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About three decades ago, it was reported
that a correlation existed between wet
winters in San Francisco and episodes 
of air pollution the following summer.
Wet winters, it was hypothesized, led 
to greater plant growth, with an associ-
ated rise in natural, or biogenic, emis-
sions. These biogenic emissions, it was
held, caused the increase in air pollution. 

This hypothesis generated many head-
lines and cartoons along the lines of
“Forests unsafe to walk in!” and “Trees
are the source of air pollution.” The idea
that natural emissions were at fault for

air pollution flew in the face of abun-
dant evidence that human activities, par-
ticularly fossil-fuel combustion, are the
source of air pollution. 

The combustion of fossil fuels gener-
ates nitrogen oxides (nox)–which in-
clude nitric oxide (no) and nitrogen di-
oxide (no2)–as well as particles, organ-
ic compounds, and sulfur dioxide (so2).
Amounts produced vary, depending on
the nature of the particular fuel and the
combustion conditions. While these ini-
tial emissions, or primary pollutants, are
harmful, the greater threat comes from
the chemical transformations that the
primary pollutants undergo in air. These
reactions form pollutants that are often
more toxic than are primary pollutants,
and certainly more wide-ranging in their
impacts. These ‘secondary pollutants’
include ozone (O3), acids such as nitric
and sulfuric acids, and new aerosol par-
ticles.

Ozone damages agricultural products,
weakens ecosystems, and causes materi-
als such as those made of rubber to dete-
riorate. In fact, in the past, one way of
measuring ozone was to count the num-
ber and depth of cracks formed per hour
in a stretched rubber band suspended in
air. The damage ozone inflicts on health
has been particularly well documented.
As a result, air quality standards (aqs)
for ozone, set to protect public health,
have become more stringent, as evidence
of the harmful effects of ozone at lower
atmospheric levels has accumulated.
While ozone produced in natural cycles
in the upper atmosphere acts as a shield
against ultraviolet light from the sun,
ozone in the lower atmosphere, where
people live, is a highly toxic pollutant.
The current U.S. federal aqs for ozone 
is 80 parts per billion (ppb) over eight
hours.

Particulate matter, especially those
particles with a diameter of 2.5 microns
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and smaller (pm2.5), is of particular 
concern because it penetrates deep into
the respiratory system. Epidemiologi-
cal studies show pm2.5 increases mor-
tality, despite the extremely small size 
of the particles, whose diameters are less
than about 1 percent of the diameter of 
a human hair. Moreover, a recent study
showed that pm2.5 had negative effects
on lung development in children living
in Southern California. 

Nitric and sulfuric acids are also ma-
jor secondary pollutants, and nitric acid
has a negative correlation with lung de-
velopment in children as well. These
acids, furthermore, are responsible for
acid rain and can be taken up into fogs
and clouds. Indeed, the fog in Southern
California some years ago was found to
have an acid concentration about ten
thousand times higher than unpolluted
rainwater or fog. 

How do these secondary pollutants
originate? Nitrogen oxides and volatile
organic compounds (voc) drive the 
formation of a whole host of secondary
pollutants–including ozone, acids, and
pm2.5–through a complex set of chemi-
cal reactions in air that require sunlight.
In the course of this chemistry, reactive
intermediates are generated that also
convert sulfur dioxide to sulfuric acid
and sulfate particles. These are suf½-
ciently long-lived to be distributed over
a large geographical area, thus having
not only local and regional impacts, but
global ones as well. 

The voc category encompasses literal-
ly thousands of compounds. These in-
clude anthropogenic emissions–such as
those from incomplete fossil-fuel com-
bustion, solvent use, etc.–and biogenic
emissions from plants. The rate with
which each compound participates in
the chemical cycles with nitrogen oxides
in air depends on its particular chemical
structure, and can vary many orders of

magnitude from one compound to
another. As it happens, many of the 
biogenic species are not only volatile 
but also highly reactive. For example,
pinene, which gives pine forests their
wonderful odor, reacts quickly in sun-
lit air when nitrogen oxides are present
(and they usually are) to generate ozone
and associated air pollutants. Many of
the biogenics then react further with 
the ozone itself to generate additional
gaseous and particulate air pollutants. 
It is this chemistry that led to the hy-
pothesis of a connection between wet
winters and summer air pollution many
years ago.

So, are plants responsible for smog?
Absolutely not. The critical ingredient is
nitrogen oxides, which is formed when
air is heated during fuel combustion. 
At these high temperatures, nitrogen,
which makes up the majority of mole-
cules in air, reacts with oxygen to form
nitric oxide and smaller amounts of ni-
trogen dioxide. Once emitted into the
environment, nitric oxide is converted 
to form more nitrogen dioxide (this is
where the vocs come in), which then
absorbs sunlight and reacts further with
oxygen to generate ozone. Without the
nitrogen oxides, then, there is no signi½-
cant anthropogenic source of ozone, and
voc chemistry slows down dramatically.
This connection between biogenic and
anthropogenic emissions is intriguing–
and, as it turns out, not at all uncom-
mon.

Measurements of ozone in the lower
atmosphere, taken in a number of loca-
tions around the world, dramatically
illustrate the nitrogen dioxide-ozone
connection. Around about 1850, when
measurements began to be taken, ozone
levels were typically 10 to 15 ppb. Today,
ozone levels, even in the remotest re-
gions of the Earth, are 30 to 40 ppb, a
factor of three to four higher. This dra-
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matic change has been attributed to the
increase in nitrogen oxide emissions re-
sulting from ever-increasing fossil-fuel
combustion. 

Ozone also contributes signi½cantly 
to climate change. While the focus of 
the public debate on climate warming
has been on carbon dioxide (co2), the
most recent Intergovernmental Panel 
on Climate Change report estimates that
ozone’s contribution to climate change
is about 20 percent of carbon dioxide’s.
Particles are another major player in cli-
mate change. They have a direct effect 
in scattering incoming sunlight, and an
indirect effect in changing cloud prop-
erties such as the frequency of cloud 
formation and their lifetimes, both of
which affect the amount of sunlight re-
flected from clouds. Their net effect is
cooling, counteracting in part the warm-
ing by carbon dioxide and the other
greenhouse gases. 

Ironically, this cooling may have par-
tially masked global warming over the
past decades. Updated observations of
the Earth’s climate suggest warming is
taking place faster than expected based
on models and previous measurements.
One hypothesis is that the increase in
combustion of high-sulfur fossil fuels
after World War II led to a global in-
crease in sulfate particles in air, which
through their light-scattering properties
and impact on cloud formation led to
the cooling of the Earth’s surface. At the
same time, this combustion increased
carbon dioxide and other greenhouse
gases such as ozone, which led to warm-
ing. Without the partial counterbalanc-
ing of sulfate particles, global warming
over the past century would have been
signi½cantly larger than observed. And
the fact that climate change now seems
to be happening more rapidly than ex-
pected may be due to the diminishing
counterbalancing effect of particles. Of

course, this is not an argument for in-
creased sulfur dioxide emissions, since
controls that have been instituted have
signi½cantly reduced the impact of air
pollution on health and the environ-
ment.

Another contributor to particle forma-
tion in air is the reaction of some highly
reactive biogenic emissions with ozone.
These reactions produce less volatile
compounds, which either coalesce to
form new particles or end up as deposits
on existing particles to make them larg-
er. The particles formed by oxidation 
of such organic gaseous precursors are
known as secondary organic aerosols
(soa). It has been said that the Smoky
Mountains were so named because of a
persistent haze that may have been due
to light scattering by soa from ozone-
biogenics reactions. 

The formation of particles in urban
and regional pollution episodes is clearly
associated with areas of high fossil-fuel
combustion and anthropogenic emis-
sions. However, measurements of the
carbon isotopes in soa typically reveal
that about 75 percent of the carbon is 
not derived from fossil fuels. In addition,
the amounts of soa measured in a num-
ber of studies are as much as an order of
magnitude larger than predicted based
on measurements of the known gas-
phase precursors to particle formation.
It seems likely that biogenic voc must
be involved in resolving discrepancies.
This again illustrates the close interac-
tions between anthropogenic and natu-
ral emissions. The involvement of voc

in ozone and particulate air pollution
has led to signi½cant controls on anthro-
pogenic voc. However, nitrogen oxides
are the only anthropogenic source of
ozone and ultimately keep the air pol-
lution cycle moving, which suggests 
that even stricter control of nitrogen ox-
ide emissions will be required to meet
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air quality standards for ozone and
pm2.5.

A third example of the intertwining 
of natural and anthropogenic emissions
is the role of sea salt in the air quality 
of coastal marine areas. Sea salt is main-
ly sodium chloride (NaCl), with smaller
amounts of other species such as sodium
bromide (NaBr). Wave action generates
small (typically micron-sized) droplets
of seawater that become airborne and
are carried inland. While most of them
are suf½ciently large that they settle 
by gravity not too far from the source,
many sea salt particles remain suspend-
ed for prolonged times and have been
measured as far as ½ve hundred kilome-
ters inland. Salt particles are also gen-
erated from salt lakes such as the Dead
Sea in Israel and the Great Salt Lake in
Utah.

It is well known from the Nobel Prize
–winning work of F. Sherwood Rowland
and Mario Molina that chlorine atoms
from chlorofluorocarbons destroy ozone
in the upper atmosphere, thus diminish-
ing the shield against ultraviolet radia-
tion. In the lower atmosphere, however,
chlorine atoms actually increase ozone
levels undermost conditions by interact-
ing with the voc-nitrogen oxide chem-
istry. Briefly, nitrogen oxides and nitric
acid react with sea salt particles to gen-
erate gases containing chlorine, which
then react in the presence of sunlight to
produce highly reactive chlorine atoms.
These initiate the voc oxidation that
leads to the nitric oxide to nitrogen di-
oxide to ozone conversion, and does so
much faster than in the absence of chlo-
rine atoms. Models suggest that sea salt
could be responsible for as much as an
additional 12 ppb in the peak ozone con-
centrations in coastal urban areas. Given
that the preindustrial global concentra-
tions of ozone were about 10 to 15 ppb,
and current levels in remote areas are

about 30 to 40 ppb, this is a signi½cant
contribution.

So, does sea salt cause smog, as some
newspaper headlines trumpet when re-
porting on this research? Anthropogeni-
cally produced nitrogen oxides are again
the critical ingredient. However, as is the
case for the interaction of biogenic voc

with anthropogenic emissions, many of
the details of this interaction between
sea salt and fossil-fuel combustion re-
main obscure, and is the subject of cur-
rent laboratory and ½eld studies as well
as computer kinetics modeling.

Air pollution and climate change are
intimately intertwined and must be
treated comprehensively. As part of 
such assessments, both the anthropo-
genic and natural contributions and
their interactions must be measured and
taken into account. It is certainly clear,
however, that one cannot attribute air
pollution and climate change to natural
sources as an excuse to forgo controls 
on emissions from human activities. In-
deed, once the close interrelationships
between human activities and natural
cycles are well understood, the result
may well be that even greater control 
of anthropogenic emissions will be re-
quired to minimize the signi½cant harm-
ful effects of air pollution as well as glob-
al climate change.
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