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ABSTRACT
The field of atmospheric chemistry, which is defined as the chemistry of trace substances
in the troposphere, is reviewed. Trace substances can be present as aerosols or as gases.
Major sources of aerosols are the ocean and industrial activities. The chemical composition
of the aerosol particles is not only determined by their source but also by various processes in
the atmosphere—notably, reactions with gas traces.
Only little is known about trace gases like S0 2 , H 2 S, NH 3 or N0 2 . Of special importance
for meteorology is C 0 2 and its long-term fluctuations. The facts and possible reasons for its
10 per cent increase during this century are discussed.
The last part of the discussion is concerned with the physical processes by which the trace
substances are removed from the atmosphere, primarily the role of precipitation.

1. Introduction
Air chemistry is a relatively new and still modest branch of meteorology. It is concerned primarily with the production, composition, chemical
reactions, and removal of tropospheric constituents, usually present in the very small concentrations of 1 to 100 micrograms per cubic meter.
These constituents are subject to large concentration changes with time and location because of
their short residence time in the atmosphere.
Carbon dioxide will be included here since chemical interactions with the earth's surface and the
biosphere are extensive, although its concentration
is much higher than that of the other constituents,

and therefore the fluctuations are comparatively
small.
Basically, this discussion will be restricted to
the troposphere. With the exception of a few
common constituents such as ozone and nitrous
oxide, the chemical behavior of the troposphere is
different and independent from that of the stratosphere. In the troposphere, for example, trace
substances play a passive role, and their concentration is so small that there is very little probability of their influencing the weather. In the
stratosphere, on the other hand, meteorology is
controlled to a considerable extent by one of the
trace constituents, ozone. Most contaminants in
the troposphere are rapidly removed by rain,
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whereas removal from the stratosphere depends
on photochemistry, sedimentation, or exchange
through the tropopause, processes which are generally slow. Air chemistry in higher layers is
closely related to other branches of geophysics.
It is a rapidly expanding field of research which
entered the age of missiles and satellites under the
new designation of Aeronomy.
Aitken, by his famous work on condensation
nuclei, may be called the founder of air chemistry.
Around the turn of the century, interest in plant
nutrition stimulated many investigations of rainwater composition, particularly for nitrates and
sulfates. Later, bioclimatologists explored the
possible influences of trace substances on man.
This work resulted in numerous determinations of
air concentrations of chloride, sulfate, nitrate,
iodide, and other ions. It was not until after
World War II, when the problems of giant nuclei
in cloud physics and of large-scale radioactive fallout necessitated more systematic and comprehensive investigations, that air chemistry developed
into a well-defined discipline of its own.

sation nuclei found with the Aitken nuclei counter.
The concentration of these Aitken nuclei is generally a few hundred over the ocean and several
thousand over land. This geographical distribution clearly indicates that they are of continental
origin. The majority of them are smaller than
0.1 micron. These facts settle the old question
about the importance of sea-spray particles as
condensation nuclei. In terms of numbers, they
are of little importance, and even over the ocean
the majority of cloud droplets must form on particles of continental origin. Because of their large
average size and their complete solubility, however, the sea-salt particles favor the formation of a
few big cloud droplets and are therefore important
for the initiation of rain in warm clouds.
Other important aerosol sources are mineral
soil particles and all kinds of smokes, the latter
primarily due to human activity. The smokes are
primarily responsible for the numerous Aitken
nuclei. It is obvious that the variety in particle
sources over land will result in a similar variety in
the chemical composition of the continental aerosols. An average of about 80 per cent of the particle material is insoluble mineral dust and tarry
substances from incomplete combustion, or soot.
The rest are soluble salts which enable the particles
to grow with relative humidity, even over land.
Once formed, these particles are subject to
change. In clear air, smaller particles are continuously attached to the larger ones by Brownian
motion. This process is considerably enhanced in
clouds because of the increased aerosol surface.
This is not the only reason why clouds play such
an important role in the modification of natural
aerosols. Since most cloud particles evaporate
rather than fall out as rain droplets, coalescence,
break up of bigger drops, and splintering of the
ice crystals will redistribute the material of the
aerosols, which became attached and then dissolved in the water condensate. Another process
seems to be very important: if air, after filtration
has removed all particles, is cooled on a surface
to condense part of its water content, sulfate is
found in the condensate. The sulfate is formed
by oxidation of S 0 2 in solution. This same process occurs in cloud and fog droplets, and, if these
droplets evaporate, the sulfate will remain with the
residue, increasing the mass and altering the composition of the original condensation nuclei. If
the original particle consisted of calcium carbonate,
an important constituent of mineral dust, or of
sodium chloride, the main constituent of sea spray,
part of it may be converted into calcium sulfate
and sodium sulfate. Traces of ammonia gas,

2. Aerosols
Trace substances in the atmosphere may occur
as gases, liquids, or solid particles. To the meteorologist, particulate material is generally the
most important form of foreign matter in the
atmosphere because of its striking optical effect.
Most investigations, therefore, have been concerned with aerosols. It is a new and important
realization that the concentrations of gases, expressed in micrograms per cubic meter, are usually
much higher than those of aerosols, in both polluted and unpolluted atmospheres.
Of the many sources of aerosols, the oceans are
perhaps the most important, at least in respect to
area. Contrary to previous opinion, sea-spray
particles are not froth from the breaking waves.
They are formed by the bursting of fine air bubbles
as they reach the water's surface. Each wave
produces large numbers of these bubbles. By far
the greatest number of sea-spray particles are
found in the size range between 0.1 and 1.0 microns, but the greatest amount of sea salt is carried by the particles larger than 1.0 micron. Although formed, particles larger than 20 microns
settle so rapidly by sedimentation that they are
only encountered near the source or in very
stormy weather.
The number of sea-spray particles, however, is
much smaller than previously thought—ten per
cubic centimeter at the most, even over the ocean.
This is much less than the total number of conden-
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always present in the atmosphere, will combine to
form ammonium sulfate. Observations have confirmed that sulfate, in combination with ammonium
and calcium, is indeed a major soluble component
of continental aerosols. A startling proof of the
role of sulfate, especially in clean air, is the fact
that, in snow and ice at the center of Greenland,
the concentration of sulfate is higher, by one order
of magnitude, than that of any other soluble constituent, including sodium and chloride from sea
water.
Since most clouds evaporate, an individual particle is likely to act several times as a condensation
nucleus before it is removed by rain. The irreversible conversion of S 0 2 into particulate matter
is therefore repeated through several cycles of
condensation and evaporation of cloud droplets,
resulting in a progressive accumulation of S0 4 .
N 0 2 is another trace gas known to be converted
to particulate material on aerosols. It is only
very recently that this mechanism has been understood. Field measurements on aerosols indicated
that nitrate was found in the same size range as
sea-spray particles. Furthermore, it became evident that nitrate was low in pure continental air
as well as in pure maritime air and was not produced by pollution itself. But it was high when
maritime air came into contact with continental
air rich in N0 2 —that is, along the coast lines of
New England and especially of Los Angeles.
These observations led to the conclusion that nitrate must be formed by the reaction of N 0 2 with
sea-spray particles, a conclusion which was confirmed by laboratory investigations.
A number of other gas traces, some of them only
slightly soluble, are produced in nature, such as
terpenes and other volatile compounds released by
vegetation. Most of these gases have to be converted to particulate matter before final removal
from the atmosphere is possible. It is not surprising, therefore, to find organic compounds in
aerosols and rain all over the world. Because of
their relative abundance, all trace gases constitute
a world-wide reservoir for the formation of new
particulate material.
S 0 2 is also known to be oxidized photochemically by daylight, at a rate of about 0.1 to 0.2 per
cent per hour. This may be the predominating
process of sulfate formation in dry areas. Photochemical processes of conversion to particulate
material are also apt to occur for various other
trace gases, especially in the lower stratosphere
where it may be an important cleaning process in
the absence of clouds.
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3. Trace gases
It is very likely that only a few of the trace
gases present in the atmosphere are known. This
is best reflected by the fact that nitrous oxide was
not detected until 1939, in spite of its relatively
high concentration. Table 1 lists known atmospheric trace gases and their concentration. It is
not known in what form they appear, but gaseous
chlorine and iodine components seem to be present in low concentrations. The earth's surface,
particularly over land, is the predominating source
of most gases, though very little is really known
on this subject. N 0 2 , NH 3 , S0 2 , and H 2 S are
converted to particulate material primarily in the
troposphere and washed out by rain. CO, N 2 0 ,
and CH 4 have their sinks most likely in the stratosphere. Ozone is not produced in the troposphere,
except in certain polluted areas such as in Los
Angeles.
TABLE 1.

Gas

co2
CO
CH4
N2O
NO2
NH 3
o3
so2
H2S

Atmospheric trace gases.

Approximate
concentration
in microgram per
cubic meter

600,000
100 \
1,000J
700
2
3
50
10
10

Source

biosphere
anthropogenic sources
activity of soil bacteria
oxidized NH3 ?
soil
stratosphere
anthropogenic, volcanos
coastal areas of ocean, soil

Each of these gases has, of course, a different
cycle, but only a few of them have been studied.
Some tentative information is available for the
N 2 0 and sulfur cycles. The only cycle which
is fairly well-known is that of C0 2 .
N 2 0 is most likely produced in the soil by the
transformation of nitrogen compounds through
bacterial activity. Since it is a very inert gas, it
spreads widely throughout the troposphere and also
reaches the stratosphere, where it is dissociated by
photochemical action. Estimations indicate that
these sources and sinks can explain the observed
concentrations. The turnover time of N 2 0 is of
the order of 3 yr.
The sulfur cycle is more complicated since two
gases, in addition to particulate material, are involved. It has been estimated that 30 per cent of
the sulfur brought down to the ground by precipitation (after elimination of the "cyclic" sulfate
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fraction in sea-spray particles) is of industrial
origin. This is a considerable fraction and shows
that, for sulfur, air pollution has reached a global
scale. This fact is well demonstrated by some
average figures for the United States, as given in
table 2. These illustrate the extent of the at-

possible fluctuations of C 0 2 are of widespread interest. After compiling all data of C 0 2 measurements, Callendar noticed an increase of about
10 per cent during this century. It must be admitted that some of the available values do not
confirm this trend, but there is reason to regard
them as locally influenced or inaccurate. Unfortunately, the data from the 19th century are too
unreliable to draw any conclusions for earlier
times. Even the 10 per cent increase in this
century is not quite certain, and more systematic
measurements are needed to establish this fact
beyond doubt. The most recent and representative measurements, in Scandinavia, seem to agree
with a persistent increase.
It is now proven that an increase of this magnitude cannot be attributed to the consumption of
coal, oil, and other fuels. The explanation offered
by Callendar was very plausible, since the total
amount of fossil C 0 2 produced up to the present
time corresponds to about IS per cent of total
atmospheric C0 2 . However, absorption by the
oceans and perhaps by the biosphere through
increased photochemistry of plants, etc., would
leave only a fraction of the injected C 0 2 in the
atmosphere, so that it can hardly account for a
10 per cent increase. Recent C14 measurements
have confirmed this by establishing the average
atmospheric residence time of C0 2 . C14, with a
half lifetime of 4500 yr, is constantly produced by
cosmic rays in the lower stratosphere. Its mixing with the atmosphere is comparatively rapid,
but it takes a long time before it penetrates the
oceans. Careful measurements of the C 14 /C 12 ratio in organic matter from the ocean have shown
lower values than in organic material grown on
land, indicating that a turnover of the oceans takes
about 400 yr. With the known ratio of the total
oceanic C 0 2 to atmospheric C0 2 , this gives an
average atmospheric residence time of about 7 yr.
There is another way by which this result can
be checked. The release into the atmosphere of
fossil C0 2 , which no longer contains C14, decreases
the C 14 /C 12 ratio. If all the fossil CO, had remained in the atmosphere, this ratio should have
decreased by about 10 per cent. Comparison of
recent plant material with that of the last century
indicates a decrease of only 2 per cent, which is in
agreement with a residence time of about 7 yr.
Although these results show that only 20 per
cent of the total C0 2 increase can be due to human
activities, the injection of fossil C 0 2 into the
atmosphere will become an important issue if the
energy requirements grow at the present rate and
if atomic power is only used to a limited extent.

TABLE 2.

Some figures for S0 4 for the United States.
tons/year

Total amount of SO4 brought down by rain
over the U. S.
Total amount of S0 4 brought down by rain
over the U. S. after subtraction of sea
spray S0 4

0.9 X 107

Total U. S. consumption of sulfur calculated
as SO4

1.5 X 107

Total U. S. production of sulfur calculated
as S0 4

1.9 X 107

Total estimated U. S. emission of sulfur into
the atmosphere by fuel consumption and
other industrial processes

2.6 X 107

1.1 X 107

mospheric sulfur cycle, compared to industrial
activities. It can be seen that, for the United
States, the total amount of S 0 4 in rain is almost
equal to the total consumption. Most of the sulfur
emitted over the United States is removed by the
atmosphere and precipitated elsewhere.
It appears that S 0 2 has an average atmospheric
residence time of only a few days and is therefore
removed rather rapidly. This is confirmed by
measurements of the S 0 4 concentration in ice
samples from the Greenland ice cap, which do not
show an increase over the last 40 yr, as would
be expected from industrial development, if the
emitted S 0 2 spread to these latitudes.
Most of the natural sulfur is obviously present
as H 2 S, the concentrations of which are little influenced by human activities. The industrial sulfur emission occurs primarily as S 0 2 . It is not
known if there are any considerable natural S 0 2
sources other than volcanos. Because a considerable fraction of the total sulfur, especially in unpolluted areas, is present as H 2 S, which is less
readily removed than S0 2 , the turnover time for
all atmospheric sulfur is of the order of 40 days.
4. Carbon dioxide
Most important of all tropospheric gases, for
meteorology, is C0 2 . Along with water vapor, it
controls the heat budget of the earth. Calculations
indicate that a change of 10 per cent in concentration may result in a change of 0.37C in the temperature of the earth's surface. For this reason,
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The U. N. estimates that, during the first decade
of the next century, fossil fuel combustion could
produce a yearly amount of C 0 2 equal to 20 per
cent of that now in the atmosphere. Revelle and
Suess state that "Human beings are now carrying
out a large-scale geophysical experiment of a kind
that could not have happened in the past nor be
reproduced in the future. Within a few centuries
we are returning to the atmosphere and oceans the
concentrated organic carbon stored in sedimentary
rocks over hundreds of millions of years. This
experiment, if adequately documented, may yield
a far reaching insight into the processes determining weather and climate."
Of all possible reasons so far mentioned in the
literature offering explanation of the 10 per cent
increase, none seem satisfactory. The most likely
are a slight rise in ocean temperature which influences the C 0 2 partial pressure in air and/or
a change in the amount of organic material present
in the ocean and particularly on land. The considerable increase in cultivated areas, for instance,
and the corresponding decrease in the area of
forests would indeed have resulted in a release to
the atmosphere of considerable amounts of C0 2 .
However, this release of C0 2 , as a single source,
is unlikely to account for the whole effect. Perhaps the observed increase is the result of several
effects. The extensive observations of C0 2 during
the IGY should provide, in the not-too-far future,
a solution to this important meteorological
problem.
5. Precipitation chemistry
The chemistry of precipitation has recently become an active field of study. The important
question involved is the removal rate of toxic material from the atmosphere on a global basis.
Prior to atomic tests, air pollution was a local
problem. What happened to the huge amounts
of industrial waste injected into the atmosphere,
other than local concentration, or how nature
managed to keep the atmosphere clean, was of
no concern. This became a vital problem, however, after world-wide contamination with dangerous fission products ensued. It is now generally accepted that rain is the predominant mechanism of removal. But precipitation is fairly
selective. Gases cannot be removed directly unless
they are very soluble or converted into particulate
matter. From the broad spectrum of particle
sizes, the largest and the smallest are the most
easily washed out, whereas particles around 0.1
micron can stay in the atmosphere much longer.
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It is not yet possible to calculate quantitative
values for the various global residence times.
The efficiency with which clouds and rain clean
the atmosphere is amazing. This can best be
demonstrated by comparing atmospheric residence
times of constituents with that of water, the cleaning agent. Water has an average residence time
of 10 days. Sea spray and S 0 2 seem to have
residence times of only once or twice this value,
radioactive debris has up to three times, and total
sulfur has up to four times that of water.
The importance of the rain as the main mechanism for removal becomes obvious by the fact that,
in the absence of precipitation, the average residence times of trace constituents are much higher,
such as in the stratosphere, where values of 5 to
10 yr are established. In other words, if there
were no rain in the troposphere, the concentration
of various constituents would probably increase by
two orders of magnitude.
The removal by clouds and rain is a complex
mechanism. It would be most desirable to know
the residence times of aerosols as a function of
such parameters as particle size and composition,
vertical distribution, type of cloud, and precipitation. To obtain this information, considerable research will be needed. Up to the present, only a
few basic facts have become evident. Contrary to
widespread opinion, most of the material is removed from within the clouds, and not from below,
by the falling raindrops. Also, over longer periods,
the removal of material is generally proportional
to the amount of precipitation. These statements,
however, are valid only if there is a fairly uniform
distribution of the constituents throughout the
troposphere. This is the case for most long-life
fission products and also for sea-salt particles in
the center of continents.
The residence times mentioned above are, of
course, still long, compared to the speed of circulation. They indicate that aerosols can easily
travel around the earth before removal. In air
chemistry one has to think, therefore, in global
scales when geographical distribution is involved.
This was not always considered in the past; various authors thought to deal with pure maritime
air when they were some hundred miles off the
coast. Considerable amounts of reddish mineral
dust were collected, for instance, in the Florida
trade winds during the summer of 1954, and it
was not possible to trace it down to any other
source than dust storms in the Sahara. On the
other hand, sea-spray particles can penetrate, without too much loss, far into large continents, the
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decrease in concentration near the ground being
primarily due to vertical mixing.

materials, important for the question of worldwide fallout and the general circulation of the
atmosphere, are closely related to the problems
discussed here but will be reviewed elsewhere. A
new and fascinating subject in air chemistry is
the study of stratospheric aerosols. Very little is
known at the moment. But important information
on the exchange mechanism between troposphere
and stratosphere, slow circulations in the stratosphere, and the rates of influx of extraterrestrial
material and its properties can be expected from
these studies. Success of the growing efforts in
this field may prove to be of considerable value
to meteorology, geophysics, and astrophysics as
well.

6. Other and new fields in air chemistry
Other and no less important fields which belong
to air chemistry, or are at least closely related to
it, can only be mentioned here for the sake of
completeness. The variation in concentration of
such isotopes as 018, deuterium, and tritium in
water, for instance, depends in an interesting way
on the history of the water in the atmosphere and
hydrosphere and has been applied successfully
to cloud physics and hydrology. The distribution
and circulation of natural and artificial radioactive

NEWS

AND

NOTES

Notes on the Skyline Conference
The Division of Mathematics of the National Academy
of Sciences—National Research Council sponsored a
Conference on the Design and Conduct of Research Programs in Weather Modification, with the support of the
National Science Foundation, on May 1-3, 1959. A group
of thirty scientists attended the Conference at Big Meadows Lodge located on the Skyline Drive of the Shenandoah National Park, Virginia, approximately 80 mi
southwest of Washington, D. C.
The locale and organization of the Conference was patterned somewhat after the well-known Adirondack Conference conceived by Dr. Vincent J. Schaefer, the first
of which was conducted in New York State in October,
1957. The Skyline Conference was under the general
chairmanship of Dr. Samuel S. Wilks, Chairman, Division of Mathematics, NAS-NRC. The group consisted
of meteorologists and statisticians invited from many
parts of the country to explore the application of statistical methods to meteorological research programs in
weather modification, to review and examine the problems which require solution, and to discuss approaches
which might be most fruitful in arriving at solutions
having a direct and important bearing on the future activities in fundamental research relevant to weather
modification.
During the two and one-half days of the Conference,
the group participated in informal sessions designed to
inform and provoke discussions among the conferees on
various aspects of cloud physics and precipitation, such
as the chemical, physical, and electrical phenomena of
clouds and cloud-free air as well as the statistical evaluation and tests applicable to various cloud physics and
weather-modification programs.
The Friday morning discussion period was guided by
Mr. Glenn W. Brier, during which time a number of
meteorological background topics were discussed by sev-
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eral of the conference participants, ranging from warm
and cold stratus decks and fogs to orographic and nonorographic cumuli, Hatteras and West Coast storms,
hail and lightning suppression, hurricanes, and periodic
seeding.
The next session, held on Friday evening, was devoted
to discussions of the statistical evaluations and tests
which have been made or might be suitable for application to certain research programs. This session, under
the leadership of Dr. Roscoe R. Braham, Jr., raised issues of a scientific and interdisciplinary nature. The
deliberations during this session revealed that both the
meteorologists and statisticians have a considerable collaborative task ahead of them in designing and evaluating
experiments in research programs concerned with weather
modification.
On Saturday, the meteorological and statistical issues
were pursued with renewed vigor under the leadership
of Dr. Max Woodbury and Mr. Eugene Bollay, respectively. In fact, interest in the problems under discussion
was so strong that the participants gave up their free
afternoon period in order that more time could be devoted
to the formulation of conclusions and recommendations
for guidance in the design and conduct of future research
efforts in weather modification.
The final session on Sunday morning, under the dual
leadership of Drs. Wilks and Byers, was devoted to
rounding out the sense of the conference on various major
points, and formulating conclusions and recommendations
which the conferees felt should be the nucleus of a report
to appear in the fall on the proceedings of the conference.
The leaders of the various discussion sessions were assisted by Dr. Arnold Court, Messrs. R. D. Elliott, W. F.
Hall and H. C. S. Thom, each serving as a reporter
during one of the discussion sessions.
One note of sadness to all was that Dr. John W. Tukey,
Princeton University, who guided the planning of the
conference and who was to serve as the General Chairman of the conference, was unable to participate because
of the death of his father on May 1, 1959.
The experience of the Skyline Conference clearly indi(Continued on page 518)
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