APPLIED
GROUNDWATER
MODELING

Simulation of Flow and
Advective Transport

Second Edition

MARY P. ANDERSON

Department of Geascience, University of Wizconsin-Madison,
Madison, Wiscorsin

WILLIAM W, WOESSNER

Department of Geesciences, University of Montana, Miszoula,
Viontana

RANDALL J. HUNT

US. Geological Survey, Wisconsin \Water Scence Center, Cross Plains,
Wisconsin

Ansterdam » Boston « Heldelberg « London
New York « Oxford ¢ Pans = San Dhege
San Francsco * Ssngapore « Sydney = Tokyo

Acadermic Press is an imprint of Elsevies

RANCHES
EXHIBIT

26



kendra
26


Academic Press is an imprmt of Elsever
123 Landon Wall, Lenden ECEY 5AS, UK
25 13 Street, Suire LBOD, San Diega, CA 921014495, T75A
215 Wyman Street, Walthem, MA 12431, USA
The Boulevard, Langford Lane, Kidlingran, Oudord OX5 1GB, UK

Copryrighs ® 2015, 2002 Elsevier [uc, All dohrs reserved.

Mo part of this publicadon sy be reproduced o vanamitted in aoy foon o by any means, elecronic
or mechanicl, iscluding phetocopying, recording, or any informarion somge and eemisval system,
without permission m writng from the publisher. Deraills on how ta seek permissien, furher informaton
abont the Publsbe's penmisions policies and onr armengements with organizations such & the
Capyrighs Clearance Ceneer and the Copyrighe Licensing Agency, can be found ar our wehsite:

b elsevier. com permissions.

Tha beak and the indivdual conmiburions contained in it are procected usder copyright by the
Publisher (other thar 15 may be nozed herein),

Motces

Enowledgs and best practice in this feld are constantdy changing. As new rescarch and experience
broaden our undestanding. changes in sesearch methods, profissiona prasticss, or medics treamens
may become necessany,

Pracritioners and rescarchers muss abways nely on their own expedence and knowledge in evaluating and
wsimg any informatden, methods, compounds, or expenzent desoribed heremn. In wsing such infarmaton
ar tnethods they should be mindfel of ther own safsry and the saftsy of athers, imcluding parties for
whom they have s professional resposibilioe.

T'o the fallest exten: of the lavr, netther the Publisher nor the author, coneibuton, or edizor, ssume any
liabilary £z azry injurs and‘or datnage to persors or property 15 3 matter of produets labibioe, neghgence ar
ctheswise, or from any wse of operztion af axy methods, prodoces, instrucnons, or dess contained In the
material herean.

RN TH-0- [ 2058 T30

Teigish Librury Caraloguing in Publication Data

A catalugue record for this book is avatlable from the Tidtish Librry
Libeary of Congress Canaloging-in-Publication Data

A catalog recond for thos hook & awilable from the Librry of Congres

For infarmaton on all Academic Press publications
wisit our websice ar hops/ Ssore.elisviencom/

‘aeams WA, Working together
[ 488 1o grow libraries in
|ais Bookfpld developing countries

wiwewelsevier.com » wwarhookaid.ore

Acknowledgment

The fromt cover image is proveded courtesy of Schlumberger Water Servces, The Hoage represents a
untforen wrid for a mnls-lyer nire-difference MODFLOW mode] and was produced wsing the sofrvare
Visual MODFLOW Fles. Colars at the top of the image represent changes in Jand surface elevation;
cobors in the bamom Liyers represent gralogge variahility, The back cover graphic 35 2 word cloud creazed
using all text contained in Chapters 1=12. Wend-clowd graphics ineluded wrich the introdustory sections
of the book conest of text contsined in rach secton. All word clouds wese penerared using Wordle,
created by Jonathon Feinberg farwwrwosdle.ner).

lastdigics the printnumbss 109 876543



o)

e

Intreaucrion

at a malitary base in North Carolina (Clement, 2011). Hindcasting applications are
“uniquely challenging” (Clement, 2011) because it is not possible o collect addidonal
observations to augment the existing historical dataset, ‘which is often meager.

1.3.2 Interpretative Models

Interpretive models include those used as: (1) enginesring caltdators that quickly give an
answer to a specific engineening question; (2) wrvening models that help the medeler
develap an initial understanding of a groundwater system and/or eest hypotheses about
the system; (3) gemeric models that explore processes in generic hydrogeologte setings.
Models used a5 engineering calculators and generic models usually are not calibrated.
Screening models may or may not be calibrated.

An example application of an interpretive model as an engineering calculator is the
use of analytical and numenical models to calculate aquifer parameters from drawdown
data obtained in an aquifer (pumping) test. Analytical models and sometimes numerical
models are used as engineering caleulators to verify new codes (Section 1.6).

A screening model vew a conceptual model or tests hypotheses abour the flow systemn.
A screening model might help in designing a more complex numerical madel. For
example, Hunt et al. (1998} developed a two-dimensional AE model as a screening
model to develop boundary conditions for a three-dimensional FD model. Interpretive
models also are used to concepeualize system dynamics and provide general insights into
controlling parimeters or processes at a ficld sice. For example, during a major ol spill
from a damaged well in the Gulf of Mexico, FHsiel: (2011) quickly developed an inter-
pretive MODFLOW model (adapted to simulate flow in a petroleum reservoir) to deter-
minc if measured shut-in pressure in the damaged well was indicative of 2 potential future
catastrophic rupture of the capped well. The results were used to make the decision not
to uncap the well 1o reduce reservoir pressure, which proved to be the carrect course of
action,

Generic models are interpretive models applied to idealized groundwater systens,
Genenic models were used in the early days of numerical modeling of groundwarter
flow and continue to be useful. For example, Freeze and Witherspoon (1967) and
Zlotik etal. 2011} used two-dimensional generic madels Lo study the effects of hetero-
geneity on regional groundwazer flow in cross section, Woessner (2000) and Sawyeretal,
(2012) used generic models to study exchange between groundwater and streams at the
aquifer/stream interface (the hyporheic zone). Sheets et al. (20403} used generic models to
assess the effect of pumping near regional groundwater divides.

1.4 LIMITATIONS OF MODELS

Groundwater models are simplifications of reality and thus are limited by undedying
simplifying approximations as well as by nonuniqueness and uncertainty (Chapters &





