Calibration and Reliability in
Groundwater Modelling



SOME OTHER TITLES PUBLISHED BY
The International Association of Hydrological Sciences (IAHS)

In the IAHS Series of Proceedings and Reports
(ISSN 0144-7815)  ~

Improvement of Methods of Long Term
Prediction of Variations in Groundwater

Resources and Regimes Due to Human Activities.

Proceedings of a symposium held during the First
TAHS Scientific Assembly at Exeter, July 1982
edited by G. P. Jones

Publ.no. 136(1982), price £19.50

Relation of Groundwater Quantity and Quality.
Proceedings of a symposium held during the TUGG
Assembly at Hamburg, August 1983

edited by F. X. Dunin, G. Matthess & R. A. Gras
Publ.no. 146 (1985). price £19.50

ISBN 0-947571-15-9

Developments in the Analysis of Groundwater
Flow Systems. A contribution to IHP Project A.2.8
prepared by a working group of the JAHS
Groundwater Commission

edited by G. B. Engelen & G. P. Jones

Publ.no. 163 (1986), price £23.00

1SBN 0-947571-01-9

Groundwater Monitoring and Management.
Proceedings of a symposium held at Dresden,
March 1987

edited by G. P. Jones

Publ.no. 173 (1990), price £35.50

ISBN 0-947571-51-5

Consequences of Spatial Variability in Aquifer
Properties and Data Limitations for
Groundwater Modelling Practice. Report
prepared by a Working Group of the IAHS
International Commission on Groundwater

by Adrian Peck, Steven Gorelick, Ghislain de
Marsily, Stephen Foster & Viadimir Kovaleysky
Publ.no. 175 (1988), price £29.50

ISBN 0-947571-61-2

Groundwater Contamination. Proceedings of a
symposium held during the Third IAHS Scientific
Assembly, Baltimore, Maryland, May 1989
edited by L. M. Abriola

Pubt.nc. 185 {1989), price £26.00

ISBN 0-946571-17-5

Groundwater Management: Quantity and
Quality. Proceedings of the Benidorm Symposium,
October 1989

edited by A. Sahuquillo, J. Andreu & T. O’Donnell
Publ.no. 188(1989), price £39,00

ISBN 0-947571-32-9

ModelCARE 90: Calibration and Reliability in
Groundwater Modelling. Proceedings of a
symposium held at The Hague, September 1990
edited by Karel Kovar

Publ.no. 195 (1990, price £35.50

ISBN 0-947571-67-1

Groundwater Cont tion Risk A nent: A
Guide to Understanding and Managing
Uncertainties. Report prepared by a Working
Group of the International Commission on
Groundwater

by Eric Reichard, Carl Cranor, Robert Raucher &
Giovanni Zapponi

Publ.no.196 (1990}, price £26,00

ISBN 0-947571-72-8

Hydrogeological Processes in Karst Terranes.
Proceedings of a symposium and field seminar held
at Antalya, Turkey, October 1990

edited by Gilltekin Giinay, A. Ivan Johnson &
William Back

Publ.no.207 (1993), price £39.00

ISBN 0-947571-28-0

Application of Geographic Information Systems
in Hydrology and Water Resources. Proceedings
of the HydroGIS 93 Conference held at Vienna,
April 1993

edited by K. Kovar & H. P. Nachtnebel
Publ.no.211(1993; reprinted 1993), price £52.00

ISBN 0-947571-48-5

Groundwater Quality Management. Proceedings
of the GQM 93 Conference held at Tallinn, Estonia,
in September 1993

edited by K. Kovar & J. Soveri

Publ.no.220(1994), price £48.50

ISBN 0-947571-98-1

Future Groundwater Resources at Risk.
Proceedings of the FGR 94 Conference held at
Helsinki, June 1994

edited by J. Soveri & T. Suokko

Publ.no.222 (1994), price £48.50

1SBN 0-947571-09-4

Groundwater Quality: Remediation and
Protection. Proceedings of the GQ’95 Conference
held at Prague, May 1995

edited by K. Kovar & J. Krasny

Publ.no.225(1995), price £52.00

ISBN 0-947571-39-6

Models for Assessing and Monitoring
Groundwater Quality. Proceedings of a
symposium held at Boulder, Colorado, July 1995
edited by B. J. Wagner, T. H. lllangasekare &
K. H. Jensen

Publ.1o.227(1995). price £39.00

ISBN 0-947571-39-6

Application of Geographic Information Systems
in Hydrology and Water Resources. Proceedings
of the HydroGIS 96 Conference held at Vienna,
April 1996

edited by K. Kovar & H. P. Nachinebel

Publ.n0.235 (1996), price £58.00
ISBN 0-947571-84-1

Orders Please send orders and enquiries to:

IAHS Press (Attn: Jill Gash)
Institute of Hydrology
Wallingford, Oxfordshire 0X10 8BB, UK

Payment may be made by VISA/MASTERCARD/EUROCARD/ACCESS. IAHS Members may obtain a 25% discount on
publicationsboughtfor their personal use. Members should ask for the discountat the time they place an order. Please note that
this discount will not be given on official purchase orders unless there is an accompanying letter from a member which states
that the publication(s) ordered will be used by that member for his/her personaluse. A catalogue of publications, list of recent
titles and flyers on individual titles are available free of charge.

telephone: +44 1491 692442
Sax: +44 1491 692448/692424
e-mail: Jill@iahs.demon.co.uk



Publ.no
Publ.no
Publ.no
Publ.no
Publ.no
Pubi.no
Publ.no
Publ.no.207
mailto:Jill@iahs.demon.co.uk

> Calibration and
Reliability in
Groundwater Modelling

Edited by

KAREL KOVAR

National Institute of Public Health and the Environment (RIVM),
PO Box 1, 3720 BA Bilthoven, The Netherlands

PAUL VAN DER HEIJIDE

International Ground Water Modeling Center (IGWMC),
Colorado School of Mines, Golden, Colorado 80401, USA

Proceedings of the ModelCARE’96 conference held

in Golden, Colorado, USA, from 24 to 26

September 1996. This conference was jointly

organized by:

the International Ground Water Modeling Center JGWMC)
the International Commission on Groundwater (ICGW) of
the International Association of Hydrological Sciences
(IAHS)

the International Association of Hydrogeologists (IAH)

The conference was sponsored and supported by:
the International Ground Water Modeling Center (IGWMC)

IAHS Publication No. 237

in the IAHS Series of Proceedings and Reports



Published by the International Association of
Hydrological Sciences 1996

IAHS Press, Institute of Hydrology, Wallingford, Oxfordshire
0X10 8BB, UK.

TAHS Publication No. 237
ISBN 0-947571-94-9

British Library Cataloguing-in-PublicationData.
A catalogue record for this book is available from the British Library.

JAHS is indebted to the employers of the Editors for their
invaluable support and services provided that enabled the
Editors to work effectively and efficiently. Support from the
National Institute of Public Health and the Environment
(RIVM), Bilthoven,, The Netherlands, for the first Editor —
Karel Kovar, who produced the camera-ready text for each
paper, is particularly appreciated and acknowledged.

The designations employed and the presentation of ma‘erial throughout the
publication do not imply the expression of any opinion whatsoever on the part of
IAHS concerning the legal status of any country, territcry, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries.

The use of trade, firm, or corporate names in the publication is for the
information and convenience of the reader. Such use does not constitute an
official endorsement or approval by IAHS of any product or service to the
exclusion of others that may be suitable.

The convenors would like to express their thanks to all who assisted in organizing the
conference. They especially would like to thank the members of the Scientific Advisory
Committee who were:

Mary P. Anderson (USA) Steven M. Gorelick (USA) Ghislain de Marsily (France)
Jesus Carrera (Spain) Tissa H. lllangasekare (USA) Shlomo P. Neuman (USA)
Richard L. Cooley (USA) Wolfgang Kinzelbach (Switzerland) Leslie J. Smith (Canada)
Gedeon Dagan (Israel)  Toon Leijnse (The Netherlands) Lloyd R. Townley (Australia)
Lynn W. Gelhar (USA)

The convenors of the conference would also like to express
their thanks for financial support obtained from the
Colorado School of Mines, Golden, Colorado, USA

The Editors wish to acknowledge the conference authors for their
patience and cooperation during the editing process.

The papers were checked and reformatted by Sarah Cage {(freelance editor,
Birmingham, UK) and Penny Kisby (IAHS Press, Wallingford, UK) using files
provided by the first Editor; Penny Kisby assembled the final camera-ready pages.

Printed in the UK by Galliard (Printers) Ltd, Great Yarmouth.



Preface

The usefulness of predictive simulations obtained by groundwater models is

often hampered by the inability to indicate and preferably quantify the reliability

of model results. Uncertainty in model predictions primarily stems from a

number of errors relating to the model formulation, such as:

— inadequate concepts of processes and interactions;

— inadequate descriptions of processes and interactions;

— inadequate sense of spatial and temporal variabilities;

— inadequate description of state of system (geometry, initial and boundary
conditions, system stresses);

— incorrect coefficient values (parameter values) and improper specification of
error bounds.

In recent years, significant research has been conducted resulting in a variety
of approaches that can be used to incorporate information about these errors into
the modelling process and to establish the level of uncertainty in model-based
decision-making. Increasingly, these new techniques are being applied to a
variety of problems and sites.

As at the previous conference in the series, ModelCARE 90! (held in The
Netherlands, 1990), the major objectives of the ModelCARE 96 Conference
were to provide an international forum for state-of-the-art presentations on
relevant methodologies and techniques, and to identify the needs for future
developments. In addition, the conference was an attempt to illustrate the
practicality of various techniques through advanced case studies on calibration
and reliability assessment.

This volume contains 59 papers spread over the six topics into which the
conference was organized. The papers were selected by the Scientific Advisory
Committee from 150 submitted abstracts.

The Conference Convenors:

Paul van der Heijde

International Ground Water Modeling Center (IGWMC)
Colorado School of Mines, Golden, Colorado 80401, USA

Karel Kovar
National Institute of Public Health and the Environment (RIVM)
PO Box 1, 3720 BA Bilthoven, The Netherlands

Lenny Konikow
US Geological Survey
431 National Center, Reston, Virginia 22092, USA

I The proceedings of ModelCARE 990 were published as IAHS Publ. No. 195 in the same series as this
proceedings volume.
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Calibration and Reliability in Groundwater Modelling (Proceedings of the ModelCARE 96 Conference
held at Golden, Colorado, September 1996). IAHS Publ. no. 237, 1996. 3

Stochastic inverse approaches for variably
saturated flow in heterogeneous porous media:
conditional moments

T.-C. JIM YEH

Department of Hydrology and Water Resources, The University of Arizona, Tucson,
Arizona 85721, USA

Abstract In this paper we describe two stochastic iterative approaches to
derive co-conditional mean parameter fields for variably saturated flow
in porous media. The first is a direct approach that uses the approximate
conditional mean flow equation to derive the co-conditional mean
parameters directly. The otheris an iterative co-conditional Monte Carlo
simulation technique that generates co-conditional realizations of hydro-
logic parameters. By averaging all the realizations, the co-conditional
means of K and ¢ fields are obtained and co-conditional variances, a
measure of uncertainty associated with the estimate, are then calculated.
Numerical experiments are carried out to test these two approaches.

INTRODUCTION

It is a well-known fact that correctly identifying the spatial distribution of hydraulic
conductivity, K, in a heterogeneous aquifer under steady-state flow condition is an
impossible task unless all the hydraulic heads are known and boundary fluxes are
specified. For cases with given scattered K and ¢ measurements (i.e. stochastic inverse
problems referred by Yeh er al., 1996), an inverse model should adopt a conditional
stochastic apprcach to derive K and ¢ fields that not only preserve their observed values
at all sample locations, but also satisfy their underlying statistical properties (i.e. mean
and covariance). Furthermore, the estimated K and ¢ fields should satisfy the governing
flow equation. Such fields are essentially co-conditional realizations of the ensemble
according to the conditional probability concept and many possible realizations of such
conditional fields exist. To avoid this nonuniqueness problem, one may derive the
expected values of all possible conditional realizations (co-conditional mean fields)
instead of individual conditional realization. The same argument is true for the inverse
problem in the vadose zone.

APPROACHES

Assume that steady-state flow in two-dimensional heterogeneous porous media under
variably saturated conditions is described by the Richards’ equation:

2 ke 202 <o i-12 M
dx

i X






