
3 Modeling of Transport and
Alteration of Chemicals*

3.1 THE USE OF MODELS IN EXPOSURE ASSESSMENT

Models provide a means to facilitate our understanding of the behaviour of
a system, be it the global environment, an elemental biogeochemical cycle,
or a human being taking up an undesirable chemical. Although models may
be conceptual or physical (such as employed in a fluid tunnel), those of
primary interest are usually structured sets of mathematical statements that
provide a quantitative description of the phenomena of interest.

Models serve a number of purposes. They are used to describe
quantitatively the problem under consideration; this helps to establish the
extent of our understanding and gaps in our knowledge of the problem.
They can be used to identify key variables in a complex system so that
further research, or perhaps management action, can be focussed on them.
A main function of models is to predict the behaviour of a system or
evolution of a problem outside of the time or space domain where it is
defined, e.g., predicting quantitative distributions of a chemical released
into the air or groundwater. Finally, models may serve as valuable tools for
the management of environmental problems. Such model-based management
actions could be the evacuation of population in the event of a chemical
spill, the reduction of acidic emissions to the atmosphere, or the design of
research and monitoring programs.

To assess exposure of humans or other biota to chemicals in the
environment, models are used in all the ways noted above. Perhaps their
most important applications are (1) the calculation of chemical concentrations
in the vicinity of target organisms or of deposition rates (wet and dry) on
these organisms, and (2) descriptions of pathways through the environment
to establish quantitative1inkages between sources of chemicals and receptors.
This section of the report reviews modeling approaches used in various
fields-atmosphere, surface waters and groundwaters-to assess exposure.
In describing the many types of models, it becomes clear that both techniques
and problems are common to modellers in these fields, and that there is
considerable value in transferring experience from one field to another. The
topics discussed below were selected as those being vital to the successful
application of models for exposureassessment.

* This section was prepared by a working group chaired by D. Whelpdale. The members were
Y. Bachmat, J. Fried, H. Gydesen, D. Miller and W. Piver.
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3.2 STAGES OF MODELING PROCESSES

Nowadays, modeling should be considered as an activity to produce
information which may be helpful in decision-making, including solving
chemical pollution problems. The first phase of the modeling process is a
definition of the problem at hand. The subsequent step includes identification
of the physical system in which a problem occurs and a review of the
processes which govern the transport and transformation of a substance on
its way from its source to a natural or man-made outlet, where it may affect
human and non-human biota.

The product of this step is a conceptual model of the system which
presents a simplified representation of reality. It has to be translated into
a mathematical model by employing scientific knowledge about cause/effect
relationships in the processes concerned. The resulting mathematical model
is a closed system of equations (along with boundary and initial conditions)
to be solved for the stated variables as functions of position and time. Here,
an analytical or numerical solution algorithm may be formulated. The latter
is usually transformed into a computer code which has to be verified against
known solutions, and subsequently documented to be applicable by a
prospective user. At this stage, the code or the analytical solution algorithm
can be used to produce a forecast of the state of contamination in an actual
field situation, provided the necessary input data have been prepared. These
include estimates of the values of the coefficients which appear in the model,
data representing the values of the relevant variables at some initial point
in time, and data representing exogenous inputs to the system in the future,
both controlled and uncontrolled.

All of the preceding steps include errors, due to either ignorance,
uncertainty or deliberate over-simplifications. Therefore, the generated
output (e.g., forecast of arrival times and/or concentrations of chemicals)
should be presented either in a probabilistic form or accompanied by some
relevant estimate of the prediction error to help the user assess risks of
making decisions on the basis of relatively incomplete and inaccurate
information. It may also guide data collection and modifications of the
model aimed at reducing risk. One alternative way to achieve that objective
is an evaluation of the sensitivity of the model output to the various input
data.

Figure 3.1 presents a flowchart of the modeling process and specifies the
output of each stage.

3.3 SUMMARY OF MODELS

There are several types of mathematical models, the classification of which
includes intended application, mathematical approach, or frame of reference.
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Figure 3.1. Flowchart of the modeling process

Estimates of model coefficients in the region
(calibration) Initial Stack data; exogenous

future input data; estimation errors

While each field of science has its preferred way to categorise models,
exposure assessment provides a natural division into two basic types, First,
the primary interest may be the geographical distribution of a substance,
where transport occurs in air, water, or some other medium; second, there
may be primary concern about its distribution among physical and biological
compartments within a local system, assuming that variations in estimated
concentrations among locations do not dominate the conclusions about

overallexposures.Bothaspectsareimportant,but thecomplexityof the
chemical systems leads us to select one or the other.
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3.3.1 GEOGRAPHICAL

In the eighteenth century, two philosophically different approaches to the
mathematical description of geographical transport were developed; and the
distinction between them remains important today. In the so-called Eulerian
method, one defines mathematical quantities describing the concentration
of substance at a number of fixed geographical locations, and movement of
a substance is described by the relative variation of all such quantities. Since
many investigators believed this to be the most natural way to monitor
geographical variations in concentration, it represents virtually all of the
finite-difference models of air or water movement.

In the Lagrangian approach, one imagines moving with the fluid, keeping
track of one's location and of local variations in concentration and other
parameters. In practice, there are advantages to this approach, particularly
when dealing with properties inherent in parcels of air, such as buoyancy
and energy content. It is found today in the technique of trajectory analysis,
for example. If there is a consensus as to the relative values of the two
approaches, it is probably that the latter produces more immediately usable,
relatively simple descriptions, often for well-defined situations (e.g., short-
range transport of non-reactive species); the former would likely be dominant
if only computers were several times more powerful (the Eulerian approach
is more expensive computationally by quite a large margin).

To combine the advantages of both approaches, mixed Eulerian-
Lagrangian methods are now being developed.

3.3.2 ATMOSPHERE

Special methods, developed for air pollution studies, examine the distance
scale of the problem considered and the reactive characteristics of the
pollutant. For very short distances (a few kilometres), and when materials
are released from an elevated source, the most important consideration is
how quickly the toxic material will be transported vertically from its original
altitude to ground level. The outcome depends strongly on weather
conditions, especially the presence of inversion. Pasquill has recommended
a classification scheme for a number of "stability conditions" that reflect
how rapidly pollutants are expected to be dispersed for specified atmospheric-
temperature gradients (Pasquill and Smith, 1971; Whelpdale, this volume).
This approach has produced reliable analyses. For its use, only the statistical
distribution of wind directions-defined as a "wind rose"-is needed. The
combination of the two sorts of information produces predictions of ground-
level concentrations on a long-term average basis on which exposure
calculations can be made reliably.

The variation of weather patterns, wind directions, and other characteristics
are generally of greater influence at longer distances; thus, for such scales,
the above approach is unreliable. A more appropriate alternative must be
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based on three-dimensional air parcel motions rather than on a wind-rose
pattern. Trajectory analyses~ in which parcels of air are followed along
geographical paths, and a full-scale finite-difference solution are each suitable
for this situation. For the largest scale, i.e., global or hemispherical situations,
only the full-scale finite-difference approach provides reasonable time-
dependent solutions. This global situation presents formidable, and as yet
unsolved, computational problems, defining the frontiers of research.
Atmospheric chemicals that are transformed by heterogeneous, homogeneous
or photochemical reactions (e.g., urban smog) add another level of
complexity.

3.3.3 HYDROSPHERE

The prediction of pollutant movement in a very large body of water, such
as a large lake or the open ocean, presents modeling problems similar to
those of the atmospheric situation. There is also some conceptual unity in
the approach to modeling of transport in estuaries, streams and groundwater;
however, for groundwater, the situation has added complexity, because of
the need to derive an equivalent continuum in a porous medium composed
of voids and solid. Turbulent-diffusion theory and the theory of mechanical
dispersion in porous media have considerable conceptual similarities,
involving similar fundamental models. Nevertheless, the modeling of
transport in porous media must take into account the presence and
configuration of the solid phase, which imposes severe constraints on the
motions and physico-chemical interactions between aqueous phases not
present in surface waters. In streams, turbulence tends to equalise the
velocities over a cross-section which often allows for single dimensional
modeling along the axis of the stream.

The hydraulic models estimate roughly the transfer of water and dissolved
substances across surface water/groundwater interfaces; however, they fail
to include the three-dimensional character of the velocity and concentration
fields and the effects of dispersion. Although many models exist, the
difficulties and limitations in their practical use imply the need for additional
research and development.

3.3.4 COMPARTMENTAL MODELS

The utility of models in which geographical differences are assumed to not
matter (i.e., the concept of "well-mixed" compartments), is limited more
by the questionable validity of the assumption of homogeneity than by
computational difficulties. Generally, a rate constant may be defined for
the movement from one compartment to an adjacent one (and another rate
constant for movement in the opposite direction); no matter the definition
of rate constants, the result is a collection of time-dependent differential
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equations-whether linear or not-which can be solved by most readily
available digital computers.

In the simplest instance, the rate of movement from one. compartment to
another depends solely on the concentration in the source or donor
compartment; the equations are linear, and numerous theoretical simplifi-
cations and generalisations can be used justifiably. Despite having some
interesting questions remaining to be resolved (e.g., the level of sub-
compartmental complexity that can be analysed, provided only total-system
concentrations are known), most of the needed information is available in
other literature. There are many commercial computer programs designed to
handle precisely such problems, generally tailored to particular environmental
situations and all based on the concept of solving time-dependent differential
equations.

3.3.5 TERMINOLOGY

Each field has developed its own terminology for distinguishing among
models. Definitions for some of these terms are needed to facilitate
understanding and minimise uncertainties. Atmospheric scientists tend to
describe models either by spatial scale (i.e., local, regional, continental,
global) or by frame of reference (i.e., Eulerian, Lagrangian) (Whelpdale,
this volume).

Models used for determining concentrations of chemicals in groundwater
are represented by deterministic or stochastic methods. Deterministic models
assume that variables and coefficients change in relation to some co-ordinate
system and are composed of terms that account for physical, chemical, and
biological processes that transport and transform individual chemicals from
their source to the points of measurement. Stochastic models also provide
valid representations of the transport phenomena in the subsurface; but they
assume that transfer coefficients and field variables are represented by
probability density functions at each location in the problem domain.

Models used for surface water and groundwater are of two types: global
and local. These terms are defined differently here from those for the
atmospheric models. The global models are subdivided into "black-box"
and "grey-box" models. A black-box model represents the water body as a
system with no assumed physical structure, with only inputs and outputs
expressed as mathematical relationships (note the similarity with the
compartment models described below). Correspondingly, grey-box models
represent the water body as a system with a few structural properties--e.g.,
a sequence of reservoirs with various mixing properties. The local models,
by contrast, are structured to account for various features of contaminant
transport as well as physico-chemical transformations and interactions (Fried,
this volume).

Compartment models may be distinguished as being time-averaged, time-
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dependent, or equilibrium models. When interest does not lie in the dynamic
behaviour of the system, then total loading or intake is the only determinant
during all times in each compartment. This is known as the time-integrated
approach or dose commitment method. Time-dependent models give full
consideration to the dynamic behaviour of the system. Details of these
models are described by Gydesen (this volume). A simple use of the
compartment model is the equilibrium case, where chemical species are
assumed to have reached a steady-state or equilibrium in the various
reservOIrs.

3.4 WHEN ARE SIMPLE MODELS APPLICABLE?

In modeling the transport and transformation of chemicals in the environment,
it is particularly important to know (1) when simple single-chemical models
can be used to predict concentration profiles for chemicals in complex
media, and (2) under what set of conditions single chemical models can act
as appropriate surrogates to predict the behaviour of mixtures of chemicals
in single and multiple phases.

An additional consideration is the scale of the problem to be modelled.
Is the model to predict concentrations on a local scale of time and space
(e.g., meters and days in groundwater systems)? Or is it necessary for the
model to predict concentration profiles over a very large scale with global
dimensions and times of many years (e.g., the effect of increasing
concentrations of CO2 on global climate and weather patterns)? The use of
these criteria is important not only early in the development of new models,
but also later in preventing misuse of existing models.

Simple models are defined as those well posed mathematically, subject
to their respective boundary conditions, and for which closed form solutions
exist. In many cases, to achieve solutions of this type, assumptions must be
made about the characteristics of the media, the transmission coefficients
defined as the ratio of the flux of heat, moisture or chemical to its respective
gradient (e.g., temperature, hydraulic pressure or chemical concentration,
and the physical-chemical characteristics of the chemicals). If, for example,
the medium is isothermal and isotropic, and the transmission coefficients
are scalars, then the processes that remove the chemicals by chemical or
biological reaction and interphase mass transfer such as adsorption or
evaporation can be represented by simple linear process laws.

The limitation to applying simple single chemical models to describe the
behaviour of mixtures of chemicals is the degree of molecular interaction
among the components of the mixtures. This includes interaction in the
homogeneous phase and across phase boundaries. Thus, the primary
consideration becomes one of knowing, or of determining experimentally,
how much of the chemical is present (e.g., its concentration relative to the
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other constituents). In most instances when concentrations are very low,
the level of interactions among constituents is also very low because the
frequency with which they encounter each other is very low. Under these
conditions, it may be assumed that the chemicals are acting independently
of each other in a mixture. As the number of constituents and their
concentrations increases, however, the frequency of encounters with other
chemical species increases, and the assumption of non-interaction may no
longer be applicable.

Determination of the set of criteria to be satisfied is very important to
modeling chemical behaviour in different phases of the environment. While
the appeal of a simple model is great, it should not override the need to
have the model fit the situation as closely as possible. Early in the
development of a model, the degree of accuracy in the predictions must be
determined; this data quality objective reflects the end use of the results.

An estimate of how far a chemical contaminant has migrated from a
landfill site after a specified length of time can be made by using average
values of key variables. The boundaries of the estimates are determined
by repeating the calculations using maximum and minimum values for these
variables. Examples of this procedure are given in Friedlander and Seinfeld
(1969) for photochemical smog episodes in urban areas and by Piver and
Lindstrom (1984) for siting landfills for toxic chemicals.

When the degree of interaction of chemicals is significant or when
transport is non-isothermal and the medium through which transport is
occurring is anisotropic, simple models should be used only to define the
boundaries of the solution. This is particularly important because, without
this qualitative sense for the values being generated by more complicated
models, the user has no indication of the validity of the solution.

3.5 THE LIMIT AnONS OF MODELING OF TRANSPORT
AND FATE

The modeling of pollutant transport falls into four categories based on their
limitations for use:

(1) basic adequacy of the models to represent the phenomena,
(2) coefficient estimation and field measurements,
(3) mathematical and numerical problems, and
(4) representation of chemical transformation.

3.5.1 BASIC ADEQUACY OF THE MODELS

Global models provide a rather incomplete view of what really happens,
because they do not account for most physical phenomena and in particular
cannot adapt to changes in the structure of the problem. They are more
descriptive than predictive.
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Local structural models are obtained by adopting a diffusion equation
valid at microscopic scale into another diffusion equation at a larger scale
under rather elaborate assumptions, one of the most significant being that
sufficient time has elapsed since the pollutant has been released to assure
adequate mixing. Various theoretical studies have demonstrated that
transport with dispersion is not necessarily of the diffusive type and that
the emergence of a diffusive regime is related to sufficient spatial averaging,
conditioned by proper mixing and large time conditions.

In practice, concentration profiles computed with these models display
systematic discrepancies from field data. Identification of coefficients is also
rather difficult, as illustrated by the large variety of more or less empirical
formulas used to represent large values of coefficients obtained in field
studies as contrasted to values from laboratory investigations. It implies that
the validity of the diffusion model for field problems could be questioned,
a possible explanation being that the assumptions mentioned above are
seldom realised. In particular, non-Gaussian field dispersion could be
explained by assuming that dispersion is to be represented by a diffusion
equation only after some time has elapsed (asymptotic time) and that the
transient states could be represented by a diffusion equation with a time-
dependent dispersion coefficient; another approach consists of assuming that
this non-Gaussian dispersion is due to dead zones (or dead-end pores in the
case of groundwater), i.e., zones of temporary entrapment of portions of
the contaminant; the models are then a combination of diffusion type and
reservoir type. Research is underway to improve structural models using a
combination of physical laboratory models (to investigate biochemical and
physico-chemical reactions) and mathematical methods like Monte Carlo
and random walk processes.

3.5.2 COEFFICIENT ESTIMATION AND FIELD
MEASUREMENTS

The field determination of coefficients and concentrations is usually difficult
and expensive because the heterogeneities of field situations require a
multiplicity of measurements to cover adequately large domains. Most
models then must be calibrated and must function with sparse data. This
situation implies the introduction of mathematical methods to (1) extrapolate
existing data (for instance, least square or kriging) to estimate uncertainties
in coefficients and in predicted concentrations (sensitivity testing), and (2)
define optimum time sequences for measurements. All these factors influence
the choice of a model; a sophisticated model with poor data can be
meaningless. In itself, the estimation of field coefficients is delicate, as it
usually involves the solution of an inverse or deconvolution problem. Often
trial and error fitting will be used. Laboratory values of the coefficients
cannot generally be extrapolated to the field due to lack of similarity
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between laboratory physicalmodels and field situations resulting from field
heterogeneities.

3.5.3 MATHEMATICAL AND NUMERICAL PROBLEMS

These relate to the estimation of coefficients and to the numerical solution
of the models or the structure of the model. For example, coefficient
estimation by inverse or deconvolution methods leads to instabilities;
extrapolation methods and sensitivity analysis may prove cumbersome. In
many instances, the numerical solution of the model will imply numerical
diffusion, smearing the computed concentration front, or overshooting,
characterised by oscillations in the computed concentration profiles. The
non-linearity of some models, the difficulty of handling three-dimensional
models, the impossibility of using two- or more dimensional models in some
instances, are other limitations.

These difficulties are not specific to local structural models, and also
appear in global models, especially those of the convolution type where the
determination of transfer functions is a deconvolution problem.

3.5.4 IMPORTANCE OF CHEMICAL SPECIATION

Many examples exist to document the importance of characterizing the
chemical species of a toxic substance as it moves through the environment
or, even, as it moves within an organism. A chemical change such as
conversion to or from an ionic form or complexation to a larger particle
may strongly influence its ability to cross a biological membrane or to move
across compartments. Other chemical changes, such as alkylation, may alter
its properties in an even more profound way. In addition, bioavailability
and effective toxicity may be seriously altered. For instance, a very small
fraction of the total mercury in the surface water environment is converted
to the organic monomethyl form, but the part that is so converted has very
different bioaccumulation properties and contributes virtually all of the
potentially toxic effects to man. Initially, it would seem that the resolution
of this problem would lie in making our models more complex, adding
physical state variables representing the amounts of the various chemical
species in each compartment. However, this approach leads to a marked
increase in computing time required, and means a number of transformation
rates (for which in many cases the mechanisms are not even understood)
must be determined. One possible solution to this is to assume that, within
each compartment, the relative amounts of the various chemical species are
in quasi-equilibrium, so that, as a first approximation, the various forms
exist in fixed ratios. Such an assumption of equilibrium partition has been
surprisingly successful in some cases.

In any event, restriction of attention to total amount of a substance,
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which (like nitrogen, heavy metals, or arsenic) is capable of existing in the
environment in many different chemical forms, may lead to serious
shortcomings of model performance and predictive capacity. The increased
complexity of these multi-species models is the price paid for realistic results.
Furthermore, such considerations are vital if the models are to be used for
effective exposure predictions and uptake calculations (vide infra). The
differing uptake rates, effectively different bioavailability, and so forth lead
to significant differences in absorbed amounts (dose) for the same apparent
levels in the surrounding environment (exposure), and this condition holds
irrespective of the level of organisation, be it subcellular organelles, organs,
organisms, or entire ecosystems. The biological significance of such
differences cannot be ignored, whether for prediction of risk or for back-
calculation of environmental levels.

3.6 ESTIMATION METHODS

Input data (e.g., values of state variables, values of coefficients, and
exogenous input data such as precipitation, influx of chemicals, pumpage,
and recharge) used in forecasting models for calibration or implementation
requires transferrence of field data from a finite set of observation points
in space and time to points in the model. Likewise, the model may need
to integrate values of variables over space and/or time. The challenge is to
select the appropriate model to estimate values or quantities at unobserved
points. Such a model should include a function which relates the estimated
quantity to the observation points, a criterion to optimise the objective
function, and an algorithm to derive optimal estimates and the corresponding
value of the objective function.

Present estimation models employ an estimator that is a linear function
of the observed data. The objective function of the estimation models is a
statistical parameter of the estimation error, e.g., the mean-square root.
Thus, the least-square criterion seeks to minimise the sum of squares of the
deviations between observed and estimated values of the data at the
observation points, subject to the requirement that the estimates represent
the average of the true data under a given function of that average behaviour.

In this case, the estimated values of observation points usually do not
coincide with the observed ones. Another recently popular estimation model,
named kriging, treats the variables as random functions of position and/or
time, and seeks to minimise the mean-square error of the estimated value
of the unobserved points. It assumes that a correlation exists between the
values of the variables at different points and that this correlation function
reflects spatial and/or temporal characteristics of the system which are not
reflected by its averagebehaviour. The resulting estimates coincide with the
actual values of the observation points. Kriging codes are presently used as
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a tool for mapping coefficients, and state variables on the basis of a set of
data points. They provide both estimates and the standard deviation of the
estimation error. Kriging helps to identify the location of clusters of people
or pollutants affecting a population. The application of kriging requires,
however, construction of a covariance matrix which, in turn, depends on
the amount of data available.

Kriging is also used as a tool in network design. However, with the view
that the forecasting model is just a tool to improve decision-making, then
the objective function of the estimation model must be related to that of
the decision maker, seeking those estimators which minimise the risk from
estimation errors. This approach requires decision analysis, and is a goal
for the future.

3.7 LABORATORY/FIELD CONSISTENCY OF
COEFFICIENTS

The estimation of coefficients used in the model is a critical step in model
building. The ideal situation is to obtain estimates from field data of each
coefficient in the model and of the uncertainties associated with each

estimated coefficient. In the ideal, this should be done using statistical
methods such as maximum likelihood estimates (MLE), least-squares
estimation, or some kind of Bayesian approach. The use of such analyses
is very seldom possible, because either the model formulation is too
complicated or the data available for the estimation are too sparse.

To avoid the estimation problem, laboratory experiments can focus on
the coefficient to be estimated. The coefficients of the model are then
estimated by a combination of data from the laboratory and the field. The
concept underlying the estimation in this way appears reasonable in theory.
In practice, however, there is a trap which must be avoided; it originates
from the use of a two-stage model in the estimation process when relying
on laboratory data to estimate a coefficient in the model. The laboratory
experiment is actually a model of the situation where some essential features
of the more complex non-experimental reality are omitted to obtain data
useful in the estimation of a particular coefficient. Accordingly, laboratory
experiments can be inconsistent with what is observed in the field, as has been
observed with all types of models. This is usually due to oversimplification or
to the heterogeneity in the field that cannot be reproduced in the laboratory.

An illustration of this phenomenon is the use of laboratory experiments
to obtain estimates for the diffusion coefficient of a specified chemical
moving in an aquifer. The geographical scale used in the laboratory certainly
is much less than that in the field-a very crucial determinant for the
estimation of the diffusion coefficient because of the heterogeneity of the
soil. The diffusion coefficient derived from laboratory data may be correct
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only for a very limited region, since the diffusion coefficient may vary by
orders of magnitude over a given site. Thus it is impossible for laboratory
experiments to give reliable and consistent estimates for diffusion coefficients,
because they cannot provide dependable averages for diffusion coefficients.
This implies that heterogeneity must be incorporated in the mathematical
model, perhaps, by introducing some stochastic element in the model. This
situation need not imply that laboratory experiments are to be avoided to
estimate field conditions; rather, caution must be exercised when employing
laboratory data to estimate coefficients of a field model. In conclusion, both
the strengths and the weaknesses of laboratory experimentation lie in its
simplification of nature.

3.8 UNCERTAINTY OF TRANSFER COEFFICIENTS

Transfer coefficients are defined as the ratio of the heat or mass flux to its

gradient in temperature or concentration. For example, in the saturated
zone of the subsurface, the hydraulic conductivity of water is the coefficient
of proportionalities between the moisture flux and the gradient of hydraulic
lead. In the discussion of simple models, it was stated that one of the key
assumptions in these models was to consider these transmission coefficients
uniform and isotropic throughout the problem domain. In the atmosphere
or in a groundwater aquifer, uniformity is generally not found except over
very limited distances. Indeed, anisotropy and heterogeneity are the rules
rather than the exceptions.

It should be expected that the significant transmission coefficients
that appear in the mathematical representations for the transport and
transformation of chemicals in the environment will be non-uniform and
anisotropic. In situations such as transport in unsaturated zones of the
subsurface, these coefficients are also functions of moisture content. Because
of uncertainty regarding the spatial variability and functional form of
variables describing the state of the system, (e.g., moisture content and
temperature), it is often difficult to determine and calculate the appropriate
coefficients. This has resulted in the development of empirical relationships
to determine and estimate values of coefficients.

In groundwater flow, several authors have proposed statistical methods
for representing transfer coefficients (Gelhar and Wilson, 1974). The
problems relate to specifying the characteristics of the probability distribution
functions used to approximate the coefficients. In atmospheric modeling,
one of the reasons Gaussian plume models are not good predictors of long-
range transport of air pollutants is that the model does not include provision
for spatial and temporal variability in the horizontal and vertical atmospheric
dispersioncoefficients.Theresultis that theaccuracyof thepredictionis
diminished. In the development of more complicated models, it is quite
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important to determine the degree of uncertainty in the values assigned to
these transfer coefficients on the calculated variable under consideration
(e.g., how will errors in estimating hydraulic conductivity affect calculated
values of chemical concentrations?).

Another source of uncertainty is the change in a coefficient with time.
For instance, in flow in the unsaturated zone of the subsurface, the hydraulic
conductivity changes with moisture content which itself is changing with
time due to infiltration of moisture and evaporation at the surface. In the
case of moisture flow in the unsaturated zone, the movement of moisture
is being influenced by moisture entering the subsurface from rainfall, for
example, and by energy transfer of solar radiation.

A final consideration is the uncertainty in transfer coefficients across
phase boundaries. A substantial component of this uncertainty relates to
lack of understanding about the processes describing transfers of mass and
energy across these boundaries. A poignant illustration is the interphase
transfer of chemical solutes from the liquid to the solid phase, e.g., the
process of adsorption. In this example, methods of estimating transfer
coefficients for adsorption to different soil components are not complete
and even for methods that are available, they do not adequately account
for the molecular characteristics of solute and solid surface, thus making
their applicability to other soil components limited.

3.9 ALTERNATIVE APPROACHES TO VALIDATION

The term "validation" refers to a process by which to demonstrate, or
improve one's confidence in, the ability of a mathematical model to predict
or duplicate the performance of a real system. Efforts to establish such a
correspondence between model prediction and real system performance are,
of course, an integral part of the modeling process, without which the whole
idea of using quantitative, computer-based descriptions of a system rather
than the system itself are reduced to near idle speculation. Indeed, one of
the reasons that predictions based on performance of a computerised model
are not readily accepted by policy makers and regulatory agencies today is
that, previously, predictions based on unvalidated models have received
wide notoriety.

Validation has always been regarded as an expensive and difficult process,
partly because of the conviction on the part of many that the only ultimately
reliable approach to validation must be the close comparison of model
predictions with performance of the real system under identical operating
circumstance. There is a strong argument for this point of view; observed
ability to predict system behaviour is the point of setting up a model in the
first place, and nothing is more satisfying than to observe that predictions
are able to stand up to this ultimate test. There are, however, other
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techniques that can and should be used as a supplement and extension to
this specialised kind of validation process which, for all its ultimate appeal,
suffers from the disadvantage of being applicable only after the bulk of the
model development work has been completed.

A disadvantage is that it requires, by definition, that experiments be
performed with a real system; this is quite reasonable for small-scale
problems, but becomes unacceptable to the larger community when dealing
with such problems as pollutant dispersion in watersheds or aquifers.

A partial solution to these difficulties is to supplement the traditional
concept of validation with other approaches by which preliminary or partial
validation can be carried out as the model is being developed. One such
technique is sensitivity analysis.

Sensitivity analysis is the process by which, after a model is computerised,
experimental runs are carried out using deliberately altered values of the
coefficients governing the behaviour of the system. In some cases, this
process shows which coefficients are unimportant for model performance,
and suggests simplifications to the model structure; relative sizes of the
resulting "sensitivity coefficients" give valuable guidance on what resources
should be allocated to the determination .of each coefficient.

An important extension can be added to this process. With a prior
estimate of the error in each coefficient, these estimates can be combined,
using the sensitivity coefficients, to form an overall estimate of the uncertainty
of the final output of a model. Recent work has estimated the coefficient
error by multiplicative distributions: a step that has improved the range of
applicability of this process quite markedly. A generalisation of this process
is possible for the case in which model performance does not depend linearly
on coefficient changes; one describes a probability distribution for the
uncertainty in each parameter and runs the model many times, each time
sampling from each distribution as a random variable; the resulting population
of model performances is then examined to determine the level of variability,
which in turn is examined in terms of acceptability to the user.

There remains the idea that comparison with actual field results is the
natural way not only to "calibrate" the model, i.e., to determine the values
of the coefficients within it, but also to validate it. This restricted definition
must be downplayed; methods are available today for validation processes
that are accessible with relatively few resources, are publicly tolerated forms
of experimentation with real systems, and, if more widely practiced, would
reduce the tendency to develop models to the point just before, rather than
just after, careful validation and assessment of prediction error.

3.10 EXAMPLES OF EXPOSURE CALCULATION

"Exposure"is a termthatcanbe appliedat anylevel.Theconceptsof
exposure and of absorbed dose are applicable at the levels of cells, tissues,
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individual organisms or entire ecosystems. First, a clear statement is needed
of the precise target, whether a mitochondrion, a kidney, or a freshwater
pond; and the boundary of that system must be clearly defined. In general,
the concentration (in, whatever medium is selected) outside that boundary
is called "exposure". The amount getting inside is referred to as "dose".
Concepts such as bioavailability, chemical speciation, and active transport
obviously affect the relation between dose and exposure, but do not
alter the conceptual definition of either-nor will considerations of time
dependence. In some cases, a chemical once absorbed will be retained for
a long time, so that a long past history of exposure is needed for dose to
be determined. Mathematical expressions are frequently encountered having
the following form:

D(t) =[E(t) U (t) dt
(7)

where D is dose, E is external exposure, U is a time-dependent uptake rate,
and t=O is the time at which exposure begins. If excretion is important, a
more complicated formula is needed such as:

Dret(t) = [E(t) U (t) dt - [D(t)X(t)dt
(8)

where X(t) is excretion rate.
There is no limit to the complexity that may be incorporated in such

formulae; but to define exposure, one need only specify the time course of
concentration of the chemical outside the boundary of whatever target to
be defined. Consider some examples:

(1) Dose to Nuclear DNA: If chromosomal material is the "target",
exposure would be defined by overall concentration of chemical within the
nucleus. If chromosomal binding is inferred from cellular concentrations,
only the amount absorbed by the cell need be known for exposure to be
defined. It should be noted that the molarity of the chemical in the
surrounding medium does not define exposure per se. In many cases, most
or all of the chemical will bind to the cells present; therefore, doubling cell
density will effectively halve exposure, even though the initial concentration
in the growth medium is the same.

(2) Dose to an Organ: For a whole organ such as kidney or liver,
chemical communication with the rest of the organism is largely through
the blood. Knowing the time-course of a chemical's concentration in blood
is necessary to define exposure. Estimation of absorbed dose will depend
on additional factors, such as binding to blood components and its physical-
chemical properties. Such factors playa role similar to bioavailability in
other systems. 'If one is interested only in exposure to one molecular species,
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the model must be formulated so the time-course of concentration of that

species is an output variable so as to define exposure.
(3) Exposure of an Ecosystem: The definition of boundary is more

difficult in this instance, especially since plants extend to different heights
in the atmosphere, and since a chemical's penetration into the groundwater
occurs at varying depths. The simplest procedure is to estimate deposition
on an area-wide basis rather than by volume. While this process does not
address how effectively tall foliage filters a chemical out of horizontally
moving air, it provides a practical definition for monitoring and measurement
stations to be identified in a meaningful way.

3.11 CONCLUSIONS

(1) The modeling process is widely used advantageously in predicting
exposure of human and non-human biota to chemicals of all kinds and as
an integral part of the entire risk assessment process. The use of models is
evidently going to continue and likely increase in importance, particularly
in regulatory agencies. Nonetheless, it contains some deficiencies and
difficulties.

(2) Modeling of the transport and alteration of chemicals in air and
water is hampered by the lack of communication between modellers and
users of the models; consequently, model development is not sufficiently
influenced by their ultimate uses.

(3) Although remarkable progress has been made in developing multi-
dimensional models which account for dispersive mass transport and some
chemical transformation, simple one-dimensional models accounting for
convection, dispersion, and linear source functions are found to be widely
used, even in complex situations, as a tool for initial insight and analysis.

(4) The main limitations to the modeling of transport and transformation
of chemicals are: the inability to quantitatively describe processes, especially
those chemical and biological; the difficulties of numerical methods; the
estimates of certain coefficients on the basis of data samples; and the
inadequacy of field data.

(5) An important hindrance to the effective use of models in solving
practical field problems is the possibly large error of prediction of the model
due to uncertainties inherent in all phases of the modeling process. Although
techniques exist for incorporating uncertainty into models and for assessing
the error of prediction, they have not yet been sufficiently developed or
widely used. As a result, models lack an adequate user-oriented assessment
of the error of prediction.

(6) Calibration of numerical models on the basis of processed historic
data records has not always been successful. Techniques are lacking to
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satisfactorily estimate local model coefficients on the basis of field data,
particularly for chemical mass transport.

(7) In general, models have been inadequately validated. Furthermore,
models in repeated use are rarely tested against newly-arrived data.

3.12 RECOMMENDATIONS

Models for predicting the concentration of chemicals in media leading to
exposure to human and non-human biota should serve as a tool for producing
information to help decision-makers. To be user-oriented, the development
of such models should involve a close interaction between modeller and

prospective user, especially when defining a problem and identifying
constraints (e.g., deadlines, budget). The application of a model in a
particular field situation requires an understanding of the underlying
mathematical background and of the strengths and weaknesses of the model
as well as competence in the area of its application.

(1) Methods for improving modeller/user interaction in the modeling
process should be further developed. Simple analytical or numerical models
can be very useful to obtain first approximations of expected concentrations
or arrival times of chemicals at points of interest. Moreover, the output of
simple models can serve as a reference level to evaluate the merits of using
a more complex model for individual chemicals and chemical mixtures.
Another advantage of a simple model is the relatively low cost and time of
operation.

(2) Guidance should be provided to users in choosing appropriate
models for given problems.

(3) Although already better understood than in the past, interdisciplinary
action in the modeling of transport should be constantly emphasised. Gaps
in knowledge still limit the predictive capability of models. The most critical
among them are in the area of kinetics of chemical and biological
transformation processes. For example, for groundwater situations, mass
transport and transformations in soil and in the underlying unsaturated
zone-which control the arrival of a contaminant in aquifers - need to be
better understood through research.

(4) The study of the kinetics of chemical and biological processes in
exposure modeling should be advanced; for example, in modeling
groundwater processes, study of the unsaturated zone and of the theory of
flow and mass transport in fractured and karstic rocks should be emphasised.
A deterministic forecast may lead the user of the model to believe that the
prediction of the model is error-free. In reality, any prediction is approximate
because of the many uncertainties. An estimate of the error of the prediction
is important since it reflects the degree of risk confronting the decision-
maker when choosing an option on modeled results.
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(5) Forecasting model outputs should be presented in probabilistic
terms. Alternatively, a statistical parameter of the error of prediction should
be part of the model output.

(6) Methods should be developed for balancing the accuracy of
coefficients and variables against the losses incurred by estimation error.
Field techniques for evaluating coefficients and rational collection of field
data can contribute to more accurate prediction.

(7) Feasible techniques to derive estimates of model coefficients in the
field should be developed.

(8) Development of methodologies to design data collection programs
that are responsive to modeling and model-user needs should be promoted.
Because of the large number of historical cases where inadequately validated
models have been used with disappointing results, and because of the
relatively inadequate support given so often to the validation process as
compared to other parts of the modeling process, more attention should be
given and more resources allocated to validation as an essential part of the
modeling process.

(9) Models currently available in a largely unvalidated state should be
identified, and their use avoided, particularly in regulatory functions.

(10) More attention should be paid to development of new techniques
of validation such as the application of sensitivity analysis and uncertainty
of calculations which may be used throughout the model development
process to avoid dependence solely on comparison with actual systems.

3.13 REFERENCES

Friedlander, S.K. and Seinfeld, S.M. (1969). A dynamic model of photochemical
smog. Environ. Sci. Techno!. 3, 1175-1181.

Gelhar, L.W. and Wilson, J.L. (1974). Ground water quality monitoring. Ground
Water 12(6), 399-408.

Pasquill, F. and Smith, F.B. (1971). The physical and meterological basis for the
estimation of the dispersion of wind-borne material. In Englund, H.M. and Beery,
W.T. (Eds.) Proceedings of the International Clean Air Congress, Vol 2, pp.
1067-1072.

Piver, W.T. and Lindstrom, F.T. (1984). Simplified estimation technique for organic
contamination transport in ground water. J. Hazard Mater. 8(4), 331-340.






