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ABSTRACT

Two recently developed approaches to quantification of model (conceptual) error in a single groundwater
model, a per-datum calibration methodology and a Bayesian model error analysis, were applied to a
problem of °°Sr migration to water wells at Chernobyl, Ukraine. The intent of this composition is to dem-
onstrate their utility to accounting for the uncertainty due to model error in estimating risks (or costs) in
decision models. Bayesian model error analysis resulted in a more conservative estimate of the probabil-
ity of the Pripyat Town well field contamination than did the per-datum calibration approach. This dif-
ference in risk estimates is a result of the conceptual differences between the two methods. Per-datum
calibration relies primarily on information on model error contained in the measurements of the depen-
dent variables to quantify its effect on model predictions. The Bayesian model error analysis assigns equal
importance to prior information on the parameters and measurements of the dependent variable, thus
allowing the incorporation of a more informative description of parameter distributions, as well as sub-
jective judgement into a risk analysis. The suitability of either of the two methods, when applied to a spe-

Chernobyl
Strontium-90 migration

cific problem, may be determined based on the nature and quantity of available data.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogeological decision models provide a methodology for
incorporating the uncertainty in model predictions within a frame-
work used to evaluate different management alternatives [9]. In
this approach, management alternatives are compared under con-
ditions of uncertainty using an objective function defined as the
net present value of the expected costs and risks taken over a spec-
ified time horizon and discounted at the market interest rate. The
evaluation of different management alternatives requires the use
of a hydrogeologic model to predict the future response of the true
hydrogeologic system under a set of naturally occurring or
expected stresses. The role of simulation models in the decision
process is to provide the technical input to the objective function
by predicting the probability (or risk) of failure of each manage-
ment alternative.

The construction of a decision model is ideally an iterative pro-
cess. Data collection and modeling should proceed in tandem
[9,21]. Early calculations based on simple simulation models are
replaced, if required, by more detailed models as additional data
become available. When calculating risks, especially during early
cycles of the analysis when the data available to assist in construct-
ing the model and to characterize the hydraulic and transport
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properties of the subsurface environment may be sparse, any mod-
el prediction will be subject to large uncertainties due to both
parameter error (error produced from uncertainties in the param-
eter values) and model error (errors in the model structure). In or-
der to deal with the uncertainties inherent in mathematical
modeling an inverse approach can be employed. Inverse methods
use field data on the dependent variables to assess whether or
not model and parameter errors are significant and/or to enhance
the accuracy of model predictions. In model calibration, measure-
ments of the dependent variables are used to select a set of param-
eter values that enable the model to closely match the observed
behavior of the physical system it represents. Model selection is
used to identify the most likely model among alternative concep-
tual models in terms of achieving a smaller fitting residual of mod-
el output to observations, in conjunction with narrower confidence
intervals on the estimated parameters [5,18].

These approaches may result in a successful application of
mathematical modeling in decision analyses. However, failure or
inconsistency of such applications is not an uncommon phenome-
non [15]. The success or failure of mathematical modeling in prac-
tical problems is determined by the validity of various assumptions
underlying these methods. Perhaps the most significant assump-
tion made in uncertainty analyses and inverse methods is that
the model structure is correct (negligible model error). Model
selection methodologies may assist in selecting the most likely
model structure among competing models or optimizing a model
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structure [24] based on the criteria mentioned earlier. However,
selecting the “best” approximating model does not justify the
assumption of a correct model structure in most practical applica-
tions. Two main reasons can be cited: (1) a small fitting residual,
which is probably the most important criterion for model selection,
does not necessarily imply that model error is also small [23], and
(2) a number of model structures are often possible due to data
limitations, measurement error and large parameter uncertainties
[1,2,17]. When a complex hydrogeologic system is described by a
simplified numerical model, it is more likely that model error dom-
inates other errors [23]. The presence of model error may result in
a misleading uncertainty analysis and in parameter estimates that
have little value for predictive modeling and risk assessments [16].
Model error may represent the primary cause of failure of a model
application [23].

The effect of possible errors in the model structure in the risk
calculation is usually taken into account by adopting a bias in
assigning probability distributions to a number of model parame-
ters that favors a conservative estimate of the probability of failure,
e.g. [6,8,21]. It may also be the case that conservatism is an inher-
ent feature of the structure of the simulation model. However, the
degree of conservatism which is typically adopted is often based on
common practice or subjective judgement rather than on some
theoretical principle. Such conservative assumptions potentially
lead to a decision regarding the selection of a design or manage-
ment alternative that involves unnecessary expenditures. A deci-
sion analysis may be more sound and less biased when it
includes an evaluation of the effect of model error on the estima-
tion of risks (or costs) in addition to that of parameter error, and
an evaluation of the reliability of model predictions [14].

The majority of the existing approaches that quantitatively ac-
count for structural model uncertainties are based on the identifi-
cation of several alternative model structures and their use to
jointly render optimum predictions and to assess the uncertainty
of those predictions, e.g. [1,2,7,17,27]. A brief description of these
approaches can be found in [17,27]. All these methods may provide
a more sound alternative than the adoption of a conservative bias
in risk and decision analyses. However, there is no established lit-
erature on ways to construct a set of probable alternative hydro-
logic model structures [17]. The set of predictions produced by
any given choice of alternative structural models is conditional
on the choice of models and the data used to support them. There-
fore, these predictions do not represent all possibilities but only a
limited range of such possibilities, associated with these models
and data [17]. In an operational risk estimation setting, the ability
to evaluate model and parameter errors using a single model
would be advantageous due to its simplicity. In the field of ground-
water hydrology, there has been little research on quantification of
the combined effect of model structure and parameter uncertainty.
Two methods recently developed by Gaganis and Smith [10,11] re-
flect an attempt to evaluate model error, simultaneous with
parameter error, based on a single model structure. The ap-
proaches may represent attractive alternatives to deal with model
error in risk estimation and decision analysis.

The first method [11], so called per-datum calibration, uses a
per-datum formulation to the inverse problem to include all infor-
mation on errors in the parameter estimates. The effect of model
error on the inverse problem and model predictions is then evalu-
ated through an analysis of the spread of the per-datum parameter
estimates in the parameter space. The second approach [10] uses
Bayesian principles and insight gained in updating the prior prob-
ability distributions of the parameters, to assess model correctness
and the expected magnitude of model error given the existing
parameter uncertainty. The magnitude of model error estimated
by both these methods can be used to calculate confidence inter-
vals that describe the uncertainty in estimated risks that is associ-

ated with both parameter and model error. Such a risk analysis
offers a better description of the uncertainties involved in the deci-
sion process, and need not rely on conservatism to account for un-
known structural errors. Furthermore, it also provides a theoretical
base for selecting the degree of conservatism that should be
adopted in relation to the existing uncertainty in the parameter
values and the given simulation model structure. Note that the
reliability of the model predictions is not guaranteed by the appli-
cation of either method; the reliability of the predictions depends,
as with any other method, on the quantity and quality of the data
that is available.

The main objectives of this paper are (1) to explore the utility of
per-datum calibration and Bayesian model error analysis in risk
assessments using a real world problem, and (2) to investigate
the conceptual and philosophical differences between the two ap-
proaches in relation to the reliability of their results when applied
to a specific problem. The next section of this paper provides a brief
conceptual and mathematical description of the above methods. It
is followed by their application to the problem of °°Sr migration to
water wells near the Chernobyl reactor site in assessing the uncer-
tainty in model predictions associated with both model error and
parameter error within the framework of a decision model for eval-
uating the necessity of remedial actions. The paper concludes with
an assessment of the performance, data requirements, strengths
and limitations of both methods.

2. Methodology
2.1. Per-datum model calibration

As was shown in [10] the influence of errors in the model struc-
ture (model error) on model predictions is not random in a proba-
bilistic sense but systematic. Furthermore, the effect of model error
on model predictions varies in space and time according to the spa-
tial and temporal variation of model sensitivity to the existing
structural errors, and it is different for the flow and solute trans-
port components of a groundwater model.

To capture the statistical, as well as the spatial and temporal
characteristics of model error, Gaganis and Smith [11] adopted a
strategy of containing in the parameter estimates all the informa-
tion about errors that exists in the data, by driving the residual of a
calibration process to zero. The combined effect of parameter error
e, and model error e;, was then evaluated in the parameter space.
For achieving a zero fitting residual, the inverse problem was
solved at each data point dy, ), where v specifies the dependent
variable (hydraulic head or solute concentration), [ specifies the
location and t the time of each available measurement. A unique
set of maximum likelihood per-datum (for each data point) param-

eter vectors 0, iy = =0 w10 (Eo(v.Lty Em(v,L)) Were obtained by using the
following two crlterla

D(0win) = Gldwiy = f(0) 1) = Inpy(0) ~ 0 )
min(with respect to 0y,)[@p(0y1y)] 2)

where ®(6,y,)) is the per-datum objective function and G is a per-
formance criterion that measures the deviation of model response
f(0) from the observed dependent variable d. The quantity p,(0) is
the prior probability density of the parameter vector 6. The second
term on the right hand side of Eq. (1) enforces the constraints im-
posed by prior information on the parameters by assigning an infi-
nite penalty on estimates lying outside the feasible parameter range
O (prior parameter space). Since the per-datum formulation Eq. (1)
to the inverse problem is always algebraically underdetermined, it
does not have a unique minimum. Criterion Eq. (2) solves the prob-
lem of non- uniqueness of Eq. (1) by providing the means for select-
ing a unique va from all possible solutions 9‘,“ at each data
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