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ARTICLE

Verification, Validation, and Confirmation of
Numerical Models in the Earth Sciences

Naomi Oreskes,* Kristin Shrader-Frechette, Kenneth Belitz

Verification and validation of numerical models of natural systems is impossible. This is
because natural systems are never closed and because model results are always non-
unique. Models can be confirmed by the demonstration of agreement between observation
and prediction, but confirmation is inherently partial. Complete confirmation is logically
precluded by the fallacy of affirming the consequent and by incomplete access to natural
phenomena. Models can only be evaluated in relative terms, and their predictive value is
always open to question. The primary value of models is heuristic.

In recent years, there has been a dramatic
increase in the use of numerical simulation
models in the earth sciences as a means to
evaluate large-scale or complex physical pro-
cesses. In some cases, the predictions gener-
ated by these models are considered as a basis
for public policy decisions: Global circula-
tion models are being used to predict the
behavior of the Earth’s climate in response
to increased CO, concentrations; resource
estimation models are being used to predict
petroleum reserves in ecologically sensitive
areas; and hydrological and geochemical
models are being used to predict the behav-
ior of toxic and radioactive contaminants in
proposed waste disposal sites. Government
regulators and agencies may be required by
law to establish the trustworthiness of mod-
els used to determine policy or to attest to
public safety (I, 2); scientists may wish to
test the veracity of models used in their
investigations. As a result, the notion has
emerged that numerical models can be “ver-
ified” or “validated,” and techniques have
been developed for this purpose (I, 3-5).
Claims about verification and validation of
model results are now routinely found in
published literature (6).

Are claims of validity and verity of numer-
ical models legitimate (2, 7)? In this article,
we examine the philosophical basis of the
terms “verification” and “validation” as ap-
plied to numerical simulation models in the
earth sciences, using examples from hydrology
and geochemistry. Because demand for the
assessment of accuracy in numerical modeling
is most evident at the interface between pub-
lic policy and scientific usage, we focus on
examples relevant to policy (8). The princi-
ples illustrated, however, are generic.
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Verification: The Problem
of ““Truth”’

The word verify (from Latin, verus, meaning
true) means an assertion or establishment of
truth (9). To say that a model is verified is to
say that its truth has been demonstrated,
which implies its reliability as a basis for
decision-making. However, it is impossible
to demonstrate the truth of any proposition,
except in a closed system. This conclusion
derives directly from the laws of symbolic

“_ "

logic. Given a proposition of the form “p

“. "

entails “q,” we know that if “p” is true, then
“q” is true if and only if the system that this
formalism represents is closed.

For example, I say, “If it rains tomorrow,
I will stay home and revise this paper.” The
next day it rains, but you find that I am not
home. Your verification has failed. You
conclude that my original statement was
false. But in fact, it was my intention to
stay home and work on my paper. The
formulation was a true statement of my
intent. Later, you find that I left the house
because my mother died, and you realize
that my original formulation was not false,
but incomplete. It did not allow for the
possibility of extenuating circumstances
(10). Your attempt at verification failed
because the system was not closed.

This example is trivial, but even an
apparently trivial proposition can be part of
a complex open system. Indeed, it is diffi-
cult to come up with verbal examples of
closed systems because only purely formal
logical structures, such as proofs in symbolic
logic and mathematics, can be shown to
represent closed systems. Purely formal
structures are verifiable because they can be
proved by symbolic manipulations, and the
meaning of these symbols is fixed and not
contingent on empirically based input pa-
rameters (11).

Numerical models may contain closed
mathematical components that may be ver-
ifiable, just as an algorithm within a com-
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puter program may be verifiable (12).
Mathematical components are subject to
verification because they are part of closed
systems that include claims that are always
true as a function of the meanings assigned
to the specific symbols used to express them
(13). However, the models that use these
components are never closed systems. One
reason they are never closed is that models
require input parameters that are incom-
pletely known. For example, hydrogeologi-
cal models require distributed parameters
such as hydraulic conductivity, porosity,
storage coefficient, and dispersivity, which
are always characterized by incomplete data
sets. Geochemical models require thermo-
dynamic and kinetic data that are incom-
pletely or only approximately known. In-
completeness is also introduced when con-
tinuum theory is used to represent natural
systems. Continuum mechanics necessarily
entails a loss of information at the scale
lower than the averaging scale. For exam-
ple, the Darcian velocity of a porous medi-
um is never identical to the velocity struc-
ture at the pore scale. Finer scale structure
and process are lost from consideration, a
loss that is inherent in the continuum
mechanics approach.

Another problem arises from the scal-
ing-up of nonadditive properties. The con-
struction of a numerical simulation model
of a ground-water flow system involves the
specification of input parameters at some
chosen scale. Typically, the scale of the
model elements is on the order of meters,
tens of meters, or kilometers. In contrast,
the scale on which input parameters are
measured is typically much smaller, and the
relation between those measurements and
larger scale model parameters is always un-
certain and generally unknown. In some
cases, it is possible to obtain input data at
the scale chosen by the modeler for the
model elements (for example, pump tests),
but this is not often done, for practical
reasons. Even when such measurements are
available, they are never available for all
model elements (14).

Another reason hydrological and geo-
chemical models are never closed systems is
that the observation and measurement of
both independent and dependent variables
are laden with inferences and assumptions.
For exarnple, a common  assumption in
many geochemical models of water-rock
interaction is that observable mineral as-
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semblages achieve equilibrium with a mod-
eled fluid phase. Because relevant kinetic
data are frequently unavailable, kinetic ef-
fects are assumed to be negligible (15). But
many rocks contain evidence of disequilibri-
um on some scale, and the degree of disequi-
librium and its relation to kinetic controls
can rarely, if ever, be quantified. To attempt
to do so would necessarily involve further
inferences and assumptions. Similarly, the
absence of complete thermodynamic data for
mineral solid solutions commonly forces
modelers to treat minerals as ideal end-
members, even when this assumption is
known to be erroneous on some level. Mea-
surement of the chemical composition of a
mineral phase to estimate the activities of
chemical components within it requires in-
strumentation with built-in assumptions
about such factors as interference effects and
matrix corrections. What we call data are
inference-laden signifiers of natural phenom-
ena to which we have incomplete access
(16). Many inferences and assumptions can
be justified on the basis of experience (and
sometimes uncertainties can be estimated),
but the degree to which our assumptions
hold in any new study can never be estab-
lished a priori. The embedded assumptions
thus render the system open.

The additional assumptions, inferences,
and input parameters required to make a
model work are known as “auxiliary hypoth-
eses” (17). The problem of deductive verifi-
cation is that if the verification fails, there is
often no simple way to know whether the
principal hypothesis or some auxiliary hy-
pothesis is at fault. If we compare a result
predicted by a model with observational data
and the comparison is unfavorable, then we
know that something is wrong, and we may
or may not be able to determine what it is
(18). Typically, we continue to work on the
model until we achieve a fit (19). But if a
match between the model result and obser-
vational data is obtained, then we have,
ironically, a worse dilemma. More than one
model construction can produce the same
output. This situation is referred to by sci-
entists as nonuniqueness and by philosophers
as underdetermination (20, 21). Model results
are always underdetermined by the available
data. Two or more constructions that produce
the same results may be said to be empirically
equivalent (22). If two theories (or model
realizations) are empirically equivalent, then
there is no way to choose between them other
than to invoke extraevidential considerations
like symmetry, simplicity, and elegance, or
personal, political, or metaphysical prefer-
ences (19, 23-25).

A subset of the problem of nonunique-
ness is that two or more errors in auxiliary
hypotheses may cancel each other out.
Whether our assumptions are reasonable is
not the issue at stake. The issue is that often
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there is no way to know that this cancella-
tion has occurred. A faulty model may ap-
pear to be correct. Hence, verification is
only possible in closed systems in which all
the components of the system are established
independently and are known to be correct.
In its application to models of natural sys-
tems, the term verification is highly mislead-
ing. It suggests a demonstration of proof that
is simply not accessible (26).

Validation

In contrast to the term verification, the term
validation does not necessarily denote an
establishment of truth (although truth is not
precluded). Rather, it denotes the establish-
ment of legitimacy, typically given in terms
of contracts, arguments, and methods (27).
A valid contract is one that has not been
nullified by action or inaction. A valid
argument is one that does not contain obvi-
ous errors of logic. By analogy, a model that
does not contain known or detectable flaws
and is internally consistent can be said to be
valid. Therefore, the term valid might be
useful for assertions about a generic comput-
er code but is clearly misleading if used to
refer to actual model results in any particular
realization (28). Model results may or may
not be valid, depending on the quality and
quantity of the input parameters and the
accuracy of the auxiliary hypotheses.

Common practice is not consistent with
this restricted sense of the term. Konikow
and Bredehoeft (2) have shown that the
term validation is commonly used in at least
two different senses, both erroneous. In
some cases, validation is used interchange-
ably with verification to indicate that model
predictions are consistent with observational
data. Thus, modelers misleadingly imply
that validation and verification are synony-
mous, and that validation establishes the
veracity of the model. In other cases, the
term validation is used even more mislead-
ingly to suggest that the model is an accurate
representation of physical reality. The impli-
cation is that validated models tell us how
the world really is. For example, the U.S.
Department of Energy defines validation as
the determination “that the code or model
indeed reflects the behavior of the real
world” (29). Similarly, the International
Atomic Energy Agency has defined a vali-
dated model as one that provides “a good
representation of the actual processes occur-
ring in a real system” (30). For all the
reasons discussed above, the establishment
that a model accurately represents the “ac-
tual processes occurring in a real system” is
not even a theoretical possibility.

How have scientists attempted to dem-
onstrate that a model reflects the behavior
of the real world? In the Performance As-
sessment Plan for the proposed high-level
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nuclear waste repository at Yucca Moun-
tain, Nevada, Davis and co-workers (1)
suggest that “[t|he most common method of
validation involves a comparison of the
measured response from in situ testing, lab
testing, or natural analogs with the results
of computational models that embody the
model assumptions that are being tested”
(31). But the agreement between any of
these measures and numerical output in no
way demonstrates that the model that pro-
duced the output is an accurate representa-
tion of the real system. Validation in this
context signifies consistency within a sys-
tem or between systems. Such consistency
entails nothing about the reliability of the
system in representing natural phenomena.

““Verification’’ of Numerical
Solutions

Some workers would take as a starting point
for their definition of terminology the ana-
lytical solution to a boundary value or
initial value problem. In this context, they
may compare a numerical solution with an
analytical one to demonstrate that the two
match over a particular range of conditions
under consideration. This practice is often
referred to as verification (4, pp- 7-8; 32).

The comparison of numerical with analyt-
ical solutions is a critical step in code devel-
opment; the failure of a numerical code to
reproduce an analytical solution may certainly
be cause for concern. However, the congru-
ence between a numerical and an analytical
solution entails nothing about the correspon-
dence of either one to material reality. Fur-
thermore, even if a numerical solution can be
said to be verified in the realm of the analyt-
ical solution, in the extension of the numer-
ical solution beyond the range and realm of
the analytical solution (for example, time,
space, and parameter distribution), the nu-
merical code would no longer be verified.
Indeed, the raison d’étre of numerical model-
ing is to go beyond the range of available
analytical solutions. Therefore, in applica-
tion, numerical models cannot be verified.
The practice of comparing numerical and
analytical solutions is best referred to as
bench-marking. The advantage of this term—
with its cultural association with geodetic
practice—is that it denotes a reference to an
accepted standard whose absolute value can
never be known (33).

Calibration of Numerical Models

In the earth sciences, the modeler is com-
monly faced with the inverse problem: The
distribution of the dependent variable (for
example, the hydraulic head) is the most
well known aspect of the system; the distri-
bution of the independent variable is the
least well known. The process of tuning the















