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Figure 3. Operating characteristic curves for the okd and the new standards as a function of the

mean value of ozone measured in parts per million when it is assumed that ozone measurements
are normally and independently distributed with o = 0.02 ppm.
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For a fixed value of the variance o2, one can compute the operating characteristic curves for the
old and new regulations to provide a graphical comparison of the way these two regulations perform.
Figure 3 shows these curves for the old and new ambieat ozone regulations computed as a function of
the mean hourly values when it is assumed that 6 = 0.02 ppm. We observe that the 95% de facto limit
is changed from 0.0046 ppm to 0.045 ppm. That is, it is approximately ten times higher in the new
ozone regulation,

We have three observations to offer with regard to the old and new regulations for ambient ozone
standards. First, notwithstanding EPA’s comment to the contrary, the new ozone regulation is not more
statistical than the previous one; like all environmental regulations, both the new and old ozone regula-
tions contain statistical parts, and, for that reason, both are statistical. Changing the specification from

one in terms of a critical value to one in terms of a parameter does not make it more statistical. Itactus =~

ally introduced an inconsistency. The old standard did not specify any parameter value as a limit but
mdymopuaﬁmalﬁnﬁtinmofﬂlem. This therefore constitutes the standard. The new
smdard,howem,speciﬂunotaﬂyanintentinmnsofwhatﬂmduiredlimitﬁbutdsomopua—
tional limit. The large difference between the intented limit and the operational limit constitute the
inconsistency. This inconsistency is a potential and unnecessary source of conflict. Second, the new
regulation is dependent on the ambient ozone level for the past two years as well as the present year,
which means that a sudden rise in the ozone level might be detacted more slowly. The new regulation
is also more complicated. Third, it is unwise first to record and store every single hourly observation
and then to use only the binary observation as to whether the daily maximum is above or below 0.12
ppm. This procedure wastes valuable scientific information. As a matter of public policy, it is unwise
to use the data in a binary form when they are already measured on a continuous scale. The estimate of
the 17365 percentile is an unreliable statistic. It is for this reason that type I and type II errors are as
high as they are. In fact, the natural variability of this statistic is of the same order of magnitude as the
change in the limit which was so much in debate.

If instead, for example, one used a procedure based on the t-statistic for control of the proportion
above the limit, as is commonplace in industrial quality control procedures (4), one would get the
operating characteristic curve plotted in Figure 4 (see also appendix). For comparison, the curve for the
new regulation is also plotted as a function of the expected number of exceedances per year. With the
new ozone regulation, the probability can exceed 1/3 that a particular site will be declared out of com-
pliance when it is actually in compliance. The operating characteristic curve for the t-test is steeper
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(and hence has more discriminating power) than that for the new standard. The modified procedure
" based on the t-test generally reduces the probability that sites that are actually in compliance will be
declared to be out of compliance. In fact, it is constructed so that there is 5% chance of declaring that a
site is out of compliance when it is actually in compliance in the sense that the expected exceedance
number is one per year. Furthermore, when a violation has occurred, it is much more certain that it will
be detected with the t-based procedure. In this respect, the t-based procedure provides more protection
to the public.

We do not conclude that procedures based on the t-test are best. We merely point out that there
are alternatives to the procedures used in the old and new ozone standard. A basic principle is that
information is lost when data are collected on a continuous scale and then reduced to a binary form,
One of the advantages of procedures based on the t-test is that they do not waste information in this .-
way.

The most important point to be made goes beyond the regulation of ambient ozone; it applies to
regulation of all pollutants where there is a desire to limit exposure. With the aid of operating charac-
teristic curves, informed judgements can be made when an environmental regulation is being
developed. In particular, operating characteristic curves for altemnative forms of a regulation can be
constructed and compared before a final one is selected. Also, the robustness of a regulation to changes
in assumptions, such as normality and statistical independence of observations, can be investigated
prior to the promulgation. Note that environmental lawmaking, as it concerns the design of environ-
mental regulations, is similar to design of scientific experiments. In both contexts, data should be col-
lected in such a way that clear answers will emerge to questions of interest, and careful forethought can
ensure that this desired result is achieved.

Scientific Framework

The operating characteristic curve is only one component in a more comprehensive sciemtific
framework that we would like to promote for the design of environmental regulations. The key ele-
ments in this process are:

(a) Dose/risk curve
(b) Risk/benefit analysis
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{(c) Decision on maximum acceptable risk
(d) Stochastic nature of the pollution process
{¢) Calibration of measuring instruments

(f) Sampling plan

(g) Decision function

(h) Distribution theory

(i) Operating characteristic function

Currently there may be some instances in which all of these elements are considered in some form
when environmental regulations are designed. Because the particular purposes and techniques are not
explicitly isolated and defined, however, the resulting regulations are not as clear nor as effective as
they might otherwise be.

Often the first steps towards establishing an environmental regulation are () to estimate the rela-
tionship between the ‘‘dose’” of a pollutant and some measure of health risk associated with it and (b)
to carry out a formal or informal risk/benefit analysis. The problems associated with estimating
dmdﬁskmhﬁomlﬂpsuﬂdoingﬁsﬂbmﬁtmdymmnwmdwmplu.mdminﬂnm
never be completely eliminated. As 2 next step a political decision is made - based on this uncertain
scietm'ﬁcmdecononﬂcgroundwak-ammemnhnumﬁskdmhmepublewsociuy(c). As indi-
cated in Figure 5, the maximum acceptable risk implies, through the dose/risk curve, the maximum
allowable dose. The first three elements have received considerable attention when environmental
regulations have been formulated, but the last six elements have not received the attention they deserve.

The maximum allowable dose defines the compliance set &, and the noncompliance set ©, ,
which is its complement. The pollution process can be considered (d) as a stochastic process or statisti-
cal time-series ﬂe;t).ﬂncmaﬁmshﬂ:emmmtsXcanuseﬁﬂlybetbouglnofuaﬁsingfmm
three sources: variation in the pollution level itself ¢, the bias b in the readings, and the measurement
eror &. Thus X =¢+5 +£. Often it is assumed that ¢ = , a fixed constant and that variation arises
mﬂyﬁomﬂnmmmtma;howeya,aﬂ;hmcmu@b.mdzmm. Ideally b=0
and the variance of ¢ is small.

Mmmenmuudumﬂyhmscienﬁﬂcm;ifﬂmisadeaﬂedopaﬁmdducﬁpﬁmof
how the measurements are to be obtained and the measurement process is in a state of statistical
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Figure 5. Elements of the environmental standard-setting process: Laboratory experiments
and/cr epidemiological studies are used to assess the dose/risk relationship. A maximum accept-
shle risk is determined through 2 political process balancing risk and economic factors. The max-
imum acceptable risk implies a limit for the **dose’’ which again implies a limit for the pollution
process as a function of time. Compliance with the standard is operationally determined based on
a discrete sample x taken from a particular site, The decision about whether a site is in compli-
ance is reached through use of a statistic f and 2 decision function d. Knowing the statistical
nature of the poflution process, the sampling plan, and the functional form of the statistics and the
decision function, one can compute the operating characteristic function. Projecting the operat-
ing characteristic function back on the dose/risk relationship, one can assess the probability of
encountering various Jevels of undetected violation of the standard.
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control. A regulation must include a specification relating to how the instruments are to be calibrated
(¢). These descriptions must be an integral part of a regulation if it is going to be meaningful, The sub-
ject of measurement is deeper than is generally recognized, with important implications for environ.
mental regulation (5, 6, 7). The pollution process and the observed process as a function of time are
indicated in Figure 5.

Logically the next question is (f) how best to obtain a sample X = (X X3, ..., X,) from the pol-
lution process. The answer to this question will be related to the form of the estimator f (X ) and (g) the
decision rule

O : process in compliance
d(f X)) =

1: process not in compliance
The sample, the estimator, and the decision function are indicated in Figure S. Based on knowledge
about the statistical distribution of the sample (h), one can compute (i) the operating characteristic func-
tion P = Prob{d(f (X))=0 | 6] and plot the operating characteristic curve P versus 6. An operating
characteristic function is drawn at the bottom of Figure S, (In practice it would probably be desirable to
construct more than one curve because, with different assumptions, different curves will result). Pro- |
jected back on the dose/risk relationship (see Figure 5), this curve shows the probability of encounter-
ing various risks for different values of 0 if the proposed environmental regulation is enacted. Suppose
there is a reasonable probability that the pollutant levels occur in the range where the rate of change of
the dose/risk relationship is appreciable; then the steeper the dose/risk function, the steeper the operat-
ing characteristic curve needs to be if the regulation is to offer adequate protection, The promuigated
regulation should be expressed in terms of an operational definition that involves measured quantities,
not parameters. Figure 5 provides a convenient summary of our proposed framework for designing
environmental regulations,

In environmental lawmaking, it is most prudent to consider a range of plausible assumptions.
Operating characteristic curves will sometimes change with different geographical areas to a significant
degree. Although this is an awkward fact when a legislative, administrative, or other body is trying to
enact regulations at an intemational, national, or other level, it is better to face the problem as honestly
as possible and deal with it rather than pretending that it does not exist.
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Operating Characteristic Curve as a Goal, Not a Consequence

We suggest that operating characteristic curves be published whenever an environmental regula-
tion is promulgated that involves a pollutant the level of which is to be controlled. When a regulation is
being developed, operating characteristic curves for various alternative forms of the regulation should
be examined. An operating characteristic curve with specified desirable properties should be viewed as
a goal, not as something to compute after a regulation has been promulgated. (Nevertheless, we note in
passing that it would be informative to compute operating characteristic curves for existing environ-
mental regulations.)

In summary, the following procedure might be feasible. First, based on scientific and economic
studies of risks and benefits associated with exposure to a particular pollutant, a political decision

would be reached conceming the compliance set in the form of an interval of the type 0080, fora

parameter of the distribution of the pollution process. Second, criteria for desirable sampling plans, est-

_mators, and operating characteristic curves would be established. Third, attempts would be made to
create a sampling plan and estimators that would meet these criteria. The costs associated with dif-
ferent sampling plans would be estimated. One possibility is that the desired properties of the operating
characteristic curve might not be achievable at a reasonable cost. Some iteration and eventual
compromise may be required among the stated criteria. Finally, the promuigated regulation would be
expressed in terms of an operational definition that involves measured quantities, not parameters,

Injecting parameters into regulations, as was done in the new ozone standard, leads to unneces-
sary questions of interpretation and complications in enforcement. In fact, inconsistencies (Such as that
implied by Prob {f (X) < c |69} = 37% for the new ozone standard) can arise when conceptual differ-
ences between ¢ and 0, and between f (X) and © are ignored. These entities are commonly confused
with one another and type I and type II errors are ignored. What is needed is a more refined conceptual
model than that which underlies current environmental regulations, a model that makes these distinc-
tions and acknowledges type I and type II esrors.

Research Needs

Research that is used in designing environmental standards has focused on the first three elements
of our framework (a), (b), and (c). If the last six elements do not receive relatively more attention than
they currentdy receive, the precision obtained in estimating risk may well be lost by the lack of
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precision in estimating compliance. The above analysis, therefore, points to the need to have research
resources more evenly spread among atl the key elements (a), (b), ..., (). Furthermore, more research
needs to be conducted that takes a global view of how all the elements function together. It would be
beneficial to analyze many of the already promulgated standards using the framework outlined above
and in particular to compute operating characteristic curves. Such research will sometimes require the
development of new distribution theory because standards typically use rather complex decision rules.
Moreover, most environmental data are serially cormrelated and consequently the shape of the operating
characteristic function will be affected. At present little statistical theory is developed to cope with this
problem. Preliminary studies we have done show that operating characteristic curves for binary sam-
pling plans as used in the ozone standard seem to be seriously affected by serial correlation. Monte
Carlo simulation might prove a viable altemative to distribution theory in evaluating the operating
characteristic function for complex decision rules and serially correlated time series.

In our discussion above we only considered one pollutant and its regulation. The interaction
among several pollutants and other environmental factors, however, might create higher risks than
would be anticipated from separate studies on the individual pollutants themselves. Such issues are
only beginning to be addressed (8).

A related issue is the problem of what constitutes a rational attitude towards risk. It seems irra-
tional to impose strict standards for one pollutant when other equally hazardous pollutants have much
more relaxed standards. A harmonization among standards seems desirable. In order 10 address such
issues it is necessary to develop methods for comparing convolutions of probability of occurrence,
dose/risk relationships, and operating chmcmuc functions for several pollutants simultaneously.
This will require an extension of the framework outlined above to multiple pollutants. However, that
framework can be used as a first step in attacking these more comprehensive problems that are so
important to protecting our environment.

Conclusion

One of the purposes of environmental law, which has been defined as the rules for planetary
housekeeping (9), is to prevent harm to society. Assessment of risk is one of the key issues in environ-
mental lawmaking and continued research is needed on how to measure risk and make decisions
regarding risk; but risk assessment is not enough. If laws with good operating characteristics are not
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designed, the effort expended on risk assessment will simply be wasted. With limited resources, we
need to develop methods for economically and rationally allocating resources to provide high levels of
safety. Ideally a system of environmental management and control should be composed of individual
laws that limit potential risk in a consistent manner. The ideas outlined in this article give partial
answers to two connecied questions: (i) how can we formulate an individual quantitative regulation so
that it will be scientifically sound and (ii) how can we construct a rational system of environmental
regulations?

If the framework outlined above is used properly in the course of developing environmental regu-
lations, some of the important operating properties of different alternatives would be known, The pub-
lic would know the probilities of violations not being detected (type II erross); industries would know

the probabilities of being accused incorrectly of violating standards (type I errors); and al parties would -

know the costs associated with various proposed environmental control schemes. We believe that the
operating characteristic curve is a simple, yet comprehensive device for presenting and comparing dif-
ferent alternative regulations because it brings into the open many relevant and sometimes subtle
points. For many people it is unsettling to realize that type I and type II errors will be made, but it is
unrealistic 0 develop regulations pretending that such errors do not occur. In fact, one of the central
issues that should be faced in formulating effective and fair regulations is the estimation and balancing
of the probabilities of such occurrences.
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Appendix
The t-statistic procedure is based on the estimator f (x) = (L-X)/s where L is the limit (0.12
ppm), X the sample average, and s the sample standard deviation. The decision function is

f(x)2c :in compliance

df &)= {f(:_:) <c :not in compliance (A1)

The critical value ¢ is found from the requirement that

Prob{l‘—;f- >e L—;E = zo}= 1-o (A2)

where 2, = ®7(1-8,) and 8 is the fraction above the limit we at most want to accept (here 1/365).

The exact operating characteristic function is found by reference to a non-central t-distribution,
but for all practical purposes the following approximation is sufficient:

m{ﬁ,cp}m[ﬂg@:ﬂ]. | e
s 1+c°2

The operating characteristic function in Figure 4 is constructed using a=0.05, 8,=1/365 and n=3x365.
Substituting (A3) into (A2) yields

Y (@7'(1-8¢) - ¢)
¢[ — =1-005 (Ad)

which solved for the critical value yields ¢ =2.6715. Refer for example t0 (4) for more details.
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