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NOTE TO READER

The Environmental Protection Agency is revising the existing criteria
documents for particulate matter and sulfur oxides (PM/SOX) under Sections 108
and 109 of the Clean Air Act, 42 U.S.C. §§ 7408, 7409. The first external
review draft of a revised combined PM/SOx criteria document was made available
for public comment in April 1980.

The Environmental Criteria and Assessment Office (ECAQ) filled more than
4,000 public requests for copies of the first external review draft. Because
all those who received copies of the first draft from ECA0 are being sent copies
of the second external review draft, there is no need to resubmit a request.

To facilitate public review, the second external review draft has been
released in five volumes on a staggered schedule as the volumes were completed.

With circulation of this volume (Volume I), the release of all five volumes
of this second external review draft is completed.

The first external review draft was announced in the Federal Register of
April 11, 1980 (45 FR 24913). ECAO received and reviewed 89 comments from the
public, many of which were quite extensive. The Clean Air Scientific Advisory
Committee (CASAC) of the Science Advisory Board also provided advice and
comments on the first external review draft at a public meeting of August 20-22,
1980 (45 FR 51644, August 4, 1980).

As with the first external review draft, the second external review draft
will be submitted to CASAC for its advice and comments. ECAQ is also soliciting
written comments from the public on this second external review draft and
requests that an original and three copies of all comments be submitted to:
Project Officer for PM/SOX, Environmental Criteria and Assessment Office, MD-52,
U.S. Environmental Protection Agency, Research Triangle Park, N.C. 27711. To
facilitate ECAO's consideration of comments on this lengthy and compliex docu-
ment, commenters with extensive comments should index the major peints which
they intend ECAO to address, by providing a 1ist of the major points and a
cross-reference to the pages in the document. Comments should be submitted
during the public comment period from March 6 to May 5, 1981, as announced in
the Federal Register. There will be no extensions of this comment period, for
the reasons set forth in the Federal Register, which primarily concerns the
statutory deadline for completing appropriate revisions to the criteria for
PM/SOx.
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PREFACE

This document is a revision of External Review Draft No. 1, Air

Quality Criteria for Particulate Matter and Sulfur Oxides, released in

April 1980. Comments received during a public comment period from April
15, 1980 through July 31, 1980, and recommendations made by the Clean Air
Scientific Advisory Committee in August have been addressed here.

Volume I contains Chapter 1 which is the Executive Summary. A Table

of Contents for Volumes I, II, IIi, IV, and V follows.
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1. EXECUTIVE SUMMARY

1.1 INTRODUCTION
1.1.1 Legal Requirements

The purpose of this document is to present air quality criteria for particulate matter ard
sulfur oxides in accordance with Section 108(a)(2) of the Clean Air Act, 42 U.S.C. §740¢(a)(2),
which specifies that:

"Air quality criteria for an air pollutant shall 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 such pollutant in the ambient air, in varying quantities. The
criteria for an air pollutant, to the extent practicable, shall include
information on--

(A) those variable factors (including atmospheric conditions) which of
themselves or in combination with other factors may alter the effects on
public health or welfare of such air poliutant;

(B) the types of air pollutants which, when present in the atmosphere,
may interact with such pollutant to produce an adverse effect on public health
or welfare."

National ambient air quality standards are based on such criteria [Clean Air Act Section
109(b), 42 U.S.C. §7409(b)]. Both the criteria and standards are to be reviewed and, as
appropriate, revised at five year intervals beginning not later than December 31, 1980
[Section 109 (d)(1), 42 U.S.C. §7409(d)(1)].

This combined document constitutes a revision of separate documents previously issued for
particulate matter (AP-49) and sulfur oxides (AP-50). A combined document has been prepared
for several reasons: (1) the transformation of significant amounts of gaseous sulfur dioxide
into particulate sulfate by chemical processes in the atmosphere; (2) difficulty in separating
the relative contributions of sulfur oxides and particulate matter to mortality and morbidity
effects observed in community health epidemiological studies; and (3) the recommendation or
example of other organizations, notably the World Health Organization and EPA's advisory
committee on air quality criteria document-related matters, the Clean Air Scientific Advisory
Committee of EPA's Science Advisory Board.

This document describes what is known or anticipated with regard to both the health and
welfare effects of particulate matter (PM)* and sulfur oxides (SOX). With regard to health,
the document jis intended to report on the nature and significance of all identifiable effects
of PM and SOX. Under Section 109(b) |of the Clean Air Act, the Administrator js to consider
such information in this document in judging which effects are to be considered adverse, and
set national primary ambient air quality standards which, based on the criteria and allowing
an adequate margin of safety, are requisite to protect the public health. This requires the
careful assessment of the relationship between levels of exposure to PM and SOx via all routes

*For purposes of this document, PM is considered to consis§ of any airborne solid particles
and low vapor pressure liquid droplets with an effective dlgmeter smaller than a few.hgndrgd
micrometers. Important particle size fractions within this broad range are identified in
subsequent sections of this summary (see Section 1-2, for example).
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and averaged over appropriate time periods, and the biological responses to those levels and
interactions with other variable factors. This assessment must take into consideration the
temporal and spatial distribution of PM and SOx, and is complicated by such factors as
breathing patterns, individual activity levels, effects on sensitive populations, and the
complex and diverse chemical composition of PM.

The welfare effects which must be identified in the criteria document include effects on
soils, water, crops, vegetation, man-made materials, animals, wildlife, weather, visibility,
climate, damage to and deterioration of property, and hazards to transportation, as well as
effects on economic values and personal comfort and well-being [Clean Air Act Section 302(h),
42 U.S.C. §7602(h)]. Under Section 103(b) of the Clean Air Act, the Administrator must
consider such information in this document and set national secondary ambient air quality
standards which are based on the criteria and are requisite to protect the public welfare from
any known or anticipated adverse effects associated with the presence of such pollutants.
1.1.2 Organization of the Document

The present document consists of 14 chapters, currently organized into five separate
volumes as follows:

Volume I (containing Chapter 1);

Volume II (containing Chapters 2, 3, 4, and 5);
Volume III (containing Chapters 6, 7, and 8);
Volume IV (containing Chapters 9 and 10); and
Volume V (containing Chapters 11, 12, 13, and 14).

Volume I, the present volume, contains the general introduction and the executive summary
and conclusions for the entire document. Chapters 2 through 5, contained in volume II,
provide background information on: physical and chemical properties of PM and SOX; approaches
for the collection and measurement of such air pollutants; their sources of emissions; their
ambient air concentrations; and factors affecting exposures of the general population to them.

The third volume, containing Chapters 6 through 8, provides information on: atmospheric
transport, transformation and fate of PM and SOX; their contribution to and involvement in
acidic deposition processes and effects; and their effects on vegetation. Volume IV contains
Chapters 9 and 10, which describe effects on visibility and damage to materiails presently
attributable to either PM or SOX.

The fifth volume, containing Chapters 11 through 14, focuses on information concerning
the health effects of PM and SOx. Chapter 11 discusses respiratory tract uptake and deposition
of sulfur dioxide (502), sulfur-related particulate matter species (e.g., sulfates and sulfuric
acid), and other types of PM, as well as factors affecting their deposition and biological
fate. Chapters 12 and 13, on the other hand, respectively discuss information derived from
controlled toxicological studies in animals and controlled human exposure studies, whereas
Chapter 14 discusses community health epidemiological studies.

The extensive literature on PM and SOx is critically reviewed and evaluated in the present
document with emphasis on discussion of studies selected on the basis of their validity and
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relevance for the assessment of human health and welfare effects. Consideration of air qualit,
information and measurement techniques in early chapters of the document is limited to eluci-

dating aspects of environmental pathways by which PM and SOx move from natural and manmade

sources of emissions to receptor sites (i.e., biological organisms or materials affected by

them) most germane to understanding relationships between atmospheric levels of PM and SOX and

health and welfare effects discussed later in the document. As indicated by the discussion of

air quality information, airborne particles of a wide variety of sizes, shapes, and chemical

composition are found in the ambient air of the United States in highly variable guantities

and combinations in different geographic locations and at various times at the same site.

Analysis of the effects of airborne particles is further complicated by complex transformations
of various particulate matter species or their precursor substances during atmospheric trans-

port from sources of emissions that may be hundreds or thousands of miles away from human popu-
tations, other biological organisms, or materials ultimately affected by the pollutants. Sul-

fur dioxide (502), a gaseous air pollutant exerting notable health and welfare effects in its

own right, is also the main precursor substance emitted from anthropogenic sources which con-

tributes to the secondary formation of sulfuric acid‘and sulfate salts representing major
constituents of PM present in urban aerosols to which large segments of the U.S. population

are exposed. SO2 and sulfur-related PM species and their associated health and welfare effects
are accordingly discussed in considerable detail in the present document. Other specific PM
species of concern, however, are not discussed in as much detail here; but, rather the reader
is referred to other EPA air quality criteria or health assessment documents where the effects

of such substances are thoroughly reviewed. See, for example, Air Quality Criteria for lLead
(EPA, 1977), Air Quality Criteria for Oxides of Nitrogen (EPA, 1981), and so on.

In evaluating available information on the health effects of PM and SOX in man, the main
focus is on the effects of inhalation of these substances as the most direct and important
route of exposure, although it is recognized that biological effects may also be exerted by
some PM species via other routes of exposure, such as ingestion or contact with skin. Impor-
tant jssues considered include: (1) patterns of respiratory tract uptake, deposition, and
biological fate of 502, sulfur-related PM, and other PM substances in relation to size and
other physical and chemical properties; (2) mechanisms of action by which such substances may
exert biological effects of potential concern from a health viewpoint; {3) qualitative charac-
terization of such biological effects and quantitative characterization of dose/response or
exposure/effect relationships for such effects in relation to air concentrations of SO2 and PM
(defined either in general or, whenever possible, in terms of varying size or chemical composi-
tion); and (4) identification of population subgroups at special risk for the induction of
effects by PM and sox.

In relation to the evaluation of welfare effects of PM and SOX, consideration is not only
accorded to direct, acute effects of such substances on visibility, manmade materials, and
plant and animal species. Rather, as appropriate, there are assessed more-indirect, long-term
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effects that might be reasonably anticipated to occur as a consequence of repeated or contin-
ucus chronic exposures to low levels of such pollutants, their interactions with other agents
such as meteorological variables, and their secondary deposition on and movement through aqua-
tic and terrestial ecosystems.

In the summary materials that follow, citations are made only to selected, crucial
references that provide evidence in support of key points addressed. Complete bibliographic
information for each citation is provided in the reference 1ist for the later chapter where
the particular point is discussed in more detail.

1.2 PHYSICAL AND CHEMICAL PROPERTIES OF SULFUR OXIDES AND PARTICULATE MATTER
1.2.1 Sulfur Oxides

0f four known sulfur oxides (sulfur monoxide, sulfur dioxide, sulfur trioxide, and disul-
fur monoxide), only sulfur dioxide (SOZ) occurs at significant concentrations in the atmosphere.
502 is a colorless gas with a pungent odor emitted from combustion of sulfur-containing fossil
fuels, such as coal and oil. Its physical and chemical properties are summarized in Chapter 2.

Oxidation of 502 to form sulfate particles is one mechanism by which this gas is removed
from the atmosphere; SO2 is also removed directly by dry deposition on surfaces. Oxidation of
SO2 to produce sulfate particies takes place by a variety of mechanisms, such as photochemical
reactions and catalysis by constituents of ambient aerosols. SO2 interactions with airborne
particles have been studied for a variety of solids such as ferric oxide, lead oxide, aluminum
oxide, salt, and charcoal. One research group concluded that the main reaction between 502
and particulate matter is adsorption, with most catalytic reactions occurring at high tempera-
tures near the combustion source.

SO2 is readily soluble in water, forming a dilute sqlution of sulfurous acid including
the following species: SO2 . H20; HSO3 {bisulfite); and sog (sulfite).

1.2.2 Particulate Matter

Airborne particles exist in diverse sizes and compositions that can fluctuate widely under
the changing influences of source contributions and meteorological conditions. In broad terms,
however, airborne particle mass tends to cluster in two principal size groups: coarse parti-

cles mostly 1larger than 2-3 micrometers {(um) in diameter, and fine particles mostly smaller
than 2-3 ym in diameter. The dividing 1ine between the coarse and the fine sizes is frequent-
1y given as 2.5 um but the separation is neither sharp nor fixed; it can depend on the contri-
buting sources, on meteorology, and on the age of the aerosol. The curves jin Figure 1-1
exemplify the influences of these parameters.

Fine particles can occur in two mass modes. Those in the nuclei mode--from 0.005 to 0.05
pum diameter--form near sources by condensation of vapors produced by high temperature processes
such as fossil-fuel combustion. Particles in the accumulation mode--from 0.05; to: about
2 ym--form principally by coagulation or growth through vapor condensation of the short-lived
nuclei mode particles. Typically, 80% or more of atmospheric sulfate particle mass occurs in
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Figure 1-1, Size distribution of atmospheric particulate volume under a variety of condi-
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Particle volume tends to be bimodally distributed, although the relative amounts and
peaks of both modes can vary significantly.
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(1974}, Proceedings of a Symposium, Battelle Pacific Northwest Laboratories and U.S. Atomic
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the accumulation mode. Accumulation mode particles normally do not grow into the coarse
mode--those larger than about 2-3 pm. Coarse particles include re-entrained surface dust and
particles formed by anthropogenic processes such as grinding.

Primary particles are directly discharged from manmade or natural sources. Secondary
particles form by chemical and physical reactions in the atmosphere, and most of the reactants
involved are emitted to the air as gaseous pollutants. i

In the atmosphere, particle growth and chemical transformation occur through gas-particle
and particle-particle interactions. Gas-particle interactions include condensation of low-
vapor-pressure molecules, such as sulfuric acid (H2504), which occurs principally on fine parti-
cles. The only particle-particle interaction important in atmospheric processes is coagulation
among fine particles.

As shown in Figure 1-2, major components of fine atmospheric particles include sulfates,
carbonaceous material, ammonium, lead, and nitrate. Coarse particles consist mainly of oxides
of silicon, aluminum, calcium, and iron, as well as calcium carbonate, tire particles, vege-
tation-related particles and sea salt. Note that some overlap into fine versus coarse size
distributions occurs for many chemical species found predominantly in one or the other

size mode.
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Figure 1-2. idealized representation of typical fine and coarse particle mass and chemical
composition distribution in an urban aerosol. Although some overlap exists, note sub-
stantial differences in chemical composition of fine versus coarse modes. Chemical species
of each mode are listed in approximate order of relative mass contribution.

Source: After Husar et al. (1978).
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The carbonaceous component of fine particies contain both elemental carbon (graphite and
soot) and nonvolatile organic carbon (hydrocarbons emitted in combustion exhaust and secondary
organics formed by photochemistry). In many urban and nonurban areas, these particles may be
the most abundant fine particle species after sulfates. Secondary organic particles form by
oxidation of primary organics, ozone, and nitrogen oxides. Atmospheric reactions of nitrogen
oxide gases yield nitric acid vapor (HN03) which may accumulate as nitrate in fine and coarse
particles. Chemical pathways for forming nitrate particles and secondary organics are not
well established, and much doubt exists regarding the validity of historical nitrate data
bases.

Most atmospheric sulfates and nitrates are water soluble and hygroscopic (absorb
moisture). Hygroscopic growth of sulfate-containing particles has a profound effect on their
size, reactivity and other physical properties, which in turn influence their deposition in
the respiratory tract, toxicity, removal efficiency, and effects on weather and climate.
Deliquescence, or sudden uptake of water when relative humidity exceeds a certain level, is
exhibited by a number of organic and inorganic compounds, primarily salts.

1.3 TECHNIQUES FOR COLLECTION AND ANALYSIS ‘

Since publication of the 1970 criteria documents, advances in technology have resulted in
a substantial number of new measurement techniques together with information on the quality of
data collected by older techniques, as discussed in Chapter 3 of the present document. This
summary focuses on those techniques principally used in health and welfare studies.

1.3.1 Sulfur Oxides
Three main measurement methods or variations thereof have been employed in generating

data cited for sulfur dioxide (502) levels in community health epidemiological studies: (1)
sulfation rate (lead dioxide) methods; (2) hydrogen peroxide measurements and (3) the West-
Gaeke (pararosanaline) method.

Sulfation rate methods involve reaction of airborne sulfur compounds with Tead dioxide in
a paste spread over an atmospherically-exposed plate or cylinder. Rates of reaction of sulfur
compounds with surface paste compounds are expressed in 503/cm2/day. However, the reactions
are not specific for 502, and atmospheric concentrations of SO2 or other sulfur compounds can-
not be accurately extrapolated from the results, which are markedly affected by factors such
as temperature and humidity. Lead dioxide gauges were widely used in the United Kingdom prior
to 1960 and provided aerometric data reported for SO2 in some pre-1960s British epidemiological
studies; sulfation rate methods were also used in certain American studies.

Use of the hydrogen peroxide method was gradually expanded in the United Kingdom during
the 1950s, often being coupled in tandem with apparatus for particulate matter (smoke) moni-
toring. The hydrogen peroxide method was adopted in the early 1960s as the standard SO2
method used in the National Survey of Air Pollution throughout the United Kingdom and, as an
OECD-recommended method, elsewhere in Europe. The method can yield reasonably accurate esti-
mates of atmospheric SO2 concentrations expressed in pg/m3; but results obtained with routine
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ambient air monitoring can be affected by factors such as temperature, presence of atmospheric
ammonia and titration errors. Very little quality assurance information exists on sources and
maghitudes of errors encountered in use of the method in obtaining SO2 data reported in
specific epidemiological studies, making it difficult to assess the accuracy and precision of
reported SO2 values. O0Only in the case of the British National Survey has extensive quality
assurance information been reported (Warren Spring Laboratory, 1961; 1962; 1966; 1967; 1975;
1977; OECD, 1964; Ellison, 1968) for SO2 measurements made in the United Kingdom and used in
various British epidemiological studies.

The West-Gaeke (pararosanaline) method has been more widely employed in the United States
for measurement of SOZ‘ The method involves absorption of 502 in potassium tetrachloromercu-
rate (TCM) solution, producing a chemical complex reacted with pararosanaline to form a red-
purple color measured colorimetrically. The metheod, suitable for sampling up to 24 hrs, is
specific for SO2 if properly implemented to minimize interference by nitrogen or metal oxides,
but results can be affected by factors such as temperature variations and mishandling of rea-
gents. Only limited quality assurance information (Congressional Investigative Report, 1976)
has been reported for some American SO2 measurements by the West-Gaeke methods.

In recent years, a number of automated methods have gained widespread use for air moni~
toring. Some of these have been used in studying the effects of SO2 on vegetation. Con-
tinuous analyzers based on a variety of measurement principles have been designated by EPA as
equivalent methods for measurement of SO2 in the atmosphere. Testing by EPA has verified
their performance and has demonstrated excellent comparability with the federal reference
method under typical monitoring conditions.

1.3.2 Particulate Matter
Sampling particulate matter suspended in ambient air presents a complex task because of

the spectrum of particle sizes and shapes. Particle separation by aerodynamic size provides a
simplification by accounting for variations in particle shape and particle settling velocity.
Samplers can be designed to collect specific size fractions or match specific deposition pat-
terns. Mass concentration measurements using gravimetric analysis provide direct measures of
atmospheric particulate matter levels. High-volume samplers, dichotomous sampiers, cascade
impactors, and cyclone samplers are the most common examples of this type of measurement.

Mass concentrations have also been estimated using methods which do not employ direct
weighing. These methods utilize techniques which measure an integral property of particles
other than mass, such as optical reflectance. Examples of commonly used indirect methods
inciude the American Iron and Steel Institute (AISI) tape sampler version of the ASTM method,
the integrating nephelometer, and beta attenuation analysis.

Three main measurement approaches or variations thereof were used to obtain PM data
reported in community health studies. (1) the British Smokeshade 1ight refiectance method or
variations used in the United Kingdom and elsewhere in Europe; (2) the American Society for
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Testing and Materials (ASTM) filter soiling méthod based on light transmittance and used ir
the United States; and (3) the high-volume sampling method most widely employed in the United
States.

As discussed in Chapter 3, the British Smoke (BS) method and varicus standard variations
of it typically have a D50 cut-point of = 4.5 um in field use (McFarland, 1979). Thus, regard-
less of whether or not larger coarse-mode particles were present in the atmosphere during the
sampling period, the BS method collected predominantly small particles. The D50 of the instru-
ment may, however, shift slightly at higher wind speeds. The BS method neither directly mea-
sures the mass nor determines chemical composition of collected particles. Rather, it primari-
ly measures tight absorption of particles as indicated by reflectance from a stain formed by
the particles collected on filter paper, which is somewhat inefficient for collecting very fine
particles (Lui, 1978). The reflectance of light from the stain depends both on density of the
stain or amount of PM collected in a standard period of time and optical properties of the
collected materials. Smoke particles composed of elemental carbon of the type found in incom-
plete fossil fuel combustion products typically make the greatest contribution to the darkness
of the stain, especially in urban areas. Thus, the amount of elemental carbon, but not organic
carbon, present in the stain tends to be most highly correlated with BS refiectance readings.
Other non-black, non-carbon particles also have optical properties such that they can affect
the reflectance readings (Pedace and Sansone, 1972).

Since highly variable relative proportions of atmospheric carbon and non-carbon PM can
exist from site to site or from one time to another at the same site, then the same absolute
BS reflectance reading can be associated with markedly different amounts (or mass) of parti-
cles collected or, even, carbon present. Site-specific calibrations of reflectance readings
against actual mass measurements obtained by collocated gravimetric monitoring devices are
therefore necessary in order to obtain approximate estimates of atmospheric concentrations of
PM based on the BS method. A single calibration curve relating mass or atmospheric concentra-
tion (in pg/m3) of particulate matter to BS reflectance readings obtained at a given site may
serve as a basis fqr crude estimates of PM (mainly small particle) levels at that site over
time, so long as the chemical composition and relative porportions of elemental carbon and
non-carbon PM do not markedly change. Of crucial importance for evaluation of BS data is the
fact that the actual mass or smoke concentration present at a particular site may differ
markedly from the corresponding mass, or concentration (in pg/m3) associated with a given
reflectance reading on either of the two most widely used standard curves; great care
must be applied in interpreting exactly what any reported BS value in pg/m3 means at all.

The ASTM or AISI light transmittance method is similar in approach to the British smoke
technique. The instrument has a 050 cut-point of =5 pm and utilizes an air flow intake
apparatus similar to that used for the BS method, depositing collected material on a filter
paper tape periodically advanced to allow accumulation of another stain over a standard time
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period. Opacity of the stain is determined by transmittance of light through the deposited
material and filter paper, with results expressed in terms of optical density or coefficient
of haze (CoHs) units per 1000 linear feet of air sampled (rather than mass units). CoHs read-
ings, however, are somewhat more markedly affected by non-carbon particles than BS measure-
ments. The ASTM method does not directly measure mass or determine chemical composition of
the PM collected. Any attempt to relate CoHs to pg/m3 would require site-specific calibra-
tion of CoHs readings against mass measurements determined by a collocated gravimetric device,
but the accuracy of such mass estimates could be subject to question.

The high-volume (hi-vol) sampler method, more widely used in the United States to measure
total suspended particulates (TSP), collects particles on a glass-fiber filter by drawing air
through the filter at a flow rate of approximately 1.5 m3/min, thus sampling a higher volume
of air per unit of time than the above PM sampling methods. Recent evaluations show that the
hi-vol sampler collects a smaller particle size range than that stated in Air Quality Criteria
for Particulate Matter (U.S. Department of Health Education and Welfare, 1969). Under most
conditions the particle size fraction collected (DSO) ranges from 0 to 25 -~ 3G pum. The

sampling effectiveness of the hi-vol inlet also is wind speed sensitive for larger (>10 pm)
particles. Wind speed could be estimated to produce no more than a 10 percent day-to-day
variability for the same ambient concentration for typical conditions. The hi-vol is one of
the most reproducible particle samplers currentiy in use, with a typical coefficient of
variation of 3-5 percent. A significant problem associated with the glass fiber filter used
on the hi-vol is the formation of artifact mass caused by the presence of acid gases in the
air. These artifacts can add 6-7 pg/m3 to a 24-hour sample.

One consequence of the broader size range of particles sampled by the hi-vol method
versus the BS or ASTM methods are severe limitations on intercomparisons or conversions of PM
measurements by those methods to equivalent TSP units or vice versa. As shown by several
studies, no consistent relationship typically exists, for example, between BS and TSP measure-
ments taken at various sites or even during various seasons at the same site (Commins and
Waller, 1967; Lee, 1972; Ball and Hume, 1977; Holland et al., 1979). The one exception
appears to be that, during severe London air pollution episodes when low wind speed conditions
resulted in settling out of larger coarse-mode particles and fine-mode particles markedly
increased to constitute most of the PM present, then TSP and BS levels (in excess of = 500
pg/ms) tended to converge as would be expected when both methods are essentially sampling
predominantly fine-mode particles (Holland et al., 1979).

An extensive 1ist of techniques is available to analyze particles collected on a suitable
substrate. Many of the techniques are more precise than the analyses for gravimetric mass
concentration. Methods are available to provide reliable analyses for sulfates, nitrates,
organic fractions, and elemental composition (e.g., sulfur, lead, silicon, etc.){ Not all
analyses can be performed on all particle samples because of factors such as incompatible sub-
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strates and inadequate sample size. Misinterpretation of analytical results occur when
samples have not been segregated by particle size and when artifact mass is formed on the
substrate rather than collected in a particle form.

Sampling technology is available to meet specific requirements such as providing: sharp
cutpoints, cutpoints which match particle deposition models, separate collection of fine and
coarse particles, automated sample-collection capability, collection of at least milligram
quantities of particles, minimal interaction of the substrate with the collected particles,
the ability to produce particle size distribution data, low purchase cost, and simple operat-
ing procedures. Not all of these sampling requirements may be needed for a measurement study.
Currently, no single sampler meets all requirements, but samplers are available which can meet
a majority of typical requirements.

A variety of devices including hi-vol samplers, size-selective samplers, nephelometers,
and precipitation collectors have been used to study the contributions of sulfur oxides and
particulate matter to such welfare effects as visibility reduction, soiling, and acidic
deposition.

1.4 SOURCES AND EMISSIONS

Both natural and manmade sources emit particulate matter and SO2 into the atmosphere.
Natural emissions include dust, sea spray, volcanic emissions, biogenic emanations (such as
organic aerosols from plants), and emissions from wild fires. Manmade emissions originate
from stationary point sources, fugitive sources (such as roadway and industrial dust), and
transportation sources (vehicle exhausts). Reliable estimates for natural emissions of PM and
SOX specific to the U.S. are not available. Proportional interpolations from global estimates
indicate that in the U.S. natural sources emit 84 million metric tons of particles; estimates
of biogenic sulfur emissions from the northeast quadrant of the U.S. suggest a regional total
in the range of 0.1 million metric tons as 502. Additional contributions from coastal and
oceanic sources may also be significant. Manmade sources emit 125 million to 383 million
metric tons of particulate matter and 27 million metric tons of sulfur oxides (mostly SOZ) per
year in the United States. These numbers should not be considered more than estimates because
of the assumptions and approximations inherent in emissions calculations.

The proximity of emissions to humans often is more important than relative intensity.
Emissions from combustion of home-heating fuels and transportation sources are minor on a
national level. However, they are emitted in densely populated areas and close to ground
level, thereby increasing the possibility of effects on human health and welfare. For such
reasons, certain manmade sources, particularly stationary point sources, have been given
special attention in this document. Historical trends in emissions of particulate matter
(excluding fugitive emissions) and sulfur oxide are shown in Table 1-1.
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TABLE 1-1 (a) gATIONAL ESTIMATES OF PARTICULATE EMISSIONS®
(10~ metric tons per year)

SOURCE CATEGORY 1940 1950 1960 1970 1975 1978

Stationary fuel 8.7 8.1 6.7 7.2 5.1 3.8
combustion

Industrial processes 9.9 12.6 14.1 12.8 7.4 6.2

Solid waste disposal 0.5 6.7 0.9 1.1 0.5 0.5

Transportation 0.5 1.1 0.6 1.1 1.0 1.3

Misceﬂaneousb 5.2 3.7 3.3 1.0 0.6 0.7
TOTAL 24.8 26.2 25.6 23.2 14.6 12.5

Table 1-1 (b) NATgONAL ESTIMATES OF SULFUR OXIDE EMISSIONS
(10" metric tons per year)

SOURCE CATEGORY 1940 1950 1960 1970 1975 1978

Stationary fuel 15.1 16.6 15.7 22.7 20.9 22.1
combustion

Industrial processes 3.4 4.1 4.8 6.2 4.5 4.1

Solid waste disposal 0.0 0.1 0.0 0.1 0.0 0.0

Transportation 0.6 0.8 0.5 0.7 0.8 0.8

Miscellaneous® 0.4 0.4 0.4 0.1 0.0 0.0
TOTAL 19.5 22.0 21.4 29.8 26.2 27.0

%Does not include industrial process fugitive particulate emissions, and non-
industrial fugitives from paved and unpaved roads, wind erosion, construction
activities, agricultural tilling, and mining activities.

bInc]udes forest fires, agricultural burning, coal refuse burning, and structural

fires.

SOURCES: U.S. Environmental Protection Agency (1978b)
U.S. Environmental Protection Agency (1980a)

1.4.1 Sulfur Oxides
Most manmade sulfur oxide emissions come from stationary point sources, and more than 90

percent of these discharges are in the form of 502‘ The balance consists of sulfates,
natural sulfur is emitted as reduced sulfur compounds, some portijon of which probably becomes

oxidized
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1.4.2 Particulate Matter

Characteristics of particle emissions vary with the source and a host of other factors.
Primary particles from natural sources tend to be coarse. About 50 percent are smaller than

10 ym. Particles from non-industrial fugitive sources, such as unpaved roads and wind-eroded
farmland, are significant on a mass basis--an estimated 110 to 370 million metric tons a year.
However, only about 20 percent of this particulate matter is less than 1 ym in size. O0On the
other hand, most particles emitted by stationary and transportation sources are less than 2.5
um in diameter. 1In addition, the variety of different toxic elements found in fine material
from stationary point sources tends to exceed that typically found in emissions from manmade
or natural fugitive sources.

Fugitive dust emissions exceed those from stationary point sources in most Air Quality
Control Regions with high total suspended particle loadings. However, the impact of this
pollution on populated areas may be lessened because: (1) a major portion of these emissions
consists of large particles which settle out in a short distance, and (2) most sources, such
as unpaved roads, exist in rural areas and their emissions spread over areas with low popula-
tion densities.

1.5 CONCENTRATIONS AND EXPOSURE
1.5/1 Sulfur Oxides
Sulfur oxide concentrations in the air have been markedly reduced during the past 15

years by restrictions on sulfur content in fuels, control devices on stationary and other
major sources, and tall stacks which relocate power-plant exhausts. Currently, only 1 percent
of the 502 monitoring sites show levels above 80 pg/m3, as compared with 16 percent of the moni-
toring stations which reported annual means above this level in 1970. Despite this, some areas
still report very high short-term SO2 concentrations (see Figure 1-3). Hourly values of 4000
to 6000 pg/m3 (1.5 to 2.3 ppm) are common near large smelters. Maximum hourly values above
1000 pg/m3 (0.4 ppm) exist in about 100 U.S. locations. Near isolated point sources, such peaks
may be reached very rapidly and be of only short duration (see, for example, Figure 1-4).
1.5.2 Particulate Matter

Following a downward trend from 1970 to 1974, TSP concentrations have not changed signi-
ficantly in recent years. Dusty, arid regions of the country still have high TSP values, as
do industralized cities in the east and far west. Ninetieth percentile values of 24-hr TSP

(values exceeded 10 percent of the time) above 85 ug/m3 are reported in every region of the
United States except Alaska (Figure 1-5). Annual mean TSP values range from 50 pg/m3 in the
New England region to 77 pg/m3 in the California-Nevada-Arizona region.

As discussed in Section 1.2, particulate matter is generally distributed in fine and
coarse mode size ranges of differing chemical compositions. A comparison of coarse, fine, and
hi-vol particle measurements for selected urban suburban, and rural sites is shown in Figure
1-6. Fine particles typically contribute about one-third of TSP mass in urban areas.
Sulfates often account for 40 percent of fine-particle levels which, in the eastern U.S., are
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Figure 1-3. Sulfur dioxide second maximum 24-hour average by county, 1974-1976.
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Figure 1-4. One exaraple of rapid increase in ambient sulfur dioxide concentration from near zero to
1.30 ppm (3410 ug/m*) during a period of approximately two hours is shown.

Source: Sulfur Dioxide One-Hour Values, National Aerometric Data Bank Standards Report for July

1979, Monitoring and Data Analysis Division, Office of Air Quality Planning and Standards,
US Environmental Protection Agency, Research Triangle Park, NC, (1981).
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nearly the same in cities and rural areas. Sulfate and nitrate ions occur in high concentra-
tions during both summer and winter. Large areas of the United States experience 10 pg/m3 or
greater sulfate levels for one or two periods of a month or more every year. These areas are
so large that no background levels of fine particles are available for measurement east of the
Mississippi River. Southern California experiences high levels of sulfate and nitrate, parti-
cularly during photochemical (smog) incidents. Extremely high levels of organic aerosols also
occur in this area; from 2 to 4 p.m., during intensive periods of ozone formation, levels above
100 pg/m3 have been found. These organic aerosols consist largely of dicarboxylic acids and
other polyfunctional compounds. Concentrations of toxic organics and trace metals are highest
in cities. Levels of some fine-particle components have decreased because of control mea-
sures, such as reduction of lead in gasoline.

Coarse particles tend to settle close to sources. In most cases, these particles account
for 2/3 of TSP. During the summer, in dry regions such as Phoenix, Oklahoma City, E1 Paso, or
Denver they may contribute even higher proportions. The primary cause of high TSP appears to
be local dust, but in industrialized cities evidence exists for large contributions of soot,
fly ash, and industrial fugitive emissions.

Coarse particles are mainly composed of silica, calcium carbonate, clay minerals, and
soot. Chemical constituents in this fraction include silicon, aluminum, potassium, calcium,
and iron, together with other alkaline-earth and transition elements. Organic materials are
also found in coarse particles, including plant spores, pollens, and diverse biogenic detri-
tus. Much of this coarse material is road dust suspended by traffic action. Street levels of
resuspended dust can be very high. Traffic on unpaved roads generates huge amounts of dust
which deposit on vegetation and can be resuspended by wind action. Rain and snow can reduce
these emissions, but one study suggests that salting of roads is a major source of winter TSP.
Industrial fugitive emissions, particularly from unpaved access roads, construction activity,
rock crushing, and cement manufacturing can be major sources of coarse particles.

A number of calculational methods, generally categorized as source-apportionment or
source-receptor models, are being used to trace particle levels to their sources. The results
from chemical-element balance calculations or factor analysis are available for several
cities. Apportionments for these cities are presented in Chapter 5 as examples of results to
be expected in the future by application of these methods.

Although outdoor concentrations of pollutants can be measured at particular sites, the
highly mobile population can be exposed to either higher or lower values than community moni-
tors show. Some individuals in "clean" cities receive greater exposures than some individuals
in "polluted" cities. Indoor levels of 502, which tend to be lower than outdoor tlevels
because walls, floors, and furniture absorb the gas, are almost entirely due to .penetration
from outdoors. Presence or absence of air conditioning, air exchange rates, and activity
levels that resuspend dust all influence indoor particulate matter values. Also, outdoor fine
particles penetrate into buildings. Peak indoor TSP levels correlate to some degree with out-
door values after a time which depends on a building's air-exchange rate. Stationary ambient
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air pollution monitors provide general statistics on composite population exposures; it is
extremely difficult to predict an individual's actual exposure to sulfur oxides and particulate
matter on the basis of community air-monitoring data alone.

1.6 ATMOSPHERIC TRANSPORT, TRANSFORMATION, AND DEPOSITION

The concentration of a pollutant at some fixed time and place beyond its source depends
on: (1) rate of emission and configuration of the source, (2) chemical and physical reactions
that transform one pollutant species to another, (3) transport and diffusion (dilution) as a
result of various meteorological variables, and (4) removal of the pollutant through inter-
action with land and water surfaces (dry deposition) and interaction with rain droplets or
cloud particles (wet deposition). Figure 1-7 schematically illustrates some of these pro-
cesses.

Processes governing transport and diffusion, chemical transformation, and wet and dry
removal of SO2 and particulate matter are extremely complex and not completely understood.
The oxidation rate of SO2 observed in urban and rural atmospheres is only partially accounted
for by gas-phase reactions. Liquid-phase catalytic reaciions involving manganese and carbon
are possible contributing sources to observed rates, but further research is required to
quantify these processes under typical atmospheric conditions.

Dry deposition of 502 is fairly well understood as a result of extensive measurements
over various vegetation canopies. Particle deposition has focused on physical aspects of the
process; that is, the aerodynamics, and 1ittle supportive measurement data exist on particies
with compositions typical of those in pelluted atmospheres. It 1is apparent that coarse
particles are removed from the atmosphere much more rapidly than fine particles. Because of
this, the residence time of fine particles in the atmosphere appears to be in the order of 1
week and their transport distance can exceed 500 km.

Understanding of wet removal of SO2 has progressed considerably in recent years, includ-
ing increased knowledge of solution-phase chemistry within rain droplets. Removal of parti-
cles, as well as gases, depends mainly on the physical character of precipitation events, which
in many instances may be the determining factor in accurate wet-removal prediction.

Characterization of the dynamics of the planetary boundary layer is essential to an ade-
quate understanding of pollutant transport and diffusion over all spatial scales. Though con-
siderable advances have been made in this area, ability to predict mean transport and dif-
fusion over long distances is less than adequate. This is due in part to the wide scatter,
spatially and temporally, of upper-air wind observations.

The long-range transport of the fine partic1e/$02 complex results in the superposition
and chemical interaction of emissions from many different types of sources. Present long-
range transport models are characterized by simple parameterization for chemical transfor-
mation and wet and dry removal, and by varying degrees of sophistication in treatment of
transport and diffusion. None of the models adequately treats the dynamics of the planetary
boundary. With further research and development, long-range transport models, though limited
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by a lack of data bases, should prove adequate for addressing issues associated with mcsemert
of pollutant emission over long distances.
1.7 ACIDIC DEPOSITION

The occurrence of acidic deposition, especially in the form of acidic precipitaticn, has
become a matter of concern in many regions of the United States, Canada, northern Europe,
Taijwan and Japan. Acidic precipitation in the Adirondack Mountains of New York State, in Maine,
in northern Florida, in eastern Canada, in southern Norway and in southwest Sweden has been
associated with acidification of waters in ponds, lakes and streams with a resultant disappear-
ance of animal and plant 1ife. Acidic precipitation (rain and snow) is also believed to have
the potential to: (1) leach nutrient elements from sensitive soils, (2) cause direct and
indirect injury to forests, (3) damage monuments and buildings made of stone, and (4) corrode
metals.

Sulfur and nitrogen oxides have been most clearly implicated as pollutants contributing
to acidic deposition phenomena; and Chapter 7 of this document emphasizes the effects of wet
deposition of sulfur and nitrogen oxides and their products on aquatic and terrestcial
ecosystems. Dry deposition also plays an important roYe, but contributions by this process
have not been well quantified. Because sulfur and nitrogen oxides are so closely linked in
the formation of acidic precipitation, no attempt has been made to limit the present discus-
sion solely to a main topic of this document, sulfur oxides. A more thorough general review
of acidic deposition processes and associated environmental problems will be presented in a
future EPA document.

Sulfur and nitrogen oxides are considered to be the main precursors in the formation of
acidic precipitation. Emissions of such compounds involved in acidification are attributed
chiefly to the combustion of fossil fuels such as coal and oil. Emissions may occur at ground
level, as from automobile exhausts, or from stacks at times 1000 feet or more in height.
Emissions from natural sources are also involved; however, in highly industrialized areas,
emissions from manmade sources markedly exceed those from natural sources. In the eastern
United States the highest emissions of sulfur oxides derive from electric power generators
using coal. However, emissions of nitrogen oxides, mainly from automotive sources, tend to
predominate in the West. (Information regarding sources and emissions is discussed in Chapter
4 and is summarized in Sections 1.4 and 1.5 of this chapter.)

The fate of sulfur and nitrogen oxides, as well as other pollutants emitted into the
atmosphere, depends on their dispersion, transport, transformation and deposition. Sulfur and
nitrogen oxides or their transformation products may be deposited locally or transported long
distances from the emission sources (Altshuller and McBean, 1976; Pack, 1978; Cogbill and
Likens, 1974). Residence time in the atmosphere, therefore, can be brief if the emissions are
deposited locally or may extend to days or even weeks if long range transport occurs. The
chemical form in which emissions ultimately reach the receptor, i.e., the biological organism
or material affected, is determined by complex chemical transformations that take place between
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the emission sources and the receptor. Long range transport over distances of hundreds or
thousands of miles allows time for many chemical transformations to occur.

Sulfates and nitrates are among the products of the chemical transformations of sulfur
oxides (especially 502) and nitrogen oxides. Ozone and other photochemical oxidants are
believed to be involved in the chemical processes that form sulfates and nitrates. When sul-
fates and nitrates combine with atmospheric water, dissociated forms of sulfuric (HZSO4) and
nitric (HN03) acids result; and when these acids are brought to earth in rain and snow, acidic
precipitation occurs. Because of long range transport, acidic precipitation in a particular
state or region can be the result of emissions from sources in states or regions many miles
away, rather than from local sources. To date, however, the complex nature of the chemical
transformation processes has not made it possible to demonstrate a direct cause and effect
relationship between emissions of sulfur and nitrogen oxides and the acidity of precipitation.
(Transport, transformation, and deposition of sulfur compounds are discussed in Chapter 6 of
this document; analogous information on nitrogen oxides is discussed in a separate document,
Air Quality Criteria for Oxides of Nitrogen, U.S. EPA, 1981).

Acidic precipitation has been arbitrarily defined as precipitation with a pH less than
5.6, because precipitation formed in a geochemically clean environment would have a pH of
approximately 5.6 due to the combining of carbon dioxide with air to form carbonic acid.
Currently the acidity of precipitation in the northeastern United States usually ranges from
pH 3.0 to 5.0; in other regions of the United States precipitation episodes with a pH as Tow
as 3.0 have also been reported in areas with average pH levels above 5.0 (see Figure 1-8).

The pH of precipitation can vary from event to event, from season to season and from geo-
graphical area to geographical area. Other substances in the atmosphere besides sulfur and
nitrogen oxides can cause the pH to shift by making it more acidic or more basic. For example,
dust and debris swept up in small amounts from the ground into the atmosphere may become com-
ponents of precipitation. In the West and Midwest soil particles tend to be more basic, but
in the eastern United States they tend to be acidic. Also, in coastal areas sea spray strongly
influences precipitation chemistry by contributing calcium, potassium, chlorine and sulfates.
In the final analysis, the pH of precipitation is a measure of the relative contributions of
all of these components (Whelpdale, 1978).

It is not presently clear as to when precipitation in the U.S. began to become markedly
acidic. Some scientists argue that it began with the industrial revolution and the burning of
large amounts of coal and others estimate that it began in the United States with the intro-
duction of tall stacks in power plants in the 1950's. However, other scientists disagree
completely and argue that rain has always been acidic. In other words, no definitive answer to
the question exists at the present time. Also, insufficient data presently exist to charac-
terize with confidence long-term temporal trends in changes in the pH of precipitation in the
United States, mainly due to the pH of rain not having been continuously monitored over
extended periods of time.
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Atthough acidic precipitation (wet deposition) is usually emphasized, it is not the only
process by which acids or acidifying substances are added to bodies of water or to the land.
Dry deposition also occurs. Dry deposition processes include gravitational sedimentation of
particles, impaction of aerosols and the sorption and absorption of gases by objects at the
earth's surface or by the soil or water. Dew, fog, and frost are also involved in the depo-
sition processes but do not strictly fall into the category of wet or dry deposition (Galloway
and Whelpdale, 1980; Schmel, 1980; Hicks and Wesley, 1980). Dry deposition processes are not
as well understood as wet deposition at the present time; however, all of the deposition
processes contribute to the gradual accumulation of acidic or acidifying substances in the
environment.

The most visible changes associated with acidic deposition, that is both wet and dry pro-
cesses, are those observed in the lakes and streams of the Adirondack Mountains in New York
State, in Maine, in northern Florida, in the Pre-cambrian Shield areas of Canada, in Scotland,
and in the Scandinavian countries. In these regions, the pH of the fresh water bodies has
decreased, causing changes in animal and plant populations.

The chemistry of fresh waters is determined primarily by the geological structure (soil
system and bedrock) of the lake or stream catchment basin, by the ground cover and by land use.
Near coastal areas (up to 100 miles inland) marine salts also may be important in determining
the chemical composition of the stream, river or lake. Sensitivity of a lake to acidification
depends on the acidity of both wet and dry deposition plus the same factors--the soil system
of the drainage basin, the canopy effects of the ground cover and the composition of the
waterbed bedrock. The capability, however, of a lake and its drainage basin to neutralize
incoming acidic substances is determined largely by the composition of the bedrocks (Wright
and Gjessing, 1976; Galloway and Cowling, 1978; Hendrey et al., 1980). Soft water lakes, those
most sensitive to additions of acidic substances, are usually found in areas with igneous bed-
rock which contributes few solids to the surface waters, whereas hard waters contain large con-
centrations of alkaline earths (chiefly bicarbonates of calcium and sometimes magnesium) derived
from limestones and calcareous sandstones in the drainage basin. Alkalinity is associated with
the increased capacity of lakes to neutralize or buffer the incoming acids. The extent to
which acidic precipitation contributes to the acidification process has yet to be determined.

The survival of natural 1iving ecosystems in response to marked environmental changes or
perturbations depends upon the ability of constituent organisms of which they are composed to
cope with the perturbations and to continue reproduction of their species. Those species of
organisms most sensitive to particular environmental changes are first removed. However, the
capacity of an ecosystem to maintain internal stability is determined by the ability of all
individual organisms to adjust and survive, and other species or components may subsequently
be impacted in response to the loss of the most susceptible species.

The capacity of organisms to withstand injury from weather extremes, pesticides, acidic
deposition or polluted air follows the principle of limiting factors (Billings, 1978; Odum,
1971; Moran et al., 1980; Smith, 1980). According to this principle, for each physical factor
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in the environment there exists for each organism a minimum and a maximum 1imit beyond which
no members of a particular species can survive. Either too much or too 1ittle of a factor such
as heat, light, water, or minerals (even though they are necessary for life) can jeopardize
the survival of an individual and in extreme cases a species. The range of tolerance (see
Figure 1-9) of an organism may be broad for one factor and narrow for another. The tolerance
limit for each species is determined by its genetic makeup and varies from species to species
for the same reason. The range of tolerance also varies depending on the age, stage of growth
or growth form of an organism. Limiting factors are, therefore, factors which, when scarce or
overabundant, 1imit the growth, reproduction and/or distribution of an organism.

LOWER LTS " T
OF TOLERANCE TOLERANCE RANGE O 1ot mance
ZONE OF ZONE OF
INTOLERANCE ZONE OF 20NE OF INTOLERANCE
PHYSIOGLOGICAL RANGE OF OPTIMUM PHYSIOLOGICAL
STRESS STRESS

ORGANISMS ORGANISMS
INFREQUENT INFREQUENT
ORGANISMS 3 — . ORGANISA'S
ABSENT GREATESY ABSENT
ABUNDANCE
LoWe GRADIENT > HIGH

Figure 1-9. Idealized conceptual framework illustrating the “law of tolerance,”
which postulates a limited tolerance range for various environmental factors
within which species can survive.

Source: Adapted from Smith (1980).

Continued or severe perturbation of an ecosystem can overcome its resistance or prevent
jts recovery, with the result that the original ecosystem will be replaced by a new system. In
the Adirondack Mountains of New York State, in eastern Canada, and parts of Scandinavia the
original aquatic ecosystems have been and are continuing to be replaced by ecosystems differ—
ent from the original due to acidification of the aquatic habitat. Forest ecosystems, however,
appear thus far to have been resistant to changes due to perturbation or stress from acidifying
substances.

The impact of acidic precipitation on aquatic and terrestrial ecosystems is typically not
the result of a single or several individual precipitation events, but rather the result of
continued additions of acids or acidifying substances over time. Wet deposition of acidic
substances on freshwater lakes, streams, and natural land areas is only part of the problea.
Acidic substances exist in gases, aerosols, and particulate matter transferred into the lakes,

- -S‘
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streams, and land areas by dry deposition as well. Therefore, all the observed bio]ogica)
effects should not be attributed to acidic precipitation alone.

The disappearance of fish populations from freshwater lakes and streams is usually one of
the most readily observable signs of lake acidification. Death of fish in acidified waters has
been attributed to the modification of a number of physiological processes by a change in pH.
Two patterns related to pH change have been observed. The first involves a sudden short-term
drop in pH and the second, a gradual decrease in pH with time. Sudden short-term drops in pH
may result from a winter thaw or the melting of the snow pack in early spring and the release
of the acidic constituents of the snow into the water.

Long-term gradual increases in acidity, particularly below pH 5, interfere with reproduc-
tion and spawning, producing a decrease in population density and a shift in size and age of
the population to one consisting primarily of larger and older fish. Effects on yield often
are not recognizable until the population is close to extinction; this is particularly true
for late maturing species with long lives. Even relatively small increases (5 to 50 percent)
in mortality of fish eggs and fry can decrease yield and bring about extinction.

In some lakes, concentrations of aluminum may be as crucial or more important than pH
levels as factors causing a decline in fish populations in acidified lakes. Mobilization of
certain aluminum compounds in the water upsets the osmoregulatory function of blood in fish.
Aluminum toxicity to aquatic biota other than fish has not been assessed.

Although the disappearance of and/or reductions in fish populations are usually emphasized
as significant results of lake and stream acidification, also important are the effects on
other aquatic organisms ranging from waterfowl to bacteria. Organisms at all trophic (feeding)
levels in the food web appear to be affected. Species reduction in number and diversity may
occur, biomass (total number of 1living organisms in a given volume of water) may be altered
and processes such as primary production and decomposition impaired.

Significant changes that have occurred in aquatic ecosystems with increasing acidity
include the following:

1. Fish populations are reduced or eliminated.

2. Bacterial decomposition is reduced and fungi may dominate saprotrophic communi-
ties. Organic debris accumulates rapidly, tying up nutrients, and limiting
nutrient mineralization and cycling.

3. Species diversity and total numbers of species of aquatic plants and animals are
reduced. Acid-tolerant species dominate.

4, Phytoplankton productivity may be reduced due to changes in nutrient cycling and
nutrient limitations.

5. Biomass and total productivity of benthic macrophytes and algae may increase due
in part to increased lake transparency.

6. Numbers and biomass of herbivorous invertebrates decline. Tolerant invertebrate
species, e.g., air-breathing insects may become abundant primarily due to reduced
fish predation.

7. Changes in community structure occur at all trophic levels.
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An indirect effect of acidification potentially of concern to human health is the possi-
ble contamination of edible fish and of water supplies. Studies in Canada and Sweden reveal
high mercury concentrations in fish from acidified regions. Lead has been found in plumbing
systems with acidified water, and persons drinking the water could be affected by the lead.
However, no examples have yet been documented of such human effects having actually occurred
in response to acidic precipitation processes.

Soils may become gradually acidified from an influx of hydrogen (H+) ijons. Leaching of
the mobilizable forms of mineral nutrients may occur. The rate of leaching is determined by
the buffering capacity of the soil and the amount and composition of precipitation. Unless
the buffering capacity of the soil is strong and/or the salt content of precipitation is high,
Teaching will in time result in acidification. Anion mobility is also an important factor in
the leaching of soil nutrients., Cations cannot leach without the associated anions also leach-
ing. The capacity of soils to adsorb and retain anions increases as the pH decreases, when
hydrated oxides of iron and aluminum are present.

Sulfur, like nitrogen, is essential for optimal plant growth. Plants usually obtain sulfur
in the form of sulfate from organic matter during microbial decomposition. Wet and dry deposi-
tion of atmospheric sulfur is also a major source. In soils where sulfur and nitrogen are
limiting nutrients, such deposition may increase growth of some plant species. The amounts of
sulfur entering the soil system from atmospheric sources is dependent on proximity to industrial
areas, the sea coast, and marshlands. The prevailing winds and the amount of precipitation in
a given region are also important (Halsteand and Rennie, 1977). Near fossil-fueled power plants
and industrial installations the amount of sulfur in precipitation may be as much as 150 pounds
per acre (168 kg/ha) or more (Jones, 1975).

At present there are no documented observations or measurements of changes in natural
terrestrial ecosystems or agricultural productivity directly attributable to acidic precipita-
tion. The information available regarding vegetational effects concerns the results of a
variety of controlled research studies, mainly using some form of "simulated" acidic rain,
frequently dilute sulfuric acid. The simulated "acid rains" have deposited hydrogen (H+),
sulfate (SO4=) and nitrate (No;) jons on vegetation and have caused necrotic lesions in a wide
variety of plants species under greenhouse and laboratory conditions. Such results must be
interpreted with caution, however, hecause growth and morphology of leaves under such conditions
are not necessarily typical of field conditions.

Damage to monuments and buildings made of stone, corrosion of metals and deterioration of
paint may also result from acidic precipitation. Because sulfur compounds are a dominant com-
ponent of acidic precipitation and are deposited during dry deposition as well, the effects
resulting from the two processes cannot be clearly distinguished. Also, deposition of sulfur
compounds on stone surfaces may provide a medium for microbial growth that can result in
deterjoration.
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Several aspects of the acidic precipitation problem remain subject to debate because
existing data are ambiguous or inadequate. Important unresolved issues include: (1) the rate
at which rainfall is becoming more acidic and the rate at which the problem is becoming geo-
graphically more widespread; (2} the guantitative contributions of various acids to the over-
all acidity of rainfall; (3) the relative extent to which the acidity of rainfall in a region
depends on local emissions of nitrogen and sulfur oxides versus emissions transported from
distant sources; (4) the relative importance of changes in total mass emission rates compared
to changes in the nature of the emission patterns (ground level versus tall stacks) in contri-
buting to regional acidification of precipitation; (5) the relative contribution of wet and
dry deposition to the acidification of lakes and streams; (6) the geographic distribution of
natural sources of Nox, SOx and NH3 and the significance and seasonality of their contributions;
(7) the existence and significance of anthropogenic, non-combustion sources of SOX, NOx and
HC1; (8) the dry deposition rates for SOX, N02, sulfate, nitrate and HC1 over various terrains
and seasons of the year; (9) the existence and reliability of long-term pH measurements of Takes
and headwater streams; (10) the acceptability of current models for predicting long range trans-
port of SOx and N0x and for acid tolerance of lakes; (11) the feasibility of using liming or
other corrective procedures to prevent or reverse acid damage and the costs of such procedures;
(12) the effects of SOx and NOx and hydrogen ion deposition on ecosystem dynamics in both aqua-
tic and terrestrial ecosystems; (13) the effectiveness of fertilization resulting from sulfate
and nitrate deposition on soils; (14) the effects, if any, of acidic deposition on agricultural
crops, forests and other native plants; and (15) the effects of acidic deposition on soil
microbial processes and nutrient cycling. A more comprehensive evaluation of scientific
evidence bearing on these issues is being prepared as part of a forthcoming EPA document on
acidic deposition.

1.8 EFFECTS ON VEGETATION

The widespread occurrence of particulate matter, sulfur dioxide and other substances in
the atmosphere frequently results in exposure of terrestrial vegetation simultaneously to
these pollutants as well as other phytotoxic pollutants. More is known about the effects of
sulfur dioxide on vegetation than about the effects of particulate matter. Studies of the
effects of particulate matter have generally focused on the effects of heavy accumulations and
the reduction in photosynthesis resulting from these accumulations. The more subtle effects
of particulate matter on vegetation have not been extensively investigated and are, therefore,
not well understood. Plant response following exposure to sulfur oxides and particulate matter
in combination is even less well understood. Chapter 8 of this document discusses the effects
of sulfur oxides and particulate matter on vegetation.

Sulfur dioxide and particulate sulfate are the main forms of sulfur in the atmosphere,
and a plant may be exposed to these pollutants jn several different ways. Dry depositibn of
particulate matter and wet deposition of gases and particles bring sulfur compounds into
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contact with plant surfaces and soil substrates. The effects of such exposure are more
difficult to assess than those associated with the entry of SO2 through plant stomata.

Most sulfur dioxide enters leafy plants through the stomata (Chamberlain, 1980). After
entering the stomata and passing into cells within the leaf, sulfur dioxide is converted to
sulfite and bisulfite, which may then be oxidized to sulfate. Sulfate appears to be less toxic
than sulfite and bisulfite. As long as the absorption rate of SO2 in plants does not exceed
the rate of conversion to sulfate, the only effects of exposure may be changes in opening or
closing of stomata or undetectable changes in the biochemical or physiological systems. Such
effects may abate if SO2 concentrations are reduced. Both negative and positive influences on
crop productivity have been noted following low-dose exposures.

Symptoms of SOZ-induced injury in higher plants may be quite variable since response is
governed by pollutant dose (concentration x duration of exposure), the kinetics of the exposure
(e.g., day vs. night, peak vs. long-term); the physiological status of the plant, the matura-
tion stage of plant growth, environmental influences on the pollutant/plant interaction, and
the environmental influences on the metabolic status of the plant itself. Although the product
of time and concentration may remain constant, the effect of exposure may vary for a given dose.
The relation of exposure to injury is generally more sensitive to changes in concentration than
to changes in duration of exposure. Plant response to dynamic physical factors such as light,
leaf surface moisture, relative humidity, and soil moisture may influence pollutant uptake
through internal physiological changes as well as stomatal opening and closing and hence play
a major role in determining sensitivities of species and cultivars or the time of sensitivity
of each on a seasonal basis. Dose-response relationships are significantly conditioned by
environmental conditions before, during, and following exposure to 502.

Plants may respond to exposures of SO2 and related sulfur compounds in the following ways:
(1) no detectable response, (2) increased growth and yield resulting from fertilization, (3)
injury manifested as reductions in growth and yield without visible symptoms appearing on the
foliage or with only very mild symptoms that would be difficult to perceive as induced by air
pollution without comparing them with a control set of plants grown in pollution-free condi-
tions, (4) injury exhibited as chronic or acute symptoms on foliage with or without associated
reduction in growth and yield, and (5) death of plants and plant communities.

Under certain conditions, atmoapheric SO2 can have beneficial effects on agronomic vege-
tation (Noggle and Jones, 1979). The amount of sulfur accumulated from the atmosphere by leaf
tissues is influenced by the amount of sulfur in soil relative to the sulfur requirement of
the plant. After exposure to low doses of 502, plants grown in sulfur-deficient soils have
exhibited increased productivity.

Some species of plants are sensitive to low concentrations of 502, and some of these plants
may serve as bioindicators in the vicinity of major sources of SOZ‘ Even these sensitive spe-
cies may be asymptomatic, however, depending on the environmental conditions before, during,
and after SD2 exposure. Various species of lichens appear to be among the most sensitive

plants.
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Because of space limitation, it is not possible to list all plants that are known to be

sensitive to various doses of 502. It has also been demonstrated that plant response to

pollutants varies at the genus, species, variety, and cultivar levels. Lists of sensi

air
tive

plants have been prepared on the basis of the expression of visible symptoms by any given plant.

Analyses of injury expressed in terms of growth or yield losses, however, have been limited

due to the relative lack of empirical data quantifying such losses in relation to 502 exposures.

Jacobson and Hill (1970) included a listing of plants sensitive to the major phytotoxic
air pollutants. Linzon (1972) has listed 36 tree species as being tolerant, intermediate,

sensitive to 502.

required

to induce visible injury on indicator species. However, Jones et al. (1974)

and

Many of these sensitivity lists have not attempted to identify the dose

have

published such details based upon observations over a 20-year period of 120 species growing in

the vicinity of coal-fired power plants in the southeastern United States (Table 1-2).

*XRD1B8/D

TABLE 1-2. SULFUR DIOXIDE CONCENTRATIONS CAUSING VISIELE INJURY TO
VARIOUS SENSITIVITY GROUPINGS OF VEGETATION

(ppm $0,)
Maximum Sensitivity grouping
average
concentration Sensitive Intermediate Resistant

pPpPmM 502 ppm SO2 ppm 502

Peak 1.0-1.5 1.5-2.0 >2.0

1-hr 0.5-1.0 1.0-2.0 >2.0

3-hr 0.3-0.6 0.6-0.8 >0.8
Ragweeds Maples White oaks
Legumes Locust Potato
Blackberry Sweetgum Upland cotton
Southern pines Cherry Corn
Red and black oaks Elms Dogwood
White ash Tuliptree Peach
Sumacs Many crop and

garden species

3Based on observations over a 20-year period of visible injury occurring on
over 120 species growing in the vicinities of coal-fired power plants in the
southeastern United States. Source: Jones et al., 1974.
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McLaughlin (1980) used symptom data as collected by Dreisinger and McGovern (1970) on 31
species of forest and agricultural plants following 502 exposure and plotted the average,
maximum, and minimum tolerances of individual species (Figure 1-10). The injury threshold for
most sensitive plants was 0.41, 0.37, 0.28, and 0.12 ppm SO2 at averaging intervals of 1, 2,
4, and 8 hours, respectively.

As SO2 exposure levels increase, plants develop more predictabie and more obvious visible
symptoms. Foliar symptoms advance from chlorosis or other types of pigmentation changes to
necrotic areas and the extent of necrosis increases with exposure. Studies of the effects of
SO2 on growth and yield have demonstrated a reduction in the dry weight of foliage, shoots,
roots, and seeds, as well as a reduction in the number of seed. At still higher doses,
reductions in growth and yield increase. Extensive mortality has been noted in forests continu-
ously exposed to SO2 for many years.

The presence of acute or chronic foliar injury is not necessarily associated with growth
or yield effects. Furthermore, the degree of foliar injury, when present, may not always be a
reliable indicator of subsequent growth or yield effedts.

Plant response to SO2 may occur at many levels. However, two parameters, visible damage
to foliage and plant productivity, provide the most functional basis for evaluating response.
Both can be quantified as a "tost" to economic or ecological performance of many plant
species.

Dose-response relationships involving visible injury may be expressed in terms of the
level of injury (percent leaf area destroyed) produced for a single species, or as the upper
and lower limits of sensitivity of a group of species. The latter approach is presented here
because it provides data more applicable to responses of plant populations and because of the
difficulties in quantifying a dependable relationship between degree of visible injury and
growth responses (see Section 8.2.7). Data on generalized concentrations at which sensitive,
intermediate, and resistant species may be injured by SO2 were presented earlier in Table 1-2.
In Figure 1-10, the data of Dreisinger and McGovern (1970) are graphed to show upper and lower
concentration limits of susceptibility of 31 species of herbs, trees, and shrubs to visible
foliar injury. Plotted as a function of 502 concentration and exposure time, these data demon-
strate a number of important points. First, the most sensitive plants at each concentration
were injured at SO2 levels 6 to 7 times lower than the most resistant plants; secondly, the
dose or product of concentration x time (ppm-hr) required to cause injury was 30 to 60 percent
lower for 1-hr than 8-hr exposures. This emphasizes the importance of differences in exposure
duration when comparing specific degrees of injury associated with different exposure concen-
trations. Finally, exposure to SO2 at 0.5 ppm for 3 hr represents a rather close estimate of
the injury threshold for about 50 percent of the species studied.

A second approach to defining dose-response relationships focuses on the numbers of indi-
viduals in a plant population which may be injured as function of exposure concentration. As
an example, a "“worst-case" situation of SO2 exposures and vegetation effects near a rural
coal-fired power plant in the southeastern United States provides some interesting data
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Figure 1-10. Exposure thresholds for minimum, maximum, and average sensitivity of 33
plant species to visible foliar injury by $0,.

Source: Dreisinger and McGovern (1970) as applied by McLaughlin (1980).



(McLaughlin and Lee, 1974). During the period 1970-1973 (before partial sulfur scrubbing and
stack elevation improved surrounding air quality), surveys of vegetation in the vicinity of
this plant documented foliar injury of 84 plant species growing in the vicinity of continuous
502 monitoring stations. Plotting of these data (Figure 1-11) as a function of exposure
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Figure 1-11. Percentage of plant species visibly injured as a function of peak, 1-hour, and
3-hour SO2 concentrations.

Source: Mclaughlin and Lee (1974); MclLaughlin (1980).

concentration provides an index of probability of injury of species in a plant community as a
function of 802 concentration. Note, for example, 10 percent of the plant population (here 8
of 84 species) is injured at peak, l-hr, and 3-hr concentrations of =1.00, =0.50, and =0.30 ppa.

For agricultural crops, data on SO2 effects on plant growth and yield, in most cases,
provide the most relevant basis fo} studying dose-response relationships. As a whole-plant
measurement, plant productivity is an integrative parameter which considers the net effect of
multiple factors over time. Productivity data are presently available for a wide range of
species under a broad range of experimental conditions. Because results would not be expected
to be closely comparable across these sometimes divergent experimental techniques, data have
been tabulated separately for controlled field exposures (see Chapter 8, Table 8-3), labora-
tory studies with agronomic and horticultural crops (see Chapter 8, Table 8-4) and tree species
(see Chapter 8, Tables 8-5 and 8-6), and a variety of studies with native plants (see Chapter
8, Table 8-7).
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Many presently available dose-response data sets have been derived from studies of con-
trolled exposures in the laboratory or in field chambers. In spite of the variety of species
studied and experimental protocols utilized, it is possible to derive potentially useful
generalizations from these data:

(1) The concentration threshold for visible injury is generally lower than the threshold
for effects on growth and yield, especially for acute exposure effects. Doses caus-
ing visible injury to 10 percent of a variety of southeastern plant species were
0.30 ppm for a 3-hr exposure and 0.50 for a 1-hr exposure.

{2) Visible injury data emphasize the greater relative biological effectiveness of short-
term higher concentrations than longer exposures with the same total dose.

(3) Plant responses to 502 may be positive, neutral, or negative over a rather wide range
of exposure dose. Positive responses were generally restricted to a very few species
or conditions when plants were known to have been grown in sulfur-deficient soils.
Negative responses constituted approximately 85 percent of all responses noted above
threshold levels for visible injury.

(4) Data derived from continuous or intermittent controlled chronic exposures (>4 weeks)
of six species or cultivars in field chambers provided a basis for estimating yield
responses from total logarithmically transformed exposure dose. Regression analysis
of these data provided a no-effects 1imit of approximately 6.0 ppm-hr. Yield losses
of 10 percent and 20 percent were similarly estimated at 10 and 27 ppm-hr, respec-
tively.

(5) An attempt to analyze data from 23 species or cultivars from laboratory and green-
house exposures generally indicated greater sensitivity than the six species or cul-
tivars tested in the field (above). A boundary line which delimited the maximum
observed response over the range of concentrations employed indicated that upper-
1imit yield Tosses were approximately 10 percent and 20 percent for exposure doses
of 0.9 and 17 ppm-hr, respectively. Average responses determined by regression
analysis indicated that 10 and 20 percent yield losses would be produced by exposures
of 0.6 ppm~hr and 4.5 ppm-hr, respectively.

In interpreting the dose-response information, it should be noted that responses of plants
to SO2 in the field may occur as a consequence of one or more short-term episodes or as a result
of the cumulative dose experienced over an entire growing season. Regression analysis of data
from both controlled exposures in field chambers and from laboratory and greenhouse studies
showed positive and statistically significant correlations between degree of yield loss and
logarithmically transformed exposure dose in ppm-hr. The plants and conditions utilized in
field studies, which were heavily oriented toward crop plants, provided genera]lygaower yield
losses for the same exposure dose than did laboratory and greenhouse studies.

A critical need in evaluating the likelihood of adverse effects occurring in association

with longer-term SO2 exposures is the identification of the fraction of the total SO2 exposure
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which may constitute a stress to plant growth and development. A review of dose-response data
indicates that this level may be approximately 0.05 ppm for some sensitive crop species or
lower (20.02 ppm) for certain types of sensitive native vegetation (e.g., pines and lichens)
under field conditions. Data from studies involving SO2 alone and in combination with other
pollutants may provide a more accurate basis for determining this Tevel.

At present, data concerning the interactions of SO2 with other pollutants indicate that,
oh a regional scale, SO2 occurs at least intermittently at concentrations high enough to pro-
duce significant interactions with other pollutants, principally 03. A major weakness in the
approach to pollutant interactions, however, is the lack of in-depth analysis of existing
regional air quality data sets for the three principal poliutants (SOZ’ 03, and N02). These
data should determine how frequently and at what concentrations the pollutants occur together
both spatially and temporally within regions of major concern. The relative significance of
simultaneous versus sequential occurrence of these pollutants to effects on vegetation is also
not well documented and is critical in evaluating the Tikelihood and extent of potential pol-
lutant interactions under field conditions. ’

A few studies have reported that combinations of particulate matter and 502, or particu-
late matter and other pollutants, increase foliar uptake of 502, increase foliar injury of
vegetation by heavy metals, and reduce growth and yield. Because of the complex nature of
particulate pollutants, conventional methods for assessing pollutant injury to vegetation, such
as dose-response relationships, are poorly developed. Studies have generally reported vegeta-
tional responses relative to a given source and the physical size or chemical composition of
the particles. For the most part, studies have not focused on effects associated with specific
ambient concentrations. Coarse particles such as dust directly deposited on the leaf surfaces
result in reduced gas exchange, increased leaf surface temperature, reduced photosynthesis,
chlorosis, reduced growth, and leaf necrosis. Heavy metals deposited either on leaf surfaces
or on the soil and subsequently taken up by the plant can result in the accumulation of toxic
concentrations of the metals within the tissue.

Natural ecosystems are integral to the maintenance of the biosphere and disturbances of
stable ecosystems may have long-range effects which are difficult to predict. Within the
United States anthropogenic contributions to atmospheric sulfur exceed natural sources and in
the Northeast, approximately 60 percént of the anthropogenic emissions into the atmosphere are
deposited (wet and dry deposition) on terrestrial and aquatic ecosystems. The fate and
distribution of anthropogenic sulfur deposited in these systems is not well understood. Wet
deposition of sulfur compounds is discussed in Chapter 7.

Data relating ecosystem responses to specific doses of 502 and other pollutants are
difficult to obtain and interpret because of the generally longer periods of time over which
these responses occur and because of the many biotic and abiotic factors which modify theam.

Vegetation within terrestrial ecosystems is sensitive to SO2 toxicity, as evidenced by
changes in physiology, growth, development, survival, reproductive potential and community
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composition. Indirect effects may occur as a result of habitat modification through influences
on litter decomposition and nutrient cycling or through altered community structure. At the
community level chronic exposure to 502, particularly in combination with other pollutants such
as 03, may cause shifts in community structure as evidenced by elimination of individuals or
populations sensitive to the pollutant. Differential effects on individual species within a
community can also occur through direct effects on sensitive species and through alteration of
relative competitive potential of species with which they compete within the plant community.

Particulate emissions have their greatest impact on terrestrial ecosystems near large
emission sources. Particulate matter in itself constitutes a problem only in those few areas
where deposition rates are very high. Ecological modification may occur if the particles con-
tain toxic elements, even though deposition rates are moderate. Solubility of particle con-
stitutents is critical, since water-insoluble elements are not mobile within the ecosystem.
Most of the material deposited by wet and dry deposition on foliar surfaces in vegetated areas
is transferred to the soil where accumulation in the litter layer occurs.

1.9 EFFECTS ON VISIBILITY AND CLIMATE

Atmospheric visibility is often used by airport weather observers and others to connote
visual range. Visual range is generally defined as the farthest distance at which one can see
a large, black object against the horizon sky. 1In the everyday sense, however, visibility
relates to the perceived characteristics of viewed surroundings including contrast and color
of objects and sky and atmospheric clarity. Pollution-derived effects on visibility can be
classified as: (1) coherent plumes or haze layers visible because of contrast with background,
(2) widespread, relatively homogeneous haze that reduces contrast of viewed targets and reduces
visual range. The kind and degree of effects are determined by the distribution and character-
istics of atmospheric particulate matter and nitrogen dioxide, which scatter and absorb light.

Reductions in visibility can adversely affect transportation safety, property values, and
aesthetics. When visibility (visual range) drops below 3 miles, FAA regulations restrict
flight in controlled air to those aircraft equipped with IFR instrumentation. Assessment of
the social, psychological, and economic value of visibility is difficult. Preliminary studies
of the economic value of visibility conducted in both urban and non-urban settings show pro-
mise but are currently too limited and premature to permit any large-scale evaluation.

Current U.S. visibility as indicated by regional airport visual range data is depicted in
Figure 1-12. Such human observations are subject to some Timitations, but the data indicate
regional trends. The best visibility occurs in the mountainous Southwest where annual median
visibility exceeds 70 miles (110 km). East of the Mississippi and south of the Great Lakes
summer time, particularly during periodic episodes of regional haze.

On a regional scale, visibility reduction is generally dominated by 1light scattering and
by fine particles, particularly those in the 0.1 to 2 ym size range. In urban areas, absorp-
tion of light by fine carbanaceous particles and, to a lesser extent, NO2 can become important.
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Figure 1-12. Map shows median yearly visual range (miles) and isopleths for suburban/nonurban
aress, 1974-1978.

Source: Trijonis and Shapland (1978).
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Total extinction is the sum of scattering and absorption by pollutants and Rayleigh or "blue
sky" scatter by air molecules. Visual range is inversely related to total extinction and can
be estimated, if extinction is known, by the Koschmieder relationship (see Figure 1-13).
Because extinction is wavelength and sun angle dependent, particle-derived haze may appear
bluish, white, grey, or brown under varying conditions.

Extinction due to scattering is closely proportional to the fine particle mass concentra-
tion (Figure 1-14) with typical extinction/mass ratios (for <70 percent humidity) in the range
of 0.003 to 0.005 km-l/pg/ms. Measurements in general areas suggest that the extinction due
to fine particle scattering will increase by a factor of two to three as relative humidity is
increased from 70 to 90 percent. This is due to absorption of atmospheric water vapor by
aerosol constituents such as sulfates. The major constit