate M, for any
time t (Galya, 1987, p. 735, equation 14):

C(z,y,2,t) = 1 /t M(7)Xo(z,t — 7)Yo(y,t — 7)2Zo(2,t — 7)T(t — 7)drT,
nRy Jo (64)

where

X Vi X Vvt
TtT—T,— g ST+ Ts+ g
e ot () o el ©

2\/D:t/Rd




1 Tty —Ys 7= Yt+Ys
= — 2 v 2 v v
Yo Y% [erf (2 ,___yt/ d)+erf (2 = d)} (66)

Zy = L + 2iex (—izszzt)cos(iwz/B)cos(z'ﬂz /B) (67)
'~ B 4 P\""piR, :
T(t) = exp(—At) (68)
where
M, = mass release rate
Xo = Green’s functions in z-direction
Yo = Green’s functions in y-direction
Z; = Green’s functions in z-direction

T = degradation function (due to decay of contaminants
biodegradation, hydrolysis, etc.)

z, = distance to center of line source in z-direction
ys = distance to center of line source in y-direction
z, = depth to the source in z2-direction
D;; = dispersion coeflicient
R; = retardation factor
A = decay constant

Assumptions:

In addition to the general assumptions, the following assumptions are
associated with the model:

e instantaneous or continuous horizontal plane source
o first order decay

e linear adsorption

o finite-depth aquifer

e lransient stale
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Figure 6: Horizontal plane source in a finite-depth aquifer.
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4.4 Volume Source

This section describes solutions to the solute transport equation when the
source of contamination is three-dimensional (volumetric). With respect to
the geometry of the source, it can be represented as a cube or a parallelepiped.
The source activity can be instantaneous or continuous.

4.4.1 Cubical Volumetric Source

The governing equation for the model takes the following form:

8*C 0°C 0*C oc oC
515:;2- + Dyy 6 2 +D,,— 527 - Vg; = —ét— (69)

An instantaneous contaminant source of finite size has its center located
at the coordinate origin (Figure 6). The following initial conditions are given

D

M
Cleyz0) = 203 0<Pllhld<s
L
- o L<lebluhld<o,  (70)

2

in which L is the side length of the cubical source at t = 0.
The solution of the problem is given as (Hunt, 1978, p. 82, equation 33)
% —z+ Vi

Clz,y,2,t) = _ [ ( erf (T\/ﬁ_)}
erf(;;'; ) erf(z——;;y—)

() erlag)] o

The peak concentrations calculated for a point source (at distance z = Vit
and y = z = 0) and a source of finite size will be within 1% of each other
when (Hunt, 1978, p. 83, equation 36)

L—21+1+1<048 12
t \D. Dy, D, )~ (72)

-IQ‘+:c—Vt)

ol
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The above equation can be used to predict how long it would take for the
solution of the cubical source to approach the solution of a point source.

Assumptions:

In addition to the general assumptions, the following assumptions are
associated with the model:

o instantaneous cubical source
o aquifer is of infinite depth

e iransient state
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Figure 7: Cubical source in an infinite aquifer.
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4.4.2 Parallelepiped Source

Governing Equation:

82C 82C 8°C _9C 6C
o ga T Pngr T Dt ~ Vg = 5

A contaminant source shaped as a parallelepiped with dimensions X,Y, Z
(in z-, y-, z-directions, respectively) is instantaneously injected into a uniform
flow field. The concentration within the parallelepiped is at a constant value
Co, with its center of mass at z = y = z = 0. The solution to this problem
is of the same form as for the cubical source (Domenico and Robbins, 1984,
p. 125, equation 1)

C(z,y,2,t) = _—8—0 [ (% ) +erf <.‘J;>£2';/“fD_;*’:{Vt)]
o) (552
ot (i) + ot () (18

The concentration along the centerline of spreading where y = z = 0,
where the maximum concentrations will occur, is given as

C(z,0,0,8) = & [erf( ;;;_Vt)+erf( NZ_T_W)]

gl

D (73)

Assumptions:

e instantaneous parallelepiped source
o aquifer is of infinite depth

e lransient state

42



5 Conclusions

Because analytical models give an exact solution of the governing equation,
they are useful for development and for designing and verifying numerical
models. A large portion of the literature on solute transport modeling is de-
voted to one- and two-dimensional models. The increasing development and
use of three-dimensional numerical models will require more effort in verifying
the models with three-dimensional analytical models. Within the past ten
years, a number of three-dimensional solutions were obtained and presented
in ground-water literature. However, many of the solutions are expressed as
a complex series and are not easy to evaluate numerically. These research
models are often buried in literature that is not easily accessible, particu-
larly for models developed in nuclear engineering. It seems that some of the
same solutions are being introduced over and over again, simply because the
authors were not aware of other researchers’ work.

This report attempts to gather available three-dimensional analytical
models and catalog them in a systematic manner according to the geom-
etry of the contaminant source and the type of release.
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6 Recommendations

Future application and use of three-dimensional analytical solute transport
models depends on the complexity of the mathematical solutions and on the
difficulties in evaluating the solutions either by hand or using computers.
For numerical models, in addition to the overall model development, future
application and use depend how well they are verified and tested.

In developing a computer code of an analytical model, the following cri-
teria should be observed:

o the code should be easy to use (“user-friendly”)

e the code is well-documented

e the code does not require excessive data input

o the code does not require excessive computer time

e the code gives reasonable (or conservative) estimates (often adequate
for regulatory purposes)

For complete testing of numerical three-dimensional models, future needs
include:

¢ development of a library of subroutines (functions) for solving a selected
number of models given in this and other reports

o careful testing of the library (with single and double precision, on var-
ious machines, etc.)

¢ development of hypothetical three-dimensional problems and solving
them using the library

e development of a database for real-life cases (note: the IGWMC has
started such a database)

e make results available in the form of tables and software to model
developers and users
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One has to keep in mind that analytical models must be tested and verified
as well. The carefully checked results of the above-mentioned hypothetical
cases can be used for such a verification.

There is also a need for better model documentation and user’s guides. A
good example is the model AT123 (Yeh, 1981). Although, it is a very good
model (mathematically speaking), because of its poor documentation and
“user-unfriendliness” it has never been used widely in practice. This chronic
problem of poor or incomplete documentation is of even greater concern when
working with numerical models.

The problems related to independent testing of the models and the mathe-
matical correctness of the solutions are still unresolved. However, these prob-
lems will be resolved eventually. IGWMC, among others, is well qualified to
perform this role.

For both analytical and numerical models, parameter uncertainty is an-
other area in need of future reasearch. So far, all the comments and dis-
cussion have focused on deterministic values of the coefficients. However, it
is recognized that subsurface phenomena are too complex to be described
with certainty. A future study should test the analytical models against field
measurements of contaminant concentrations. Such a test should reveal un-
certainty caused by inaccurate or incomplete input data. Evaluating and
quantifying the uncertainties will be a particularly critical task and will pose
a future challenge.
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MODEL 1.

Model Name:
Source:
Release:
Boundary:
Processes:
Transport:
References:

Code:

Author:

Contact Address:
Remarks:

Code:

Author:

Contact Address:
Remarks:

Code:

Author:

Contact Address:
Remarks:

Al-i (page 13)

Point

Instantaneous
Infinite

Advection, Dispersion
Transient

Hunt (1978)

SOLUTE (version 2.0)
Beljin (1985)
IGWMC

PLUMES3D
Wagner et al. (1985)
Oklahoma State University

WALTON35D
Walton (1985)
IGWMC
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MODEL 2.

Model Name:
Source:
Release:
Boundary:
Processes:
Transport:
References:

Code:

Author:

Contact Address:
Remarks:

Code:

Author:

Contact Address:
Remarks:

B1-i (page 16)

Point

Instantaneous

Infinite

Advection, Dispersion, Decay
Transient

Hunt (1983)

SOLUTE (version 2.0)
Beljin (1985)
IGWMC

WALTON35D
Walton (1985)
IGWMC
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MODEL 3.

Model Name:
Source:
Release:
Boundary:
Processes:
Transport:
References:

Code:

Author:

Contact Address:
Remarks:

Code:

Author:

Contact Address:
Remarks:

Al-c (page 17)

Point

Continuous

Infinite

Advection, Dispersion
Transient

Hunt (1978)

SOLUTE (version 2.0)
Beljin (1985)
IGWMC

WALTON35D
Walton (1985)
IGWMC
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MODEL 4.

Model Name:
Source:
Release:
Boundary:
Processes:
Transport:
References:

Code:

Author:

Contact Address:
Remarks:

A2-c (page 19)

Point

Continuous

Infinite

Advection, Dispersion
Steady

Hunt (1978)
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MODEL 5.

Model Name:
Source:
Release:
Boundary:
Processes:
Transport:
References:

Code:

Author:

Contact Address:
Remarks:

A3-c (page 20)

Point

Continuous

Finite

Advection, Dispersion
Steady

Hunt (1978)

87



MODEL 6.

Model Name:
Source:
Release:
Boundary:
Processes:
Transport:
References:

Code:

Author:

Contact Address:
Remarks:

Code:

Author:

Contact Address:
Remarks:

Code:

Author:

Contact Address:
Remarks:

Bl-c (page 22)

Point

Continuous

Infinite

Advection, Dispersion, Decay
Transient

Hunt (1983)

SOLUTE (version 2.0)
Beljin (1985)
IGWMC

PLUME3D
Wagner, et al. (1985)
Oklahoma State University

WALTON35D
Walton (1985)
IGWMC
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MODEL 7.

Model Name:
Source:
Release:
Boundary:
Processes:
Transport:
References:

Code:

Author:

Contact Address:
Remarks:

B2-c (page 23)

Point

Continuous

Infinite

Advection, Dispersion
Steady

Hunt (1983)
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MODEL 8.

Model Name: Vertical Line Source Model (page 24)
Source: Line
Release: Instantaneous
Boundary: Finite
Processes: Advection, Dispersion, Adsorption, Decay
Transport: Transient
References: Codell et al. (1982); Galya (1987)

Code: GROUND
Author: Codell et al. (1982)
Contact Address:
Remarks:

Code: PLUME (version 2.0)
Author: van der Heijde (1990)
Contact Address: IGWMC

Remarks:
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MODEL 9.

Model Name:
Source:
Release:
Boundary:
Processes:
Transport:
References:

Code:

Author:

Contact Address:
Remarks:

Code:

Author:

Contact Address:
Remarks:

Horizontal Line Source (page 26)
Line

Instantaneous

Finite

Advection, Dispersion

Transient

Codell et al. (1982)

GROUND
Codell et al. (1982)
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MODEL 10.

Model Name:
Source:
Release:
Boundary:
Processes:
Transport:
References:

Code:

Author:

Contact Address:
Remarks:

Code:

Author:

Contact Address:
Remarks:

Vertical Plane Source (page 28)

Vertical Plane

Instantaneous

Finite

Advection, Dispersion, Adsorption, Decay
Transient

Codell et al. (1982)

GROUND
Codell et al. (1982)
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MODEL 11.

Model Name:
Source:
Release:
Boundary:
Processes:
Transport:
Remarks:

References:

Code:

Author:

Contact Address:
Remarks:

US EPA VHS Model (page 30)

Vertical Plane

Continuous

Semi-Infinite

Advection, Dispersion

Steady

Spreading of contaminant only in vertical

and lateral directions
Domenico and Palciauskas (1982)

EPA-VHS (version 1.0)

van der Heijde (1989)
IGWMC
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MODEL 12.

Model Name:
Source:
Release:
Boundary:
Processes:
Transport:
Remarks:
References:

Code:

Author:

Contact Address:
Remarks:

Domenico’s Model (page 34)
Vertical Plane

Continuous

Semi-Infinite

Advection, Dispersion
Transient

Special cases on page 35
Domenico and Robbins (1985)

No name
Domenico (1990)

FORTRAN listing of the code given in
Domenico and Schwartz (1990)
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MODEL 13.

Model Name:
Source:
Release:
Boundary:
Processes:
Transport:
References:

Code:

Author:

Contact Address:
Remarks:

Code:

Author:

Contact Address:
Remarks:

Horizontal Plane Model (page 36)

Horizontal Plane
Instantaneous
Finite

Advection, Dispersion, Adsorption, Decay

Transient
Galya (1987)

AT123D
Yeh (1981)
IGWMC

HPS
Galya (1987)

FORTRAN listing of the code given in
GROUND WATER, vol.25, no.6.
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MODEL 14.

Model Name:
Source:
Release:
Boundary:
Processes:
Transport:
References:

Code:

Author:

Contact Address:
Remarks:

Code:

Author:

Contact Address:
Remarks:

Horizontal Plane Model (page 37)
Horizontal Plane

Continuous

Finite

Advection, Dispersion, Adsorption, Decay
Transient

Yeh (1981); Galya (1987)
AT123D

Yeh (1981)
IGWMC

HPS
Galya (1987)

FORTRAN listing of the code given in
GROUND WATER, vol.25, no.6.
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MODEL 15.

Model Name:
Source:
Release:
Boundary:
Processes:
Transport:
References:

Code:

Author:

Contact Address:
Remarks:

Code:

Author:

Contact Address:
Remarks:

Cubical Model (page 39)
Volumetric Cubical
Instantaneous

Infinite

Advection, Dispersion
Transient

Hunt (1978)
AT123D

Yeh (1981)
IGWMC
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MODEL 186.

Model Name:
Source:
Release:
Boundary:
Processes:
Transport:
References:

Code:

Author:

Contact Address:
Remarks:

Code:

Author:

Contact Address:
Remarks:

Parallelepiped Model (page 39)
Volumetric Parallelepiped
Instantaneous

Infinite

Advection, Dispersion
Transient

Domenico and Robbins (1984)
AT123D

Yeh (1981)
IGWMC
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