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18 Quantitative Models for Environmental
Pollution: a Review

P.C. CHATWIN
School of Mathemaies and Swstics. University of Sheffield. Sheffield, UK

and

P.J. SULLIVAN
Department of Applied Mathemarics, Universuy of Western Ontario, London. Ontario,
Cunudu

18.1 INTRODUCTION

There are. quite rightly, growing concerns world-wide about the dangers. both actual and
potential, of environmental pollution. Public pressure is causing governments and their
agencies, sometimes acting multinationally, to support or require the development of
regulations to control and monitor the degree of such pollution. Such regulations often involve
mathematical modelling. Unfortunately, turbulent diffusion. one of the basic scientific
processes that controls environmental pollution, is still not understood, at least not to an extent
that allows such models to be reliable or accurate. Therefore, even leaving aside scientific
curiosity, there is — in the authors’ opinion — an overwhelming practical case for increased
public support of hasic research in turbulent diffusion. This case is not at present betng
articulated with sufficient force by scientists nor, partly as a conseguence, is it recognized
by povernments and their agencies. Also, what publiclv funded research there is tends to
have aims that are dominated by perccived market needs (¢.g. to construct a mathematical
model of the consequences of the accidental release of chlorine on a factory site with account
taken of the buildings or of the effect of hot water release from a planned power station on
the chemistry and biology in & complex estuaring system). The point of this comment is not
that such aims are not worthwhile, but that the present state of knowledge means that they
are misguided and/or unrealistic because they cannot he met except in a cosmetic sense.

In a world that is becoming “greener’, the authors believe that an extended discussion of
the points made in the previous paragraph is overdue and this chapter is an attempt at that,
albeit a partial and selective one. In view of Cath Allen's scientific career and philosophy,
it seems particularly appropriate for such a paper to appear in a volume in her memory.

18.2 SCIENTIFIC AND MATHEMATICAL BACKGROUND

The discussion will be restricted to cases of a pollutant whose concentration I'(x,) at position
x and ume 7 is determined by two processes: advection by a turbulent flow with velocity
field Ttx,0). and molecular diffusion with constant diffusivity x. The equation governing T
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15 theretore

or + Tl = 97T (18.1)

dr

Hence cases where chemical changes occur are not included. but many of the points developed
in this chapter also apply in general terms then. However., given this restriction. it is important
to note that Equation 18.1 applies whether or not the poliutant is passive. This is so. in
parucular. when buoyancy forces (arising, for example, when a heavy gas such as chlorine
is released into the atmosphere. or when hot water used to cool a power station 1s discharged
inte a river) have a significant influence on Tix,n through the body force term in the Navier—
Stokes equations. In such cases, experimental evidence suggests that it s nearly always
reasonable to assume that the flow is incompressible, i.e. that

v.T =40 (18.2)

Itis important first to emphasize that T and T are the real concentration and velocity fields
in any one realization, and that they would be the values measured by transducers in a *perfect’
world without instrument noise and sinoothing. In particular I and T are not average values
over time or space except, of course, of the type required by the continuum hypothesis. As.
however. all the flows considered are turbulent. T, and hence T, are rar-tom fields. This
means that the values of T(x,r) and I'(x.1) for any particular x and ! are (1) unpredictable
and (if) vary from realization to realization.

The key theme of this chapter will be that, for both theoretical correctness and practical
validity, these random fields must be described in terms of their probability structures.
Attention will be focused on one probability measure, namely the probability density function
(pdf) of I'(x,r). This will be denoted by p(f:x,7) and is defined by

P = ;—8[prob(l‘(x,r) = ] (18.3)

for all § = 0. The variable § therefore ranges over all the possible vaiues that [x,¢) can take.
The probability that ['(x,1)=<#8, appearing on the right-hand side of Equation 18.3. is the
proportion of the realizations forming the underlying ensemble for which I'x.)=§. The central
concept of the underlying ensemble is discussed, for example, in Chatwin and Allen (1983a).
Here it suffices to recall that the choice of the ensemble is for e investigator to decide,
but that this choice must be made since it defines those conditions which are permttted to
vary from realization to realization and, hence. determine pifix.r) and all other probability
measures, For example, when assessing the sarety of a fixed storage tank containing dangerous
gas. 1t is likely to he appropriate to consider an ensemble of releases in which the weather
and the time of release are allowed to vary from realization to realization, but in which the
source geometry and topography are not. If peopie are not in the vicinity of the storage tank
at night, it is possibly more appropriate to consider another ensemble (a subensemble of the
first) in which night-time releases (and hence night-time weather conditions) are excluded.
[t is now convenient o state some of the more important properties of p(6;x,1).

(1) It 66 is small and positive, p(6:x,066 is to first order in 86 the probability that & < ix.1)
< # + 48
(i) As p(@:x.1) is a pdf
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lxp(f):x.r)da = |} (18.4)

(iti) In any cnsemble there s a2 maximum possible value. O(x,r) say, of Fix,n so that p(f:x.1)
is identically zero for 6> O(x.¢) and the upper limit in the integral in Equation 18.4 could
be replaced by O(x.r). Note that advection acting alone cannot change the concentration
of pollutant in any {luid particle so that O(x,¢) is strictly less than the source concentration
By (supposed unitform) because of molecular diffusion, the only process that dilutes the
pollutant. However, O(x.r) is unknown and is impossible to calculate except for some
simple ensembles (Chatwin and Sullivan, 1979). Thus Equation 18.4 is usually a
convenient form to use.

(iv) The expected value. or ensemble mean, of any functive fof I'ix,r) is defined in the standard
way by

E(filxn]) = | fe)p(ox.nde (18.5)
Three special choices of fin Equation 18.5 are especially relevant.
AT, 0l = 8Txe,n—0] = pibx.6) = E{5[T(x,1)—0]} {18.6a)

ATt = Fix) = pxe,n) = EflNxe,nt = \?qbp(fi);x.!)dct) (18.6b)
AT(x.n

[T —pixn ]’ = (e, = E| ) —pon ) )
{18.60)

l‘“[¢>—u(x.r)lzp(cb;x.r)w = .\‘(lep(tbzx.r)dtb—,u,z(x,!)

In Equation 18.6b u(x,r) is the (ensemble) mean concentration and in Equation 18.6¢
o"(x,1) is the concentration variance, so that o(x,1) is the standard deviation of the
concentration. It is ajso common to use the term rms concentration fluctation for af{x.h).

{v) Use of Equations 18.5 and 18.6a in Equation 18.1 gives the ¢volution equation for p(8;x,1)
in the torm

Wy G ENSII =01 = k9« a‘:

—E{ (VT8I —6]} (18.7)
. 3
where. for brevity, the dependence of p on 6.x.1 and of T.T" on x.f has not been shown
cxplicitly. This will often be done in the rest of this chapter where there is no risk of
confusion — for example, Equations 18.8 and 18.9 betow . Use of Equations 18.6b and
£8.6¢ with 18.7 gives equations for w(x,r) and a°{x.7)

‘-jaﬁ + CEMT = «vy (18.8)
t

4

do~
at

+ VEIT?) — 2uV.E{TM) = «Vi0" — 2kE{[(VI — Vu) ) (18.9)

See, for example, Chatwin (1990) for further details of the derivation of Equations
18.7-18.9. 1t is important to emphasize that Equation 18.7 and hence 18.8 and 18.9,
are completely general provided Equations 18.1 and 18.2 apply throughout each realization
of the underlying ensemble. The expected values in Equation 18.7 depend on the choice
of this ensemble, partly through its influerce on the initial and boundary conditions.
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18.3 SOME COMMENTS ON TRADITIONAL APPROACHES

Neither the notation nor the methods used in Section 18.2 are yet standard in turbulent diftusion,
so some explanation is perhaps in order. The symbols x and o= have been used because this
is universal practice for mean and variance in statistics. More traditional no_g:_n_ign Hl tuEbulelli
diffusion would be, for exampte, C for I', C for u, ¢’ for (F—u) and (¢’ )* for o-. This
notation is inelegant, but there is a more serious criticism. This is that overbars have a precise
connotation in statistics. namely to denote arithmetic means (the same connotation is used
clsewhere, e.g. for centres of mass). Suppose, for example, that a finite number n of
realizations (repetitions) of an experiment are made and that I"'ix.r) is the concentration
at {x,0) in the rh realization (r = 1,2... n). Then the standard definition of T, (x,7)
would be

T,x0) = 1t ) I‘”’(x,r)) (18.10)
H L =1 5
[f there is no risk of confusion, I'(x,r) can be used instead of F,, {x,n.

The key point is that T, (x,s) is itself a random variable, unlike w(x,t}. The mean and
variance of '), (x,1) are p(x.7) and a’ {(x,t)/n respectively, and IT,, {x,7) is an estimate of u(x.7).
The probability that the difference between T, and u exceeds any given quantity tends to
O as n — oo and, in that sense

ulx,ty = hm [T, (x,1)) (18.11)

A related point about means is more serious. Many textbooks and papers still assert (usually
without comment) that the only means with which turbulence and turbulent diffusion dea!
are time-averages. This assertion is wrong in principle and potentially dangerous if used in
practice. Suppose, for example, that F;~(x,r} is defined by

fen 2 L0
rx 0 = — | Iix,s)ds ¢ (18.12)
F TS

The first point to note is that, like T, in Equation 18.10, T'; is a random variable. The
statistical properties of T'y obviously depend on T, but, unlike those of T\, cannot be
expressed simply in terms of those of T'; for one thing the values of I'(x,s) in the integrand
of Equation 18.12 are not statistically independent. Figure 18.1 illustrates how significantly
time-average estimates of one statistical property of I'(x,r) depend on T. It follows that measured
values and mathematical models of I'r. and reguluiions expressed in terms of time-average
concentrations, that do not specify T are valucless. (Although incidental to the main th-ust
of this paper, it is worth commenting also that even when T is specified in regulations its
choice 1s not always supported by convincing evidence that T'y for that value of T is the
correct measure of, for example, toxic risk.)

There is only one situation where time-averages are useful and that is when the ensemble
is statistically steady, i.e. when all statistical properties of T", including p (and therefore
0" ), are independent of r. This requires the release of pollutant to be at a steady rate into
a flow which is itself statistically steady. The first restriction excludes, for example, sudden
releases such as those occurring in accidents, and the second restriction excludes tidal flows.
In those rare situations when these conditions are met, the mean concentration pix) can be
estimated from the record of one experiment because, by ergodicity, I'*_T(x,r) then tends to
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Figure 18.1 Dependence of estimate of intensity i on averaging time T for dispersion from a steady
source, where | = o/p, x is downwind distance and L. is a constant length scale. A running average
of the time series over time T was made at each measuring stativn, and then g and ¢ were estimated
from the smoothed record (over identical segments). Symbols denote the following values of T in seconds:
0 007 4 0.7 ¥ 7; and © 70. Taken from Figure 14(b) of Davies (1990)

#{x) as T — oo, When applicable, use of this result avoids costly repetitions. But, most turbulent
diffusion problems, including nearly all those affecting the environment, are statistically
unsteady. From the point of view of understanding, the use of time-averages is then at best
an unnecessary complication and at worst a serious source of error and confusion; see Chatwin
and Allen (1985b; 1985¢).

Beginning in the early part of this century (Monin and Yaglom, 1971; pp. 606—676), much
research on wurbulent diffusion has focused on the behaviour of the mean concentration ulx,r).
The traditional approach followed that of Reynolds for the mean velocity field. If

Ux,ry = E{Tix,n) (18.13)

is the mean velocity field and if c(x,) and u(x,s) are the concentration and velocity fluctuations
defined by

cx. 1) = ') — pix.n), utx,r) = T(x,t) — Ux,n (18.14)
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then Equation 18.8 can be rewritten in the more familiar form
dp

p + UV = —V.Eluct + «9°n (18.15)
!

In wrbulent diffusion, the term invoiving £ {uc} in Equation 18.15 cannot be small. However,
it is not expressed in terms of u and U. and there is no krown way of doing so that is
mathematically correct or even physically sound. This is the simplest manifestation of the
closure problem.

For the reason given in the next paragraph, little will be written here about the many different
attempts made to circumvent the closure problem for u. Understandably. these all involve
empiricism and. also understandably, none has been fully justified scientifically, either
theoretically from the fundamental Equation 18.1 or by satisfactory and comprehensive
validation against data. Early methods such as Gaussian plume models or those involving
eddy diffusivities are now becoming obsolete. Popular current methods, which extend in
practice or principle to other statistical properties, include high-order closures (many available
commercially despite the lack of proper validation) and random walks. It is interesting o
recall that Cath Allen (Allen, 1982) was one of the first to apply the latter technique in an
environmemtal context by developing the ideas of Sullivan (19713,

The mean concentration u is the simplest statistical property of I'(x.r) and. indisputably,
one of the most important. Unfortun ttely, oo much research over too many vears has
proceeded on the assumption that it is the only one. The unfortunate result of such emphasis
is that, until relatively recently, little attention has been paid to the question of whether other
statistical properties are important, so that the essential randomness of turbulent diffusion
has largely been ignored, i.e. it has been treated almost as a deterministic phenomenon.

18.4 PRACTICAL IMPORTANCE OF A STATISTICAL DESCRIPTION

Over the last 25 years or so, experimental evidence has accelerated to show that differences
between the actual concentration I'(x, ) and the mean concentration u(x.7) are not smail. The
simplest measure of such differences is o(x.1) defined in Equation 18.6¢. and Figure 18.1
has already shown that experimental estimates of o/p, the intensity, are not small. Qther
examples from the many possible are given in Figures 18.2 and 18.3. It will be noted that
values of the estimated intensity range from ~ 107" to ~6, ignoring the cven lower values
in Figure [8.1 obtained by imposing artificially large averaging times 7 on the raw data.
Some comments on the reasons for this variation will be made later. Figures 18.4 and 185
show measured values of p(¢,x,r) which, again, are chosen from many possible examples
and confirm that turbulent diffusion is far from being deterministic. For, were the process
deterministic, the only value possible for '(x,7) would be u(x,7) so that p(6.x.7) would have
the form

piex.0 = 810 — uix.0)) (18.16)

where & denotes the Dirac delta function; according to Equation 18.16 the graph of p versus
f would have a single infinite spike — very different from those shown in Figures 18.4 and
18.5.

Given the weight of this evidence, it would be surprising if it was not now recognized
that accurate models of all types cf environmental impact should take into account the statistical
nature of I'(x,7). Summaries of practical examples are given by Chatwin (1990), Sullivan
(1990), Weil, Sykes and Venkatram (1992) and by many others.

However, because of the traditional, but undue, emphasis on the mean concentration noted
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Figure 18.2 Estimates of i (sce caption to Figure 18.1) downstream of a steady (a) neutrally buoyant
and (b) buoyant source from water tank experiments by Deardortf and Willis (1984). In each diagram
the triangles and circles denote averages over the inner and outer parts of the plume, respectively. X
is a dimensionless downstream distance measured from the source, as defined ir the original paper
{Reprinted from Deardoff and Willis. 1984, with kind permission from Pergamon Press Ltd, Headington
Hall, Oxford OX3 0BW, UK}

above, most regulatorv models now in use are based solely on its predicted behaviour. As
turbulent diffusion is essentially a stochastic process (as evidenced by Figures 18.1—18.5),
such models cannot (except perhaps for some particular types of environmental risk) ensure
the protection that was presumably intended. In fairness. it should be noted that some such
models attempt to recognize the existence of the large variations of actual concentrations from
the mean by incorporating estimates of “peak to mean ratio’, However, this measure is
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Figure 18.3 Estimates of i (see caption to Figure 18.1) for data from field trials conducted by Dr C.D.
Jones under convective daytime conditions. The values of I' were measured at four different cross-
wind positions (channels) at 7.5 m downwind of the steady source and were digitized at 10 Hz. Estimates,
denoted by crosses, were made for all four channels using ail the data points up to the times shown
to assess how statistical convergence of the estimates depended on n in Equation 18.10. The slight
trends evident for the larger values of time probably indicate that the atmospheric conditions were only
approximately statistically steady. Adapted from Figure C135 of Mole and Chatwin (1990)

scientifically unacceptable. Of course, there is a peak concentration © at each x and 1 as
noted above in Section 18.2, but its value is unknown and very difficult, perhaps impossible,
1o calculate. The most serious objection to the use of the “peak to mean ratio” is that 1t is
almost impossible to measure O because its occurrence as an actual value of I' is. by definition,
an cxtremely rare event. This is especially true when, as is normally the case (see Figures
18.4 and 18.5), the graph of p versus 6 has a long tail for the higher values of 6. It follows
that it is extremely unlikely (and this conclusion can be quantified. in principle at least) that
measured values of ‘peak’ concentration are at all close to the real value of O and may be
orders of magnitude less. These measured values are, of course, themselves random variables,
but random variables whose statistical properties depend mainly on quantities such as the
length of data record and detailed characteristics of the instrumentation and data analysis.
Even if I' happens to be close to © for a particular value of x and 7, it will be so only over
a spatial region of dimensions of the order of the conduction cut-off length (Chatwin and
Sullivan, 1979), typically of order 10™* m in the atmosphere. This dependence of measured
peak concentrations on the instruments and length of data record is well illustrated in Figure
15 of Koopman er af. (1982).

It is therefore clear that traditional regulatory models, based on the mean concentration
4 teven when they predict its behaviour with x and 1), are not satisfactory and must, eventually,
be replaced by statistical models. Before discussing, in slightly more detail. the elements
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Figure 18.4 Histogram of concentrations from wind tunnet data obtained by Dr D J. Hall, who carried
out 100 repetitions of an experiment in which neutrally buoyant gas was instantaneously released. The
curve shows an estimate p(8) of the pdf by G.W. Goodall found by & non-parametric technique. Notice
the bimodality. Scee Chatwin and Goodall (1991) for further detaits of the experiments; this estimate
is for the ground-level measuring station .70 m downwingd of the source for a non-dimensionat time
7 after release of 9.80

of ene such statistical model, it is important to reiterate a point made earlier in a different
context. Any model for assessing, monitoring or regulating environmental risk, whether this
arises through a potential accident or through persistent background concentrations (as is
appropriate for most air and water quality control) must deal with the correct measure (or
measures) of harm. Unfortunately. except perhaps for the case of local ignitability of a
flammable gas. it is difficult to know what this correct measure is or, at least, whether any
proposed measure (¢.g. ‘peak to mean ratio’ again!) is supported by adequate evidence. It
is understandable that this comment seems likely to be appropriate for most cases of
toxicological risk.

One of the standard measures of toxicological risk is in terms of the dosage D{x.7). where
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Figure 18.5 This figure has been derived by D.M. Lewis from data ootained by Dr C.D. Jones in
field trials in 1991, and indicates some of the problems associated with noise. An attempt has been
made to remove noise from the raw data, but about 12% of the data points still indicate negative voltages
{concentrations). The curve is an estimate p(v) of the voltage pdf obtained using the same method as
that in Figure 18.4; voltages are used pending final details on the calibration

!

Dix.)y = | T{x,9)ds (18.17)

In Equation 18.17 the lower limit ¢ = —oo allows for all possibilities but, in practice, it would
be replaced by the time at which the risk began by . for example, the sudden accidental release
of a toxic substance. (In view of comments above, it is interesting (0 note that an earlier
“definition” of dosage ignored any time variation of I', whether random or not, and postulated.,
wrongly of course, the existence of a constant concentration C and a time of exposure T,
with I equat to CT.) Like T(x.r). D(x,7) is a random variable with ndf pyfAix,n, where
{see Equation 18.3)

poifix,r) = —di—{prob[D(x,t)saL}] (18.18)

Figure 18.6 shows an example of p;, estimated from experimental data.

Provided D is the appropriate measure of toxic risk, and the only one, the mortality rate
Mix.t; of a population at x after time ¢ (where M is a proportion so that 0 =M = 1} is a raudom
variable with statistical properties dependent on those of D, i.e. on Pp- The probability
Py (m;x,1) that M(x,1)=m for any m with 0<m =1 depends on toxicological response and
can be expressed precisely in terms of p, and the conditional probability distribution of
M {x,1) for given dosage. This latter distribution has to be estimated by toxicologists. If pp
and it were to be known, Py (m.x,1) could be determined and used to take counter-measures,
For example, choose a small value m, (e.g. m, = 0.001) and a large value P, (e.g. P, =
0.999) and insist that all the population is located so that

PM(HT|;x,!)>P| (1819)
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Figure 18.6 Histogram of dosages and estimate of dosage pdf p,(¢:x.0) for Dr D.J. Hall’s data.
Details as in Figure 18.4 except that 7 = 30.0. The estimate, by W.L. Sweatman, uses a different
technigue from that used to obtain Figure 18.4: the curve is the log-normal pdt whose mean and variance
are those obtained by maximum likelihood

With the given illustrative values for m, and P, Equation 18.19 ensures that there is a
greater than 99.9% chance that less than 0.1% of the population will die; refer to Griffiths
and Megson (1984), Ride (1984) and Griffiths and Harper (1985) for more detailed comments
on toxicotogical nsk.

It is clear that the approach to risk assessment just outlined can be applied in other cases,
including those when T itself is the appropriate measure of the hazard. One such hazard is
local ignitability of a mixture of air and a flammable gas such as CH,. If the stoichiometric
limits for the gas—air mixture are 8, and 6, (where 8, = 0.05. §, = 0.15 for CH,), the
probability that the mixture is ignitable at x and 7 is determined very simply from pi:x 1) by

"
Pix,1) = L p(fx,1)do (18.20)

Birch, Brown and Dodson (i980) presented convincing experimental evidence that Equation
18.20 *s the correct quantification and, conversely. showed that their results could not be
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correlated with the mean concentration g(x,7). In particular, there was no apparent connection
between the level surfaces of P, (i.e. surfaces on which the probability of local ignitability
was constant) and those of . the two sets of surfaces did not even have similar shapes.

18.5 CURRENT RESEARCH NEEDS

18.5.1 Preamble

We contend that the above arguments show that the scientific case for using
probabilistic/statistical methods to assess environmental pollution, rather than traditional
determimistic methods, is overwhelming. There are three important factors which tend to
inhibit progress towards the much more widespread adoption of such methods in practice.

First of all is the problem of public attitudes, in which it is convenient to include, for example,
those of politicians, legislators and lawyers. In many countries, including Canada and the
UK, the crucial concept of a probability is not something to which most people are ever
exposed, let alone understand. (It could be argued that an exception needs to be made for
gambling.) For example, when a public inquiry is set up following a serious incident, it is
common to hear politicians use phrases like ‘to ensure complete safety’ in stating aims,
especially in some of the most sensitive areas, such as food and nuclear reactors. It will be
clear now that “complete safety’ is unachievable and that, instead, the public must be educated
to understand, and to accept, that the only type of objective that can be achieved, in principle
at least, is a large probability of harm less than a specified level occurring. For example,
tor the case of a toxic gas in which dosage is the appropriate measure of harm, the constants
my, level of harm, and (1 —P)), the probability of this level of harm not occurring, in
Equation 18.19 are legitimate targets. The precise numerical values of these two measures
have to be chosen by the public, bearing in mind cost — the smaller the probability and the
degree of harm, the higher will be the cost.

The second tactor has already been mentioned: it is the rapid acceleration in public pressure
for regulations on environmental safety due to increased perceptions of its importance. As
a result of this pressure many models based on invalid premiscs have been developed and
sold, and are now being used. In detail, such models always involve assumptions, particularly
for ‘resolving’ the closure problem, that are, at best, inadequately validated against data and,
at worst, obviously erroneous. But, additionally and more fundamentally. they postulate a
determimstic process that has no connection with reality. The existence of such models (and
the willingness of some people to produce new ones) reduces the pressure on users. and
potential users, to demand better ones. However (Hanna et al. 1992), there are a few
encouraging signs of more realistic perceptions.

Finally, it is important to note that producing good statistical models of turbulent diffusion
is difficult. On the one hand the underlying science is not adequately understood in the sense
that the methods proposed for resolving the closure problem, inevitably present in any equation
for a statistical property, such as Equations 18.7—18.9, cannot be asserted to have known
limits of accuracy except, sometimes, in situations for which they have been directly validated
against data. Too often, the results obtained in one set of circumstances are extrapolated without
Justification to other (usually more complicated) situations. For example, it has sometimes
been claimed (or at least implied) that values of o/ measured in experiments on passive
tracers on flat ground in neutral atmospheres with a steady continuous release can be applied
to unsteady (including instantaneous) releases of heavy gases under all atmospheric conditions
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and on all terrains. The inevitable conclusion is that there must be more — much more —
fundamental research. On the other hand. even if the fundamental scientific problems can
be solved, the task of incorporating the new knowledge into practical models will be difficult.
Particularly challenging is the need to have models that can respond to emergencies both
quickly and with acceptable accuracy. Although the basic scientific problems will. in principle.
be solved eventually (within one hundred years?) when computers are powerful enough for
the statistical properties of T to be estimated from sufficiently many direct numerical solutions
of Equation 18.1 and the Navier—Stokes equations (thereby avoiding the closure problem),
itis almost certain that this technique will be far t0o slow for it to be used in, for example,
a factory site in which dangerous gases are produced or stored.

18.5.2 Practical statistical models of the future

In view of the dilemma posed at the end of the last paragraph, it is proper to study the structure
of statistical models that can be used in practice to assess actual or potential hazards. Such
models ought to be simple enough to be applicable and useful, but not so simple that they
are grossly inaccurate or misleading. Also, because of the large range of differeat hazards
that exist (toxicity, flanu.ability, malodour, etc.), each with its own measure, or measures,
of harm (see Section 18.4), there is a need for many diffc..at models to be developed.

Given the unlikelihood, at least in the short to medium term, of being able to produce
practical models (i.e. models yielding sufficiently accurate results quickly enough in real time)
based on approximate solutions of equations such as 18.7—18.9 for p0:x.0y, pix.1) and
ot (x.0), respectively, there are two promising but incipient lines of research. For illustrative
purposes these will be discussed in terms of hazards for which T'(x,) and p(6;x.1) are
appropriate measures; it will be clear that both approaches can be applied in other cases such
as that when dosage, defined in Equation 18.7, is the relevant measure.

(1) If itis believed to be too ambitious 1o model p itself, the sensible goal is to predict only
the magnitudes of ¢ and ¢. As I' cannot be negative, p cannot be the pdf of a normal
distribution; see Figures 18.4 and 18.5. However, it is unlikely that the real distribution
is so far from a normal distribution that probabilities obtained with the normal distribution
with the same u and o will be dangerously different from their true values. This type
of approximation can be especially useful for regulatory models expressed in terms of
weekly, monthly or even annual averages. when use of the central limit theorem obviates
the nced for the precise form of p(f:x.1). The principal goals in this type of research
are therefore how y and ¢ vary with x and ¢, and such factors as source geometry, flow
characteristics and terrain. In some situations it may be more relevant or practicai to
use the same broad approach, but to replace u and/or o by other robust parameters such
as the median concentration or cloud-average values (Sullivan, 1990; Chatwin and
Sullivan, 1990b).

(2) An alternative and more ambitious line of work is to seek to model p(t:x, 1) itself in addition
to ¢ and 0. Although successful practical use of Equation 18.7 is unlikely at the present
time, the ready availability of data is now allowing the dependence of P on 8 to be estimated
experimentally. Figures 18.4, 18.5 and (for dosage) 18.6 were obtained in this way.
The aim is to find simple two- or three-parameter model pdfs (e.g. log-normal, truncated
normal, gamma, beta) that describe the data with adequate accuracy and then. on the
basis of simpie physical arguments and further validation, to predict how the form of
the pdf varies with x,r and the other key factors. If this approach is to be successful,
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the varation of the form of p will be given completely by the corresponding variations
in the parameters. Usually these are chosen to be g, o and perhaps one other, often taken
to be the intermittency factor. ( The intermittency factor is conventionally defined to be
the probability that the concentration is greater than zero. In practice this is an extremely
usctul concept but, from a scientific viewpoint, the definition ts not viable (Chatwin and
Sullivan, 1989} as the result of applying it depends significantly on extraneous factors
such as instrument characteristics. Ride (1984 discusses an important use of the wdea
of the intermittency factor.)

The remainder of this section summarizes some of the n ore specific and more important
research problems that crucially affect the successful achic sement of the two programmes.
Itis conventent to consider these in two groups: those that iargely reiate 1o data and experi-
ments, and those that are predominantly theoretical.

18.5.3 Research problems involving data

The mathematical problems associated with turbulent diffusion are so severe that experimental
data must be used in any serious research. 1t is convenient to distinguish two separate roles
for data.

The first is the use of data to test and, hopefully, validate existing models, however obtained.
In view of the fact that recent studies (Hanna, Strimaitis and Change, 1991; Britter, 1991;
Hanna, 1993; see also Hanna er af., 1992} have analysed the methodology of this process
in some detail (in respect of hazardous gas dispersion models), little need be written here.
However, three points that emerge from these studies are worth noting. The meaning of the
term “validation” is by no means clear-cut: consequently validation exercises require precise
preparation and much subtlety. In general, the performance of a model is “not related to its
cost or complexity” and “it is very difficult to demonstrate improved model performance as
enhancements in model physics are added” (Hanna, 1993}. Finally, the work of Hanna and
co-workers uses certain measures to compare model predictions with data, and it would be
worthwhile 1o investigate theoretically the statistical significance of the numerical values of
these measures and, more generally, to assess similarly other measures of model performance.

The other role for data is in the development of models and, in particular, in research
programmes like (1) and (2) above. It is first of all important o point out that the task of
data analysis has changed its nature in the last 10 or 15 years principally because of the data
acquisition systems that are now routinely used. Consequently, the amount of data available
from nearly all experimental investigations has increased by orders of magnitude but, unfor-
tunately. a lack of resources available to most analysts has caused many potentially valuable
data sets 1o be inadequately analysed, or not analysed at all. Sadly. it is not always clear
that this increase in the amount of data has been accompanied by a comparable rise in its
quality. the studies of validation mentioned above all emphasize the magnitudes of data
uncertaintics. The authors believe that it is now essential that all experiments on environmental
pollution be planned in conjunction with the end-users of the data and that their costs be
realistically assessed. Only in this way will these mismatches be stopped.

in terms of the statistical models advocated in this review, particular attention needs to
be given in advance to assessing the magnitudes of the standard deviations of experimental
cstimates of statistical properties such as p, o and p. This will lead to a choice. and costing.
of the number of repetitions to be carried out or (in cases of statistically steady dispersion)
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the length of the experiment. Also, in view of the high cost of field trials involving many
repetitions, it is inevitable that there will be even more use of wind and water tunnels in
the future so that there must be more research into maodelling complex environmental flows
in the laboratory.

There is now a lot of cvidence that the measured properties of I'ix,7) can be significantly
dependent on the instruments used. In particular (see Figure 18.1), the magnitudes of the
real concentration fluctuations, as measured. for example, by o(x,1), may be substantially
underestimated; sce, for example, Figures 5 and 7 of Chatwin and Goodall (1991). The
principal cause of this is instrument smoothing which, though largely inevitable because of
the minute length and time-scales present in the structure of dispersing pollutants, has arguably
received inadequate attention in the past. There is a strong case for using at least two
mstrumentauon systems of different types and characteristics in experiments so that the
measurements of I' can be cross-validated directly.

One consequence of instrument smoothing is to underestimate the magnitudes of the highest
values of I' and their frequency of occurrence: this may clearly have serious consequences
of hazard assessment. In other instances, particularly those relating to overall air and water
quality. the biggest contribution to dosage comes from the lowest values of T' because they
occur so often. It is important in such circumstances 1o be able to estimate the behaviour
of p(f.x.1y as 60+ . Tinfortunately, and again inevitably, such estimation involves other
important instrument effects, especially noise and, often, bas~line drift. In the past such effects
were 100 often dismissed in a cavalier fasion by applying arbitrary thresholds: fortunately,
this practice appears to be dying rapidly. The proper treatment of noise requires its separate
measurement and consequent deconvolution from the output signal; methods are available
for this. The effects considered in this paragraph and the previous one have been considered
by Mole (1990a; 1990b), but much remains to be done.

18.5.4 Research problems involving theory

Some theoretical problems have recently been discussed by us (Chatwin and Sullivan, 1993).
These include: (i) extending the relationship between 2 and o proposed by Chatwin and Sullivan
(19904} to more general situations such as those near a steady continuous source; (ii) use
of the representation of p(8,x,1) in terms of the new definition of the intermittency factor
(Chatwin and Sullivan, 1989); and (i) investigation of the behaviour of p(f;x,1) as -0+
using both Equation 18.7 and the representation mentioned in (ii). Further details of these
problems are contained in the cited references and will not be repeated here.

Two other classes of theoretical problem also merit brief mention.

One of these is the influence of source size and geometry on the statistical properties of
I' It has been known for some time (Chatwin and Sullivan, 1979) that source size has a
potentially profound effect on the size of o (the smaller the source the larger is a), but many
intriguing questions remain. For example, it would be valuable to quantify the effects of
molecular diffusion and source characteristics on ¢ and . and to obtain a stronger theoretical
basis for the robust correlation between u and ¢ mentioned in (i) above. Some applications
require models for multiple sources and work is in progress to extend the results obtained
for single sources such as those cited above. This problem also has fundamental interest and
data have been presented in papers by Warhaft (e.g. Warhaft, 1984) and others.

The second class of theorctical problem is essentially statistical rather than physical. Some
such problems have been mentioned earlier, cspecially in the subsection on research problems
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involving data. Another interesting question is related to programme (1) discussed earlier.,
and that is to apply recent statistical research on extreme values, involving the Pareto
distribution, to practical problems in which the appropriate measure of harm involves high
values of concentration; see, for example, Smith (1989). Finally, there are interesting questions
associated with the efficient estimation of p(8;x,s) from data. Among these are the length
of record needed to estimate statistical properties (such as  and o) to within acceptably small
standard errors, the estimation of noise, the deconvolution of noise, and the criteria governing
the use of parameltric or non-parametric methods. Such problems are discussed by Mole and
Jones {in press), where {further refercnces are given.
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