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Atmospheric chemistry

R. P. Wayne

This paper reviews some topics in al-
mospheric chemistry that have aroused
interest or in which substantial progress
has been made recentdy. Inorder to
place the material in context, the carlier
sections of the paper present the un-
derlving principles of atmospheric
physics and chemistry. Amongst the
stubjects treated are ozone inthe strato-
sphere, and the possibility that man’s
activities might interfere with the
amount present. The Antarctic ozone
ole” seems to be a consequence of
man’s release of chlorine-containing
compounds, and current interpreta-
tions of the phenomenon are pre-
sented. Tropospheric chemistry in-
volves the oxidation of organic and
inorganic "fuels’. Pollution of the tropo-
sphere provides more of these fuels;
photochemical smog results from en-
hanced oxidation of organic com-
pounds, while acid rain is a conse-
quence of the oxtdation of inorganic
nitrogen and sulphur compounds.
Combustion processes involving fossil

fuels are implicated in many of the

worst kinds of pollution that man
inflicts on the atmosphere. Increased
radiation trapping by additional
burdens of trace gases makes up the
‘greenhouse effect’ that is currently the

subject of much debate. In this review,
the question of greenhouse heating is
briefly considered in relation to the
more general aspects of atmospheric
chemistry.

Certain threads run through the
whole of this paper. An attempt is
made to present a unified view of ar-
mospheric chemistry, in which a few
basic principles are common to many
of the processes. Rudicals such as OH
and HO», and atoms such as O, are
important intermediates, and the
oxides of nitrogen plav key roles.
Biological processes release many of
the trace gases that make the Earth's
atmospheric chemistry so rich. Con-
cenirations of trace gases in the at-
mosphere are increasing on a relatively
short time-scale, and the overall oxi-
dizing capacity of the atmosphere
seems 1o be changing. Particles in the
atmosphere play an important part in
atmospheric chemistry that must not
be neglected just because of our ig-
norance of the details of the processes.
The paper ends with an illustration of
how the biota could even influence
cloudiness through a combination of
many of the processes previously ex-
plained, including oxidation steps and
chemistry within cloud droplets.

Richard Wayne is a University Lecturer at the Physical Chemistry Laboratory ., South
Parks Road. Oxtord, and Dr Lee’s Reader in Chemistry at Christ Church, Oxtord.
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Introduction

Knowledge of the atmospheres of Earth and the planets has improved
dramatically over recent decades. Investigations of the compositions of the
atmospheres. including the trace gases present, has been greatly facilitated
by the use of satellites, rockets, balloons and aircraft to take instruments

to remote regions of our own atmosphere and to other planets of the solar
system. Alongside this work, laboratory investigations of the mechanisms
and rates of chemical transformations has enabled quantitative interpretation
of atmospheric chemistry. Linking the atmospheric measurements and the
taboratory studies are the so-called models, which provide numerical simula-
tion of the chemistry and physics of the real atmosphere. The speed and
power of modern computers has permitted the development of sophisticated
models that can be used diagnostically to understand the atmospheric obser-
vations and to predict prognostically what future changes the atmosphere
might undergo.

Recent developments in atmospheric chemistry include the startling dis-
covery® ¥ of the *Antarctic ozone hole', a heightened awareness'" of the
importance of surtace phenomena in the Earth’s atmospheric chemistry, and
a growing emphasis™'* on the way in which the composition of the Earth’s
atmosphere is changing. The Voyager 2 spacecraft completed its proposed
odyssey through the solar system by visiting Uranus and Neptune, and our
understanding of the atmospheres of the outermost planets and their satellites
(including Triton) improved immeasurably™" with the encounters. Comet Halley
was investigated in 1986 by an *Armada’ of spacecraft and studies of the “at-
mospheric’ gases in the coma and tail of the comet provided much new in-
sight™" into the composition and chemistry of primitive bodies in the solar
system. Atmospheric science in general, and atmospheric chemistry in par-
ticular, has never been more exciting.

This article cannot hope to cover all the new discoveries and all the new
interpretations. A fuller account can be found in a recent book™" by the present
author. I shall concentrate here on some aspects of the changing composition
of the Earth’s atmosphere. Man's activities, in particular, appear to be leading
to an increase in concentration of trace gases in the atmosphere. The changes
are occurring not on geological time-scales, but at rates reaching the order of
1% annually. Important gases in this respect include methane (CH,). carbon
monoxide (CO). nitrous oxide (N-Q), carbon dioxide (CO,). chlorofluoro-
carbons (CFCs) and some sulphur compounds such as sulphur dioxide (SO;).
Some of the species are a consequence of industrial production or release
(e.g. the CFCs), or the burning of fossil fuels (e.g. CO, and SO,). However,
changes in land use and agricultural practice are also important causes of
increases of gases such as CHy and N>O. Biomass burning is another very
important contributor to the atmosphere of a variety of trace species.

The effects of the changing composition on atmospheric behaviour encom-
pass a considerable range. The oxidizing capacity of the atmosphere may
itself be changing,” and with it the capability of the lower atmosphere to
‘process’ materials released even by natural biological and geological phenom-
ena. As we shall see shortly, the molecule ozone (O-) plays a central role
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in the atmosphere of the Earth. Ozone at altitudes ranging roughly from 15
to 35 km, in the so-called "ozone layer'. shields living organisms on the surface

of the Earth from solar ultraviolet radiation. Much concern exists at present'>*"
about the possible damage to the ozone layer that might follow the release of
chemical species such as the CFCs. Ozone nearer the ground* is less clearly
a triend to the biosphere. It is undoubtedly present in relatively unpolluted
atmospheres. and is an important component of the oxidizing system that
attacks most species which are released from the surface of the continents
and the oceans. However, it is a toxic and noxious substance, harmful to
animal and vegetable life. Elevated concentrations are produced in photo-
chemical reactions! 212228 that follow the release of oxides of nitrogen
and unburned hydrocarbons from automobile engines and industrial com-
bustion processes. and ozone is thus a key component of *photochemical
smog’. Many of the chemical compounds that we will discuss are ‘greenhouse
gases’, i.¢. they trap solar infra-red radiation'” in the lower atmosphere, and
so increase temperatures. Carbon dioxide is particularly important in this
context, but other trace gases'” act synergistically with it in trapping infra-red
radiation. There is a very real risk'® that the global climate could alter signifi-
cantly, probably with adverse social and economic consequences. A further
complication arises in that gases that trap radiation near the ground and lead
to a warming may radiate radiation at greater altitudes and produce cooling.
Reduced temperatures in the ozone layer may, in turn, modify the chemistry
and extent of ozone destruction. It is evident that the multiple feedbacks
between chemical composition, temperature, and the rates of chemical change
must be taken into account.

In this article, 1 shall explore recent progress and discoveries in some of the
areas just described. To put the ideas in context, 1 present first a simplified
view of the basic ideas of atmospheric physics and chemistry that underlie the
interpretations.

Basic ideas of atmospheric physics and
chemistry-=t=

Throughout the altitude regions that concern us in this review—from the
Earth’s surface to approximately 50 km—the major gases of the Earth’s at-
mosphere show a constant composition, and are well mixed. Nitrogen makes
up 78.1% of the mixture in dry air. oxygen 20.9%. and argon 0.93%. all
percentages being expressed by volume. Carbon dioxide makes up (.035%
by volume of the contemporary atmosphere, having increased from about
0.032% in 1960 and 0.028% in the pre-industrial atmosphere. Water vapour
is obviously a variable component of the atmosphere, concentrations ranging
from near-zero to as much as 4% in the humid tropics: a typical concentration is
1% . The quantities of gases in the atmosphere are often expressed as volume
mixing ratios, which are equivalent to the chemists’ mole fractions: for example,
the present-day carbon dioxide mixing ratio is about 350 parts per million by
volume (p.p.m.v.).

The oxygen in the Earth’s atmosphere is something of a surprise. The at-
mospheres of Venus, Earth and Mars appear all to be formed from gases
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released from within the planets, and they might be expected to be rather
similar. In reality, the atmospheres of our neighbours are made up of 95—
97% CO,. The differences between Earth and the other two planets are a
consequence of life on Earth. Photosynthesis is able to convert carbon dioxide
and water to carbohydrate and oxygen. So long as the carbohydrate is buried
(and thus does not oxidize), free oxygen can be liberated. No inorganic process
is known that could produce more than a tiny fraction of the oxygen in the
Earth’s present-day atmosphere, yet photosynthesis is able to generate all the
oxygen in the geologically insignificant time of about 3000 years. The effects
of photosynthesis are evident in diurnal and seasonal fluctuations in atmo-
spheric carbon dioxide concentrations about a mean level: for example, over
continental areas there are seasonal fluctuations, with concentrations reaching a
peak in winter when photosynthetic activity is weakest. The existence of liquid
water on the surface of the Earth, probably throughout the period that life
has been present, means that carbonate rocks have been laid down in which
much of the initial carbon dioxide inventory has been tied up; the oceans
constitute another important reservoir. On hot and dry Venus, where there is
no liquid water, most of the carbon dioxide is in the atmosphere, at a total
pressure of about 90 Earth atmospheres. On cold Mars, much of the carbon
dioxide has condensed on to the surface, and the atmospheric pressure may
be controlled by the vapour pressure of carbon dioxide at the temperature of
the planetary surface.

One further remark is required concerning the unusuai composition of the
Earth’s atmosphere. Along with the major gases are dozens of minor trace
gases, particularly in the lower atmosphere, which are of biological or geo-
logical (e.g. volcunic) origin. Many of these gases are organic or reduced
inorganic compounds that should be readily oxidized'' by the large quantities
of oxygen present. That the disequilibrium is sustained is also a consequence
of biological activity; microbiological processes, in particular, are capable
of generating methane (CHy), hydrogen sulphide (H,S), dimethyl sulphide
({CH3)28) and many other reduced compounds. The disequilibrium corres-
ponds to an entropy reduction which is driven by solar energy and which is
mediated by the biota.

While some aspects of the chemical composition of the Earth’s atmosphere
appear at first sight not to respect the laws of physics and chemistry, those
laws can nevertheless be applied without difficulty™ to explain the physical
behaviour of the atmosphere. Two particular features require our attention
here, the pressure and temperature structure of the atmosphere. The variation
of pressure with altitude follows the Boltzmann distribution law, thermal
randomization competing with the tendency for gravitational settling of the
air molecules. If temperature were constant, the pressure would drop in a
simple exponential manner with altitude (the acceleration due to gravity and
the effective molecular mass of the well-mixed air are essentially constant in
the altitude regions being considered). Temperature changes lead to small
deviations from pure exponential behaviour. The characteristic distance over
which the pressure drops by a factor le is known as the scale height, and it
varies from about 8.5 km for a temperature of 290 K (typical of the surface)
to 6 km at 210 K (typical of an altitude of about 20 km).
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Atmospheric temperature structure is more complex than the pressure struc-
ture, but is extremely important in interpreting some aspects of chemical
behaviour; the structure itself turns out to be partially dependent on chemistry.

The first problem concerns the temperature at the surface of the planet.

A simple thermal equilibrium calculation can be carried out in which the
Stefan-Boltzmann * T * radiation law is used to determine the rate at which
energy is radiated to space. and the rate at which energy is received from the
Sun is obtained from the incoming solar flux and the overall reflectivity (the
albedo) of the planet’s surface, atmosphere and clouds. For the Earth, the
calculation would suggest a surface temperature of about 256 K. However,
the mean surface temperature is measured to be about 288 K. The discrepancy
is explained by the existence of radiation trapping in real atmospheres, a
phenomenon somewhat imprecisely termed'? the greenhouse effect. The in-
coming radiation from the Sun is very roughly characteristic of a black body
with a temperature of about 5780 K, and peaks in the fairly short infra-red
region where the atmospheric gases are relatively transparent. On the other
hand, the Earth’s surface, at a temperature of 250-300 K, emits radiation at
much longer wavelengths, and various components of the atmosphere, es-
pecially water vapour and carbon dioxide, are strong absorbers in this wave-
length region. Radiation re-emitted by the absorbers is immediately absorbed
by other molecules in the vicinity. As a result, infra-red energy is trapped in
the lower atmosphere, and the atmosphere is warmed. Water vapour or carbon
dioxide on its own would be a much less efficient trapping medium than the
two gases together. The absorption spectrum of each species consists of a
series of discrete bands; radiation could escape to space through the non-
absorbing spectral ‘window’ regions. However, the absorption bands of CO,
match many of the windows in H>O, and vice versa, so that the windows are
effectively stopped up in a synergistic process. The true significance to the
greenhouse effect of other trace gases'” whose atmospheric concentration is
increasing (e.g. CH,, N>O, the CFCs) is that they have further absorptions
that stop up the remaining windows, and thus exert a disproportionate effect
on greenhouse heating of the lower atmosphere. As pointed out in the Intro-
duction, the radiatively active gases have a rather different effect at high
altitudes, where the gases are less dense and are thus optically thin. Emission
of radiation from an infra-red-active molecule is now no longer likely to be
absorbed by a neighbouring molecule, but rather to be radiated to space.
Under these circumstances, there is a cooling of the atmospheric region in
which the gases are present.

With the surfact temperature explained, it is now necessary to examine the
altitude dependence of temperature in the atmosphere. If a hypothetical air
packet is lifted to higher altitudes, it will expand and do work on its sur-
roundings. Accordingly. its temperature must fall, and application of simple
thermodynamics suffices to calculate the magnitude of the decrease with alti-
tude, the adiabatic lapse rate. For a dry atmosphere, this lapse rate would be
9.8 K km™". The presence of condensable vapours in the atmosphere reduces
the lapse rate. because of the latent heat released to the hypothetical air
parcel. The lapse rate for air saturated with water vapour near the surface is
aslow as 4 K km™'; in fact, the average lapse rate on Earth is about 6.5 K km ™.
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Although it is common experience that the air gets colder the higher the
altitude, the temperature does not fall indefinitely. At some aititude, usually
around 15-20 km, the temperature begins to increase again. This increase is
a consequence of absorption of solar ultraviolet radiation by processes that
destroy and generate ozone, and that are intimately bound up with the forma-
tion of the ozone layer. I shall consider the chemistry involved in the next
section. Here Lexplore the physical consequences of the temperature change.

Near the surface, temperature decreases with increasing altitude, and colder
air lies on top of warmer. This is the situation for convection currents to be set
up, and the atmospheric region is named the troposphere (‘tropos’ is Greek
tor "turning’). The ordinary atmospheric wind and weather systems are set up
within the troposphere, and the region is characterized by strong vertical
mixing. However, where the temperature begins to rise again with altitude,
warmer air lies on top of colder, a situation referred to as a temperature
inversion. The atmosphere here is therefore stable, and is characterized by
very small vertical mixing. The region is called the stratosphere (‘stratus’ is
Latin for *layered’). The hypothetical boundary between the troposphere and
the stratosphere is the tropopause. Figure 1 shows a typical temperature-alti-
tude profile for the Earth's atmosphere. in which the two lowest regions are
those just discussed. Above about 50 km, the atmospheric heating becomes
too weak to sustain the temperature inversion, and cooling is once again
observed in the mesosphere; as the figure shows, temperatures finally increase
again at yet higher altitudes. These higher regions are not relevant to this
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Fig. 1. Temperature—altitude profile for the Earth.”® The curve shown represents the mean
structure for latitude 40°N during June.
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review, and will not be discussed further here. The real importance to us of
the different regions is the vertical transport of trace compounds. Within the
troposphere, individual molecules can traverse the entire depth in periods
ranging from minutes to days, while in the stratosphere, the time-scale for
transport is of the order of years. Thus compounds that are injected into the
stratosphere. or that reach it from the troposphere, are not quickly removed
physically, and they can remain available for long periods to participate in
chemical changes. An interesting feature of the transport of chemical sub-
stances to the stratosphere from the troposphere is that they must pass the
lowest temperature point of the tropopause., which thus acts as a “cold trap’
and can remove condensable materials. This cold-trap behaviour is of para-
mount importance for water vapour: the stratosphere is relatively dry. and
much of the water vapour found there is the product of in-sitie oxidation of
non-condensable precursors such as methane.

Chemical changes in the Earth’s atmosphere are generally driven by the
absorption of ultraviolet (and, to a lesser extent, visible) radiation from the
Sun. The atmosphere is often regarded as a giant photochemical reactor. The
photon energy of electromagnetic radiation is inversely proportional to the
wavelength. In general, the shorter wavelength radiation is absorbed highest
in the atmosphere, so that the highest altitudes are also characterized by the
highest energy processes. lon formation, for example, is very important in
all regions above the stratopause (c. 50 km). Below the stratopause, photo-
dissociation of molecules to smaller fragments. including atoms and free rad-
icals, becomes the dominant photochemical process. Molecular oxygen, O-,
is of special interest because it absorbs ultraviolet radiation at much longer
wavelengths than any other major constituent of the atmosphere: it absorbs
quite strongly for wavelengths (\) shorter than 220 nm, and continues to absorb
more weakly at longer wavelengths. Oxygen thus plays a very important role
in determining the penetration of the shorter wavelength radiation through
the stratosphere and below. As we shall see in the next section, the absorption
of ultraviolet radiation by oxygen is also the critical step in the formation
of ozone (O3) which itself absorbs ultraviolet radiation strongly in the
wavelength region 200-300 nm. The atoms and radicals formed by various
photodissociation processes in the stratosphere and the troposphere are
able to initiate further (thermal) secondary chemical reactions, and it is this
suite of processes™ that effects the important atmospheric chemical trans-
formations.

Although the picture of the atmosphere as a giant photochemical reactor is
a useful one, it is also essential not to forget the part that atmospheric dynamics
and transport play in redistributing chemical species. Horizontal motions can
transport chemical species over large distances from where they are released
from the surface or produced in the atmosphere, and vertical motions not
only allow substances released from the surface to mix with the bulk atmo-
sphere, but they also transport photochemical products and intermediates
from those altitude regions in which they are formed. The weak vertical motions
in the stratosphere mean that this redistribution is relatively slow. although
still important, in that region. Transport across the tropopause is inhibited.
Nevertheless, species from the troposphere do reach the stratosphere, and.
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conversely, some stratospherically generated species, such as ozone, can be
transported down to the troposphere.

One further general feature of atmospheric chemistry is that many of the
processes are cyclic. Production and loss of atmospheric constituents have to
be balanced if concentrations are not to vary. To a first approximation, the
system of land, sea and air is a closed one (although a small amount of material
enters the atmosphere from space and other material escapes to space).

The conservation of the quantities of each chemical element means that if a
species appears in the atmosphere {at a rate which must be matched by its
disappearance to maintain the balance), then the elements must be passing
through a series of cyclic chemical (or physical) transformations. The major
elements such as carbon, oxygen. nitrogen and sulphur each have their own
balanced cycle. For example, one step in the carbon cycle is the uptake of
CO, by photosynthetic plants and micro-organisms, and the release of CO;
as a result of fermentation, respiration and decay. Ozone chemistry in the
stratosphere is another example of a cyclic process: ozone (O3) is formed
photochemically from O, while destruction of O ultimately yields O,. As
we shall see shortly, the details of the process may be complex, but it is still
cyclic. Greater insight into the chemistry of the atmosphere can always be
gained by examining the changes to find out which parts are cyclic.

Ozone in the stratosphere>

If compressed to the pressure at sea level, the ozone in the stratospheric
layer would make up a column only 3 mm thick, but our existence on Earth,
and our survival here. depend on that ozone. Living cells all contain proteins
and nucleic acid, and these compounds would be destroyed by ultraviolet
radiation from the Sun. Ozone is the only atmospheric filter for much of this
radiation, although oxygen itself is effective at the shorter wavelengths. Without
oxygen there would be no ozone, so that the oxygen in our atmosphere is
critical to life because of the filtering of damaging ultraviolet radiation. One
present concern is that man’s activities might jeopardize the amount of ozone
present in the stratosphere, and that the increased penetration of ultraviolet
radiation to the Earth’s surface might have untoward consequences,” such as
an increased incidence of skin and other cancers, and the suppression of the
immune systems of living creatures. Figure 2 shows typical measured
concentrations of ozone in the atmosphere, expressed both as absolute
concentrations and as mixing ratios. Bearing in mind that the ordinate is a
logarithmic scale, the sharply layered structure becomes very evident.

The basic ideas of the chemistry of ozone in the Earth’s atmosphere were
suggested by Sydney Chapman in 1930. The essential chemical steps in
Chapman’s scheme were

O,+hv - O +0 (1)
O +0, —» Oy (2)
O;+hy - O +0, (3)
O +0; - 0,4+ 0,. 4)
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Fig. 2. Variation of atmospheric ozone concentration with altitude, expressed as an
absolute number density and as a relative mixing ratio. (From Stratospheric Ozone
1988, HMSO, London 1988.)

In these equations, the symbol *hv’ represents a photon of ultraviolet radiation,
in accordance with normal chemical nomenclature. The first of these steps is
the dissociation of oxygen by sunlight to form atomic oxygen, while the second
is the addition of atomic oxygen to molecular oxygen to form ozone (a ‘third
body’, not shown in the equation, is needed to stabilize the newly formed
molecule). Reaction (3), which is the photodissociation of ozone, converts
ozone back to atomic and molecular oxygen, and is thus essentially the reverse
of reaction (2). Reaction (4) destroys an oxygen atom and an ozone molecule.
Because reactions (2) and (3) interconvert O and O; (rapidly in much of the
stratosphere), it is often convenient to consider the two species as making up
the ‘family’ of ‘odd’ oxygen (i.e. O;, O3, but not O,). Odd oxygen is formed
only in reaction (1), and destroyed only in reaction (4), and it is these two
reactions that determine the balance between production and loss of ozone,
and thus the amount of ozone in the atmosphere, in Chapman's scheme.

The existence of ozone as a layer in the atmosphere is readily understood.
Reaction (1) requires the presence both of photons of ultraviolet radiation and
of molecular oxygen to be dissociated. High up in the atmosphere, there are
plenty of photons (i.e. there is a high intensity of radiation) from the Sun, but
little oxygen. Low down, there is much oxygen, but the radiation has already
been filtered out by the absorbing oxygen that lies in between. In neither the
very high nor the very low altitude regions, therefore, is ozone production
favoured. At some intermediate altitude, which turns out to lie between 15
and 40 km, there is a compromise between solar ultraviolet flux and molecular
oxygen density, and the ozone layer is formed in this region. It is also the
solar energy absorbed in the photochemical reactions (1) and (3), and liberated
in the exothermic processes (2) and (4), that is largely responsible for the
heating that gives rise to the temperature inversion characterizing the strato-
sphere.

The simple *oxygen-only’ scheme of Chapman explains why a layer of ozone
should be formed, and generally predicts the right shape for the altitude
profiles shown in Fig. 2. However. laboratory data on the rates of the pro-
duction and loss processes can be used to predict the absolute concentrations
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of ozone expected, and if these calculations are performed, it is found that
the predicted concentrations exceed those actually measured by a factor of
roughly five. It is as though the rate of reaction (4) must be five times greater
than the laboratory determinations say it is.

The key to the apparent discrepancy in calculated and measured ozone
concentrations is the occurrence of reactions that destroy ozone in addition
to reaction (4). The processes are chain reactions that are propagated by
atoms and radicals derived from trace constituents of the atmosphere. The
chain carriers are regenerated. and the overall change still corresponds to the
removal of one O atom and one O3 molecule, so that we are dealing with a
catalytic destruction of O;. The idea is summarized by the scheme

X+0; — XO+O0, (5)
0+X0 - 0, +X (6)
0+0; > 0,+0, Net. (4)

For the purposes of writing this scheme, the catalyst has been called simply
*X'. But what is * X" in reality? Several catalytic families have been identified.
Some of the most important cases are X = OH, the hydroxyl radical, in which
case XO = HO:, the hydroperoxyl radical; X = NO, nitric oxide, so that

XO = NOa,, nitrogen dioxide; and X = Cl, atomic chlorine, with XO = ClO,
the chlorine monoxide radical. Side reactions break, or terminate, the chains,
but even so, one *X" can destroy up to 100,000 O; molecules. All three cycles,
and especially the first two, occur in the natural atmosphere, dominating the
loss of ozone, and controlling its concentration in the stratosphere. Precursor
molecules are converted into the catalytically active radicals: for example,
methane and water vapour can be converted to OH., and nitrous oxide, N-O,
can be converted to NO. Both methane and nitrous oxide are produced in
enormous quantities by micro-organisms, so we see how the biota can control
both production and loss of ozone. Natural precursors of Cl and ClO do
exist, but they are dominated by man’s contribution of chlorine in the form of
the CFCs. Laterin this review, I shall examine the possibility that man’s
activities can release significant quantities of catalytically active compounds,
and thus thin the protective ozone layer. For the present, I shall turn to the
fundamentals of chemistry in the troposphere.

Tropospheric chemistry'*+

About 90% of the total atmospheric mass resides in the troposphere. and the
bulk of the minor trace gas burden is also found there. Literally hundreds of
chemical species are present' in the troposphere. Chemical change in the
troposphere usually involves the conversion of fully or partially reduced sub-
stances to more oxidized forms, and, in many cases, the chemistry resembles
that of a low-temperature combustion system. The oxidant is ultimately oxygen,
of course, and the fuels are the reduced compounds that are released from
the biosphere or from volcanic and other emanations from within the Earth
itself. Methane. for example. is produced by enteric fermentation in ruminant
animals. in emissions from swamps, bogs and rice paddies, by termites, and
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