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It has long been the practice to relate the degree of poisoning of an aver-
age individual through inhaling toxic vapours to the total exposure to
poison. Thus, if the average concentration of vapour in the individual’s atmo-
spheric environment is ¥ and he is exposed to it for a time T then the symp-
toms of toxicity are judged to correlate with the product x7. At least some
acknowledgement is made of the tendency of vapour concentrations to vary
with time in the free atmosphere by defining the term “dosage’ as [ (,TX( t) dt,
which is a more generally expressed form of the quantity of available poison.

Implicit in the above approach is the concept that the severity of the
symptoms of poisoning is independent of the length of time of exposure,
which ignores the facts that breathing rates may not remain constant and
bodily mechanisms of detoxification exist. The inadequacy of the concept
of dosage is well illustrated by the case of hydrogen cyanide (HCN) vapour:
the body can effectively detoxify relatively low, continuously administered
quantities of inhaled HCN, but high concentrations provoke rapid and deep
cycles of inhalation leading to the acquisition of a total quantity of poison
greatly in excess of that indicated by the dosage. Research on war gases by
the Japanese [1] demonstrated the effectiveness of increasing the concentra-
tion of HCN while retaining constant dosage levels. This was achieved by
submitting animals to various intermittent concentrations for a constant
period. In general the higher concentrations (and by implication, those with
the greatest intermittency) produced the most severe toxic effects.

Aim

The purpose of this short communication is to demonstrate that dosage
calculations and the neglect of naturally induced fluctuations in the atmo-
spheric concentrations of some toxic vapours lead to an underestimate of
their potential hazard.

Method

Recognition of the inability of dosage values properly to account for the
— often competing — physiological processes which occur during intoxica-
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tion has prompted consideration of a quantity, here called the “dosement”,
where the generally exacerbating effects of higher concentrations is modelled
by weighting the concentration with an exponent n, n > 1. Thus,

dosement = fo”(t) dt
[1]

Values of n are considered to be constant for given substances. The value
of n for HCN which produces the best correlation with toxic effects is given
by Ballantyne [2] as 1.8. Griffiths and Megson [3] have conducted exhaus-
tive searches of the literature for values of n appropriate for chlorine and
ammonia. They were interested in producing probit relationships of the form

Pr=a+bIn(x"T)

where Pr is a measure related to the percentage of a population suffering a
given level of poisoning effects. They discovered published values for n of
2.0 and 2.75 for ammonia and 2.75 for chlorine. They included the effects
of intermittency, vy, defined here as the fraction of time during which con-
centrations fall below a measured level, by means of a simple mass conserva-
tion relationship substituted in the probit equation:

1 \n—-1_
Pr=a+bln[( ) x" T]
1-—-17

Using the published values of n they consider the changes in Pr arising
from postulated values of y. Thus, an LCt(5) value* for ammonia with no
intermittency becomes an LCt(90) when y is 0.7, for one of the probit rela-
tionships quoted in Ref. [3].

Further substantiation of this effect may be obtained from calculations
performed on a model of concentration fluctuations due to Ride [4]. Ride
models the fluctuations by considering the passage of an idealised cloud
composed of clean air in which are suspended, in a uniformly random man-
ner, identical spheres of air contaminated to the same level. Relationships
necessary to define a two-parameter probability density function are derived
from the model and evaluated for experimental data given by Jones [5]. A
subsidiary but important feature of the model is the way in which measure-
ments of cloud characteristics taken by instruments with one time period
may be related to other responders, including the human lung, with different
periods.

Following Ride, the peak concentration, y,, observed for a time resolu-
tion of 7 may be written

X7 =X [k(o, 0" +1]

where o, /x is the intensity of fluctuations measured with a response time of
7, and k and A are experimentally determined constants which parameterise

*The LCt(x) is the value of dosage which it is estimated would produce x% of deaths in a
population exposed to it.
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the combined effects of the cloud structure and its response to atmospheric
turbulence and transport. Similarly

1— vy, = [k(o, /)" +117

where v, is the intermittency observed with a response time of 7. Thus
T

[ x"®dt=x21—7,)T =x"T [k(o, /X +1]" "1
0

That is to say, the dosement with a fluctuating concentration is equal to the
dosement assuming a steady, average concentration enhanced by a factor
which increases as the intensity of the fluctuations increases. This factor will
never be less than unity whatever the experimentally derived values of k and
X,

Results

For the data of Jones, & = 11 and A = 1.5. These values have been em-
ployed to compute the enhancing factor for postulated values of o, /x, using
values of n appropriate for hydrogen cyanide, ammonia and chlorine, and
with 7 = 1 s, an assumed value for the human lung. The results are shown in
Table 1 below. Values of o,/x for Jones’ data are between about 1 and 2.

TABLE 1

Enhancing factors calculated for some different intensities of fluctuation in concentration

Intensity of Enhancing factors
fluctuations
HCN, Ammonia, Chlorine,
n=1.8 n=20 n=2175
0 1.0 1.0 1.0
1 7.2 12.0 77.4
2 16.1 32.1 433.2
5 47.3 124.0 4607.0
Discussion

The LCt values derived by Griffiths and Megson for ammonia, quoted ear-
lier, and the factors in Table 1 both show dramatic increases in toxicity pro-
duced by fluctuations. The absolute values of the factors appear unrealistic
for high intensities of fluctuation, and they are extremely sensitive to the
precise value chosen for n. The reason lies with the definition of dosement.
The values of mean concentration covered by these figures may span several
orders of magnitude; it is unlikely that n retains a constant value or that the
form of weighting sufficiently models the toxic process over this range. For
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instance, breathing rates cannot increase indefinitely in response to higher
concentrations. This fact alone precludes the figures from posssessing any
absolute validity; however, they do indicate trends around those concentra-
tions for which the values of n were determined. These trends are valid in
showing that, for given values of concentration, toxic effects increase when
the intensity of concentration fluctuations increases,

Even in the absence of reliable quantitative estimates, this last point is of
great importance for the assessment of the hazard area created by a toxic
cloud in the free atmosphere. First, all such clouds possess discontinuities
and irregularities so that the downwind safety distances calculated from aver-
age values of concentration (e.g., from Gaussian models) must be increased
to account for the presence of fluctuations. Secondly, the increase in the in-
tensity of fluctuations as the distance from the centroid of the cloud in-
creases (noted by many workers, e.g., Ramsdell and Hinds [6]) will to some
extent compensate for the decrease in average concentration. This means
that a given toxic effect will extend over a broader area within the cloud
than is indicated from the width of the dosage contours. This effect is of par-
ticular importance in the assessment of the hazard area created by multiple
sources, such as might occur in a major hazards accident. The source pattern
will be random in nature and the cloud travel only partially correlated so
that the concentration contour pattern will be complex. However, the in-
crease in the intensity of fluctuations at the cloud edges which is a normal
characteristic will be prolonged by the existence of overlapping clouds. The
net effect will be a tendency for casualty contours to form far simplier pat-
terns than the complex concentration contour pattern may suggest. Two
conclusions emerge from this argument: effects of toxic releases tend to con-
sistancy and hence to predictiveness; and simulation models often need not
be too complex.

The level of need for complexity may be illustrated by the types of
multiple-source models discussed by Calder [7]. Perfect correlation is as-
sumed for the plume travel in these, so that the sole source of variance in the
dosage pattern for a given combination of wind speed and atmospheric stab-
ility arises from the range of possible spatial distributions of the sources
specified with respect to all relevant wind directions. In practice, even for a
fixed disposition of sources, the magnitude of this variance is likely to be
much greater than any additional variance introduced by relaxing the corre-
lation of plume travel. In view of the enhancing effect of fluctuations on
casualties and the spatial reduction of their variances, discussed above, it
does not appear profitable to introduce realistic plume behaviour alone into
the program, a conclusion further reinforced when the uncertainties in the
parameters of the location and conditions of release are considered.

Two general philosophical points concerning the scope and validity of
modelling are raised by this discussion. First, the pitfalls of combining two
simple models — each of which is adequate over its range of application but
which together produce inconsistencies by the interactions of the extreme
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ends of the ranges — is exemplified by the instances where the dosement
model is made to react with the probit model and the cloud fluctuation
model, respectively. Secondly, the present inability to model adequately the
toxic response to fluctuating concentrations for materials of the type dis-
cussed above demonstrates the impropriety of modelling more than the
dominant physical features unless all the features are equally well under-
stood, as is shown by the multiple-source model.

Conclusions

(a) Experimental results and trends in Table 1 demonstrate clearly that
dosage calculations will result in serious underestimates of the severity of
toxic effects and the size of the hazard area produced by atmospheric
releases of toxic vapours with non-linear effects.

(b) While the dosement correlates more highly than the dosage with toxic ef-
fects in a population in steady concentrations, its unconstrained com-
bination with other simple models may result in unrealistic numeric esti-
mates of potential casualities.

(c) No model yet proposed gives other than relative trends of effective toxi-
city when toxic substances with non-linear effects are administered as
time-varying vapour concentrations.

(d) It is pointless, from the point of view of quantitative risk assessment, to
model physical processes which are not dominant contributors to esti-
mates of the range of toxic casualties until a better understanding is
achieved of the way in which concentration fluctuations enhance a sub-
stance’s toxicity.
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