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T H E  P I O N E E RS
The men who measured the planet’s breath

This story begins with a depressed Swedish chemist, alone in his study 
in the sunless Nordic winter after his marriage to his beautiful research 
assistant, Sofia, had collapsed. It was Christmas Eve. What would he do?
Some might have gone out on the town and found themselves a new part-
ner. Others would have given way to maudlin sentiment and probably a
few glasses of beer. Svante Arrhenius chose neither release. Instead, on De-
cember 24, 1894, as the rest of his countrymen were celebrating, he rolled
up his sleeves, settled down at his desk, and began a marathon of mathe-
matical calculations that took him more than a year. 

Arrhenius, then aged thirty-five, was an obdurate fellow, recently in-
stalled as a lecturer in Stockholm but already gaining a reputation for 
rubbing his colleagues the wrong way. As day-long darkness gave way to
months of midnight sun, he labored on, filling book after book with cal-
culations of the climatic impact of changing concentrations of certain heat-
trapping gases on every part of the globe. “It is unbelievable that so trifling
a matter has cost me a full year,” he later confided to a friend. But with 
his wife gone, he had few distractions. And the calculations became an 
obsession. 

What initially spurred his work was the urge to answer a popular rid-
dle of the day: how the world cooled during the ice ages. Geologists knew
by then that much of the Northern Hemisphere had for thousands of years
been covered by sheets of ice. But there was huge debate about why this
might have happened. Arrhenius reckoned that the clue lay in gases that
could trap heat in the lower atmosphere, changing the atmosphere’s radi-
ation balance and altering temperatures. 
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He knew from work half a century before, by the French mathemati-
cian Jean Baptiste Fourier and an Irish physicist called John Tyndall, that
some gases, including carbon dioxide, had this heat-trapping effect. Tyn-
dall had measured the effect in his lab. Put simply, it worked like this: 
the gases were transparent to ultraviolet radiation from the sun, but they
trapped the infrared heat that Earth’s surface radiated as it was warmed 
by the sun. Arrhenius reasoned that if these heat-trapping gases in the 
air decreased for some reason, the world would grow colder. Later dubbed
“greenhouse gases,” because they seemed to work like the glass in a green-
house, these gases acted as a kind of atmospheric thermostat. 

Tyndall, one of the most famous scientists of his day and a friend of
Charles Darwin’s, had himself once noted that if heat-trapping gases were
eliminated from the air for one night, “the warmth of our fields and gar-
dens would pour itself unrequited into space, and the sun would rise upon
an island held fast in the iron grip of frost.” That sounded to Arrhenius
very much like what had happened in the ice ages. Sure enough, when he
emerged from his labors, he was able to tell the world that a reduction in
atmospheric carbon dioxide levels of between a third and a half would cool
the planet by about 8 degrees Fahrenheit—enough to cover most of north-
ern Europe, and certainly every scrap of his native Sweden, in ice. 

Arrhenius had no idea if his calculations reflected what had actually
happened in the ice ages. There could have been other explanations, such
as a weakening sun. It was another eighty years before researchers analyz-
ing ancient air trapped in the ice sheets of Greenland and Antarctica found
that ice-age air contained just the concentrations of carbon dioxide that
Arrhenius had predicted. But as he reached the end of his calculations, Ar-
rhenius also became intrigued by the potential of rising concentrations of
greenhouse gases, and how they might trigger a worldwide warming. He
had no expectation that this was going to happen, but it was the obvious
counterpart to his first calculation. And he concluded that a doubling of
atmospheric carbon dioxide would raise world temperatures by an average
of about 10ºF. 

How did he do these calculations? Modern climate modelers, equipped
with some of the biggest supercomputers, are aghast at the labor involved.
But in essence, his methods were remarkably close to theirs. Arrhenius
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started with some basic formulae concerning the ability of greenhouse
gases to trap heat in the atmosphere. These were off the shelf from Tyndall
and Fourier. That was the easy bit. The hard part was deciding how much
of the solar radiation Earth’s surface absorbed, and how that proportion
would alter as Earth cooled or warmed owing to changes in carbon diox-
ide concentrations. 

Arrhenius had to calculate many things. The absorption capacity of 
different surfaces across the globe varies, from 20 percent or less for ice 
to more than 80 percent for dark ocean. The capacities for dark forest and
light desert, grasslands, lakes, and so on lie between these two extremes.
So, armed with an atlas, Arrhenius divided the surface of the planet into
small squares, assessed the capacity of each segment to absorb and reflect
solar radiation, and determined how factors like melting ice or freezing
ocean would alter things as greenhouse gas concentrations rose or fell.
Eventually he produced a series of temperature predictions for different
latitudes and seasons determined by atmospheric concentrations of carbon
dioxide. 

It was a remarkable achievement. In the process he had virtually in-
vented the theory of global warming, and with it the principles of modern
climate modeling. Not only that: his calculation that a doubling of car-
bon dioxide levels would cause a warming of about 10ºF almost exactly
mirrors the Intergovernmental Panel on Climate Change’s most recent as-
sessment, which puts 10.4ºF at the top of its likely warming range for a
doubling of carbon dioxide levels. 

Arrhenius presented his preliminary findings, “On the Influence of
Carbonic Acid in the Air upon the Temperature of the Ground,” to the
Stockholm Physical Society in December 1895 and, after further refine-
ments, published them in the London, Edinburgh and Dublin Philosophical
Magazine and Journal of Science. There he offered more predictions that are
reproduced by modern computer models. High latitudes would experience
greater warming than the tropics, he said. Warming would also be more
marked at night than during the day, in winter than in summer, and over
land than over sea. 

But he had cracked an issue that seemed to interest no one else. The
world forgot all about it. Luckily for Arrhenius, this labor was but a
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sideshow in his career. A few years after completing it, he found fame as
the winner of the 1903 Nobel Prize for Chemistry, for work on the elec-
trical conductivity of salt solutions. Soon, too, he had a new wife and a
child, and other interests—he dabbled in everything from immunology to
electrical engineering. He was an early investigator of the northern lights
and a popular proponent of the idea that the seeds of life could travel
through space. 

But after the First World War, his mood changed. The optimism of his
generation, which believed that science and technology could solve every
problem, crumbled in the face of a war that killed so many of its sons. He
railed against the wastefulness of modern society. “Concern about our 
raw materials casts a dark shadow over mankind,” he wrote, in an early 
outburst of twentieth century environmental concern. “Our descendants
surely will censure us for having squandered their just birthright.” His
great fear was that oil supplies would dry up, and he predicted that the
United States might pump its last barrel as early as 1935. He advocated
energy efficiency and proposed the development of renewable energy, such
as wind and solar power. He sat on a government commission that made
Sweden one of the first countries to develop hydroelectric power. 

Many Swedes today see Arrhenius as an environmental pioneer and
praise his efforts to promote new forms of energy. He would have been be-
mused by this appreciation. For one thing, he never made the connection
between his work on the greenhouse effect and his later nightmares about
disappearing fossil fuels. He knew from early on that burning coal and oil
generated greenhouse gases that would build up in the air. But he rather
liked the idea, writing in 1908: “We may hope to enjoy ages with more
equable and better climates, especially as regards the colder regions of the
Earth, ages when the Earth will bring forth much more abundant crops for
the benefit of a rapidly propagating mankind.” But he had concluded with
some sadness that it would probably take a millennium to cause a sig-
nificant warming. And when he later began to perceive the scale of indus-
trial exploitation of fossil fuels, his fear was solely that the resources would
run out. 

For half a century after Arrhenius’s calculations, the prevailing view con-
tinued to be that man-made emissions of carbon dioxide were unlikely to
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have a measurable effect on the climate anytime soon. Nature would eas-
ily absorb any excess. From time to time, scientists did measure carbon
dioxide in the air, but local variability was too great to identify any clear
trends in concentrations of the gas. 

The only man to take the prospect of greenhouse warming seriously was
a British military engineer and amateur meteorologist, Guy Callendar. In
a lecture at the Royal Meteorological Society in 1938, he said that the few
existing measurements of carbon dioxide levels in the atmosphere sug-
gested a 6 percent increase since 1900, that this must be due to fossil fuel
burning, and that the implication was that warming was “actually occur-
ring at the present time.” Like Arrhenius, Callendar thought this on bal-
ance rather a good thing. And like Arrhenius, he saw his findings pretty
much ignored.

The next person to make a serious effort was Charles David Keeling, a
young student at the Scripps Institution of Oceanography, in La Jolla, Cal-
ifornia. He began monitoring carbon dioxide levels in the mid-1950s, first
in the bear-infested hills of the state’s Yosemite National Park, where he
liked to go hiking, and later, in the hope of getting better data, in the clean
air 14,000 feet up on top of Mauna Loa, a volcano in Hawaii. Keeling took
measurements every four hours on Mauna Loa, in the first attempt ever to
monitor carbon dioxide levels in one place continuously. He was so serious
about his measurements that he missed the birth of his first child in order
to avoid any gaps in his logbook. 

The results created a sensation. Keeling quickly established that in
such a remote spot as Mauna Loa, above weather systems and away from
pollution, he could identify a background carbon dioxide level of 315 parts
per million (ppm). The seasonal cycling of carbon dioxide caused an an-
nual fluctuation around this average between summer and winter. Plants
and other organisms that grow through photosynthesis consume carbon
dioxide from the air, especially in spring. But during autumn and winter,
photosynthesis largely stops, and the photosynthesizers are eaten by soil
bacteria, fungi, and animals. They exhale carbon dioxide, pushing at-
mospheric levels back up again. Because most of the vegetation on the
planet is in the Northern Hemisphere, the atmosphere loses carbon diox-
ide in the northern summer and gains it again in the winter. Earth, in ef-
fect, breathes in and out once a year. 
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But Keeling’s most dramatic discovery was that this annual cycle was
superimposed on a gradual year-to-year rise in atmospheric carbon diox-
ide levels—a trend that has become known as Keeling’s curve. The back-
ground concentration of 315 ppm that Keeling found on Mauna Loa in
1958 has risen steadily, to 320 ppm by 1965, 331 ppm by 1975, and 380
ppm today. 

The implications of Keeling’s curve were profound. “By early 1962,”
he later wrote, “it was possible to deduce that approximately half of the
CO

2 
from fossil fuel burning was accumulating in the air,” with the rest

absorbed by nature. By the late 1960s he had noticed that the annual cy-
cling of carbon dioxide was growing more intense. And the spring down-
turn in atmospheric levels was beginning earlier in the year—strong
evidence that the slow annual increase in average levels was raising tem-
peratures and creating an earlier spring. 

Keeling personally supervised the meticulous measurements on Mauna
Loa until his death, in 2005. In his final year, this generally mild man
picked up the public megaphone one last time to warn that, for the first
time in almost half a century, his instruments had recorded two successive
years, 2002 and 2003, in which background carbon dioxide levels had
risen by more than 2 ppm. He warned that this might be because of a weak-
ening of the planet’s natural ability to capture and store carbon in the rain-
forests, soils, and oceans—nature’s “carbon sinks.” He feared that nature,
which had been absorbing half the carbon dioxide emitted by human ac-
tivity, might be starting to give it back—something that, in his typically
understated way, he suggested “might give cause for concern.” 

On his death, Keeling’s bosses at Scripps were kind enough to call the
Keeling curve “the single most important environmental data set taken in
the 20th century.” Nobody disagreed. One writer called him the man who
“measured the breathing of the world.” 

Thanks to Keeling’s curve, the ideas of Arrhenius and Callendar were
rescued from the dustbin of scientific history. It seemed he was right that
people could tamper with the planetary thermostat. Climatologists, many
of whom had predicted in the 1960s that natural cycles were on the verge
of plunging the world into a new ice age, began instead to warn of immi-
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nent man-made global warming. As late as the early 1970s, U.S. govern-
ment officials had been asking their scientists how to stop the Arctic sea
ice from becoming so thick that nuclear submarines could not break
through. But by the end of the decade, President Jimmy Carter’s Global
2000 Report on the environment had identified global warming as an ur-
gent new issue, and the National Academy of Sciences had begun the first
modern study of the problem. 

A vast amount of research has been conducted since. For the past
decade and a half, the IPCC has produced regular thousand-page updates
just to review the field and pronounce on the scientific consensus. But in
some ways, mainstream thinking on how climate will alter as carbon di-
oxide levels rise has not advanced much in the century since Arrhenius.
Thanks to Keeling, we know that those levels are rising; but little else has
changed. 

Only in the past five years, as researchers have learned more about the
way our planet works, have some come to the conclusion that changes
probably won’t be as smooth or as gradual as those imagined by Arrhe-
nius—or as the scenarios of gradual change drawn up by the IPCC still
suggest. We are in all probability already embarked on a roller-coaster ride
of lurching and sometimes brutal change. What that ride might feel like
is the central theme of this book. 
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