The Difficulty of Forecasting Ambient Air Quality—
A Weak Link in Pollution Control

This article examines one important component of the
problem of implementing the federal government’s Clean
Air policy, namely, the difficulty of quantifying the rela-
tionship between emissions to the atmosphere and ambient
air quality. Short-, middle-, and long-term control strategies
are discussed with an emphasis on the information needed
for their effective assessment and implementation. The re-
quirement thus identified is compared with the information
provided by air pollution models; it is shown that at their
present stage of development, even the most sophisticated
diffusion models are of limited usefulness in implementing
current air pollution legislation. In view of the high cost
of pollution control, further investment in model develop-
ment is thought justifiable, though there are significant
problems to be overcome. It is suggested that for the time
being, panels of experts might be used to make air quality
forecasts.

INTRODUCTION

Much of the continuing debate on the control of
air pollution in the United States has been concerned
with the setting of appropriate air quality standards
and the preparation of plans to implement them. Re-
action to the proposed control strategies has been par-
ticularly vocal in view of their supposed impact on
lifestyles and (of more recent interest) on energy con-
sumption. There has been a tendency to overlook the
fact that neither the reduction in emissions which the
controls will bring nor even the achievement of the
standards are strictly an end in themselves; rather, they
are a means to the ultimate goal, set by Congress, of
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protecting public health and welfare. Working from
first principles toward this ultimate goal, it is necessary
to know:

1. The effects of indirect control strategies on the activities
that give rise to emissions;

2. The eflects of changes in activities and/or of direct con-
trol measures on the nature and quantity of pollutants
emitted;

3. 'The effects of changes in emissions on ambient air quali-
ty; and

4. The ecffects of changes in ambient air quality on the
state of public health and welfare.

For example, in assessing the likely impact of a pro-
posed regional shopping center, one needs to know
how much auto travel would be generated by the de-
velopment, how the increase in travel would affect the
emission of pollutants, how the predicted changes in
emissions would affect ambient air quality, and, fin-
ally, how the new levels of pollution would affect pub-
lic health and welfare. A complete assessment of the
proposal can be made only if all this information is
available,

Under certain circumstances, however, one or more
of the relationships can be counter-intuitive. For ex-
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ample, it is possible for an increase in the emission of
one pollutant (for example, nitrogen oxide) to lead to
a local reduction in the level of another pollutant
(for example, oxidant) as the result of chemical reac-
tions. Furthermore, due to both chemical and meteor-
ological processes, significantly high levels of pollution
can occur in areas where emissions of all kinds are very
low.

In the 1970 Clean Air Act Amendments (P. L. 91-
604), Congress called for the establishment of perfor-
mance standards governing ambient air quality. The
Environmental Protection Agency (EPA) was assigned
the task of setting the levels of these standards, which
meant in effect that the Agency was left to quantify the
relationship between ambient air quality and the state
of public health and welfare. The EPA proceeded to
define (for certain pollutants) the concentrations at
which “significant harm” might be expected and set
National Ambient Air Quality Standards (NAAQS) to
protect the public health (primary standards) and the
public welfare (secondary standards). The states were
instructed to prepare contingency plans to prevent

pollutants from ever reaching the significant harm le--

vels, and implementation plans to meet and maintain
the national standards.

The establishment of the standards gave rise to con-
siderable controversy, and the debate still continues.
The fact that the primary standards have been based
solely on health effects, without regard for the costs of
attainment, has come under sharp criticism. It is now
apparent that these costs may be very high, especially
in an area like Los Angeles where the only means of
achieving the mandated levels of air quality within
the currently specified time-span seem to require no
less than a change in lifestyles (McCahill, 1978).
Furthermore, existing knowledge concerning the health
effects of pollution is far from complete; consequently,
the levels specified by the EPA as being necessary to
protect the public health have come under challenge.
However, recent studies (including one by the National
Academy of Sciences)! have found no justification for
relaxing the standards at the present time and Con-
gress is thought unlikely to call for such a relaxation,
though proposals to extend the deadlines for compli-
ance are currently being considered.?

This article does not deal with the problems of set-
ting standards but focuses instead on the problems of
quantifying the relationship between emissions to the
atmosphere and ambient air quality. It is this relation-
ship that determines the changes in emissions neces-
sary to meet the federal requirements, and that is cur-
rently one of the weakest links in the chain of policy

formulation for air quality control.

The article will describe various approaches to
quantifying the emissions/air quality relationship us-
ing mathematical models. As mentioned earlier, pollu-
tion levels can be affected by chemical as well as
meteorological and other physical processes, and the
modelers’ most challenging task is to predict the con-
centrations not only of the “primary” pollutants that
are emitted directly to the atmosphere, but also of the
“secondary” pollutants that are formed subsequently in
chemical reactions. The phenomenon known as photo-
chemical smog is mainly caused by secondary pollutants
(such as oxidants) and is a particularly severe problem
in the Los Angeles area, to which reference will fre-
quently be made in the discussion (though findings are
not limited in relevance to that one metropolitan area).
It happens that until recently,® more data has been
available for Los Angeles than for anywhere else, and,
as a result, the EPA chose it as the location for initial
testing of the most sophisticazed models yet developed.*
However, other models have been developed and tested
in such places as Nashville (Turner, 1964; Miller and
Holzworth, 1967), Cincinnati (Clark, 1964), Jackson-
ville (Koogler et al., 1967), St. Louis (Koch and Thayer,
1972; Ludwig and Dabberdt, 1972; Dabberdt et al,
1978; Shir and Shieh, 1973), Connecticut (Hilst, 1967;
Bowne, 1969), Chicago (Roberts et al,, 1970), New York
(Shieh et al,, 1970), San Francisco (MacCracken et al.,
1971; Ludwig and Kealoha, 1974), and the Hackensack
(N]J) Meadowland (Wills, 1973).

Before the various modeling approaches are de-
scribed, and in order to more easily understand their
strengths and weaknesses from the planner’s viewpoint,
the types of air pollution control strategy needed to
satisfy federal requirements will be categorized and,
under each category, the kind of information necessary
for assessment and implementation will be examined.

AIR POLLUTION CONTROL STRATEGIES

Control strategies can conveniently be categorized on
the basis of time-scale: the control of “episodes” or
emergency situations (in which significant harm levels
might be reached) can be regarded as short term; the
strategies adopted to bring existing pollution levels
down to below the newly established ambient air qual-
ity standards within a specified time period can be
regarded as middle term; and the strategies used to en-
sure that processes of growth and change do not inter-
fere with the continued maintenance of standards can
be regarded as long term. The formulation and imple-
mentation of the three different categories of control
strategies require different inputs of information re-



garding the emissions/air quality relationship.

Short-term controls

The law requires that steps be taken to prevent the
significant harm levels from ever being reached. The
agency responsible for controlling air pollution in an
episode situation must decide (1) when to initiate con-
trol measures, and (2) which measures to use. There
are two approaches to making the first decision. One
involves the continuous monitoring of pollutant con-
centrations in the air, an “alert” being called when-
ever the measured concentrations (instantaneous or
time-averaged) exceed certain prespecified levels; at this
time, emission-reducing strategies are introduced in an
attempt to prevent the concentrations from increasing
further, and ultimately to restore them to acceptable
levels. This is known as the feedback approach and it
underlies the alert system currently operated by the
Air Pollution Control District (APCD) in Los Angeles
as well as in many other United States cities.

The alternative feedforward approach is based on
predictions of changes in air quality; whenever it is
anticipated that pollutant concentrations will reach
significant harm levels, measures are immediately taken
to reduce emissions, without waiting for a rise in ob-
served concentrations (and in the hope of avoiding
such a rise).

The feedforward approach has the advantage of pro-
viding time for the measures to take effect before the
significant harm levels are reached; if the response is
slow (as in the situation when photochemical reac-
tions continue to generate oxidants some time after the
emission of primary pollutants), the feedback approach
is unlikely to prove effective in control. However, the
feedforward approach, by its very nature, requires a
predictive capability of high accuracy; considerable
costs may be attached to the measures that are likely
to be taken in an emergency situation (such as, for
example, the wholesale closure of government offices)
and it is doubtful if these measures will be acceptable
to the policy-makers or their constituents unless there
is 2 high degree of confidence in the predictions.®

No matter which approach is used to decide when
measures should be initiated (and it is possible that a
combination of both might be adopted), there re-
mains the problem of deciding which measures to em-
ploy. Ideally, the least costly action should be taken
that will prevent the significant harm levels from be-
ing reached. In this context it is important to recog-
nize that, at any given time, a potentially harmful
build-up of contaminents may be confined to a small
part of an airshed as concentrations vary from place

to place depending on the precise locations of sources,
the meteorology, the topography, and so on. It is there-
fore technically possible on many occasions to mod-
erate the pollution levels by reducing emissions “se-
lectively” rather than universally, thereby reducing the
cost of control. For this purpose, the controlling agency
must be able to analyze the effects of selective emission
controls on ambient pollution concentrations, to de-
termine which controls will actually be effective in
avoiding or ending the episode.

If the conditions that characterize an episode are
frequently repeated, the results of a single analysis can
be used to provide guidelines for future action to be
taken whenever the same situation recurs. However,
if conditions are constantly changing, a separate analy-
sis is required for each episode and this may have to be
carried out at short notice and with limited resources.
In the latter case, an agency is unlikely to use a highly
sophisticated model that requires a vast amount of non-
reusable data, a huge computer, and a lengthy run-
ning-time; instead, it needs an analytical technique that
can be applied simply and inexpensively.

Middle-term controls

Middle-term controls are those intended to reduce,
within a specified time-period of a few years, currently
excessive levels of pollution to below the National
Ambient Air Quality Standards. Examples include mea-
sures to decrease the quantities of fuel that are burned
(for example, by reducing vehicle miles traveled) and
improvements to the control devices fitted to individual
emitters.

To verify the effectiveness or ineffectiveness of the
proposed measures, it is necessary to show that the re-
ductions in emissions will be sufficient to ensure that
the standards are exceeded no more than once a year
for the appropriate averaging time, anywhere in the
airshed. In principle, there is no need to predict am-
bient air quality at all times in the future, or even
on any one specific day; rather, it is sufficient to show
that the requirement is met under the worst possible
conditions, whenever these might occur. To do this,
it must be assumed that the meteorology which his-
torically has characterized thz days of highest pollu-
tion will continue to do so in the future, and that con-
ditions worse than those monitored in the past will
not arise; the validity of these assumptions cannot be
guaranteed, and thus a confidence level of less than
100 percent is inevitable.

Long-term controls
Long-term controls are intended to ensure that



processes of change and growth do not interfere with
the attainment and subsequent maintenance of the
standards. Even if reductions are made in the emissions
generated by each individual source (if, for example,
there are less pollutants emitted per car, less emitted
per stationary source, and so on), the level of air pol-
lution in an airshed may clearly continue to rise if
growth is permitted (so that there are more cars, more
stationary sources, and so on). Furthermore, the law
requires that air quality should not be allowed to
“significantly deteriorate” even in areas currently
meeting or bettering the standards.”

Controls are necessary to ensure that any change or
growth which does occur is constrained in such a way
that absolute levels of pollution do not rise. In Los
Angeles, for example, past patterns of development
have promoted an ever-increasing reliance on motor
vehicles which are currently the principal source of
atmospheric pollutants;3 air quality considerations
would dictate that any further growth must be designed
to encourage the use of a less polluting form of trans-
portation.

To implement long-term controls, it must be possible
to assess in advance the impact of both new construc-
tion and the modification of existing facilities on pol-
lutant emissions and ambient air quality. Consideration
must be given to the “impact not only of pollutants
emitted directly from stationary sources, but also of
pollution arising from mobile source activity associ-
ated with such buildings or facilities (termed indirect
sources)” (Federal Register 38, 29894, 1973).

The analysis may, in principle, be done on one of
two scales, either the “macro” scale (assessing the ag-
gregate impact of a number of anticipated changes
within a given area), or the “micro” scale (assessing
each proposed change incrementally). The macro
scale approach can be viewed as an attempt to establish
the capacity of the air for receiving emissions within
a given locality. Once this has been done, either con-
struction or modification proposals, or both can there-
after be assessed directly by comparing the emissions
that they would generate against the previously estab-
lished “carrying capacity.” The micro scale approach,
on the other hand, requires a separate assessment of
each new praposal for its likely impact on air quality.
This might be called for automatically whenever a
mnjor‘ depar[ure from a previnusly assessed gl'nwth
plan is proposed.

Whichever approach is used, it is necessary at some
stage to relate changes in emission patterns to changes
in air quality. As in the analysis of middle-term con-
trols (and subject to the same provisos), there is no

need to make predictions for specific days, but rather
for “worst-case” conditions to determine whether or
not the legal requirements for air quality are met. The
micro scale approach, involving the assessment of in-
dividual projects, is the more demanding as it neces-
sitates the use of an analytical tool capable of fine res-
olution, sensitive to the effects of making small changes
in the pollution load.

PREDICTIVE CAPABILITY REQUIREMENTS
The requirements for formulating and implementing
the three categories of control strategies can be sum-
marized thus: for the short-term controls, assuming
that the feedforward approach is preferred, it must be
possible to accurately predict the peak level of pollu-
tion on a specified day with a given emission pattern,
and also (when necessary) to analyze the effectiveness
of selected emission reductions in bringing this peak
level down to an acceptable value. For the middle-
term controls, it must be possible to predict whether
the Clean Air standards will be exceeded under anti-
cipated worst-case conditions with given changes in
emission patterns (which are unlikely to be uniform
over space and time). Finally, for the long-term con-
trols, it must be possible to predict whether the stan-
dards will be maintained under worst-case conditions
when successive changes are made in the pattern of
emissions.

PRESENT PREDICTIVE CAPABILITY
Several models have been developed to chart the
relationship between emission levels and ambient air
quality. Most of those in current use can be categorized
as either rollback or diffusior models. On the whole,
the rollback models are reasonably simple and inex-
pensive to apply, but they suffer from taking an over-
simplified view of the subject relationship; also they
are often formulated for a specified set of emissions
and/or meteorological conditions and cannot there-
fore be extrapolated. The diffusion models, on the
other hand, are more versatile and have a greater po-
tential for accuracy, but they are generally more ex-
pensive (especially in terms of data needs) and more
difficult to apply.

Rollback models

The simplest rollback model assumes a proportion-
al relationship between emissions and air quality; in
other words, a given reduction in emissions applied
uniformly over space and time is assumed to give rise
to a proportional reduction in the level of pollution.
However, as pointed out by de Nevers and Morris



(1973), the model has a number of serious limitations.

To begin with, application of the model requires
knowledge of the highest concentration of pollutant
in the area; this will equal the highest observed con-
centration only if monitoring has taken place at pre-
cisely the time and location of maximum pollution.
The second limitation stems from the implied assump-
tion that the meteorological conditions which will exist
when pollution reaches its highest level in the future
will be the same as those that existed when the highest
level was reached in the past.

Finally, the mocdel’s linear specification assumes away
the occurrence of chemical reactions among pollutants.
The formation of photochemical smog is known to
involve chemical reactions that diminish the concen-
trations of some pollutants while others are generated,
and the situation is further complicated by processes
of accumulation and dispersion.

In a recent study (TRW, Inc, 1973), the assump-
tion of a one-to-one proportionality was explicitly
dropped in favor of a fractional proportionality based
on a comparison of weekday and weekend emission
patterns and pollution levels; in other words, based
on empirical evidence, it was suggested that an X%, re-
duction in primary emissions on a given day (assum-
ing no reduction on the previous day) would lead to
a reduction of less than X%, in pollution levels. For
example, an X9, reduction in emissions of reactive hy-
drocarbons would lead to a reduction of about 1/2 X9,
in peak oxidant levels, while the same percentage re-
duction in emissions of carbon monoxide and nitrogen
dioxide would lead to a 2/3 X9, reduction in the maxi-
mum concentrations of those pollutants. However, the
method is crude and may not be applicable in situa-
tions other than those in which the empirical observa-
tions were made.

Another approach for dealing with chemical reac-
tions is to derive relationships between primary and
secondary pollutant concentrations either from mea-
surements at outdoor sites or from observations using
physical simulation models (for example, smog cham-
bers); then, by assuming some relationship (usually
proportional) between primary pollutant emissions and
their concentrations in the air prior to reaction, it is
possible to relate changes in emissions to changes in the
final product concentration.®

However, even if they can be modified to take ac-
count of chemical reactions, the rollback models have
another limitation which may be their most crucial

weakness from the planner's viewpoint; this is the as-

sumption of “homogeneous emission reduction.” Es-
sentially, this means that the model can only be ap-

plied if every emission is reduced by the same percen-
tage simultaneously unless emissions other than the
one reduced can be considered negligible, or the em-
issions reduced are so distributed in time and space
that their reduction has the same overall effect as a
homogeneous reduction, or complete mixing within
a fixed air-volume can be assumed. As de Nevers and
Morris (1978) conclude, “if none of these three condi-
tions can be shown or reasonably assumed to exist,
then the application of simple rollback or proportional
modeling to the question of the impact of changes in
the emission of one class of emitters on ambient air
quality is totally without theoretical or experimental
foundation.”

Recognizing this limitation of the simple model, the
same authors have attempted to modify it in such a way
that it will allow for considerations ol emission type,
height, and location, without sacrificing its simplicity
and cheapness of application. This they have achieved
by introducing some Gaussian diffusion concepts into
the model. However, even in its improved state, it re-
mains a crude tool for testing control strategies (Skla-
rew, 1973) and the authors acknowledge that in many
situations “we have reason to believe that full diffu-
sion models will give more reliable predictions of the
consequences of changes in emission rates and patterns
than any of the rollback models.”

Diffusion models

Full diffusion models are the results of attempts to
simulate mathematically the physical and chemical
processes that affect primary pollutants on their re-
lease to the atmosphere. The intention is that once a
model has been established, the emission patterns and
meteorological conditions can be fed in, and predicted
concentrations of selected pollutants at specified points
in space and time will be given as output.

The simplest of the diffusior: models are the Gaussian
plume and puff versions which describe the concen-
tration distribution of an inert pollutant downwind
of a point, line, or area source. These models have
already been widely applied in predicting the concen-
trations of pollutants such as sulphur dioxide, carbon
monoxide, and particulates (especially emissions from
large point sources);'® however, they cannot account
for chemical reactions other taan simple decay proces-
ses and their accuracy is limited by the usually unreal-
istic assumption of constant and uniform meteorologi-
cal conditions.

More complicated models are now being developed
which attempt to overcome both these limitations,
taking into account chemical reactions (notably photo-



chemical processes) and variations in meteorology, In
Southern California, three private firms have con-
structed models of this kind vnder contracts from
the Environmental Protection Agency, and a team of
faculty and graduate students in the Environmental
Science and Engineering Program at the University
of California, Los Angeles has been working on a
fourth version, incorporating certain novel features.

The models are of two basic kinds. Those developed
by Systems Applications, Inc. (SAl) (Reynolds et al,
1973) and the UCLA team (Liu and Perrine, 1975)
employ a system of fixed coordinates, computing the
hourly average concentrations of pollutants in a
three-dimensional grid. Those developed by General
Research Corporation (Eschenroeder et al., 1972) and
Pacific Environmental Services (Wayne et al., 1973)
utilize a moving cell or trajectory approach, in which
concentration changes within a hypothetical parcel of
air are computed as the parcel traverses the airshed,

The maodels are all complex, requiring very exten-
sive input data and a moderately large computer to
perform the calculations, The SAI model, which is the
longest running of the three sponsored by the EPA,
gives as output predictions for all grid points. In siniu-
lating a single day for the Los Angeles air basin, it
absorbs about 40,000 words of input (of which some
25,000 words of meteorological data must be respecified
for each day) and requires a computer with approxi-
mately 300K bytes of memory as well as a minimum of
three disk or tape drives; the ten-hour simulation takes
about seventy-three minutes on an 1BM 3570-155 or
twenty-two minutes on an IBM 370-165 (Horowitz et
al., 1973).

The moving cell models generally give more selective
coverage, though by drawing enough trajectories it is
possible to generate a contour map of pollution. In
order to take account ol emission sources throughout
the Los Angeles basin, a computer with approximately
200K bytes of memory is necessary to run the GRC
model, and the time ratio is 300:1 (that is, each ten-
hour simulation takes two minutes).

The accuracy ol each of the three EPA-sponsored
models has been tested by validation runs in which
predicted pollution concentrations in the Los Angeles
airshed have been compared with abserved data, A
number of problems exist, some stemming from in-
accuracies within the models themselves (due to an
incomplete understanding and an inability to ade-
quately represent the highly complex processes being
simulated) and others from the nonavailability of
adequate empirical data.

Difficulties in obtaining satisfactory input data seri-

ously limit the accuracy and usefulness of the models
at their present stage of development. Requirements
include a complete inventory of emissions within the
study area and a full description of the meteorological
conditions, including wind speed and direction, inver-
sion height, surface temperature, and air temperature,
In addition, the initial mixing volume and initial pol-
lutant concentrations must be defined.

The task of compiling an emissions inventory is dif-
ficult because even major emitters are rarely monitored
on a continuous basis. Thus, emissions must be cal-
culated indirectly, using [actors that represent the av-
erage rate of emissions per unit of fuel consumed, dis-
tance traveled, and so on. Contributors to air pollu-
tion are gencrally classified into two broad categories,
namely stationary sources (including single identifiable
point sources such as power plants, as well as aggrega-
tions of smaller emitters, represented as area sources)
and mobile sources (including highway vehicles, off-
highway mobile equipment, and aircralt).

A major problem is that of adequately determining
the temporal and spatial variations in emissions, to
which air quality is known to be sensitive. For exam-
ple, calculations of power plant emissions based on
annual fuel consumpiion and average emission factors
{specified according to the rated power capacity of the
boiler) fail to reflect the temporal variations that occur
as operating characteristics change diurnally and sea-
sonally, A report recently prepared for the Senate Com-
mittee on Public Works (1974b) estimated that for
one class of pollutants (nitrogen oxides), “emission
estimates based on fuel use for individual facilities are
subject to inaccuracies of up to 50 percent due to the
influence of specific operating conditions at the facil-
ity. Emission estimates for entire regions containing
maore facilities are often more reliable, but a range of
=+ 259 may be the maximum degree of accuracy attain-
able.”

The treatment of area sources presents in addition
a spatial problem: distributing their emissions over
all populated parts of a region (as was done in the SA1
inventory for Los Angeles) can cause industrial-type
emissions to be incorrectly attributed to a residential
neighborhood (Roberts et al, 1973) whereas attempt-
ing to allocate the emissions according to zoned den-
sity for each use suffers from the fact that actual land
use and roning often fail to conform (Houser et al.,
1974).

Emissions from motor vehicles (especially important
in areas like Los Angeles) are particularly difficult to
estimate with accuracy as they are known to depend
on many factors, including the type, age, and condi-



tion of the vehicle; engine temperature; miles traveled;
speeds; driving habits; and so on. The emissions are
generally calculated using test cycle emission factors,
deterioration factors (which account for aging of pol-
lution control devices), weighted annual mileages
{which reflect the average mileage traveled in a year
by a car of a given age), and average speed adjust-
ment factors (which account for variations in average
speeds). As pointed out in the report for the Senate
Committee on Public Works (1974b), preat care must
be exercised in applying emission factors that have
been determined lor a specific test cycle; for example,
the EPA’s factors are currently based on a cycle de-
signed to reflect primarily the driving patterns in down-
town metropolitan areas (incorporating hot and cold
starts) and they are significantly different (by up to
30 percent) [rom the factors developed by the Cali-
fornia Air Resources Board (using a different, seven-
mode cycle) (Wada, 1975).

The problem is that there is no such thing as a
single “typical” trip pattern, and thus the use ol a
single test cycle must represent a gross oversimplifica-
tion, Revised emission factors based on individual
modes of driving (cruise, idle, decelerate, accelerate,
and so on) are being developed (Nordsieck, 1973; Cal-
span Corporation, 1971), and may presumably be used
to “tailor’” a test cycle more closely to observed condi-
tions in a given situation. However, their usefulness
must ultimately depend on the availability of adequate
data describing individual trip patterns, and these data
have always been difficult to obtain,

The availability of meteorological data is also very
limited. The monitoring network in Los Angeles is
relatively good, and yet no wind measurements are
made on a regular basis at any height exceeding thirty
feet (Liu and Perrine, 1975). Interpolation of the
readings fom the twenty-nine monitoring stations is
necessary to provide the appropriate spatial distribu-
tion of readings required by the maodels, and the “raw”
data inevitably has to be modified to prevent erroneous
divergences created by small errors in the measure-
ments and computations. Measurements of other need-
ed meteorological parameters are also inadequate. 1F it
is difficult to obtain satisfactory historical data, as indi-
cated here, it is virtually impessible to obtain reliable
predictions of future meteorology.

Finally, there is the problem of defining the initial
and the boundary conditions. For example, pollu-
tants remaining from previous days can have an impor-
tant effect (Martinez et al., 1978); however, the moni-
toring of pollutant concentrations (like the monitoring
of meteorology) is wholly inadequate. The Los Ange-

les APCD maintains throughout the entire county only
thirteen permanent monitoring stations plus one mo-
bile facility, and one of the permanent stations was
added only recently. Pollution levels can vary consider-
ably within very short distances, depending on the lo-
cal topography, and suchlike; the precise spatial loca-
tion of a monitoring device is thercfore critical in de-
termining whether the levels recorded are truly repres-
entative of those found in the surrounding area and
are not peculiar to the immediate vicinity of the de-
vice itsell, Because many of the monitoring facilities in
Los Angeles are located within 100 feet of roadways
carrying traffic in excess of 15,000 vehicles daily (Rey-
nolds et al, 1973), the recorded pollution levels are
not likely to be representative of the full spectrum of
concentrations found in the city. In the absence of ade-
quate measurements of these and other parameters,
there is inevitably a certain amount of inspired (and
uninspived) guesswork in determining the inputs to
the models.

Accuracy of the Diffusion Models

Notwithsianding all the difficulties, it is appropriate
to examine the results of the validation runs to deter-
mine whether the models are sufficiently accurate to
perform a wselul function in air quality management.
Unfortunately, the validation process itself has to be
treated with some caution owing to the already men-
tioned problems of obtaining accurate observed read-
ings on a scale commensurate with the models’ pre-
dictions, Becanse many ol the monitoring stations are
located near busy roadways, the predicted average pol-
lution levels within the two-mile square zones used in
the grid models would often be expected a priori to
be dilferent trom the observed levels at the stations !
Validating the moving-cell models is complicated be-
cause the cell trajectories rarely pass divectly over a
monitoring station; the observed readings therefore
have to be obtained by spatial interpolation, a process
known to produce large errors.1?

A further problem with the validation process re-
ported so far is that the runs have been limited to
one-day time periods (ten hours maximum), There
has been no attempt to make a real-time prediction
of an extended “episode,” using the computed results
from one day to define the initial conditions for the
next; indeed, this is currently thought to be impossible
because of the problems of forecasting the meteorology
and, for the moving-cell models, of handling the more
complicated geometry of an expanded air volume.
There is an additional difficulty in that the validation
runs for the Los Angeles models have necessarily been



conducted under present conditions only, which happen
to be characterized by relatively high levels of emissions.
It is by no mecans certain that the models would per-
form even as well as they do now if emissions were to
be considerably reduced and pollutant concentrations
were to approach background levels; under these cir-
cumstances one might expect that different atmospheric
processes could become significant.

Disregarding these problems, and assuming the vali-
dation results can be accepted as meaninglul, the ap-
propriate question to consider is whether the models
do accurately predict the hourly average peak concen-
trations of pollutants (with which current legislation
is concerned). Not surprisingly, none of the maodels'
authors claims anything approaching 100 percent ac-
curacy in predicting pollutant concentrations. In re-
porting the results of the validation studies, the usual
procedure has been o emphasize the correlation be-
tween predicted and observed values over each entire
run; however, it is the accuracy with which peak val-
ues are predicted that is most relevant in determining
the maodels’ applicability. The published reports show
that the best of the three established complex diffusion
maodels at predicting peak ozone (a key pollutant) gave
values within 2 parts per hundred million (pphm) of
the observed values in about 70 percent of the runs,
but it occasionally erred greatly, by 10 or more pphm.
The existing federal standard for orone is 8 pphm,
More generally, according to Hameed (1974), "most
current maodels of urban air pollution predict concen-
trations with errors, on the average, of the order of a
factor of 2. .. Most of the currently available data are
such that a prediction better than with an error of a
[actor of 2 may be regarded as fortuitous.”

In principle it might be more uselul if the output
of the models were given as probability distributions
rather than single values. Then, in order to satisfy the
Clean Air legislation, the probability that the peak
hourly-averaged level of any given pollutant would
exceed the federal standard on any particular day
could not be greater than (1/365 x 100)5,. If it could
confidently be assumed (for example, because of pre-
dictable seasonable variations in meteorology) that the
probability of exceeding the standard would be zero
on a significant number of days, say 200 out of 365
(leaving 165 days "at risk™), then the requirement
could be relaxed to permit up to a (1/165 x 100)%
probability of exceeding the standard on the other
days. However, as the accuracy of the model is poor, the
stringency of the controls necessary to guarantee com-
pliance with the law would inevitably be overesti-
mated. Furthermore, the existing models are not really

suitable for generating probability distributions as a
very large number of runs would be required.

The accuracy of the diffusion models can be, and is
being, improved. Eforts are currently being made to
improve the modelers’ understanding of, and ability
to simulate, the chemical and meteorological processes,
The SAT team, for example, is studying the chemistry
of reactions in the heterogeneous gas phase, and is
developing kinetic mechanisms that will include sul-
fur compounds; in addition, at UCLA, attempts are
being made to refine the numerical procedures used
to perform the calculations,

Begardless of the work done on the models them-
selves, however, the nonavailability of adequate input
data is a serious constraint on the potential accuracy of
the output. As mentioned earlier, existing facilities for
the monitoring of both pollution and metcorology are
inadequate; data-gathering projects (such as the LARPP
program in Los Angeles and the RAPS program in
St. Louisy® provide useful additional information, but
it is unrealistic to expect greatly improved monitoring
on a permanent and widespread basis in the near fu-
ture (if ever) because of the tremendous expense and
practical difficulties involved. Many measurements are
technically infeasible; for example, it is most unlikely
that motor vehicles will ever be monitored individually,
despite the critical dependence of their emissions on
variations in engine performance, driving habits, and
50 O,

USEFULNESS OF THE MODELS

The information provided by the models will now

be compared with the requirments, listed earlier, for

assessing and implementing the short-, middle, and

long-term control strategies, to determine whether these
requirements can be met.

Short-term strategies

Assuming the [eedforward approach, these strate-
gies pose a particularly difficult problem, in requiring
predictions for specific days. Though the rollback
models are of little use, the more sophisticated diftu-
sion models have the potential for providing the nec
essary forecasts but their accuracy is sharply constrained
by the accuracy of meteorological forecasts (which are
notoriously poor). As mentioned earlier, if conditions
do not change, a few runs of a model might be used
to construct a table of results that could be used re-
peatedly thereafter; on the other hand, if conditions
do change, it is significant that the models are so com-
plex and costly to operate (especially in terms of their



data-gathering needs) that no local agency would be
likely to run them on a day-to-day basis,

Middle-term strategies

The EPA, in administering the Clean Air legisla-
tion, has vsed rollback models to assess State Imple-
mentation Plans, but at best these models provide a
crude indicator of compliance. As discussed earlier,
the models lack realism; in particular, the usual assump-
tions of a linear emission [air quality relationship and
of uniform emissions reductions are conspicuously
weak.

The diffusion madels, on the other hand, have more
to offer, especially as there is no need to forecast meteor-
olagy on specific days (as the computations are based
on historically-established “worst-case” conditions). The
high cost of operating the more sophisticated models is
probably not too important a factor, as the plans are
not expected to be constantly reassessed. Furthermore,
the impact of a middle-term strategy is likely to be
much greater than that of a short-term strategy (if
only because it extends over a longer period of time),
s0 that a greater initial expenditure on assessment can
be justified more easily,

Long-term strategies

Only the diffusion models have the potential of being
really useful, Assessing the aggregate impact of a num-
ber of anticipated changes presents less of a problem
than attempting to assess the incremental impact of
each individual change, especially for secondary pol-
lutants. Existing emissions inventories are so crude that
their sensitivity to small variations is very limited. Fur-
thermore, the high cost of running the more sophisti-
cated models is already likely to deter their use in
making repeated assessments of individual projects.
Any attempt to improve the resolution of the emissions
inventory would inevitably raise the cost even higher.

The problem of cost

Cost is an important factor in determining the use-
fulness of the models, especially the photochemical dif-
fusion models. Data collection is particularly expen-
sive. However, it is worth mentioning that one way
of reducing the cost is currently being explored, namely,
the use of so-called repro-models. Essentially, these are
“models of models,” in other words, attempts to direct-
Iy link the inputs and outputs of the larger models by
statistical means. Research is still at an early stage,
but a report by Horowitz, Meiscl, and Collins (1975)
claims to demonstrate the feasibility of the approach;
it concedes that precision is inevitably reduced but

points out that in tests of repro-models (using the SAI
model as the subject), the “accuracy of approximation
was close to the limiting accuracy with which the out-
put was reported and certainly well within the accu-
racy with which the model corresponds to reality.” For-
ty-thousand werds of input into the larger model were
reduced to five words of input into the repro-model,
and computation time was reduced from twenty-two
minutes to just milliseconds on a comparable compu-
ter (with a corresponding reduction in cost).

How accurate must the models be?

Diffusion madels, in particular the photochemical
and meteorological diffusion models (where photo-
chemical smog is a problem), seem potentially capable
of providing the appropriate kind of information
needed to assess and implement air pollution control
strategies, even il in practice (neglecting the possibil-
ity of repro-modeling) they may prove too expensive
for some uses.

However, their currrent lack of precision (especially
in predicting the levels of secondary pollutants) and
the fact that they are never likely to even approach
100 percent accuracy pose a major problem, because
the present law requires that precise standards be met,
For example, in reviewing a proposal for the construc-
tion of an indirect source, a crucial question is whether
the hourly averaged oxidant level will exceed 8 pphm
(the federal standard); concluding that it might reach,
say 8 =4 pphm does not help in making a decision.
The wide range of error characterizing present models
is such that frequent disagreement among experts is
not only possible but likely. Indeed, according to de
MNevers (1975), there have already been court cases in
which the accuracy of modeling has been challenged
(sometimes successfully) and other cases have been
initiated in which the basic argument is whether the
EPA can "torce the expenditure of large amounts of
money (for pollution control equipment) on the basis
of calculations of what the effects will be, rather than
proven effects.” The latter issue has not yet been re-
solved but if the decision goes against the EPA, it would
make enforcement of much of the Clean Air legisla-
tion (in its present form) virtually impossible; indeed,
it would establish a precedent against planning ahead
that could be far-reaching in its implications.

CONCLUSIONS

As mentioned in the Introduction, the establishment
and enforcement of the Clean Air standards provide
only one means to the end of protecting the public
health and welfare. Alternative means are possible and



have been discussed elsewhere,™ but they are outside
the scope of this article. Here it has been taken as given
that the standards have been set, and that compliance
is required by law, This means that the emissionsair
quality relationship must be quantified, so that pro-
posed control measures can be assessed and imple-
mented. Various models have been developed for this
purpose but, as has been shown, they currently do not
provide sufficiently accurate information for the pre-
cise terms of the law o be met. The EPA is well aware
of the problems: its latest assessment of available models
is extremely cautious in its sanctioning of their use,
stressing that they “are useful only i the user under-
stands how to apply them and is aware of their vagar-
ies” (L. 8. Environmental Protection Agency, 1974b).
In discussing incirect source regulations, the EPA Ad-
ministrator has “on several occasions . . . expressed res-
ervations concerning the adequacy of available analy-
tical techniques to accurately analyze the impact of a
specific indirect source on ambient air quality concen-
trations of photochemical oxidant and nitrogen diox-
ide” (Federval Register 39, 25295, 1974). Interim guide-
lines for indirect source review focused almost entirely
on the prediction of localised carbon monoxide levels
(which are the most readily modeled, since no chem-
istry is involved), while the review process for other,
chemically reactive pollutants was left unspecified
(U. 5. Environmental Protection Agency, 1974a),

If the present standards-oriented approach to air
quality management is to be maintained, there are sev-
eral possible directions (that are not necessarily mu-
tually exclusive) in which to move. One is to spend
more money on improving hoth the models and their
data base. Another is to amend the present law to ex-
plicitly permit the enforcement of decisions based on
information from the “best available” models at any
given time. Yet another possibility is to abandon the
sole reliance on models and base decisions instead on
the judgment of “experts.”

Not surprisingly, the modelers penerally favor con-
tinued development of the models, together with im-
proved and more widespread monitoring to obtain the
necessary input data. They have a strong case in argu-
ing for increased expenditure in this feld: according
to the Council on Environmental Quality (1973), total
expenditures on air pollution control in the United
States are already measured in billions of dollars per
year and are expected to grow substantially in the fu-
ture; thus there is ample justification for spending
sizable funds, if necessary, to investigate the funda-
mental relationship underlying many of the present
control strategies.

However, model development takes time, and deci-
sions must be made in the interim. As mentioned
earlier, the authority of the EPA to enforee control
measures on the basis of calculations that are inevit-
ably less than perlectly accurate is currently being
challenged. If this challenge is upheld by the courts,
it might be sensible for the Clean Air legislation to be
modified to explicitly permit the exercise of controls
based on information derived from the "best available”
models, as determined ar any given time by the EPA
Administrator. In effect, this would give legal backing
to the procedure already adopted by the EPA, where-
by the Agency announces in advance which models it
will accept as providing a means of demonstrating
compliance with the Clean Air Act provisions. In order
to ensure that this procedure does not discourage fur-
ther efforts at model improvement, the Agency's “sanc-
tion" of specified models might be reviewed and up-
dated at regular intervals (say, every six months),

Although this approach might solve the legal prob-
lem caused by the present wording of the law, the prob-
lem would remain that the "best available” models at
this time commaonly provide information that is char-
acterized by such a wide range of uncertainty that its
usefulness in decision making is very limited. As Wada
(1975) points out, if decisions are based on these
maodels, “industries subject to controls could argue that
severe economic hardships were being imposed when
they may well be unnecessary. On the other hand, pub-
lic interest groups could simultaneously claim that ap-
propriate measures were not being taken to ensure
attainment and maintenance of the air quality
standards.”

A suggestion made by Wada is to put aside the more
sophisticated models and instead apply linear rollback
in an itevative fashion; the simpler technique would
be used to define a level of allowable emissions which
would form the basis of an initial set of controls; then,
as compliance with these controls was achieved, the
resulting ambient air concentrations would be moni-
tored and the process would be repeated, using the
same rollback technique to define a new level of al-
lowable emissions, and so on. The author argues that
this “buys time . .. buys information . .. buys Hexibil-
ity as a hedge”; however, he recognizes that it might
also cause a considerable delay in the achievement of
the Clean Air standards as each ireration could take
several years to complete, Because the standards are
set at a level thought necessary to protect the public
health, such a delay could prove costly in human lives
{a fact which is often overlooked when proposals to
extend the period for compliance with the Clean Air



Act are debated). 1t might therefore be considered un-
accepiable,

It is possible to go one stage further than Wada and
suggest that decisions on air pollution control mea-
sures should not be based solely on the information
from any mathematical model, but instead should de-
pend on the judgment ol "experts” (that is, people
who are familiar with the meteorological, chemical,
and other processes involved, and have practical ex-
perience in dealing with air pellution).

A key difference between the two approaches is that
experts do not make fully explicit the data base and
predictive relationships that they employ (indeed, if
they did so, their reasoning could, in principle, be re-
produced in a model); unlike the models, therefore,
they provide ne basis for validation. Even if it could
be shown that past predictions made by experts have
proved no worse (and have sometimes been better)
than those derived from madels, this is insufficient jus-
tification for assuming that they will continue to do so
in the future, especially if the models are to be fur-
ther improved. On the other hand, due to the short-
age of satisfactory data at the present time, it is also
true to say that the models have not vet been adequately
validated; thus it could be argued that there is no more
reason Lo trust them in the short term than to trust
the experts. Furthermore, experts have the ability to
modify parameters that they consider in making their
estimates more rapidly than a mathematical model can
be changed. This ability, combined with their lower
cost (at least in comparison with the more complex
models) make the option of using experts worth con-
sidering,

Panels of experts could be appointed for each EPA
region. It should be recognized that they would not
be called upon to make normative judgments (that
is, to say whether a proposed measure is “good” or
“bad”) but instead to make a positive prediction as
to whether a measure would promote, or be consis-
tent with, the aim of achieving and maintaining the
Clean Air standards, The experts would be permitted,
if they wish, to use models for guidance (thereby ob-
taining, perhaps, the maximum benefit from both ap-
proaches), but their ultimate judgments would be
binding. Almost inevitably, there would occasionally be
disagreements between different experts on a panel,
but a technigque such as Delphi could then be vsed in
an attempt to reach consensus (Dalkey et al,, 1972).

It is important to point out that the use of experts
is not being suggested as a long-term solution to the
problem of quantifying the emission/air quality re-
lationship. By removing the objective (albeit currently

unreliable) basis for decision making that models pro-
vide, the opportunities for judgments to be influenced
by political considerations must inevitably increase, As
mentioned earlier, a strong case can be made for in-
vesting considerable resources in the development ol
reliable models that might ultimately provide the sole
basis for predictions. However, the current limitations
of the models and the difhculties to be faced in im-
proving them (especially in terms of data collection)
should not be underestimated,
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MOTES

I Senate Committee on Public Works (1974a).

2 Hearings on proposed amendments to the Clean Air Act were

started by comminess of both the Senate and the House in

the early part of 1975,

A comprehensive data-gathering study known as the Regional

Air Pollution Study (RAPS) is currently being sponsored by

the EFA in 51 Louis for the specific purpose of developing

and validating improved air quality models (Ruff and Fox,

1974},

4 See Eschenroeder et al. (1972), Reynolds et al, (1973), Wayne
et al. (1973}, Other applications of models 10 Los Angeles are
described in Frenkiel (1956), Lamb and Neiberger (1971),
Sklarew et al, (1972), Trijonis (1972), Hamming ct al. (1978},
Lin and Perrine {1975).

5 For a more detailed discussion of short-term controls, see,
for example, the repore by TRW, Inc. (1978).

6 Ironically, the very success of emergency measures introduced
in response 10 a predicted alert conld cause a problem in pub-
lic relations, for people might afterwards argue that the epi-
sode wonld not have occurred anyway (even without the
measures), and it might be impassible o prove them wrong.
OF course, an even greater problem arises if the measures
prove ineflective!

7 EPA's curvent interpretation of this requirement is given in
Federal Register 39, 42510-42517 (Dec, 5, 1974).

B As emissions from motor vehicles arve progressively reduced,
those from statfonary sources are likely 1o become relatively
MOTe important.

A Barth (1970), Trijonis (1972), Hamming et al. {1973, See
also, Federal Register 36, 15486-15506 (Aug. 14, 1971).

10 See, for example, Turner (1964), Clark (1964), Miller and
Holeworth (19%67), Koogler et al, (1967), Hilst {1967), Bowne
{1969, Shieh et al, (1970%, Roberts et al, (1970).
A similar problem arises when the models' predictions are
used in the implementation of the Clean Air legislation, as
this currently governs point levels of pollution. However, the
problem may be solved by the development of subgrid models
that deal with localized effects, on which the 3AT team is
working under a new EPA contract,

12 When the concentration of ozone at the West San Gabriel
Valley station was determined by interpolation using observed
data from three other locations and compared with an actual
measurement at the station itself, the relative error (that is,
truc-computed (true) ranged from 6 percent to 63 percent

Bl



{average 35 percent) on one day, and from 0 percent Lo 53
percent (average 20 percent) on another, See Eschenroeder et
al, {1472).

13 See Eschenroeder and Perkins (1974), Black (1974), Perkins
(1974) with reference to LARPP; and Ruff and Fox (1974)
with reference to the RAPS program.

14 See, for cxample: Mackintosh (1973), Kneese and Schultze
(1975), Walozin (1966), Thompson (1973), Freeman et al
(1973).
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