
mass of the ITCZ, Fst is the vertical mass flux per
storm, and Nst is the number of active storms. [H.
Riehl and J. M. Simpson, Contrib. Atmos. Phys. 52,
287 (1979)].

9. D. Kley et al., Science 274, 230 (1996).
10. D. Kley et al., Q. J. R. Meteorol. Soc., in press.
11. A. R. Numaguti et al., J. Meteorol. Soc. Jpn. 73, 267

(1995); B. E. Mapes and P. Zuidema, J. Atmos. Sci.
53, 620 (1996).

12. Potential temperature (Q) is defined as Q 5 T

(1000/p)k, where T is the temperature, p is the
pressure, k 5 R/mcp, R is the gas constant, m is
the molecular weight of dry air, and cp is the heat
capacity of air at constant pressure. Q is the tem-
perature that an air parcel would attain after adia-
batic compression from given values of T and p to
a pressure of 1000 hPa.

13. W. R. Stockwell and D. Kley, Ber. Forschung-
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Tropospheric Air Pollution:
Ozone, Airborne Toxics,
Polycyclic Aromatic

Hydrocarbons, and Particles
Barbara J. Finlayson-Pitts and James N. Pitts Jr.

Tropospheric air pollution has impacts on scales ranging from local to global. Reactive
intermediates in the oxidation of mixtures of volatile organic compounds ( VOCs) and
oxides of nitrogen (NOx) play central roles: the hydroxyl radical (OH), during the day; the
nitrate radical (NO3), at night; and ozone (O3), which contributes during the day and night.
Halogen atoms can also play a role during the day. Here the implications of the complex
VOC-NOx chemistry forO3 control are discussed. In addition,OH,NO3, andO3 are shown
to play a central role in the formation and fate of airborne toxic chemicals, mutagenic
polycyclic aromatic hydrocarbons, and fine particles.

Tropospheric air pollution has a long and
storied history (1, 2). From at least the 13th
century up to the mid-20th century, docu-
mented air pollution problems were primar-
ily associated with high concentrations of
sulfur dioxide (SO2) and soot particles.
These problems are often dubbed “London
Smog” because of a severe episode in that
city in 1952. However, with the discovery
of photochemical air pollution in the Los
Angeles area in the mid-1940s, high con-
centrations of O3 and photochemical oxi-
dants and their associated impacts on hu-
man health have become a major issue
worldwide.

In this article we discuss recent research
on air pollution on scales ranging from local
to regional, although analogous chemistry
occurs on a global scale, as discussed in the
accompanying articles by Andreae and
Crutzen (3) and Ravishankara (4). Thus, an
increase in tropospheric O3 has been ob-
served globally over the past century (5–
11), an example of which is seen by com-
parison of O3 levels measured at Montsouris
in France from 1876 to 1910 to those at a
remote site on an island in the Baltic Sea
(Arkona) from 1956 to 1983 (Fig. 1). Sur-
face concentrations of O3 found in other

remote areas of the world now are similar,
;30 to 40 parts per billion (ppb) (1 ppb 5
1 part in 109 by volume or moles), as com-
pared with ;10 to 15 ppb in preindustrial
times. This increase has been attributed to
an increase in NOx emissions associated
with the switch to fossil fuels during the
industrial period.

The potential effects of a global increase
in O3 and other photochemical oxidants are
far-ranging. Ozone is a source of the hy-
droxyl radical (OH) (see below), which
reacts rapidly with most air pollutants and
trace species found in the atmosphere.
Hence, increased concentrations of O3
might be expected to lead to increased OH
concentrations and decreased lifetimes of
globally distributed compounds such as
methane. Because both O3 and methane are
greenhouse gases, this chemistry has impli-
cations for global climate change. In addi-
tion, because O3 absorbs light in the region
from 290 to 320 nm, changes in O3 levels
can affect the levels of ultraviolet radiation
to which we are exposed.

Inextricably intertwined with the forma-
tion and fate of O3 and photochemical ox-
idants in the troposphere are a number of
closely related issues, such as the atmo-
spheric formation, fate, and health impacts
of airborne toxic chemicals and respirable
particles. Understanding these issues is key

to the development of reliable scientific risk
assessments (12, 13). In this context, we
give an overview of the chemistry of tropo-
spheric air pollution involving O3 and as-
sociated species and give examples of appli-
cations to strategies for control of O3, air-
borne toxic chemicals, polycyclic aromatic
hydrocarbons, and respirable particulate
matter. We emphasize the key roles played
by a remarkably few reactive species, such as
OH. The chemistry of SO2 and acid depo-
sition is closely linked with this chemistry,
but that topic is beyond the scope of this
article.

Ozone and Other Photochemical
Oxidants

The term “photochemical” air pollution re-
flects the essential role of solar radiation in
driving the chemistry. At the Earth’s sur-
face, radiation of wavelengths 290 nm and
greater—the so-called actinic region—is
available for inducing photochemical reac-
tions. The complex chemistry involving
volatile organic compounds (VOCs) and
NOx (where NOx 5 NO 1 NO2) leads to
the formation not only of O3, but a variety
of additional oxidizing species. These in-
clude, for example, peroxyacetyl nitrate
(PAN) [CH3C(O)OONO2]. Such oxidants
are referred to as photochemical oxidants.
We concentrate here on O3, recognizing
that a variety of other photochemical oxi-
dants are associated with it.

Sources of O3. The sole known anthro-
pogenic source of tropospheric ozone is the
photolysis of NO2

NO2 1 hn (l , 420 nm)3 NO 1 O(3P)

(1)

followed by

O(3P) 1 O23
M
O3 (2)

(M in Eq. 2 is any third molecule that
stabilizes the excited intermediate before it

The authors are in the Department of Chemistry, Univer-
sity of California, Irvine, CA 92697–2025, USA.

Fig. 1. Mean annual O3 concentrations in Mont-
souris (outside Paris) from 1876 to 1910 and at
Arkona from 1956 to 1983, showing increasing O3
levels on a global scale [reprinted with permission
from Nature (8), copyright 1988, Macmillan Mag-
azines Ltd.].
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dissociates back into reactants). In addi-
tion, the influx of air containing natural O3
from the stratosphere contributes to tropo-
spheric ozone (11, 14).

Although some NO2 is emitted directly
into the atmosphere by combustion process-
es [see (15)], most is formed by the oxida-
tion of NO (the major nitrogenous byprod-
uct of combustion) after dilution in air.
This conversion of NO to NO2 occurs as
part of the oxidation of organic compounds,
initiated by reactive species such as the OH
radical. Figure 2 illustrates this chemistry,
using ethane as the simplest example. Alkyl
peroxy (RO2) and hydroperoxy (HO2) free
radicals are generated (steps 3 and 5),
which oxidize NO to NO2, and a substan-
tial fraction of the time the OH is regener-
ated to continue the reaction.

Once NO is converted to NO2, a variety
of potential reaction paths are available
(Fig. 3). These include photolysis to form
ground-state oxygen atoms—O(3P)—
which generate O3, as well as reaction with
OH to form nitric acid. When there are
sufficient concentrations of both NO2 and
O3, the nitrate radical (NO3) and dinitro-
gen pentoxide (N2O5) are formed. Like
OH, NO3 reacts with organics to initiate
their oxidation. NO3 chemistry is impor-
tant only at night because it photolyzes
rapidly during the day. NO3 has been de-
tected in both polluted and remote regions
(16–19) and is believed to be the driving
force in the chemistry at night when the
photolytic production of OH (see below)
shuts down. As discussed by Andreae and
Crutzen (3) and Ravishankara (4), the for-
mation and subsequent hydrolysis of N2O5
on wet surfaces, including those of aerosol
particles, is believed to be a significant con-
tributor to the formation of nitric acid in
the atmosphere on both local and global
scales (20, 21).

The chemistry in remote regions differs
from that in polluted areas primarily in the
fate of RO2 and HO2. In polluted areas,
sufficient NO is present [more than ;10
parts per thousand (ppt) (where 1 ppt 5 1
part in 1012 by volume or moles)] that HO2
formed during the oxidation of VOCs (Fig.
2) converts NO to NO2, which then forms
O3, at least in part. However, remote re-
gions are characterized by small concentra-
tions of NO, so that the self-reaction of
HO2 and its reactions with RO2 and O3
become competitive with, or exceed, that
with NO.

In short, whether or not O3 is formed by
VOC-NOx reactions in air depends critical-
ly on the NO concentration. This notion is
consistent with the association of the global
increase in O3 with increased oxides of
nitrogen.

Sources of OH. The hydroxyl radical
plays a central role in atmospheric chemis-
try because of its high reactivity with organ-
ic compounds as well as inorganic com-
pounds. A major source of OH is the pho-
tolysis of O3 to form electronically excited
O(1D) atoms, which react with H2O in
competition with deactivation to ground-
state O(3P):

O3 1 hn (l , 320 nm)3 O(1D) 1 O2
(3)

O(1D) 1 H2O3 2 OH (4)

O(1D)3
M
O(3P) (5)

The photolysis of nitrous acid is also be-
lieved to be a significant source of OH in
polluted atmospheres (22, 23):

HONO 1 hn (l , 400 nm)3 OH 1 NO

(6)

However, sources and ambient concentra-
tions of HONO are not well known. It has
been measured in the exhaust of automo-
biles that do not have catalysts (24, 25),
inside automobiles during operation (26),
and indoors from the emissions of gas stoves
(27–32). There are also heterogeneous
sources of HONO (33–39), in particular the
complex reaction shown in Eq. 7.

2 NO2 1 H2O ™3
surface

HONO 1 HNO3 (7)

Through the HO2 1 NO reaction

HO2 1 NO3 OH 1 NO2 (8)

sources of HO2 are also potential sources of
OH. Hence, the photolysis of such organic
compounds as formaldehyde serves ulti-
mately as a source of OH.

HCHO 1 hn (l , 370 nm)3 H 1 CHO

(9a)
3 H2 1 CO

(9b)

H 1 O2 3
M
HO2 (10)

HCO 1 O23 HO2 1 CO (11)

Finally, the O3-alkene reaction is also a
source of OH (40–42). In the gas phase, the
initial O3 reaction produces a carbonyl
compound and a Criegee intermediate
(commonly described as a biradical, as op-
posed to a zwitterion as in solution).

A portion of the Criegee intermediates
has sufficient energy (denoted by the as-
terisk) to decompose to free radicals; and
depending on the structure of the reacting
olefin, one of these can be the OH radical.
These reactions may be significant sources
of OH and HO2 in urban areas during the
day and evening (43). However, neither
the detailed mechanisms leading to free-
radical production nor the reactions of the
stabilized Criegee intermediate are well
understood.

Halogen Atom Chemistry in the
Troposphere

It has been increasingly recognized that
halogen atoms may play a role in tropo-
spheric chemistry (44, 45). A ubiquitous
source of tropospheric halogens is sea salt
aerosol (46–48). Chlorine atoms (Cl) lib-
erated from these particles, for example, in
the reaction in Eq. 12, (44, 45, 49, 50)

NaCl 1 N2O53 CINO2 1 NaNO3 (12)

may also play a role in VOC-NOx chemis-
try, in much the same manner as OH. The
rate constants for Cl atom reactions with
most organic compounds are an order of
magnitude faster than for the reaction with

Fig. 2. Example of the role of organic compounds
in the conversion of NO to NO2.

Fig. 3. Summary of the major reaction paths for
NOx in air.

Scheme 1
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O3 (51); given that the tropospheric con-
centrations of biogenics are of the same
order of magnitude as O3, the reaction with
organics

Cl 1 RH3 HCl 1 R (13)

is expected to predominate in the loss of
atomic Cl. Thus, Cl atoms in polluted
coastal regions may initiate organic oxida-
tion in a manner analogous to that of OH
(Fig. 2), accelerating the formation of O3.

Excellent evidence for the oxidation of
organics by Cl atoms was found in the
Arctic troposphere during the spring when
surface-level O3 fell to near zero (52). Al-
though the loss of O3 appears to be related
to bromine chemistry (3, 52–60), Cl chem-
istry occurs simultaneously (Fig. 4). The
rate constants for the reactions of Cl atoms
with i-butane and propane are similar (1.4
and 1.2 3 10210 cm3 per molecule s21,
respectively), whereas those for reaction
with OH differ (2.3 and 1.2 3 10212 cm3

per molecule s21). Thus, i-butane and pro-
pane should decay at similar rates in the
absence of fresh emissions, dilution, and so
on (61) if Cl atoms are the oxidant, and the
ratio of their concentrations should follow
the vertical line in Fig. 4. A similar argu-
ment follows for OH and i-butane and n-
butane, where the OH rate constants are
2.3 and 2.5 3 10212 cm3 per molecule s21,
respectively, but for Cl atoms are 1.4 and
2.13 10210 cm3 per molecule s21. The data
in Fig. 4 illustrate that atomic Cl is indeed
the predominant oxidant under low O3
conditions in the Arctic.

Although the evidence for the contribu-
tion of Cl atom chemistry is compelling in
this particular case, Cl chemistry may con-
tribute to a lesser degree in other tropospher-
ic situations. For example, Wingenter et al.
(62) and Singh et al. (63) used the differenc-
es in concentrations of selected organic com-
pounds from night to day over the Atlantic
and Pacific oceans to estimate Cl atom con-
centrations at dawn of ;104 to 105 cm23.
On the other hand, Singh et al. (64) and

Rudolph et al. (65) have used tetrachlo-
roethene measurements and emissions esti-
mates, combined with the known OH reac-
tion kinetics, to show that oxidation by Cl
does not appear to be important on a global
scale. However, the effects of Cl atom pro-
duction on organic compounds such as dim-
ethylsulfide emitted by the ocean into the
marine boundary layer may still be important
(66), as may their contribution to chemistry
in polluted coastal regions.

At coastal sites, Cl-containing species
other than HCl have been identified at con-
centrations up to ;250 ppt (67, 68) and Cl2
has been identified (69). However, the
sources of such halogen atom precursors re-
main elusive, despite numerous studies of the
reactions of NaCl and sea salt particles,
which one might expect to have relatively
simple chemistry. For example, it has recent-
ly been shown that small amounts of water
strongly adsorbed to the salt surface—prob-
ably at defects, steps, and edges—controls
the uptake of HNO3 (70). Furthermore, it
appears that NaCl may not control the re-
activity of sea salt and that crystalline hy-
drates in the mixture may be important (71).
Finally, once the salt surface has reacted to
form surface nitrate, the interaction of water
with this metastable layer of nitrate gener-
ates some interesting morphological and
chemical changes (72, 73) producing, for
example, hydroxide ions on the surface (74).

Thus, although there are some intriguing
hints about the importance of halogen
chemistry in the troposphere, more research
is needed to define the contribution of halo-
gen chemistry to remote and polluted coastal
regions. A top priority is the development
and application of specific, sensitive, and
artifact-free analytical techniques for some of
the potential gaseous halogen precursors, in-
cluding ClNO2, Cl2, ClONO2, and HOCl,
as well as their bromine analogs and mixed
compounds such as BrCl.

Tropospheric Chemistry and
Ozone Control Strategy Issues

VOC and NOx controls. Given the complex-
ity of the chemistry as well as the meteo-
rology, it is perhaps not surprising that
quantitatively linking emissions of VOCs
and NOx to the concentrations of O3 and
other photochemical oxidants and trace
species at a particular location and time is
not straightforward. Particularly controver-
sial for at least three decades has been the
issue of control of VOCs versus NOx.

High concentrations of NO and O3 are
not observed simultaneously because of
their rapid reaction to form NO2. In addi-
tion, high NO2 concentrations divert OH
from the oxidation of VOCs by forming
HNO3 (Fig. 3), which also effectively short-

circuits the formation of O3. Because of
these reactions, decreasing NOx can actu-
ally lead to an increase in O3 at high NOx/
VOC ratios; in this VOC-limited regime,
control of organic compounds is most effec-
tive. However, these locations tend not to
be the ones experiencing the highest peak
O3 concentrations in an air basin. Further-
more, NO2 has documented health effects
for which air quality standards are set.

On the other hand, at high VOC/NOx
ratios, the chemistry becomes NOx-limited;
in essence, one can only form as much O3 as
there is NO to be oxidized to NO2 and
subsequently photolyzed to O(3P). The is-
sues are even more complicated, because
the chemical mix of pollutants tends to
change from a VOC-limited regime to a
NOx-limited regime as an air mass moves
downwind from an urban center. This is
because there are larger sources of NOx,
such as automobiles and power plants, in
the urban areas. NOx is oxidized to HNO3
(Fig. 3), which has a large deposition veloc-
ity, and hence is removed from the air mass
as it travels downwind. VOCs do not de-
crease as rapidly because of widespread
emissions of biogenics as well as less effi-
cient deposition of many organic com-
pounds. It is apparent that reliance on ei-
ther VOC or NOx control alone will be
insufficient on regional scales; control of
both is needed (75–77).

Control of VOCs and O3 forming poten-
tials. Shortly after the demonstration in the
early 1950s that VOCs and NOx were the
key ingredients in photochemical air pollu-
tion. Haagen-Smit and Fox (78) reported
that various hydrocarbons had different O3-
generating capacities. That is, when mixed
with NOx and irradiated in air, different
amounts of O3 were formed, depending on
the structure of the organic compound. The
chemical basis for these differences is now
reasonably well understood (79–88) and
has been applied in the promulgation of a
new set of regulations in California for ex-
haust emission standards for passenger cars
and light-duty trucks. The intent is to reg-
ulate on the basis of the O3-forming poten-
tials of the VOC emissions, rather than
simply on their total mass.

The number of grams of O3 formed in air
per gram of total VOC exhaust emissions is
defined as specific reactivity. Determina-
tion of the specific reactivity of the exhaust
emissions for a given vehicle/fuel combina-
tion requires accurate knowledge of the
identities and amounts of all compounds
emitted, as well as how much each contrib-
utes to O3 formation. The latter factor, the
O3-forming potential, is treated in terms of
its incremental reactivity (IR): the number
of molecules of O3 formed per VOC carbon
atom added to an initial “surrogate” reac-

Fig. 4. Relative concentrations of some organics
used to probe OH and Cl atom chemistry in the
Arctic troposphere at Alert, Canada, and on an ice
floe 150 km north of Alert [from (60)].
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tion mixture of VOC and NOX.
The differences in IRs are greatest at the

lower VOC/NOX ratios. At higher ratios
such as .12 ppm C/ppm NOx, the system
tends to become NOX-limited, and the peak
O3 is not very sensitive to either the con-
centrations of the VOCs present or to the
composition of the VOC mixture. The peak
value of the IR, which generally occurs at a
VOC/NOx ratio of ;6, is known as the
maximum incremental reactivity (MIR)
(Fig. 5). As expected on the basis of its
chemistry, methane has a very small MIR.
On the other hand, highly reactive alkenes,
for example, have relatively high MIRs.
Because the tail-pipe emissions of vehicles
fueled on compressed natural gas (CNG)
contain very low concentrations of organic
compounds with high MIR values, CNG is
an attractive alternate fuel.

Because the amount of O3 formed de-
pends on the VOC/NOx ratio of the air
mass into which the organic species is emit-
ted and is greatest at smaller VOC/NOx
ratios, this focus on VOC reactivity is ap-
propriate primarily for the high NOx con-
ditions found in the most polluted urban
centers. For effective O3 control throughout
an air basin or region, from urban city cores
to the downwind suburban and rural areas,
it must be used in conjunction with a strin-
gent NOX control policy.

Tropospheric Chemistry and Risk
Assessment

Clearly, if risk management decisions and
regulations are to be both health-protective
and cost-effective, the atmospheric chemis-
try input into the exposure portion of the
risk assessments must be reliable (89). In the
United States, the Clean Air Act Amend-
ments of 1990 specified 189 chemicals as
hazardous air pollutants (HAPs) (90). HAPs
include a wide range of industrial and agri-
cultural chemicals, as well as complex mix-
tures of polycyclic organic matter. Although
there are emissions sources of these HAPs,
some are also formed at least in part by

chemical transformations in air (acetalde-
hyde and formaldehyde produced in VOC-
NOx oxidations, for instance) (91–93).

HAPs are often activated into more toxic
compounds, or deactivated into less toxic
species, by reactions after they are released
into the atmosphere (12, 13). Classic exam-
ples of such atmospheric activation and de-
activation are found in the area of pesticides
(94, 95). An example of atmospheric deac-
tivation is found in the use of 1,3-dichloro-
propene, where a mixture of the cis and trans
isomers is the active ingredient in some soil
fumigants (such as Telone, used in the con-
trol of nematodes). Because this HAP is an
alkene, it reacts rapidly with OH. Rate con-
stants for the reaction of the cis and trans
isomers with OH are 0.77 and 1.3 3 10211

cm3 per molecule s21, respectively (96). At
an OH concentration of 1 3 106 radicals
cm23, the lifetimes (t) of the cis and trans
isomers are calculated to be t 5 (k[OH])21
;36 and 21 hours, respectively, where k is
the appropriate rate constant. Their reac-
tions with O3 are much slower, and lifetimes
at an O3 concentration of 70 ppb are 45 days
and 10 days for these two isomers.

Thus, although 1,3-dichloropropene is a
HAP, it is destroyed relatively rapidly by re-
action with key atmospheric oxidants. Hence,
long-range transport and persistence in the
environment are not as important as for some
other pesticides such as the halogenated al-
kane dibromochloropropane. However, the
products of the OH oxidation of 1,3-dichlo-
ropropene include formyl chloride [HC(O)Cl]
and chloroacetaldehyde (ClCH2CHO). It is
not clear whether these present potential
health risks at the concentrations at which
they are formed in ambient air.

An example of atmospheric activation is
the atmospheric oxidation of organophos-
phorus insecticides, such as the extremely
toxic ethyl parathion, which has been
banned in the United States, and malathi-
on, which has widespread commercial and
domestic uses. In ambient air, both are rap-
idly activated, in part by reaction with OH
radicals (97); and the P ¢ S bond is oxidized
to the P ¢ O oxone form (94, 95).

The importance of this transformation
was established in a definitive study involv-
ing aerial spraying of a populated area in

southern California to combat an invasion
of the Mediterranean fruit fly (98). A key
finding was that although malaoxon was
initially present as an impurity in the mal-
athion, its concentration relative to mala-
thion measured at several ground locations
increased dramatically after the application,
to as much as a factor of 2 greater than that
of the parent pesticide 2 to 3 days after
spraying. One concern is that the oral tox-
icity of malaoxon in rats is much greater
than that of the parent malathion (98).

Respirable Mutagens and
Carcinogens in Ambient Air:
Atmospheric Transformations

of PAHs

Polycyclic aromatic hydrocarbons (PAHs)
are ubiquitous in our air environment (99–
103), being present as volatile, semivolatile,
and particulate pollutants (104–106) that
are the result of incomplete combustion.
Emissions sources are mobile [such as diesel
and gasoline engine exhausts (107–114)],
stationary (such as coal-fired, electricity-
generating power plants), domestic [such as
environmental tobacco smoke (115) and
residential wood or coal combustion (116,
117)], and area sources (such as forest fires
and agricultural burning).

The importance of PAHs to air pollu-
tion chemistry and public health was rec-
ognized in 1942 with the discovery that
organic extracts of particles collected from
ambient air produced cancer in experimen-
tal animals (118). Some three decades later,
in 1972, a National Academy of Sciences
panel reported that, in addition to the al-
ready well-known carcinogenic PAHs such
as benzo[a]pyrene (BaP) (119), other as yet
unidentified carcinogenic species must also
be present (99). Since then, chemical and
toxicological research has continued not
only on BaP and associated PAHs (99–103,
114), as reflected in recent risk assessments
for Copenhagen (120) and the state of Cal-
ifornia (121), but increasingly on these un-
known carcinogens.

In 1977, a breakthrough occurred with the
discovery that organic extracts of particles
collected in the United States (122, 123),
Japan (124), Germany (125), and subsequent-
ly in Scandinavia (126–128) contained geno-
toxic compounds that showed strong frame-
shift-type mutagenic activity on strain TA98
in the Ames Salmonella typhimurium bacterial
assay (129–132). Most important, metabolic
activation was not required. Therefore, the
particles must contain not only promutagens
already known to be present, such as BaP, but
also hitherto unknown, powerful, direct mu-
tagens. A key question then became: Could
some of these direct mutagens also be the
unknown carcinogens?

Scheme 2

Fig. 5. Maximum incremental reactivities of some
typical organics in grams of O3 formed per gram of
each organic emitted [data from (84)].
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Today this phenomenon of direct bacte-
rial mutagenicity in Salmonella assays is rec-
ognized as being characteristic of respirable
particles collected in polluted air sheds
throughout the world, such as Finland
(133), Mexico City (134), Athens (135),
Rio de Janeiro (136), and a number of
Italian towns (137). This is the case not
only for studies employing the Ames rever-
sion assay but also those using the S. typhi-
murium TM677 forward mutation assay
(138–140). In addition, particles collected
at several selected sites in southern Califor-
nia were shown to contain human cell mu-
tagens (141).

Establishing the chemical natures, abun-
dance in air, sources, reactions, and sinks—
and associated biological effects (142–145)—
of these gaseous and particle-bound genotoxic
air pollutants is an essential element in risk
assessments of combustion-generated pollut-
ants. We focus here on one important aspect
of such evaluations: the formation of directly
mutagenic nitro-PAH derivatives [for reviews,
see (16) and (146–150)].

An important aspect of this research
area is the use of bioassay-directed fraction-
ation (151). In this novel approach, the
various chemical constituents are separated
by high-performance liquid chromatogra-
phy (HPLC), and the mutagenicity of each
fraction is then determined by the Ames
Salmonella assay (129, 130), generally with
the microsuspension modification, which
greatly increases its sensitivity (152). The
mutagenic activity for each HPLC fraction
is plotted in a manner analogous to a con-
ventional chromatogram and is referred to
as a mutagram [see, for example, (149,
153)].

Many directly mutagenic mono- and di-
nitro-PAH derivatives have been identified
in extracts of primary combustion-generat-
ed particles collected from diesel soot (108–
112, 151), automobile exhaust (154), coal
fly ash (155), and wood smoke (116, 127,
128), and in respirable particles collected
from polluted ambient air (126, 128, 147,
149, 150, 156–159). Certain of these, such
as 1-nitropyrene and 3-nitrofluoranthene
and several dinitropyrenes, are strong direct
mutagens [for reviews see (107, 148–150,
157–161)].

However, the distribution of the nitro-
PAH isomers in the direct emissions is gen-
erally significantly different from that in
extracts of particles actually collected from
ambient air (150, 162). For example, 2-ni-
trofluoranthene and 2-nitropyrene, both
strong direct mutagens in the Ames assay,
are ubiquitous components of particulate
matter in areas ranging from Scandinavia to
California, even though they are not direct-
ly emitted from almost any combustion
sources (163–166). Indeed, they have been

found in different types of air sheds
throughout the world (167).

The key to understanding the ubiquitous
occurrence of these 2-nitro derivatives was
the observation that they form rapidly in
homogeneous reactions of gaseous pyrene
and fluoranthene in irradiated NOx-air
mixtures (168). The mechanism involves
OH radical attack on the gaseous PAH,
followed by NO2 addition at the free radical
site (Fig. 6), which occurs in competition
with the reaction with O2. The kinetics of
the competing reactions of such radicals
with O2 and NO2 are uncertain (169, 170).
However, in the presence of sufficient NO2,
the nitro-PAH products are formed and
may then condense out on particle surfaces
(150, 163, 165, 168).

This OH-radical initiated mechanism
also explains the presence in ambient air,
and the formation in irradiated PAH-NOx-
air mixtures, of volatile nitroarenes from
gaseous naphthalene and the methyl naph-
thalenes, such as 1- and 2-nitronaphtha-
lenes (171) and 1- and 2-methylnitronaph-
thalene isomers (172), respectively. These
nitroarenes are also formed in the dark by
the gas-phase attack of nitrate radicals on
the parent PAHs in N2O5-NO3-NO2-air
mixtures (150, 171, 173).

Although 2-nitrofluoranthene and 2-ni-
tropyrene are powerful direct mutagens
found in ambient particles throughout the
world, in southern California air they con-
tribute only ;5 to 10% of the total direct
mutagenicity (150). Recently, however, the
isolation and quantification of two isomers
of nitrodibenzopyranone—2- and 4-nitro-
6H-dibenzo[b,d]pyran-6-one (Scheme 3)—
from both the gas and particle phases in
ambient air have helped to make up this
deficit in ambient samples assayed with the
microsuspension modification of the Ames
assay (149, 150, 174–176).

These nitrolactones are also formed in

irradiated phenanthrene-NOx-air mixtures
in laboratory systems through OH radical–
initiated reactions (149, 150, 176). Of in-
terest to toxicologists as well as atmospheric
chemists, the 2-nitro isomer (I in Scheme
3) makes a major contribution to the total
direct mutagenicity of ambient air (150).

A recent report (177) showed that in
ambient air, nitronaphthalenes and meth-

ylnitronaphthalenes contribute significant-
ly not only to the daytime gas-phase muta-
genicity but also, to an even larger extent,
to the nighttime mutagenicity of the gas-
eous phase of ambient air collected in Red-
lands, California, approximately 60 miles
east (downwind) of Los Angeles. This was
attributed to NO3 radical–initiated attack
on napthalene and methylnapthalene.

In summary, gas-phase daytime OH and
nighttime NO3 radical–initiated reactions
of simple volatile and semivolatile PAHs to
form nitro-PAH derivatives appear to be
responsible for a substantial portion of the
total direct mutagenic activity of respirable
airborne particles—as much as 50% in
southern California (150). Furthermore,
the total vapor-phase direct mutagenicity of
ambient air, at least in that region, is ap-
proximately equal to that of the particle
phase (149, 150, 178). The remaining mu-
tagenic activity of both phases appears to be
the result of more polar, complex PAH
derivatives that have not as yet been char-
acterized (149, 150, 179). Heterogeneous
reactions of gases with particle-bound
PAHs are also important but are beyond the
scope of this article [see (16, 146, 180–184)
and references therein].

Clearly, reliable risk assessments of
PAHs will require a great deal of new
toxicological and chemical research on
the atmospheric formation, fates, and
health effects of these respirable airborne
mutagens.

PM10 and PM2.5

Particulate matter less than 10 mm in diam-
eter, known as PM10, has come under de-
tailed scrutiny as a result of recent epidemi-
ological studies (185–187) that suggest that
an increase in the concentration of inhaled
particles of 10 mg m23 is associated with a
1% increase in premature mortality. Be-
cause it is the smaller particles that reach
the deep lung (188), a PM2.5 standard is
under consideration in the United States.

Fig. 6. Mechanism of formation of 2-nitrofluoran-
thene in air.

Scheme 3
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What is particularly interesting from a
chemical point of view is that this relation
between mortality and PM10 has been re-
ported to hold regardless of the area in
which the studies have been carried out,
varying from cities with major SO2 and
particle sources to those with much lower
direct emissions of these pollutants but with
substantial formation of photochemical ox-
idants. This pattern suggests either that
there is a general inflammatory response to
inhalation of such particles and that the
specific chemical composition is not impor-
tant or that there are common reactive
intermediates that are found in most parti-
cles (189).

The smallest particles (Fig. 7) tend to
be those formed by combustion processes
and by gas-to-particle conversions. As a
result, their composition is complex and
generally includes sulfates, nitrates, and
organics, particularly polar oxidized organ-
ics (190–192). In areas such as Los Ange-
les, as much as 50% of the organics in
aerosols does not originate from direct
emission (that is, as primary pollutants)
but are formed in VOC-NOx oxidations
(that is, they are secondary pollutants)
(190–192). Hence, the formation and fate
of such particles is intimately associated
with the formation of O3 and other pho-
tochemical oxidants. Whether there is
enough chemistry and photochemistry in
such particles to generate reactive species
that might be associated with the reported
health effects is not known.

Particularly interesting are results from a
recent laboratory study dealing with the ef-
fects of changes in diesel engine designs on
the size distributions of exhaust particles.
Emissions of particles in the accumulation
mode (0.046 to 1.0 mm), as well as the total

particulate mass, from a 1991 heavy-duty
engine running on a low-sulfur fuel (0.01
weight % S) were much lower than from a
less sophisticated 1988 model operating on
the same fuel. Both were running under
steady-state conditions. However, there was
a 30-fold or greater increase in the number of
ultrafine particles (0.0075 to 0.046 mm)
emitted by the 1991 engine with its newer
technology (113).

Clearly, understanding the chemistry of
aerosol particles in the troposphere is criti-
cal to quantifying the relation between
emissions of VOCs and NOx and the for-
mation and fate of photochemical oxidants,
as well as elucidating relations between the
chemical composition and sizes of these
aerosol particles and their health effects.
This issue has attracted national and inter-
national public attention because of its po-
tential impacts.
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175. D. Helmig, J. López-Cancio, J. Arey, W. P. Harger,

R. Atkinson, ibid., p. 2207.
176. E. S. C. Kwok, W. P. Harger, J. Arey, R. Atkinson,

ibid. 28, 521 (1994).
177. P. Gupta, W. P. Harger, J. Arey, Atmos. Environ.

30, 3157 (1996).
178. W. P. Harger, J. Arey, R. Atkinson, ibid. 26A, 2463

(1992).
179. L. A. Gundel, J. M. Daisey, L. R. F. de Carvalho, N.

Y. Kado, D. Schuetzle, Environ. Sci. Technol. 27,
2112 (1993).

180. J. N. Pitts Jr. et al., Science 202, 515 (1978).
181. K. Nikolaou, P. Masclet, G. Mouvier, Sci. Total En-

viron. 32, 103 (1984).
182. K. A. Van Cauwenberghe, in Handbook of Poly-

cyclic Aromatic Hydrocarbons (Dekker, New York,
1985), pp. 351–384.

183. Z. Fan, D. Chen, P. Birla, R. M. Kamens, Atmos.
Environ. 29, 1171 (1995).

184. Z. Fan, R. M. Kamens, J. Zhang, J. Hu, Environ.
Sci. Technol. 30, 2821 (1996).

185. D. W. Dockery et al., N. Engl. J. Med. 329, 1753
(1993).

186. R. F. Phalen and D. V. Bates, Inhalation Toxicol. 7,
1 (1995).

187. J. Schwartz, D. W. Dockery, L. M. Neas, Air Waste
Manage. Assoc. 46, 927 (1996).

188. R. F. Phalen, Inhalation Studies: Foundation and
Techniques (CRC Press, Boca Raton, FL, 1984).

189. A. S. Kao and S. K. Friedlander, Inhalation Toxicol.
7, 149 (1995).

190. W. F. Rogge, M. A. Mazurek, L. M. Hildemann, G.
R. Cass, B. R. T. Simoneit, Atmos. Environ. 27A,
1309 (1993).

191. S. N. Pandis, A. S. Wexler, J. H. Seinfeld, J. Phys.
Chem. 99, 9646 (1995).

192. B. J. Turpin, J. J. Huntzicker, S. M. Larson, G. R.
Cass, Environ. Sci. Technol. 25, 1788 (1991).

193. K. T. Whitby and G. M. Sverdrup, Adv. Environ. Sci.
Technol. 10, 477 (1980).

194. The authors are grateful to a number of granting
agencies and individuals who have provided lead-
ership and support to the atmospheric chemistry
community, including NSF; the U.S. Department of
Energy; the U.S. Environmental Protection Agency;
the California Air Resources Board; the National
Institute of Environmental Health Sciences; The Re-
search Corporation; and especially J. Moyers, J.
Hales, R. Patterson, J. Holmes, G. Malindzak and

ARTICLES

www.sciencemag.org z SCIENCE z VOL. 276 z 16 MAY 1997 1051



the late R. Carrigan. We are also grateful to many
colleagues at the Statewide Air Pollution Research
Center at the University of California, Riverside; the
Departments of Chemistry and Earth System Sci-
ence at the University of California, Irvine; and the
California Air Resources Board.We thank T. Nielsen,

J. Johnson, J. Seiber, A. R. Ravishankara, M. O.
Andreae, and P. J. Crutzen for helpful discussions;
B. T. Jobson and D. Kley for permission to repro-
duce figures from their papers; J. Arey and R. Atkin-
son for helpful comments on themanuscript; andM.
Minnich for assistance in its preparation.

Atmospheric Aerosols:
Biogeochemical Sources and
Role in Atmospheric Chemistry

Meinrat O. Andreae and Paul J. Crutzen

Atmospheric aerosols play important roles in climate and atmospheric chemistry: They
scatter sunlight, provide condensation nuclei for cloud droplets, and participate in
heterogeneous chemical reactions. Two important aerosol species, sulfate and organic
particles, have large natural biogenic sources that depend in a highly complex fashion
on environmental and ecological parameters and therefore are prone to influence by
global change. Reactions in and on sea-salt aerosol particlesmay have a strong influence
on oxidation processes in the marine boundary layer through the production of halogen
radicals, and reactions onmineral aerosolsmay significantly affect the cycles of nitrogen,
sulfur, and atmospheric oxidants.

Over the past decade, there has been in-
tense interest concerning the role of aerosols
in climate and atmospheric chemistry. The
climatic effects of aerosols had already been
recognized in the early to mid-1970s [for a
review, see (1)], but the focus of scientific
attention shifted during the 1980s to the
impact of the growing atmospheric concen-
trations of CO2 and other “greenhouse” gas-
es. Scientific interest in the climatic role of
aerosols was rekindled after the proposal of a
link between marine biogenic aerosols and
global climate (2). This proposal, which was
originally limited to the effects of natural
sulfate aerosols, triggered a discussion about
the role of anthropogenic aerosols in climate
change (3), which led to the suggestion that
they may exert a climate forcing comparable
in magnitude, but opposite in sign, to that of
the greenhouse gases (1, 4).

The main sources of biogenic aerosols are
the emission of dimethyl sulfide (DMS) from
the oceans and of nonmethane hydrocarbons
(NMHCs) from terrestrial vegetation, fol-
lowed by their oxidation in the troposphere
(1). Carbonyl sulfide (COS), which has a
variety of natural and anthropogenic sources,
is an important source for stratospheric sulfate
aerosol (5) and therefore indirectly plays an
important role in stratospheric ozone chemis-
try (6). These sources are susceptible to
changes in physical and chemical climate:
The marine production of DMS is dependent

on plankton dynamics, which is influenced by
climate and oceanic circulation, and the pho-
toproduction of COS is a function of the
intensity of ultraviolet-B (UV-B) radiation.
Air-sea transfer of DMS changes with wind
speed and with the temperature difference
between ocean and atmosphere. The amount
and composition of terpenes and other bio-
genic hydrocarbons depend on climatic pa-
rameters, for example, temperature and solar
radiation, and would change radically as a
result of changes in the plant cover due to
land use or climate change. Finally, the pro-
duction of aerosols from gaseous precursors
depends on the oxidants present in the atmo-
sphere, and their removal is influenced by
cloud and precipitation dynamics. Conse-
quently, the fundamental oxidation chemistry
of the atmosphere is an important factor in
the production of atmospheric aerosols. In
turn, aerosols may also play a significant role
in atmospheric oxidation processes.

The oxidation efficiency of the atmo-
sphere is primarily determined by OH rad-
icals (7, 8), which are formed through
photodissociation of ozone by solar UV
radiation, producing electronically excited
O(1D) atoms by way of

O3 1 hn (l & 320 or 410 nm)

3 O(1D) 1 O2 (1)

where hn is a photon of wavelength l, and
by

O(1D) 1 H2O3 2 OH (2)

Laboratory investigations have shown that
reaction 1 can occur in a spin-forbidden
mode at wavelengths between 310 and 325
nm (9), and even up to 410 nm (10). In the
latter case, calculated O(1D) and OH for-
mation at low-sun conditions at mid-lati-
tudes will increase by more than a factor of
5 compared with earlier estimates (8). Glo-
bally and diurnally averaged, the tropo-
spheric concentration of OH radicals is
about 106 cm23, corresponding to a tropo-
spheric mixing ratio of only about 4 3
10214 (11). Reaction with OH is the major
atmospheric sink for most trace gases, and
therefore their residence times and spatial
distributions are largely determined by their
reactivity with OH and by its spatiotempo-
ral distribution. Among these gases, meth-
ane (CH4) reacts rather slowly with OH,
resulting in an average residence time of
about 8 years and a relatively even tropo-
spheric distribution. The residence times of
other hydrocarbons are shorter, as short as
about an hour in the case of isoprene
(C5H8) and the terpenes (C10H16), and
consequently, their distributions are highly
variable in space and time.

Reliable techniques to measure OH
and other trace gases important in OH
chemistry have recently been developed
and are being used in field campaigns,
mainly to test photochemical theory (12).
However, because of their complexity they
cannot be used to establish the highly
variable temporal and spatial distribution
of OH. For this purpose, we have to rely
on model calculations, which in turn must
be validated by testing of their ability to
correctly predict the distributions of in-
dustrially produced chemical tracers that
are emitted into the atmosphere in known
quantities and removed by reaction with
OH (such as CH3CCl3 and other halogen-
ated hydrocarbons) (13). Distributions of
OH derived in this way (Fig. 1) can be
used to estimate the removal rates and
distributions of various important atmo-
spheric trace gases, such as CO, CH4,
NMHCs, and halogenated hydrocarbons.
In the tropics, high concentrations of wa-
ter vapor and solar UV radiation combine
to produce the highest OH concentrations
worldwide, making this area the photo-
chemically most active region of the at-
mosphere and a high priority for future
research.

Especially because of its role in produc-
ing OH, ozone (O3) is of central impor-
tance in atmospheric chemistry. Large
amounts of ozone are destroyed and pro-
duced by chemical reactions in the tropo-
sphere, particularly the CO, CH4, and
NMHC oxidation cycles, with OH, HO2,
NO, and NO2 acting as catalysts. Because
emissions of NO, CO, CH4, and NMHC
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