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it affect the analysis of extreme values? If so, how
could it be incorporated into the analysis? I would
welcome Professor Smith’s views on these questions.

The Clustering Method

The method for forming clusters used in the paper
is essentially the single link method. This has the
possible disadvantage that two clusters six days apart
with a single exceedance between them could be
merged (Gordon, 1981). An agglomerative sum of
squares method might be preferable given that the
aim is to obtain compact clusters. Inspection of the
dendogram could help with the choice of a cluster
interval.
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Comment

David Fairley

Iread Dr. Smith’s analysis with great interest. I was
unfamiliar with the point-process approach and was
impressed by how elegantly it encompasses the other
extreme value theory methods. At the same time, I
was impressed by how hard it is to apply this theory
to the problem at hand. Beyond his expertise in ex-
treme value theory, Dr. Smith has clearly taken great
pains to take the practical issues like dependence and
seasonality into account. Nevertheless, the results ap-
pear somewhat weak given the power of the theory
that went into them.

My work at the San Francisco Bay Area Air Quality
Management District (affectionately known as the
BAAQMD) has given me an applied orientation to the
analysis of ozone trends, so most of my comments are
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directed more toward specific practical problems than
at theoretical ones. However, some of the practical
considerations involved in ozone trend detection sug-
gest ways in which the theory might be usefully
extended.

In Section 2, I will try to define the underlying
problem as clearly as possible. This leads to several
possible ways to extend the analysis and make it more
powerful (Section 3). Beforehand, though, I will sug-
gest several reasons why the data appear to me even
messier than Dr. Smith suggests.

1. MORE COMPLICATIONS

Dr. Smith dealt with some important practical dif-
ficulties, including the short-term dependence, sea-
sonality and missing values. Several other factors
complicate the picture.

Measurement error is generally overlooked in ozone
trend studies, but it can affect the results substan-
tially. The instrument measuring ozone can only mea-
sure to the nearest pphm, so the actual data are
discrete. There has been more than one method for
measuring ozone. The instruments used at the
BAAQMD up through the mid ’70’s measured all
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oxidants instead of ozone. The earlier method tended
to read higher at most sites but lower at others. Even
if a single instrument has been used throughout the
interval of study, there is the issue of instrument
calibration. In 1976, for example, the California State
Air Resources Board mandated recalibration resulting
in a 4% increase in the ozone readings. In 1979, they
mandated another recalibration, resulting in a 4%
decrease. Oddly enough, 1978 had the highest recorded
ozone levels in recent history. Then there is the issue
of biases caused by manual recording of the ozone. In
the Bay Area, measurements are still recorded on a
strip chart and hourly averages integrated by eye by
the station operator. Needless to say, errors can occur.
In particular, some operators tend to read higher than
others. Finally, a gradual improvement in quality con-
trol has taken place. One critic has gone so far as to
suggest that all the improvements in air quality in
recent years have actually been improvements in qual-
ity control that reduced the number of extreme values!
In addition to measurement error, there can be local,
real changes in ozone levels which one would probably
not want to treat as a trend. Ozone is consumed by
NO, which is emitted by cars. If a monitoring station
is located on a street with a heavy commute traffic,
its ozone levels with be lower than another nearby
station on a quieter street. If the amount of traffic
near a site has increased dramatically over the study
period, it may be responsible for what is only a very
localized downtrend in ozone concentrations.

2. AN ATTEMPT TO FORMULATE THE
PROBLEM

Given the multitude of difficulties in analyzing the
data, it is worthwhile to be as clear and precise as
possible abut what questions we are trying to answer.

High ozone concentrations cause respiratory prob-
lems. The U.S. EPA standard is that the highest
hourly average ozone shall not exceed 12 pphm more

than once a year on the average at any particular .

location (i.e., the 4th highest of the daily high hour
ozone concentrations over a 3-year period must be less
> than or equal to 12 pphm). This standard is set to
ensure reasonable safety to the most sensitive popu-
lations such as children and asthmatics. Although this
standard is exceeded frequently in Houston, it is not
in most other places in the U.S. Thus, typically, it is
the high percentiles of the ozone distribution which
are of direct regulatory interest.

The ozone standard is written in terms of a per-
centile of the empirical distribution of 3 year’s worth
of high hour ozone values. The reason for using 3 years
instead of 1 is the recognition that weather affects
ozone concentrations. A sequence of unusually warm,
stagnant days may produce several exceedances even

in a relatively clean area. The underlying intent of the
regulations is to assess the marginal impact of anthro-
pogenic emissions on ozone. That is, the intent is to
find what the ozone distribution would be if one could
integrate the joint distribution of ozone and weather
over all weather conditions (i.e., running 100 years’
worth of weather with the same emissions) yielding
the marginal ozone distribution.

Ozone is measured at fixed monitoring sites, but the
intent of the law is to regulate dosages. In fact, the
law states that the standard shall not be exceeded at
any point, not just at the monitoring site, to ensure
that no individual is exposed to ozone concentrations
above 12 pphm more than once a year.

Finally, the law is certainly intended to affect the
actual ozone concentrations, not the measured.

Thus the regulatory interest focuses on a conceptual
but unobservable distribution: the marginal distribu-
tion of the surface of true high hour average ozone in
a region. In contrast, the data set we have to work
with is the measured ozone at a finite number of not
necessarily representative sites under a particular set
of weather conditions.

There are two main statistical issues involved here:
(1) estimating high percentiles of this conceptual dis-
tribution, particularly the upper Ysesth percentile
(called the “design value”); and (2) estimating the
changes over time in these percentiles.

3. IMPLICATIONS AND EXTENSIONS

The discussion in Section 2 has several implications
regarding how the present analysis might be extended.
Dr. Smith alluded to one, relating ozone concentra-
tions to weather covariates with a regression. If such
a regression function were estimated, it could be used
to analyze trends in ozone concentrations under one
or several sets of weather conditions. The formula
could be integrated over the distribution of weather
covariates to yield an estimate of the upper Yzesth
percentile of the marginal ozone distribution.

Under realistic conditions, measurement error will
cause an upward bias in estimates of the extreme
percentiles: Suppose that Z is the true high hour ozone
and Y = Z + U is the measured value, where Z and Y
have distribution functions F; and Fy, respectively.
Suppose that U is independent of Z with a density
function fy, and that E(U) = 0. Finally assume that
F;(y) is concave for values of y above some point y,
with Fz(y,) < 1. (This includes the normal, lognormal,
exponential, and any Generalized Extreme Value dis-
tribution with k < 1, i.e., all the fitted distributions.)
Then

Fy(y) = f Fz(y — u)fu(u) du
=E F;(y — U) = Fz(y — E(U)) = Fz(y)
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for values of y sufficiently large that most of the
distribution of U is above y, — y, where the inequality
is from Jensen’s inequality. Thus Y is stochastically
larger than Z. This bias is not a serious consideration
in trend studies, but it is when trying to estimate the
design value. It would be interesting to hear how this
bias can be adjusted for. But perhaps better quality
control and electronic recording of measurements di-
rectly from the ozone instrument into the computer
would be the most effective way to minimize this bias,
as well as other measurement biases such as operator
bias.

Even if the measurements were perfect, the question
remains whether ozone levels at a site are represent-
ative of ozone levels beyond a very localized (i.e., one
or two block) area around the site. Because ozone
monitoring stations are generally miles apart, rather
than blocks, a given station is generally taken to
represent the ozone in a reasonably large region
around the site. As mentioned previously, heavy traffic
near a site can give unrepresentatively low values of
ozone, so a trend toward heavier traffic may be mis-
taken for an improvement in ozone over a larger
region. There is no way to draw legitimate inferences
about the ozone in a region based on data from a single
monitoring station.

One solution to this problem would be spot sampling
in a neighborhood of the site. Because ozone is highly
correlated spatially, only a few observations taken at
randomly selected spots in the region that the moni-
toring station is supposed to represent could establish
a baseline for drawing inferences to this larger region.
This random sampling could be repeated on a yearly
basis to determine whether any trend at the monitor-
ing site represents a region-wide trend.

Since the environmental interest is in the ozone
levels in a region and not just at the monitoring site,
some form of averaging or combining of the data from
nearby sites would be appropriate. A simple alterna-
tive is to take the average of the high hour ozone
values in the neighborhood of a site. A more sophis-
ticated idea is to use empirical Bayes estimation either
directly on the percentile estimates at nearby sites, or
‘else on the extreme value parameters. Averaging
should diminish the effect of measurement error and
also “random” local factors. Empirical Bayes estima-
tion is a nice way to add power in the case where the
tail distributions at neaby sites are similar (which I
think should often be the case), while not forcing the
unrealistic assumption of exact equality.

Another issue is how to estimate whether an air

quality district is in compliance with the ozone stand-
ard. The more monitoring sites a district has, the more
likely it is to be out of compliance! How can the
number of monitoring sites be adjusted for? A related
issue is monitor location; one district may look better
than another because its monitors are cleverly located
in the cleanest spots in the district. What should
regulators do about this?

For trend studies, there is always a choice of which
statistic to follow. The mean or median of the ozone
distribution should be more precisely estimated than
the upper percentiles. However Dr. Smith found that
in Houston there is essentially no trend in these
location parameters (nor is there in the San Francisco
Bay Area). More to the point, a trend (or lack of
trend) in these parameters doesn’t necessarily trans-
late into a corresponding trend in the upper percent-
iles. Dr. Smith found a significant downtrend in the
most extreme percentiles of the Houston ozone distri-
bution which, while not directly related to the ozone
standard, is still an indication of some improvement
in air quality. On the other hand, Table 5 shows an
increase in the rate of exceedances of the federal ozone
standard. Thus the air quality is getting worse and
better at the same time! The moral is that the whole
upper tail of the ozone distribution must be considered
in a trend study.

A similar point can be made that trends in a whole
region must be considered. In the Los Angeles area, it
was found that the air quality regulations caused a
delay in ozone formation, rather than a decrease, so
that upwind stations got cleaner, while downwind
stations got dirtier. This suggests also that there may
be differing trends for different wind flow patterns,
an idea which is now being studied by the California
Air Resources Board.

A final comment about statistical versus practical
significance. The estimated decrease in Houston’s ex-
treme ozone percentiles is statistically significant, but
their air is still far from healthy. Conversely, if they
made major progress toward cleaner air, a downtrend
would be easy to detect, even with naive statistical
techniques. In many areas of the United States, how-
ever, the air is near the borderline of the federal
standard and further ozone reductions will be hard to
achieve. At the same time, legislators, industry, envi-
ronmentalists and the public in general will be clam-
oring for information on whether and how quickly the
air is improving. Given the difficulties discussed so
far, it may be a statistician’s duty to inform them that
such a determination is impossible to make.



