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Dr. Charles D. Keeling IUCN-The World Conservation
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Professor, Scripps Institution of Oceanography ~ (Headquartered in Switzerland)
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The 1993 awards ceremony opened with a slide presentation showing the essential beauty of nature and how human
beings are a part of life on Earth.
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His Highness Prince Akishino and Her Highness Princess Kiko attend the
awards ceremony for the 1993 Blue Planet Prize.
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Prince Akishino and Princess Kiko
toast the laureates.

Dr. Holdgate, representing the IUCN, accepts the 1993
Blue Planet Prize.

Professor Takashi Mukaibou, chair-
man of the Presentation Committee,
describes the Blue Planet Prize selec-
tion process.

Jeno C. A. Staehelin (left), Switzerland’s
ambassador to Japan, and Michael A. G.
Michaud, minister counselor for environ-
ment, science and technology at the U.S.
embassy in Japan, listen as His Highness
Prince Akishino addresses the audience.

Seated in the audience during the symposium, which
focused on population-related problems, the winners
add their views on the population debate.



Profile ‘
Dr. Charles David Keeling

Professor, Scripps Institution of Oceanography at the University of California, San Diego

Education and Academic and Professional Activities
1948  B.A., University of Illinois
1953-56 Research Fellow, California Institute of Technology
1954  Ph. D., Northwestern University
1956-64 Assistant Research Chemist, Scripps Institution of Oceanography, University of
California, San Diego
1961-62 Guggenheim Fellow, Meteorological Institute, University of Stockholm
1964-68 Associate Professor of Oceanography, Scrlpps Institution of Oceanography,
University of California
1968  Professor of Oceanography, Scripps Institution of Oceanography, University of
California
1969  Guest Professor, Zweiten Physikalisches Institut of the University of Heidelberg
1981  Half-Century Award of the American Meteorological Society
1986  Fellow, American Academy of Arts and Sciences
1990  Fellow, American Association for the Advancement of Science
1991  Maurice Ewing Medal, American Geophysical Union
Dr. Keeling has also been Scientific Director of the Central Carbon Dioxide Laboratory of the
World Meteorological Organization since 1976.

Dr. Charles D. Keeling is an earth scientist who has conducted pioneering research into car-
bon dioxide levels of the atmosphere and ocean, as well as the global carbon dioxide gas cycle.
The first to recognize the importance of scientifically measuring atmospheric carbon dioxide
levels, Dr. Keeling in 1958 began precise measurements using nondispersive infrared analysis
at the Mauna Loa Observatory in Hawaii and started atmospheric observation at the South
Pole. Continuing his research for more than 30 years, Dr. Keeling has amassed a great deal of
useful data. This long record of atmospheric carbon dioxide levels has provided the interna-
tional scientific community with an invaluable body of data that today forms the basis for an
ongoing discussion of global warming.

Born in 1928 in Scranton, Pennsylvania, Dr. Keeling received his undergraduate degree
from the University of Illinois. In 1954, he earned his doctorate from Northwestern University.
Dr. Keeling joined the Scripps Institution of Oceanography at the University of California, San
Diego, in 1956 and became the Professor of Oceanography in 1968, a title which he holds to
this day.
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Lecture
A Brief History of Atmospheric Carbon Dioxide
Measurements and Their Impact on Thoughts about

Environmental Change

Dr. Charles D. Keeling

Introduction ’ :

More than a few people have wondered why I have spent 40 years focused mainly on a single
chemical molecule; carbon dioxide. I would like to explain to you how it was possible to main-
tain an interest in this simple molecule for so long. I will start by taking you back to the begin-
nings of science when neither this molecule, nor any other molecule, was known to anyone.
Then, after sharing with you some of the early developments of science which led to the dis-
coveries of carbon dioxide and its importance to life and to the Earth’s environment, I will
explain how I more or less accidentally became interested in studying this substance, and inad-
vertently joined a long succession of scientists who have investigated its role in nature.

Early History of Carbon Dioxide

Let us contemplate the world as seen by people living before the birth of modern science. We
can imagine that the most curious among them attempted to understand the nature of air, water,
- and the matter which makes up living plants and animals. For example, people could perceive
that strong winds involved some kind of invisible substance. Perhaps it was the same substance
that caused bubbles under water. But lacking means to probe further into causes, and lacking
any understanding of how matter was made up of tiny molecules, they were unable to make
any great progress in understanding nature better. Thus, they had no real idea of why plants
have leaves, or how climate might be influenced by a changing composition of an atmosphere
made up of individual gases mixed together. Indeed, the notion that climates could change was
not thought about.

Because people then had no idea that plants exchange substances with the air and that
air contains substances that influence climate, the topic which became my life work could not
have been conceived before modern science laid the groundwork for understanding the chem-
istry of gases. Of course, people were free to speculate, and, as an example, Stephen Hales,
born in the late 1600s, asked in an essay on vegetables in 1727 whether the leaves of plants
might not be there because the plants drew some part of their nourishment from the air.

The discoveries which led to an understanding of the nature of air began in 1754 with
the observations in Scotland by Joseph Black, who found that something in air could be pre-
cipitated in water containing lime to make a milky solid material. This substance he called
“fixed air.” It was actually carbon dioxide gas, but he had no idea that it was composed of car-
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Table 1 Early Measurement of CO3 in Air

Approximate Time Mean Concentrations Found
Alexander von Humboldt 1797 circa 1% (10,000 ppmv)
Theodore de Saussure - 1815 ' 596 ppmv
‘ 1827 506 ppmv
1828 447 ppmv
1829 403 ppmv
1830 373 ppmv

Jules Reiset 1870 290 ppmv

bon and oxygen as the modern name implies, because these chemical elements had not yet
been identified.

During the next 30 years, a time shorter than I have been measuring carbon dioxide, the
chemistry of the atmosphere was worked out by the great “pneumochemists,” as they were
called at the time. The discovery was made that liquid water could be separated into two gases,
one of which was a new gas that was called “inflammable air,” but is now called hydrogen. The
other was later called “oxygen.” Soon afterwards that gas was discovered to be part of air,
where it is mixed with a nonreactive gas that later came to be called nitrogen. Fixed air, the gas
discovered by Joseph Black, was shown to consist of oxygen and another element that came
to be called carbon. Lavoisier, who discovered this a short time later, proposed the theory of
oxidation by which elements, in general, combine to form molecular compounds.

With this tantalizing insight into a basic premise of modern chemistry, the discovery of
many more elements and of many chemical reactions soon took place. Meanwhile, other nat-
uralists, led mainly by sheer curiosity as had been the first pneumochemists, began to probe the
process by which plants grow.

Even before Lavoisier had positively identified oxygen as a gas and given it its present
name, an Englishman named Priestly had found that vegetables grown in a confined space
caused the air to change in some way that supported combustion. He thus came close to real-
izing that plants give off oxygen when they grow, although he mistakenly thought the plants
were removing something from the air called “phlogiston.” Soon after Priestly’s discovery, a
Dutchman named Jan Ingen-Housz found that plants do what Priestly discovered only in the
presence of sunlight. In the dark they appeared to “poison” the air, as he said. A Frenchman,
Senebier, further noticed that plants grew better if they were supplied with “poisoned air,”
which he recognized to be not a poison at all but fixed air, that is, carbon dioxide. In 1796
Ingen-Housz then carried Senebier’s idea even further by proposing that the organic matter of
plants comes from the carbon that Lavoisier had found to be part of fixed air; that is, plants
don’t just transform carbon dioxide into some other gas, they utilize part of it, as well. Ingen-
Housz also suggested that this carbon is absorbed by plants through the leaves, not from the
ground as most people had previously supposed. Ingen-Housz cited the evidence of Alexander
von Humboldt that air typically contains 1% carbon dioxide.
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Von Humboldt’s first measurements of carbon dioxide in air were much too high. This
didn’t matter to Ingen-Housz’s theory, but it established a bad precedent. It took many years
before the amount present in the air was correctly measured, as indicated in the summary
shown in Table 1. .

In 1804, Theodore de Saussure showed that water was also an essential chemical in pho-
tosynthesis, combining with carbon to make actual living matter. He also demonstrated more
clearly than Ingen-Housz that the carbon involved in plant growth came from the air. Curious
about the carbon dioxide in the air, he made the first detailed measurements of its concentra-
tion there, measuring it near Geneva, Switzerland, under different wind conditions, different
hours of the day and different months of the year. The mean value that he found was roughly
0.04% by volume, which I will put in modern units as 400 parts per million by volume (ppmv).
This value was much less than von Humboldt had found, but still in considerable error.

De Saussure’s Memoires, published in 1830, nevertheless ushered in a period of increas-
ingly precise measurements of atmospheric carbon dioxide, culminating in some nearly cor-
rect measurements in the 1880s by a Belgian named Jules Reiset. Reiset’s data were the first
to show correctly the seasonal cycle in atmospheric carbon dioxide. These data indicated that
summer values on the Atlantic Coast of Belgium were lower than winter values by about 10
ppmv. This seasonal difference we now know to be due mainly to the uptake of carbon diox-
ide by plants, which gradually reduces the amount of carbon dioxide in the air over the whole
Northern Hemisphere from May to September, and over the Southern Hemisphere from
November to March. Unfortunately, none of the other investigators of carbon dioxide repro-
duced the seasonal cycle even approximately correctly, casting doubt on all of their data.

After the 1880s, interest in carbon dioxide diminished for reasons which I have not
been able to establish. Indeed, a quick and easy but not very precise 19th century technique of
measurement, called Pettenkofer’s Method, became the most common method for measuring
carbon dioxide, so that measurements actually became less precise than the best of those of the
19th century. The 20th century data were generally higher than the correct concentrations,
although of course this wasn’t known at the time.
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In the 1930s, in the midst of this period of low interest in atmospheric carbon dioxide,
a steam technologist named G. S. Callendar made a personal hobby of carbon dioxide. In a
series of papers, he summarized what was known about atmospheric carbon dioxide and its
likely effect on climate. He attempted to select the most reliable measurements from the past
for study. I have plotted these observations in Fig. 1, distinguishing the ones that he considered
most reliable. From these he came to the conclusion that the combustion of coal, along with
the other major fossil fuels, methane and petroleum, was probably responsible for causing
atmospheric carbon dioxide to increase, as the observations indicated. He correctly perceived
that ocean water contains a vast reservoir of bicarbonates and carbonate salts which react
chemically with carbon dioxide. He thus supposed that the world oceans had absorbed some
of the carbon dioxide produced by combustion. However, on the basis of the direct carbon
dioxide observations, he was misled into concluding that the rise in carbon dioxide actually
exceeded the amount that had been added to the air by fuel combustion. His most detailed arti-
cle on the subject was published in 1938 but he contirued to publish articles on the subject until
1958, thus overlapping with my first studies. Indeed, we exchanged letters just before his last’
article was written.

This brings my talk to where I will discuss my own work. From this point on I will call
carbon dioxide by its chemical name, CO». ‘

A Career Measuring Carbon Dioxide

My interest in atmospheric CO> came about quite accidentally. As a student I had studied the
irradiation of polymeric films by high-energy neutrons from a nuclear reactor, a subject hav-
ing little to do with environmental science. After receiving my doctoral degree I decided to
change fields and study geological processes, from the viewpoint of a chemist. At the
California Institute of Technology, in Pasadena, California, my supervisor, Dr. Harrison
Brown, allowed me to choose a topic to study, and I decided to determine how the acidity of
natural waters is influenced by contact with CO, gas in the atmosphere. The rivers and lakes
that I visited all happened to be near forests. As part of my experiments, which began in 1954,
I'measured the pressure exerted by CO2 dissolved in the water, and the amount of CO2 in the
air. Since I didn’t know how: constant the CO> concentrations in air might be, I made mea-
surements every few hours for a day at a time, thus obtaining measurements during both dark
and light periods. Inadvertently I was measuring the diurnal cycle of COz in forest air.

- To carry out my measurements of CO2, I built a manometer, which is a device that mea-
sures the pressure of CO2 gas in a confined volume. By measuring the temperature of the gas
as well as the pressure, and by calibrating the confining volume, the manometric determina-
tion of CO2 gave a higher precision than had been attained previously by chemical methods. I
also similarly measured the quantity of air by the same technique beforehand, and I separated
the CO2 from the air using a new method that I had read about, freezing it out in a trap cooled
with liquid air. :

My first measurements were made with only a brief prior investigation of the scientific
literature. But soon I began to search this literature to learn about atmospheric CO>. I found
out, of course, that it was reported to be quite variable in concentration. For example, only a
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Table 2 CO; Concentration in Different Types of Air (Buch, 1948)

High Arctic: 150 — 230 ppmv
Modified Arctic: 283 —316 ppmv
Maritime Polar: 309 - 345 ppmv
Tropical: 319 — 349 ppmv

ppmv: parts of CO2 per million parts of dry air by volume

short time previously, in 1953, a comprehensive book on the geochemistry of all of the Earth’s
elements was published. The chapter on carbon quoted extensive CO> data by a scientist from
Finland named Kurt Buch. As shown in Table 2, Buch had decided that air from different
regions of the Earth showed characteristic concentrations that varied from below 200 ppmv in
the Arctic, to nearly 350 ppmv in tropical regions. At first I could see no reason to question
these data. |

Neither did Karl Gustav Rossby, a world famous meteorologist who had pioneered -
weather forecasting in America and had recently returned to his native Sweden to establish an
institution of meteorology there. He decided to include chemical measurements in the study of
meteorological processes at his new institute. To do so, he helped to establish a network of
some 50 locations in Scandinavia. Measurements of CO; at these locations began the same
year that I made my first measurements. The Scandinavian data appeared in each issue of a
new Swedish journal of geophysics called Tellus. The measurements evidently confirmed that
large variations of atmospheric CO2 occurred even in the open air away from plants and major
cities, just as Buch’s data had indicated.

Since I had been measuring CO; in forested areas which might be expected to promote
large variations, I was surprised to find that measurements which I made in the afternoon had
nearly the same CO2 concentration everywhere that I went, contrary to the Scandinavian data.
Afternoon is when the heating of the ground by the sun causes the air near the ground to mix
with air above the trees, so that the effect of photosynthesis on the concentration of CO» should
not be very strong. I decided that I was probably measuring the same CO; concentration as was
occurring above the trees. To confirm this, I made additional measurements away from trees,
on beaches of the Pacific Ocean during sea breezes, on high mountains at elevations too high
for trees to grow, on deserts near my home where there were hardly any plants at all and, with
the help of a professor at the Scripps Institution of Oceanography, in air collected on a ship in
the eastern Pacific Ocean near the equator. In all cases I found the concentration of COz in the
afternoon to be close to 315 ppmv. I came to the conclusion that the published 20th century
data generally were in error and that the CO2 concentration, when not locally influenced, was
nearly the same at least from the equator to the northern limits of the United States, and per-
haps everywhere. :

It took me two years to reach this conclusion. The year was 1956. I learned that plans
were being made for a large international study of the environment called the International
Geophysical Year, and that this study was to include measurements of atmospheric CO2. These
were to be patterned after the Scandinavian program already operating. I expressed my con-
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cerns to several planners of the International Geophysical Year that the data might not be very
useful if the Scandinavian method were to be used. One of these planners was Dr. Harry
Wexler, director of research for the U.S. National Weather Service. I showed him my best
open-air measurements of CO2 which suggested that the concentration of COy varied only
slightly with the previous location of the air, contrary to the Scandinavian data. His response
was to tell me about a new remote station where such measurements could be made over long
time periods. The location was called the Mauna Loa Observatory on the island of Hawaii. The
observatory had been constructed the year before, high on the mountain of Mauna Loa. He was
eager to see the observatory used during the International Geophysical Year, and he encour-
aged me to try to make measurements there.

T also talked with Roger Revelle, director of the Scripps Institution of Oceanography.
From his own examination of the existing measurements of CO> over the past century, he still
accepted the idea that CO; varied from place to place. He argued that the best way to decide
whether CO; was increasing in the air was to obtain a limited number of measurements in
many places so as to establish an average “benchmark” value of the global average concen-
tration. Then in 10 or 20 years one could remeasure CO; to see if it had increased in the air. He
proposed that I make extensive CO2 measurements from ships and airplanes.

In the summer of 1956 I moved to the Scripps Institution of Oceanography and with the
urging of both Revelle and Wexler I followed both of their approaches. The scope of the study
is shown in Fig. 2. ,

The method of measuring CO; that I had used at the California Institute of Technology
had allowed me to analyze about 500 samples in two years. To accomplish a much more exten-

Figure 2. Locations of stations and ship

tracks for sampling atmospheric COx. — cooom O SOUTH POLE
Stippled (gray) areas indicate regions —— 3000m

where sampling took place along multi- —— SURFACE(CONTINUOUS]

ple ship tracks, not shown individually. £ ] summce (FLask)
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Table 3 CO; Concentration in Different Regions in 1962

Arctic: 313 -325 ppmv

Pacific Ocean at 20 °N: 315-321 ppmv
Equatorial Pacific: 317 - 321 ppmv
South Pole: 317 -319 ppmv

Measurements by the Scripps Institutions of Oceanography

sive program for the International Geophysical Year, I took advantage of semiautomatic
infrared gas analyzers which had become commercially available. None of them had been used
to measure atmospheric CO2 precisely, but at least one model seemed likely to be capable of
doing so. After testing this one, I was able to purchase several, including one unit for the
Mauna Loa Observatory, one for Antarctica, one to be put on a ship, and one for my labora-
tory in La Jolla. They had to be calibrated, and for this purpose I built a new and more precise
manometer. This manometer was completed in 1959; it is still the basis of calibrating the gas
analyzers in my program and since 1975 has been the primary basis for calibrating atmos-
pheric CO; analyzers internationally. »

At the close of the International Geophysical Year in 1959, it became clear that the
gathering of data to fulfill Dr. Revelle’s benchmark study should not be shut down and started
up again only after 10 to 20 years, as he had first suggested. Especially the data from the
Mauna Loa Observatory and the South Pole showed interesting features never seen before in
any CO; data. These became more and more interesting as the records became longer. A
clearly marked seasonal oscillation had shown up in the data from the Mauna Loa Observatory
in the first year of uninterrupted measurements, beginning in the final months of 1958 and
extending through 1959, as shown in Fig. 3. We know now that a similar cycle appears every-
where in the Northern Hemisphere. Thus, it seems astounding that this cycle was never clearly
seen in earlier measurements, since the methods available in the 19th century were already
adequate to show it. The times of fall and rise in CO2 corresponded to the expectations of when
plants absorb CO; during the active growing season, and release it through decay processes,
as de Saussure had anticipated a century and a half earlier. As indicated in Table 3, the spatial
variations in CO», even when the seasonal cycle was taken into account, were much smaller
than earlier 20th century data had indicated.

An increase in atmospheric CO2 concentration from year to year, already hinted at by data
obtained during the International Geophysical Year, became ever more clearly seen as the records
at the Mauna Loa Observatory and elsewhere became longer. By 1963 the average rate of
increase was well enough established by these data to be compared with the rate of CO; injec-
tion into the air by fossil fuel combustion. The data showed that the fraction of fossil-fuel-derived
CO2 which apparently remains in the air was about 50%. This fraction has remained nearly the
same up to the present time, suggesting a steady mechanism for its removal from the air. This
mechanism is absorption by the oceans, the same mechanism that Callendar had described in the
1930s, but had then questioned because the existing CO» data appeared to disprove it.

I should not, however, imply that the removal rate has remained perfectly steady. Let us
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now turn to a consideration of the entire record of atmospheric CO2 for the Mauna Loa
Observatory, from the first measurements in 1958 until early this year (1993). Interannual
variations in the rate of rise of CO> are quite clearly evident in the record, and seem to be
caused by natural oscillations that do not affect the average fraction of CO; remaining in the
air from fossil-fuel combustion on longer time scales. The accompanying series of diagrams
serves to illustrate this.

The first of these is a plot of monthly data, shown by dots in Fig. 4. The seasonal cycle,
as shown previously just for 1958 and 1959, is clearly seen every year, superimposed on the
long-term rise. The average cycle, combined with the rise, is shown by a smooth curve through
- the data. The seasonal cycle is obviously quite regular, since the dots and the curve agree
closely. If the average seasonal cycle is removed from both the data and from the curve, thus
“seasonally adjusting” the data, the long-term trend in COz is seen more clearly, as in Fig. 5.

* To compare this rising trend with the amount of CO injected into the air by fuel com-
bustion, I have calculated the amount of CO2 injected each year and summed it with all
amounts injected earlier. In this way I obtain the cumulative increase shown in Fig. 6. The units
are gigatons of carbon contained in CO2, where one gigaton is equal to a thousand million met-
ric tons. As indicated, about 80 gigatons were released up to 1959, rising to 230 gigatons in
1993. By adjusting the plotting scale, this curve can be compared to the previous plot of the
seasonally adjusted atmospheric CO, data. When this is done (see Fig. 7), the patterns of the
rise in CO3 and of fossil-fuel CO2 emissions are seen to be remarkably similar. This compar-
ison is one of the most convincing indicators that the rise in atmospheric COz is closely related
to the injection of CO» from fossil fuels.

Another interesting feature of the Mauna Loa record is seen in the previous plot of the
actual monthly data (see again Fig. 4). The seasonal cycle is seen to be larger in the latter part
of the record than in the earlier part by about 15%. This increase is probably not entirely a
result of any single cause, but the main reason is likely to be that the growth rate of plants has
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increased since 1958. Perhaps this has occurred because the growing season of plants on land
has become longer or because of improvements in agriculture, but part of the reason may be
that the plants are responding to the increase in atmospheric COz, which has risen 13% since
1959. If so, this is a fulfillment of the original suggestion of Senebier that plants grow better
when they are supplied with more fixed air, as CO2 was known in the 18th century.

A close look at the comparison of seasonally adjusted CO2 data to the curve for fossil
fuel emissions (Fig. 7) shows that the actual CO2 data tend to migrate from above to below the
fossil-fuel curve and back every few years. To see this pattern better, I show in Fig. 8 a plot of
the difference between the two curves, in effect what the seasonally adjusted CO; record would
have looked like if burning of fossil fuels had not caused the CO» to increase year after year. I
call this a COz “anomaly.” The vertical scale is expanded in the plot to see the fluctuating pat-
tern of the anomaly more distinctly. The times when the CO, anomaly was rising correspond
generally to times when large changes in weather have occurred in connection with a tropical
phenomenon called El Nifio. The times of the latter are shown by vertical arrows. The same
patterns are seen globally in CO2 records from near the North Pole to the South Pole. Processes
involving both oceans and vegetation contribute to the oscillations but appear to do so in oppo-
site ways, that is, the exchange of CO» between the air and the oceans oppose variations in
uptake and release of CO; by plants on land. Thus, even larger CO3 oscillations would have
occurred during El Nifio events if growing plants alone had caused the patterns. ‘

I do not have time to describe many additional details about how atmospheric CO; mea-
surements may help us to understand the cycling of carbon in nature. Thus, I now come to the
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MAUNA LOA OBSERVATORY, HAWAII
MONTHLY RVERAGE CARBON DIOXIDE CONCENTRATION, SERSONALLY ROJUSTED - HLO-122
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close of my lecture.
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Concluding Remarks
I'have traced the history of carbon dioxide measurements over a period of nearly two and a half
centuries, from the time of its first discovery to the early 1950s. After that I have talked mainly
about my own investigations of CO in the atmosphere. I should mention, however, that many
other scientists have studied atmospheric CO> during the past 30 years. Some of the very best
measurements are coming now from studies in Japan.

There is no likelihood that the study of CO; will slow down in the next few years as it
did after the vigorous studies of the last century. There is much more that will be learned about
the Earth’s carbon cycle, and much of it will be as interesting as what we have already learned.
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- Figure 7 A comparison of the cumulative increase in carbon released by fossil fuel (shown in Figure 6) with the
seasonally adjusted rise in atmospheric CO; at the Mauna Loa Observatory (shown in Figure 5).
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Figure 8 A plot of the anomaly in atmospheric CO2 concentration at the Mauna Loa Observatory, expressed by
the difference between two plots. Arrows denote El Nifio occurrences.

76



Major Publications
Dr. Charles D. Keeling

Articles

Dole, M., C.D. Keeling, and D.G. Rose. “The Pile Irradiation of Polyethylene.” J. American
Chemical Society, 76 (1954), 4304-4311.

Keeling, C.D. and M. Dole. “A Viscometer for Solutions of High Polymers.” J. Polymer
Science, 14 (1954), 105-111. '

Keeling, C.D. “The Concentration and Isotopic Abundances of Atmospheric Carbon Dioxide
in Rural Areas.” Geochimica et Cosmochimica Acta, 13 (1958), 322-334.

—. “Effect of Local Environment on the Isotopic Enrichment in Plants.” Comitato Nazionale
per L’Energia Nucleare, Laboratorio di Geologia Nucleare Pisa, (1960) 214-215.

—. “The Concentration and Isotopic Abundances of Carbon Dioxide in the Atmosphere.”
Tellus, 12 (1960), 200-203. ‘

—. “The Concentration and Isotopic Abundances of Carbon Dioxide in the Rural and Marine
Air”” Geochimica et Cosmochimica Acta, 24 (1961), 277-298. :

—. “A Mechanism for Cyclic Enrichment of Carbon-12 by Terrestrial Plants.” Geochimica et
Cosmochimica Acta, 24 (1961), 299-313.

Craig, H. and C.D. Keeling. “The Effects of Atmospheric NO2 on the Measured Isotopic
‘Composition of CO2.” Geochimica et Cosmochimica Acta, 24 (1963), 549-551.

Bolin, B. and C.D. Keeling. “Large-Scale Atmospheric Mixing as Deduced from the Seasonal
and Meridional Variations of Carbon Dioxide.” J. Geophys. Res., 68 (1963), 3899—-3920.

Revelle, R. (Chairman), W. Broecker, H. Craig, C.D. Keeling, and J. Smagorinsky.
“Atmospheric Carbon Dioxide.” Report of the Environmental Pollution Panel President’s
Advisory Committee3. The White House, November 1965, 111-11.

Pales, J.C. and C.D. Keeling. “The Concentration of Atmospheric Carbon Dioxide in Hawaii.”
J. Geophys. Res., 70 (1965), 6053-6076.

Brown, C.W. and C.D. Keeling. “The Concentration of Atmospheric Carbon Dioxide in
Antarctica.” J. Geophys. Res., 70 (1965), 6077-6085.

Keeling, C.D., N.W. Rakestraw, and L.S. Waterman. “Carbon Dioxide in Surface Waters of the
Pacific Ocean; 1. Measurements of the Distribution.” J. Geophys. Res., 70 (1965),
6087-6097.

C.D. Keeling. “Carbon Dioxide in Surface Waters of the Pacific Ocean; 2. Calculation of the
Exchange with the Atmosphere.” J. Geophys. Res., 70 (1965), 6099-6102.

Keeling, C.D. and B. Bolin. “The Simultaneous Use of Chemical Tracers in Oceanic Studies;
I. General Theory of Reservoir Models.” Tellus, 19, (1967), 566-581.

Keeling, C.D. and B. Bolin. “The Simultaneous Use of Chemical Tracers in Oceanic Studies
II. A Three-Reservoir Model of the North and South Pacific Oceans.” Tellus, 20 (1968),
17-54.

Keeling, C.D., T.B. Harris, and E.M. Wilkins. “Concentration of Atmospheric Carbon Dioxide
at 500 and 700 Millibars.” J. Geophys. Res., 73 (1968), 4511-4528.

77



Keeling, C.D. and L.S. Waterman. “Carbon Dioxide in Surface Ocean Waters; 3.
Measurements on Lusiad Expedition 1962-3.” J. Geophys. Res., 73 (1968), 4529-4541.

Keeling, C.D. “Carbon Dioxide in Surface Ocean Waters; 4. Global Distribution.” J. Geophys.
Res., 73 (1968), 4543-4553.

—. “Is Carbon Dioxide from Fossil Fuel Changing Man’s Environment?” Proceedings of the
American Philosophical Society, 114 (1970), 10-17.

—. “A Chemist Thinks about the Future.” Professor’s Inaugural Lecture, May 29, 1969.
Archives of Environmental Health, 20 (1970), 764-777.

Multiple Authorship. Man’s Impact on the Global Environment. Cambridge, Massachusetts:
The MIT Press, 1970. (Principally responsible for Section 1.2.1 “Carbon Dioxide”, 46-55).

Keeling, C.D. “Industrial Production of Carbon Dioxide from Fossil Fuels and Limestone.”
Tellus, 25 (1970),174-198.

—. “The Carbon Dioxide Cycle: Reservoir Models to Depict the Exchange of Atmospheric
Carbon Dioxide with the Oceans and Land Plants”. In Chemistry of the Lower Atmosphere,
edited by S. I. Radsool. New York: Plenum Press, 1973, 251-329.

Ekdahl, C.A., Jr., and C.D. Keeling. “Atmospheric Carbon Dioxide and Radiocarbon in the
Natural Carbon Cycle: 1. Quantitative Deductions from the Records of Mauna Loa
Observatory and at the South Pole.” In Carbon and the Biosphere, Brookhaven Symposium
in Biology No.24, edited by G.M. Woodwell and E.V. Pecan. United States Atomic Energy
Commission, 1973, 51-85.

Bacastow, R. and C.D. Keeling. “Atmospheric Carbon Dioxide and Radiocarbon in the Natural
Carbon Cycle: II. Changes A.D. 1700 to 2070 as Deduced from a Geochemical Model.” In
Carbon and the Biosphere, Brookhaven Symposium in Biology No.24, edited by G.M.
Woodwell and E.V. Pecan. United States Atomic Energy Commission, 1973, 86—135.

Multiple Authorship. “Carbon Dioxide Processes.” In The Physical Basis of Climate and
Climate Modeling. GARP Publication Series No.16, International Council of Scientific
Unions1975, 64-66.

Keeling, C.D., R.B. Bacastow, A.E. Bainbridge, C.A. Ekdahl, Jr., P.R. Guenther, L.S.
Waterman, and J.F.S. Chin. “Atmospheric Carbon Dioxide Variations at Mauna Loa
Observatory, Hawaii.” Tellus, 28 (1976), 538-551.

Keeling, C.D., J.A. Adams, Jr., C.A. Ekdahl, Jr., and PR. Guenther “Atmospheric Carbon
Dioxide Variations at the South Pole.” Tellus, 28 (1976), 552-564.

Keeling, C.D. and R.B. Bacastow. “Impact of Industrial Gases on Climate.” Energy and
Climate, Report of Panel on Energy and Climate R. Revelle, Chairman, National Academy
of Sciences, Washington D.C., 1977, 72-95. ,

Machta, L., K. Hanson, and C. D. Keeling. “Atmospheric Carbon Dioxide and Some
Interpretations.” In The Fate of Fossil Fuel CO; in the Oceans, edited by N.R. Andersen
and A. Malahoff, Office of Naval Research Symposium, 1977, 131-144.

Keeling, C.D. “Atmospheric Carbon Dioxide in the 19th Century.” Science, 202 (1978), 1109.

—. “The Influence of Mauna Loa Observatory on the Development of Atmospheric CO2
Research.” Mauna Loa Observatory 20th Anniversary Report, edited by J. Miller. National
Oceanographic and Atmospheric Administration, Special Report (1978), 36-54.

78



Bacastow, R. and C.D. Keeling. “Models to Predict Future Atmospheric CO; Concentrations.”
Workshop on the Global Effects of Carbon Dioxide from Fossil Fuels, edited by W.P. Elliot
and L. Machta, United States Department of Energy, 1979, 72-90.

Lowe, D.C., PR. Guenther, and C.D. Keeling. “The Concentration of Atmospheric Carbon
Dioxide at Baring Head, New Zealand.” Tellus, 31 (1979), 58-67.

Keeling, C.D., W.G. Mook, and P. P. Tans. “Recent Trends in the 3C/!2C Ratio of
Atmospheric Carbon Dioxide.” Nature, 277 (1979),121-123.

Keeling, C.D. “The Seuss Effect: Carbon-13—Carbon-14 Interrelations.” Environmental
International, 2 (1979), 229-300.

Keeling, C.D., R.B. Bacastow, and P.P. Tans. “Predicted Shift in the '3C/!2C Ratio of
Atmospheric Carbon Dioxide.” Geophys.Res.Letters, 7, (1980), 505-508.

Bacastow, J.A. Adams, C.D. Keeling, D.J. Moss, T.P. Whorf, and C.S. Wong. “Atmospheric
Carbon Dioxide, the Southern Oscillation and the Weak 1975 El Nifio.” Science, 210
(1980), 66-68.

Keeling, C.D. “The Oceans and Biosphere as Future Sinks for Fossil Fuel Carbon Dioxide.”
In Interaction of Energy and Climate, edited by W. Bach, J. Pankrath, and J. Williams. -
Boston: D. Reidel, 1980, 129-147.

Weiss, R.F,, C.D. Keeling, and H. Craig. “The Determination of Tropospheric Nitrous Oxide.”
J. Geophys. Res., 86 (1981) 7197-7202.

Bolin, B., A. Bjorkstrom, C.D. Keeling, R. Bacastow, and U. Steigenthaler. Scope 16: Carbon
Cycle Modeling. New York: John Wiley & Sons, 1981, 1-28.

Multiple Authorship. Scope 16: Carbon Cycle Modeling. New York: John Wiley & Sons,

1981, 81-101 and 86-94.

Bacastow, R.B. and C. D. Keeling. “Atmospheric Carbon Dioxide Concentration and
Observed Airborne Fraction.” Scope 16: Carbon Cycle Modeling. New York: John Wiley
& Sons, 1981, 103-112.

Bacastow, R.B. and C. D. Keeling. “Hemispheric Airborne Fractions Difference and the
Hemispheric Exchange Time.” Scope 16: Carbon Cycle Modeling. New York, John Wiley
& Sons, 1981, 241-246.

Bacastow, R.B. and C. D. Keeling. “Pioneer Effect Correction to the Observed Airborne
Fraction.” Scope 16: Carbon Cycle Modeling. New York: John Wiley & Sons, 1981,
247-248.

Bacastow, R.B. and C.D. Keeling. “Atmospheric CO; and the Southern Oscillation: Effects
Associated with Recent El Nifio Events.” In papers presented at the WMO/ICSI/UNEF
Scientific Conference on Analysis and Interpretation of Atmospheric CO2 Data, World
Meteorological Organization Geneva, Switzerland, 1981, 109-111.

Keeling, C.D. “The Oceans and Terrestrial Biosphere as Future Sinks for Fossil Fuel CO».”
Conference Proceedings, No. 82. New York: American Institute of Physics, 1982, 47—82.

Griffith, D.W.T., C.D. Keeling, J.A. Adams, PR. Guenther, and R.B. Bacastow. “Calculations
of Carrier Gas Effects in Non-Dispersive Infrared Analysers: II. Comparisons with
Experiment.” Tellus, 34 (1982), 385-397.

Weiss, R.F,, R.A. Jahnke, and C.D. Keeling. “Seasonal Effects of Temperature and Salinity on

79



the Partial Pressure of Carbon Dioxide in Seawater.” Nature, 300 (1982), 511-513.

Keeling, C.D., R.B. Bacastow, and T.P Whorf. “Measurements of the Concentration of Carbon
Dioxide at Mauna Loa Observatory, Hawaii.” Carbon Dioxide Review: 1982, edited by
William C. Clark. Oxford: Oxford University Press, 1982, 377-385.

Keeling, C.D. “The Global Carbon Cycle: What We Know and Could Know from
Atmospheric, Biospheric and Oceanic Observations.” In Proceedings: Carbon Dioxide
Research Conference: Carbon Dioxide, Science and Consensus, U.S. Department of
Energy, 1982, I1.3-11.62. CONF-820970, available from National Technical Information
Service, Springfield, Virginia.

Mook, W.G., M. Koopmans, A.F. Carter, and C.D. Keeling. ‘Seasonal Latitudinal and Secular
Variations in the Abundance and Isotropic Rations of Atmospheric Carbon Dioxide; 1.
Results from Land Stations.” J. Geophys. Res., 88 (1983), 10915-10933.

Keeling, C.D. and W.G. Mook. “Sources and Sinks of Atmospheric Carbon Dioxide Deduced
from 13C/'?C Ratio Measurements.” Extended abstract for symposium, The Scientific
Application of Baseline Observations of Atmospheric Composition, Aspendale Australia,
November 7-9, 1984, 4. ‘ '

Mook, W.G. and C.D. Keeling. “Carbon-13 in Atmospheric CO2.” 3. Arbeitstagung Isotrope
in der Nature, 84, 237-247.15-18, 1983, Leipzig, DDR, Zfi. Mitteilungen (Zentralinstitut
fiir Isotropen und Strahlenforschung, Leipzig).

Keeling, C.D., A.F. Carter, and W.G. Mook. “Seasonal Latitudinal and Secular Variations in
the Abundance and Isotopic Ratios of Atmospheric Carbon Dioxide; 2. Results from
Oceanographic Cruises in the Tropical Pacific Ocean.” J. Geophys. Res., 89 (1984),
4615-4628.

Keeling, C.D. “Atmospheric and Oceanographic Measurements Needed for the Establishment of
a Database for Carbon Dioxide from Fossil Fuels.” In The Potential Effects of Carbon
Dioxide-Induced Climatic Changes in Alaska. The Proceedings of a Conference, Fairbanks,
Alaska April 7-8, 1982. School of Agriculture and Land Resources Management, University
of Alaska, Fairbanks, Miscellaneous Publications (1984), 11-22; 83-1. |

Bacastow, R.B., C.D. Keeling, and T.P. Whorf. “Seasonal Amplitude Increase in Atmospheric
CO, Concentration at Mauna Loa, Hawaii, 1959-1982.” J. Geophys. Res., 90 (1985),
10529-10540. '

Keeling, C.D., T.P. Whorf, C.S. Wong, and R.D. Bellagay. “The Concentration of Atmospheric
Carbon Dioxide at Ocean Weather Station ‘P’ from 1969 to 1981.” J. Geophys. Res., 90
(1985), 10511-10528.

Elliot, W.P., L. Machta, and C.D. Keeling. “An Estimate of the Biospheric Contribution to the
Atmospheric CO2 Increase Based on Measurements at Mauna Loa Observatory.” J.
Geophys. Res., 90 (1985), 3741-3746.

Tucker, C.J., LY. Fung, C.D. Keeling, and R. H. Gammon. “Relationship Between
Atmospheric COz Variations and a Satellite-Derived Vegetation Index.” Nature, 319
(1985), 195-199. |

Keeling. C.D. and R. Revelle. “Effects of El Nifio/Southern Oscillation on the Atmospheric
Content of Carbon Dioxide.” Meteoritics, 20 (1985), 437-450.

80



Heimann, M., Keeling C.D., and I. Y. Fung. “Simulating the Atmospheric Carbon Dioxide
Distribution with a Three Dimensional Tracer Model.” In The Changing Cycle of Carbon,
A Global Analysis, edited by John R. Trabalka and David E. Reichle. New York: Springer-
Verlag, 1986, 16-49.

Heimann, M. and C.D. Keeling. “Mer1d10nal Eddy Diffusion Model of the Transport of
Atmospheric Carbon Dioxide; 1. The Seasonal Carbon Cycle over the Tropical Pacific:
Ocean.” J. Geophys. Res., 91 (1986), 7765-7781.

Heimann, M. and C.D. Keeling. “Meridional Eddy Diffusion Model of the Transport of
Atmospheric Carbon Dioxide; 2. The Mean Annual Carbon Cycle” J. Geophys Res., 91
(1986), 7782-7796.

From. E. and C. D. Keeling. “Reassessment of Late Nineteenth Century Atmospheric Carbon
Dioxide Variations in the Air of Western Europe and the British Isles Based on an
Unpublished Analysis of Contemporary Air Masses by G.S. Callendar.” Tellus, 38B
(1986), 87-105.

Kohlmaier, G.H., E. Sire, A. Janacek, C.D. Keeling, S.C. Piper, and R. Revelle. “Modeling the
Seasonal Contribution of a CO» Fertilization Effect of the Terrestrial Vegetation to the
Amplitude Increase in Atmospherlc COz at Mauna Loa Observatory.” Tellus, 41B (1989),
487-510.

Keeling, C.D., R.B. Bacastow, A.F. Carter, S.C. Piper, T.E. Whorf, M. Heimann, W.G. Mook,
and H. Roeloffzen. “A Three-Dimensional Model of Atmospheric CO2 Transport Based on
Observed Winds: 1. Analysis of Observational Data.” In Aspects of Climate Variability in
the Pacific and the Western Americas, edited by D.H. Peterson, Washington D.C.:
American Geophysical Union, 1989, 165-236.

Heimann, M. and C.D. Keeling. “A Three-Dimensional Model of Atmospheric CO, Transport
Based on Observed Winds: 2. Model Description and Simulated Tracer Experiments.” In
Aspects of Climate Variability in the Pacific and Western Americas, edited by D.H.
Peterson. Washington D.C.: American Geophysical Union, 1989, 237-275.

Heimann, M., C.D Keeling, and C.J. Tucker. “A Three-Dimensional Model of Atmospheric
CO2 Transport based on Observed Winds: 3. Seasonal Cycle and Synoptic Time Scale
Variations.” In Aspects of Climate Variability in the Pacific and Western Americas, edited
by D.H. Peterson. Washington D.C.: American Geophysical Union, 1989, 277-303.

Keeling, C.D., S.C. Piper, and M. Heimann. “A Three-Dimensional Model of Atmospheric
‘CO2 Transport Based on Observed Winds: 4. Mean Annual Gradients and Interannual
Variations.” In Aspects of Climate Variability in the Pacific and Western Americas, edited
by D.H. Peterson. Washington D.C.: American Geophysical Union, 1989, 305-363.

Roeloffsen, J.C., W.G. Mook, and C.D. Keeling. “Trends and Variations in Stable Carbon
Isotopes of Atmospheric Carbon Dioxide.” In Stable Isotopes in Plant Nutrition, and
Environmental Studies. Proceedings of an International Symposium on the use of Stable
Isotopes in Plant Nutrition, Soil Fertility and Environmental Studies, Vienna, Austria, 1-5
October, 1990, 601-618.

81



Supplemental List

Keeling, C.D. “Measurements of Carbon Dioxide in the Atmosphere.” National Academy of
Sciences, IGY Bulletin, 38 (1960), 8-11.

Multiple Authorship. “Implications of Rising Carbon Dioxide Content of the Atmosphere.”
Conference sponsored by the Conservation Foundation, New York, 1963.

Waterman, S.L. “Carbon Dioxide in Surface Waters.” Nature, 205 (1965), 1099-1100.

Wong, A.C.S. “Quantitative Analysis of Total Carbon Dioxide in Sea Water: A New
Extraction Method.” Deep-Sea Research, 17,9-17. -

Keeling, C.D. “Atmosphere-Zone of Aeration Interactions.” Working Paper for the Panel on
Carbon Isotopes in Subsurface Hydrology and the Role of Paleo-Climates in Their
Interpretation, Vienna, 1970.

Multiple Authorship. “Report to the World Meteorological Organization on Station Networks
for World-Wide Pollutants.” Produced by the Commission for Air Chemistry and
Radioactivity (CACR) of the International Association of Meteorology and Atmospheric
Physics (IAMAP) of IUGG 1970.

Keeling, C.D. Marine Technician’s Handbook, Instructions for Taking Samples on Board
Ship: Carbon Dioxide Project. Institute of Marine Resources, University of California at
San Diego,1970, 16.

Freyer, H.D., D. Gates, K.J. Hanson, C.D. Keeling, G.I. Pearman, J. Royer, S.H. Schneider,
and M. Stuiver. “The Carbon Dioxide Problem. A Review of the Present State of
Knowledge.” Research Aspects of Atmospheric Carbon Dioxide, Proceedings of the WMO
Informal Meeting of Experts, Boulder, Colorado, October 3-7, 1978, 13.

Woodwell, G.M., G.J. Macdonald, R. Revelle, and C.D. Keeling. “The Carbon D10x1de
Problem: Implications for Policy in the Management of Energy and Other Resources.”
Synthetic Fuel Hearings before the Committee on Governmental Affaires, United States
Senate, 96th Congress, July 17-20, 1979, 8.

Bacastow, R.B., C.D. Keeling, and T.P. Whorf. “Is the Biosphere Currently a Net Source or
Sink for Fossil Fuel CO2?” Carbon Dioxide Effects Research and Assessment Program
019; Global Dynamics of Biospheric Carbon, edited by S. Brown. Proceedings of a
Symposium, Bloomington, Indiana, August 17, 1981. National Technical Information
Service, Springfield, Virginia, 1981, 140.

Keeling, C.D. and R. J. Cicerone. “Preface” (to Bern Symposium) J. Geophys. Res., 88/1257
(repeated 3579, 6843) (1983).

Bacastow, R.B., C.D. Keeling, and T.P. Whorf. “Seasonal Amplitude in Atmospheric CO2
Concentration at Mauna Loa, Hawaii, 1959-80.” In papers presented at the
WMO/ICSU/UNEP Scientific Conference on Analysis and Interpretation of Atmospheric -
CO; Data. World Meteorological Organization, Geneva, Switzerland, 1981, 169-176.

Bacastow, R.B., C.D. Keeling, T.P. Whorf, and C.S. Wong. “Seasonal Amplitude in
Atmospheric CO2 Concentration at Canadian Weather Station P, 1970-1980.” In papers
presented at the WMO/ICSU/UNEP Scientific Conference on Analysis and Interpretation
of Atmospheric CO2 Data. World Meteorological Organization, Geneva,
Switzerland.1981, 163-168.

82



Keeling, C.D. and R. Revelle. “Effects of El Nifio/Southern Oscillation on the Atmospheric
Content of Carbon Dioxide.” Paper presented at the International Conference at the TOGA
Scientific Program, Paris, France. September 17-21, 1984. World Publication Series No. 4,
WMO/TD No. 65, 1985, 38-50.

Heimann, M., C.D. Keeling, and W.G. Mook. “A Three-Dimensional Model of Atmospheric
CO2 Transport Based on Observed Winds; 1. Observational Data and Model.” In
Atmospheric Carbon Dioxide—Its Sources, Sinks and Global Transport, symposium in
Kand¢rstag, Switzerland, September 2-6, 1985, 10-17.

Heimann, M., C.D. Keeling, and C.J. Tucker. “A Three-Dimensional Model of Atmospheric
COz Transport Based on Observed Winds; 2. Analysis of the Seasonal Cycle of CO,.” In
Atmospheric Carbon Dioxide—Its Sources, Sinks and Global Transport, symposium in
Kanderstag, Switzerland, September 2-6, 1985, 10-17.

‘Keeling, C.D., M. Heimann, and R.A. Houghton. “A Three-Dimensional Model of
Atmospheric CO2 Transport Based on Observed Winds; 3. Analysis of the Mean Annual
Gradients of COz. In Atmospheric Carbon Dioxide—Its Sources, Sinks and Global
Transport, symposium in Kanderstag, Switzerland, September 2-6, 1985, 10-17.

Whorf, T.P. and C.D. Keeling. Seasonal Amplitude Variations in CO3> in the Northern
Hemisphere. Scripps Institution of Oceanography, La Jolla, California, 1992, 3.

83





