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Ambiguous measurement errors, 300

ANIV (vertical anisotropy) parameters,
279, 280

Approximate critical values for linear
simultaneous intervals, 177

Approximate likelihood-function
approach, 187

Approximate linear model, 392-393

Approximate nonlinear model, 393

Aquifer test, long-term transient, 229

Aquifer tests, use of results from, 33, 94,
274,277

Arid environments, groundwater systems
in, 217, 287

Atmospheric systems, initial conditions
for, 213

Average weighted residual, 101, 115, 117

Backward differences, 47
Base 10 logarithms, 79
Bayesian, 10, 34, 174, 305
BEALE-2000 program, 143
output file for, 156, 253
BEALE2-2K program, 190
Beale’s measure, 142. See also Modified
Beale’s measure
Bedrock hydraulic conductivity, 313-314
Best fit, parameter values that produce, 6,
7,77, 137, 315, 343-344. See also
Optimal parameters
Bias, 13-14
in observations or prior information,
30-31, 215, 286, 304. See also
Model bias
BIC statistic, 99
in Exercises, 115
use of, 265t, 310, 311
Biodegradation models, calibrating,
226-227
Bonferroni simultaneous intervals, 177,
208. See also Simultaneous
confidence intervals
critical values for, 176t, 177
Bonferroni t statistic, percentage points of,
404-405t
Bootstrap methods, 140, 170,
Boundary conditions, parameterization of,
57, 216, 280
Breakthrough curves (BTC), 221, 222, 224

INDEX

Calculated error variance, 95. See also
Standard error of regression; True
error variance

in Exercises, 113, 114
expected value of, 96
interpreting, 96—98, 303-304
Calibrated models. See also Model
calibration

determining whether predicted
values are contradicted by,
337-338

testing using omitted data and
postaudits, 339

use in identifying system properties
important to predictions, 160

use in identifying observations important
to predictions, 170

versus predictive models, 8

Cape Cod groundwater flow model,
280-281

Capture zones, Monte Carlo evaluations of,
342

Carbon-14 measurements, 287

Central differences, 47

Central-limit theorem, 380

Chi-square (y*) distribution, 96-97, 114

selected Web Sites for, 403t

X2 test statistic, 97

Clustered observations, 45, 285

Coefficient of variation, fitted, 95-96

Coefficient of variation, in calculating
weights, 32, 34, 294, 297, 303

examples of, 40, 90, 361

issues for graphs of weighted residuals,
101-104, 310, 362

for concentration observations,
224-225

for streamflow gain or
loss, 297-298

using to interpret confidence interval on
calculated error variance, 97

Coefficient of variation, of parameter
estimates, 127, 129t

in Exercises, 152t

Combined intrinsic model nonlinearity
measures, 190

for confidence intervals, 191-192
for correction factors, 192—193
Common error variance, 29, 398
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Composite scaled sensitivities (CSS), 48,
50-51
effects of nonlinearity on, 281-283
in model development, 278—-280, 328
for evaluating information observations
provide about parameters, 60—62,
89, 240, 251, 263t, 265t

for identifying observations important to

predictions, 170—171, 204-205,
266t, 335
for identifying observations to
improve simulated processes,
331-333
for identifying parameters important to
predictions, 162—163, 196-199,
256-257, 266t
for identifying the need for improved
parameter estimates, 165—166
plotting, 60
reevaluating, 124—-125, 145-146
_sc output file, 197
Comprehensive regression problem, 278
Computer execution time. See Execution
time
Concentration observations, 42, 223, 226,
370-373. See also Transport
observations
alternatives to using point
concentrations, 225
weighting, 32, 224-225
Concentration predictions, 338, 342-344
Concentrations, defining for contaminant
sources, 218-219
Concentrations, simulating, 221. See also
Transport Conceptual models,
alternative, 309, 313-314, 352t
development of, 261t, 272, 354-357
importance of, 264
and predictions, 313-314, 334, 341
Confidence intervals
assumptions underlying, 138, 180, 340

on calculated error variance, 96-98, 114
calculating, 138, 139, 176, 178, 180, 341

combined intrinsic model nonlinearity
measure for, 191-192

comparing to reasonable parameter
values, 140—-141, 153, 251-252,
324-325, 373

definition, 138, 175
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for determining weights, 200, 295-296,
305, 358-360
on differences, 182—184
individual, 138—139, 175, 176-178.
See also Individual confidence
intervals
linear, 138, 176—177, 341. See also
Linear confidence intervals
on the native equivalent of log-
transformed parameters, 130
nonlinear, 139, 177-181, 341. See also
Nonlinear confidence intervals
on parameters, 138—139, 151-153, 251,
313, 324-325, 373
on predictions, 176—181, 208-212,
257-259, 341
relation of Monte Carlo analysis to,
187-188
relation to hypothesis testing, 328
simultaneous, 175, 176—178, 180, 341.
See also Simultaneous confidence
intervals
using the Theis example to understand,
181-182
using to replace traditional sensitivity
analysis, 184185
Confidence regions. See Parameter
confidence regions
Constant-Head Boundary (CHD)
parameters, 57
Constant-over-time observation
errors, 216
Constrained minimization method, 219
Contaminant transport. See also Transport
predictions involving, 193, 365. See also
Advective-transport predictions
simulating, 218
Contoured sensitivity maps, 55
Contour maps
of objective function, 35-37, 82,
75, 181
of one-percent scaled sensitivities, 55,
64, 237-239, 241-242. See also
One-percent scaled sensitivity
contour maps
of opr statistics, 208
Convergence of nonlinear regression
encouraging, 306—-308
quantities used to test for, 386t
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Convergence criteria, 76—77
Convergence problems. See also
Guideline 7
diagnosing, 88—-89, 306—308
improving by log-transforming
parameters, 79
reasons for, 51, 215, 221,
306-308, 322
Cook’s D influence statistic, 134—136
critical values for, 136
in Exercises, 146, 147t
use of, 228t, 263t, 265t, 327, 364—-365
Correction factors that account for
unrepresented heterogeneity,
192-193
Correlated-over-time observation
errors, 216
Correlation coefficient matrix, 53
Correlation coefficient, parameter. See
Parameter correlation coefficients
Correlation coefficient R between weighted
observations and weighted simulated
values, 105-106
in Exercises, 115-117
Correlation coefficient Rz, 109, 110-111
critical values of, 111, 400t
in Exercises, 119-120, 249-250
Correlation coefficients
considering all, 155
for sample data, 127128, 129t
Correlations
between observation errors, 28, 35, 216,
284, 298, 376-381
between weighted residuals, expected,
109, 111-112, 119, 123
Coupled estimation methodology,
223-224
Covariances, 127. See also Parameter
variance—covariance matrix;
Variance—covariance matrix
of parameters, 126—127
of sample data, 127-128, 129t
for weight matrices, 35, 298
Critical values
Bonferroni simultaneous, 176—177
of Cook’s D, 136, 146, 364
of css, 51
for calculating confidence
intervals, 176, 178
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for calculating weights, 295
of DFBETAS, 136, 146
of intrinsic model nonlinearity, 145
of modified Beale’s measure, 144
of Ry, 111, 120, 250, 400t
of runs statistic, 107—108, 118, 249
Scheffe simultaneous, 176—177, 178
of total model nonlinearity, 144—145
css. See Composite scaled sensitivities
CTB statistic, 50
Cumulative probabilities, calculating,
109-110

Damping, in the Gauss—Newton method,
72-73, 83
Damping parameter, 75, 79, 88
calculating, 73-74, 385-389
Darcy’s Law, 12, 36, 82, 149, 393
Data. See also Geophysical data; Hard
data; Observation data; Potential
new data (Guidelines 11 and 12);
Soft data
effect of transient processes on, 215
improving use of, 1, 260, 264
including many kinds of in regressions,
284-288
omitting from model calibration, 338
scarcity of, 6, 9, 78, 225
Data assessment strategies, 1
Data assimilation, 273, 284, 353-357
Data collection
to improve simulated processes,
330-334
methods to guide, 159-174
relation to modeling objectives, 329
using predictions to guide, 159-174,
200, 207, 334-336, 365-370
Data collection strategies, 159-160, 173,
267, 330
Data clustering. See Clustered observations
Data error, analyzing, 34
Data fusion, 273
Data interpretation, diagnosing error
in, 140
Data management, in model development,
274-271, 353-357
Data needs assessment, utility of, 6—7
Data noise, 51
Data variability, managing, 272
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Death Valley regional groundwater
flow system (DVRFS) model, 226,
347-370
composite scaled sensitivities in,
278-280
evaluating system information in,
353-357
flowchart of data used to develop,
354, 355
hydrogeologic framework conceptual
and digital models for, 354-356
including many kinds of observations in,
357-358
model fit to observations in, 362-364
parameter estimates for, 324—325
identifying new data to improve
predictions in, 365-370
reasonable parameter ranges for,
324-325
weights that reflect errors in, 358-362
Defined parameters
deciding which to estimate, 45-46
designing, 45, 278
including all, 131, 134, 164, 180-181,
289
Dependent variable, 6, 376
errors, uncorrelated, 377-378
Designed inconsistencies, 286
Deterministic methods
evaluating prediction uncertainty using,
337-339
for alternative model development,
186, 309
Dewatering, effect on transmissivity, 272
DFBETAS influence statistic, 50, 134, 136
use of, 146147, 228t, 263t, 265t, 306t
in identifying model error, 326—327
Diagnostic statistics, 7
Diagonal matrix, 380
Diagonal weight matrix, 26—28, 31,
34, 294
assumptions required for, 376-381
correlation coefficient R and, 106
dimensionless scaled sensitivities
and, 48
using differencing to achieve, 216
weighted residuals and, 35
Differences, calculating weights on,
297-298
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Differences, forward, backward, or
central, 47
Differences, for predictions
calculation of, 182
confidence or prediction intervals on,
183
spatial, 184
standard deviation of, 182—183
Differencing, temporal, 216
Digital elevation models (DEMs), 355
simulated equivalents and, 322
Dimensionless scaled sensitivities (dss),
48-50, 61t, 148t
for CHD parameters, 57
for diagnosing cause of poor model fit,
320-321
for evaluating information observations
provide about parameters, 60—62,
263t, 265t, 327
for identifying observations important to
predictions, 170—171, 204-205,
266t, 355
for identifying observations to improve
simulated processes, 331-333
for identifying parameters important to
predictions, 162—163
use of, 49
Dimensionless scaled sensitivities values,
large, 174
Direct inverse modeling, 11-12
Discharge. See Groundwater discharge
Dispersivity values, in transport modeling,
221
Dissolution rate parameter, 226
Dominant errors, 381
Dottie plots, 140
Double-dogleg trust region approach, 68
Drawdown observations
defined as differences, 182-183, 216
fitted standard deviation for, 246
in demonstrating modified
Gauss—Newton method, 70, 74-75
in Exercises, 231-233
potential, 332-333
weighted residuals for, 246-249
dss. See Dimensionless scaled sensitivities
dss-css-pss-pcc, using together, 335
DVRFS model. See Death Valley regional
groundwater flow system model
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Earth systems, well-posed regressions in,
277-278
Earthvision software, 274, 355
Effective hydraulic-conductivity values,
325. See also Hydraulic conductivity
Effective porosity parameters, in Exercises,
195, 199
prediction scaled sensitivites for, 198
parameter-prediction statistic for,
200-201
Effluent transport simulation, 23, 24,
193-194
Eigenvalues, 132
Eigenvectors, 10, 11, 132
Error analysis, defining weights on the
basis of, 31, 304, 376-381
Error components, for observations
accumulating, 296—297
assumptions about, 377-381
quantifying, 295-296
Errors. See also Measurement error; Model
error; Observation errors, True errors
accurate simulated results and, 30
in data interpretation and model
construction, diagnosing, 140—141
fitting, 270
independent and normally distributed,
296-297
with a mean of zero, 377
normally distributed, 380—-381
uncorrelated, 377-378
variance —covariance matrices of, 380
weighting and, 31-32, 34-35, 216, 224,
293-305, 376-381
weights that reflect, 358-362
Error, study of elevation error, 295-296
Estimated parameter values. See Parameter
estimates
Estimates
accurate, definition, 14
precise, definition, 13
reliable, definition, 14
Estimates, precision of, 126, 127, 138
classification of, 165—166
evaluating using nonlinear confidence
intervals, 154—155
evaluating using standard deviations,
linear confidence intervals, and
coefficients of variation, 151-153
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ETM (maximum evapotranspiration)
parameters, 279, 280
Evapotranspiration (ET), 356
Exact critical values, linear simultaneous
intervals, 177
Execution time issues, 345—-346
Execution times
improving, 346
for global-search methods, 77
for forward models, 271-272
for Monte Carlo methods, 186—187
for nonlinear confidence intervals, 139,
180-181
reducing, 45-46
for regression simulations, 346
for transport models, 220-221
Exercises, 2—3, 24-25
advective transport prediction, 195-196,
254-255
composite scaled sensitivities (CSS),
60-62, 145-146, 204-205, 240,
243, 250-251, 256
confidence intervals on parameters,
151-153, 154-155, 251-252
confidence intervals on predictions,
207-212, 257-259
Cook’s D, 146147
DFBETAS, 146-147
dimensionless scaled sensitivities (dss),
60-61, 204-205
fitted error statistics, 114, 246
graphical analyses of model fit,
115-123, 246-250
groundwater management problem
used for, 21-24
influence statistics, 146—148
leverage statistics, 66, 146—147
linearity measures, 155—-157, 253
model fit, 40, 113-123, 235, 244-250
modified Beale’s measure, 155-156,
252
modified Gauss—Newton method, 80—87
nonlinear regression, 80—92
nonlinearity measures, 156—157
normal probability graphs, 119-123
objective-function surfaces, 92
observation definition, 38—40, 231
observation—prediction (0pr) statistic,
202-204, 205-207
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parameter correlation coefficients
(pce), 60-62, 148—149 196-199,
204-207, 243, 244, 252-253,
256-257

parameter definition, 36, 38, 230-231

parameter estimates, 91, 245-246

parameter estimation, 87—92, 243-244

parameter-prediction (ppr) statistic,
199-202

prediction scaled sensitivities (pss),
196-199, 256

prior information, 90-91

reasonable ranges, 153, 251-252

runs statistic, 117-118

sensitivity analysis, 60—66, 235-243

simulate heads, 25, 229

uniqueness of parameter estimates,
148-151

weighted residuals, 115-119, 246-250

weighting, 39-40, 231-235

Existing model recalibration, strategies for,
227-228
Expected value, 395

of calculated error variance, 96,
113-114

of error, 294, 300

of optimized parameters, 395

of standard error of the regression, 96,
113-114

Failed regressions, information available
from, 307-308
Field applications, 277, 278-281,
287-288, 293, 313-314, 317-318,
319-320, 324-325, 347-351,
353-379
Field systems, developing alternative
models for, 309-310
Field work, using observations to guide, 45,
369. See also Data collection
First order, second moment (FOSM)
methods, 170, 174
Fit-consistent statistics, 97
Fit-independent statistics, 46—56, 263t,
265-266t, 278
advantages and limitations of, 56—60
insights about opr statistic from,
173-174
integration of by opr statistic, 171
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as measures of leverage, 46
for sensitivity analysis, 46—56
use in determining parameters
supported by observations, 45
use in encouraging well-posed
regression, 278
Fitted coefficient of variation, 95-96
Fitted error statistics, 95-96, 114,
use of, 265t
Fitted standard deviation, 95-96,
114, 246
Flow and transport parameters, coupled
estimation of, 223-224
Flow data. See Flow observations
Flow model. See Groundwater model(s)
Flow observations
calculating weights on, 297-298
contribution toward simulating
advective-transport predictions, 202
in Exercises, 38—39, 231
importance in regression, 284
issues for weighting of, 301-303
in objective function, 27
in reducing parameter correlations,
81-82
residuals for, in Death Valley regional
flow system model, 362-364
Flow parameters, errors in, 56
Flow residuals. See Flow observations
Flow system. See Groundwater flow system
Flow system dynamics, using sensitivity
maps to understand, 63-65, 235
Flow-system observations
in calibrating transport models, 217
use with transport observations,
223-224
Flow system properties, in Exercises, 38t,
231t
Forward differences, 47
Forward model execution times. See
Execution times
Forward model nonlinearities, managing,
271-272
Forward model solution, difficulties
attaining, 143-144
Fractional parameter value changes,
73-74, 386-387
Fractured-rock aquifer, 275-276, 277,
313-314, 353
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Frequency domain analysis, 215
F statistic, selected Web sites for, 406t
Full weight matrices, 28, 34-35, 294
correlation coefficient R and, 106
dimensionless scaled sensitivities
and, 49
weighted residuals and, 35

Gauss—Markov theorem, 391
Gauss—Newton nonlinear regression
method, 67-68, 70, 71-72. See also
Modified Gauss—Newton method
difficulties with, 71-72, 75
Gauss—Newton nonlinear regression
normal equations, 69, 70-71
deriving, 87
GCV measure, 95
General Head Boundary (GHB) Package of
MODFLOW-2000
parameters, 279, 280
Geochemistry observations, 287
Geographic information system
products, 354
Geographic information systems
(GIS), 274
Geophysical data
as observations or to support prior
information, 291-292t
use of, 272, 293
Geoscientific information system (GSIS)
products, 354, 356
Global optimization methods, 77
Global-search methods, 77-78
GMS software, 274, 355
GOCAD software, 274, 355
Gradient methods, 67, 68, 77—-78. See also
Modified Gauss—Newton method
Graphical analyses
of model fit and weighted residuals,
99-113, 316-320, 362-364
in Exercises, 115-119, 246-250
and utility of inverse modeling, 7
Graphs. See Graphical analyses
Grindsted landfill
groundwater system at, 370-373
flow and transport model of, 226,
370-373
two- and three-dimensional models
for, 372
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Groundwater data, variability in, 272
Groundwater discharge, 320, 356. See also
Flow observations
Groundwater flow model. See Groundwater
model(s)
Groundwater flow problems, understanding,
15
Ground-Water Flow Process. See
MODFLOW-2000 program
Groundwater flow simulations, 24
confined layers in, 271
in MODFLOW-2000, 19
transient stress and, 214
Groundwater flow system, 21
changes in, 214
characteristics of, 23-24
differences in pumping scenarios in,
182183
Groundwater hydrology, model
complexities in, 268-269
Groundwater inverse modeling, 11-12
Groundwater inverse problems, level of
parameterization for, 10
Groundwater management
problem, 21-24
purpose and strategy of, 23
Groundwater model(s). See also
Groundwater modeling; Models
calibration using different types of
observations for, 287—-288
development, 25 OK
hydrogeology in, 273-277, 354-357
observation clustering in, 285
parameterization in, 5, 10—11,
290-291
prior information in, 289-290
scale issues in, 219-220
scaling by parameter value and, 57
systematic misfit in, 94
well-posed regression for, 280—281
Groundwater modeling. See also
Groundwater model(s)
differencing in, 216
Monte Carlo methods in, 342
pioneers of using regression
methods in, 9
Groundwater monitoring network
design, 174
Groundwater recharge estimates, 356
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Groundwater system conceptual model,
356-357. See also Conceptual
models

Groundwater system numerical models,
357. See also Numerical models

Groundwater systems

data assimilation in, 273

fundamental aspects of, 2

heat as a tracer in, 288

hydrogeologic data in, 160, 273-274,
354-357

interpolated hydraulic heads in,
284-285

plumes in, 42, 280-281, 372-373

selected field investigations of,
348-351t

synthetic models of, 352t

Groundwater temperature data, 287—-288

Guideline 1 (Principle of parsimony), 44,
95,97, 218, 264, 265t, 268-272, 273,
306, 345

Guideline 2 (Broad range of system data),
219, 228t, 264, 265t, 272-277, 278,
284, 288, 291, 306, 309, 321, 330,
353-357,371-373

Guideline 3 (Well-posed regression),

44, 46, 56, 60, 137, 228t, 265t,
277-283, 300, 306, 307, 321, 327,
328, 333

Guideline 4 (Many kinds of observations),
44, 45, 214, 228t, 264, 265t, 273,
284-288, 371-373

Guideline 5 (Careful use of prior infor-
mation), 33, 34, 50, 80, 137, 265t, 274,
278, 288-293, 325, 357-358

Guideline 6 (Weights that reflect errors),
28, 30,31, 34, 35,39,49,79, 101, 131,
144, 165, 176, 200, 214, 216, 228t,
284, 290, 291-305, 316, 323, 331,
358-362, 377, 378, 380, 381, 394

Guideline 7 (Convergence), 306—308

Guideline 8 (Alternative models), 43, 77,
186, 264, 303, 328, 330, 342

Guideline 9 (Model fit), 100, 108, 111,
228t, 265-266t, 309-311, 316-323,
326-327, 329, 330, 362-364, 369

Guideline 10 (Parameter values), 124, 137,
228t, 266t, 290, 309-311, 323-328,
329, 330, 364, 373
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Guideline 11 (New data to improve model),
34, 46, 60, 228t, 265t, 267, 306,
330-334

Guideline 12 (New data to improve pre-
dictions), 48, 228t, 264, 266t, 267,
306, 320, 332, 334-336, 365-370

Guideline 13 (Prediction uncertainty using
deterministic methods), 266t, 320,
337-339

Guideline 14 (Prediction uncertainty using
statistical methods), 43, 186, 266t,
267, 309, 311, 312, 333, 334,
339-344

Guidelines for effective modeling, 17t,
261-262t, 265-266t, 308

implementation of, 264-267
purpose, 263264

relation to previous work, 264
using and testing, 345-373

Hard data, 260
Head-change observations, transient,
360-362
Head observations. See Hydraulic-head
observations
Heads. See Hydraulic heads
Heat transport models, 215, 288
Hydraulic conductivity
Darcy’s Law and, 12, 36
and geophysical data, 291
in groundwater system for Exercises, 24,
38, 81,
measurements of, 45, 94, 221, 272
prior information and, 33, 305
representing, 10, 42, 264, 272, 274, 310,
313, 325
ranges of, 325
Hydraulic-conductivity parameter(s), 81
confidence intervals on, 153, 252, 324
defining, 10-11, 42, 44
in Exercises, 38, 81
log transforming, 87
Hydraulic gradient
hydraulic-conductivity representation
and, 42
hydraulic-head error and, 359
interpolated observations and, 285
Hydraulic-head data. See Hydraulic-head
observations
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Hydraulic-head observations. See also
Hydraulic heads; Hydraulic-head
weighted residuals

calculating weights on, 295-296, 358

clustered, 285

confidence intervals on, 180

errors in, 216, 296—-297, 358-362,
377-381

evaluating using Opr statistic,
368-369

interpolated, 284285

in Exercises, 38—39, 231

model construction and, 42

multilayer, 321-322

in objective function, 27

potential, 204-207, 331-332

temporal differencing of, 216

Hydraulic-head prediction(s) calculating
differences for, 182

Hydraulic-head residuals. See Hydraulic
head weighted residuals

Hydraulic heads

Darcy’s Law and, 12-13

linear relationships of, 235-240

maps of one-percent scaled
sensitivities for, 55-56, 64, 235,
237-242, 333

simulation of, 271-272

sources of error related to, 296

Hydraulic-head weighted residuals,
spatial randomness of, 117,

318, 363

Hydraulic properties, assigning to frame-
work digital model, 356

Hydrocarbon dissolution/biodegradation
model, applying regression to,
226-227

Hydrogeologic boundary position/location
errors, 359

Hydrogeologic data, use of, 273—-275. See
also Hydraulic conductivity

Hydrogeologic framework conceptual
model, 354-355

Hydrogeologic framework digital model,
355-356

Hydrographs, 183

Hydrologic data, assimilation of, 273

Hydrologic models, 169, 339

Hypothesis testing, 328

INDEX

Important observations. See also
Observation—prediction (0pr) statistic
to parameter estimates, 132—136,
327-328, 364-365
to predictions, 170-173, 334, 368-370
Important parameters, to predictions,
160-170, 196-202, 366—368. See
also Parameter—prediction (ppr)
statistic; Prediction scaled sensitivities
(pss)
Important processes
capturing, 270
omission of, 321
Improved information, and ppr statistic,
168-169
Improved parameter estimation,
classification of the need
for, 165—-166
Inconsistencies
between observations and model
construction, 286, 306
in initial conditions, 213-214
Independent variables, evaluating weighted
residuals against, 106—108, 117, 248,
318, 319, 332-333, 363-364
Indirect inverse modeling, 11-12
Individual confidence intervals, 341. See
also Confidence intervals
in Exercises, 151-155, 208-211,
251-252
on parameters, 138—139
on predictions, 175, 176—178
Individual fit-consistent statistics, 97
Individual prediction intervals, 175
Inferential methods, to compute nonlinear
needs work confidence intervals, 139
Inferential statistics, 7
quantifying parameter uncertainty using,
137-139, 151-153, 154-155,
251-252
quantifying prediction uncertainty using,
174-185, 207-212, 257-259, 341
Influence statistics, 46, 133136, 172. See
also Cook’s D influence statistic;
DFBETAS influence statistic
diagnosing the cause of poor model fit
and, 320
diagnosing the cause of unreasonable
parameter estimates and, 326—327
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evaluating the importance of
observations using, 146—147,
327, 364-365
nonlinearity of, 135
Initial conditions, for transient models,
213-214
Insensitive parameters, 33, 45—46, 289,
290, 306-307t
Insensitivity, 6
Instability, 6
Interpolated observations, 284—-285
Interpolation methods, for parameterization,
10, 11
Intrinsic model nonlinearity, 144, 145,
156-157
combined. See Combined intrinsic
model nonlinearity
Inverse modeling, 6
direct and indirect, 11-12
model calibration with, 3-8
problems revealed by, 7
use of parameter limits in, 80
utility of, 6-7
Inverse models
execution times for, 346
log transformations in, 79
nonlinearity of, 58
Investigate Objective Function mode. See
UCODE_2005 program

Jackknifing method, 170, 172
Jacobian matrix, 69

Kashyap’s measure, 95, 310

K (hydraulic conductivity) parameters.
See Hydraulic-conductivity
parameter(s)

Kriged hydraulic-head measurements,
284

Kriging, 284, 309, 342

L, norm objective function, 29

L; norm of sensitivities, 50

Lagrangian methods, 221

Landfill. See Exercises, groundwater
management problem used for;
Grindsted landfill

Large weights, using, 301-303

Latin hypercube sampling, 186
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Least-squares objective function. See
Weighted least-squares objective
function; Weighted least-squares
objective-function surfaces

Levenberg—Marquardt method, 68

Leverage, 46

calculating, 134

Leverage statistics, 54, 133-134

advantages and limitations of, 59-60

for evaluating potential new data, 332

for identifying observations important to
parameters, 263t, 327

in Exercises, 66, 146—147

use of, 265t, 306t

Likelihood confidence regions, 178

Limits, on estimated parameter values,
80, 140

Linear confidence intervals, 138, 176-177,
341. See also Confidence intervals

assumptions underlying, 180, 340

comparing to nonlinear intervals,
179-180

comparing to reasonable parameter
values, 140-142

on differences, 183

in Exercises, 151-153, 208-210,
251-252, 257-259

for log-transformed parameters, 130

overlapping, 328

on parameters, 138

on predictions, 176—177

relation of Monte Carlo analysis to,
187-188

testing linearity for, 143—145

Linear individual confidence intervals. See
Individual confidence intervals;
Linear confidence intervals

Linear inferential statistical methods,
137-138

Linearity, testing, 142-145, 155-157,
189-193, 253

Linearized approximate nonlinear model,
393

Linearized objective function, 69-70

Linearized objective-function surface, 71,
74-76, 181-182

Linearized parameter confidence region,
189

Linearized true nonlinear model, 392
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Linear models, 12—13
Linear prediction intervals, 176—177
Linear prior information equations, 32
Linear regression, 2
observation influence in, 133-134
observation leverage in, 133-134
important properties of, 391-398
use in illustrating noise-sensitivity
interaction, 51
versus nonlinear regression, 70
Linear simultaneous confidence intervals.
See Linear confidence intervals;
Simultaneous confidence intervals
Linear uncertainty analysis, 9. See also
Linear confidence intervals; Linear
prediction intervals; First order,
second moment (FOSM) methods
LINEAR_UNCERTAINTY program, 177,
184
Linssen’s measure, 142
Local sensitivity methods, 9, 47
Location uncertainty, 359
Log-transformed parameters, 78—80, 305
calculating damping parameter for,
385-388
dss for, 49
in Exercises, 87
prior information and, 305
statistics for, 130

Madison aquifer groundwater model, 300
Maggia Valley models, 310, 311
Maps, using independent variables and the
runs statistic, 106—108, 319
Markov chain Monte Carlo method, 186
Marquardt method, 68
Marquardt parameter, 72
calculating, 73
difference in PEST, 19
Mathematical models, 1
Matrices. See also Errors, Full weight
matrices; Parameter correlation
coefficient matrices; Parameter
variance—covariance matrix;
Variance—covariance matrix;
Weight matrices
Jacobian, 69
for nonlinear regression, 383-384
sensitivity, 69, 71, 132, 384

INDEX

Max-allowed-change, 73, 74, 76, 385
Max-calculated-change, 74, 76, 307, 308
convergence and, 88
MAX-CHANGE (MaxChange) variable,
73, 83, 385-389
effect of, 388
Maximum-likelihood objective function,
29, 95, 98, 99, 374
derivation of, 375-376
relation to least-squares objective
function, 376
Measured values, observations as sums of
or differences between, 297-298
Measurement error, 300—301, 359-360
Method of characteristics (MOC), 223
Methods, using and testing, 1-2,
345-373
MFI2K program, 3
MGO program, 78
Microsoft Excel, 109
Mirror Lake groundwater flow system,
alternative models for, 313-314
Model accuracy, encouraging convergence
via, 306-308
Model bias, 13—14, 315. See also Model
error
Model calibration, 289
execution time and, 345
flowchart for, 4
guidelines for, 17t
inconsistencies and, 214
with inverse modeling, 3-8
issues fundamental to, 4—8
steps in, 4
techniques, 2
of transient models, 213-217
of transport models, 217-227
Model construction
addressing problems with, 321
modifying, 322
observations inconsistent
with, 286-287
regression match and, 320-321
use of observations in, 42—-43
Model development
highly parameterized, 291
measurements in, 1-2
parsimony in, 270-271
stages in, 308
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Model development guidelines, 268—314.
See also Guidelines; Modeling
guidelines

Model error, 296, 300-301

as a cause of model fit problems, 315

detecting, 16, 80, 303-304, 323-327

and model bias, 315

Death Valley model and, 358

model fit and, 97, 285, 303-304

graphs showing evidence of, 100,
103, 105

graphs showing no evidence of, 102

Grindsted transport model and, 373

indications of, 97, 107, 141, 262

omission of processes and, 321

parameter estimates in detecting,
323-326

postaudits and, 339

weighting and, 294, 296, 298, 300-301,
377-379

Model fit. See also Overfitting;

Guideline 9; Systematic model misfit

analysis of, 316

determining, 316—320

evaluating, 93-123, 315, 316-323

evaluating measures of, 244246

evaluating using starting parameter
values, 40

examining for observations important to
model purpose, 320

graphical analyses of, 99—113, 246-250

magnitude of residuals and weighted
residuals in, 93-94

measures of, 94-99

poor model fit, diagnosing cause,
320-323, 327

statistics consistent with, 97

statistics related to, 246

Model-fit convergence criterion, 76—77

Model-fit statistics, 95-99, 269

Model fit to observations, investigating,
362-364

Model inconsistencies, identifying the
cause of, 286-287

Modeling guidelines, 260-267. See also
Guidelines; Model development
guidelines

categories of, 2
comprehensive nature of, 9
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effective implementation of, 264—-267
placement of predictions in, 267
purpose of, 263-264
questions, statistics, graphs, figures, and
tables related to, 265-266t
Modeling process, links and associated
methods in, 263
Modeling protocol, 263
Modeling steps, flexible application of, 267
Model input files, defining observations in,
38-39
Model inputs, 5
determination of, 8
additional for transport model
calibration, 225-226
Model layers, confined, 271-272
MODEL_LINEARITY_ADYV program,
190
MODEL_LINEARITY program, 143
Model nonlinearity. See also Linearity,
testing; Nonlinearity
methods for detecting, 144145
effect on analysis, 44
effect on regression, 391-398
managing, 271-272
methods that account for, 170
testing, 189-193
Model nonuniqueness, testing, 151
Model parameters, implementing improved
information on, 169
Model predictions. See also Predictions
evaluating, 158-170
importance of model parameters to, 169
use of, 158-159
Model predictive capabilities, testing,
337-339
Model purpose, 261t
observations important to, 320
Model recalibration, issues related to, 227,
228t
Models. See also Alternative models;
Death Valley regional groundwater
flow system (DVRFS) model;
Existing model recalibration;
Modeling guidelines; Transient model
calibration; Transport model
calibration
ability to simulate predictions, 256
accurate, 30
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Models (Continued)
biased, 30-31
complex, 269, 291
with different levels of complexity, 270
discriminating among, 98-99, 310-311
levels of confidence in, 174—193,
338-339
nonlinear, 12—13
predictive versus calibrated, 8
quantitative links provided by, 7—8
refutability of, 270
resolving problems with, 111
simple, 268-270
transparency of, 7, 270, 278
Model sensitivity analysis, 160. See also
Sensitivity analysis
Model simplification,
in Guideline 1, 268-277
example of, 277
Model testing
methods, 391-398
Guidelines 9 and 10, 315-328,
362-365
Model uncertainty, reduction of, 227
ModelViewer program, 3
MODFLOW-2000 program, 3, 18-21, 25,
112. See also Advective-Transport
Observation Package (ADV);
General Head Boundary (GHB)
Package, Multi-Node Well (MNW)
Package
capabilities of, 19-21
correlation coefficients calculated by,
62t, 63t, 148t, 149t, 199¢, 206t,
244¢, 253t, 257t
familiarity with, 15
full weight matrices and, 28
for graphs of observed versus simulated
values, 105
Ground-Water Flow (GWF) Process, 3,
18-21, 25
hydraulic conductivities in, 81
linear prior information equations
supported by, 32
listing of weighted residuals by, 93
LIST output file showing model fit, 236
LIST output file showing particle path,
196, 255
Marquardt parameter in, 73

INDEX

Observation (OBS) Process, 3, 18, 19,
21, 25, 358
Parameter-Estimation (PES) Process, 3,
18, 19, 25
parameter correlation coefficient matrix
calculated by, 148
plot-symbol variables in, 101
prediction scaled sensitivities calculated
by, 197
regression simulations in, 346
runs statistic information printed by, 108
runs statistic test results via, 107—108
Sensitivity (SEN) Process, 3, 18, 19, 25
scaled sensitivities in, 161, 162
scaling of sensitivities difficulty, 57
sensitivities calculation by sensitivity-
equation method, 47, 280
sensitivities calculated by, 61t
Uncertainty (UNC) Process, 112, 139,
154, 190
runs statistic in, 108, 118, 249
MODFLOWP program, 280, 342
Modified Beale’s measure, 142—145,
189, 190
calculation of, 143
comparing with critical values, 144
using to test model linearity, 155-156,
253
Modified Gauss—Newton iterations,
statistics from, 89, 90, 150, 245
Modified Gauss—Newton method, 68—77.
See also Nonlinear regression
application to a two-parameter problem,
80-87
calculation details of, 383390
convergence of, 77
convergence criteria for, 76—77
example of, 74-76
normal equations for, 68—74
performance of, 82—-83
Modified method of characteristics
(MMOC), 223
Modified weighted simulated values for
graphical analysis, 104
Monitoring network design, 174
Monod kinetics, 226
Monte Carlo analyses, 140
advantages of, 188
elements of, 185—-187



INDEX

individual intervals calculated
using, 175
least-squares objective function
in, 188
parameter sampling, 186, 188—189
quantifying prediction uncertainty using,
185, 341-344
relation to linear and nonlinear
confidence intervals, 187—188
results, analyzing and displaying, 187
results to save from, 187
runs, number of, 186—187
using the Theis example to understand,

188—-189
Multi-Model Analysis (MMA) program,
189

Multi-Node Well (MNW) Package of
MODFLOW-2000, 322
Multiobjective optimization, 29,
30, 78
alternative weighting schemes
in, 299
Multiple parameters, improved information
on, 169, 330-334
Multiple parameter value sets, calculating
statistics for, 333-334
Multiplication arrays, 20, 277
Multiplicative errors, 32

Native parameter values, 79
calculating statistics for, 130
in Exercises, 87
Natural-gradient tracer transport, model
calibration of, 225
Natural logarithms, 79
Negative runs test statistic, 108
Network design. See Monitoring network
design
Nevada Test Site, potential contaminants
from, 347
New data. See also Data collection;
Guideline 11; Guideline 12
to improve predictions, 334-336,
365-370
to improve simulated processes,
330-334
to test model predictive capabilities, 339
New observations, importance to predic-
tions, 170—173, 334-336
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95-percent confidence intervals, 176—181,
251, 252. See also Confidence
intervals

computed, 257
linear, 138, 176—-177, 208
nonlinear, 139, 177-181, 209, 210

Nonaqueous phase liquids (NAPLs), 218

Nonintrinsic nonlinearity, 135

Nonlinear confidence intervals, 139,
177-181. See also Confidence
intervals

calculating on advective transport
components, 209-212

characteristics of, 179—-180

in Exercises, 154155, 209-212

on parameters, 139

on predictions, 177-181

relation of linear intervals to, 180, 341

relation of Monte Carlo analysis to,
187-188

Nonlinear function, linearizing, 69

Nonlinear individual confidence intervals,
138-139. See also Confidence
intervals

Nonlinear intervals, 341. See also
Nonlinear confidence intervals;
Nonlinear prediction intervals

calculating, 178, 180
investigating characteristics of, 179
Nonlinearity, 12. See also Model
nonlinearity
of influence measures, 135
effects on parameter correlation coeffi-
cients, 58, 281-283
effects on scaled sensitivities, 57,
281-283
methods that ignore, 9-10

Nonlinear models, 12—-13

Nonlinear objective-function surface,

37, 58, 70, 74, 75, 82, 139, 179,
181-182

Nonlinear prediction intervals, 177—181

Nonlinear regression, 67. See also
Modified Gauss—Newton method

difference with linear regression, 70
encouraging convergence of, 306—308
estimating parameters by, 43
execution times for, 245-246

in Exercises, 82—-86, 87-92, 243-244
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Nonlinear regression (Continued)
in geophysics, 9
predictions and, 160, 344
vectors and matrices for, 383-384
weighting issues in, 298-305
Nonlinear regression theory, 2
Nonlinear simultaneous intervals, 175. See
also Nonlinear confidence intervals;
Simultaneous confidence intervals
Nonoptimal parameter values, variance—
covariance matrix with, 126, 131
Nonrandom-appearing residuals, testing,
111-112
Nonsimulated processes, effect on
observations, 322-323
Nonsimulated transient stress
errors, 360
Nonuniqueness problem, 6
Nonunique parameter estimates, 137
detecting, 58, 149-151
Normal equations, 68—74, 395
deriving, 87
iterative form of, 70
quasi-Newton updating of the,
384-385
solving, 389
Normality, 30. See also Normal probability
distribution
Normally distributed errors, 380—-381
Normally distributed weighted
residuals, acceptable deviations from,
119-123
Normal order statistics, correlation
between ordered weighted residuals
and, 108-111, 250
Normal probability axis, 109
Normal probability distribution, 118
assumed for linear intervals, 30,
138, 177
assumed for the maximum likelihood
objective function, 374
not assumed to estimate parameter
values, 30
Normal probability graphs, 108—111. See
also Normal order statistics
common problems with, 110
in Exercises, 119-123, 249-250
Normal quantiles (normal score), 109
Numerical dispersion, 221-223

INDEX

Numerical issues, in transport model
calibration, 220-223
Numerical model(s)
developing, 354
for Exercises, 21, 23
groundwater system, 357
parameters in, 269

Objective function(s), 6, 26. See also
Maximum-likelihood objective
function; Weighted least-squares
objective function

alternative, 28-30

comparing observed and simulated
values using, 26—40

L, norm, 29

least-squares, 29, 30

linearized, 69-70

maximum-likelihood, 29

Objective function issues, 374—382

Objective-function surfaces, 35-36, 37,
58, 181

linearized, 71, 75, 181

constructing, 35

data sets for constructing, 81

in Exercises, 81-82

irregular, 78

relation to parameter correlation
coefficients, 58, 81-82

usefulness of, 36

using to explore regression
performance, 92

Objective function trade-offs, in
multiobjective optimization, 78

Objective-function values

in Exercises, 91, 113
as a measure of overall model fit, 95

Observation data. See Observations

Observation errors, 300. See also
Weighting(s), Weights

classification of, 216

correlations between, 298

random-over-time, 216

uncorrelated, 378
Observation—parameter combinations

dimensionless scaled sensitivities of,

48-50
DFBETAS values of, 147
leverage statistics of, 54
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Observation(s) —parameter(s)—
prediction(s) sequence/triad, 7—8, 46,
160, 170, 263t

fit-independent statistics to evaluate, 42

Observation—prediction (0pr) statistic,
131, 170, 171-173, 335, 336. See also
OPR-PPR program

calculating, 173

in Exercises, 205-207
fit-independent, 173-174

insights about, 173-174

large values of, 173

prediction standard deviation and, 172
strengths and weaknesses of, 173
using, 202, 205-207, 368-370

Observation possibilities, 284

Observations (observed values), 4, 260. See
also Guideline 4; Potential new
observations

advantageous use of, 270

alternatives to using point concentration
measurements as, 225

assigning large weights to, 301

clustered, 45, 285

comparing the relative importance of, 48

concentration, 42

considering many, 394

consistent with simulated processes, 215

in direct inverse modeling, 12

that dominate parameter estimation, 364

effect of non-simulated processes on,
322-323

errors in, 35

errors in the weighting of, 323

evaluating information provided
by, 43-44, 306-308

in Exercises, 38—40, 231-235

hydraulic-head, 42

important to estimated parameter values,
132-136

including in regressions, 45, 284-288

including many kinds of in regression,
357

inconsistent with model construction,
286-287

interpolated, 284—-285

leverage statistics for, 54

potential new data to support, 335-336

regularization on, 10
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simulated equivalents of, 28. See also
Simulated equivalents, of
observations
sources of error related to, 296—297
time-consistent, 215
total error for, 378380
transient, 214-216
transport, 217
unbiased, 30-31
use in adjusting parameter
values, 43-44
using to calibrate groundwater flow and
transport models, 287-288
using predictions to guide
collection of, 170—-174
versus prior information, 288-293
weighting, 26-27, 215, 293-305. See
also Weighting(s), Weights
Observation (OBS) Process. See
MODFLOW-2000 program
Observation uncertainty, represented as
proportional to concentration,
224-225
Observation well, quantification of error in
the elevation of, 295-296
Observed temporal effects, 214-215
Observed values. See also Observation(s)
comparing with simulated
values, 26—40
Off-diagonal covariance terms, 298
Omitted data, using, 338—-339
One-percent prediction scaled sensitivities,
163. See also Prediction scaled
sensitivities (pss)
One-percent scaled sensitivities (1ss), 48,
54-56, 161
for instructional purposes, 56
using groundwater flow system physics
to understand, 235
One-percent scaled sensitivity contour
maps, 55, 63-64
in Exercises, 235-240
OPR-PPR program, 169, 173, 195. See also
Observation—prediction (0pr)
statistic; Parameter—prediction (ppr)
statistic
use in calculating opr statistic, 202
use in calculating parameter—prediction
statistic, 200
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Optimality of parameter estimates, 137
Optimal parameters, 26. See also
Optimized parameter estimates
reasonable, implications of, 141, 311
test for reasonableness, 140—142, 153,
251-252
unreasonable, as indication of model
error, 323-326
unreasonable, diagnosing causes of,
326-327
Optimization, 67
advantage of, 337
methods, 67-68, 77-78
multiobjective, 78
Optimized parameter values. See also
Optimal parameters
evaluating (Guideline 10), 323-328
variance —covariance matrix with,
125-126
Ordinary regression, 27
Oscillation control, 387-388
Overall model fit
in Exercises, 113—-115, 244-246
measures of, 94-99
selected statistics related to, 114
Overfitting, 269, 303-304
Overshoot, 72

Parallel processing, 187, 346
Parameter change vector, accuracy of, 72
Parameter complexity, 11, 290-291
Parameter confidence region, 139, 178, 179
and Beale’s measure, 142
exact, 178
likelihood, 178
Parameter correlation coefficient matrices,
53, 149t, 199t, 253t, 257t
calculated using potential observations,
206t
calculated using sensitivity-equation and
perturbation sensitivities, 21, 59,
62t, 63t
Parameter correlation coefficients (pcc),
21, 48, 51-54, 128-130, 160, 164,
204t
advantages and limitations of, 58—59
assessing parameter value uniqueness
using, 60, 137, 148—-149
in collecting observation data, 170-171

INDEX

combining parameters, effect on
performance, 59
composite scaled sensitivities (CSS) used
with, 51, 165-166, 243, 265-257,
278-281
prediction scaled sensitivities (pssS) used
with, 60-63, 165-166, 256-257
effects of nonlinearity on, 281-283
in Exercises, 62—-63, 243 -244,252-253
evaluating potential new data and, 332
maximum percent reduction in, caused
by new observation, 209
in model development, 280—281
potential observations and, 205
without and with predictions, 162—165
relation of objective-function surfaces
to, 58, 81-82
Parameter correlations
effects on ppr statistic, 368
scaled sensitivities do not reflect, 56
Parameter definition
modifying, 321
use of observations in, 42—43
Parameter design. See also Parameterization
role of hydrogeologic framework in,
272-277
role of observations in, 45
Parameter estimates, 91. See also
Parameter estimates, unreasonable;
Parameter estimation
checking against reasonable values,
140-142, 153
evaluating, 124-137, 250-253
evaluating optimality of, 137
evaluating uniqueness of, 137, 148149,
165-166
evaluating uncertainty of, 137-140
in Exercises, 91, 246
identifying observations important to,
132-136, 327-328
in model recalibration, 227
nonunique, 137
Parameter estimates, unrealistic. See
Parameter estimates, unreasonable
Parameter estimates, unreasonable,
140-142
data collection, motivation for, 330
in Exercises, 153
Grindsted landfill model and, 373
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and limits on parameter values, 80
model error, caused by, 215, 219
model error, as indicator of, 262,
286-287, 311, 322, 323-327,
315-316
Monte Carlo, criterion in, 343
prior information, as reason for, 261,
289-290
predictions, as criterion for
unlikely, 338
recharge representation and, 327
Parameter estimation. See also Nonlinear
regression
execution times for, 243
formal, 68—-80, 308
iterations, 70, 71
observations that dominate, 4655, 364
for transport models, 224-225
review of methods for, 3—12
Parameter-Estimation (PES) Process. See
also MODFLOW-2000 program
Parameter importance, rankings of, 200
Parameter importance to predictions,
methods for identifying, 160—170
Parameterization(s), 4—6
many-parameter, 11
simple, 11
Parameter—prediction (ppr) statistic, 160,
162, 166—170, 172, 366—368. See
also OPR-PPR program
drawback of, 167
equation for, 167
in Exercises, 199-202
first-order second-moment equation for
prediction uncertainty and, 170
for multiple parameters, 169
Parameter ranges, reasonable. See also
Parameter estimates, unreasonable
Parameters, 3
changing the number of, 328
defining, 44
defining a range of reasonable values for,
87
log-transformed, 7880, 144
prior information on, 10, 90, 91
problematic, 289
using independent information on,
325-326
Parameter standard deviation, 57
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Parameter statistics, in evaluating optimal
parameter estimates, 145—155
Parameter uncertainty. See also Confidence
intervals; Parameter confidence region
alternate methods for evaluating, 132
minimizing, 46
quantifying, 137-140, 323
Parameter value(s). See also Guideline 10;
Parameter estimates
convergence and, 76
coordinated changes in, 185
estimated, 6, 53, 67-92, 124—-137
generated, problems with, 143-144
generation for Beale’s measure, 143
obtaining data related to, 330
scaling by, 56-57
sensitivity calculation for, 46
simultaneously estimated, 219
using observations to adjust, 43—-44
weighting system information on,
304-305
Parameter value range, choosing, 188
Parameter variance—covariance matrix,
124. See also Variance—covariance
matrix
dependence on defined
parameters, 278
eigenvalues and eigenvectors of, 132
equations for, 125, 164, 167, 172, 191,
398
in Monte Carlo methods, 186
potential new observations and, 126, 332
prediction uncertainty and, 126, 132,
159, 164, 168, 176, 303
singular-value decomposition
of, 132
statistics from, 125-132
Parameter variance—covariance matrix,
versions of, 125-126
with all defined parameters, 126, 131
with alternate observation sets, 126,
131-132
with nonoptimal parameter values, 126,
131
with optimized parameter values,
125-126, 130-131
with predictions, 126, 132
when to use, 130-132
Parameter variances, 126
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Parsimonious models, 11, 264. See also
Guideline 1
execution times and, 345-346
Guideline 1, 17, 261, 268-272
highly parameterized models and,
290-291
parameter correlation coefficients and,
59, 280
processes simulated and, 270
prior information in, 290—293
system information and, 272
Particle tracking. See Advective transport
pcc. See Parameter correlation coefficients
(pcce)
Perturbation methods, calculating
sensitivities by
accuracy, 19, 59, 60, 62t, 63t
accuracy with Lagangian transport
solutions, 221
execution time, 243, 346
flexibility, 19
used with sensitivity-equation
sensitivities, 21
PEST program
capabilities of, 18—21
exercises and, 3, 18, 25
confidence intervals, linear, 138
confidence intervals, nonlinear, 139, 178
Marquardt parameter in, 19, 73
objective-function plots, data for, 36
observations and, 32, 221, 284, 287
parameter definition options, 81, 142
parameterization using SVD, 10, 11
perturbation sensitivities and, 47, 59,
346
predictions and, 159, 338
regression parameter controls variable
and, 74, 76
regression simulations in, 346
regularization capability of, 10, 290, 305
sensitivity maps and, 55
superparameter method using SVD, 10,
11,219
Porosity. See Effective porosity
Postaudits
model Guidelines and, 262, 263
model testing and, 320
as a deterministic uncertainty method,
337-339

INDEX

Potential new data, 17. See also
Observation—prediction (0pr)
statistic; Parameter—prediction (ppr)
statistic; Potential new data
(Guidelines 11 and 12)

in Exercises, 23, 204-207

evaluation of, 44

importance to parameters, 46

parameter-variance—covariance matrix
and, 132

scaled sensitivities, parameter
correlation coefficients, and, 171

Potential new data (Guidelines 11 and 12),
262, 329-336. See also Guideline 11;
Guideline 12

model accuracy needed for analysis, 329

fit-independent statistics and, 329,
331-334

for improving predictions, 334-336

for improving simulated processes,
features, and properties, 330—334

to support observations, 335-336

Potential new observations

assessing the likely importance of,
204-205

evaluating, 333

using opr to evaluate importance to
predictions, 205-207

PowerPoint files, 2, 3

PPCC statistic, 110. See also Correlation
coefficient R,

Precision, defined, 13

Predicted values, contradiction by the
calibrated model, 337-338

Prediction accuracy. See also Confidence
intervals; Prediction intervals,
Prediction uncertainty

dependence on observations, 339

evaluation using deterministic methods,
337-339

model error and, 339

observation weighting and, 301

Prediction improvement, identifying new
data for, 334—336. See also Potential
new data

Prediction intervals, 175-176, 341

calculating, 176
individual, 175
linear, 176
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nonlinear, 177
predictions and, 175-176
simultaneous, 175
Predictions
accuracy of, 14, 340
determining weights for, 164—165
identifying new data to improve,
365-370
importance of observations to, 170
importance of parameters to, 166—167
precise, 13
reliable, 14
simulating, 158—159
testing model nonlinearity with respect
to, 189-193
use of recalibrated model to update,
254-259
using to guide data collection, 159-170
Prediction scaled sensitivities (pss), 159,
160-162
calculation of, 161-162
in collecting observation data, 170—171
comparing with composite scaled
sensitivities, 256
in conjunction with composite scaled
sensitivities, 162
in Exercises, 198
parameter importance and, 196—198,
366-368
used with parameter correlation
coefficients, 165—166
Prediction simulation, with alternative
models, 312
Prediction standard deviation, 167
calculated with improved information,
168—169
calculating, 159
opr statistic and, 172
use in monitoring network
design, 174
Prediction uncertainty, 174—189. See also
Guideline 13; Guideline 14
calculation of, 168
effect of removing or adding one
observation on, 172-173
evaluation using deterministic methods,
337-339
evaluation using Monte Carlo analysis,
185189, 340, 341-344
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evaluation using statistical inference,
174-185, 341, 339-344
Guidelines 13 and 14, 337-344
model averaged using MMA, 189
first-order second-moment equation
for, 170
quantifying using alternative models,
189
Prediction uncertainty measurement, using
inferential statistics, 207-208
Predictive models, versus calibrated
models, 8
Predictor-corrector (P-C) method, 223
Prior estimates, 33. See also Prior
information
scaled for graphical analysis, 104
Prior information. See also Guideline 5
in activating all parameters to evaluate
model predictions, 131
assigning, 90
assigning large weights to, 301
biased, 30-31
careful use of, 288—293, 357-358
equations, 33
extensive use of, 289-290
importance of, 146
issues related to, 32—34
parameters and, 293
smoothing and, 33
use of, 10, 33-34
versus observations, 288—293,
357-358
versus regularization, 10
weighting on, 168, 200, 304
Prior weights, specifying, 168
Probability graphs, normal, 108—111. See
also Normal probability graphs
Problem constraint (Guideline 2), use of
system information in, 272-277,
353-357
Process selection, in calibrating transport
models, 217-218
Projected particles, examples of,
209-212
Pumpage
in Exercises, 21, 193
uncertainties in amount and location of,
361
Pumping rate parameters, 230-231
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Quasi-Newton updating, of normal
equations, 384—385

R. See Correlation coefficient R
R%. See Correlation coefficient R
Random sampling, by Monte Carlo
analysis, 140
Reading assignments, suggested, 14—15
Reasonable parameter values. See also
Parameter ranges, reasonable;
Parameter estimates, unreasonable
checking parameter estimates against,
140-142
important characteristics of, 141-142
Recalibration, of existing models,
227-228
Recharge parameters
confidence intervals for, 251
correlation with hydraulic-conductivity
parameters, 81, 82
estimated using age and geochemistry
observations, 287
in Exercises, 24, 38, 81, 240
for a transient problem, 217
Regional-scale data, integrating, 354
Regional-scale models, postaudits
of, 339
Regional steady-state measurements, 357
Redundancy, correlations indicating, 35
Regression. See also Linear regression;
Nonlinear regression; Regression
methods
clustered observations in, 285
goal of, 36
including many kinds of data in,
284-288
Monte Carlo method integration with,
342
observations to include in, 45
omitting prior information from, 289
parameter values in, 128
role of observations in, 132—-136
using to determine whether predicted
values are contradicted by
calibrated model, 337-339
Regression convergence, problems with,
221, 280, 306-308
Regression fitting process, correlations
produced by, 111

INDEX

Regression methods, 67
pioneers of using in groundwater
modeling, 9
Regression performance. See also
Regression convergence
evaluation of, 308
using objective-function surfaces to
explore, 92
weighting, dependence on, 303t
Regression, well-posed and comprehensive,
277-281
Regression simulations, execution times
for, 346
Regression statistics, relation to sample
statistics, 127-130
Regularization, 289, 290. See also PEST
program
highly parameterized models and, 290
limits on parameters and, 80
sensitivity analysis and, 145
model transparency and, 278
prior information and, 10, 91, 153
stabilizing highly parameterized
models, 10
weighting and, 304-305
Reliability, defined, 14
Representer method, 10, 219, 328
RESAN-2000 program, 112
Residual analysis. See also Weighted
residuals
background for methods presented,
9
in evaluating model fit, 93-94
RESIDUAL_ANALYSIS program, 112
Residuals. See also Residual analysis;
Weighted residuals
calculating, 35
Results, presentation of, 2
Robust regression methods, 304
Runs statistic, 107
in exercises, 118, 249
maps of, 319
ordering of observations
and, 107-108
probability table, 401-402t

Sample statistics
equations for calculating, 129t
relation to regression statistics, 127—130
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Scaled sensitivities, 48. See also Composite
scaled sensitivities (sS); Dimension-
less scaled sensitivities (dss);
Fit-independent statistics; Leverage
statistics; One-percent scaled
sensitivities (1ss); Parameter
correlation coefficients (pcc)

advantages and limitations of, 56—58
for evaluating potential new

data, 331-332
relationship to parameter values, 57
statistics related to, 133

Scale issues, in transport model calibration,
219-220, 289, 304

Scaling. See also Scaled sensitivities

alternative, 57
in the Gauss—Newton method, 72
by parameter value, 5657

Scheffé critical values, 177. See also
Simultaneous confidence intervals

Sensitivities, 47

calculating in MODFLOW-2000, 19

calculating in PEST and UCODE_2005,
19-20

calculation and use of, 47

differences in, 184

execution time and, 346

local, 47

parallel calculation of, 346

Sensitivity analysis, 1, 41-44. See also
Scaled sensitivities; Fit-independent
statistics

in Exercises, 60—66, 235-243

in previous work, 9

scaling of, 48

traditional, purpose of, 184

traditional, using confidence intervals to
replace, 184—185

transient model, for the, 235-243

utility of, 6-7, 57-58

Sensitivity (SEN) Process. See
MODFLOW-2000 program

Sensitivity-equation method, 19

Sensitivity-equation sensitivities, 19, 47,
280

accuracy of, 19, 47, 59

accuracy, conditions which diminish, 59
accuracy, consequences, 59

ADIFOR and, 19
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custom coding and, 19
grid sensitivities produced by, 54-55
Sensitivity maps, contoured. See
One-percent scaled sensitivity contour
maps
Sensitivity matrix, 69, 71, 384
Sensitivity precision, effect on parameter
correlation coefficients, 59
Sensitivity statistics, using, 46
Sequential estimation strategy for
transport, 223-224
Sequential indicator simulation method,
219
Shuffle Complex Evolution (SCE) method,
77,78
Simple models, 268—-272. See also
Parsimonious models
utility of, 270
Simplifying assumptions, 325
Simulated equivalents, of observations, 12,
28, 321-322. See also Simulated
values
incorrect calculation of, 300, 321-322,
329
linearization of, 70, 143, 181
omitted observations and, 306
sensitivities of, 47
sensitivity maps and, 55
uniqueness and, 137
Simulated processes
observations consistent with, 215
potential new data for improving,
330-334
time discretization of, 215
Simulated results, requirements for
accurate, 30-32
Simulated stresses, variation in time, 217
Simulated systems, collection of data that
characterize, 160, 272-277
Simulated values, 33. See also Simulated
equivalents, of observations
checking, 39
comparing with observed values, 214
importance of checking, 36—38
linearized estimates of, 6970, 143
matching observed values to, 26—40
one-percent scaled sensitivities and, 55
sensitivities and, 47
weighted, 310
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Simulated values (Continued)
weighted or unweighted observations
versus, 105-106
weighted residuals versus, 247
Simultaneous confidence intervals,
175—177. See also Confidence
intervals; Simultaneous prediction
intervals
in Exercises, 208—-212
linear and nonlinear, 180,
211, 257-258
on predictions, 175-181
Simultaneous estimation
of flow and transport parameters,
223-224
of source location and history, 219
Simultaneous intervals, 341. See also
Simultaneous confidence intervals
Simultaneous prediction intervals, 175
Singular value decomposition (SVD)
method
as alternative to parameter correlation
coefficients, 132
superparameter method of PEST, 10,
219
Soft data, 260
Software, 3. See also Earthvision software;
GMS software; GOCAD software;
LINEAR_UNCERTAINTY program;
MODEL_LINEARITY entries;
MODFLOW_2000 program; Multi-
Model Analysis (MMA) program;
PEST program; RESAN-2000
program; RESIDUAL_ANALYSIS
program; StratWorks 3D software;
UCODE_2005 program;
Visualization software
Solute transport. See Transport entries
Source characteristics and geometry See
also Transport entries
simultaneous estimation of, 219
in calibrating transport models, 218-219
Specific storage parameter(s), in Exercises,
231
Specific storage values, prior information
from field data, 33
Spring-flow observations, 363-364
Standard deviation(s), 127
converting judgments about errors to, 34
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decreases associated with ppr statistics,
200
of errors in concentrations, 224
for differences, 182, 297
evaluating estimate precision using,
151-153
examples of, for DVRFES observations,
361
increases associated with opr statistics,
203-204
as indicator of importance of
observations to parameters and
predictions, 263
iterative procedure for decreasing, 169
fitted, 95, 97, 246. See also Fitted
standard deviation
for log-transformed parameter estimates,
79, 130
for parameter estimates, 126—127
for predictions, 159
for predictions, and monitoring network
design, 174
not additive, 297
reflective of unrealistic error, 304
use by MODFLOW-2000 and
UCODE_2005, 295t
used to judge changes in parameter
estimates, 151
weighting and, 34, 198, 204, 299, 358,
360, 361
Standard error of the regression, 95, 304.
See also Calculated error variance
expected value of, 113
grid line definition for graphs, 103
interpreting, 96, 97
Standard normal distribution, selected web
sites for, 399t
Standard normal statistics, 109
Starting parameter values, in Exercises, 91,
246
evaluating steady-state model fit using,
40
evaluating transient model fit
using, 235
varying, 83
Statistical consistency, testing weighted
residuals for, 100
Statistical inference, quantifying prediction
uncertainty using, 339-344
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Statistical tables, 399-406
Steady-state model, 23, 24. See also
Exercises
calculating sensitivities for, 60
cell-by-cell and boundary fluxes of, 65
evaluate potential landfill advective
transport using, 193—195
fit, evaluating, 115-123
linearity, testing, 155-156
observations, 38t, 358
parameter definition for, 36—-38
parameter values, estimated, 87-92,
152t
regression, 118
simulated volumetric flows in, 24
simulation, 229
with starting parameter values, 60—66
Steepest descent direction, 71-73, 77
Stochastic methods, 11, 263, 264,
309, 347
field examples, 350
StratWorks 3D software, 274
Streamflow gain(s)
nonlinear confidence intervals on
predictions of, 341
observed and simulated, 317
Streamflow gain/loss observations, errors
in, 35
Streamflow gauging stations,
measurements between, 297 -298
Streamflow observations, biased, 31
Student t-distribution, selected web sites
for, 399t
Student t-statistic, 138
Subset definition, for residuals, 94
Superparameter method, 219
Superparameters, 10
Superposition principle, 235, 240
Surface-water studies, 335
Synthetic test cases, 347, 352t
System data, using. See also Guideline 2
System dynamics
potential new data to improve,
334-335
sensitivities as a reflection of, 65
System information, 260
evaluating, 353-357
methods to guide collection, 335
use in defining model structure, 273
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use in problem constraint, 272-277
using a broad range of, 371-373
weighting, 304-305
Systematic error, 322—323
Systematic model misfit, 94
importance of testing for, 101

Temperature observations, 215, 287-288
Temporal differencing, 216
Temporal effects, observed and simulated,
214-215
Tests of methods and guidelines,
347-373
Theim equation, 69-70
Theis equation, 74-75
Theis example
for understanding linear and nonlinear
confidence intervals, 181—-182
for understanding Monte Carlo methods,
188-189
for understanding the modified
Gauss—Newton method, 74-75
Thermodynamic parameters, 226
Three-dimensional hydrogeologic data,
analyzing, 274, 354-356
Three-dimensional simulation, versus
two-dimensional simulation,
372-373
Time-consistent observations, 215
Time-dependent deterministic error
components, 378
Time-step size issues, in transport models,
221
TolPar variable, 76. See also
UCODE_2005 Program
Total model nonlinearity, 144—145
in Exercises, 156—157
Total variation diminishing (TVD) method,
223
Tractable models, obtaining, 9-11,
226-227, 290
Traditional sensitivity analyses,
weaknesses of, 184—185
Transient groundwater flow problems,
errors in, 376-381
Transient head-change observations, 216,
360-362
Transient model calibration, strategies for,
213-217
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Transient model, 25. See also Exercises
calculating observation weights for,
231-235
defining observations for, 231-234
fit, evaluating, 246-250
flow observations for, 234t
hydraulic-head observations for,
232-233t
parameters in, 230—-231
predictions for, 254-259
regression for, 243-244
sensitivity analysis for, 235-243
starting, estimated, and true parameter
values for, 246t
weighted residuals for, 247-250
Transient model initial conditions,
213-214
Transient model inputs, additional,
216-217
Transient observations, 214-216
weighting, 216
Transient processes, effect on observations,
215, 360
Transient simulations, confined layers in,
271-272
Transitional probability method, 219
Transmissivity, effect of dewatering on,
272
Transmissivity parameters, 36, 69—70. See
also Hydraulic conductivity
parameter(s)
Transport. See also Advective transport;
Contaminant transport
options for simulating, 218
predicting, 217
simulating advection and dispersion,
220-223
Transport and flow-system observations,
simultaneous use of, 223-224
Transport model(s). See also Heat transport
models
advection and dispersion in, 220-223
defining source characteristics for, 218
execution time issues for, 220
Lagrangian methods and, 221
selecting processes to
include, 217-218
simulated well concentrations,
histograms of, 343
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simulations, system state at the
beginning of, 213-214
solution methods and numerical
dispersion, 221-223
unresolved and misrepresented features
in, 219
Transport model calibration
applications of, 226-227, 288,
370-373
estimating source characteristics
for, 219
insensitivity and correlation problems in,
226
numerical dispersion and, 221-233
numerical issues in, 220-223
point concentrations in, 225
scale issues in, 219-220
strategies for, 217-227
transport observations in, 223-225
Transport observations, 223-225. See also
Concentration observations
Transport-step size, 221
Trends, evaluation of using runs statistic,
108, 317
Trial-and-error methods, 6, 7
True errors, 30
assumptions about, 180, 374, 376-381
variance—covariance matrix of, 31-32,
376, 380
True error variance, 31
confidence interval for, 96-98, 246
True linear model, 392
True nonlinear model, 392
t-statistic. See Student t-statistic
Trust region. See Double-dogleg trust
region approach
Two-dimensional simulation, versus
three-dimensional simulation,
372-373
Two-parameter objective-function
surfaces, 35-36, 71, 74-75
in Exercises, 81-82
Two-tailed hypothesis test, 328

UCODE_2005 program, 3, 18-21
capabilities of, 19-21
convergence criteria in, 76
correlation coefficients calculated by, 21,
59, 62t, 63t, 149t
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dampling parameter in, 73-74

double-dogleg trust region approach
in, 68

execution times using, 346

full weight matrices and, 28

for graphs of observed versus
simulated values, 105

Investigate Objective Function mode
in, 36

Marquardt parameter in, 73

Monte Carlo methods and, 186

parameter limits in, 80

parameter log transformation in, 79

plotting objective function surfaces
in, 36

prediction scaled sensitivities produced

by, 161
prior information equations supported
by, 32
runs statistic information printed
by, 108
sensitivity approximation by, 47, 59
TolPar variable in, 76
using for Exercises, 25
weighting in, 32, 34, 295, 298
Unambiguous measurement
errors, 300
Unbiased observations, 30-31. See also
Bias
Uncertainty. See Confidence intervals;

Linear uncertainty analysis; Parameter

uncertainty; Prediction uncertainty;
Weighting(s); Weights
Uncertainty, defined, 14
Uncertainty evaluation, 2
utility of, 6-7
Uncertainty (UNC) Process. See
MODFLOW-2000 program

Uncorrelated observation errors, 216, 378.

See also Observation errors
Unintended inconsistencies, 286

Unrealistic estimated parameter values, 80,

289-290
diagnosing cause of, 326-327
Unrealistic weightings, 302—-303

Unweighted observations, versus simulated

values and correlation coefficient R,
105-106
Unweighted residuals, plotting, 100, 363
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US Geological Survey (USGS)
Ground Water-Site Inventory (GWSI)
data base, 357, 358
US Geological Survey (USGS) software.
See Software;
LINEAR_UNCERTAINTY program;
MODEL_LINEARITY entries;
MODFLOW_2000 entries; Multi-
Model Analysis (MMA) computer
code; Multi-Node Well (MNW)
Package; OPR-PPR program;
RESAN-2000 program;
RESIDUAL_ANALYSIS program;
UCODE_2005 entries
U.S. Geological Survey (USGS),
topographic maps determining
elevations from, 295-296

Value of improved information (voii)
statistic, 167
Vapor phase hydrocarbon transport model
calibration, 226
Variability
of data, managing, 272
highly parameterized models and,
290-291
scale issues and, 219, 289
Variance—covariance matrix, 126, 301.
See also Errors; Parameter variance—
covariance matrix; True errors
of a vector, 395
Vector(s). See also Eigenvectors
for nonlinear regression, 383384
notation for full weight matrix, 28
variance—covariance matrix of, 395
Visual inspection, identifying trends
by, 317
Visualization software, 3, 355

water.usgs.gov web site, 3
WATFLOW /WTC finite-element model,
370
Weighted least-squares objective function,
26-28, 95. See also Objective
function(s)
with diagonal weight matrix, 27-28
with full weight matrix, 28
modified Gauss—Newton method
and, 68
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Weighted least-squares objective function
(Continued)
relation to maximum-likelihood
objective function, 376
Weighted least-squares objective-function
surfaces, 35-36, 37. See also
Objective function surfaces
Weighted observations, versus simulated
values, 105-106, 362-363
Weighted regression, 27
Weighted residuals, 35. See also Weighted
residuals graphs and maps
acceptable deviations from being
random and normal, 111-113,
119-123
assessing independence and normality
of, 109, 249-250
assessing randomness of, 98, 106—109,
317-320
calculating, 35
for concentration observations, 224
in diagnosing the cause of poor model fit,
320
in evaluating alternative models,
310-312
in evaluating model fit, 93-94,
100-104, 106-108, 316—320
in Exercises, 115119, 247-250
in interpreting calculated error variance,
97-98
minimum, maximum, and average, 101
random, normally distributed, 108—109
with respect to independent variables,
106-108
using, 265t
Weighted residuals graphs and maps,
99-104, 106—107, 108—-109, 317,
318, 319, 362, 363, 364
in Exercises, 116, 117, 119, 247,
248, 250
problems with, 101-104
versus independent variables,
106-107
versus weighted or unweighted
simulated values, 100—104
Weighted sensitivity matrix, singular value
decomposition of, 132
Weighted simulated values, 100—106
Weighted true errors, 30
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Weighting(s). See also Guideline 6;
Weights
of concentration observations,
224-225
effect on calculated pcc, 198
errors in, 323
functions of, 31-32
issues related to, 34—-35
of transient observations, 216
unrealistic, 303
Weighting issues, in nonlinear regression,
298-305
Weighting terminology, confusion related
to, 299-300
Weight matrices. See also Diagonal weight
matrices; Full weight matrices
determining covariances for, 298
defining, 396-398
Weights. See also Guideline 6;
Weighting(s)
calculating, 39-40, 358
calculating for observations that are
sums of or differences between
measurements, 297-298
calculating using observed values,
101-103
determining, 294—-298
determining the statistic used to
calculate, 295
difficulties in determining, 299
effect on measures of prediction
uncertainty, 302—303
large, 301-303
that reflect errors, 291, 294-305,
358-362
Well altitude uncertainty, 358
Well elevation measurement error, 216,
295-296
Well-posed regression. See also Guideline
3,277-281
Wetland system, groundwater flow and
heat transport simulation through, 288

X, importance of, 394
X, 69. See also Sensitivities; Sensitivity
matrix
importance of, 394
X value, effect on linear regression
behavior, 51
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y. See Observations

y’. See Simulated values

y’(b) vector, linearizing, 69
YCINT-2000 program, 162, 177, 184

Zonation, for parameterization, 11,
273-274, 309, 342-343

Zone arrays, 20
Zone of confidence, 342
Zone of uncertainty, 342
Zones. See also Capture zones;
Zonation
hydrochemical, 287
recharge, 24, 327
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