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sensitivity given by the radioactive method was
similar. In the case of IgE somewhat lower con-
centrations were detectable by both techniques but
the increase in the sensitivity of the radioactive
method compared to the direct method was similar
to the increase found for IgG and IgD. The reason
for this discrepancy between IgE and the other
immunoglobulins in respect of the absolute amount
of immunoglobulin that is detectable is not clear,
but 2 explanations can be offered. Firstly, more
experiments have been carried out with the IgE
system and the optimum conditions for maximum
sensitivity have been defined more clearly; secondly,
the quantitative technique of radioactive-immune-
absorption-inhibition compared the capacity of the
IgE of normal (non-myeloma) serum with that of
ND-myeloma protein to inhibit the interaction
between labelled ND-myeloma protein and its
homologous antiserum. Such a method could have
a systematic trend towards underestimation of IgE
concentrations.
The method of radioactive visualization described

here has several possible applications in gel diffusion.

Its sensitivity permits estimates to be made of trace
proteins in plasma, and of plasma proteins, such
as immunoglobulins, which are present in trace
quantities in body fluids such as cerebrospinal fluid,
urine, nasal and bronchial secretions, etc. Such
measurements should now be possible without
prior concentration of the sample. The method is
also of value where utmost economy of specific
antiserum is required; in such cases the antigen
solution may require dilution to match the low
concentration of antiserum. The method should
find particular application to the measurement of
serum IgE where antiserum is scarce and where the
antigen is present only in low concentrations in
most serum samples. In addition to its application
in quantitative methods of the single radial diffusion
type the method may be of value in making visible
the precipitates produced in double-diffusion
analysis of the Ouctherlony type and in immuno-
electrophoresis.

* *

I wish to acknowledge the skilled technical assistance
of Mrs Helaine Darling.
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This paper is concerned with the composition of
gaseous and particulate substances in community
atmospheres. The measurements cited were obtained
in cities in the United States of America. Although
the substances discussed are generally considered as
pollutants, many of the substances resulting from
combustion or from industrial or biosphere emis-
sions are not noxious in themselves and several do
not react to form noxious products. Many of the
pollutants produced by man's activities or by bio-
sphere reactions react further, usually to produce
substances as undesirable as the original substances,
or more so. These reactions can produce from
gaseous reactants either gaseous or particulate
products.

* Paper presented at the WHO/WMO Symposium on
Urban Climates and Building Climatology, Brussels,
15-25 October 1968.

Most of these reactions involve thermal oxidation
or photo-oxidation. Sulfur dioxide is oxidized to
sulfuric acid aerosol or sulfate. Nitric oxide is
converted by thermal oxidation and particularly by
photo-oxidation to nitrogen dioxide and eventually
to particulate nitrate. Hydrocarbons are oxidized to
aldehydes and ketones, carbon monoxide, and
organic aerosols. The joint oxidation of hydro-
carbons and nitric oxide results in products that
react to produce peroxyacyl nitrates and peroxy-
benzoyl nitrates. Thus, gaseous oxidation reactions
constitute a most important type of reaction in
community atmospheres.
The residence times of various substances in

community atmospheres cannot be uniquely defined
as they may be in the troposphere. Diffusion on a
regional scale, large-scale meteorological movements,
fall-out due to wet and dry precipitation, and
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atmospheric reactions can contribute to the residence
times to varying extents from location to location
and time to time. Where measurements are available
that provide a means of separating these various
factors, the investigations will be discussed. How-
ever, this paper will not concern itself in detail with
all of the factors that relate to meteorological rather
than chemical and physical phenomena. Further-
more, because the particular circumstances of
meteorological phenomena can vary widely across
the earth's surface, it would be impossible to con-
sider all the possibilities that are operable in various
urban centres.
With the spread of population it has become

increasingly evident that atmospheric pollution must
be considered on a regional or continental scale.
Therefore, the time scales for transport of pollutants
from core urban areas to the region and continent
and conversely the transport of biosphere products
to highly populated areas become of considerable
importance. Stagnation periods of several days
occur over large regions of the USA (Holzworth,
1969). Some evidence also exists of recirculation of
pollutants from a previous day over areas such as the
Los Angeles Basin (Kauper, 1960) and the San
Francisco Bay area (Duckworth & Kupchanko, 1967).
In general, it seems reasonable to postulate residence
times of up to several days under adverse conditions
in a number of regions. Under more usual condi-
tions, with wind speeds of 5-10 miles an hour
(8-16 km/h) and rapid movement of large weather
fronts, transport of pollutants across large urban
regions occurs in much less than 24 hours. In this
rather general framework of residence times, the
types of reactions occurring and the rates of reaction
of atmospheric gases and aerosols will be examined.
. In an approximate way, pollutants and other
atmospheric substances may be categorized as re-
actants and products. Reactants are those gases or
particulates emitted directly into the atmosphere as
a result of urban combustion processes, other in-
dustrial activities, and biosphere processes. Sulfur
dioxide, carbon monoxide, nitric oxide, hydrocar-
bons, fluorides, and metallic particulates are ex-
amples of reactants produced from urban activities.
Similarly, methane, nitrous oxide, hydrogen sulfide,
and ammonia are reactants emitted as a result of
biosphere processes. Nitrogen dioxide, peroxyacyl
nitrates, particulate nitrates, aldehydes and ketones,
and sulfates are examples of products. A number of
these substances must be associated with both
groupings to a limited extent. A small fraction of

TABLE I
ATMOSPHERIC PHOTO-OXIDATION REACTIONS

Reaction Rate (1 ppm of pollutants)

hv <4000A
N02 ->-- NO+O(3P) Very fast, up to about

20 ppm/h
hv <4000A

03-- > 02 + O(3P) Fast, up to about 1-3 ppm/h

hv <31ooA
03-- 02(A) +O('D) Slow, probably less than

0.1 ppm/h
hv <4000A

2NO+Os - 2NO2 Slow, 0.001-0.002 ppm/h
(slightly slowerthan thermal
reaction because of NO2
photolysis as reverse reac-
tion)

Hydrocarbons + NO (or N02) Slow to fast, 0.01-1 ppm/h
hv <4000A
-' 03, aldehydes,

PAN, carbonyls, aerosols,
(if hydrocarbon Co + olefin
or alkylbenzene)

Olefins (C2-C.) + NO2 + SO2
-- H2SO4 aerosol +

03, other oxidants, carbonyl
compounds Slow to fast, 0.01-1 ppm/h

hv <4000A
SOt + 1/2 02 - S03 Very slow, < 0.001 ppm-h

Hydrocarbons + Reactions of olefins pos-
hv<4000A sible if singlet state of0. - products oxygen formed; terpenes

reaction to form aerosols

the carbon monoxide in the atmosphere results from
photo-oxidation of aldehydes. Most aldehydes and
ketones form by atmospheric photo-oxidation
processes, but aldehydes and ketones also are pro-
ducts of combustion processes. Sulfur dioxide can
be formed in part by oxidation of hydrogen sulfide
in the atmosphere.

Rates of reaction and nature ofproducts
The rates of chemical reaction of various sub-

stances in the urban atmosphere vary greatly.
Nitric oxide is converted to nitrogen dioxide by
reaction with ozone and by photo-oxidation at rates
that can yield appreciable conversions in 1 hour or
less. At the other extreme we have no evidence at
present of measurable rates of conversion of carbon
monoxide and methane while present in the urban
environment. Various possible reactions along with
associated rates are listed in Tables 1, 2 and 3 for
various homogeneous gas reactions (Leighton, 1961;
Altshuller & Bufalini, 1965; Schuck et al.a).

a Schuck, E. A., Stephens, E. R. & Schrock, R. R. (1966)
Rate constant ratios during nitrogen dioxide photolysis. Paper
presented at the 59th Annual Meeting of the Air Pollution
Control Association, San Francisco, Calif., 20-24 June
(unpublished).



NOTES

TABLE 2
ATMOSPHERIC REACTIONS OF POLLUTANTS WITH

ATOMIC OXYGEN (O(3P)) IN PHOTO-OXIDATION
REACTIONS

Reaction

02+ O+ M 3Os+ M

NO+ O+ M * 2NO2 + M

NO2+ 0 NO+ 02

NO2+ O+ M * NOa+ M

S02+ O+ M S02+ M

CO+ O+ M C02+ M

Paraffins + 0 products

Alkylbenzenes + 0

products

Ethylene + 0 products

Propylene + 0 products

Oleflns with internal double-
bonds + 0 products

Rate (1 ppm of pollutants) a

Very fast, 20 ppm/h

Slow, 0.001 ppm/h

Slow, 0.008 ppm/h

Slow, 0.001 ppm/h

Slow, 0.01 ppm/h

Slow or very slow,b 0.0001-
0.01 ppm/h

Very slow, 0.0001-0.0005
ppm/h

Very slow, 0.0005 ppm/h

Slow, 0.001 ppm/h

Slow, 0.01 ppm/h

Slow, 0.05 ppm/h

a 0= 10' ppm.

b CO = 10 ppm.

TABLE 3
ATMOSPHERIC REACTIONS OF
POLLUTANTS WITH OZONE

Reaction

NO+ O s-' NO2+ 02

NO2+ OJ NOJ+ Ot

SO2 +O - SO + 0

HS + O3 SO02 + HsO

CO+ OJ 'CO2+ 02

Paraffins+ O.-3 products

Alkylbenzenes + O
products

Acetylene + O

products

Ethylene+ O products

Propylene + O pro-
ducts

Olefins with internal double-
bonds + O. products

Rate (1 ppm of pollutants)

Very fast, 170 ppm/h

Fast, 0.3-0.6 ppm/h

Very slow, <0.001 ppm/h

Fast, 2 ppm/h

No measurable rate at
ambient temperatures

Very slow

Very slow, <0.001 ppm/h

Very slow, <0.001 ppm/h

Slow, 0.02 ppm/h

Slow, 0.07 ppm/h

Fast, 0.2-2 ppm/h

With the possible exception of terpene photo-
oxidations, direct reaction with molecular oxygen in
the triplet state does not result in homogeneous gas
reactions that occur at significant rates. Recently it
was suggested that olefins may react with singlet
oxygen (Khan et al., 1967). However, the steady-
state concentration levels of singlet oxygen in the
atmosphere are not known. The possible mecha-
nisms suggested include ozone photolysis and energy
transfer from the triplet states of aldehydes or poly-
nuclear aromatics. all depending on the available
energy in the ultraviolet below 3500 A and even
below 3100 A.

Reaction of nitric oxide with ozone is a rapid pro-
cess, as is the photolysis of nitrogen dioxide below
4000 A. This photolysis produces atomic oxygen (as
does the photolysis of ozone to a lesser extent), which
reacts slowly with many species (Table 2) but rapidly
with the large excess of oxygen. The steady-state con-
ditions lead to steady-state concentrations of nitric
oxide, nitrogen dioxide, atomic oxygen, and ozone.
In practice, hydrocarbons are also present, and the
branched-chain reactions result in a build-up of
ozone and other oxidants when the nitric oxide has
been reduced to very low concentration levels. The
complex of concurrent and subsequent reactions
leads to consumption of hydrocarbons and nitrogen
oxides and the formation of ozone, peroxyacyl
nitrates and other oxidants, carbonyl compounds,
aerosols, etc.

These reactions are associated with that type of
air pollution that is termed photochemical air pol-
lution. Although this type of pollution is often
associated with Los Angeles, abundant experimental
evidence indicates the formation of oxidants (Public
Health Service, 1966) and phytotoxicants in many
regions in the eastern USA (Jaffe, 1967). Visibility
reduction during the summer months often also can
be associated with photochemical atmospheric re-
actions in the eastern USA. Since automotive and
other industrial emissions of hydrocarbons and
nitrogen oxides are increasing rapidly in Western
Europe, photochemical air pollution probably occurs
during the summer months at moderate levels in
some regions of Western Europe also. Moderately
elevated oxidant levels can be detected only with
appropriate instrumentation not sensitive to sulfur
dioxide. Differentiation of plant damage by air
pollutants from other causes of damage requires
specialized expertise. Visibility reduction, when it is
common throughout the year, is less likely to be
associated with photochemical reaction than with
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generally high particulate loadings in the atmosphere.
Therefore, because of these possibilities of confusion
regarding the known symptoms, deliberately planned
studies are required to determine the frequency of
photochemical air pollution. Appreciable conversion
of nitric oxide to nitrogen dioxide can occur even at
light intensities too low to cause appreciable oxidant
formation during the daylight hours. Since oxidant
formation is an important objective aspect of photo-
chemical air pollution, clarification of the type and
abundance of various oxidants should be discussed.
The monitoring instruments commonly used respond
to ozone but also respond significantly to nitrogen
dioxide and peroxyacyl nitrates and other oxidants
(Cohen et al., 1967). Independent measurements
have shown that these latter substances occur
concurrently in the atmosphere. In addition, hydro-
gen peroxide forms from the photo-oxidation of
formaldehyde-nitrogen-oxide mixtures (Purcell &
Cohen, 1967b). Alkyl hydroperoxides are formed by
photo-oxidation of acetaldehyde and propionalde-
hyde (Altshuller et al., 1966; Purcell & Cohen,
1967a). A peroxybenzoyl nitrate has been identified
as forming at low concentrations from the photo-
oxidation ofa monoalkylbenzene-nitrogen-oxide sys-
tem (Heuss & Glasson, 1968). While these peroxides
have not been identified as yet in the atmosphere,
it is evident that a variety of oxidants can exist
concurrently with ozone. Several methods are
available which are specific to ozone. An instru-
ment based on the chemiluminescence of rhod-
amine-B to ozone has been used to determine
ozone in several United States cities.b The gas
titration of ozone with a highly reactive olefin was
shown recently to be specific to ozone and easily
used with existing oxidant instruments (Bufalini,
1968).
As shown in Tables 1-3, hydrocarbons are con-

sumed in photo-oxidation reactions at widely varying
rates to produce a variety of gaseous and aerosol
products. Atmospheric irradiations of such mixtures
in reaction vessels have made it possible to estimate
directly the half-lives of various hydrocarbons (Alts-
huller et al., 1967; Stephens & Burleson, 1967;
Stephens et al.; c Altshuller et al.d). These half-lives

TABLE 4
HALF-CONVERSION TIMES FOR HYDROCARBONS

PHOTO-OXIDIZED UNDER ATMOSPHERIC CONDITIONS

Hydrocarbon Half-conversion time a

Methane Very large

Ethane Days

Acetylene Days

Propane Days

n-Butane 1-2 days

Higher-molecular-weight About 1 day
paraffins

Ethylene 6-8 h

Propylene 2-3 h

Isobutene About I h

Olefins with internal double- 1 h or less
bonds

n-Alkylbenzenes About 1 day

Dialkylbenzenes About X day

Trialkylbenzenes Less than 2 day

a From irradiation periods equivalent to from about one-half
to several days of irradiation with sunlight or simulated solar
radiation.

vary from years for methane to less than an hour
for olefins with internal double bonds (Table 4). A
large fraction of atmospheric hydrocarbons reacts
slowly in terms of the residence times discussed
earlier. Laboratory studies have recently shown that
such hydrocarbons can generate appreciable con-
centrations of ozone in the presence of low con-
centrations of nitrogen oxides.4 These slowly
resisting hydrocarbons can serve as a reservoir for
intermediates participating in ozone formation in
stagnating or recycling of polluted air masses over
periods of several days. During the night, rates of
conversion of nitric oxide, hydrocarbons, and most
other substances, possibly including ozone, are very
slow compared with the rates that prevail during
photochemical reactions.

Sulfuric acid aerosol can be produced within a few
hours by the photo-oxidation of 2- through 5-carbon

b Smith, J. R., Richter, H. G., Ripperton, L. A. & Tabor,
E. C. (1968) Diurnal relationships between ozone, total oxidant
and oxides of nitrogen concentrations in urban atmospheres.
Paper presented at the 61st Annual Meeting of the Air
Pollution Control Association, St. Paul, Minn., 23-27 June
(unpublished).

c Stephens, E. R., Darley, E. F. & Burleson, F. R. (1967)
Sources and reactivity of light hydrocarbons in ambient air.

Paper presented to the American Petroleum Institute, Divi-
sion of Refining Meeting, Los Angeles, Calif., 16 May
(unpublished).

d Altshuller, A. P., Kopczynski, S. L., Lonneman, W. L.
& Sutterfield, F. D. (1968) Hydrocarbon composition of the
atmosphere of the Los Angeles basin. Paper presented at the
156th National Meeting of the American Chemical Society,
Atlantic City, N.J., September (unpublished).
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TABLE 5
YEARLY AVERAGE RELATIONSHIPS FOR SULFUR- AND NITROGEN-CONTAINING POLLUTANTS IN US CITIES

Concentration (Mg/M3) Molar ratios
City Sulfur - Particulate Nitrogen Particulate S02 N02 S02 SO4

dioxide sulfate dioxide nitrate S042 N03 N03 NO3

Chicago 370 18 80 2.1 30 53 3 6

Cincinnati 80 12 60 2.5 10 32 1 3

Los Angeles 50 12 110 10 6 15 0.3 0.8

New York 410 32 160 2.5 19 100 2 9

Philadelphia 200 24 70 2.6 12 37 2.5 6

San Francisco 25 6 80 2.1 6 50 0.3 2

St. Louis 170 15 55 2.4 17 31 2 4

Washington, D.C. 130 12 55 1.9 16 40 1.5 4

olefins with nitrogen dioxide and sulfur dioxide
(Altshuller & Bufalini, 1965). Higher-molecular-
weight olefins and alkylbenzenes produce organic
aerosols when photo-oxidized with nitrogen oxides
(Altshuller & Bufalini, 1965).
The concentrations and molar ratios of sulfur

dioxide, total sulfate, nitrogen dioxide, and nitrate
in various United States cities on a yearly average
basis are given in Table 5, derived from air-quality
measurements (Public Health Service, 1966). Ratios
of sulfur dioxide to sulfate are significantly lower in
West Coast than in East Coast cities. The ratio of
nitrogen dioxide to nitrate also is appreciably lower
in Los Angeles than in other cities. In general the
measurements show 1 % to 150% conversions of
gaseous to particulate species on a long-term basis.
Rates of conversion of nitrogen dioxide to nitrate are
consistently lower than of sulfur dioxide to sulfate.
Only in Los Angeles are the sulfate-to-nitrate ratios
near 1. The lower ratios in Los Angeles suggest more
rapid chemical reactions or longer residence times.
Seasonal measurements of sulfate and nitrate
(MacPhee & Bockian, 1967) show high values even
during the winter months, suggesting that photo-
chemical reactions are responsible for only a part of
the higher conversions in Los Angeles. The lower
ratios of sulfur dioxide to nitrogen dioxide on the
West Coast result from the low sulfur content of
fuels used in this region.

Formation of atmospheric particulates

In recent years a considerable amount of work has
been done on particle size distributions of a variety

of metallic and non-metallic cations and anions in
particulates in various United States cities. The
mass median diameters (MMD) of lead, ammonium,
sulfate, and nitrate all are in the range of 0.2 ,u to
0.6 [4 with only a few exceptions (Roesler et al., 1965;
Wagman et al., 1967; Robinson & Ludwig, 1967;
Lee & Patterson e). The higher MMD values of
these exceptions may be attributable to emissions
near the sampling locations. All of these species are
considered to be formed by atmospheric reactions or
by condensation of vapours. The centre of the
MMD ranges is close to the stable range of particle
sizes described by Junge (1963), in which neither
agglomeration nor fall-out occurs readily. The mass
median diameters of 0.8 H and concentrations of
chlorides of about 3 jUg/m3 were quite uniform for
East Coast, mid-continent, and West Coast cities;
these measurements support the hypothesis of a
common origin in ocean-generated salt aerosol.e
For other cations measured, including magnesium,
cadmium, copper, chromium, and iron, the MMDs
ranged from 1.2 ts to about 10 u (Lee et al., 1968).
Particulates containing these metallic species appear
to be associated with dusts emitted directly by
industrial sources. The residence times of these
substances are markedly shorter than for particles
containing lead, ammonium, sulfate, or nitrate.
A considerable amount of more detailed work has

been done on atmospheric sulfates (Roesler et al.,
1965; Wagman et al., 1967; Ludwig & Robinson,

e Lee, R. E., Jr & Patterson, R. K., Size determination of
atmospheric phosphate, nitrate, chloride and ammonium parti-
culate in several urban areas (to be published).
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1968). Not only total particulate sulfates but acid
aerosols (presumed to be mostly sulfuric acid) show
low mass median diameters. For acid aerosol the
MMD is at or below 0.3 ,t (Horstman & Wagman,
1967). The MMDs of total particulate sulfates at
various United States cities usually fall between
0.2 tz and 0.4 yu if not influenced by nearby emission
sources of dusts, etc. (Wagman et al., 1967; Ludwig
& Robinson, 1968). The sulfate MMDs show a
general relationship to relative humidity, while the
sulfate concentration appears to be more closely
related to absolute humidity (Wagman et al., 1967).
A diurnal variation, with particle sizes largest in the
morning and decreasing through the afternoon and
evening, has been reported at some sampling loca-
tions but not at others (Wagman et al., 1967;
Ludwig & Robinson, 1968). These size variations
must reflect complex interrelations among emission
and meteorological factors.
The MMDs and distribution curves for ammoni-

um and sulfate suggest that part of the sulfate is
present as (NHI)2SO4.e Junge (1963) has previously
reported high correlations of sulfate and ammonium.
However, in some sampling locations the ratio
deviates appreciably from that for (NH4)2SO4. These
observations are consistent with a mechanism
involving catalytic conversion of sulfur dioxide to
sulfate in water droplets containing sufficient am-
monia to keep the pH in the range in which reaction
continues to occur (Junge, 1963). Recent air-quality
measurements of ammonia in United States cities
show more than sufficient ammonia to promote
continuing reaction (Morgan et al., 1967, and more
recent unpublished air-quality measurements). Other
observations, however, are not consistent with the
predominant process being the oxidation of sulfur
dioxide in water droplets. Recent atmospheric
measurements show that sulfate concentrations are
dependent on the vapour pressure of water and not
water's degree of saturation in the air. An alternative
mechanism suggested consists of the catalytic oxida-
tion of sulfur dioxide adsorbed on solid particulates
followed by hydration of the adsorbed species to
form sulfate. Sulfur dioxide is readily adsorbed on
dusts but cannot be desorbed, nor was sulfur dioxide
as such ever detected in dusts collected (Liberti &
Devitofrancesco, 1967). These results support the
hypothesis that catalytic oxidation of sulfur dioxide
to sulfate on dusts may be an important mode of
formation of sulfates. Liberti & Devitofrancesco also
suggest more complex organic reactions with sulfur
dioxide on particulates containing organic matter.

It seems reasonable that at least 3 mechanisms
may be responsible under varying atmospheric con-
ditions for conversion of sulfur dioxide to sulfate:
(1) photo-oxidation of sulfur dioxide in the presence
of unsaturated hydrocarbons, nitrogen dioxide, and
reasonably high ultraviolet light intensities, (2) oxida-
tion of sulfur dioxide in water droplets catalysed
by metal ions and promoted by the presence of
ammonia, (3) catalytic oxidation on solid particu-
lates. The first mechanism would explain formation
of sulfate in daylight hours in summer and early
fall. Particularly around the summer solstice such
light intensities have been calculated to be nearly the
same at latitudes ranging from 20° N to 50° N
latitude. At high humidities the second mechanism
would be expected to be important; however, the
oxidation and hydration of sulfur dioxide on dust
particles also could be significant. At night or in
the winter in many locations light intensities are
insufficient for the photochemical mechanism to be
important.

Urban air polluition antd the biosphere

The possible relationships of biosphere and tropo-
sphere reactions to urban air pollution are often
ignored. The troposphere can serve as far more than
an undifferentiated sink for pollutants from urban
sources. The role of the biosphere as a potential
source as well as sink for pollutants becomes in-
creasingly important with increasing interest in
atmospheric pollution on a regional and even a
continental scale (Table 6).

Methane, nitrous oxide, nitric oxide and nitrogen
dioxide, hydrogen sLulfide, ammonia, and olefins
(terpenes) have been computed to be formed by
biosphere processes in amounts equal to or much
larger than those associated with urban emissions of
the same substances.f Urban levels of substances
such as methane or nitrous oxide to a considerable
extent reflect biosphere emissions of these sub-
stances.

In computing the troposphere residence time for a
gaseous substance, it is usual to assume a steady
state, that is, the substance is not increasing in
atmospheric concentration. For substances such as
methane and nitrous oxide formed from biosphere
processes over long periods of time, the steady-state

f Robinson, E. & Robbins, R. C. (1968) Sources, abun-
dance andfate ofgaseous atmospheric polluttanits. Unpublished
report from the Stanford Research Institute for the American
Petroleum Institute.
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TABLE 6
POLLUTANT CONCENTRATIONS IN THE BIOSPHERE

AND URBAN AIR

Concentration (Mg/m3)
PollutantUra Ubn

Biosphere average a range a

Hydrogen sulfide < 1 No data 1-5

Sulfur dioxide < 1 60 5-500

Sulfate 1-2 10 2-33

Ammonia 1-10 - 100 No data

Ammonium 0.1 1.3 0.1-13

Nitrous oxide 400-6 b 400-600 b No data

Nitrogen dioxide About 2 95 50-300

Nitrate 0.1 2.6 0.3-10

Carbon monoxide 5-10 700-800 c 400-1 200 c

Ozone 30-60 50 40-100

Methane 8.5 ± 1.5 12-17 8.5-80

Terpenes About 50 No data No data

a Yearly averages in various US locations, except where
otherwise specified.

b Data for Mainz, Germany (Junge, 1968; cited by Robinson
& Robbins, op. cit.).

c Larger US cities near traffic.

assumption must hold. For carbon monoxide, how-
ever, appreciable and increasing emissions have been
occurring for only 20 years or so. Measurements are
inadequate to determine whether a steady state
exists for carbon monoxide. It is possible, as the
emissions of carbon monoxide have been increasing,
that a small net accumulation may be occurring.
The differences between carbon monoxide levels of

about 0.05 ppm in the mid-Pacific and levels of
0.1 ppm to 0.2 ppm over continents may reflect a
displacement from steady-state conditions in the
troposphere. It may be of significance that carbon
dioxide, another product of combustion in our
industrialized society, is slowly accumulating in the
troposphere.
During stagnations some transport of pollutants

from urban areas to the surrounding countryside can
cause accumulation of pollutants in non-urban areas.
However, reactive biosphere emissions such as hydro-
gen sulfide, ammonia terpenes, and nitrogen oxides
would also accumulate. Ozone, which may be
present by transport from the upper atmosphere or
possibly by photo-oxidation of terpenes in the

presence of nitrogen oxides, can react with hydrogen
sulfide to form sulfur dioxide. The ammonia present
may participate with the sulfur dioxide in the
formation of aerosols. Such reactions may contribute
to pollution on a regional basis, particularly during
periods of stagnation. The troposphere levels of
sulfate, the end-product of hydrogen sulfide and
sulfur dioxide oxidation, are about 2 ,ug/m3;f these
levels are already significant compared with the yearly
average concentration of urban sulfate, 10 ,pg/m3.
The higher sulfate-to-nitrate ratio in the troposphere
(continental) compared with urban locations indi-
cates the importance of hydrogen sulfide as a con-
tributor to troposphere sulfate levels.
Although our present accumulation of measure-

ments as well as our measuring techniques are
inadequate for drawing many conclusions about the
interaction of urban pollution with the biosphere,
there is no question about the need to accelerate our
studies of these relationships.

Conclusions

On reviewing the measurements discussed, it
becomes evident that relatively few of the results
available were obtained from atmospheric studies
deliberately designed for the study of atmospheric
reactions. More effort has been expended on labora-
tory experiments than on atmospheric investigations,
particularly in the USA. Although the laboratory
work has been useful, feed-back is needed from
well-planned studies of atmospheric chemistry and
physics. It is difficult at best to simulate atmospheric
conditions in the laboratory. Unless care is taken in
such simulation, laboratory systems can rapidly lose
their relevance to actual atmospheric reaction con-
ditions.

It is important also not to believe mistakenly that
routine monitoring operations can provide the
measurements needed for investigation of atmos-
pheric reactions. Such monitoring often provides
neither the sensitivity nor the specificity needed.
Furthermore, the number and location of the sam-
pling points are often not optimum. This situation is
to be expected, since monitoring operations in the
USA are often developed to try to satisfy the diverse
needs of several programmes.
The problems of specificity and particularly of

obtaining the sensitivity required with adequate
accuracy are even more acute at the lower con-
centrations of pollutants outside of the core city and
in the surrounding region. Analytical requirements
for analyses on a regional basis merge into require-
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ments on a troposphere basis. Extensive experience
has indicated the wide variety of errors in sampling
and analysis that can occur when measuring con-
centrations in the range of 0.01 ppm to 10 ppm by
volume. These problems are aggravated in regional
or tropospheric studies, with samples containing
0.0001 ppm to 0.1 ppm of various components of
interest. Analytical studies should be directed
towards delineating sampling losses in lines and in
sample collectors at such low concentrations.
Calibration requirements are increasingly critical
with decreasing concentration levels. Minute traces
of impurities in dilution gases can invalidate the
analytical measurements.

Improved and enlarged atmospheric investigations
of atmospheric reactions should be strongly en-
couraged. At the same time analytical work must
proceed to provide the precision and accuracy
needed in making such measurements. These studies
should encompass the entire environment in which
man lives rather than be limited by the arbitrary
restrictions of political boundaries. The ultimate
capacity of the troposphere as a sink for pollutants
under various meteorological conditions must be
defined in detail. In addition, attention must be
given to the biosphere as a source of substances that
can participate in atmospheric reactions of conse-
quence to man and his environment.
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