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REVIEW OF THE NATIONAL AMBIENT AIR QUALITY' STANDARDS FOR SULFUR 
OXIDES: UPDATED ASSESSMENT OF SCIENTIFIC AND TECHNICAL 

INFORMATION 

SUPPLEMENT TO THE 1986 OAQPS STAFF PAPER ADDENDUM 

I. INTRODUCTION 

A. Purpose 

This paper presents a summary of the evaluation and 

interpretation of key new studies on the health effects 

associated with short-term sulfur dioxide (S02 ) exposures 

examined in the draft Environmental Protection Agency (EPA) 

document, Supplement to the Second Addendum (1986) to Air Quality 

Criteria for Particulate Matter and Sulfur Oxides (1982): 

Assessment of New Findings on Sulfur Dioxide Acute Exposure 

Health Effects in Asthmatics (EPA-,- 1994) and represents an update 

of similar material in the 1986 sulfur oxides (SO,) staff paper 

addendum (EPA, 1986a). Because the recently available health 

effects information on S02 is related to short-term (5- to 10-

minute) exposures, this paper also updates available information 

on the occurrence of short-term (5-minute) peaks of S02 in the 

ambient air and on the likelihood that the at-risk population 

will be exposed: 

This staff paper supplement is intended to help bridge the 

gap between the scientific review of recent health effects 

information contained in the 1994 S02 criteria document addendum 

supplement (subsequently referred to as "CD supplement" or "CDS," 

EPA, 1994) and the judgments required of the Administrator in 

determining whether new regulatory initiatives are needed to 
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provide increased protection to asthmatic individuals whose 

health could be compromised if exposed to high 5- to 10-minute 

peak S02 levels. Factors relevant to this evaluation, as well as 

staff conclusions and recommendations on alternative regulatory 

approaches are presented in this paper. 

B. Background 

l. Legislative Reguirements 

Two sections of the Act govern the establishment and 

revision of national ambient air quality standards (NAAQS). 

Section 108 (42 u.s.c. 7408) directs the Administrator to 

identify pollutants which "may reasonably be.anticipated to · 

endanger public health and welfare" and to issue air quality 

criteria for them. These air quality criteria are to "accurately 

reflect the latest scientific knowledge useful in indicating the 

kind and extent of all identifiable effects on public health or 

welfare which may be expected from the presence of [a] pollutant 

in the ambient air . " 

Section 109 (42 u.s.c. 7409) directs the Administrator to 

propose and promulgate "primary" and "secondary" NAAQS for 

pollutants identified under section 108. Section 109(b) (1) 

defines a primary standard as one "the attainment and maintenance 

of which, in the judgment of the Administrator, based on the 

criteria and allowing an adequate margin of safety, [is] 
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requisite to protect the public health. 111 A secondary standard, 

as defined in section 109(b) (2), must "specify a level of air 

quality the attainment and maintenance of which, in the judgment 

of the Administrator, based on (the) criteria, is requisite to 

protect the public welfare from any known or anticipated adverse 

effects associated with the presence of [the) pollutant in the 

ambient air." Welfare effects as defined in section 302(h) [42 

u.s.c. 7602(h)] include, but are not limited to, "effects on 

soils, water, crops, vegetation, manmade materials, animals, 

wildlife, weather, visibility and climate, dqmage to and 

deterioration of property, and hazards to transportation, as well 

as effects on economic values and on personal comfort and well-

being." 

The U.S. Court of Appeals for the District of Columbia 

Circuit has held that the requirement for an adequate margin of 

safety for primary standards was intended to address 

uncertainties associated with inconclusive scientific and 

technical information available at the time of standard setting. 

It was also intended to provide a reasonable degree of protection 

against hazards that research has not yet identified. Lead 

Industries Association v. EPA, 647 F.2d 1130, 1154 (D.C. Cir. 

1The legislative history of section 109 indicates that a 
primary standard is to be set at "the maximum permissible ambient 
air level ... which will protect the health of any (sensitive] 
group of the population," and that for this purpose "reference 
should be made to a representative sample of persons comprising 
the sensitive group rather than to a single person in such a 
group." s. Rep. No. 91-1196, 91st Cong., 2d Sess. 10 (1970). 
The legislative history specifically identifies bronchial 
asthmatics as a sensitive group to be protected. Id. 
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1980), cert. denied, 101 s. Ct. 621 (1980); American Petroleum 

Institute v. Castle, 665 F.2d 1176, 1177 (D.C. _Cir. 1981), cert. 

denied, 102 s. ct. 1737 (1982). Both kinds of uncertainties are 

components of the risk associated with pollution at levels below 

those at which human health effects can be said to occur with 

reasonable scientific certainty. Thus, by selecting primary 

standards that provide an adequate margin of safety, the 

Administrator is seeking not only to prevent pollution levels 

that have been demonstrated to be harmful but also to prevent 

lower pollutant levels that she finqs may pose an unacceptable 

risk of harm, even if the risk is not precisely identified as to 

nature or degree. 

In selecting a margin of safety, the EPA considers such 

factors as the nature and severity of the health effects 

involved, the size of the sensitive population(s) at risk, and 

the kind and degree of the uncertainties that must be addressed. 

Given that the "margin of safety•• requirement, by definition, 

only comes into play where no conclusive showing of adverse 

effects exists, such factors, which involve unknown or only 

partially quantified risks, have their inherent limits as guides 

to action. The selection of any numerical value to provide an 

adequate margin of safety is a policy choice left specifically to 

the Administrator's judgment. Lead Industries Association v. 

EPA, supra, 647 F.2d at 1161-62. 

Section 109(d) (1) of the Act requires that "not later than 

December 31, 1980, and at 5-year intervals thereafter, the 
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Administrator shall complete a thorough review of the criteria 

published under section 108 and the national ambient air quality 

standards and shall make such revisions in such criteria 

and standards as may be appropriate . . " Section 

109(d) (2) (A) and (B) require that a scientific review committee 

be appointed and provide that the committee "shall complete a 

review of the criteria ..• and the national primary and 

secondary ambient air quality standards .. and shall recommend 

to the Administrator any .•• revisions of existing criteria and 

standards as may be appropriate • . . " 

2. Existing Sulfur oxides Standards and Review to Date 

The current primary standards for so,, established in 1971, 

are 80 micrograms per cubic meter (µg/m3 ) (0.03 pa~ts per million 

(ppm)) annual arithmetic mean, and 365 µg/m 3 (0.14 ppm), maximum 

24-hour concentration not to be exceeded more than once per year. 

The current secondary standard for so, (to protect public 

welfare) is 1,300 µg/m3 (0.5 ppm), maximum 3-hour concentration, 

not to be exceeded more than once per year. For both primary and 

secondary standards, so. are measured as S02 • Thus, S02 is the 

current indicator for the so, standards. 

Review of the original so2 criteria and standards was 

initiated in 1978. The Clean Air Scientific Advisory Committee 

(CASAC) closed on the revised criteria document (which also 

addressed particulate matter) in January 1982. An addendum to 

the CD, which summarized recent controlled human studies on the 

health effects of S02 , was issued the same year. A staff paper, 
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which identified critical issues and summarized the staff's 

interpretation of key studies, received verbal closure at a CASAC 

meeting in August 1982 and formal written closure in August 1983. 

In 1986, in response to the publication in the scientific 

literature of a number of new studies on health effects of 

particulate matter and 502 , a second addendum to the criteria 

document and a corresponding addendum to the SO, staff paper were 

prepared. The CASAC sent the Administrator closure letters on 

the criteria document addendum, dated December 15, 1986, and on 

the staff paper addendum, dated February 19, 1987. In the 

closure letter on the staff paper addendum,-the majority of the 

CASAC recommended consideration of a 1-hour standard in the range 

of 0.2 to 0.5 ppm S02 to protect against 5-minute peaks of 0.4 to 

1.0 ppm S02 • The closure letter on the staff paper addendum is 

reprinted in Appendix A. 

On April 26, 1988 (53 FR 14926), the EPA announced its 

proposed decision not to revise the existing primary and 

secondary so, standards (measured as S02 ) • In reaching the 

provisional conclusion that the current standards provide 

adequate protection against the health and welfare effects 

associated with S02 , the EPA was particularly mindful of 

uncertainties in the available evidence concerning the possible 

need for a new 1-hour standard to protect against health effects 

associated with 5- to 10-minute S02 exposures. Therefore, the 

EPA specifically requested broad public comment on the 

alternative of adding a new 1-hour primary standard of 0.4 ppm 
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and making related changes to the existing standards. The EPA's 

consideration of short-term health effects of S02 as well as its 

rationale for other proposed changes are set forth in the 

April 26, 1988 notice. 

The EPA took final action on the secondary standard portion 

of the 1988 proposal on April 15, 1993. The rationale for the 

decision is presented in detail in the April 21, 1993 Federal 

Register notice that announced the decision (58 FR 21351). 

With respect to the primary standards portion of the 1988 

proposal~ the EPA has entered into a consent decree that requires 

by November 1, 19~4, either: 1) final ~ction on the 1988 

proposed decision not to revise the primary standards; or 2) 

reproposal. The EPA is to take final action on a reproposal 

1 year after completion of the public comment period. 

The principal question to be resolved with respect to the 

primary standards is whether a new short-term standard is needed 

to protect asthmatics at elevated ventilation levels from 5- to 

10-minute peak S02 levels. During the comment period on the 1988 

proposal, a number of issues were raised concerning the possible 

need for such a standard. These included: 1) the health 

significance of the responses reported in controlled human 

studies to 5- to lo-minute 502 exposures, particularly at levels 

below 0.75 ppm; 2) the possibility that moderate to severe 

asthmatics may experience greater responses than the primarily 

mild asthmatics studied to date; 3) whether asthmatics already 

medicated to protect against other environmental stimuli would 
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also be protected against 502 exposures; 4) whether a 1-hour 

standard based on a typical peak-to-mean ratio of 2 to 1 will 

provide appropriate protection from the full range of sources 

that have the potential to emit high peak 502 levels2 ; and 5) the 

adequacy of the exposure analysis, which focused only on 

asthmatics living near power plants. 

In order to be better able to address these and other 

issues, the EPA concluded that the 1986 addendum to the criteria 

document and the associated 502 staff paper addendum should be 

~pdated to take into account more recent information. 

c. Approach 

The approach in this paper is to draw from the criteria 

document supplement's (EPA, 1994) evaluation and interpretation 

of the newly available health effects information on short-term 

502 exposures and to integrate that information with the 

available information on the occurrence of 5- to 10-minute peak 

502 levels in the ambient air and associated estimates of 

potential exposures. Particular attention is drawn to judgments 

related to determining an appropriate regulatory response given 

the nature of the reported effects and the likelihood of exposure 

to short-term peak 502 levels. Previous staff conclusions 

2For present purposes, the peak-to-mean ratio of interest is 
the ratio of the maximum 5-minute concentration for an hour 
divided by the hourly average (thus a peak-to-mean ratio of 2 to 
1 indicates for that hour the maximum 5-minute average was twice 
the concentration of the hourly average) • 
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related to the existing primary standards or the secondary 

standard will not be addressed here. 

section II provides a concise summary of key findings 

presented in the criteria document supplement on health 

significance of the effects of brief, concentrated exposures to 

S02 on asthmatics at elevated ventilation. Emphasis is placed on 

those factors that should be considered in assessing the public 

health significance of the reported effects. Section III focuses 

on the available air quality and exposure information to support 

discussions on the possible need for new regulatory initiatives 

to address short-term peak levels of S02 • Drawing from the 

discussion in Sections II and III, Section IV identifies 

alternative regulatory options and those factors EPA staff 

believe should be considered in selecting among the alternatives. 
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II. ASSESSMENT OF HEALTH EFFECTS 

A. Sensitive Population Groups 

Based on the assessment in the criteria document supplement, 

the staff concludes that mild and moderate asthmatic children, 

adolescents, and adults that are physically active outdoors 

represent the population segments at most risk for acute S02 

induced respiratory affects. Individuals with more severe 

asthmatic conditions have poor exercise tolerance and, therefore, 

are less likely to engage in sufficiently intense outdoor 

activity to achieve the requisite breathing rates for notable 

S02-induced respiratory effects to occur (EPA, 1994, p. 48). 

Healthy nonasthmatic individuals are essentially unaffected 

by acute exposures to S02 at concentrations below 2 ppm. It has 

been suggested that nonasthmatic atopic3 individuals may be at 

increased risk (EPA, 1986a, pg. 59; 53 FR 14932, April 26, 1988). 

However, questions have been raised concerning whether the 

subjects referred to as ·atopics in one set of studies (e.g., 

Koenig et al., 1987; Koenig et al., 1988a,b) might be more 

appropriately considered very mild asthmatics. Another recent 

study (Linn et al., 1987), that compared the response of atopics 

and mild asthmatics, found that the atopic group was not 

3 "Atopic'' is a term used to indicate individuals, not 
diagnosed as asthmatics, with disorders manifested as 
hypersensitivity to environmental antigens. Examples include hay 
fever and other allergies. Approximately 8 percent of the U.S. 
population is estimated to be atopic. Some additional percentage 
of the population not diagnosed as atopic or asthmatic may also 
display hyperreactive airway responses to S02 • 
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particularly responsive to S02 • The difference in the incidence 

of bronchoconstriction in atopics between the different studies 

is most likely due to criteria used for diagnostic 

classification, rather than real population differences. As 

noted in the CDS (E~A, 1994, p. 52), there may be a significant 

number of undiagnosed asthmatics and a number of subjects without 

asthma who have exercise-induced bronchospasm. In the process of 

estimating the number of individuals who are likely to be 

affected by environmental 502 exposure, this uncertainty 

regarding the incidence of 502 sensitivity in the population 

should be considered. 

B. Asthma 

In assessing the significance of the 502-indu~ed respiratory 

effects in asthmatic individuals, it is important to have an 

understanding of asthma as a disease in order to place the 

findings from the controlled human exposure studies in 

perspective. The Expert Panel Report from the National Asthma 

Education Program of the National Heart, Lung and Blood Institute 

(NIH, 1991) has recently defined asthma as: 

Asthma is a lung disease with the following 

characteristics: 1) airway obstruction that is 

reversible (but not completely so in some patients) 

either spontaneously or with treatment, 2) airway 

inflammation, and 3) increased airway responsiveness to 

a variety of stimuli. 
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As indicated in Table 2-1, there is a broad range of severity of 

asthma ranging from mild to severe. 

Drawing from the discussion in the criteria document 

supplement, the key information about the disease is presented 

below: 

1) About 10 million people or 4 percent of the population 

of the United States are estimated to have asthma (NIH, 

1991). The true prevalence may be somewhat higher. 

Some researchers have estimated that 7 to 10 percent of 

the United States population .may be asthmatic (Evans et 

al., 1987), because some individuals with mild asthma· 

may be unaware that they have the disease and thus go 

unreported. The prevalence is higher among African

Americans, older (8- to 11- year-old) children, and 

urban residents (Schwartz et al., 1990). 

2) Common symptoms include cough, wheezing, shortness of 

breath, chest tightness, and sputum production. 

3) Asthma is characterized by an exaggerated 

bronchoconstrictor response to many physical challenges 

(e.g., cold or dry air, exercise) and chemical and 

pharmacologic agents (e.g., histamine or methacholine). 

4) Daily variability in lung function measurements is a 

typical feature of asthma, with the poorest function 

(i.e., lowest forced expiratory volume in 1 second 

(FEV1) and highest specific airway resistance (SRaw) 

being experienced in the early morning hours and the 
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TABLE 2-1. CLASSIFICATION OF ASTHMA BY SEVERITY OF DISEASE" 

Charactcri&lic s 

A. Pretrcaun..ru 

Frequency of 
exacertnuion.s 

Mild 

Exacerbations of cough and 
whoezing no more often lhan 
1-2 limes/week. 

Moderate 

Exacerbation of cough and 
wheezing on a more fr-=quenl btisis 
lhan 1-2 times/week. Could have 
hist0ry of seven: exacerbations, but 
infrequent. Urgent care treatment 
in hospital emorgency departmenl 
or doctor's oflic-=- <3 tim.:s/year. 

Frequency of 
symptoms 

Few clinical signs or Cough and low grade whoozing 
symptoms of aslhn10. b¢tW'l!!l!O b..:twe.:n acute \.!Xaccrbi:nions oflc:.n 
c:xacertuuions. presenl. 

Degree of exercise 
tolerance 

Good .:x.:ri;isc loli:rance but Ex.:rcis.: toleroni.:c: di111inished. 

may not tolc:rate vigorous 
exercise:. c:specially prolonged 

running. 

Frequency of 
nocturnal o.sthnt11i 

Symptoms of no"umal Symptoms of nocturnal asthma 
D.StJUllll ~CU( no ll"IOre oi)en pNs..:nl 2-J timc:s/wc:i:k. 
than 1-2 tim..:s/mon1h. 

School or work 
attendance 

Good school or work School or work ;:iui:ni . .tancl! mily bl! 
anc:ndunce. afTc:ctc:d. 

Pulmon.ory function 

• Peak Expiratory 
Flow Rat• (PEFR) 

• Spirometry 

• Melhacholine 
sensitivity 

PEFR >80% predicted. 
Variability• < 20%. 

Minimal or no evidence of 

airwoy obs1nic1ion on 

•piromelry. Nonrutl 
c:xpirn1ory now volu1nc: 

curve; lung volum..::s not 

increased. Usually a > 15 % 
Nspons.c: 10 acute z:ierosol 

bron,hodilator ;:id1ninistra1ion, 

even tliough baseline noar 
nonrutl. 

Melhncholine PC,. 
>20 mg/ml.' 

8. After optinuil lreatn1i:nl i:; c:sloblished 

Response to and Exaci:rbotions respond to 

duration of th!!rapy broncodilators without the us~ 

of systemic corticasLeroids in 

12-24 h. Regular drug 
lherapy not usually "'quired 
exoepl for short periods of 
time. 

PEFR 60-80% predicted. 
Voriobili1y 20-30%. 

Sign• of airway obslruclion on 
spirom~I ry ore evidc:nt. Flow 
volu1ne curve shows reduced 

cxpinllory flow Bl low lung 
volumes. Lung volumes of\c:n 

increased. Usually a > 15 % 
response to ocu1e ai:rosol 

broni.:hodilator iild1ninis1ra1ion. 

Melhacholin< PC,. between 2 and 
20 mg/ml. 

Pi:riodic use of bronchodilators 
n::quir.:d during .:xai;:.:rba1ions for 
,o, wc:.:k or more. Systc:1nic sleroids 

usually required for t::<acerbotions 
as wc:IJ. Continuous uround-lhe

clock drug 1horapy required. 
Regular use of onti-intlommatory 
agents 1nay be n!:quir~d for 
prolonged periods of ti1nc:. 

Severe 

Virtually daily wheezing. Exacerbations 
frequent, often seven::. Tendency to have 
sudden seven: exacerbalions. Urgent visits to 

ho•pital emergency departments or doctor's 
office > J times/year. Hospitalization 

>2 limes/year, perhaps wilh respiratory 
insuffich:ncy or, rnre:ly, respiratory failure and 

history of intubation. May have had cough 
syncope or hypoxic seizures. 

Continuous albeit Jow-grade cough and 
wheezing nhnost always present-

Very poor exercise toleranc~ wilh 1nark:ed 

limitotion of activity. 

Considerable. almosl nightly >leep interruption 
due to ,o,sthma. Cht:st ttght in c:arly morning. 

Poor school or work an.;:ndnnc.:. 

PEFR < 60 % predi<ted. 
Variability >30%. 

Substontiai degree of oil"\lw"ay obslniction on 
spiromelry. Flow volume curve shows 1narki!d 
concavity. Spiro1netry may nol be normalized 
l!Ven with high dose steroids. fi.1ay have 

!:i.Ub!:i.t.antiol increase in lung volumes and marked 

unevenness of ventilation. Incomplete 
reversibili1y 10 acute: aerosol bronchodilator 

adminislration. 

Mothacholino PC,0 < 2 mglmL. 

Rc:qui~s continuous. multipl~ around-thc:-clo..;k 

drug lht:rapy including daily i..:or1ii::ost.:roids_ 
c:ilhc:r oc:rosol or syst.:mic;. ol\.:n in high dosc:s. 

Charactcnslics are general; becnu!le .::islhnu1. is highly variable, the~ charactieristics 1noy ov.:rlop. Funhc:nnon:, an individual 1na.y switch 

ifto different ca1cgories over time. 
Variability means lhe difTe,..nce eilhor bctwoen a morning and evening measure or among morning peak now measurements each day for a 

week. 

c Allhough the degree of melhocholine/histamine sensitivity generally correlates wilh sevority of symptoms and medication requirements, 
then: on:: exceptions. 

Source: National Institutes of Heallh (1991). 
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best function (i.e., highest FEV1 and lowest SRaw) occurring in 

the mid-afternoon. 

5) The degree of exercise tolerance varies with the 

severity of disease. Mild asthmatic individuals have 

good exercise tolerance but may not tolerate vigorous 

exercise such as prolonged running. Moderate asthmatic 

individuals have diminished exercise tolerance and 

individuals with severe disease have very poor exercise 

tolerance that markedly limits physical activity. 

6) Exercise-induced bronchoconstricti~n is followed by a 

refractory p~riod of several hours during which an 

asthmatic individual is less susceptible to 

bronchoconstriction (Edmunds et al., 1978). This 

refractory period may alter an asthmatic individual's 

responsiveness to S02 or other inhaled substances. 

7) Asthma attacks can result in hospitalization or 

emergency room treatment. It is estimated that 

incidence of hospitalization for all asthmatic 

individuals in the United States is about 45 per 1,000 

asthmatics per year (NIH, 1991). Attendance at 

emergency rooms for asthma in Vancouver, Canada was 

estimated to account for 1.2 percent of all emergency 

room visits. 

8) Data on asthma attack rates in the United Kingdom 

suggest an incidence of asthma attacks requiring 

medical attention, of <l asthmatic patient-year (Ayres, 



15 

1986; Nevill et al., 1993). A similar attack incidence 

was estimated for the United States patients (Lebowitz 

et al, 1985; Van Essen-Zandoliet et al., 1992). 

9) In assessing the rate of incidence, it should be noted 

that based on the Los Angeles asthma panel data (EPRI, 

1988), only 15 percent of mild asthmatic individuals 

see a physician annually for their asthma compared to 

about 67 percent of the moderate asthmatics. 

10) Death due to asthma is a rare event; about one per 

lQ,000 asthmatic individuals. Mortality rates are 

higher among males and abont 100 percent higher among 

non-whites. It has been reported that in two large 

urban centers (New York and Chicago) mo~tality rates 

from asthma among non-whites exceed the city average by 

up to five-fold and exceed the national average by an 

even larger factor (Sly, 1988; Evans et al., 1987; NIH, 

1991; Weiss and Wagener, 1990; Carr et al., 1992). 

There may be several possible explanations for this, 

but the cause of these higher mortality rates has not 

been explained. 

In assessing the results from the controlled human exposure 

studies discussed below, it should be noted that the individuals 

who participate in such studies may not be representative of the 

entire population of individuals with asthma. The subjects of 

controlled exposure studies typically have mild allergic asthma. 

In many cases, these individuals can go without medication 
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altogether or can discontinue medication for brief periods of 

time if exposures are conducted outside their normal allergy 

season. In addition, African-American and Hispanic adolescents 

and young adults have not been studied systematically. Subjects 

who participate in controlled exposure studies are also generally 

self-selected and this may introduce some bias. Thus, the extent 

to which the participants in the studies reflect the 

characteristics of the asthmatic population at large is not 

known. Nevertheless, the high degree of consistency among 

studies suggests either that the subjects are generally 

representative of the population at risk or that any selection 

bias is consistently present across a diverse group of 

laboratories. 

C. Medication Use 

Many asthmatic individuals take medication to relieve 

symptoms and functional responses associated with exacerbation of 

this disease. One of the most commonly used asthma medications 

(beta-agonists) also inhibits responses to 502 • This has led to 

suggestions that asthmatic individuals may be protected from 

responses to 502 because they medicate prior to exercise. 

However, as discussed in the CD supplement (EPA, 1994), the 

available data suggest that probably a substantial proportion of 

asthmatic individuals would not be "protected" by medication use. 

Most mild asthmatic individuals use medication only when symptoms 

arise. Roth Associates (1988) reported that out of a panel of 52 

asthmatic subjects, whose exercise patterns showed a wide range 
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of variability, one third of the mild asthmatic subjects studied 

had not used any asthma medication within the past year, and that 

fewer than half used an inhaled bronchodilator at least once 

during the past year. Only 20 percent of the moderate asthmatics 

subjects studied use an inhaled bronchodilator on a regular 

basis. Marks et al., (1992) also reported that beta-agonist use 

was infrequent. 

Even medication compliance for those on regular medication 

varies considerably among asthmatic individuals (from none to 

full compliance) .. Average compliance figures range from 50 to 70 

percent (Smith et al., Weinstein and Cuskey, 1985; Smith et al., 

1986; Partridge, 1992). Given the relatively low medication use 

and compliance rates for many mild and moderate asthmatics 

individuals, pre-exercise bronchodilator use would not be likely 

to occur for many potentially S02-sensitive individuals. 

For a large number of mild asthmatic individuals with normal 

baseline lung function or well controlled moderate asthmatics on 

a regular regimen of medication, S02 probably represents a 

limited public health concern, in that exposure is unlikely to 

reduce their lung function below a critical level that would be 

of immediate medical concern. However, many moderate asthmatics 

who come from families with lower socioeconomic status may not 

have adequate access to the health care system, may have poor 

compliance for medication use {possibly based on limited 

availability of medication) and thus may be prone to frequent 

deterioration of their lung function. Such individuals would be 
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at increased risk from S02 exposure because of their potentially 

poorer baseline level of lung function. Exposure of unmedicated 

moderate asthmatics to so2 could cause additional deterioration 

of lung function that could be cause for medical concern (EPA, 

1994, p. 51). 

o. Nature and Time course of Response 

The most striking acute response to S02 for asthmatics and 

others with hyperactive airways is bronchoconstriction (airway 

narrowing), usually evidenced as increased airway resistance, 

decrease? FEV1 , or decreased peak flow, and the occurrence of 

symptoms such as wheezing, chest tightness, and shortness of 

breath (EPA, 1982a; EPA 1986a). This bronchoconstriction 

response occurs quickly (within 5- to 10-minutes of exposure) , 

with two recent studies showing that the response can begin in as 

little as 2-3 minutes, although the response does not reach 

maximal levels until the exposure lasts five or more minutes 

(Balmes et al., 1987; Horstman et al., 1988). The response is 

also generally brief in duration; numerous studies have shown 

that lung function typically returns to normal for most subjects 

within an hour of exposure. This duration is similar to that 

experienced in response to exercise and somewhat less than 

experienced in response to allergens (EPA, 1994). Even if 

exposure continues beyond the initial 5-10 minutes, lung function 

may still return to normal as long as the subject ceases to 

exercise and their ventilation rate decreases to resting levels 

(Hackney, et al., 1984; Schatcher et al., 1984). 
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A mild "refractory period" seems to exist in which 

diminished responsiveness is seen when an individual is re

exposed to 502 while at exercise. Lung function responses of 

approximately 75 percent of those observed after an initial 

exposure to S02 are observed after a second exposure ten to 

fifteen minutes later (Roger et al., 1985; Kehrl et al., 1987). 

The response diminishes further with subsequent exposures. 

However, a few individuals may experience a worsening of response 

upon re-exposure (Roger et al., 1985). The duration of this 

refractory period is uncertain, although it does not appear to 

iast longer _than 5 hours on average (Linn et al., 1984). 

Furthermore, longer periods of exposure while at exercise (i.e., 

30 minutes) do not lead to a statistically signif~cant worsening 

of the initial response (Kehrl et al., 1987, p. 352). 

An important distinction between the response of asthmatic 

individuals to S02 as compared to their response to allergens is 

that no evidence indicates that the S02 response is accompanied 

by any "late response," such as that often seen 4 to 8 hours 

after allergen exposure. 

The effects of S02 increase with both increased overall 

ventilation rates and an increased proportion of oral ventilation 

in relation to total ventilation (EPA, ·1986a, p. 10). Oral 

ventilation is thought to accentuate the response because the 

scrubbing of S02 by the nasal passageways is bypassed. For this 

reason, in most clinical studies which have observed effects from 

S02 , the subjects have been exercising at ventilation rates of 35 
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to so L/min, which equal or exceed the "switching point" (35.3 

L/min) from exclusively nasal breathing to oronasal breathing 

found on average for the general population by Niinimaa et al. 

(1980). 

Ventilation rates in the range of 35-40 L/min are comparable 

to ventilation rates induced by climbing 3 flights of stairs, 

light cycling, shoveling snow, light jogging, or playing tennis 

(Cohen, 1983), and can be induced in the laboratory by walking at 

3.5 mph up a 4 percent grade (Kehrl et al., 1987; Folinsbee, 

personal communication). Ventilation rates in the range of 45-50 

L/rnin are equivalent to moderate cycling, chopping wood, or light 

uphill running, and can be induced by walking at J.5 mph up an 8 

percent grade (Folinsbee, personal communication) . Even though 

such exercise is not strenuous per se (in that it does not 

approach an individual's maximum oxygen consumption or the 

ventilation rates of moderate jogging, heavy cycling, playing 

basketball, or running), activity and ventilation data indicate 

that individuals engage in outdoor activities at these 

ventilation rates only a small percentage of the time (see 

Section III.D.1). 

Since oronasal scrubbing of so2 is important in mitigating 

the effects of S02 (EPA, 1986b; p. 4-26), asthmatic individuals 

who are obligate mouthbreathers, or who are breathing through the 

mouth due to some temporary condition, may be at greater risk of 

experiencing responses to S02 (since their nasal scrubbing may be 

bypassed at lower ventilation rates and to a greater extent than 
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for those individuals capable of typical nasal breathing). 

Several studies have estimated mouthbreathers to constitute 

approximately 15 percent of the general population (Saibene et 

al., 1978; Niinima et al., 1980; EPA, 1986b, p. 4-26). 

Bronchoconstriction effects may also be exacerbated by cold, 

dry air and diminished under warm, humid conditions (EPA, 1986b, 

pp. 4-35 to 4-37). As discussed in the criteria document 

addendum (EPA, 1986b), Bethel et al. (1984) reported a 

significant interaction between oral hyperventilation of cold dry 

air and 0.5 ppm 502 via mouthpiece that resulted in a >200 
. . 

percent increase in SRaw, whereas breathing S02 in warm humid air 

or breathing cold dry air alone resulted in a <40 percent change 

in SRaw. It has been well documented in numerous studies that 

S02 may interact with weather factors (e.g., cold/dry air) and/or 

exercise to cause exaggerated bronchoconstriction. This suggests 

that airway cooling and drying may exacerbate S02-induced airway 

constriction in hyperventilating asthmatic subjects, but 

insufficient data exist by which to estimate the magnitude of any 

combined effects of joint S02 and cold, dry air exposure under 

more natural free-breathing conditions during exercise (EPA, 

1994, p. 31). 

Many features of the 802-induced bronchoconstriction 

response resemble those of exercise-induced bronchoconstriction, 

including the duration of the effect and the absence of a 

substantial late response. However, it should be noted that 

above a sufficient concentration, the response to 502 clearly 
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exceeds the response attributable to exercise, and that a number 

of subjects can experience an effect from 502 when at exercise 

while experiencing little or no effect from exercise in clean air 

(Linn et al., 1987). 

E. Concentration-Response Information 

The CD Supplement extensively reviewed several recent, 

large-scale chamber studies with the aim of further investigating 

the concentration where clinically significant responses began. 

Because of the well-documented range in sensitivity to 802 among 

asthmatic persons (e.g., Figure 2-1), variability in an asthmatic 

individual's day-to-day responsiveness, and the nature of the 

response itself, it was judged that neither simple group mean 

statistics nor the responses of particularly sensitive 

individuals were an appropriate focus. Rather, attention should 

be focused on the concentrations where a significant proportion 

of asthmatic individuals tested began to experience effects of 

concern. Assessing effects of concern involved comparing the 

responses experienced to S02 with those typically experienced in 

response to typical daily variation in lung function, and to 

other frequently experienced stimuli, such as exercise or 

cold/dry air, and noting the frequency with which subjects felt 

compelled to take medication or diminish workload. The CD 

Supplement (EPA, 1994) summarized its evaluation of the recent 

data as follows: 

a) At most, only about 10 to 20 percent of mild and 

moderate asthmatic individuals exposed to 0.2 to o.5 ppm so2 
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during moderate exercise are likely to experience lung function 

changes distinctly larger than those they typically experience. 

Furthermore, only exceptionally sensitive responders might 

experience sufficiently large lung function changes and/or 

respiratory symptoms of such severity to be a potential health 

concern, leading to the disruption of ongoing activities, the 

need for bronchodilator medication, or seeking of medical 

attention. 

b) In contrast to the above projected likely consequences 

of ambient exposures to 0.2 to 0.5 ppm 502 of mild and moderate 

asthmatic persons, considerably larger lung funct~on changes and 

respiratory symptoms of notably greater severity would be 

expected to occur due to exposure of such individuals to 502 

concentrations of 0.6 to 1.0 ppm S02 • That is, substantial 

percentages (~20 to 25 percent) of mild or moderate asthmatic 

individuals exposed to 0.6 to 1.0 ppm S02 while physically active 

would be expected to have respiratory function changes and 

severity of respiratory symptoms that distinctly exceed those 

experienced as typical daily variation in lung function or in 

response to other stimuli, e.g., moderate exercise or cold/dry 

air. The severity of the effects for many of these responders, 

furthermore, is likely to be sufficient to be of concern, i.e., 

to cause disruption of ongoing activities, use of bronchodilator 

medication, and/or possible seeking of medical attention. The 

intensity of distress is much more likely to be perceived as an 

"asthma attack'' than would be the case for most 0.2 to 0.5 ppm 
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502 effects, although it would still appear relatively unlikely 

that the short-lived symptoms would be sufficient to cause many 

to seek emergency medical attention. 

The CD supplement (EPA, 1994) concludes that while the 

relative health significance of the responses seen to 502 are 

difficult to judge (see further discussion below), more concern 

should be focused on the response to ~0;6 ppm 502 than to 

concentrations of S02 ~0.5 ppm (EPA, 1994, p. 46). 

F. Other Considerations 

In addition to information on the nature and severity of 

effect as indicated by clinical parameters, there are several 

other factors that the Administrator may wish to consider: 

1. S02 Responsiveness and Asthma Severity 

One concern voiced in the last review was whether more 

severe asthmatic individuals than those studied to date might be 

more responsive or experience more severe effects from S02 • At 

that time, the evidence was judged insufficient to answer that 

question (Appendix A) . 

Several of the more recent studies reviewed in the CD 

supplement (Linn et al., 1987, 1990; McManus et al., 1989) 

provide information on this question by reporting the responses 

of asthmatic individuals with moderate to severe disease, 

medication-dependent disease, or older individuals with 

"intrinsic'' asthma. When airway resistance was examined, the 

moderate asthmatic subjects were observed to have similar 

relative changes but larger absolute changes to those observed 
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for mild asthmatic individuals (Linn et al., 1987). As the co 

supplement suggests (EPA, 1994, pp. 21-24), similar function 

declines may have a greater impact on individuals with lower 

baseline lung function, a situation more typical of moderate or 

severe asthmatics. 

In addition, a recent study suggests that older "intrinsic" 

asthmatic subjects (McManus et al., 1989) may experience 

bronchoconstriction, albeit from a mouthpiece exposure, even 

while resting. The CO supplement concludes that while the data 

is suggestive of greater responsiveness among those with more 

severe disease, the question remains· to be unequivocally 

resolved. However, because of the lower baseline function in 

moderate and severe asthmatic persons, especially those lacking 

optimal medication, any effect of so2 would further reduce their 

lung function toward levels that may become cause for medical 

concern (EPA, 1994, p. 44). 

The CO supplement also notes that severe asthmatics are less 

likely to be sufficiently physically active, because of low 

exercise tolerance, to be frequently at risk from peak 

concentrations of S02 • In addition, this segment of the 

asthmatic population would be most likely to premedicate prior to 

engaging in substantial outdoor activity. 

2. Effects of Asthma Medications on the S02 Response 

Interest has been expressed concerning the ability of 

typical asthma medications to protect against the effects of so2 • 

An argument can be made that if medications routinely used by an 
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asthmatic, for reasons separate from the pollutant itself, also 

confer protection against the effects of the pollutant, then this 

consideration should be factored into the evaluation of risk. It 

now appears that most regularly administered medications, such as 

inhaled steroids and methylxanthine medications (such as 

theophylline) appear relatively ineffective in protecting against 

the S02 response (EPA, 1994, p. 34-41). In contrast, inhaled 

beta-agonist bronchodilators are highly effective in reducing or 

eliminating the lung function responses to S02 (EPA, 1994, p. 

38). Since bronchodilators are most effective in preventing 

effects if taken relatively shortly before exposure, the 

frequency with which asthmatic individuals premedicate prior to 

exercise is of interest. 

As pointed out in Section C above, many asthmatics do not 

use bronchodilators at all or do not use them with a frequency to 

suggest that they consistently premedicate prior to exercise. In 

fact, as pointed out above (Section E), many of the mild 

asthmatic individuals, including those responsive to S02 , have 

little or no exercise-induced bronchoconstriction at the exercise 

levels examined here, and thus would probably not feel a 

compelling need to premedicate prior to exercise. Data on the 

medication use of some of subjects in the clinical studies bear 

out the conclusions that in general, mild asthmatics use 

bronchodilators infrequently, as do some moderate asthmatics; 

although a substantial portion of moderate asthmatic may use 

bronchodilators frequently (EPA, 1994, Appendix B memo). 
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Another factor to consider is that there is some suggestion 

that excessive use of beta-agonist bronchodilators leads to a 

worsening of asthma status (EPA, 1994, p. 41). 

J. Effect of Other Air Pollutants on S02 Responsiveness 

Koenig et al. (1990) reported that response to S02 in 

adolescent asthmatic subjects was potentiated by prior exposure 

to 0.12 ppm ozone (03 ). After 45 minutes of 0 3 exposure by 

mouthpiece, a 15-minute mouthpiece exposure to low concentrations 

of S02 (0.1 ppm) produced statistically significant decreases in 

FEV1 (8 percent total change, versus a 3 percent change without 

prior 0 3 exposure) . Symptoms scores did not change significantly 

(although an increase in symptoms was reported for the combined 

03 and S02 exposure) . Because of the reliance on mouthpiece 

exposures at single concentrations for both pollutants, it is 

difficult to fully evaluate the potential implications of this 

experiment for ambient exposures to S02 , but it gives suggestive 

evidence that brief S02 exposures encountered against a 

background of elevated 03 levels may lead to greater effects than 

those seen in the controlled human exposure studies that examined 

502 alone. 

The effects of prior N02 .exposure on S02-induced 

bronchoconstriction has been examined in two other studies 

(Jorres and Maqnussen, 1990; Rubinstein et al., 1990). One 

mouthpiece study indicates that a 30-minute peak of N02 at 0.25 

to 0.30 ppm increased airway responsiveness to so2 among 

asthmatic individuals (probably due to a nonspecific increase in 
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bronchial responsiveness), while a chamber study found no change 

in responsiveness except for one subject (EPA, 1994, pp. 42-43). 

4. Effects of S02 In the Context of the Typical Experience of 

Asthmatic Individuals 

Another factor that might be considered in assessing the 

severity of S02 effects is the frequency with which the sensitive 

population experiences similar effects as a result of normal 

variation and reactions to other stimuli. As indicated above, 

asthmatic ''episodes," as indicated by self-reported asthma 

attacks, self-reported symptoms (EPA, 1994, Appendix B memo), or 

visits to the physician or emergency room (EPA, 1994, pp. 7-8), 

seem to be a relatively infrequent occurrence for many or most 

adult asthmatics. While it is uncertain how individuals would 

perceive their responses from S02 , those experiencing pronounced 

responses to 0.6 to 1.0 ppm may perceive these events to be 

asthma attacks (although it is judged relatively unlikely that 

the effects would cause many to seek emergency medical attention) 

(EPA, 1994, p. 50). In addition, the symptoms suffered by those 

responding to S02 may attain levels of severity greater than 

experienced on a typical day-to-day basis, especially among mild 

asthmatics (EPA, 1994, Appendix B memo). 

Table 2-2 shows that, for the indicator of lung function as 

well, the effects seen in response to S02 in the more sensitive 

asthmatic individuals (especially the most sensitive 25 percent) 



Table 2-2. LUNG FUNCTION CHANGES IN RESPONSE TO 0.6 AND 1 PPM S02 COMPARED TO 
TYPICAL DAILY CHANGE AND RESPONSES TO EXERCISE 

ASTHMATIC DAILY PERCENTILE MODERATE S02 TOTAL 
SEVERITY CHANGE OF TEST EXERCISE (corr. tor CHANGE 

SUBJECTS exc.) 

MILD -8% 50th -2% -21 % -21 % 
FEV 1 

"15th -7% -26% -30% 

MODERATE -13% 50th -8% -10% -25% 
FEV 1 

75th -14% -31 % -39% 

MILD (19851 ? 50th +46% + 118% + 164% 
SR aw 

75th +59% +230% +249% 

Modified from Table 2 of CDS Appendix B memo. Table shows that the response due to 502 alone 
(corrected for exercisel or the total response (considering the combined effects of S02 and exercise) 
~onsiderably exceeds the change due to exercise or the typical daily change in most cases, especially for 
the most sensitive 25% of responders (the 75th percentile groupl. The exercise and S02 numbers should 
not be expected to sum to equal "Total Changen (see CDS, Appendix B memo). 

w 
0 
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considerably exceeds the change in lung function due to exercise 

or daily variability. A second comparison to exercise showed 

that, when the symptom and lung function responses were examined 

in combination (along with, in some cases, medication use), the 

total effect of S02 combined with exercise on asthmatic 

individuals clearly exceeded the effects of exercise alone. For 

example, approximately 6-43 percent of asthmatic subjects 

experienced what were classified as severe lung function changes 

and moderate symptoms in response to so2 , while no subjects did 

so after exercise alone (EPA, 1994, Appendix B memo). 

In summary, present data suggests that the effects 

experienced by those asthmatic individuals responding to 0.6 to 

1.0 ppm 502 are likely to be perceived as distinctive, notable 

events outside the range of responses frequently experienced. 

However, perception of symptoms is not necessarily a good index 

of functional status. Some patients with near-fatal asthma 

attacks had a poor perception of their breathing difficulty and 

were thus unable to perceive an attack of severe bronchospasm 

(EPA, 1994, p. 30). 

G. Conclusions 

In conclusion, the primary reasons for concern over the 

effects of so2 in the range of 0.6 - 1.0 ppm are that a 

substantial percentage of asthmatic individuals (~20 to 25 

percent) experience pronounced changes in lung function that may 

be viewed as a mild asthma attack, cause discomfort, prompt self

administration of medication, and cause some individuals to alter 
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their activity (even from a 10-minute exposure). Most adult 

asthmatic individuals do not seem to experience asthmatic 

episodes of similar magnitude with great frequency. Most 

regularly administered medications are not very effective in 

blocking the 502 response, and to obtain protection from the most 

commonly used effective medication (beta-agonists), the asthmatic 

individual has to anticipate the need to premedicate prior to 

exposure. (Although some asthmatics premedicate routinely before 

exercise, such premedication is likely to be infrequently 

practiced for much of the sensitive population). Lastly, some 

conditions, such as prior exposure to 03 , may exacerbate-the 

response. 

Factors that serve to mitigate, to some degree, concern over 

S02 effects are that the response, like most asthma responses, 

resolves over time; in most cases, the response has run its 

course within an hour, with no evidence of later heightened 

sensitivity such as is seen in a "late response.'' In addition, 

while some individuals may reduce activity, most of the subjects 

exposed at 0.6 to 1.0 ppm do not feel such a need and can still 

function effectively despite whatever effects they perceive from 

the S02 exposure. Finally, medication does exist (primarily 

beta-agonists) that can ameliorate the responses, either if taken 

shortly before exposure or after the response has begun. 

Given the above information, the staff agrees with the 

recommendation of the CD supplement (EPA, 1994) that the likely 

frequency of occurrence of such S02-induced effects is a factor 
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to be considered in assessing the degree of public health concern 

posed from exposures to peaks of 502 • 
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III. AIR QUALITY AND EXPOSURE CONSIDERATIONS 

Because the most recent health effects information on S02 is 

related to short-term (5- to 10-minute) exposures, this section 

summarizes recent information on the occurrence of monitored 

high, 5- to 10-minute concentrations of S02· in the ambient air. 

New information is presented on the variability of 5- to 10-

minute peak so2 concentrations within particular hourly periods, 

which relates to the averaging time necessary for any effective 

short-term standard. Estimates of the nationwide prevalence of 

these short-term peaks of S02 are given. 

A. Occurrence of 5-Minute Peaks of S02 in the Ambient Air 

A central issue raised during the comment period on the 1988 

proposal concerned whether the staff underestimated the 

prevalence of short-term, 5- to 10-minute peaks of so2 • Concern 

focused on two issues: 1) whether nonutility sources, which were 

qualitatively but not quantitatively considered in staff 

estimates of exposure, might contribute a substantial number of 

5-minute peaks of S02 , and 2) whether a 1-hour standard of 0.4 

ppm (based on a typical peak-to-mean ratio of approximately 

2 to 1 derived principally from utility data) would provide 

ade~uate protection from high 5-minute peak S02 levels near 

nonutility sources. Since that time, staff has sought to obtain 

information on the occurrence of short-term peaks of so2 in the 

ambient air. The following analysis focuses primarily on the 

prevalence of peaks >0.75 ppm so2 for 5 minutes or more, because 
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this benchmark is approximately equal to the levels that would be 

protected against by the 1-hour, 0.4 ppm standard advanced for 

comment in 1988. For comparison purposes, the prevalence of 

peaks >0.5 ppm was also determined if available data allowed. 

Obtaining 5-minute data has proved difficult because the 

shortest averaging period typically retained in monitoring data 

banks is 1 hour. Moreover, the existing monitors are sited in 

locations that are designed to be representative of air quality 

levels associated with 24-hour, annual, and 3-hour 

concentrations, rather than to detect short-term peaks. 

Despite these problems, data-gathering efforts to date 

indicate that peak 5-minute levels of S02 >0.75 ppm can occur 

around a number of different sources. 4 While the data from these 

ambient monitoring sites cannot always be attributed solely to a 

single source, 5-minute concentrations of S02 in excess of 0.75 

ppm have been recorded by a number of ambient air monitors sited 

primarily to detect so2 emitted from distinct point sources. 

These include one or more sources in the following source types: 

utility boilers, industrial boilers, refineries, pulp and paper 

mills, copper smelters, primary lead smelters, sulfuric acid 

plants, and steel mills (coke ovens). For those sources for 

which the data were available, the number of peaks >0.50 ppm was 

also calculated (Stone, 1994). 

4In this paper, information on ambient 5-minute 
concentrations of 502 refers to the highest of the 12 block 
averages (12:00 to 12:05, 12:06 to 12:10, etc.) possible during a 
clock hour. 
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Data collected from monitors located near these source types 

are summarized in Table 3-1. The S01 peak concentrations 

enumerated in Table 3-1 were measured in the ambient air during 

the years 1988 to 1993. Seven of the 12 sites listed recorded 

high 5-minute peaks in the 1993 calendar year. These data 

suggest that around some sources, numerous 5-minute peaks of S02 

>0.75 ppm can occur. However, in some cases, fewer peaks have 

been recorded around other sources of the same general type. 

A few of the sources listed in Table 3-1 have recently 

installed improved pollution control equipment which would be 

expected to reduce the occurrence of S02 peaks. Thus, the data 

in Table 3-1 are not intended to represent "typical'' frequencies 

of 5-minute peaks of S02 around the different source types 

listed. They do illustrate that ambient peaks of S02 >0.75 ppm 

can occur near a variety of sources. 

Finally, it should be noted that high peaks did occur on 

days when the existing 24-hour or 3-hour standards were exceeded. 

In general, however, these data suggest that the current NAAQS 

may offer less protection against brief, concentrated peaks of 

S02 than previous staff analyses indicated. 

B. Peak-to-Mean Ratios 

The 1982 staff paper and the 1986 addendum summarized the 

available information on the variance of 5- to 10-minute peak 

concentrations within particular hourly periods. Based on its 

assessment of the available data (Larsen, 1968; Burton and 

Thrall, 1982; Thrall et al., 1982; Rote and Lee, 1983; Armstrong, 



TABLE 3-1. Number of Ambient 5-minute Averages >0.75 and >0.50 ppm S02 
Selected Sites, 1989-93 

Source 

Sulfuric Acid Plant 

Petroleum Refinery/Industrial Complex2 

Sulfite Paper Mill 

Allegheny County, PA2 

Copper Sme 1 ter2 

Primary Lead Smelter 

Copper Smelter 

Steel Mill 

Utility/Industrial Complex 

Industrial Boiler/Kraft Paper Mill 

Petroleum Refinery 

Petroleum Refinery 

~pproximate # of Hours with 1 or More 
s-min Peaks / Period of Time 

>0.75 ppm >Q.50 ppm 

18/0.05 yr. I 38/0.05 yr. 

56/0.38 yr. 

I 
114/0.38 yr. 

83/ 1. 0 yr. I -

35/0.92 yr. I -
73/2.5 yr. -

I 

72/1.15 yr. 125/1.15 yr. 

14 Ii. o yr. 51/1. o yr. 

32/2.15 yr. 74/2.15 yr. 

15/5.16 yr. 88/5.16 yr. 

1/0.31 yr. 2/0.31 yr. 

0/ 1. O yr. O/ 1. o yr. 

0/ 1. O yr. 6/1. o yr. 

II w 
....... 

1Actually indicates instantaneous peak concentrations'>l.O ppm 
2These sources had more than one monitor in their proximity. Data used from all monitors, but 
hours with peaks only counted once, regardless of how many of the monitors recorded a peak for 
that hour. 
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1985, 1986) and relying on the premise that utilities would be 

the dominant source of 5-minute exposures, the staff concluded 

that 5-minute peak values were typically twice that of the 

associated 1-hour value. Thus, it was thought an hourly standard 

of 0.4 ppm would protect against 5-minute peaks of approximately 

0.8 ppm or higher. 

The use of a 2 to 1 peak-to-mean ratio was questioned during 

the public comment period on the 1988 proposal. One commenter 

(Environmental Defense Fund, item IV-D-72, Docket A-84-25) 

submitted data collected near three sulfite paper mills 

indicating that high ~-minute peak S02 levels couid occur that 

were associated with very low hourly averages (i.e., peak-to-mean 

ratios in excess of 2 to 1). While these data are limited to one 

source type (and one of the sources had no controls on pertinent 

equipment that resulted in very high 5-minute peaks), they 

brought into question whether a peak-to-mean ratio of 2 to 1 is 

generally applicable to all source types. 

To assess this question further, the staff examined other 

data sets that summarize data collected from several monitors (a 

refinery, a copper smelter and an industrial complex dominated by 

a coke oven located in Allegheny County, Pennsylvania) and from a 

single monitor (primary lead smelter). In the cases of the 

refinery and the coke oven complex, several sources may have 

contributed to the reported so2 values. 

The analysis of these data was restricted to just those 

hours recording 5-minute peaks >0.75 ppm. Therefore a peak-to-
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mean ratio was derived only for hours containing high 5-rninute 

peaks, but these are precisely the events any new standard would 

be designed to guard against. Because of this restriction the 

number of observations in these data sets is far less than those 

examined in the 1982 staff paper and the 1986 addendum. 

All of the mean and median peak-to-mean ratios for each of 

these data sets are in excess of 2 to 1 (Table 3-2). The range 

of hourly averages associated with 5-minute peaks >0.75 is very 

broad, and in isolated instances peaks >0.75 ppm were observed 

during hours in which the hourly average did not exceed 0.2 ppm. 

While much of the variability in these peak-to-mean ratios 

likely results from emission-rate variability, and sources with 

better controlled, more uniform emissions may have fewer peaks 

and fewer hours with high peak-to-mean ratios, Table 3-2 suggests 

that no "typical" peak-to-mean ratio exists that can be used to 

determine a uniformly-applicable hourly standard. Given the 

broad range in hourly values associated with concentrated 

5-minute peaks of S02 , it appears that reliance on any single 

hourly peak-to-mean ratio will risk over-controlling some sources 

(if a high peak-to-mean ratio is assumed and a low hourly 

standard chosen) or under-controlling other sources (if a low 

peak-to-mean ratio is assumed and a high hourly standard chosen) . 

For example, among Allegheny County monitors, 84 hours had 

average concentrations above 0.25 ppm, yet only 19 of these hours 

(23 percent) had 5-minute peaks above 0.75 ppm. During the same 

time period, peaks were recorded in 22 hours with average 
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TABLE 3-2. Peak-to-Mean Ratios 

Source 

Copper Smelter 

Allegheny County, Pa 

Refinery/Industrial Complex 

Primary Lead Smelter 

Peak-to-Mean 

J.5 
3.6 

7.5-1.2 
0.17 

90 

4.0 
3.7 

10.9-1.4 
0.07 

39 

2.9 
2.4 

7. 3-1. 1 
0.11 

23 

4.0 
3.22 

10.37-1.68 
0.09 
22 

Average 
Median 
Range 
MinHour (ppm) 1 

No. of Observations 

Average 
Median 
Range 
MinHour (ppm) 
No. of Observations 

Average 
Median 
Range 
MinHour (ppm) 
No. of Observations2 

Average 
Median 
Range 
MinHour (ppm) 
No. of Observations 

1 "MinHour" refers to the minimum hourly average associated with 
minute peak of >0.75 ppm. 

2 The refinery/industrial complex data contains fewer 
observations than indicated in Table 3-1 because hourly averages wer 
not available for all the hours recording high 5-minute peaks. 
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concentrations below 0.25 ppm (Smith, 1993). If, for the 

purposes of illustration, we assume an hourly standard of 0.25 

ppm was in place, some of the 5-minute peaks would have been 

restricted. However, many hourly concentrations without peaks 

would be controlled, and the majority of the 5-minute peaks still 

could have occurred, since the associated hourly concentrations 

would be permissible. 

C. Nationwide Estimates of Short-Term Peak so2 Levels 

The staff attempted to estimate the nationwide 

prevalence of 5-minute peaks ~ 0.50 and ~ 0.75 ppm. Because 

5-minute S02 data are not readily available, it was necessary to 

rely on hourly data to generate more comprehensive estimates of 

the likelihood of high short-term S02 peaks than those presented 

in Table 3-1. The use of hourly data requires employing peak-to

mean ratios to obtain estimates of 5-minute concentrations; 

however, as pointed out above, peak-to-mean ratios may not give a 

reliable indication of high short-term peak S02 levels. To 

address this problem, staff assumed an upper bound peak-to-mean 

ratio of 3-to-l (5-minute concentration to hourly average) and a 

lower bound peak-to-mean ratio of 2-to-l. 

For example, to obtain lower bound estimates of exposure to 

5-minute, 0.75 ppm concentrations using the 2-to-l peak-to-mean 

ratio assumption, the staff examined all hourly averages reported 

in the AIRS database for the year 1992 that exceeded 0.38 ppm. 

An hourly average of 0.38 ppm is the approximate value at which a 

typical peak-to-mean ratio of 2 to 1 would predict on average a 
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5-minute value ~0.75 ppm. 5 Fifty monitors (out of 721 monitors, 

or approximately 7 percent) recorded at least one hourly average 

as high as 0.38 ppm (Table 3-3A). At these monitors, only two 

values greater than the level of the 24-hour primary standard and 

two values greater than the 3-hour secondary standard were 

recorded in 1992 (excluding a monitor based at the Hawaiian 

Volcano). 

Because several monitors can be located around a single 

source, the number of counties (38) that had recorded hourly 

averages ~0.38 ppm may provide a better indication of the number 

of distinct sources or sites. This represents--approximately a 50 

percent reduction in the number of counties reporting 1-hour 

averages ~0.38 ppm since 1978. Much of this reduction has 

occurred since 1989 (Smith, 1993). While estimating potential 

population exposure is difficult, especially since the geographic 

extent of the area affected by any short-term peaks is uncertain, 

18 of these 38 counties contained urban populations (cities or 

towns). 

For the upper bound estimate of exposure, all hourly 

averages ~0.25 ppm were also examined assuming a peak-to-mean 

ratio of 3 to 1 to predict the potential for high 5-minute 

values. Based on the available data, the assumption that all 

5The use of hourly averages to estimate high 5-minute peaks 
must be viewed as approximate because some of the monitors 
recording high hours will not have associated 5-minute peaks 2 
(or 3) times as high; on the other hand, some monitors with low 
hourly averages that therefore do not appear on Table 3-3 may 
have high 5-minute peaks. 



TABLE 3-3. Analysis of Hourly Averages Nationwide1 

A. sites Recording High Hourly Averages - 1992 

Sites Recording Hourly Averages 

~ 0.38 ppm ~ 0.25 ppm ~ 0.17 ppm 

50 total sites 132 total sites' 247 total sites 

(7%) (18%) ( 34%) 

38 counties/18 cities 91 counties/65 cities 148 counties/124 cities 

B. sites Recording Multiple High Hourly Averages - 1992 

Number of Readings ~ the Hourly 
Hourly Avg. Case Location Average 

(ppm) {ppm, Peak-to-Mean) 1 3 5 

0.38 0.75, 2 to 1 sites 50 16 9 
Counties 38 12 7 

0.25 0.75, 3 to 1 Sites 132 74 52 
0.5, 2 to 1 Counties . 91 56 39 

• 
0.17 0.5, 3 to 1 Sites 247 164 119 

Counties 148 107 82 

C. Sites Recording High Readings in 1990, 1991, & 1992 

0.38 ppm 0.25 ppm 0.17 ppm 

19 sites 72 sites 156 sites 

16 counties 57 counties 106 counties 

1For this table, all site counts exclude the Hawaii Volcano, which is a nonanthropogenic source. 

.i:-
w 
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hourly averages ~0.25 ppm may have 5-minute peaks of 0.75 ppm or 

greater associated with them appears to be conservative. The 

numbers of both monitors and counties with at least one hourly 

average ~0.25 ppm are significantly greater than those for hourly 

averages ~0.38 ppm (Table 3-3A). At this bound, 132 monitoring 

sites and 91 counties, 65 of which contain urban populations, 

potentially could experience 5-minute peak S02 levels ~0.75 ppm. 

For comparison, the staff also assessed the number of sites 

that potentially could have 5-minute 502 levels ~0.5 ppm. The 

number of sites recording at least one hourly average ~0.25 ppm 

(132 sites, 91 counties, 65 urban ·areas) serves as an estimate of 

the number of sites that might experience 5-minute S02 level 

~0.5 ppm, assuming a peak-to-mean ratio of 2 to 1 (lower bound). 

In that same year, 247 sites, located in 148 counties with 124 

urban areas, recorded at least one hourly value ~0.17 ppm and 

potentially could experience 5-minute peaks ~0.5 ppm, assuming a 

peak-to-mean ratio of 3 to 1 (upper bound). 

The staff next examined how many of the sites and counties 

experienced multiple hourly averages ~0.38 ppm, 0.25 ppm, and 

0.17 ppm during 1992. The results for the number of sites 

recording 1, 3, and 5 hourly averages greater than or equal to 

the three cutpoints are presented in Table 3-3B. The number of 

sites recording multiple hourly averages ~0.38 ppm decline much 

more sharply than those recording hourly averages ~0.25 ppm or 

0.17 ppm. Only nine sites recorded five hourly averages ~0.38 
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ppm while 52 sites recorded five hourly averages ~0.25 ppm and 

119 sites recorded five hourly averages ~0.17 ppm. 

The staff also examined data from 1990 and 1991 to determine 

how many of the sites that recorded high hourly averages in 1992 

also had high hourly averages in the preceding 2 years (Table 

3-3C) . Of the 50 sites that recorded at least 1 hourly average 

~0.38 in 1992, only 19 record those values in all 3 years. Of 

the 132 sites recording hourly averages ~0.25 ppm, only 72 of 

those sites recorded hourly averages of ~0.25 ppm in all of the 3 

years examined. Similarly, of the 247 sites recording hourly 

averages of ~0.17 ppm in 1992, 157 recorcted high hourly averages 

in all 3 years. This information suggests that the occurrence of 

monitored high hourly averages at a given site is variable. 

The use of existing hourly data to assess the potential 

prevalence of 5-minute peak S02 levels has other limitations 

beyond those introduced by the use of peak-to-mean ratios. The 

existing monitoring network is designed to accurately 

characterize ambient air quality associated with 3-hour, 24-hour, 

and annual 802 concentrations rather than to detect short-term 

peak S02 levels. As a result, the EPA's monitoring guidance on 

siting criteria, the spanning of 802 instruments, and instrument 

response time (Eaton et al., 1991) could lead to underestimates 

of high 5-minute peaks and thus 1-hour averages for hours 

containing those peaks. such underestimates would lead to 

underestimates of the number of nationwide sites recording high 

hourly values in the results given above. 
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Monitor siting constraints may be the biggest potential 

source of underestimation of the occurrence of 502 peaks. In 

1992, approximately 700 monitors reported data. This contrasts 

to the more than 6,000 sources that may produce high peak S02 

levels (Appendix B, Table B-2). Therefore, it is likely that 

changes in monitoring siting and density in the proximity of 502 

sources would increase the number of high 5-minute and associated 

1-hour averages recorded. 

D. Nationwide Estimates of Exposure 

Another approach to estimating the frequency of short-term 

peaks of S02 is through exposure·analysis, a technique that has 

the added advantage of incorporating the likelihood that an 

asthmatic individual may experience a response to that peak. 

Exposure analysis predicts both the frequency that a concentrated 

peak of S02 will occur (through air quality modeling) and the 

probability that an asthmatic individual will be outdoors at 

sufficient ventilation to ~e at risk from that peak. In the 

analyses discussed below the probability of an "air quality 

event" of a 5-minute peak >0.5 ppm S02 (or >0.75 ppm) is 

determined and combined with the probability that an asthmatic 

individual will be outdoors at sufficient ventilation (>35 

L/min) . 

Since both the existence of concentrated peaks of S02 and 

episodes of breathing at elevated ventilation outdoors are 

relatively infrequent occurrences, the combined probability of 

these events occurring simultaneously is relatively low. 
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However, when a source produces numerous concentrated peaks or 

affects a large enough population, the likelihood increases that 

at least some asthmatic individuals in the vicinity will 

encounter a peak while at sufficiently high ventilation outdoors. 

The following discussion briefly reviews activity data used 

for these analyses, and presents the results of two analyses 

evaluating the probability that an asthmatic individual will be 

outdoors at elevated ventilation and be exposed to a short-term 

peak of S02 as a result of emissions from either utility or 

nonutility sources. The utility exposure analysis was performed 

by a contractor, System Applications, Inc., for the Utility Air 

Regulatory Group. The nonutility analysis was performed by the 

same contractor using a similar methodology for the Environmental 

Protection Agency. 

1. Activity patterns 

Both exposure analyses used activity data derived from a 

diary study of the general population carried out in Cincinnati, 

Ohio. When this data was aggregated into hour blocks, from 0-J.5 

percent of the people-hours were spent outdoors exercising at a 

"high" ·activity level (Stoeckenius et al., 1990, p.8 and 

Fig. 2-2). 

For these analyses, individuals at a "high" activi~y level 

were considered to be ventilating on average >35 L/min, the point 

at which a majority of the general population begins oronasal 

breathing (breathing through both mouth and nose) . This is the 

point at which nasal scrubbing of S02 begins to be bypassed and 
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an asthmatic person is at greater risk of experiencing a 

response. This is probably a reasonable approximation; however, 

further work has shown some individuals at medium or moderate 

activity may ventilate at >35 L/min, while some individuals do 

not ventilate at that level, on average, even during what they 

describe as "high" or "fast 11 activity. 

Comparing the activity patterns for the general population 

with the activity patterns of asthmatic persons is difficult. 

Many mild asthmatic individuals, who constitute the majority of 

asthmatic persons, and also some moderate asthmatics, are 

encouraged, as part of their therapy, to exercise to maintain 

lung function. Thus, some asthmatic individuals may be.more 

active than the general population. However, approximately 20 

percent of people with asthma report at least some activity 

limitation from their disease (NCHS, 1993), and it is reasonable 

to expect that many of these individuals (particularly those with 

severe disease) would be less active than the general population. 

The only activity study which attempted to obtain a 

representative sample of asthmatics found their activity levels 

to be comparable to, or slightly greater than the general 

population estimates (Roth Associates, 1988). Other studies 

(Linn, 1991), composed primarily of individuals with moderate 

and/or severe disease, have found comparable or lower activity 

patterns (Appendix B) . 
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2. Exposure Analysis Results 

The exposure analyses combine the probability of being at 

elevated ventilation with the probability of encountering a peak 

of 502 • The probability of occurrence for a peak of 502 is 

determined by using an air quality model to predict the number of 

peaks occurring in an area within a year. The precision of the 

air quality model estimate depends greatly on the quality of the 

emissions data. For the utility analysis, detailed information 

on actual emissions was available on a plant-by-plant basis. For 

the nonutility analysis, actual data were not available. As 

discu~sed in Appendix B, the following assumptions were made: for 

many sources constant operation at the maximum hourly design rate 

was assumed (a very high rate of operation) / while for other 

sources constant operation at the annual average emission rate 

was assumed (a rate lower than that attained approximately half 

the hours for the year, and probably lower than many hours with 

high peaks). Neither approach to nonutility emissions provides 

what would be most desirable, estimates of the frequency and the 

geographic extent of concentrated peaks resulting in part from 

emissions fluctuations of less than one hour duration. 

The lack of emissions data means that the nonutility 

analysis has a large source of uncertainty not shared by the 

utility analysis. Because of this, the nonutility estimates of 

exposure events, and number of asthmatic individuals exposed, are 
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given as ranges that depend on some of the modeling assumptions. 

Both analyses have a number of additional uncertainties that are 

listed in Table 3-4, and described in Appendix B. Given these 

uncertainties, these analyses were not intended to generate 

precise estimates of the number of asthmatic individuals exposed. 

However, these analyses do provide estimates of the relative size 

of the potentially exposed population. 

The analyses (Table 3-5) indicate that numerous exposures of 

asthmatic individuals at exercise outdoors to concentrations ~0.5 

ppm may occur nationwide (180-395,000 events). (Throughout the 

following text and tables'· all references to "exposures," "S02 

exposures," or "asthmatic individuals exposed" refer to exposures 

of asthmatic individuals to S02 while at exercise outdoors) . 

However, relative to the total population of asthmatic 

individuals, short-term S02 exposures do not appear to be a 

pervasive problem. The 68,000 - 166,000 asthmatic individuals 

estimated to be exposed 1 or more times per year to 

concentrations ~0.5 ppm S02 comprise approximately 0.7-1.8 

percent of the total asthmatic population. Because the 

population of asthmatic individuals living in the vicinity of so2 

sources (and thus having the potential to be exposed to so2) is 

smaller than the total asthmatic population, it follows that more 



TABLE 3-4. SOME IMPORTANT SOURCES OF UNCERTAINTY IN EXPOSURE CALCULATIONS 

Likely Magnitude & Direction 
Source of Error on Exposure Estimate 

Modeling Uncertainties 
Prototype selection/binning 
Meteorological modeling uncertainties 

Peak-to-Mean Ratio 
Representativeness 
Weather & ratio uncoupling 

Exposure Modeling 
Activity pattern update 
(ventilation rates, timing of exercise) 
Asthmatic activity patterns 
Uniform population assumptions (around utilities) 

Emissions 
Nonutility emission estimates 

Non-included sources 

Estimates of affected areas 

Complex terrain 

Overlapping sources 

Multiple peaks in an hour 

Unknown 
Unknown 

Small to moderate, unknown 
Small .to moderate, unknown 

Small to moderate, unknown 
Small to moderate, over 
Small, unknown 

Large, over for some sources, 
under for some sources 

Small to moderate, under 

Small, under 

Unknown, under 

Small to moderate, under 

Small, under 

V1 ...... 
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TABLE 3-5 

S02 EXPOSURE ANALYSIS RESULTS (0.S PPM) 

NATIONWIDE 

Total 
Exposure 
Events 180,000-395 ,000 

No. of Asthmatic 
Persons Exposed 
IX or More 68,000-166,000 

Percent of 
Total Asthmatic 
Population 0.7-1.8% 

SECTOR-SPECIFIC 

UTILITIES 
. 

NON-UTILITIES • 

Exposure Events 68,000 Exposure Events 114,000-325,000 

Full Load No. of Asthmatic 
Exposure Events -118,0001 Persons Exposed 

IX or More 24,000-122,000 

Post-Title IV 
Exposure Events 40,000 

Industrial Boilers 
Exposure Events 56,000-201,000 

Post-Title IV 
0. 75 ppm Exposure 
Events 9,000 

1Estimated from Table B-1, Appendix B, applying the 5% correction (Rosenbaum et al., 1992, p.2). 
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than 0.7-1.8 percent of this subset would be exposed. 6 Because 

the total number of exposure events exceeds the estimated number 

of asthmatic individuals exposed by approximately 2-to-3-fold, 

asthmatics exposed to S02 at exercise are being exposed two to 

three times a year on average, with more frequent exposures 

possible for a substantial fraction. 

The analyses indicate that asthmatic individuals are more 

likely to be exposed multiple times during a year around 

nonutility sources than utility sources. The 114,000 to 326,000 

estimated exposures around nonutility sou~ces are estimated t~ 

affect 24,000 to 122,000 asthmatic persons, implying that exposed 

individuals may be exposed more than four times a year, on 

average. 

This is in contrast to the utility situation, in which 

68,000 exposures are estimated to affect approximately 44,000 

asthmatic persons. However, the utility analysis did not take 

into account the potential concentrating effects of terrain for 

the estimated 25 percent or more of power plants estimated to be 

located in complex terrain, which might be expected to increase 

the chance that a proportion of asthmatic individuals living in 

6 The utility analysis in Table B-1 of Appendix B does 
generate estimates of the number of asthmatics exposed as a 
percentage of the number living in the vicinity of power plants, 
but the non-utility analysis acknowledges that it cannot 
discriminate amongst individuals living in proximity of more than 
one source. For example, an asthmatic individual is counted twice 
if living in vicinity of two sources. Thus, double counting and 
an overestimate of the asthmatic population with the potential to 
be exposed would be expected to occur. 
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the vicinity of those plants would be exposed multiple times per 

year. 

The utility sector accounts for about 17-37 percent of the 

total exposures. If the full load emissions allowable under 

their permits were assumed rather than actual emissions, the 

total exposure events from utilities increases approximately 75 

percent. Under full implementation of the restrictions being put 

into place under the Title IV program to address acid deposition, 

by the year 2015, exposures to emissions from utility boilers are 

estimated to drop to about 58 percent of current levels, 
' 

contingent on trading decisions. An analysis of estimated 

exposure events at 0.75 ppm S02 after the Title IV program shows 

that exposures for utility sources at this higher concentration 

are less than one-fourth of those at 0.5 ppm. 

Among the nonutility sources, industrial boilers are the 

source category most responsible for potential exposures, 

accounting for approximately half the total exposure events from 

this sector. Other categories that may result in a substantial 

number of exposures include petroleum refineries, pulp and paper 

mills, sulfuric acid plants, and aluminum smelters (not included 

in the analysis were lead smelters, steel mills, cement plants, 

and other potential sources of exposures) . Among certain source 

categories, such as aluminum smelters, copper smelters and 

sulfite mills, estimates indicate that from 1.5 to 3 percent to 

as much as 10 to 30 percent of the asthmatic individuals living 

in the vicinity may be exposed at least once per year, depending 
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on assumptions made in the air quality modeling (Appendix B, 

Table B-2 and Notes). 

When individual source categories could be examined more 

extensively, the risk of exposures was very unevenly distributed 

across the sources in the category. For instance, approximately 

75 percent of the utility sector's post Title IV exposures were 

estimated to result from less than 10 perc~nt of the power plants 

(Burton et al., 1987; Rosenbaum, 1992, Table 3). Similarly, 

approximately half of the total industrial boiler exposures can 

be attributed to a small proportion (1.5 percent) of the total 

population of industrial boilers analyzed (Stoekenius et al., 

1990, Table 2-14). 

For other source categories, the same ''clustering of risk" 

phenomenon may also be evident: for instance, sulfite paper 

mills account for twice as many estimated exposures as kraft 

mills, but represent only a sixth of the total paper mills. 

Information on a source's mode of operation, control equipment, 

and types of raw materials or fuel used may help in developing 

focused, efficient implementation efforts. 

E. Conclusions 

The available air quality and exposure data provides a 

strong indication that the likelihood that asthmatic individuals 

will be exposed to 5- to 10-minute peak S02 concentrations is 

quite low when viewed from a national perspective. The data also 

indicate, however, that high peak 802 concentrations can occur 

around certain sources or source types with some frequency. This 
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suggests that asthmatic individuals that reside in the vicinity 

of such sources or source types may be at greater risk than that 

indicated for the asthmatic population as a whole. Because of 

this, the staff recommends that the Administrator consider 

targeted strategies when assessing approaches for reducing 

potential peak S02 exposures. 
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IV. STAFF CONCLUSIONS AND RECOMMENDATIONS 

Based on the assessment and int~rpretation of the health 

effects information presented in the criteria document supplement 

and summarized above, the staff concludes: 

1) About 10 million people, or 4 percent of the population 

of the United States, are estimated to have asthma. 

The prevalence is higher among African-Americans, older 

children (8 to 11 years old), and urban residents. 

Common symptoms include cough, wheezing, ~hortness of 

breath, chest t~ghtness, and sputum production. Asthma 

is characterized by an exaggerated bronchoconstrictor 

response to many physical challenges (e.g., cold or dry 

air, exercise, specific stimuli such as pollen) and 

chemical and pharmacological agents. Daily variability 

in lung function measurements is also a typical feature 

of asthma. Asthma attacks can result in 

hospitalization or emergency room treatment. Death due 

to asthma is, however, a rare event. Many asthmatic 

individuals take medication to relieve symptoms and 

functional responses associated with exacerbation of 

this disease. One of the most commonly used asthma 

medications (beta-agonist) also inhibits or ameliorates 

responses to S02 • Available data suggest, however, 

generally low medication use and compliance rates for 

many mild and moderate asthmatic individuals. 
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2) Mild and moderate asthmatic children, adolescents and 

adults represent the population groups most at risk for 

short-term peak S02 induced effects. More severe 

asthmatic individuals have very poor exercise tolerance 

and therefore are less likely to engage in sufficiently 

intense exercise to permit notable S02-induced effects 

to occur. 

3) A substantial percentage (~20 to 25 percent) of mild to 

moderate asthmatic individuals exposed for 5 to 10 

minute~ to 0.6 to 1.0 ppm 502 during moderate exercise 

would be expected to have respiratory function changes 

and severity of respiratory symptoms that clearly 

exceed those experienced from typical daily variation 

in lung function or in response to other stimuli (e.g., 

moderate exercise or cold/dry air) . 

4) After the initial 5 minutes of exposure to 0.6-1.0 ppm 

S02 the severity of effects for many of the responders 

is likely to be sufficient to be of concern, i.e., to 

cause disruption of ongoing activities, use of 

bronchodilator medication, and/or possible seeking of 

medical attention. At 502 concentrations in this range 

the intensity of distress is much more likely to be 

perceived as an ''asthma attack" than would be the case 

at exposures below 0.5 ppm 502 • 

5) The effects observed after exposure to 0.6 to 1.0 ppm 

S02 are relatively transient (not lasting more than a 
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few hours) and are not likely to worsen or to reoccur 

with the same magnitude of response if re-exposure to 

another S02 peak occurred within the next several hours 

after the initial exposure, should they choose to 

resume physical exertion after amelioration or 

cessation of any initial S02-induced distress. 

6) At S02 concentrations at or below 0.5 ppm, only a 

relatively small percentage (~10 to 20 percent) of mild 

and moderate asthmatic individuals exposed to 0.2 to 

0.5 ppm 502 during moderate exercise are likely to 

experience lung function changes distinctly larger tnan 

those they typically experience. Furthermore, compared 

to the response at 0.6 to 1.0 ppm S02 , t9e response at 

or below 0.5 ppm S02 is less likely to be perceptible 

and of immediate health concern. 

In assessing the public health significance of the effects 

reported at 0.6 ppm S02 or above, the Administrator should also 

consider the following factors: 1) the effects reported for mild 

or moderate asthmatic individuals are likely to be more 

pronounced if that individual is at higher than moderate 

ventilation; 2) the degree of concern or perceived significance 

of the response would likely increase with increased frequency of 

exposure over the course of the year; 3) while prophylactic 

bronchodilator medication use prior to exercise might protect 

against 502-induced effects, the relatively low medication 

compliance rates indicate that many mild and moderate asthmatic 
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individuals may be unprotected, of particular concern are those 

individuals of lower socioeconomic status with limited access to 

health care; 4) the available epidemiological data do not 

provide a basis for concluding that S02 contributes to excess 

asthma mortality rates observed among non-white population groups 

in large urban areas; and 5) the available air quality and 

exposure data provides a strong indication that the likelihood 

that asthmatic individuals will be exposed to 5- to 10-minute 

peak so2 level is quite low when viewed from a national 

perspective. Yet, the data also indicate that peak S02 

concentrations do occur and suggest that asthmatic ind~viduals 

that reside in the vicinity of certain sources or source types 

will be at increased risk. 

Based on its assessment of the available health, air quality 

and exposure data, the staff recommends that the Administrator 

consider three possible regulatory alternatives: 

1) Establish a new 5-minute NAAQS in the range of 0.6 to 

1.0 ppm 502 expressed as the maximum 5-minute block 

average in 1 hour. In view of the nature of the 

response and the low probability that a given asthmatic 

individual will be exposed while at elevated 

ventilation, consideration should also be given to 

permitting multiple exceedances (e.g., up to 5) during 

a year. If the Administrator determines that a new 5-

minute NAAQS is needed, the staff also recommends that 

it be implemented through a risk-based, targeted 
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approach focusing on those sources that are most likely 

to produce repeated high 5-rninute peaks during the 

course of a year. 

2) Establish a new regulatory program under the general 

authority of section 303 of the Clean Air Act. Such a 

new program should establish a target level for control 

in the range of 0.6 to 1.0 ppm soi expressed as the 

maximum 5-minute block average in 1 hour. In 

establishing the target level, the staff recommends 

that multiple exceedances (e.g., up to 5) be permitted 

during a year and that the program be implemented 

through a risk-based, targeted strategy. This approach 

would be designed to supplement the existing NAAQS by 

placing, in effect, a cap on short-term peak so2 

ambient levels, the exceedance of which would result in 

enforceable action against the source(s) causing or 

contributing to the exceedance. Thus, the program 

would provide additional protection for asthmatic 

individuals, without many of the burdens that 

implementation of a new 5-minute NAAQS would impose 

upon the states. 

3) Retain the existing suite of standards but augment 

their implementation by focusing on those sources that 

are likely to produce high 5-minute peak S02 levels. 

This approach would be aimed at assuring that the 

existing standards are met through more targeted 
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monitoring and adherence to existing regulatory 

provisions governing good operating practice and upset 

and malfunctions, thereby providing some additional 

protection against short-term peaks. 

In selecting among these alternatives, the staff recommends 

that the Administrator consider the nature and significance of 

the health effects associated with short-term peak so2 levels and 

the size of'the mild and moderate asthmatic population 

potentially at risk. Given the available scientific and 

analytical data, the staff recognize that the ultimate decision 

of the Administrator will be based in part on policy/legal 

considerations. 



A-1 
APPENDIX A 

~C-87=-022 

UNITE:C STATES E::'IVIRONMENTAI.. PRO:rC:CTICN AGENCY 

w..i.Si-llNGTCN. CC. Z0.!6il 

'Ibe Honorable tee M. '1b::rnas 
.Administrator 

February 19, 1987 

u.s. Environmental Protection 
A9encrz 

Washin:;tcn, OC 20460 

Cear Mr. '1b::J!'.as: 

Ol"••cc o• 
1" ... C AQM1r.i1S,.•• ~-=· 

'!'he Clean Air Scientific Advisoz:y camdttee (O&.C) has cart:>leted 
its review of the 1986 liddeml.llll m t;he 1982 Staff Paper on SUlfur Oxides 
CPsview of the NatiaW. Amient ~tandards for Sulfur Oxides: W#tea AssessnPnt~Sfilri£lf<= ~~rgmon> prepuea sy 

lq!ncy1s OffL:i !ty~ P S s (Q\QPS). 

'llle Cclmdttee unan..l.ncusly o:includes that thls docunent .ls c:cnsistent 
in all signlf.l.c:ant respects with the scientific evidence presented am 
intei:preted in the o:ntlined Air (lual!ty Criteria Coc:ment for Part.l.c:ulate 
Hatter,.SulfUr Oxides (1982) and its 1986 Addeni=, on \lbic:h O\SAC .issued 
its closure letter on Ce<::e!li:ler lS, 1986. '1'he Camti.ttee beliews that the 
1986 Adderdum to the 1982 Staff Peper·a1 SUlfur Ox:ides provides yoi with 
the k1m and amount of technical qu1dance that will t:e needed b:> make 
appccpr!ate decisions with resp!ct tc the stamai:ds. '1be O=mnfttee•s 
major findings and cOnclusions ccncerning the various scientific issues 
an:3 studies· disc:usS!d in the Staff Peper Addemum are c::ntained in the 
attached report. 

Thank you mr the opp:irtunity tc present the Cormittee•s views on 
this iitq::ortant public health ~ welfare issue. 

cc: A. James Barnes 
Gerald Enison 
t.aster Grant 
Vaun Newill 
John 0 • c.onnor 
Crai9 Potter 
Terry Yosie 

. .. 

Sincerely, 

:?!~c-
aw.mm 
Clean Air Scientific P.dvisory 

Camittee 
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~ OF M.AJCR scmmFIC ISSUES AND o.sN:. 
o:N:UJSICNS Qtl THE 1986 DWT AOCEMXJM 
TO 'rm: 1982 SOI.FUR OXICES STMF PAPER 

'I?le Camlittee found the tedln.ical dJ.sc,.ssJ.ons c:ontained in the Staff 
J?aper h!derdum to te scient:J.fically tmrough an:! acc:eptable, subject tc 
minor editorial revisions. 'this docunent is consistent in all significant 
respectS with the scientific evidence presented in the 1982 carbined Air 
OUality Criteria Cb;:lll!Pnt fbr Particulate Matter/Sulfur OXides ard its 1986 
lldderdllD, on which the Camlittee issued its clanm! letter on DeO?lttler 15, 
1986. 

scientific Basis for Pr.imry Standards 

'lb! Coamittee addressed the scientific: t:asis for a 1-hour, 24-hour, 
and annual primary standards at sa12··1engtti: in its August 26, 1983 closure 
letter on the 1982 Sulfur OX.ides S~f·Paper. 'Ihat letter Vc!S based on 
the scientific literature wh.ic:h had.been p.lblished up t.o 1982. 'lbe present 
review has ecamined the =re recently pJbllshed studies. 

It is clear that no single study of~ can fully address the range of 
public health issues that arise during the .standard setting ptoo::ss. 'lbe 
lqency has cat1:'.l.eted a thorough analysis of the stren;ths am "11!aknesses of 
various studies an:! has deriwd its r:ea::mtended ranges of intetest by . _ 
eval.ua~ the weic;ht of the evidence. ~ COaml.ttee emo~s th.ls~. 

'1he CannJ. ttee wishes to o ament on several major issues a::nceming the 
scientiflc data that" are available. These issues include: 

• ~nt studies n::ire clearly inplicate particulate matter than 502 
as a longer-tem public bealth c:cncern at low exposure lewls. 

-
• A major! t:'/ of Canf.ttee nen6er.1 beliew that the effects · reported 

in the clinical studies. of ast:hnatics represent effects of 
significant p.lbllc: health c:oncem. 

• 'Ihe exposure tn:ertainties associated with a 1-hour standard are 
quite .lar9e· '1be ruatJ.onship between the frequency of ~rt-terrn 
paaJc ecposur;es and various scenarios of asthmatic: resp:nses ls not 
well un:!ecstcod. Both EPA an:1 the, elec:t:J:ic: ~r i.n:lwitry are 
o:induc:t:inq further analyses of a series of exposure assessnent 
·isSEs. Such analyses haw the ~tential to inctease the collectiw 
understandin; of the relationship be~n S02 exposures am responses 
obserwd in subgroups of the c;enerctl ~-::~ation. 

• 'Ille ntll!'ber of asthma.t.ics wlrierable to peak exp:isur:es near electric 
p:ii.er plants, 9iwn the protection afforded by the oirrent standards, 
represents a sml.l ruber of people. Although the Clean Air Act 
requires that sensitive population groups rec:eiw ~tection, the 
size of such qrcups has not been defined. CASM: belie~ that this 
issue represents a legal/policy matter ard has no st=ecific scientific 
advice to provide on it. 



A-3 

-2-

CASN:'s advice on primary s~ares for three a...eraging times is presented 
belOW': 

l-Hour Standard - It is our conclusion that a large, o:msistent 
data EaSe exists to doc:i.nant the brcncbocoustricti \e response .in mild 
to moderate asthmatics subjected in clinical chanters to short-term, 
low levels of sulfur diacide while exercisinq. 'nlere is, }lo.lever, no 
scientific basis at present· to su~rt or dispute the hypothesis that 
individuals participating in the -~ clinical studies are .surrogates 
for acre sensitive asthmatics. Estimates of the size of the asthmatic 
population that experience ext:09ures to short-te:cm peaks of SOz 
(0.2 - o.s parts per million (ppn) S02 for S-10 minutes) during light 
to m:>dera.te exercise, and that C3!l be exp!Cted to exhibit a broncho
constric::tive res~, varies frail s,ooo to so,ooo. · 

The majority of the Carnittee believes ~t the scientific evidence 
s~rtin; the establlshnl!nt of.-a new 1-hour st:aroa.r:d is stron;er than 
it was in 1983. As a result, ~ 1n viJ!w of the significanoe of the 
effects reported in these c:l.J.riical stQdles, the?."e is strong, but ~ 
unanimous support for the reccsmendati0n that the Mnin.istrator consiCler 
establl~ a new 1-hou.r stan::lard for SOi exp:isures. 'Ibe Ccmnittee 
agtees that the range S1J991!Sted by EPA staff (0.2 - o.s ppn) is 
appcuptlate, with several n:ent:ea of the Cotm.Lttee 15Ug9estln:J a st:aroaro 
frail the ~ of this range. 'lbe catmittee c:cnc:l.udes that there is 
not a scientifically detrenstrated need for a wide mazgin of ~cy fur a 
l-hciur standard. · 

24-Hour ·Standard - 'n'le m:)re r:eoent stlidies presented arrl analyzed 
in the !986 St¥£ Paper Adden:1m, ·in particular, the episodic lung 
function studies in children (Dockery et al., an3 Dassen et al.) se~ 
to st?:enqthen our previous o::.nclusion that the rationale for reaffirming 
the 24-hour stardatd is appi:opriate. 

Annual Standard - 'Ihe' O:::mlli.ttee reaffiz:ms its c:onc:lusion, \Oiced in 
its 1983 closure letter, that· there is no quantitative basis for retaining, 
the current anrual starrlard. Hawever, a decision to abolish the aru1ual 
standard nust be considered in the light of the total protection that 
is tel be offered by the suite of stardards that will be established. 

'Ihe above a:eomendat1ons reflect the consensus position of CASAC. Not 
all C1ISAC reviewe~ agree with each p:s.itlon adopted because of the uncertainties 
associated with the existing 54:ientific data. However, a strong majority 
supp:irts ea:h of the st:ecific tt:C01U1en:latlons presented abow, a.rd. the ent.ire 
Comtittee agrees that this letter represents the consensus position. 

Secondary Standards 

The 3-hour secordaey stardud was· not addressed at this review. 
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UNITED STATES ENVIRONMENTAL PROTECTION AGENCY 

WASHINGTON, 0.C. 20460 

June 1, 1994 

,.4- ~ 4 _ ,5?: 

r- D - .J<, 

OFFICE OF THE ~ISTRATOO 
SCIE~ AOVISORY ~RD 

EPA-SAB-CASAC-L TA-94-007 

Honorable Carol M. Browner 
Administrator 
U.S. Environmental Protection Agency 
401 M St., S. W. 
Washington, D.C. 20460 

Subject: Clean Air Scientific Advisory Committee Closure on the 
Supplements to Criteria Document and Staff Position 
Papers for S02 

Dear Ms. Browner: 

The Clean Air Scientific Advisory Committee {CASAC} at a meeting 
on April· 12, 1°994, completed its review of the documents: Supplement to 
the Second Addendum (1986) to Air Quality Criteria for Particulate Matter 
and Sulfur Oxides; Assessment of New Findings on Sulfur Dioxide and 
Acute Exposure Health Effects in Asthmatics; and Review of the Nationa1 
Ambient Air Quality Standard,s for Sulfur Oxides: Updated Assessment of 
Scientific and Technical Information, Supplement to the 1986 OAQPS 
Staff Paper Addendum. The Committee notes, with satisfaction, the 
improvements made in the scientific quality and completeness of the 
documents. 

With the changes recommended at our March 12 session, ·written 
comments submitted to the Agency subsequent to the meeting, and the 
major points provided below, the documents are consistent with the 
scientific evidence available for sulfur dioxide. They have been organized 
in a logical fashion and should provide an adequate basis for a regulatory 
decision. Nevertheless, there are four major points which should be called 
to your attention while reviewing these materials: 
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1. A wide spectrum of views exists among the asthma specialists 
regarding the clinical and public health significance of the effects of· 5 to 
1 O minute concentrations of sulfur dioxide on asthmatics engaged in 
exercise. On one end of the spectrum is the view that spirometric test 
responses can be observed following such short-term exposures and they 
are a surrogate for significant health effects. Also, there is some concern 
that the effects are underestimated because moderate asthmatics, not 
severe asthmatics, were used in the clinical tests. 

At the other end of the spectrum, the significance of the spirometric test 
results ·are questioned because the response is similar to that evoked by 
other commonly. encountered, non-specific stimuli such as exercise alone, 
cold, dry air inhalation, vigorous coughing, psychological stress, or even 
fatigue. Typically, the bronchoconstriction reverses itself within one or 
two hours, is not accompanied by a late-phase response (often more 
severe and potentially dangerous than the immediate response), and shows 
no evidence of cumulative or long-term effects. Instead, it is 
characterized by a short-term period of bronchoconstriction, and can be 
prevented or ameli9rated by beta-agonist aerosol inhalation. 

2. It was the.· consensus of CASAC that the exposure scenario of concern is 
a rare event. The sensitive population in this case is an unmedicated 
asthmatic engaged in moderate exercise who happens to be near one of the 
several hundred sulfur dioxide sources t.hat have the potential to produce 
high ground-level sulfur dioxide concentrations over a small geographical 
area under rare adverse meteorological conditions. In addition, CASAC 
pointed out that sulfur dioxide emissions have been significantly reduced 
since EPA conducted its exposure analysis and emissions will be further 
reduced as the 1990 Clean Air Act Amendments are implemented. 
Consequently, such exposures will become even rarer in the future. 

3. . It was the consensus of CASAC that any regulatory strategy to 
ameliorate such exposures be risk-based - targeted on the most likely 
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sources of short-term sulfur dioxide spikes rather than imposing short
term standards on all sources. All of the nine CASAC Panel members 
recommended that Option 1, the establishment of a new 5-minutes 
standard, not be adopted. Reasons cited for this recommendation included: 
the clinical experiences of many ozone experts which suggest that the 
effects are short-term, readily reversible, and typical of response seen 
with other stimuli. Further, the committee viewed such exposures as rare 
events which will even become rarer as sulfur diOi<ide emissions are 
further reduced as the 1990 amendments are implemented. In addition, 
the committee pointed out that enforcement of a short-term NAAQS would 
require substantial technical resources. Furthermore, the committee did 
not think that such a standard would be enforceable (see below). 

4. CASAC questioned the enforceability of a 5-minute NAAEJS or "target 
leveL" Although the Agency has not proposed an air monitoring strategy, 
to ensure that such a standard or "target level" would not be exceeded, we 
infer that potential sources would have to be surrounded by concentric 
circles of monitors. The operation and maintenance of such monitoring 
networks would be extremely resource intensh':e. Furthermore, current 
instrumentatiori used to routinely monitor sulfur dioxide does not respon'd 
quickly enough to accurately characterize 5-minute spikes. 

The Committee appreciates the opportunity to participate in this 
review and looks forward to receiving notice of your decision on the 
standard. Please do not hesitate to contact me if CASAC can he of further 
assistance on this matter. 

Sincerely, 

~ -r 11'""1f 
George T. Wolff, Ph.D. 
Chair, Clean Air Scientific 

Advisory Committee 
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APPENDIX B 

A. Additional Information About the Exposure Analyses 

Tables B-1 and B-2, placed at the end of this appendix, 

provide a more full description of the results of the utility 

analysis (Rosenbaum et al., 1992) and non-utility analysis 

(Stoeckenius et al., 1990). Footnotes to Table B-2 give more 

details about some of the assumptions used to generate certain 

calculations presented in the main text. 

B. Important Uncertainties Involved in the Exposure Analysis 

Any nationwide exposure analysis must contain numerous 

assumptions and s±mplifications. These can result in either 

overstating or understating the estimates of exposures. A brief 

summary of major sources of uncertainty is presented in Table J-4 

and discussed below. The major sources of uncertainty are 

estimates of activity patterns, emission and dispersion modeling, 

and the use of peak-to-mean ratios to estimate 5-minute peak S02 

concentrations. For a more complete treatment, see 

( 1986c, d), Burton et al. ( 1987), Stoeckenius et al. 

Burton and Stoeckenius (1988), and Rosenbaum et al. 

1. Activity Pattern Uncertainties 

EPA 

{1990), 

{1992). 

The activity pattern data used in these analyses has 

undergone numerous revisions. The current analyses reflect the 

best information available at the time regarding the number of 

individuals estimated to be at high ventilation (Rosenbaum et 

al., 1992; Stoeckenius et al., 1990). However, more recent work 

has shown that some individuals at moderate activity may 
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ventilate at > 35 L/minute, while others may not ventilate at 

that level, on average, even during "high" activity (Linn, 1991). 

In addition, minute-by-minute ventilation estimates are now 

available. The Human Exposure Model used for these analyses 

assumed that an individual with asthma was at sufficient elevated 

ventilation for the hour if she had at least 10 minutes of high 

activity. This would lead to overestimates in hours where the s

minute peak did not coincide with the elevated ventilation. 

However, some underestimation might occur during hours in which 

individuals might briefly be at elevated ventilation (~ 10 

minutes) ~nd experience a high ambient S01 peak. 

The activity data used in the exposure analyses is not 

specific for individuals with asthma, which could affect the 

exposure estimates. The general population activity data used 

relied on a diary study of greater than 900 Cincinnati residents, 

who were followed over 3-day intervals in cool or warm seasons 

(see Johnson et al., 1993 for more information). The data as 

used in Stoeckenius et al. (1990) and Rosenbaum (1992) indicate 

that the general population spends 1.7% of waking hours at 

strenuou~ exercise, with peak hourly activity rates of 

approximately 3.5% (Stoeckenius et al., 1990, Fig. 2-2, exact 

numbers provided by Stoeckenius, personal communication) . 

In contrast, a study of a population-based sample of 136 

Cincinnati residents with asthma followed over a 3-day period 

reported the prevalence of outdoor exercise was greater than for 

the general population: 3.3% of waking hours at strenuous 
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exercise, with peak hourly activity rates of 7-9%, depending on 

day of week (Roth Associates, 1992, p.3-7, 3-12). In a smaller, 

3-day study of 52 asthmatic residents of Los Angeles involved in 

the clinical studies conducted by the Linn group, survey 

participants spent 2.4% of their waking hours, on average, 

exercising outdoors (Roth Associates, 1988). 

Finally, a more recent 7-day survey of 49 asthmatic 

residents of Los Angeles who had been clinical subjects for the 

Linn group, found that a group of individuals with primarily 

moderate to severe disease spent only 0.2% of their total waking 

time exercising outdoors at a fast breathing rate (or possibly 

0.2% of hours, but it is unclear how much activity was needed to 

classify an hour at high activity (Linn, 1991, p. 22, 37, and 

Figure 4-1)). 

One reason that the general population activity estimates 

are lower than some of the activity estimates for the asthmatic 

population might be because mild asthmatic individuals are 

encouraged to exercise as part of their therapy. This factor may 

not have been reflected in the Los Angeles surveys, because the 

sample groups for both these studies probably overrepresented the 

proportion of moderate to severe asthmatic individuals relative 

to that asthmatic population as a whole. For the 1991 study, in 

which high activity rates were extremely low, individuals with 

moderate to severe disease comprised approximately 70% of that 

group, in roughly equal proportions. Approximately 50% of the 
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1988 group was composed of individuals with moderate to severe 

asthma (Roth Associates, 1988, p.1-2). 

The 1991 study (Linn, 1991) seems to suggest that a group 

composed of more severe asthmatics is generally less active 

outdoors, but when the results for this small group were examined 

according to the author's classification of asthmatic subjects, 

mild asthmatic subjects appeared to be no more active than severe 

asthmatic subjects (p. 37). Another reason why these results may 

be so low may be time scale differences: the 1991 study reported 

time at "fast" activity as a proportion of total waking time, 

while the other studies reported "high activity" as proportion of 

waking hours, with an hour being scored at high activity as long 

as subject was at elevated ventilation for at least 10 minutes in 

the hour. 

In the past it has been assumed that individuals with asthma 

may be less active, on average, than the general population (EPA 

1986d) , but the existing data do not provide a basis for that 

assumption. 

2. Dispersion Modeling Uncertainties 

Uncertainties involving dispersion modeling could influence 

the results of both the utility and non-utility analyses, 

although the precise extent to which these uncertainties affect 

the analyses is difficult to estimate. The models used in these 

analyses to estimate ambient S02 concentrations were 

originally designed to predict design value concentrations for 3-

hour, 24-hour, or annual averaging times. However, in these 
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analyses the models are used to provide estimates, specific to 

time and location, of the ambient concentration of S02 for each 

hour in a year. The accuracy of these models when used for this 

purpose is not fully established, although an evaluation by Moore 

et al. (1988) reported that the dispersion model used in the 

utility analysis tended to over-predict slightly the average of 

the highest ho~rly concentrations (e.g., 25 highest) relative to 

those observed, when observations and predictions are allowed to 

be unpaired in time and location. 

In addition, tests of Gaussian dispersion models indicate 

that stability classes (derived by averaging meteorologicaI data 

over a year or more) often fail to capture much of the 

variability in meteorological parameters. For unstable weather 

classes this may result in differences of up to 40 percent in 

predictions of maximum concentration when compared to 

measurements (Irwin, 1987). Whether such meteorological 

variability would have much effect on predictions of exposures is 

unclear, given the findings of Moore et al. (1988) and the fact 

the exposure analyses did not rely solely upon stability classes, 

but also used actual meteorological parameters (from historical 

data) in estimating dispersion. 

However, an important point to keep in mind when considering 

the impact of air quality emission and dispersion uncertainties 

is that the exposure estimates from the earliest EPA exposure 

analysis indicated that exposures (around utilities) were 

apparently the result of comparatively few ambient peaks of so2 
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[on the order of l0-20 expected exceedances for any given ring 

(EPA, 1986, Figure 3-3 and 3-4)]. If estimated exposures in the 

subsequent analyses also result from relatively few ambient peaks 

(data comparable to these reports are not currently available), 

then estimating the impacts of uncertainties on the exposure 

estimates will be more difficult. It is conceivable that small 

changes in the treatment of meteorological uncertainties, or 

other uncertainties (such as the peak-to-mean and emission 

modeling uncertainties discussed below) could lead to relatively 

large changes in exposure estimates. 

Additional meteorological uncertainty is introduced when 

dispersion analysis is performed on a prototype source (utility 

analysis) , or meteorological records from one particular area are 

applied nationwide (non-utility analysis). The utility analysis 

used meteorological data specific to the prototypical plant's 

location to model dispersion for all the sources in each of its 

24 bins (a bin is a subset of sources modeled as resembling a 

prototype source) . Such steps are necessary to reduce the 

computational complexity, but simplify meteorology by applying 

meteorological data from one source to the modeling of many 

sources. 

Due to 'the large number of sources, in the non-utility 

analysis meteorological data from only one particular region was 

used to model all sources from a source category. However, 

efforts were made to diminish this uncertainty by choosing 

conditions applicable to the region expected to account for the 
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largest proportion of exposures (e.g., meteorological data from 

the Pacific Northwest was used to model pulp and paper mills) . 

These simplified treatments of meteorology could result in either 

over- or under-estimates of exposures in other regions of the 

country. 

3. Peak-to-Mean Ratio Uncertainties 

Another potential source of uncertainty is introduced 

through the use of peak-to-mean ratios. For present purposes, 

the peak-to-mean ratio is the ratio of the maximum 5-minute 

concentration for an hour divided by the hourly average (a peak

to-mean ratio of 2 indicates for that hour the maximum 5-minute 

concentration was twice the concentration of the hourly average) . 

Peak-to-mean ratios for these analyses were chosen using a Monte 

Carlo simulation based on a frequency distribution derived from a 

collection of observed peak-to-mean ratios. 

Both analyses rely heavily (non-utility analysis) or 

exclusively (utility analysis) on a distribution of peak-to-mean 

ratios derived from 18 months of monitoring around the Kincaid 

power plant, a tall, isolated coal-fired plant in Illinois. 

This distribution has an average ratio of 2.2, and, although 88 

percent of the values are peak-to-mean ratios of 3.5 or less 

(Stoeckenius, 1990, Table 2-18), it does contain peak-to-mean 

ratios up to 11 to 1. The Kincaid power plant is in the 80th 

percentile of stack height (Burton and Stoeckenius, 1988). Thus, 

on theoretical grounds, use of this ratio would be expected to be 

conservative for the majority of the power plants in the nation. 
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However, using a single peak-to-mean ratio distribution 

introduces several uncertainties of undetermined magnitude. The 

data from one source is essentially generalized to all sources. 

The 18 months of data used to generate the ratio contained 

apparently only three observations of a 5-minute concentration 

above 0.5 ppm (Thrall et al., 1982, Figure 6), and the maximum 

concentration observed equaled 0.56 ppm; both of these factors 

might affect the applicability of the ratio to sources with more 

numerous high 5-minute peaks. However, the Kincaid analysis 

(Thrall et al., 1982, p. 27) noted a small but statistically 

significant tendency for peak-to-mean ratios to decrease with 

increasing hourly concentration. Thus, sources producing higher 

ambient concentrations might have lower peak-to-mean ratios; 

sufficient data is not currently available to test this 

hypothesis. 

Peak-to-mean ratios are also highly sensitive to weather 

conditions. Thus, using a single peak~to-mean ratio from one 

location means that the assumption is made that the 

meteorological conditions of that area apply to all areas. 

Furthermore, choosing the peak-to-mean ratio from a distribution 

of ratios from all hours, rather than hours segregated by 

stability classes or other meteorological parameters, essentially 

uncouples the choice of the peak-to-mean ratio from the weather 

conditions for the hour used in the dispersion modeling. 

It is difficult to determine what bias, if any, this would 

bring to the analysis. Unfortunately, the Kincaid data was not 
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analyzed in relation to meteorological conditions. Certain 

weather conditions would be expected to result in high hourly 

concentrations and low peak-to-mean ratios, while others result 

in low hourly concentrations and high peak-to-mean ratios. Use 

of a distribution from all hours could therefore overstate 

exposures in some cases. However, if some sources have many 

hours with moderate hourly concentrations, and if typically 

moderate to high peak-to-mean ratios were observed, exposures for 

these sources could be underestimated. 

Other expected uncertainties resulting from use of a single 

peak-to-mean distribution (e.g., whether monitor placement and 

instrument response time understated peak-to-mean ratios) are 

discussed in Burton and Stoeckenius (1988). 

The same uncertainties listed above apply to the application 

of the Kincaid distribution to non-utility sources. However in 

these cases, which typically involve much lower emission release 

heights, use of the distribution is much more likely to overstate 

the probability of high exposures. The higher peak-to-mean 

ratios reported in Section III of this paper can probably be 

explained by two factors. First, the ratios reported in Section 

III do not examine all hours, but rather only those hours with 

high (> 0.75 ppm) 5-minute peaks. Second, the sources examined 

in Section III probably experienced substantial increases in 

their emissions within the hour, which contributed to the high 

observed peak-to-mean ratio. This second factor was partially 
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taken into account for many sources in the non-utility analysis 

by assuming constant operation at maximum design rate. 

The estimates for non-utility sources resulting from use of 

the Kincaid distribution were viewed as representing an upper

bound on possible exposures. A different peak-to-mean 

distribution with fewer extreme values (Stoeckenius et al., 1990, 

Table 2-18) was used to generate lower-bound estimates. 

The uncertainties surrounding the use of dispersion modeling 

and peak-to-mean ratios in these analyses add considerable 

uncertainty to the final estimates. However, refining the 

methodology of these areas (foi example, by using-5- to iri-minute 

rather than hourly meteorology data) would involve intensive 

remodeling and other efforts. 

4. Emission modeling Uncertainties 

It should be noted that the recent utility exposure analysis 

(Rosenbaum et al., 1992) and elements of the non-utility analysis 

(Stoeckenius et al., 1990) (refineries and some other sources, 

see below) estimated actual exposures, rather than potential 

exposures that could result if the source operates at its higher 

permitted emission limit. Potential emissions were evaluated in 

the previous EPA analysis (EPA, 1986). Thus, exposures could 

increase for many of the sources analyzed if they decided to 

increase emissions to the permitted limit (as was shown by the 

full-load figures for utilitites given in Section III.D.2). 

However, the objective of these analyses was to attempt to 
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estimate the magnitude of current exposures to so2 , not to 

predict the number of possible exposures. 

Probably the largest single source of uncertainty in these 

analyses is in the emissions estimates used for the non-utility 

sourceso For most non-utility sources, constant operation at the 

maximum hourly design rate was assumed, which almost certainly 

overstates actual emissions and exposures (and likely even 

overstates potential emissions as well) . For batch processes of 

great variability, however (e.g., sulfite pulp and paper mills, 

copper smelters), it is conceivable that peak emissions within an 

hour may exceed the hourly design rates. These brief episodes 

may be very important in terms of actual exposures, but 

additional analysis would be required to determine whether the 

frequency and magnitude of such episodes for these sources would 

result in a greater number of exposures than the assumption of 

constant operation at the hourly design rate. 

For other sources (refineries and additional sources with 

incomplete emissions information) , annual emissions data was 

used. This would be expected to understate emissions and 

exposures, since these sources would undoubtedly emit at rates 

above their annual emissions rate for a substantial number of 

hours in the year, and probably these would be the hours 

contributing most to exposures. 

In contrast, the emission estimates for utilities, which 

consisted of a Monte Carlo simulation using distribution of power 

plant loads specific to season and time of day would be expected 
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to produce estimates of actual exposures with much less 

uncertainty. Some minor uncertainties about how fuel use and 

consumption are handled with this approach are discussed in EPA 

(1986d). 

5. Other Uncertainties 

Another important uncertainty affecting these results is the 

current inability of the models used to address the effects of 

complex terrain (which may affect the estimates for the more than 

25 percent of U.S. power plants located in complex terrain, and 

to a lesser extent the estimates for non-utility sources located 

in complex terrain) . In addition, the analyses did not attempt 

to consider the effects of overlapping sources, occurrence of 

multiple peaks in an hour, or some source types that might 

contribute some additional exposures (lead smelters, coke ovens, 

and possibly some small, < 25 MW, power plants). Each of these 

factors might increase exposure estimates by small amounts. 

Some understating of exposures might have also occurred in 

the procedure used to estimate the affected area around different 

sources. Exposures may occur beyond the 20 km, the furthest 

distance typically modeled in the utility analysis (EPA, 1986d, 

p. 2-15), and within the distance (i.e., three building heights) 

that could not be modelled in non-utility analysis (Stoeckenius 

et al., 1990). 

c. Conclusions 

Some of the uncertainties discussed above might be 

relatively easy to address, while others might require intensive 



B-13 

remodelling or data that is not readily available. Some 

assumptions or simplifications would have to be retained if the 

development of nationwide exposure estimates is to be a 

manageable task. These uncertainties make it difficult to arrive 

at precise estimates of the number of asthmatic individuals 

exposed to S02 , and so the estimates of the total number of 

annual exposures to high peaks of S02 should be viewed with 

caution. 

Nevertheless, despite the limitations, the recent exposure 

analyses have provided better insight into the potential 

magnitude of exposure to concentrated ambient peaks of so? and 

the sources most likely responsible for such peaks than was 

previously available. The basic findings of thesa analyses 

(i.e., that exposures to high concentrations of S02 are 

restricted to the vicinity of certain 502 sources and that these 

7xposures do not affect a large proportion of the nationwide 

asthmatic population in any given year, although a greater 

proportion of asthmatic individuals living close to certain 

sources may be exposed) would probably not change even if 

exposure estimates were to increase several-fold. Furthermore, 

improved treatment of some of these uncertainties, such as those 

resulting from the assumption of constant operation at maximum 

design rates used for many non-utility sources, could 

substantially decrease estimates of actual exposures, although 

not necessarily potential exposures. 

Refinements of these analyses or additional ambient 

monitoring data could possibly indicate the need to reevaluate 
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the relative importance of one source category versus another in 

accounting for high 5-minute peak ambient exposures. However, it 

is not expected that these refinements would alter the basic 

thrust of the assessment that exposures to high 5-minute peaks of 

so, are likely to be experienced almost exclusively by asthmatics 

who are in the vicinity of a subset of so, sources. 

D. Notes on Calculations Performed for the Text (Section III.0.2) 

All figures given in the text were obtained from Tables B-1 

and B-2, with the exception of the number of asthmatic 

individuals exposed 1 or more times. For the utility study, this 

number was calculated from the number of asthmatic individuals 

exposed listed in Table B-2, which does not contain an 

approximately 5% correction described in Rosenbaum et al. (1992, 

p. 2). When this correction is applied to the Number of 

Asthmatics Exposed lX or more times, 46, 000 (the actual load 

figures) becomes approximately 43,700. This number, when divided 

by the total asthmatic population listed as in the vicinity of 

utilities (3,896,000), yields 1.12% of the asthmatic population 

in the vicinity being exposed 1 or more times, which is precisely 

the figure given in Table B-1, which is taken from Rosenbaum et 

al. (1992). 

For the non-utility analysis, to obtain the percentage of 

the asthmatic population exposed l or more times, the range of 

numbers in the column listed "Expected No. Asthmatics Exposed At 

Least Once Per Year" in Table B-2 is divided by the asthmatic 

population column. For example, the 2,000 - 22,000 estimated 
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exposures for sulfite paper mills divided by the asthmatic 

population of 74,000, leads to estimates of 2.7 to 29.7 percent 

of the asthmatic population being exposed 1 or more times. 

For the calculations concerning the concentration of risk 

within different "bins'' of the utility analysis, bin Base 3A can 

be seen to account for roughly 75% of the total utility 

exposures, depending on tha scenario chosen (Table 3 of 

Rosenbaum et al., 1992). Table 3-3 of Burton et al., 1987 shows 

that this bin accounts for 64 out of the 1034 (726 + 308) total 

utility point sources considered. 

For the non-utility analysis of industrial boilers, Table 2-

14 of Stoeckenius et al. (1990) indicates that 3 bins, E-7, E-10, 

and E-12 (Table 2-14), contribute more than half of the total 

exposures from the industrial boilers that were analyzed. 



Table B-1. Summary of Estimates of Expected Number of Exposures of Exercising Asthmatics 
to Elevated 5-minute Average S02 Concentrations for Utilities 

S02 CONCENTRATION THRESHOLD 

EMISSION RATE ESTIMATES 

1987 1 

Title IV2 

Lowest of: 
Title IV 
compliance with current stds., 
compliance with 5-min 5xx std. 
of 0.75 ppm 

Lowest of: 
Title IV 
compliance with current stds., 
compliance with 5-min lxx std. 
of 0.75 ppm 

0.5 ppm 

68,335 
(1.12)* 

39,587 
(0.65)* 

24,745 
(0.41)* 

19,006 
(0.31)* 

* Percentage of asthmatics in vicinity exposed 1 or more times. 

1Burton et al. "(1987); updated in Rosenbaum et al. (1992). 
2Based on acid rain Regulatory Impact Analysis. 

(Derived from Rosenbaum et al., 1992) 

0.75 ppm 

Not analyzed 

8,970 
(0.15)* 

3,903 
(0.06)* 

2,571 
(0.04)* 

tr::I 
I ...... 
0\ 



TABLE B-2. Non-Utility Source S02 Exposure Analysis Results 

Source Number of Total Total Asthmatic Expected Expected Expected No. 
Category Sources Emissions Population Population Exposure Exposures Per Asthmatics 

(103 tons/yr) (thousands) (thousands) 2 Events/Yr 100 Exposed at 
Asthmatics Least Once 

Per Yearl 

Industrial 3,108 1,725 48,7026 2, 0286 56, 0003
- 2.8-9.9 12,000-42,000 

Boilers' 201, ooo~ 

Petroleum 187 639 35,208 1,457 27,0007 1.8 6,000-17,000 
Refineries 

Pulp/Paper 
Mills: 10, 0008

- 2,000-22,000 
sulfite 23 60 2,230 74 35, ooo~ 13-47 1,000-12,000 
Kraft 118 402 9, 110 340 5, 0008

- 1. 5-5. 3 
18, 0004 

Copper 5 319 469 18 2, ooo-•s 11.1-28 400-3,QOO 
Smelters 5, 0009 

Sulfuric Acid 74 152 27,418 990 6,0001S 0.61-1.8 1,000-12,000 
Plantsu -18,000~ 

Aluminum 21 96 3,042 127 a, 000- 15 6.3-17 2,000-14,000 
Smelters . 22, 0009 

Utility 2,700 16,524 98,793 3,896 72,000 11
- 1. 9-3. 2 46,000-80,000 

Boilers10 
125,000 1 ~ 

TOTAL 6,236 19,917 224,976 8,930 186,000- 2. 0 14-5. 0 14 70,400-
451,000 202,000 

Footnotes reprinted in Appendix B. 
Exposure estimates for utility boilers do not reflect the 5 percent downward adjustment reported in Rosenbaum et al. (1992). 

(Source: Stoeckenius et al., 1990) 
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Footnotes to Table B-2 

1. Includes coal and oil f~red industrial, commercial and 
institutional boilers. 

2. Estimated from regional and metropolitan area asthmatic 
prevalence rates as reported in the 1983 National Health 
Interview Survey (NHIS, 1985). 

3. Lower bound derived by assuming building downwash effects 
are negligible and that peak-to-mean concentration ratios 
are similar to those observed at the Scottish Rites monitor 
near downtown Billings, MT (site in urban area not directly 
influenced by any single major source) . This value is based 
on extrapolation of sensitivity analysis results for one 
dispersion prototype (Bin E) to all other prototypes. 

4. Based on stack height/building height = 1.5 assumption and 
use of peak-t.o-mean ratios characteristic of tall, isolated 
point sources as obser:ved by Thrall et al. (1982). 

5. Derived from expected exposure event results by assuming 
that ratio of number of individuals exposed one or more 
times per year to the number of exposure events is equal to: 
0.21 for lower bound, based on sensitivity results for one 
industrial boiler prototype bin (Bin E); 0.64 for upper 
bound (except 0.21 used upper bound of industrial boiler 
category) based on calculations performed for the UARG 
utility boiler analysis. Lower bound for utility boilers is 
also based on 0.64. As pointed out in the UARG analysis, 
not all exposed individuals will experience the same health 
effect. 

6. Individuals living within the vicinity of more than one 
source represented by different prototypes are counted once 
for each prototype. Thus,this total overestimates the 
actual number of people living within the vicinity of one or 
more boilers. 

7. Assumes continuous operation at an emission rate equal to 
the annual average. Thus, may underestimate actual 
exposures resulting from periods of operation at elevated 
emissions. Exposures are based on use of peak-to-mean 
ratios developed by Thrall et al. (1982). 

8. Based on extrapolation of sensitivity of industrial boiler 
exposure estimates to building downwash and peak-to-mean 
ratios as in (3) above to this source category. 

9. Based on prototype source/building configurations and on 
peak-to-mean ratio distribution characteristic of tall, 
isolated point sources as observed by Thrall et al. (1982). 
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10. Includes all coal- and oil-fired utility boilers greater 
than 25 MW. For additional information concerning these 
results, consult the UARG S02 exposure analysis (Burton et 
al. I 1987) • 

11. Result from UARG S02 exposure analysis adjusted to account 
for revised population activity profile. Based on estimates 
of actual plant load. 

12. Based on comparison of exposures calculated under actual 
load vs. constant, full-load operation for three prototype 
plants. 

13~ Does not include plants associated with refineries (these 
are incorporated into the refinery category estimates). 

14. Population weighted average. 

15. As in (8) above but without adjustment for building 
downwash. 
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