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Preface

This book provides historical perspectives on climate and climatic
changes from the Enlightenment to the late-twentieth century. What
have people understood, experienced, and feared about the climate
and its changes? How have privileged and authoritative positions on
climate been established? By what paths have we arrived at our cur-
rent state of knowledge and apprehension? What does a study of the
past have to offer to the interdisciplinary investigation of environmen-
tal problems?

This project began as a study of climatic change ideas in early
America. My research led me to Enlightenment sources in Europe and
to the accounts of early explorers and settlers in the New World. The
study quickly branched into the development of international net-
works of observation, the scientific transformation of climate dis-
course, and early contributions to understanding terrestrial tempera-
ture changes, infrared radiation, and the carbon dioxide theory of
climate.

Global change views the Earth as an interconnected system of physi-
cal, chemical, geological, biological, and human processes. It studies
interrelationships in the Earth system and changes and rates of change
of environmental variables. It poses new kinds of interdisciplinary
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questions and proffers new types of answers. At its best it challenges
us to change our concepts, our behaviors, and even our values. Itis a
dynamic research field.

Great uncertainties exist in our scientific knowledge of the Earth
system, and there is much to be learned about clouds, the oceans, the
biosphere, geochemical cycles, and other processes. Human behav-
ior is also quite varied and represents a real “wild card” in the Earth
system. One of the human dimensions, however, the historical dimen-
sion, has not received adequate attention. Historians can easily dem-
onstrate that over time, huge changes in concepts and attitudes have
taken place. On time scales ranging from decades to centuries, the rate
of change of climate ideas is quite stunning. Ideas and apprehensions
may well be changing much faster than the climate itself. Historians
of science are trained to examine major conceptual shifts in our under-
standing of nature. Moreover, newer historiography has established
that major paradigm shifts are not solely attributable to changes in
science and technology but are due as well to social and cultural
factors.

I have not attempted to construct a complete survey of climate
change history, grand narratives being out of style and fraught with
problems. Instead, I have written a series of interrelated essays on elite
and popular understanding of climate change. The book begins with
an introductory essay on three basic meanings of the term “apprehen-
sion”: (1) awareness or understanding, {2) anticipation or dread, and
(3) intervention. Subsequent chapters explore the climate apprehen-
sions of scientists, other intellectuals, and the general public from the
eighteenth century to the late twentieth century. There are essays on
climate and culture in Enlightenment thought, climate debates in early
America, the expansion of observing systems, and the development
of a scientific mode of climatological discourse. These are followed
by chapters on individual scientists and writers: Joseph Fourier, John
Tyndall, Svante Arrhenius, T. C. Chamberlin, and the environmental
determinist Ellsworth Huntington. A penultimate chapter on global
warming before 1957 examines public awareness of climate issues
and the work of individuals such as G. S. Callendar, Gilbert Plass, and
Roger Revelle. The epilogue argues for a view of global change and
its human dimensions rendered more complete by the study of the
intellectual, social, and cultural changes that preceded the current
environmental crisis.

Waterville, Maine J.R.F.
March 1998
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Introduction
Apprehending Climate Change

This most excellent canopy, the air, look you, this brave
o’erhanging firmament, this majestical roof fretted with golden fire,
why, it appears no other thing to me than a foul and pestilent
congregation of vapours. What a piece of work is a man! how noble
in reason! how infinite in faculty! in form and moving how express
and admirable! in action how like an angel! in apprehension how
like a god!

~—Shakespeare, Hamlet, act 2, scene 2.

Apprehensions have been multiplying rapidly that we are approach-
ing a crisis in our relationship with nature, one that could have po-
tentially catastrophic results for the sustainability of civilization and
even the habitability of the planet. Much of the concern is rightfully
focused on changes in the atmosphere caused by human activities.
Only a century after the discovery of the stratosphere, only five de-
cades after the invention of chlorofluorocarbons (CFCs), and only two
decades after atmospheric chemists warned of the destructive nature
of chlorine and other compounds, we fear that ozone in the strato-
sphere is being damaged by human activity. Only a century after the
first models of the carbon cycle were developed, only three decades
after regular CO, measurements began at Mauna Loa Observatory, and
only two decades after climate modelers first doubled the CO, in a
computerized atmosphere, we fear that the Earth may experience a
sudden and possibly catastrophic warming caused by industrial pol-
lution. These and other environmental problems were brought to our
attention mainly by scientists and engineers, but the problems belong
to us all. Recently, policy-oriented social scientists, public officials,
and diplomats have turned their attention to the complex human di-
mensions of these issues. New interdisciplinary and multidisciplinary

3



4 INTRODUCTION

collaborations have arisen between scientists and policymakers to
examine the extremely challenging issues raised by global change.?
There has been a rising tide of literature—scholarly works, new jour-
nals, textbooks, government documents, treaties, popular accounts—
some quite innovative, others derivative and somewhat repetitious.
This has resulted in growing public awareness of environmental is-
sues, new understanding of global change science and policy, wide-
spread concerns over environmental risks, and recently formulated
plans to intervene in the global environment through various forms
of social and behavioral engineering, and possibly geoengineering.
Global change is now at the center of an international agenda to under-
stand, predict, protect, and possibly control the global environment.

The changing nature of global change—the historical dimension—
has not received adequate attention. Most writing addresses current
issues in either science or policy; much of it draws on a few authorita-
tive scientific statements such as those by the Intergovernmental Panel
on Climate Change (IPCC); almost none of it is informed by historical
sensibility. In the “race to save the planet” (to borrow from the PBS film
series of the same name), most historians didn’t even go to the track.
Some scientists work in collaboration with historians, archaeologists,
and anthropologists to reconstruct the temperature and rainfall records
of the past. Examples of this include the publications of Raymond
Bradley and Philip Jones and the work of the Tree-Ring Lab at the Uni-
versity of Arizona. Some historians use the available scientific data to
explore the effect of climate variations on past societies. The books of
Emmanuel Le Roy Ladurie and H. H. Lamb immediately come to mind.?
This book is related to but distinct from such works on climate recon-
struction and climate history. [ am interested in the history of climate
change theories and ideas, that is, how global change can be studied as
a subset of the history of science and technology.

The history of global environmental change draws in part on the his-
tories of particular sciences such as astronomy, chemistry, computer
science, geography, geology, meteorology, paleontology, and physics;
and in part from much broader historical currents. All of these fields
have been examined before, at least to some extent, by historians with
particular disciplinary interests. With global change as the new focus,
however, a new interdisciplinary picture begins to emerge that includes
both elite and popular apprehensions. What have people experienced,
learned, feared about climate change in the past? How have they inter-
vened? By what path have we reached the current state of climate ap-
prehension? Can we possibly claim to have a complete understanding
of climate change and other environmental problems if we ignore their
intellectual, social, and cultural history?

How then shall we understand the history of climate change and
relate it to contemporary concerns? A central metaphor that has helped
me organize the massive amount of material on this subject is the term
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“apprehension.” Several senses of the word are intended: (1) aware-
ness or understanding, (2) anticipation or dread, and (3) intervention.?
I wish to understand how people became aware of climate change, how
scientists and the general public understood the issues, how the study
of the atmosphere changed over time, and the social and cultural
implications of these changes. Throughout the book I will also exam-
ine popular awareness of environmental risks and modes of climate
intervention, whether proposed or practiced.

Awareness and Understanding

Fix not too rashly upon your first apprehensions.
—Richard Baxter (1670),
Oxford English Dictionary (O.E.D.)

In pursuing historical research on climate change, I have had to ask
several crucial questions. How do people (scientists included) gain
awareness and understanding of phenomena that cover the entire
globe, and that are constantly changing on time scales ranging from
geological eras and centuries to decades, years, and seasons? How
was this accomplished by individuals immersed in and surrounded
by the phenomena? How were privileged positions created and de-
fined? The answers are varied and worthy of extended reflection.
Without the ability to observe the climate system in its entirety (as
an astronomer might view a star or planet) or to experiment on it
directly (as a chemist might view a reaction), how did scientific
understanding of it emerge? What are the historical relationships
among the numerous and quite varied theories of and ideas about
climatic change? In addition to their scientific bases, how were they
related to more general popular perceptions and (mental) apprehen-
sions of the environment?

One approach, popular in the eighteenth century, was through
appeals to authority—references to historical literature, first impres-
sions of explorers, or the memory of the elderly. This was the rhetori-
cal strategy of the Enlightenment and early American writers who
wanted to support a particular theory of cultural development or de-
cline (see chapters 1 and 2).

Another way of approaching the issue was to collect massive
amounts of meteorological data over large areas and extended time
periods in the hope of deducing climatic patterns and changes. Indi-
vidual observers in particular locales dutifully tended to their jour-
nals, and networks of cooperative observers gradually extended the
meteorological frontiers. Beginning in earnest in the nineteenth cen-
tury, scientists tabulated, charted, mapped, and analyzed the obser-
vations to provide climatic inscriptions. This process profoundly
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changed climate discourse and established the foundations of the sci-
ence of climatology (see chapters 3 and 4).

A third approach to privileged knowledge was to establish from first
principles what the climate ought to be and how it ought to change.
Joseph Fourier, John Tyndall, Svante Arrhenius, T. C. Chamberlin, and
many others—all from different eras, and all in their own ways—en-
gaged in such speculative and theoretical practices (see chapters 5, 6,
and 7). These approaches, drawn from physical, mathematical, geologi-
cal, and astronomical evidence and principles, tended to be most satis-
fying to those scientists working within a particular disciplinary per-
spective. Most scientists had one favorite causal mechanism and only
grudgingly admitted other possible secondary causes of climate change.

A final approach to privileged climate knowledge has been through
technology. In part with the invention and standardization of meteoro-
logical instruments, the networking of meteorological observers, and
the development of statistical analysis, a picture (albeit abstract and
imperfect) of the climatic aspects of locations and regions emerged in
the second half of the nineteenth century. This fuzzy image of the
climate has been rendered three-dimensional in the twentieth century
by the development of upper-air observations, extended into the in-
definite past by paleoclimatic techniques, and, finally, globalized in
the era of satellite remote sensing. Many scientists today are working
on links between remote sensing and more sophisticated climate
models. They are hoping, through advances in technology, to provide
new privileged positions. For most scientists the goal is better under-
standing of climate; for some it is also prediction and control.

Anticipation and Dread

The bare fears of such things and apprehensions of their approach.
—Robert Sanderson (1648), O.E.D.

A second meaning of apprehension is related to the question of popular
fears of climate change, including crop failures, volcano weather, and
apocalyptic visions of the return of the deadly glaciers or perhaps global
warming. What did the populace fear about the heavens? What did they
anticipate might happen? How was their awareness and understanding
of climate linked to their anxieties? Terrifying possibilities confronted
people whose livelihood, food supply, and health were tied closely to
the weather. Everyone feared harsh winters, spring floods, summer
drought, and harvest storms that could result in crop failures and fam-
ine. Exposure to miasmas, night airs, or getting chilled “to thebone” could
mean a sudden downturn in health and even death. As Yi-fu Tuan ob-
served in his book Landscapes of Fear, “To apprehend is to risk appre-
hensiveness. If we did not know so much, we would have less to fear.”*
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For much of history, people feared that the powers of evil were
active during inclement weather. Processions, prayer vigils, and the
ringing of church bells were used to ward off the “prince of the powers
of the air,” identified as the devil and his minions. Eighteenth-century
divines frequently dwelt on God’s providence manifest in specific
events such as stormy winds, thunderclaps, drought, and rain. In per-
haps the most famous sermon of this genre, “The Voice of God in Stormy
Winds,” preached on April 9, 1704, Increase Mather outlined the natu-
ral origins of storms but argued that secondary causes can be overruled
by God. By the end of the century, however, scientific discoveries were
supposed to have waylaid such superstitious fears, and Franklin’s light-
ning rods comforted and protected both believers and skeptics.

During the Enlightenment, some philosophes believed that culture
was determined, or at least strongly shaped, by climate. They warned
of cultural decline attending environmental change, both in the fall
of empires and the decline of creative genius in certain nations and
periods. According to this theory, Europeans leaving their native lands
to establish colonies in the cold and damp New World or in the hot
and humid tropics did so at great personal risk, both to themselves
and their descendants. Even in more “enlightened” times, fears of a
year without a summer, a return to an ice age (even a “little” one), or
a secularly cooling globe have generated calls for climate prediction
and control. Although today’s climate concerns are dominated by the
fear of global warming, for most of human history the dominant sen-
timent has been that “warmer is better.”

There are other, perhaps more fundamental fears related to a rift in
the social fabric caused by climatic change. Nico Stehr, a contempo-
rary sociologist, fears that climate change may destroy “age-old envi-
ronmental representations” that are fundamental to social and cultural
cohesiveness. As others predicted in connection with the fear of
nuclear weapons in the 1960s, Stehr points to the possibility of social
breakdowns due to the interruption of natural rhythms. On a more
prosaic level, even the United Nations has warned that adverse cli-
matic impacts “may weaken governments at a time when they will
need all of their resources to respond to climate change.”®

Intervention and Control

A warrant for his apprehension was obtained.
—Chambers’ Edinburgh Journal
(1881), O.E.D.

A third task, related to the first two, is to investigate modes of arrest-
ing {apprehending) or otherwise infervening in climate change,
whether by big technical fixes or by social engineering of human be-
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havior. In eras other than our own, the climate has been perceived as
amenable to human impact or intervention. The ancient Greeks inter-
vened in the natural world on a modest scale by diverting streams and
draining marshes. Early modern environmental determinists thought
human settlement had caused a gradual warming of the European
continent. Settlers in the New World engaged in self-conscious, if
ineffective, efforts to modify and “improve” the climate through clear-
ing the forests and cultivating the lands. At the turn of the twentieth
century, the climatic effects of industrial emissions—especially the
rising use of coal—came under some scrutiny. Most people, however,
thought increasing carbon dioxide levels in the atmosphere would
have no effect at all. Some believed it could possibly have a long-term
beneficial effect on climate by stimulating plant growth and prevent-
ing a return of the deadly glaciers. Since the 1950s, new understand-
ings of global change phenomena have led some to conclude that cli-
matic change can be predicted and that climate (or at least human
impact on the climate) might even be controlled.

Climate apprehensions—awareness and understanding, fear, and
intervention—are all interrelated. In every era, scientists have created
climate narratives, theories, and reconstructions in conformity with
their personal experiences, experimental techniques, technical capaci-
ties, and philosophical preferences. Some theories have been more
convincing than others; some have raised public awareness; some have
generated serious social concerns; and some have indicated the need
for concerted action.

Structure and Purpose

Chapter 1 examines the notion that changes in climate influenced
culture, society, and even individuals. Early statements to this effect,
found in the work of Jean Bodin and others, had been developed into
full-fledged theories of climatic determinism by the mid—eighteenth
century by Abbé Jean-Baptiste Du Bos and his famous disciples. Du Bos
believed that the climate of Europe had moderated since Roman times
due to the gradual clearing of the forests and the spread of cultiva-
tion, and that vast cultural displacements had resulted. The Ameri-
can climate was thought by some to be undergoing similar but much
more rapid and dramatic changes.

The theory that human efforts might improve the climate of the New
World fueled a significant debate in colonial and early America. This
debate is examined in chapter 2. Colonists and patriots hoped that by
pushing back the wilderness and displacing “primitive” native cul-
tures, a flourishing civilization might take root on American soil.
Expectations that the American climate was becoming warmer, less
variable, and healthier swelled the national pride and swayed the



INTRODUCTION 9

practical decisions of yeoman farmers. This vision was an integral
component of an emerging Republican national ideal. Early Ameri-
cans, hoping to document climatic changes, faithfully kept weather
diaries and compiled observations over large expanses of the country.

Chapter 3 deals with the growth of observing systems and the de-
velopment of national weather services in many nations. As the sys-
tems expanded, they generated massive amounts of data and provided
privileged perspectives on the climate for a new generation of theo-
rists. Chapter 4 discusses the resolution of the American debate in favor
of climate stability. It illustrates how the evolution of meteorological
observing systems contributed to a radical transformation of climate
discourse and the emergence of a recognizably modern climatology.
These four chapters illustrate the cultural situatedness and historical
contingency of our climate knowledge.

Chapter 5 investigates Joseph Fourier’s theory of terrestrial tempera-
tures, beginning with a review of recent citations to his climate work.
Fourier, who aspired to be the “Newton of heat,” was passionately
engaged in his theoretical and experimental studies. In his archaic
system, the “temperature of space” was more important than the
“greenhouse effect” in controlling the Earth’s heat budget. The follow-
ing chapter treats John Tyndall, an accomplished experimenter who
made molecules dance in his apparatus, and Svante Arrhenius, a Nobel
Prize~winning chemist whose many scientific interests included cos-
mic physics. Among his many discoveries, T'yndall was able to dem-
onstrate that atmospheric trace gases might have significant radiative
effects on weather and climate. Arrhenius’s quest for an explanation
of the onset of ice ages and interglacial periods led him to construct a
crude model in which variations of atmospheric CO, concentration
had a significant effect on the heat budget and surface temperature of
the planet, especially in high latitudes. Later in life, Arrhenius specu-
lated on the potentially beneficial role that industrial carbon emissions
might have on the climate. Chapter 7 explores the life and work of
T. C. Chamberlin, a glacial geologist who developed an interest in in-
terdisciplinary earth science. His work on the geological agency of the
atmosphere informed his understanding of the carbon cycle and led
him to propose a new theory of the formation of the Earth and the solar
system.

The chapter on Ellsworth Huntington is included to illustrate the
pitfalls of environmental determinism. His racially biased work on
civilization and climate and his crude efforts to link human perfor-
mance directly to changes in the weather have been summarily re-
jected. Yet he was a practitioner of a perennial philosophy of climatic
influence, and his errors and excesses serve as an example of how not
to study the human dimensions of global change.

Chapter 9 traces issues related to global warming in the first six
decades of the twentieth century. It begins with the demise of the old
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carbon dioxide theory of climate, as advocated by Arrhenius and
Chamberlin. Other mechanisms of climatic change—especially changes
in solar luminosity, atmospheric transparency, and the Earth’s orbital
elements—received more attention. As temperatures reached an early-
twentieth-century maximum and industrial carbon emissions contin-
ued to rise, a new carbon dioxide theory emerged that was based on
the contributions of scientists such as G. S. Callendar, Gilbert Plass,
and Roger Revelle. The book concludes with a chapter that examines
recent episodes of global cooling and global warming,

Global change is a pluralistic and dynamic enterprise. Yet its sci-
entific and human dimensions can be further enhanced by the study
of history. If these essays expand the horizons of the field in any way—
if they raise any new issues, provide any new insights, or provoke any
new controversies—I will deem the effort a success.



Climate and Culture
in Enlightenment Thought

Genius is not born in every climate.
—Abbé Du Bos

L’empire du climat est le premier de tous les empires.
-—Montesquieu

The debate over climate change, both from natural causes and human
activity, is not new. Although the Baron C.-L. de Montesquieu is un-
doubtedly the best known Enlightenment thinker on the topic of cli-
matic determinism, others, notably the Abbé Du Bos, David Hume, and
Thomas Jefferson, observed that climatic changes exerted a direct
influence on individuals and society and that human agency was di-
rectly involved in changing the climate.

Climate—from the Greek term klima, meaning slope or inclina-
tion—was originally thought to depend only on the height of the Sun
above the horizon, a function of the latitude. A second tradition, trace-
able to Aristotle, linked the quality of the air (and thus the climate) to
the vapors and exhalations of a country. The Hippocratic tradition
further linked climate to health and national character. As late as 1779,
the Encyclopdédie of Denis Diderot and Jean le Rond D’Alembert de-
fined “climat” geographically, as a “portion or zone of the surface of
the Earth, enclosed within two circles parallel to the equator,” in which
the longest day of the year differs in length on its northern and south-
ern boundaries by some quantity of time, for example one-half hour.
The article goes on to mention Montesquieu’s position on “I'influence
du climat sur les meeurs, le charactére, et les loix des peuples.” The

11
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second definition of climate provided by the Encyclopdédie was medi-
cal, identified primarily as the temperature of a region and explicated
through its effects on the health and well-being of the inhabitants.?

The idea that climate influenced culture was derived in part from
the writings of ancient and medieval philosophers, geographers, and
historians, including the works of Hippocrates, Albertus Magnus, and
Jean Bodin. With no established science of climatology, Enlightenment
thinkers apprehended climate and its changes primarily in a literary
way. They compared the ancient writings to recent weather conditions,
linked the rise and fall of creative historical eras to changes in climate,
and promoted a brand of climatic determinism based on geographic
location and the quality of the air.

Abbé Du Bos

Modern European thought linking climate change and culture can be
traced to the diplomat, historian, and critic Abbé Jean-Baptiste Du Bos,
member of the French Academy (later perpetual secretary), and au-
thor of Réflexions critiques sur la poésie et sur la peinture (1719), a
book Voltaire considered “the most useful book ever written by a
European on these matters.”2 The first volume of the book is a wide-
ranging review and critique of various artists and their works. Volume
2 begins with brief general observations on “genius in general” and
on the “genius which forms painters and poets,” after which the au-
thor turns his attention to the causes of the rise and fall of the so-called
illustrious ages in the arts and sciences. For Du Bos, the emergence of
genius was not primarily due to “les causes morales” (education, cul-
tivation, governance) but in large measure to “les causes physiques”
(the nature of the air, land, soil, and especially climate). In chapter 13
he offers three “critical reflections” in support of this thesis:

First reflection: There are countries and times in which arts and
sciences do not flourish, notwithstanding the vigorous concurrence
of moral causes in their favor.

Second reflection: The arts and sciences do not attain their full
perfection by a slow advance, but by sudden, spontaneous progress.
Moral causes can neither elevate the arts and sciences to the point
of perfection nor prevent their decline,

Third reflection: Great painters have always been contemporar-
ies with great poets, and along with other artists and scientists, they
have flourished at the same time in their own country.

In his Critical Reflections, Du Bos argued that artistic genius flour-
ished only in countries with suitable climates (always between twenty-
five and fifty-two degrees north); that changes in climate must have
occurred to account for the rise and decline of the creative spirit in
particular nations; and that the climate of Europe and the Mediterra-
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nean area had changed gradually since antiquity and had caused a
decline of creative genius in certain nations. His theory also implied
that the deforestation and increased cultivation of North America
would result in a rapid change in climate (and culture). He cited four
examples of “illustrious ages” that gave rise to extraordinarily creative
cultures: Greece under Philip of Macedon and Alexander the Great;
Rome under Julius and Augustus Caesar; sixteenth-century Italy at
the time of Popes Julius IT and Leo X; and his own era, France from
Francis I to Louis XIV {1654-1715).3

The basic argument may be encapsulated as follows: As the grapes
of one particular region or year produce a characteristic vintage, so,
according to Du Bos, the inhabitants of a particular nation in a given
epoch represent a cultural vintage distilled from the overall quality
of the air and soil. Only the most favored nations and epochs produced
superior cultural distillations; most produced table wines or vinegars:
“’Tis thus that wines have a particular taste in each soil, which they
always preserve, tho’ they are not always of equal goodness.”*

In Du Bos’s system, the air of different countries and of different
eras exercised a direct power over human minds and bodies:

During the life of a man, and as long as the soul continues united
to the body, the character of our minds and inclinations depends
very much on the quality of our blood, which nourishes our organs,
and furnishes them with matter of accretion during infancy and
youth. Now the quality of our blood depends vastly on the air we
breathe; as also on the air in which we have been bred, by reason of
its having decided the quality of our blood during our infancy. The
same air contributes in our younger days to the conformation of our
organs, which by a necessary concatenation, contributes afterwards
in the state of manhood to the quality of our blood. Hence it comes,
that people who dwell in different climates, differ so much in spirit
and inclinations.®

According to Du Bos, the air was “a mixt body” composed of ele-
mentary air and “emanations” released by the earth. “Naturalists prove
also that the air is likewise filled with an infinite number of small
animals and their seeds.”® The diversity of the air of different coun-
tries (even those of the same latitude) was due to the nature of the
“emanations” of the earth that vary from nation to nation. Holland was
obviously unique since most of it was covered by water. The soil of
Italy contained alum, sulphur, brimstone, and other minerals. In
France the gravel consisted of soft, volatile stone, while in England it
contained lead, pewter, sea-coal, and other minerals. The salt in
Poland’s earth caused the soil to be fertile and the people to be large.”

Temporal differences within a country were also explained in this
manner. All years are not equally salubrious, pluvious, windy, cold,
or warm. The number of earthquakes and volcanic eruptions in the
same country varies from year to year, as does the number of outbreaks
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of epidemics, both pestilential and sudden. “There were hardly two
claps of thunder heard at Paris in the summer of 1716, but it thun-
dered thirty times and upward in the summer of 1717.”8 Du Bos at-
tributed such differences to the “vast number of vicissitudes and
alterations” in the emanations and fermentations of the Earth. If the
quality of the emanations varied, so would the temperature and qual-
ity of the air, Such climatic changes could impact the spirit and humor
of the people of a particular country, making some generations (in
France, for example) more sensible and lively than others.® Because
of this, “the difference we observe in the genius of people of the same
country in different ages, must be attributed to the variations of the
air.”1? Concerning changes on the Italian peninsula, Du Bos observed,
“there has been such a prodigious change in the air of Rome and the
adjacent country, since the time of the Caesars, that it is not at all
astonishing there should be a difference between the present and an-
cient inhabitants. Nay, in our system, this is the very thing that ought
naturally to have happened, since the alteration of the cause must be
always supposed to alter the effect.”*!

According to Du Bos, there are three general avenues through which
the air comes in direct contact with the human body: respiration, food,
and water. The air we breathe “communicates to the blood in our lungs
the qualities with which it is impregnated.” The food supply receives
aerial influences when the soil is aerated through cultivation. These
influences are passed on to humans in everything they consume—
fruits, vegetables, even “beasts whose flesh they eventually convert
into their own substance.” The quality of the air is communicated also
to the waters of fountains and rivers by means of snows and rains,
“which are impregnated with a part of the corpuscles suspended in
the air.”*? For Du Bos, however, the temperature of the air exerted the
most direct and immediate influence: “Excess of cold congeals the
imagination of some, and absolutely changes the temper and humor
of others. From sweet and good humored in other seasons, they be-
come almost savage and insupportable in violent frosts.”?? Du Bos cited
as examples of this influence the rise of violent crimes during cold
snaps and the tendency of Henry III, king of France to fall into fits of
winter melancholy.#

Colonization—which usually required settlers to move to new cli-
matic zones—was perceived as a great risk by Europeans. According
to Du Bos, air that is wholesome to the inhabitants of one country can
be a slow poison to strangers. Blood formed by the air and nourish-
ments of Europe was thought incapable of mixing with the air or with
the chyle produced by the food of America. The only medical rem-
edies were bleeding and gradual acclimatization. Other effects of
changing climatic zones were more rapid. For example, visitors to the
Spanish West Indies were afraid of contracting Tarbardillo, a debili-
tating fever that attacked almost all Europeans a few weeks after their
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arrival. “The same disorder attacks the Spaniards born in America
upon their coming to Europe; so that the native air of the father proves
a kind of poison to the son.”!3 Du Bos also believed that climatic in-
fluences could be transmitted by commercial exchange. For example,
by consuming sugar, spices, coffee, chocolate, and other products of
the tropics, people in middle latitudes were incorporating elements
of hotter climates into their culture, reducing the effect of latitudinal
differences. 16

Du Bos concluded that differences in the character of nations could
be attributed to differences in their airs, Even within a particular coun-
try, changes over time in the qualities of the air could lead to changes
in the inhabitants. According to this theory, the observable difference
between the French and Italians was attributed to differences in their
airs; the difference between the manners and genius of the French of
two different ages was attributed to the alteration over time of the
qualities of the French air. Du Bos concluded, “As the quality of our
air varies in some respects, and continues unvaried in others, it en-
sues that the French in all ages will have a general character which
will distinguish them from other nations; tho’ this will not prevent a
difference between the French of different ages.”!”

Du Bos was undoubtedly influenced by Jean Bodin, who was con-
sidered the most important Renaissance thinker on the relationship
of society and geography. Clarence Glacken and others saw Bodin as
a critical link in a long chain of environmental determinists stretch-
ing from Hippocrates to Montesquieu:

We would not err greatly, in fact, if we wrote the history of envi-
ronmental theories around the names of Hippocrates, Aristotle,
Ptolemy, Albert the Great, and St. Thomas, summarizing the results
of over two thousand years of speculation in the syntheses of Bodin.
From Bodin one can easily see the way to Montesquieu.'8

Du Bos was also influenced by the Travels in Persia of Sir John
Chardin, first published in London in 1680. Chardin’s narrative em-
phasized the great diversity of climates and soils he had experienced
within the borders of the empire and pointed to their profound influ-
ence on the health and the culture of the inhabitants. Most of Persia
was under the “happy” influence of very dry, hot air, free of tempests,
earthquakes, and violent meteors:

And in those countries, the goodness and virtue of the air spreads
and diffuses itself over all the face of nature, that it ennobles all its
productions, and all the works of art with unparallel’d lustre, so-
lidity and duration; not to speak how much this serenity of air en-
livens and invigorates the constitution of the body, and how hap-
pily it influences the disposition of the mind.®

Along the Caspian Sea, however, the air was damp and unwholesome,
“the worst air that could be.” Chardin thought that because of this the
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people were “more yellow, more defective in their make, [and} more
weakly and sickly” than elsewhere. Due to the poor air quality, com-
munities of Christians transplanted there by the emperor Abas the
Great failed to flourish. Chardin may have heard about these climatic
influences from the Arab cultural historian Ibn Khald@in.?? Like gen-
erations of environmental determinists who would follow, Chardin
thought that “from a right observation of the different climates, one
may form a better judgment of the food, clothes and lodging of the
several people of the world, as also of customs, sciences, and their
industry; and if one have a mind to it, of the false religions which they
follow.”2!

Du Bos cited Chardin frequently and enthusiastically in his work
and probably gave others (notably Montesquieu) the idea of citing the
Travels in Persia.

Montesquieu

The most famous and influential environmental determinist of the
Enlightenment was Charles Louis de Secondat Baron de Montesquieu.
Many authors have mentioned his influence on others, up to and in-
cluding the twentieth century.? What is less well known are some of
the direct influences on Montesquieu himself, including the Abbé Du
Bos. As Robert Shackleton noted, “Shortly before departing on his
travels [to Italy], Montesquieu had had his attention drawn to. . . the
Réflexions critiques sur la poésie et sur la peinture.”?® The cordial
personal relationship between the two men was perhaps of greater
significance—Du Bos was a sponsor of Montesquieu’s candidacy for
a position in the French Academy. Undoubtedly, there are echoes of
Du Bos and other determinists in Montesquieu’s notion, set forth in
L’Esprit des lois (1748), that climate shaped the character of both
individuals and nations:

We have already observed that great heat enervates the strength and
courage of men, and that in cold climates they have a certain vigor
of body and mind which renders them capable of long, painful,
great, and intrepid actions. . . .

This has also been found true in America; the despotic empires
of Mexico and Peru were near the Line, and almost all the little free
nations were, and are still, near the Poles.24

Montesquieu also agreed with Du Bos that Europeans were at great
risk when they changed climates, for example, in moving to colonies
in Africa, Asia, or the New World. According to Montesquieu, the good
life was one lived from cradle to grave within the same country, pref-
erably the same region; individuals should stay where they are. Trav-
eling to new lands was risky enough, but settling in new climes would
most probably be fatal.2s
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The intellectual affinity between the two was not deep, however.
First, Montesquieu wrote on climatic influences and did not write
explicitly on the topic of climate change. Second, moral causes meant
much more to Montesquieu than physical causes, while for Du Bos
their importance was reversed. Third, as articulated by Johann
Gottfried von Herder, “Montesquien built his climatic theory on lati-
tudes [die Himmelsstriche] while Du Bos reckoned according to evapo-
rations of the earth.”26 In other words, Montesquieu emphasized geo-
graphic location, while Du Bos’s argument was based on changes in
atmospheric humors, vapors, and exhalations.

Others influenced Montesquieu, including the English physician and
writer John Arbuthnot, who suggested that climate operates on the
minds, emotions, and language of human beings.2” Another was the all-
but-forgotten determinist Frangois-Ignace Espiard, who stressed the
“paramountcy” of climate about five years before Montesquieu. For
Espiard, “le climat est pour une nation la cause fondamentale”; “le
climat est cette principale qui préside au génie des peuples”; and “le
climat est de toutes les causes la plus universelle, la plus puissante.”28

While for Montesquieu climate was the first of all the empires, it
was not the only one. Human ingenuity and effort in areas such as
education, government, medicine, and agriculture could overcome the
negative influences of climate. “Man is not simply subject to the neces-
sity of nature; he can and should shape his own destiny as a free agent,
and bring about his destined and proper future,”2

Hume

David Hume followed the Abbé Du Bos explicitly on the issue of cli-
mate change and in turn influenced Montesquieu.?® In his essay “Of
the Populousness of Ancient Nations” (ca. 1750}, Hume argued that
the climate of Europe and the Mediterranean area had been colder
in ancient times and that the Tiber River, which never freezes now,
froze then. “The annals of Rome tell us,” says Du Bos, “that in the
year 480 . . . the winter was so severe that it destroyed the trees. The
Tyber froze in Rome, and the ground was covered with snow for forty
days. ... At present the Tyber no more freezes at Rome than the Nile
at Cairo.”?®' Hume’s essay also contrasted the current mild climate
of France and Spain with accounts drawn from ancient writers,
among them Diodorus Siculus, who described Gaul as “infested with
cold to an extreme degree”; Aristotle, who said that Gaul was so cold
a climate that an ass could not live in it; and the geographer Strabo,
who claimed the northern parts of Spain were ill inhabited because
of the great cold.

Hume believed that the moderation of the climate had been caused
by the gradual advance of cultivation in the nations of Europe.
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Allowing, therefore, this remark [of Du Bos] to be just, that Europe
is become warmer than formerly; how can we account for it? Plainly,
by no other method, than by supposing that the land is at present
much better cultivated, and that the woods are cleared, which for-
merly threw a shade upon the earth, and kept the rays of the sun
from penetrating to it.

Hume also thought that similar but much more rapid changes were
occurring in the Americas as the forests were cleared. “Our northern
colonies in America become more temperate, in proportion as the
woods are felled; but in general, every one may remark that cold is
still much more severely felt, both in North and South America, than
in places under the same latitude in Europe.”3?

Conclusion

The ideas of Du Bos, Montesquieu, and Hume dominated the discus-
sion of climate in the second half of the eighteenth century. Du Bos
developed an environmental theory of the rise and fall of creative eras.
Montequieu was more interested in the ability of men to govern, even
in inhospitable climates, while Hume speculated directly on climatic
changes in the Americas. They appealed directly to cultural sensibili-
ties and prejudices; the authority of their positions resided in their
considerable literary skills and the lack of other evidence to prove them
wrong. Collectively, they generated a powerful vision of the climates
of Europe and America shaping the course of empire and the arts; the
concerted efforts of innumerable individuals in turn shaping the cli-
mate itself. By the end of the eighteenth century, Enlightenment
thinkers had come to the following conclusions regarding climate
change, culture, and cultivation:

1. Cultures are determined or at least strongly shaped by climate.

2. The climate of Europe had moderated since ancient times.

3. The change was caused by the gradual clearing of the forests and
by cultivation,

4. The American climate was undergoing rapid and dramatic
changes caused by settlement.

5. The amelioration of the American climate would make it more
fit for European-type civilization and less suitable for the primi-
tive native cultures.

Such ideas crossed the Atlantic in two directions. Initially, travel ac-
counts from the New World influenced some of the climate ideas of
European thinkers. Their works, in turn, influenced generations of
colonials and early American nationals.? While colonists were ini-
tially surprised by the rigor of the climate, many European intellectu-
als held the climate in disdain and thought the colonists were fool-
hardy to be risking their lives and health. New World promoters and



CLIMATE AND CULTURE IN ENLIGHTENMENT THOUGHT 19

patriots thought their concerted efforts would improve the climate,
making it even better than that of Europe. In response to these ideas,
Thomas Jefferson advocated a practical policy: “Measurements of the
American climate should begin immediately, before the climate has
changed too drastically. These measurements should be repeated at
regular intervals.”3* Subsequent chapters will explore in more detail
the importation of these ideas to America, their transformation, and
their ultimate rejection.
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The Great Climate Debate in
Colonial and Early America

[When the colonists arrived in America] the whole continent was
one continued dismal wilderness, the haunt of wolves and bears
and more savage men. Now the forests are removed, the land
covered with fields of corn, orchards bending with fruit, and the
magnificent habitations of rational and civilized people.

—John Adams

Enlightenment ideas of climate and culture, developed in an era of
European expansion, were stimulated by the writings of explorers, colo-
nists, and travelers. Initially, colonists were confused and confounded
by the cold winters and harsh storms. The New World was the object
of considerable disdain for many European elites. Convincing them that
the North American continent was not a frozen, primitive, or degener-
ate wasteland became a crucial element in American apologetics. The
notion that a harsh climate could be improved by human activity—
draining the marshes, clearing the forests, and cultivating the soil—was
a major issue in colonial and early America and remained so until the
middle of the nineteenth century. If the climate could truly be trans-
formed, the implications were enormous; involving the health, well-
being, and prosperity of all. There were contrarians, however, who
called these ideas just so much wishful thinking.

Dissonance

Early settlers in North America found the climate harsher, the atmo-
sphere more variable, and the storms both more frequent and more

21
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violent than in similar latitudes in the Old World.! In 1644—45, the
Reverend John Campanius of Swedes’ Fort (Delaware) described
mighty winds, unknown in Europe, which “came suddenly with a
dark-blue cloud and tore up oaks that had a girt of three fathoms.”?
Another colonist in New Sweden, Thomas Campanius Holm, noted
that when it rains “the whole sky seems to be on fire, and nothing can
be seen but smoke and flames.”? James MacSparran, a missionary to
Rhode Island for thirty-six years until his death in 1757, spent con-
siderable energy warning colonists against emigrating to America. He
found the American climate “intemperate,” with excessive heat and
cold, sudden violent changes of weather, terrible and mischievous
thunder and lightning, and unwholesome air—all “destructive to
human bodies.”

While new settlers in all countries and climates are subject to many
hardships, Dr. Alexander Hewatt observed that the hardships experi-
enced by the first settlers of Carolina “must have equalled, if not sur-
passed, everything of the kind to which men in any age have been
exposed. . . . During the summer months the climate is so sultry, that
no European, without hazard, can endure the fatigues of labouring in
the open air.” Hewatt found the winds in Carolina changeable, erratic,
and commonly boisterous, especially around the vernal and autum-
nal equinoxes. “The first settlers could scarcely have been cast ashore
in any quarter of the globe where they could be exposed to greater
hazards from the climate.”®

Today meteorologists agree that the United States experiences more
severe local storms and flooding than any other nation in the world,
including India and China.? It also has some extreme climates, espe-
cially in comparison to Europe. In colonial times, explaining this was
a major problem both for natural philosophy and for the practical af-
fairs of settlement and governance of the new colonies.

Because of its seemingly favorable location in latitudes farther south
than most European nations, the New World was expected to have a
warm, exotic climate. Initially, colonists and their sponsors envisioned
a rich harvest of wine, silk, olive oil, sugar, and spices from their in-
vestment. In 1588, colonial promoter Thomas Hariot, attempting to
put the best possible spin on the situation, pointed out that the lati-
tude of Virginia was the same as many exotic places, including Per-
sia, China, and the island of Japan in the East, and southern Greece,
Italy, and Spain in the West. He assured his readers that the air of
Virginia had an “excellent temperature” in all seasons and was nei-
ther as cold as England nor as violently hot as the tropics. To prove
the “wholesomeness” of the environment, he pointed out that he and
the first settlers lived quite well in Virginia after the ship’s provisions
had run out—drinking the water, eating the victuals of the country,
and taking winter lodging, often in the open air upon the ground; and
yet only four (who were already feeble) of 108 colonists died in the
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first year.” But in 1607-8, a year with an “extremely cold” winter, the
Jamestown colonists suffered deprivation, disease, and death; 73 of
the 105 in the company perished before the arrival of the first supply
ship the following summer.2 The Virginia Company’s Declaration of
the State of Virginia claimed that, with hard work and dedication, the
region could become a cornucopia: “Wee rest in great assurance, that
this Countrey, as it is seated neere the midst of the world, betweene
the extreamities of heate and cold; So it also participateth of the bene-
fits of bothe, and is capable (being assisted with skill and industry) of
the richest commodities of most parts of the Earth.”® Nor was this just
an early colonial promotion. In a letter to the American Philosophical
Society written in 1769, Edward Antill expressed similar sentiments:

Whoever considers the general climate of North America, the soil,
the seasons, the serenity and dryness of the air, the length and in-
tenseness of the heat, the fair and moderate weather, that generally
prevails in the fall, when Grapes are coming to maturity, and ar-
rive at their great perfection; whoever compares the present state
of the air, with what i[t] was formerly, before the country was
opened, cleared and drained, will find that, we are every year fast
advancing to that pure and perfect temperament of air, fit for mak-
ing the best and richest Wines of every kind.1®

An anonymous author in Gentleman’s Magazine in 1750 argued that
if weather registers were kept faithfully and methodically in North
America, the effects and extent of climatic changes due to settlement
and cultivation would become obvious. The article suggested that new
draft animals such as camels and new crops such as dates or figs might
be profitably introduced as the climate warmed.!!

Disdain

Many Europeans held considerable disdain for the New World and
for its climate, soil, animals, and indigenous peoples. One possible,
but very speculative, explanation for the North American anomaly was
that the continent was quite new and had recently emerged from the
sea or perhaps from under a massive ice cap. Such theories, linked to
a universal deluge, were quite common. In 1694, Edmund Halley,
Britain’s astronomer royal, proposed that the harsh climates of the New
World and their gradual amelioration might be due to the impact of a
comet that had shifted the position of the Earth’s axis:

and ’tis not unlikely, but that extream Cold felt in the North-West
of America, about Hudson’s Bay, may be occasioned by those Parts
of the World having once been much more Northerly, or nearer the
Pole than now they are; whereby there are immense Quantities of
Ice yet unthaw’d in those Parts, which chill the Air to that degree,
that the Sun’s warmth seems hardly to be felt there.
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In a similar vein, the noted Parisian naturalist Georges Louis Leclerc,
Comte de Buffon, considered the flora and fauna of the New World
degenerate, basing his opinion on the notion that the climate was
cooler and more humid than Europe, because the Americas had “re-
mained longer than the rest of the globe under the waters of the sea.”
The traveler Peter Kalm observed, rightly or not, that every life-form
had less stamina in the New World. People died younger, women
reached menopause earlier, and soldiers lacked the vitality of their
English counterparts—even the imported cattle were smaller. He
pointed to climatic influences as the probable cause.'? Cornelius de
Pauw’s Recherches philosophiques sur les Américains {1771) ad-
vanced the thesis, buttressed by borrowings from Buffon, Kalm, and
others, that the American climate produced degeneracy among the
aborigines. De Pauw extended his thesis to cover European settlers and
their descendants as well.?® Abbé Raynal, a prolific writer and well-
known philosophe, largely agreed with De Pauw’s ideas but seemed
to be of two minds in formulating his own position. On one hand,
European settlers “appeared, and immediately changed the face of
North-America,” turning the chaos of primitive nature into the order
of pastoral settlements.' On the other hand, settlement was not with-
out its risks. “Under alien skies” both the minds and bodies of colo-
nists were enervated. Raynal was amazed that “America has not yet
produced a good poet, a capable mathematician, or a man of genius
in a single art or a single science.”!s

Patriotism

Colonials were quite defensive about these opinions and argued that
the climate was improving as the forests were cleared. In 1721, Cot-
ton Mather believed it was getting warmer: “Our cold is much mod-
erated since the opening and clearing of our woods, and the winds do
not blow roughly as in the days of our fathers, when water, cast up
into the air, would commonly be turned into ice before it came to the
ground.”1® Benjamin Franklin agreed, writing to Ezra Stiles in 1763
that “cleared land absorbs more heat and melts snrow quicker.” He
thought that many years of observations, however, would be neces-
sary to settle the issue of climatic change.!”

Hugh Williamson of Harvard College wrote in 1771 that the win-
ters were becoming less severe and the summers more moderate: “[I]t
is generally remarked by people who have resided long in Pennsylva-
nia and neighboring colonies, that within the last forty or fifty years
there has been a very great observable change of climate, that our
winters are not so intensely cold, nor our summers so disagreeably
warm as they have been.” According to Williamson, this was because
open fields were better able to absorb and retain heat as forests were
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cut down, thus ameliorating the northwest winds. In his vision of the
future, when generations have “cultivated the interior part of the coun-
try, we shall seldom be visited by frosts or snows.”'8 Williamson
maintained this position over the years. In 1811, he observed that re-
cent accumulations of snow in New England were less than half of
what they had been fifty years earlier. “It is well known, that in the
Atlantic States, the cold of our winters is greatly moderated. As the
surface of the country is cleared, a greater quantity of heat is reflected;
the air becomes warmer, and the north-west winds are checked in their
progress.”1? He went on to note that the Delaware River used to freeze
earlier than at present, and that westerly winds were decreasing and
easterly winds increasing in frequency. Williamson explained these
changes in part as follows:

The cold of the winter is chiefly moderated by the heat of the earth;
and much evaporation, in summer or autumn, cools the earth to a
considerable depth. It appears, from experiments, that land covered
by trees, emits one third more vapour, than a surface of the same
extent, covered with water. The vapours that arise from the forests,
are soon converted into rain, and that rain becomes the subject of
future evaporation, by which the earth is further cooled. Hence it
follows, that a country, in a state of nature, covered with trees, must
be much colder than the same country when cleared.?0

For Williamson, as for generations of Enlightenment philosophes,
these changes added up to a continent better suited to white settlers
and less suited for natives:

While America remained a great forest, inhabited by savages, under
the constant dominion of westerly winds, there was not any climate
on the eastern coast, in which we could expect a fair skin. By the
progress of cultivation, the general course of the winds is materi-
ally affected, in the middle and northern States; and in the process
of time, we may expect such a prevalence of easterly winds, near
the coast, in those States, as shall prevent the tendency of complex-
ion to the clear brunet, which prevails in temperate climates, in
other parts of the world.?!

The total effect of all these anthropogenic environmental changes
would be a temperate climate and clear atmosphere that would serve
as “a proper nursery of genius, learning, industry and the liberal arts.”
These circumstances, combined with “a high degree of civil liberty,”
would enable the civilization of the American states to compare fa-
vorably “with the Grecian republics, or any other people recorded in
history.”?22

According to Samuel Williams, author of the Natural and Civil
History of Vermont, the recent change in the climate of America was
“so rapid and constant, that it is the subject of common observation
and experience.” He linked the long-term warming of the climate of
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Europe to deforestation and cited a number of classical and historical
sources as evidence for this. According to Williams, the temperature
of Italy had risen seventeen degrees since ancient times while Ver-
mont had warmed ten to twelve degrees in only a century and a half.
Williams experimented with thermometers buried in the soil and noted
a substantial rise in soil temperature after land had been cleared. Re-
cent changes in the weather of New England, he concluded, “extend
exactly in proportion as the land is divested of wood.” He believed
that this process would cause the cold to decrease, the earth and air
to become warmer, and the overall climate to become more equal,
uniform, and moderate.?®

Thomas Jefferson’s Notes on Virginia, which is well known for its
patriotic defense of the fauna of the New World, also presented an
apology for the harsh American climate and an optimistic prognosis
for its improvement by settlement. Jefferson summarized the positions
of those who believed the climate was milder than before:

A change in our climate . . . is taking place very sensibly. Both heats
and colds are become much more moderate within the memory even
of the middle-aged. Snows are less frequent and less deep. They do
not often lie, below the mountains, more than one, two, or three
days, and very rarely a week. They are remembered to have been
formerly frequent, deep, and of long continuance. The elderly in-
form me, the earth used to be covered with snow about three months
in every year. The rivers, which then seldom failed to freeze over
in the course of the winter, scarcely ever do so now.

Jefferson’s “Weather memorandum book” echoes this sentiment and
adds the following, probably derived from Samuel Williams:

The same opinion prevails as to Europe; and the facts gleaned from
history give reason to believe that, since the time of Augustus
Ceasar, the climate of Italy, for example, has changed regularly, at
the rate of 1° of Fahrenheit’s thermometer for every century. May
we not hope that the methods invented in later times for measur-
ing with accuracy the degrees of heat and cold, and the observa-
tions which have been and will be made and preserved, will at
length ascertain this curious fact in physical history??s

Perceptions of climatic change followed settlers westward into the
frontier. According to the famous traveler and diarist Count Constantin-
Frangois Volney:

On the Ohio, at Gallipolis, at Washington in Kentucky, in Frank-
fort, at Lexington, at Cincinnati, at Louisville, at Niagara, Albany,
everywhere the same changes have been mentioned and insisted
on: Longer summers, later autumns, shorter winters, lighter and less
lasting snows and colds less violent were talked of by everybody;
and these changes have always been described in the newly settled
districts, not as gradual and slow, but as quick and sudden, in pro-
portion to the extent of cultivation.”26
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What does modern climate reconstruction say about the tempera-
ture trends of the eighteenth century? From 1730 to the mid-1780s,
the temperature of New England was “extremely variable” with sev-
eral years in which the weather was “very cold” in all seasons. There
was a short-lived warming trend beginning with the extremely cold
winter of 1758 and extending to about 1784, just when Williamson
was writing and when Jefferson was composing his Notes on Virginia.?”
There is no evidence, however, for climatic change in the upper Mis-
sissippi Valley.

Moisture and Phlogiston

Explorers and colonists believed that rainfall patterns could possibly
be changing as the forests were cleared. For example, Christopher
Columbus supposedly knew “from experience” that afternoon rains
in the West Indies were produced by the luxuriant forests of the is-
lands, and that removal of these forests would reduce their mist and
rain, as had already happened elsewhere.?® William Wood, a Massa-
chusetts colonist, observed in 1634:

In former times the rain came seldom but very violently, continu-
ing his drops (which were great and many) sometimes four and
twenty hours together, sometimes eight and forty, which watered
the ground for a long time after. But of late the seasons be much
altered, the rain coming oftener but more moderately, with lesser
thunders and lightnings and sudden gusts of wind.?®

John Evelyn, a councilor of the Royal Society of London, thought
that by clearing large tracts of forest, both the climate and the health-
fulness of a region could be improved. In his book Sylva, or, a dis-
course of forest-trees, and the propagation of timber in His Majesties
dominions (1664), prepared for the Royal Navy, Evelyn argued that
the excessive humidity of Ireland and North America was due to ex-
cessive rain and mists attracted by their dense forests. He attributed
the poor health of the inhabitants of these regions to diseases caused
by increased humidity. The air should be “neither too keen or sharp,
too hot or cold, not infected with fogs or poisonous vapours, or ex-
posed to sulpherous exhalations, or frigiverous winds.” Evelyn main-
tained that cutting the forests would result in a better climate and better
health for the settlers. He further claimed that the process of climatic
change was already underway in New England after only a few de-
cades of European settlement. According to Evelyn, by felling and
clearing the forests, letting in the air and the sunshine, and making
the soil fit for tillage and pasture, the weather in New England was
“much improved” and “those gloomy tracts are now become healthy.”30
Echoing these sentiments, John Woodward, an English naturalist,
observed that
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the great Moisture in the Air was a mighty inconvenience and
annoyance to those who first settled in America; which at that time
was much overgrown with Woods and Groves. But as these were
burnt and destroy’d, to make way for Habitation and Culture of the
Earth, the Air mended and cleared up changing into a Tempest
much more dry and serene than before.”*

Edward Holyoke, a Massachusetts physician, used the meteorologi-
cal data being collected by the Societas Meteorologica Palatina in
Mannheim (see chapter 3) to compare the climates of Europe and
America and their progressive changes. He thought that deforestation
over several centuries had moderated the American climate—a pro-
cess that had occurred over several millennia in Europe. Holyoke
explained lower temperatures in America by the theory that plants,
especially evergreens, absorb phlogiston and produce pure air that can
become intensely cold. Holyoke thought “our pine woods are a source
of cold” because they produce an abundance of “pure dephlogisti-
cated” air, even in the winter.?? Noah Webster cited the severe frost
of May 19, 1794, in upstate New York as a possible confirmation of
Holyoke’s theory:

The effects of the frost were more visible on wheat, oats and flax
that were surrounded by pines, than on the same vegetables sur-
rounded by other kinds of trees, and in situations otherwise simi-
lar. ... Lam strongly inclined to believe, that the theory is just, and
that tender plants surrounded with forests of evergreens, are more
likely to be injured by untimely frosts, than in the neighborhood of
other species of trees.

Parker Cleaveland in Maine thought the issue was worthy of further
examination:

If [Holyoke’s theory] be true with regard to the continent at large,
some particular sections of the country, in which evergreens
abound, may have an excess of cold above those parts of the same
country, which have fewer evergreens. Surrounded as I am by trees
of the aforementioned description, I design to pay further attention
to this subject by observation and experiment.3?

Intervention

Jefferson believed he had witnessed a change in the climate in his life-
time due to the greater incursion of sea breezes inland. He proposed
the following mechanism by way of explanation: As the settlements
of Virginia progressed inland from the seacoast, an increasing area of
cleared and cultivated land was being heated strongly by the Sun. Cool
air from the mountains to the west and from the ocean to the east
rushed in to replace hot rising air over the cultivated land. The west-
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ern flow, however, was slowed by the greater roughness of the terrain,
allowing sea breezes to penetrate farther inland than ever before:

The eastern and south-eastern breezes . . . have advanced into the
country very sensibly within the memory of people now living. They
formerly did not penetrate far above Williamsburg. They are now
frequent at Richmond, and every now and then reach the moun-
tains. . . . As the lands become more cleared, it is probable they will
extend still further westward.3

Jefferson wondered when and if the incursion of the sea breezes would
ultimately be stopped. He thought that when cultivation extended from
Virginia to the Mississippi River, winds would be drawn into the re-
gion from the east and west.3® The result, which Jefferson illustrated
with two diagrams (fig. 2-1), would be zones of air rising over the cul-
tivated areas east and west of the Appalachian Mountains and a gen-
eral shift in wind patterns.

Jefferson also speculated on the possibility of purposeful environ-
mental modification. He suggested that the Spanish should open a
narrow passage through the Isthmus of Panama (“a work much less
difficult than some even of the inferior canals of France”), and let the

At present I suppose the currents of air between the Atlantic
and the Western heads of the Missisipi may be represented as in
the following diagram of a horizontal section of that country.
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Fig. 2-1. Jefferson’s depiction of the sea breeze. Source: Thomas Jefferson
to Jean Baptiste Le Roy, November 13, 1786, in The Papers of Thomas
Jefferson, ed. Julian Boyd (Princeton: Princeton University Press, 1950~
95), 10:528.
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force of the tropical current widen the passage. Then Spain could cir-
cumnavigate the globe without encountering the Dutch at the Cape of
Good Hope or the stormy seas of Cape Horn. Such a canal would also
render the dangerous currents and sandbars of the Gulf of Mexico
“stagnant and safe,” stop the flow of the Gulf Stream (then considered
an impediment to navigation and thus an endangerment to shipping
along the coast), and eliminate the fogs on the banks of Newfound-
land. Vessels from Europe would be able to perform “with speed and
safety the tour of the whole globe, to within about 24° of longitude.”
The sole negative impact might be on the fisheries of the area,3®

Health

Climatic change had a medical dimension as well. In the tradition of
Arbuthnot, the effects of air on human bodies could be very great in-
deed. Many physicians warned of the dangers of sleeping in night air,
of lying out in the open on the grass, and of drinking or bathing in
excessively cold water. Benjamin Franklin knew an instance of four
young men, who, “having worked at harvest in the heat of the day,
with a view of refreshing themselves plunged into a spring of cold
water; two died on the spot, a third the next morning, and the fourth
recovered with great difficulty.”?”

Thomas Wright and William Curry argued that draining the marshes
would make the country healthier. Wright suggested a pattern of de-
forestation to purify the countryside:

Let it be supposed that the N.W. and S.E. are the asseclae or pre-
vailing winds of North America; let the surveyor general mark out
a tract of say 100 or 200 miles in a right line to be cleared of trees;
then every blast from these two opposite points will ventilate 200
miles of country, bearing along the fumes of all the marshes, while
the great visto or avenue skirted with wood at both sides would
furnish the most salubrious and consequently valuable situation for
settlers.®®

The physician Benjamin Rush did not hesitate to speculate on the
effects of climatic change on disease, although, due to lack of mea-
surements, he was not sure the climate was changing. In 1785, Rush
suggested that “while clearing a country makes it sickly, . . . cultivat-
ing a country, that is, draining swamps, destroying weeds, and exhal-
ing the unwholesome and superfluous moisture of the earth by means
of frequent crops of grain, grasses, and vegetables of all kinds, ren-
ders it healthy.” He argued that in several areas of the United States,
there had been a three-stage evolution. The original climate was
healthy; however, “fevers soon followed their improvements,” and
they did not ease until cleared land was brought into production. The
way to avoid these problems was to “let cultivation always keep pace
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with the clearing of our lands. Nature has in this instance connected
our duty, interest, and health, together.”39

In 1800, Thomas Jefferson, on behalf of the American Philosophi-
cal Society, petitioned the U.S. Congress to include within the upcom-
ing census considerations of the effect of the soil and climate on the
population. He suggested that from such a study “truths will result
very satisfactory to our citizens that under the joint influence of soil,
climate, and occupation the duration of human life in this portion of
the earth will be found at least equal to what it is in any other and
that its population increases with a rapidity unequaled in all others.”4°

Contrarians

There was no consensus of opinion about climatic change, and many
believed the climate might be getting colder. Dr. Job Wilson of Salis-
bury, Massachusetts, offered his opinion, based on sixteen years of
meteorological records, that the “extensive clearing and cultivation”
of the country had increased the extremes of heat and cold—causing
added stress to his patients.*! William Dunbar, one of Jefferson’s cor-
respondents, thought that clearing and cultivation might just as likely
result in colder winters. He supported these assertions in the Trans-
actions of the American Philosophical Society:

It is with us a general remark, that of late years the summers have
become hotter and the winters colder than formerly. ... Doctor
Williamson and others have endeavored to show that clearing,
draining and cultivation, extended over the face of a continent, must
produce the double effect of a relaxation of the rigours of winter,
and an abatement of the heats of summer; the former is probably
more evident than the latter, but admitting the demonstration to be
conclusive, I would enquire whether a partial clearing extending
30 or 40 miles square, may not be expected to produce a contrary
effect by admitting with full liberty, the sunbeams upon the dis-
covered surface of the earth in summer, and promoting during win-
ter a free circulation of cold northern air.*?

David Ramsay, a legislator and historian in South Carolina, concurred.
He found it “remarkable” that oranges, which had been plentiful forty
or fifty years earlier, were “now raised with difficulty.”43

Dr. Johann David Schoepf of Anspach, physician to the Hessian troops
in the 1780s, critiqued the theories of improving climate in his book The
Climate and Diseases of America during the Revolution. Schoepf be-
lieved that colonial promotions and patriotic fervor had influenced the
views of many Americans: “[TThe credulous Americans have long flat-
tered themselves that by the great progress of cultivation and by the
destruction of the forests of the country, their climate has been rendered
much milder and the severity of the winters have been moderated.” He
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cited the harsh winter of 1780 as a counterexample for the adherents of
the “moderating winters” theory to ponder.*4 Noah Webster added the
harsh winters of 1784, 1796, 1797, 1798, and 1804 as examples that “will
leave very little room to believe in a change of climate.”*5

Conclusion

The defense of the American climate was spearheaded by colonial pro-
moters and early patriots who agreed that their new world experiment
was being strongly shaped if not determined by climatic conditions.
Responding to early disillusionment and the contempt of European
naturalists, they firmly believed that improvements wrought by settle-
ment—clearing the forests, draining the marshes, cultivating the fields
—were causing rapid and dramatic changes in the climate. A warmer,
less variable, and healthier climate soon became an integral compo-
nent of a Republican national ideal. Documenting such progress be-
came the avocation of numerous individuals who thought they could
see the manifest destiny of climatic change occurring in their lifetimes.
On the other hand, the editors of the New Edinburgh Encyclopedia
thought the prevailing theory of climate change caused by cultivation
was “to be regarded rather as the birth of a lively fancy, than the off-
spring of accurate science.”4®

Is climate change caused by clearing and cultivation? A sample of
authors accepting the proposition

Date  Author Short Title

1634  William Wood New England’s Prospect

1664 John Evelyn Silva

1695 John Woodward Natural History of the Earth

1719  Abbé Du Bos Réflexions critiques sur la poésie et
sur la peinture

Christian Philosopher
“Populousness of Ancient Nations”

1721 Cotton Mather
1750 David Hume

1771 Hugh Williamson “Attempt to Account for the Change of
Climate”

1785 Thomas Jefferson Notes on the State of Virginia

1786  Benjamin Rush “Cause of the Increase of Fevers”

1793 Edward Holyoke “Heat and Cold of the American
Atmosphere”

1794  Samuel Williams Natural and Civil History of Vermont

1804 Constantine-Frangois Volney  Soil and Climate of the United States

1809 David Ramsay History of South Carolina

1812  Baron Cuvier Discours préliminaire [sur les
révolutions de la surface du globe]

1830 Charles Lyell Principles of Geology

1837  Heinrich Wilhelm Dove Meteorologische Untersuchungen

For a sample of authors rejecting the proposition, see the table at the end of chapter 4.



Privileged Positions
The Expansion of Observing Systems

The astronomer is, in some measure, independent of his fellow
astronomer; he can wait in his observatory till the star he wishes to
observe comes to his meridian; but the meteorologist has his
observations bounded by a very limited horizon, and can do little
without the aid of numerous observers furnishing him
contemporaneous observations over a wide-extended area.

—James P. Espy (1851)

Earlier, I posed the question of how privileged perspectives are estab-
lished on the ubiquitous and changeable climate. Enlightenment
philosophes based their arguments on the impressions of travelers and
colonists. Their perspectives were framed by memory, history, and
folklore; their reasoning colored by environmental determinism. Early
American writers followed this pattern, adding patriotic hopes to the
rhetorical mix. A new approach to the climate issue was developing,
however, based on projects that set out to collect large amounts of
meteorological data. Thomas Jefferson, who participated vigorously
in the great climate debate, was a staunch advocate of widespread,
comparative, and long-term meteorological measurements. Inspired
by Benjamin Franklin’s suggestion that extensive measurements of the
climate would be necessary to resolve the issue, Jefferson advised his
correspondents to keep weather diaries and send them to the Ameri-
can Philosophical Society.! Throughout his life, Jefferson maintained
the belief that human-induced climate change due to settlement would
be proved by extensive measurements. He wrote the following to Lewis
Beck in 1824: “We want . .. [an index of climate] for all the States,
and the work should be repeated once or twice in a century, to show
the effect of clearing and culture towards the changes of climate.”?

33
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In the closing decades of the eighteenth century in Europe, and
slightly later in Russia and the United States, serious attempts were
made to broaden the geographic coverage of observations, standard-
ize their collection, and publish the results. Individual observers in
particular locales dutifully tended to their journals, and networks of
cooperative observers gradually extended the meteorological frontiers.
Much of the work was state funded and motivated primarily by de-
sires to improve agriculture, answer health-related questions, and
provide public storm warnings. Military issues and national pride were
also at stake. Most of the projects were motivated, at least in part, by
the hope that climatic patterns and their temporal changes would be
revealed directly.

National Systems

The development of sytematic data collection networks occurred over
several centuries. Its history can be traced to many roots, some more
significant than others. Descriptive records of phenomena related to
the climate, such as the opening and closing of rivers, the first and
last frosts, and the blossoming and harvesting of fruit trees, existed
from early times. In the mid-seventeenth century, savants began to
develop new instruments to monitor the weather, and the new scien-
tific societies of Europe promoted the collection of meteorological
observations over widespread areas.? Systematic observations in Ger-
many, Russia, and the United States date to the eighteenth century.
By the 1870s, most nations had established official weather services,
and international cooperation in meteorology was well underway. A
simple list of the dates of the founding of various national weather
services, however, would not reveal the complexity of events in this
predisciplinary era of the science. Here, we will consider the varied
origins of a number of state meteorological observing systems, most
of which began as ad hoc efforts staffed by volunteers.

Italy

The first documented system of uniform meteorological observations
was that of the Accademia del Cimento in Florence, founded by Grand
Duke Ferdinand II of Tuscany. Instructions were issued by the Jesuit
court priest and secretary Luigi Antinori in 1654, and observations
were taken by members of the order with barometers, thermometers
(“ampolla”), and hygrometers at seven locations in Italy (Florence,
Pisa, Vallombrosa, Curtigliano, Bologna, Parma, Milan) and four
abroad (Osnabriick, Innsbruck, Warsaw, Paris). An illustrated account
of the instruments used at the Accademia was published at the time.*
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The Italian observations continued from 1654 to 1670, and were pub-
lished along with Antinori’s correspondence.®

England

In 1667, Robert Hooke and Robert Moray, following an earlier request
of Christopher Wren, proposed that the Royal Society of London col-
lect meteorological observations for “making a history of the weather.”
No significant collection of observations resulted from this plan, al-
though Robert Boyle and John Locke followed Hooke’s suggestions.®
In 1732, James Jurin, secretary of the Royal Society, tried again, issu-
ing a plea for comparable observations.” Correspondents were to keep
their journals in a standard format and submit a copy each year to the
Royal Society for comparison with one another and with the society’s
own weather book. Observations were received from Britain and parts
of Europe, India, and North America. William Derham attempted to
discuss the results, but because the correspondents did not specify the
exact nature of their instruments, location, or altitude, the observa-
tions were not comparable.® A third appeal was issued in 1744, which
failed to attract participants.® The Royal Society did not begin its own
register until 1774, and continued it only until 1781 when it declined
an invitation to join the Societas Meteorologica Palatina (see p. 37).

Until 1823, there was no meteorological organization of any kind
in England. Individuals kept long series of records, but there was no
uniformity or combined effort in observation. The Meteorological
Society of London, founded in 1823, set no higher standards and pro-
duced no lasting results. Members needed no qualification other than
“a desire to promote the science of Meteorology.”*°

After more than a decade of inactivity, the Meteorological Society
of London produced the first English rainfall map in 1840 with results
from fifty-two stations.!? In the first volume of its Transactions (1839),
John Ruskin of Oxford laid out the society’s ambitious goals: “The
Meteorological Society . . . has been formed, not for a city, nor for a
kingdom, but for the world. It wishes to be the central point, the mov-
ing power, of a vast machine, and it feels that unless it can be this, it
must be powerless; if it cannot do all, it can do nothing.”?? The soci-
ety held meetings for only three more years, however, and ceased its
publications soon thereafter, leaving its goals unrealized.!® Results
from this group of enthusiasts were far from trustworthy. As George
Symons noted in his history of English meteorological societies, “I have
seen results published as air temperatures obtained from thermom-
eters inside a hen house, I have seen a rain gauge under the eaves of a
cottage, and another under a tree.”4

In 1850, the British Meteorological Society was founded to estab-
lish a “general system of observation, uniformity of registry, system-
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atic communication, and other measures for insuring precision to the
advancement of the aerostatical branch of physics.”?® James Glaisher
was elected secretary and organized the first current daily weather
reports from observations sent by train along lines running to Lon-
don.'® A royal charter was granted to the society in 1866.

In 1854, the British Board of Trade established a Meteorological
Department. Robert Fitzroy, former captain of the Beagle, served as
director. He coordinated observations and compiled data, but initially
he issued no forecasts. It was not until 1859, following the wreck of
the luxury ship Royal Charter during a storm off the coast of Wales,
that Fitzroy set up a coastal warning system in Britain. The network
included fifteen stations in Britain with additional reports from Paris.
Fitzroy’s budget was 218 pounds in 1860 and increased to 2,989
pounds in only three years. In 1867 the Meteorological Office was
reorganized under the Royal Society, but did not produce a daily
weather map until 1872.%7

France

In the 1670s, Edme Mariotte in France attempted to delineate the
weather over the region covered by his numerous correspondents. His
data allowed him to estimate the average annual rainfall in France and
to develop a theory for the wind systems of Europe and the globe.'®
Over a century later, the Société Royale de Médicine sponsored a sys-
tem in which thirty-nine observers, many of them physicians, followed
a standard format in reporting their observations. Pére Louis Cotte
compiled and published the data in the society’s Histoire (1776—86).1°
By 1778, the system had fifty observers and included several calibrated
barometers set up by Antoine-Laurent Lavoisier, who planned to ex-
tend this system throughout Europe.?? In two related visionary pro-
posals, J. H. Lambert suggested covering the Earth with observations
at points defined by the vertices of twenty equilateral triangles, while
the Marquis de Condorcet advocated an international meteorological
plan général which included observations at sea and with balloons.?
None of these ambitious plans were ever realized.

Since 1798, the meteorological records of the Paris Observatory have
been published in extenso. Observations appeared in the Journal de
Physique (1798-1816), in the Annales de Chimie et de Physique (1816—
35), and, after 1835, in the Comptes rendus de I'’Académie des Sciences.
Rain measurements at Baye, Corbigny, Decize, and Laroche were taken
by the Service des Ponts et Chaussées beginning in 1835.22 The Annuaire
météorologique de la France began publication in 1849 and the Société
Météorologique de France, which continued this publication and issued
other reports and monographs, was founded in 1852.

In 1854, Urbain Le Verrier replaced Francois Arago as director of the
Paris Observatory. The same year a destructive gale in the Crimean Sea
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near the port of Balaclava wrecked Anglo-French transport ships dur-
ing the Crimean War. In response, the observatory began an experiment
in telegraphing weather facts. It did not, however, issue warnings.

It was not until 1863 that Le Verrier telegraphed forecasts of im-
pending weather. That delay was caused by the Paris Observatory
being limited to its own observations. Although there were many ob-
servers in France, there was no central organization. The first notable
government organization began in 1864, when Le Verrier, with the
approval of the minister of public instruction, invited public schools
in France to establish observing stations. Fifty-eight schools responded.
In addition, various departmental commissions collected observations
made under their control and forwarded them to the Paris Observatory.
Other volunteers—clergy, physicians, and teachers—also maintained
meteorological correspondence. Most, however, observed without
instruments. One of the products of this joint venture was the Atlas
meétéorologique de la France (1865-76). Another series, Nouvelles
meétéorologiques(1868—76), contained detailed observations from ap-
proximately sixty stations, but the stations were not inspected or stan-
dardized until 1873. It was not until after the death of Le Verrier in
1877 that the Bureau Central Météorologique de France was founded
under the directorship of Eleuthére Mascart.??

Germany

In 1717, a Breslau mediciner, Johann Kanold, and his colleagues, natu-
ralists Johann Christian Kundmann and J. G. Brunschweig, began to
collect information on weather history, weather-related diseases, and
other geophysical and natural phenomena. Observations were received
first from individuals in Schlesien, then throughout Germany, and
finally from several stations in other countries, including Copenhagen,
Stockholm, London, Paris, Turin, and Rome. For thirteen years, Kanold
compiled and published the data in the Breslauer Sammlung.?*

The most famous and best documented project of the eighteenth
century was the Societas Meteorologica Palatina (1781-95), founded by
Elector Karl Theodore of the German state of Palatinate-Bavaria in 1780
and managed by the court priest Johann Jakob Hemmer.?® Hemmer’s
stated motive was a “precise understanding” of the weather’s influence
on agriculture and health.?® To address the concerns of their patron, the
society recorded nonmeteorological cameralist data such as the growth
of crops and statistics on mortality, fertility, and disease. In addition,
observations on the progression of the Sun through the zodiac, the
Moon’s phase, and the migration of birds were requested. Fifty-seven
locations, extending from Siberia to North America and southward to
the Mediterranean, received instruments, forms, and instructions free
of charge. The observers sent their results to Mannheim, where they
were published in extenso in the society’s Ephemerides.?’
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Until the 1870s, systems of meteorological observation in the Ger-
man states suffered from the political fragmentation of the region.
Nevertheless, inspired by the early example of Mannheim, numerous
Germanic data-collection unions were attempted, including the Anstal-
ten fiir Witterungskunde in Sachsen-Weimar-Eisenach, begun in 1821,
and the Siiddeutsche Meteorologische Verein, begun in 1841, which
included Baden, Wiirttemberg, Norddeutschland, Austro-Hungary,
and parts of France, Italy, Belgium, and Holland.?®

The Prussian Meteorological Institute was established in October
1847 in Berlin with Carl H. W. Mahlman as director. In 1848, its scope
was roughly comparable to that of the early Smithsonian meteorologi-
cal project (see 41): there were thirty-five stations, a staff of only two
persons, and a budget of nine thousand marks (approximately three
thousand dollars). Mahlman’s Manual for Observers was used through-
out Heinrich Wilhelm Dove’s long tenure as director (1849-79).
Bavaria organized a meteorological network centered in Munich in
1878. Small networks were also established in Baden, Wiirttemberg,
and Saxony.??

The Norddeutsche Seewarte (1868), although primarily a maritime
institution, was also the central bureau that issued telegraphic weather
announceiments from data provided by the diverse state land services.
It became the Deutsche Seewarte in 1872 and began issuing storm
warnings in 1875.3°

Russia

In Russia, an attempt was made to describe the climate of Siberia
during the “Great Northern Expedition” of 1734—49, founded by Vitus
Bering, a Danish navigator in the Russian service. Instructions for
observers were written by Daniel Bernoulli, who was working in
St. Petershurg. Approximately twelve stations, from Kazan to Yakutsk,
took measurements in 1734. Summaries of the observations appear in
Louis Cotte’s Traité de métérologie (1774).%!

Before 1835, Russia had only a few widely scattered private me-
teorological observers.?? Because of the Magnetische Verein, eight mag-
netic observatories were set up in Russia. By 1837, Adolf Theodore
von Kupffer had established meteorological stations at seven locations
run by the Institute of Mining Engineers and at four other observato-
ries. The results were published in the Annuaire magnetique et météo-
rologique (St. Petersburg, 1837-48).

Between 1849 and 1864, the Central Physical Observatory spon-
sored a meteorological project roughly comparable to that of the
Smithsonian Institution. The staff of six received hourly obversations
from eight principal stations and monthly journals from up to forty-
eight private observers. The observatory published its observations
separately in the Annales de I"observatoire physique central (1849—64]).
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The number of private observers had declined to twenty-four by 1864;
moreover, they had no standard instruments, methods, or times of
observation. Results were published quarterly in Correspondence
Meétéorologique (1850-64). In 1857, Konstantin Stepanovich Veselov-
skii, the permanent secretary of the Russian Academy of Sciences,
published O Klimate Rossii in two volumes with data taken from his
collection of old journals. The work is similar to Lorin Blodget’s Cli-
matology of the United States, published in the same year.

The director of the observatory, Kupffer, who was also in charge of
the department of standard weights and measures for the Russian Em-
pire, established the first Russian telegraphic weather reports in 1864,
but his network was limited to nine domestic and two foreign stations.?

Heinrich Wild, who served a long term as director from 1868 to
1895, brought a new standard of observation to the Russian Empire.?
He was trained in Switzerland, where he had been in charge of the
Swiss meteorological stations and had established standardized instru-
ments and procedures. When he came to Russia, he found numerous
errors in the observations and was surprised that none of the meteo-
rological stations had been inspected for the past twenty years. Per-
haps Alexsandr Khrgian in his “History of Meteorology in Russia” can
be excused for his patriotism when he said that Kupffer’'s systems
“were models for that time and were adopted since, with minor modi-
fications, as an international standard.”?®

In 1872, with the cooperation of the Hydrographic Department,
Wild began a lithographed meteorological bulletin that contained tele-
graphic reports from fifty-five stations (thirty-six in Russia and nine-
teen in Europe and Asia) and provided synoptic charts for Russia and
parts of Asia. Telegraphic storm warnings commenced in 1874.

United States

On the western side of the Atlantic, isolated diarists, without reliable
instruments, sponsoring institutions, or proper instruction, contrib-
uted to meteorological science by keeping records of the local weather
and climate in the seventeenth and eighteenth centuries.?® Thomas
Jefferson and the Reverend James Madison, president of the College
of William and Mary, are credited with making the first simultaneous
meteorological measurements in 1778. Jefferson also exchanged ob-
servations with many others, including individuals in Pennsylvania,
Quebec, Mississippi, and England. Jefferson hoped to supply observers
in each county of each state with accurate instruments. The entire
system, to be funded by the federal government, was to be supervised
by the American Philosophical Society. Such a national meteorologi-
cal system, however, did not materialize in Jefferson’s lifetime.
Exploring expeditions also provided occasions for meteorological and
phenological observations of new territories. The American Philosophi-
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cal Society enthusiastically endorsed such opportunities. In 1819, thir-
teen years after the return of the Lewis and Clark expedition, the soci-
ety asked Major Stephen Long to take meteorological observations dur-
ing his expedition to the Rockies. The society provided forms for daily
observations and instructed him to pay particular attention to the follow-
ing phenomena: the temperature of springs, the dates of the freezing and
thawing of rivers, the known plants that flourish in any situation, and
other related phenological observations.?” The society also prepared a
list of questions pertaining to climatic changes since thetravels of Lewis
and Clark. The list, covering the complexion and health of the natives,
weather, and fauna, reveals many of the underlying assumptions on
environmental change of the time:

Is the darkness of the skin in direct proportion to hardship, ex-
posure, etc.?” Which are the darkest in complexion, tribes inhabit-
ing mountains or valleys? What peculiarities of soil, climate, or
habits of life are we to attribute the uncommon stature of the Osage
tribe?

What are the natural signs remarked by Indians which usually
precede or accompany those constitutions of the atmosphere most
unfavorable to human health? Is the vision of savages who are al-
most continually exposed to strong light in the plains of the Mis-
souri, subject to a more early decay than that of civilized man, who
spends so much of his time in the shade? Are the Indians who hunt
or the white inhabitants who have settled on the vast plains of the
Missouri, as subject to remittant and intermittant fevers as those
who inhabit a country shaded by forest trees? At what distance from
rivers, ponds, or marshes, does miasma (the supposed cause of these
fevers) cease to be noxious? Are the dews, in any season, supposed
to be prejudicial to health?

Is the cold on any parts of the Missouri as intense as reported by
[Lewis and Clark]? From what quarter do the long continued rain
and deep snows of the Missouri country come? What winds, in
particular districts of country, are considered salubrious and what
the contrary? What are the prevailing winds and what are the ef-
fects they produce on animal and vegetable life?

What animals, whether quadrupeds or bipeds become torpid or
change their color in the cold regions north of the Missouri? Whether
the buffalo is diminished in number, or has changed its haunts, since
the expedition of Lewis and Clark? Whether the furred animals are
undergoing a sensible decrease?3®

Other expeditions and surveys—local, state, national, and interna-
tional—paid considerable attention to similar issues. Perhaps the most
notable was the United States Exploring Expedition—the Wilkes Ex-
pedition—of 1838-42, which investigated, among other things, the
geography, hydrography, geology, and meteorology of the Pacific re-
gion, taking observations “designed to give the lie to all disparagements
of American culture.”3?
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In the first quarter of the nineteenth century, groups of college pro-
fessors in New England, the United States Army Medical Department,
the General Land Office, and academies in the state of New York
began the systematic collection of climatic and phenological statis-
tics over large areas of the country.?® These early projects attempted
to broaden the geographic coverage of observations, standardize their
collection, and publish the results. Of particular relevance to the ques-
tion of climate change was the “geometric exemplification” of the
weather, developed in 1820 by Josiah Meigs, head of the General Land
Office and sponsor of a system of widespread climate measurements.
Each month of the year, Meigs plotted winds, temperatures, and other
weather elements on a compass rose. The resulting traces provided
an indication of spatial and temporal variations of climate.**

In the 1830s and 1840s, inspired by the “storm controversy” between
James Espy and William Redfield, the Joint Committee on Meteorology
of the American Philosophical Society and Franklin Institute, the United
States Navy, and the Albany Institute collected data on the behavior of
storms and winds. Many private diarists also observed the weather.

Between 1849 and 1861, the Smithsonian meteorological project,
directed by Joseph Henry, served as the national center for meteorologi-
cal research, focusing on storm movement and climate statistics. Orga-
nizations cooperating with the Smithsonian included the states of New
York and Massachusetts, the Canadian government, and several United
States government agencies—the Navy, the Army Topographical Engi-
neers, the Patent Office, the Coast Survey, and the Department of Agri-
culture. Experiments with weather telegraphy began at the Smithsonian
in 1849. In 1870, Chief Signal Officer Albert J. Myer of the United States
Army became the first director of a well-funded national storm warn-
ing system employing the nation’s telegraph lines “for the benefit of
commerce and agriculture.” The Signal Office provided daily reports
of current conditions and “probabilities” for the next day’s weather.%?

International Cooperation

The establishment of national weather services and applied climate
networks was fundamental to the emergence of effective international
cooperation in meteorology and climatology. Two cases will serve to
illustrate this point. In 1851, Matthew F. Maury, director of the United
States Naval Observatory, proposed a plan for a “universal system”
of meteorological observations for sea and land.#® This visionary (but
premature) idea was sparked by a request from the British Royal En-
gineers for cooperative meteorological observations at foreign stations.
Maury responded that indeed cooperation at the observatory and at
United States navy yards was possible and that the system of obser-
vation should be extended throughout the world.** Maury sent letters
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announcing his plan to the foreign ministers of numerous countries,
to scientific societies, and to private meteorologists:

The object is to enlist in this great work, the public and private
meteorological observatories, the good will of the friends of science,
the labors of amateur meteorologists, and the cooperation of the
Navigators, both of the naval and commercial marine of all coun-
tries; and by consultation and conference with them, to devise plans
and methods of observing and recording, which by being common,
effective, and of easy execution, may be followed by Meteorologists
and Navigators generally. For this undertaking the Government of
the U.S. desires to secure the friendly cooperation of the govern-
ment and people of all countries; and for the purpose of giving ef-
fect to this wish, I have been authorized to confer with the proper
authorities on the subject.*s

Maury’s universal plan was soon reduced in scope to a “conference
upon the subject of a uniform system of observations on board of ves-
sels of war at sea.” The conference was held in 1853, in Brussels.4®
The United States Navy subsequently kept its logs according to the
plan suggested at the conference, but the British and French failed to
cooperate. Johann von Lamont, the Bavarian representative, noted,
“[TThe members of the conference returned home, every one followed
his own plan and did what he pleased.”¥”

Maury may have had one shining moment as a scientific diplomat,
but his plans for international cooperation ultimately came to naught.
This was because in the 1850s, state systems of meteorological obser-
vation had not yet been established. Maury had tried to organize an
international meteorological system from the top down with little or
no support at the grassroots level. Even in his own country, he was
deeply embroiled in a dispute with the Smithsonian Institution and
the United States Army Medical Department over the taking of meteo-
rological observations.*®

Twenty years later, after the United States and most nations of
Europe had established national weather services, international co-
operation in meteorology was more easily attained. The International
Meteorological Organization (now the World Meteorological Organi-
zation) traces its roots to an international conference held in Leipzig
in 1872 and to the First International Congress of Directors of Weather
Services held in Vienna in 1873.49

Because of its well-funded weather service (over four hundred thou-
sand dollars in 1874) and its aggressive director, the United States
played a leading role, at least initially, in international cooperation.
In 1873, Chief Signal Officer Myer, representing the United States at
the Vienna congress, proposed that the nations of the world prepare
an international series of simultaneous observations to aid the study
of world climatology and weather patterns. Myer’s suggestion led to
the Bulletin of International Simultaneous Observations, published
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by the Signal Office beginning in 1875. The Bulletin contained world-
wide synoptic charts and summaries of observations recorded simulta-
neously at numerous locations around the world.?® The “metrological”
standards established by the work of these international congresses
initiated a new era of worldwide observation and more rapid and
homogeneous data inscription as a practical result.

Conclusion

Observational systems and national weather services in Europe, Russia,
and the United States followed complex, yet somewhat similar, paths of
development. Before 1800, nations with older and more developed sci-
entific communities took the lead in organizing international projects that
attempted to collect and compile observations. Later in the nineteenth
century, state meteorological observing systems emerged {see table 3-1).

Table 3-1. Comparisons of observational systems in England, France,
Germany, Russia, and the United States in the nineteenth century

Country System

England

1823 Meteorological Society of London

1850 British Meteorological Society

1854 Meteorological Department of the Board of Trade

1867 British Meteorological Office reorganized under the Royal Society
France

1849 Annuaire météorologique de la France

1852 Société Météorologique de France

1864 Paris Observatory as a central station, observations at public

schools

1878 Bureau Central Météorologique de France
Germany

1821 Anstalten fiir Witterungskunde in Sachsen-Weimar-Eisenach

1841 Siiddeutsche meteorologische Verein

1847 Prussian Meteorological Institute

1868 Norddeutsche Seewarte

1872 Deutsche Seewarte
Russia

1832—41 Institute of Mining Engineers

1849 Central Physical Observatory (CPO)

1872 Cooperation between the CPO and the Hydrographic Department
United States

1819 Army Medical Department

1825 New York State Board of Regents

1836-39 Joint Committee on Meteorology, Philadelphia
1849-74 Smithsonian meteorological project
1870s Army Signal Office
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Climatic surveys of various nations were initiated in the first half of the
century, telegraphic experiments began in the 1850s, and storm warning
services were established after 1860. International cooperation and an
international bulletin of observations began in the 1870s. However tor-
tuous and halting the path of development, it is clear that the establish-
ment of national weather services was an important antecedent to effec-
tive international cooperation.

The expansion of observational systems provided scientists with
new views of weather and climate. Beginning in earnest in the nine-
teenth century, the observations were tabulated, charted, mapped, and
analyzed to provide mobile inscriptions of climate (albeit abstract and
imperfect ones). The large amounts of data transformed meteorologi-
cal practice and provided theorists with new privileged perspectives
on climate.5! This process irrevocably changed climate discourse and
established the foundations of the science of climatology.



Climate Discourse Transformed

The true problem for the climatologist to settle during the present
century is not whether the climate has lately changed, but what our
present climate is, what its well-defined features are, and how they
can be most clearly expressed in numbers.

—Cleveland Abbe (1889)

The impressionistic Enlightenment view of the American climate and
its changes was rebutted in two distinct ways—Iliterary and scientific.
The literary critique was spearheaded by Noah Webster in 1799 and
finally put to rest four decades later by Samuel Forry, a surgeon and
climatologist in the United States Army. The scientific response came
from pioneer climatologists who subjected the growing amounts of
meteorological data to statistical analysis. Both approaches contrib-
uted to the radical transformation of climate discourse and, along with
the expansion of meteorological networks, led to the emergence of a
recognizably modern climatology.

Noah Webster

In his essay “On the Supposed Change in the Temperature of Win-
ter,” Noah Webster criticized the “popular opinion” advanced by
“many writers of reputation . . . the Abbé Du Bos, Buffon, Hume, Gib-
bon, Jefferson, Holyoke, Williams” that the climate of Europe and
America, especially the temperature of winter, had become warmer
in modern times. His critique emphasized their loose citation of

45
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sources, both ancient and contemporary, and the improper deductions
they drew from these citations:

Men are led into numberless errors by drawing general conclusions
from particular facts. “Lady Montague sat with her window open
in January, 1718, and therefore there is little or no winter in Constan-
tinople,” is very bad logic. The farmers on Connecticut River plowed
their lands, as I saw in February, 1779; and the peaches blossomed
in Pennsylvania. What then? Are the winters all mild in America?
Not at all; in the very next year, not only our rivers, but our bays,
and the ocean itself, on our coast, were fast bound with ice.!

Webster was particularly critical of Samuel Williams, whose conten-
tion that Italy had warmed seventeen degrees in eighteen centuries was
based on selective citations from ancient Roman writers. Williams erred
in his assumption that reports of extreme weather were representative
of ordinary conditions. Webster used historical accounts of the range
of frost-sensitive plants—olive, fig, and date trees—to argue that Italy’s
climate had not changed since antiquity and “could never have been
colder than the Carolinas” and that its winters “were not severe, but
mild.” Regarding Williams’s practice of selectively citing icing condi-
tions on American rivers, Webster commented, “It is thus men are mis-
led by founding general opinions on particular facts.”?

Webster disagreed with Jefferson’s contention that there had been
a sensible alteration in the climate of recent decades that could be
remembered by the elderly. He considered it “extremely unphilosophi-
cal” to suppose such changes when astronomical controls of klimata
were unchanging:

We have no reason to suppose that the inclination of the earth’s axis
to the plane of its orbit has ever been varied; but strong evidence to
the contrary. If this inclination has always been the same, it follows
that the quantity of the solar rays, falling annually on the particu-
lar country, must have always been the same. Should these data be
admitted, we are led to conclude that the general temperature of
every climate, from the creation to this day, has been the same,
subject only to small annual variations, from the positions of the
planets in regard to the earth, or the operations of the element of
fire in the globe and its atmosphere.?

People tend to remember severe or unusual weather events. They
cannot accurately recall the climate of their youth or even accurately
gauge the weather of an entire year or season. Memories, however, are
influenced and stimulated by reports and stories of severe weather,
which is always more likely to be recorded. Such shortcomings of
memory were not restricted to America. Luke Howard wrote the fol-
lowing in The Climate of London:

The result of my experience is, on the whole, unfavorable to the
opinion of a permanent change having taken place of latter times,
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either for the better or the worse, in the climate of this country; our
recollection of the weather, even at the distance of a few years, being
very imperfect, we are apt to suppose that the seasons are not what
they formerly were; while, in fact, they are only going through a
series of changes such as we may have heretofore already witnessed
and forgotten.*

Webster’s critique of earlier authors was blunted, however, by his
own indecision on the question of climate change and cultivation.
After a careful rereading of the sources, Webster convinced himself
that the climate, if it had not changed outright, had become more vari-
able and had in fact rearranged itself in response to cultivation: “It
appears that all the alterations in a country, in consequence of clear-
ing and cultivation, result only in making a different distribution of
heat and cold, moisture and dry weather, among the several seasons.”?
He argued that clearing the forests did not change the climate of the
land but merely redistributed it. Trees protected the land from severe
weather conditions. They moderated the heat of summer, prevented
the ground from being scorched by the Sun, protected the land from
severe winds, and regulated the temperature of the air. Clearing the
land caused it to be hotter in summer and colder in winter, making
the seasons more irregular. Spring was colder, and vegetation was more
susceptible to frost.®

Based on his review of ancient and modern writers, Webster could
see no reason to conclude that the heat of the Earth was increasing.
Although he found the climate more variable, he could find no evi-
dence for a major climatic change either in Europe or in America. His
critique of improper deductions and loose citations set the tone for
the scientific studies that followed.

Samuel Forry and the Army Medical Department

In 1826, the United States Army Medical Department issued its first
Meteorological Register, a compilation of meteorological observations
for the previous four years.” The volume used the perennial issue of
human agency in climatic change to justify the effort and inspire fur-
ther observations, through the question “whether in a series of years
there be any material change in the climate of a given district of coun-
try” and, if so, how much it depended on cultivation, population den-
sity, or other factors. The chief objective of the observations was to
record climatic facts in the face of a rapidly receding wilderness and
aboriginal population. Directly echoing Enlightenment thought, the
register explained:

The United States . . . appear to offer an opportunity of bringing the
question to the test of experiment and observation. ... For here
within the memory of many now living the face of whole districts
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of country has been entirely changed; and in several of the States
two centuries have effected as much as two thousand years in many
parts of Europe. In this respect, the “Landing of the Pilgrims” in
1620, is as remote a period as that of the invasion of Gaul or of Great
Britain by Julius Caesar.?

In other words, a climatic change that took two millennia in Europe
was thought to be taking place in only two centuries in America.

In 1827, the American Journal of Science published surgeon Joseph
Lovell’s table of temperature, winds, and “weather” for eighteen sta-
tions covering nearly twenty degrees of latitude and thirty degrees of
longitude. A second table compared temperatures of seventeen places
of approximately the same latitude in Europe, Russia, Africa, and
China. Temperatures in Europe tended to be higher than those in com-
parable latitudes elsewhere. The editors praised the collection as “the
best base for general conclusions respecting the climate of the U.S.
hitherto published.”? The Meteorological Register, distributed free to
the scientific institutions of Europe, immediately received a very favor-
able notice from Alexander von Humboldt, who cited the American
system as a model for the Russians to emulate:

If only, following this fine example, there could be similar calibrated
thermometer observations at the behest and expense of a mighty
monarch in the eastern part of our old continent—in the widespread
space, equal to half the lunar surface, between the Vistula and the
Lena . ..; then all of climatology would gain a new and improved
stature in a few years.

Humboldt reiterated this opinion two years later at the Imperial Acad-
emy of Science in St. Petersburg.'® Notwithstanding this high praise,
fourteen years elapsed until the next publication of meteorclogical
statistics by the Army Medical Department.

The republication of Noah Webster’s essay on climate change in
1843 stimulated the investigations of Samuel Forry, army surgeon and
author of The Climate of the United States and Its Endemic Influences
(1842). Forry reviewed existing literature on climate change, criticized
it, and introduced new evidence based on data recently gathered at
over sixty locations by the Army Medical Department. He reexamined
the much-debated question of whether, in a series of years, the tem-
perature of the Earth or the atmosphere had undergone any percep-
tible changes since the earliest records, either from human efforts in
clearing away the forests, draining marshes, and cultivating the ground
or from other causes. He found the opinion that the average tempera-
ture of the winter season in northern latitudes was higher than in
ancient times was a widespread but erroneous fact based on little
evidence. The Abbé Du Bos, Buffon, Hume, Gibbon, Volney, Jefferson,
Williams, and Holyoke all believed that in the time of the first Roman
emperors the winters of Europe were much more severe. Each suc-
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ceeding author cited the other, and all had based their opinions on
passages from ancient authors—Juvenal, Virgil, Ovid, Ceesar, and
Diodorus Siculus—who had based their opinions not on firsthand
information but on “loose notices scattered through the old chronicles”
relative to the state of the harvest, the quantity of the vintage, or the
endurance of frost and snow in the winter. Forry warned that great
allowance must be made for “the spirit of exaggeration” in the old
records and pointed out that the thermometer, invented in the late
sixteenth century, had not been standardized until after Gabriel Daniel
Fahrenheit’s work in the 1720s.11

Turning his attention to the climate of North America, Forry found
no evidence for the popular belief that the climate west of the
Alleghenies was milder by three degrees of latitude than that to the
east. Selective evidence from plant geography could in fact be used
to prove the inverse. Some erroneously believed that the climate of
the northwestern frontier territories resembled that of the eastern states
on their first settlement. Forry also found no evidence for the popular
aphorism of Conrad Malte-Brun that “vanquished nature yields its
empire to man, who thus creates a country for himself.” According to
Malte-Brun, when Canada and the United States become thickly popu-
lated, their climates would be similar to the same parallels of Europe
at present: “Snow and ice will become rare phenomena, and the or-
ange, the olive, and other vegetables of the same class, now strangers
to the soil, will become objects of the labor and solicitude of the agri-
culturist.”12 Forry also did not hesitate to criticize Charles Lyell for
parroting the opinion, “unsustained by any well observed facts,” that
“in the United States of North America, it is unquestionable that the
rapid clearing of the country has rendered the winters less severe, and
the summers less hot. . . . there is no doubt that the climate has be-
come, as Buffon would have said, ‘less excessive’.”?3

Forry drew three main conclusions from his study: (1) climates are
stable, and no accurate thermometric observations indicate system-
atic climatic change; (2) climates are susceptible to melioration by the
changes wrought by the labors of man; but (3) these effects are much
less influential than those of latitude, elevation, and proximity to
bodies of water.'* These results were in basic agreement with those
expressed in Humboldt’s popular Views of Nature:

The statements so frequently advanced, although unsupported by
measurements, that since the first European settlements in New
England, Pennsylvania, and Virginia, the destruction of many for-
ests on both side of the Alleghanys has rendered the climate more
equable,—making the winters milder and the summers cooler,—are
now generally discredited. No series of thermometric observations
worthy of confidence extend further back in the United States than
seventy-eight years. We find from the Philadelphia observations that
from 1771 to 1824, the mean annual heat has hardly risen 2°.7
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Fahr.;—an increase that may fairly be ascribed to the extension of
the town, its greater population, and to the numerous steam-engines.
. .. Thirty-three years’ observations at Salem in Massachusetts show
scarcely any difference, the mean of each one oscillating within
1° Fahrenheit, about the mean of the whole number; and the win-
ters of Salem, instead of having been rendered more mild, as con-
jectured, from the eradication of the forests, have become colder
by 4° Fahr. during the last thirty-three years.®

Humboldt formed his opinions after examining a large number of
thermometric observations collected at different military posts from
Florida to Council Bluffs. He believed the records collected by the
United States Army Medical Department and interpreted by Samuel
Forry contained “far more exact ideas on the climate of North America
than existed in the times of Jefferson, Barton and Volney.”16

Pioneer Climatologists

The trend established by Forry and supported by Humboldt—to cite
meteorological records rather than ancient authorities or the memories
of the elderly—was continued by Lorin Blodget, who used thermo-
metric and precipitation data from both the Army Medical Department
and the Smithsonian Institution in his Climatology of the United States
(1857). In a chapter entitled “Permanence of the Principal Conditions
of Climate,” he argued that climates must be assumed permanent until
proven changeable. He held that the Sun was the only climatological
source of heat, and since its heat was a constant quantity, the average
temperature always returns to a line of the “most absolute perma-
nence.” For Blodget, vegetation was an effect, not a cause, of climate.
Rather than changing the climate, cleared and cultivated lands, unless
maintained constantly, will inevitably revert to a state of nature dic-
tated by the climate. According to Blodget, the only reliable way to
judge climatic change was in the thermometric record. The eight de-
cades of available thermometric records in the United States showed
no trends that could not be explained by the expansion of cities, ob-
server error, and other causes.!”

At Yale, the noted meteorologist Elias Loomis and his assistant
H. A. Newton studied climate change using the instrumental tempera-
ture records of New Haven from 1779 to 1865. The available records
had been compiled by more than twenty different observers working
independently of one another. The observations included thermom-
eters of various makers and various exposures, journal entries for ear-
liest and latest frosts and snows, and records of the flowering of six
varieties of fruit trees. After accounting for anomalies in the data,
Loomis and Newton concluded that the climate of New Haven was
remarkably stable and that



CLIMATE DISCOURSE TRANSFORMED 51

during the past 86 years there has been no permanent change at New
Haven either in the mean temperature of the year, or in that of any
of the separate months; and . . . there has been no permanent change
in the average occurrence of the last frost of spring, or the first frost
of autumn—of the first snow of winter, or the last snow of winter—
or in the average date of flowering of fruit trees, such as the peach
[and the] cherry.?®

Charles A. Schott, an employee of the United States Coast Survey,
arrived at a similar conclusion using a much larger data base. With
the support of the Smithsonian Institution, Schott prepared two in-
novative monographs on the rainfall (1868) and temperature (1874)
of the United States using records gathered by the Smithsonian, the
Army Medical Department, the Lake Survey of the Army Topographic
Engineers, the Coast Survey, the states of New York and Pennsylva-
nia, and private journals extending back to the eighteenth century.!®
Schott published extensive tables, maps, and charts showing the aver-
age distribution of rain and temperature across the continent and its
secular variation since 1780. To examine the question of climatic
changes since the beginning of instrumental meteorological observa-
tions, he prepared a harmonic analysis of all the available tempera-
ture data using the latest statistical techniques. His conclusion, which
put to rest uninformed speculation about temperature changes caused
by settlement of the continent, argued against the notion of a chang-
ing climate: “There is nothing in these curves to countenance the idea
of any permanent change in the climate having taken place, or being
about to take place; in the last 90 years of thermometric records, the
mean temperatures showing no indication whatever of a sustained rise
or fall.” Admitting that more extensive and comprehensive rainfall
observations were desirable, Shott further concluded from existing
records that precipitation had “remained permanent in amount as well
as in annual distribution.”20

William Ferrel, the most mathematically astute geophysicist in
America and a theorist of the general circulation of the Earth’s oceans
and atmosphere, argued that increased (or reduced) rainfall could not
be directly attributed to the presence (or absence} of forests and culti-
vated fields. Basing his arguments on continental and planetary scale
factors rather than local conditions, Ferrel reasoned that abundant
rainfall depended on evaporation at a distance, and that any increased
water vapor due to local influences “would be carried so far and spread
over so great a territory, that the increased rainfall at any given place
would perhaps be entirely insensitive to observation.” He had a dim
view of the opinion, popularized by Charles Wilbur, that “rain follows
the plow”:

I saw a man recently from southwestern Kansas, who, apparently
entirely sane in other respects, gave it as his opinion, that it would
be only a few years after the settlement and cultivation of Oklahoma
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until there would be an abundance of rainfall there. The cultiva-
tion of a given amount of the soil would perhaps increase the evapo-
ration as much or more than an equal area of forests, but the effect
upon rainfall, if sensible anywhere, would not be in Oklahoma, but
somewhere to the east or northeast.?!

It is interesting to note that Ferrel understood the greenhouse ef-
fect in a general, but quantifiable way (see chapters 5 and 6). In 1884
he published a mathematical investigation of the factors controlling
the temperature of the atmosphere and the earth’s suface. After devel-
oping equations for the distribution of sunlight over the globe and over
the year, he turned his attention to laws governing the escape of heat
from a diathermanous (“diaphanous for heat”) envelope. In such cases,
according to Ferrel, “the conditions determining the rate of losing or
gaining heat and the temperature of the body, do not depend merely
on the radiating and absorbing powers of the body, but likewise upon
those of the diathermanous envelope.” He made it clear that one-half
of the radiation absorbed in the envelope would be again radiated back
toward the body. “The effect, therefore, of the envelope is to hinder
the escape of heat radiated by the body and to retard the rate of cool-
ing.” Ferrel calculated a “diathermancy constant” for the atmosphere
0f0.213, a value that produced the observed mean temperature of 15.4
degrees Celsius. He pointed out, however, that without this effect, the
Earth’s temperature would fall to approximately —96 degrees Celsius.
According to Ferrel:

It is seen, therefore, of what great advantage the atmosphere is in
raising the mean temperature of the earth’s surface. This effect is
similar to that of the glass covering of a conservatory of plants,
which is a diathermanous medium which permits the heat of the
sun to pass through with facility, but is almost completely impen-
etrable by the heat radiated from the air and all bodies within.??

Cleveland Abbe, chief scientist in the weather service of the Army
Signal Office, agreed with Loomis, Schott, and Ferrel that the old
debates about climate change had finally been settled. In an article
entitled “Is Our Climate Changing?” Abbe defined the climate as “the
average about which the temporary conditions permanently oscillate;
it assumes and implies permanence.”?? After discussing the variations
introduced into a series of measurements by instrument breakage,
changes of thermometers, changes in exposure due to vegetation or
buildings, observer error, and so on, Abbe presented a series of records
from three German cities for a period of twenty-four years. These
records exhibited a “probable variability of the average,” of about four
tenths of a degree, an amount Abbe deemed statistically insignificant:

[Elven if the mean temperature for 25 years should differ from that
for the succeeding 25 years, or even should the differences for four
such successive periods move steadily in one direction, this would
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not imply any change, permanent or otherwise, in the climate of a
place, unless the four successive means should differ by quantities
that appreciably exceed their indices of variability.?*

Abbe concluded that the indices of variability for all the temperature
records known to meteorology were so large and the constant errors
so insidious that “there is scarcely a single station with respect to
which we have data competent to decide the question as to whether
the mean temperature of any month may have changed 0°.2 centigrade
or 0°.5 Fahrenheit during the past century.”

Alluding to the recent discovery of the ice ages, Abbe conceded that
“great changes have taken place during geological ages perhaps 50,000
years distant.” Abbe was a leading practitioner and proponent of “ra-
tional climatology,” an emerging nexus of empirical data collection,
analysis, and theoretical reasoning. He held that “no important cli-
matic change has yet been demonstrated since human history began”
and that climatology would be better served by the introduction of
greater scientific and mathematical rigor:

It will be seen that rational climatology gives no basis for the much-
talked-of influence upon the climate of a country produced by the
growth or destruction of forests, the building of railroads or tele-
graphs, and the cultivation of crops over a wide extent of prairie,
Any opinion as to the meteorological effects of man’s activity must
be based either upon the records of observations or on & priori
theoretical reasoning. . . . The true problem for the climatologist to
settle during the present century is not whether the climate has
lately changed, but what our present climate is, what its well-de-
fined features are, and how they can be most clearly expressed in
numbers.?

Conclusion

In 1799 Noah Webster launched an offensive against poorly reasoned
and unscientific modes of climate discourse. Samuel Forry continued
the attack on the older popular literature and brought statistics gath-
ered by army physicians to bear on the issue of climate change. In the
second half of the nineteenth century, the work of pioneer meteorolo-
gists, including Lorin Blodget, Elias Loomis, Charles Schott, William
Ferrel, and Cleveland Abbe, completed the shift from literary to em-
pirical studies of climate, from impressionistic evidence to statements
of fact, from dim apprehensions to a recognizably modern climatology.
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Is climate change caused by clearing and cultivation? A sample of
authors rejecting the proposition

Date Author Short Title

1780 J. D. Schoepf Climate and Diseases of America

1799 Noah Webster “Change in the Temperature of
Winter”

1808 David Brewster New Edinburgh Encyclopedia

1820 Luke Howard Climate of London

1844 Samuel Forry “Distribution of Heat over the Globe”

1850 Alexander von Humboldt Views of Nature

1857 Lorin Blodget Climatology of the United States

1866 Elias Loomis “Mean Temperature at New Haven”

1876 Charles Schott “Variations of the Atmospheric
Temperature”

1889 Cleveland Abbe “Is Our Climate Changing?”

For a sample of authors accepting the proposition, see the table at the end of chapter 2.



Joseph Fourier’s Theory
of Terrestrial Temperatures

The earth receives the rays of the sun, which penetrate its mass, and
are converted into non-luminous heat; it likewise possessed an
internal heat with which it was created, and which is continually
dissipated at the surface; and lastly, the earth receives rays of light
and heat from innumerable stars, in the midst of which is placed
the solar system. These are the three general causes which
determine the temperature of the earth.

—]Joseph Fourier (1824)

The concept of the greenhouse effect has yet to receive adequate his-
torical attention. Although most writing about the subject is concerned
with current scientific or policy issues, a small but growing fraction
of the literature contains at least some historical material, which, as
this chapter shows for the case of Joseph Fourier, is largely unreliable.

Jean Baptiste Joseph Fourier is best known today for his Fourier
series, a widely used mathematical technique in which complex func-
tions can be represented by a series of sines and cosines. He is known
among physicists and historians of physics for his book Théorie
analytique de la chaleur (1822}, an elegant but not very precise work
that Lord Kelvin described as “a great mathematical poem.” Most of
his contemporaries knew him as an administrator, Egyptologist, and
scientist. Fourier’s fortunes rose and fell with the political tides. He
was a mathematics teacher, a secret policeman, a political prisoner
(twice), governor of Egypt, prefect of Isére and Rhéne, friend of Napo-
leon, baron, outcast, and perpetual member and secretary of the French
Academy of Sciences.?

Most people writing on the history of the greenhouse effect merely
cite in passing Fourier’s descriptive memoir of 1827 as the “first” to
compare the heating of the Earth’s atmosphere to the action of glass
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in a greenhouse. There is usually no evidence that they have read
Fourier’s original papers or manuscripts (in French) or have searched
beyond the obvious secondary sources. Nor are most authors aware
that Fourier’s paper, usually cited as 1827, was actually read to the
Académie Royale des Sciences in 1824, published that same year in
the Annales de Chimie et de Physique, and translated into English in
the American Journal of Science in 1837!2? No one cites Fourier’s ear-
lier references to greenhouses in his magnum opus of 1822 and in his
earlier papers. Nor do they identify the subject of terrestrial tempera-
tures as a key motivating factor in all of Fourier’s theoretical and ex-
perimental work on heat. Moreover, existing accounts assume far too
much continuity in scientific understanding of the greenhouse effect
from Fourier to today.

Beginning with recent articles and proceeding in reverse chrono-
logical order, I will trace the practice of citing Fourier’s article of 1827
as the first reference to the greenhouse effect. This strategy allows me
to begin with the problems in the recent literature before attempting
to clarify what Fourier actually said in 1824. I will then locate the
subject of terrestrial temperatures within the context of Fourier’s ana-
lytical theory of heat, provide authoritative references to a greenhouse
analogy in Fourier’s earlier writings, and point out still earlier work
by others.

Contemporary Fourier Citations: Patterns and Problems

Many scientific review articles and textbooks contain brief historical
allusions, typically drawn from secondary rather than original sources.
This trend can be identified in recent citations of Fourier’s work on
terrestrial temperatures. In a 1988 review essay, V. Ramanathan, an
authority on atmospheric radiation, cited Fourier’s 1827 article, claim-
ing, “The greenhouse effect of the atmosphere was pointed out, per-
haps for the first time, by Fourier, who also suggested that human
activity can modify climate.”® Again in 1988, Ramanathan repeated
the claim that perhaps Fourier’s 1827 article was a famous first:

The mathematician Baron Jean-Baptiste Fourier suggested in early
1827, albeit ambiguously, tha[t] human activity can modify surface
climate. Fourier’s (1827) paper is basically a discourse on the pro-
cesses governing the heat balance of the atmosphere, the surface,
and the interior of the Earth. Fourier pointed out that the atmosphere
behaves like the transparent glass cover of a box (exposed to the
sun) by allowing sunlight to penetrate to the Earth’s surface and
retaining the longwave radiation (or “obscure radiation” according
to Fourier) from the Earth’s surface. This inference is perhaps one
of the earliest suggestions of the now well-known greenhouse ef-
fect of the atmosphere.*
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M. D. H. Jones and A. Henderson-Sellers cited Ramanathan rather than
Fourier in their 1990 article “History of the Greenhouse Effect,” assert-
ing the following:

The French physicist, Fourier, was probably the first person, in
1827, to allude to the greenhouse effect when he compared the in-
fluence of the atmosphere to the heating of a closed space beneath
a pane of glass. Fourier may also be credited with the suggestion
that human activities could influence the climate.®

In Dead Heat, Michael Oppenheimer and Robert Boyle also cited
Fourier’s 1827 article but severely garbled the citation.® In their notes
the authors quoted an English translation of a section of Fourier’s ar-
ticle that, although relevant, does not mention the greenhouse effect
directly and that stops just short of Fourier’s important statement that
“the effect of solar heat upon air confined within transparent covers
has long since been observed.”” Jan Rowlands repeated this error in
his otherwise excellent book, The Politics of Global Atmospheric
Change (1995); he briefly cited the 1827 article and cited it wrongly
in his notes in a way very similar to Oppenheimer and Boyle. History
was not his focus, however; he covered the 130 years from Fourier to
Roger Revelle in one page.®

Revelle himself alluded broadly to Fourier’s pioneering work on
the greenhouse effect but did not give references; William Kellogg cited
Revelle. Wilfrid Bach said Fourier (1827) “[w]as probably the first to
discuss the CO, [sic]/greenhouse effect and compare it with the warm-
ing of air isolated under a glass plate.” Never mind that the radiative
properties of CO, would not be investigated until the mid-nineteenth
century.®

Spencer Weart, a historian of physics, cited Fourier (1827) and claimed
that the greenhouse effect was “discovered” in 1896 by Arrhenius. His
article, a stimulating comparison of nuclear issues and global warming,
followed the established pattern of citing Fourier: “In 1827 [sic], French
physicist Jean-Baptiste Fourier had suggested that the Earth is kept warm
because air traps heat, as if under a pane of glass.” Weart did not distin-
guish hetween the natural greenhouse effect and the possibility of glo-
bal warming. He also overestimated the state of spectroscopic knowl-
edge circa 1900 (see chapters 6, 7, and 9).1¢

Mark Handel and James Risbey have improved the situation some-
what by noting that Fourier’s essay was in fact published in 1824 and
reprinted in 1827. The following annotation appears in their very
helpful bibliography:

This was the first paper to qualitatively describe the greenhouse
effect. Compares the effect of the atmosphere of the earth to that of
a pane of glass covering a bowl. (It is easier to find the 1827 version
than the nearly identical 1824 version. In French. No known pub-
lished translation, though unpublished ones exist.)1?
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Several corrections are in order here. Both the Annales de Chimie et
de Physique and the Mémoires de I’Académie Royale des Sciences de
P'Institut de France are easy to find in most major libraries. The 1827
article also appeared in the Oeuvres de Fourier, a readily available
source.'? As mentioned earlier, an English translation of Fourier’s 1824
essay, by Ebeneser Burgess, was published in the American Journal
of Science for 1837. Moreover, as [ will demonstrate, these articles are
not the first in which Fourier mentioned the behavior of greenhouses.
Nor is Fourier’s article in essence about the greenhouse effect.

As mentioned earlier, recent writers have given Fourier credit for
being the first to suggest that human activities could influence the
climate. But the idea of human agency in climatic change goes back
at least to Theophrastus, a student of Aristotle, who wrote of local
changes of climate caused by human agency, specifically agricultural
activities. He observed that draining wetlands removed the moderat-
ing effects of water and led to greater extremes of cold, while clearing
woodlands for agriculture exposed the land to the Sun and resulted
in a warmer climate.'® As noted in chapter 2, in the 1750s, David
Hume, speculating on a larger scale, believed the advance of cultiva-
tion had caused a gradual change in the climate of Europe and could
cause similar but much more rapid changes in the Americas.* Thomas
Jefferson believed that the harsh climate of the New World was gradu-
ally being improved by settlement.®

According to Jones and Henderson-Sellers, “the history of the green-
house effect is not well known outside the atmospheric sciences.”16
We may also safely say that it is not well known inside the atmospheric
sciences.

Nineteenth-century Citation Patterns

If writers in the late twentieth century have misquoted Fourier, how
did earlier authors fare? In his famous essay on the influence of carbon
dioxide on climate, Svante Arrhenius had this to say about Fourier’s
1827 article: “Fourier maintained that the atmosphere acts like the
glass of a hot-house, because it lets through the light rays of the Sun
but retains the dark rays from the ground.”?” (Arrhenius’s hothouse
analogy will be examined further in chapter 6). John Tyndall also
referred to Fourier’s work in his classic essay of 1861, “On the Ab-
sorption and Radiation of Heat by Gases and Vapours,” in which he
credited Fourier and others with the notion that “the interception of
terrestrial rays [by the atmosphere exercises} the most important in-
fluence on climate.” Tyndall’s experiments showed that water vapor,
although transparent to light rays, was the best absorber of “calorific
rays” and that “every variation of this constituent must produce a



FOURIER’S THEORY OF TERRESTRIAL TEMPERATURES 59

change of climate.” He thought similar effects could be caused by
carbon dioxide and by “an almost inappreciable admixture of any of
the hydrocarbon vapours.” Without venturing quantitative estimates,
he suggested that changes in the amount of radiatively active gases in
the atmosphere could have produced “all the mutations of climate
which the researches of geologists reveal.”!® Tyndall’s work will be
examined further in chapter 6.

In 1836, the physicist C. S. M. Pouillet wrote a memoir on solar heat,
the radiative effects of the atmosphere, and the temperature of space.
Tenth on his list of sixteen related objectives was to determine the
“general conditions of equilibrium of temperature of a body protected
by a diathermanous covering analogous to the atmosphere.”!® Three
years earlier the exiled Italian physicist Macedonio Melloni had de-
fined the term “diathermic” as “diaphanous for heat,” from “dia”
(across) and “thermo” (to warm). The term was meant to replace John
Herschel’s term “trans-calescence.”?°

Pouillet argued that the equilibrium temperature of the atmosphere
must be lower than the temperature of outer space and higher than
the temperature of the Earth’s surface. This was mainly because the
atmosphere exerts “unequal absorbing actions” on “rays of heat de-
rived from space” as well as those emitted from the Earth’s surface.
He credited Fourier with this insight, which was itself based on ear-
lier experimental work by the noted mountaineer Horace Benedict de
Saussure:

M. Fourier is, I think, the first who has had the idea of regarding
the unequal absorption of the atmosphere as exercising an influ-
ence on the temperatures of the soil. He had been led to this by
the beautiful experiments made by De Saussure, in 1774, on some
elevated summits of the Alps and in the adjacent plains, with a
view to compare the relative intensities of solar heat. On that oc-
casion [1824] M. Fourier states in a precise manner one of the
principles which have served me to establish the equations of
equilibrium.?!
Pouillet compared the atmosphere to experiments he had done on solid
and liquid diathermanous screens, for example, panes of glass and
layers of water, concluding that “the atmospheric stratum acts in the
manner of screens of this kind, and . . . exercises a greater absorption
upon the terrestrial than on the solar rays.” He called this the “effect
of diathermanous envelopes.” Neither Pouillet nor Fourier, however,
had come to a final theory of terrestrial temperatures. Pouillet was also
quite interested in what was called “the temperature of space” and
the quantities of heat the Earth received from the Sun, from space, and
from other “celestial bodies.” As I will show, these factors were more
central to Fourier’s theory of terrestrial temperatures than was the
greenhouse effect.
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What Fourier Actually Wrote in 1824

From the title of Fourier’s 1824 essay, we learn that it consists of “gen-
eral remarks” on the temperatures of the Earth and interplanetary
space. Fourier provided no equations, and he told his readers that “the
analytic details which are omitted here are found in the works which
I have already published”;?2 he called this work a “résumé” that
included results from several earlier memoirs. According to John
Herivel, Fourier’s biographer, the essay was “largely expository in
character and added nothing essentially new” on the subject of ter-
restrial temperatures.23

In the article, Fourier described the heating of the Earth by three
distinct sources: (1) solar radiation, which is unequally distributed
over the year and which produces the diversity of climates; (2) the
temperature communicated by interplanetary space irradiated by the
light from innumerable stars; and (3) heat from the interior of the Earth
remaining from its formation. Fourier examined in turn each of these
three sources and the phenomena they produce (fig. 5-1).

Fourier’s article included a nine-page discussion of the unequal
distribution of solar heating over the globe; the argument was based
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Fig. 5-1. The three heat sources influencing terrestrial temperatures
(Fourier).
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on his memoir of 1807 on the heating of the globe and his note of 1809
on the periodic movement of solar heat.? In the next section, he ex-
amined the temperature of space and its effect on the temperature of
the Earth. Here are most of his comments on the heating of the atmo-
sphere (to which I will return). Finally, he discussed the internal heat
of the globe and its secular cooling, which he determined to be no more
than three-hundredths of a degree during the course of recorded
history.

In his discussion of the temperature of space, Fourier pointed out
that the thickness of the atmosphere and the nature of the surface
“determine” the mean value of the temperature each planet acquires.
He also observed that, in very general terms, “the motion of the air
and waters, the extent of the seas, the elevation and form of the sur-
face, the effects of human industry and all the accidental changes of
the earth’s surface, modify the temperatures of each climate.” He ad-
mitted, however, that it is “difficult to know how far the atmosphere
influences the mean temperature of the globe; and in this examina-
tion we are no longer guided by a regular mathematical theory.”?5 The
statement most suggestive of the greenhouse effect was the following:

the temperature [of the Earth] can be augmented by the interposi-
tion of the atmosphere, because heat in the state of light finds less
resistance in penetrating the air, than in repassing into the air when
converted into non-luminous heat.?¢

Fourier compared the heating of the atmosphere to the action of a
solar thermometer, or heliothermometer, an instrument designed and
used in the 1760s by Saussure. It consisted of a thermometer inside a
small wooden box lined with a layer of black cork. Sunlight entered
the box through a window covered with three panes of glass that were
separated by air spaces. This arrangement served to magnify the heat-
ing effect of the Sun’s rays while eliminating the cooling effect of wind
currents. In 1774, simultaneous heliothermometric observations taken
at different locations by Saussure and an assistant demonstrated an
appreciable increase in solar heat with altitude.?” Fourier described the
theory of the heliothermometer and concluded that the results of his
calculations were “in exact accordance with those of observation.”28

The analogy to the heliothermometer and the conclusion of the
essay demonstrate that in Fourier’s mind, the three main factors con-
trolling terrestrial temperatures were the heat of the Sun, the Earth’s
internal heat, and the heat of innumerable stars—the “temperature of
space”—not the greenhouse etfect (see epigraph to this chapter). “The
third, that is, the influence of the stars, is equivalent to the presence
of an immense hollow sphere, with the earth in the center, the con-
stant temperature of which should be a little below what would be
observed in polar regions.”?% For Fourier, the atmosphere was like a
giant heliothermometer, sandwiched between the surface of the Earth
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and the imaginary cap provided by the finite temperature of interstel-
lar space. The interior of this heliothermometer, especially the fluid
and aerial components, possessed radiative properties of its own: “The
transparency of the waters appears to concur with that of the air in
augmenting the degree of heat already acquired, because luminous heat
flowing in, penetrates, with little difficulty, the interior of the mass,
and non-luminous heat has more difficulty in finding its way out in a
contrary direction.”% For Fourier both the oceans and the atmosphere
resisted the free exchange of luminous and nonluminous heat.

Fourier concluded by claiming that he had “united in this article
all the principal elements of the analysis of terrestrial temperature”
and had summarized the results of his earlier researches, “long since
given to the public.” While raising the possibility that new properties
of radiating heat or causes modifying the temperature of the globe
might yet be discovered, he was positive that “all the principal laws
of the motion of heat are known.” In his mind, his analytical theory
of heat was rendered more complete by this essay on terrestrial tem-
peratures. Still, his analytical theory of heat, which he claimed rested
on “immutable foundations” and constituted “a new branch of mathe-
matical science,” presented the equations of motion of heat in solids
and liquids only. When it came to the equilibrium conditions of radi-
ant heat in the atmosphere, it was just a hypothesis, not an analytical
theory.3!

Earlier Comments by Fourier on Greenhouses

Fourier did not actually use the term “serre” (greenhouse) in his often
wrongly cited essay of 1824. The final footnote of that memoir was a
reference to his Théorie analytique de la chaleur, which appeared in
1822 and in English translation in 1878. In this book, Fourier intro-
duces the elements of a comprehensive mathematical theory of heat:
the differential equations describing the movement of heat in solids
and fluids, the variations introduced by external periodic heat sources,
and the transmission of heat by diaphanous substances. While these
topics were all contributions to basic physical theory and have been
read as such by generations of physicists and historians of physics,
they were also the elements of Fourier’s theory of terrestrial tempera-
tures, with the Earth as the cooling body, the Sun as the periodic heat
source, and the atmosphere as the diaphanous intermediary.s?
Fourier compared results of experiments done on a series of glass
plates enclosing a vacuum to those done on glass plates separated by
layers of atmospheric air; he explained that the latter retained heat
more efficiently but all were sensitive to the distances between the
surfaces. He also analyzed the case in which heat from an external
source crossed successive diaphanous envelopes, and he discussed
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the heating of enclosed spaces, specifically the heliothermometer and
the temperature of buildings such as greenhouses.

In general the theorems concerning the heating of air in closed
spaces extend to a great variety of problems. It would be useful to
revert to them when we wish to foresee and regulate temperature
with precision, as in the case of green-houses, drying-houses, sheep-
folds, work-shops, or in many civil establishments, such as hospi-
tals, barracks, places of assembly.®

Nearly the same language appears in his paper “Sur la température
des habitations,” presented to the French Academy in 1817.%4

The question of terrestrial temperatures was on Fourier’s mind as
early as 1807, when he wrote on the unequal heating of the globe. In
subsequent years, he made observations on the heating power of the
Sun and on nighttime refrigeration. He conducted experiments on the
heating and cooling of objects of different composition and shape, and
on the transmission, absorption, and reflection of radiant heat. He
employed basic physical principles and formulated mathematical laws
to explain and predict universal phenomena, such as “the progressive
extinction of heat rays in the atmosphere.”3°

It is clear that Fourier considered himself the Newton of heat: “The
principle of heat penetrates, like gravity, all objects and all of space,
and it is subject to simple and constant laws.”* As an example of these
laws, he cited the distribution of solar heat over the globe—the daily,
yearly, and longer periodic variations that heat both the surface and
the interior of the Earth, which cause variations beneath the surface
and affect the grand movements of the oceans and the atmosphere.
Fourier also cited the principle of radiative equilibrium:

the heat that is dissipated by the radiation at the surface of the earth
is compensated at each instant by that which is received by the sun.
The rays of that star in which the earth is continually bathed pene-
trate the entire mass. The elements divide and change their direc-
tion, but the rays conserve a constant quantity of heat; they main-
tain the terrestrial temperature as they follow their route toward the
heavens.?”

For Fourier, the analytical theory of heat constituted a “rational law
of atmospheric motion, ocean motion, change of seasons, and so on—
a grand geophysical law confirmed in the laboratory and expressed
by calculus.”38

Conclusion
Fourier’s article of 1827, cited by Arrhenius and by many others since

as containing the first allusion to the greenhouse effect, was merely a
reprint of a descriptive memoir published in 1824. Fourier presented
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his first analytic and experimental investigations on heat in 1807. By
1816, he had composed a manuscript of 650 pages on the subject. Two
of his earlier publications, including his magnum opus of 1822, dis-
cuss the problem of terrestrial temperatures and the principles gov-
erning the temperature of a greenhouse (“serre”).?¢

Fourier acknowledged earlier works on heat by John Leslie, Count
Rumford, and others. He was especially influenced by the experiments
done by Saussure some fifty years earlier using heliothermometers.*°
In 1681, Edme Mariotte wrote that although the Sun’s light and heat
easily passed through glass and other transparent materials, heat from
other sources (“chaleur de feu”) did not.*! Obviously, those seeking
to understand the history of terrestrial temperature research must look
well beyond the secondary literature and well before 1827. They must
also remember that for Fourier, the “temperature of space” was much
more important than the greenhouse effect in controlling terrestrial
temperatures.



John Tyndall, Svante Arrhenius,
and Early Research on
Carbon Dioxide and Climate

In the second half of the nineteenth century two prominent scientists,
working in two distinct specialties, identified the importance of atmo-
spheric trace constituents as efficient absorbers of long-wave radia-
tion and as factors in climatic control. John Tyndall conducted the first
convincing experiments on the radiative properties of gases, demon-
strating that “perfectly colorless and invisible gases and vapours” were
able to absorb and emit radiant heat. Svante Arrhenius, in pursuing
his interests in meteorology and cosmic physics, demonstrated that
variations of atmospheric CO, concentration could have a very great
effect on the overall heat budget and surface temperature of the planet.
It would be a mistake, however, to consider either of these individu-
als as direct forerunners or prophets of contemporary climate concerns.
Each of them had extremely broad scientific interests and pursued
climate-related research as one interest among many. Tyndall worked
on absorption in the near infrared at temperatures far above those of
the terrestrial environment. Arrhenius, who has recently gained re-
newed attention as the “father” of the theory of the greenhouse effect,
held assumptions and produced results that are not continuous with
present-day climate research.

65
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Tyndall

The solar heat possesses, in a far higher degree than that of lime
light, the power of crossing an atmosphere; but, when the heat is
absorbed by the planet, it is so changed in quality that the rays
emanating from the planet cannot get with the same freedom back
into space. Thus the atmosphere admits of the entrance of the solar
heat, but checks its exit; and the result is a tendency to accumulate
heat at the surface of the planet.

—John Tyndall (1859)

John Tyndall was born in Leighlin Bridge, County Carlow, Ireland, on
August 2, 1820, the son of a part-time shoemaker and constable.! He
attended the national school in Carlow and, at the age of eighteen,
joined the Irish Ordnance Survey as a draftsman and surveyor. In 1842,
as the Irish survey neared completion, Tyndall was transferred to the
English Survey at Preston, Lancashire, but due to his protests against
the survey’s oppressive policies and incompetent management, he was
dismissed. Following a brief visit in Ireland, Tyndall found work in
Lancashire and Yorkshire as a surveyor and engineer during the rail-
way mania of 1844~45.

In 1847, Tyndall took a job teaching mathematics and drafting at
Queenwood College in Hampshire, a new school and one of the first
such institutions in England to have a laboratory for the teaching of
science. However, as he confided to Michael Faraday, his teaching
duties left him no time for research:

To settle myself down at Queenwood, even granting it permanent,
would be to sacrifice an object for which I have battled harder than
anybody knows, and that is to approve myself a worker in science.
Seven hours plus meal times and other contingencies, plus the time
required to depolarize the intellect after having been engaged with
other matters is a heavy subtraction from the day. I ask for your
counsel in this state of things. . . . I have already written to Magnus
and Poggendorff for testimonials so that if you advise the step I shall
be ready to take it promptly.2

Tyndall went on to study at the University of Marburg, where he com-
pleted a doctoral dissertation in mathematics under Friedrich Steg-
mann. He conducted research on diamagnetism in the laboratory of
Karl Herrman Knoblauch, and his first article, on the behavior of crys-
talline bodies between the poles of a magnet, appeared in the Philo-
sophical Magazine in 1851.

In 1852, Tyndall was elected a fellow of the Royal Society. A year
later, with the support of Michael Faraday, he became a professor of
natural philosophy at the Royal Institution of Great Britain, where
he continued his investigations into the magnetic properties of crys-
tals, the transmission of heat through organic structures, the physi-
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cal properties of ice, and the radiative properties of gases. Through-
out his career at the Royal Institution he demonstrated his talents in
laboratory research and public lecturing. To supplement his meager
salary, Tyndall also served as examiner for the Royal Military Col-
lege (1855-57), lecturer at Eton (1856) and the London Institution
(1856-59), and professor of physics at the Royal School of Mines
(1859-68).

Starting in 1854, Tyndall turned his attention to problems of geol-
ogy, including the effects of pressure on slate and the movement of
alpine glaciers. He also developed an interest in meteorology, en-
hanced by his scientific mountaineering excursions. He popularized
the sport of mountaineering and pioneered solo attempts. He climbed
Mont Blanc several times and was the first to climb the Weisshorn.
After ascending the Galenstock in the Swiss Alps, Tyndall was inspired
to write to Faraday of his experience:

We did not hope to see any thing from the summit, nevertheless
we attained it and were rewarded: not only by the clearness of the
prospect, but by the changes of the atmosphere, which were quite
marvelous, sometimes shrouding all, sometimes melting as if by
magic and revealing the mountains. The atmosphere is a wondrous
factory; the grand origin of all its power being overhead, lifting the
snows and driving the clouds by its individual might.?

In 1859, Tyndall began a notable series of experiments on the radia-
tive properties of various gases. He established that the absorption of
thermal radiation by water vapor and carbon dioxide was of impor-
tance in explaining meteorological phenomena such as nighttime
cooling, the formation of dew and frost, and possibly the variation of
climates in the distant past. He also experimented on the polarization
of light and its scattering by molecules and dust. Of course, in Victo-
rian London, smoke and dust were readily available. In 1864, Tyndall
confided to Sir John Herschel that “sunshine is a luxury beyond my
means—all the experiments which I have hitherto made have been
executed with the electric light.”* He demonstrated light scattering by
aerosols, what has come to be known as the Tyndall effect, and ven-
tured an early explanation of the blue color of the sky, a phenomenon
later explained by Lord Rayleigh.

Assuming that the action of aqueous vapour upon radiant heat is
established beyond doubt—(which it is) we have in the vapour a
body which absorbs the same rays as the water which produces it—
in other words it shares the colour of water. Through the operation
of this cause our atmosphere is certainly a blue medium. The quan-
tity of vapour might not be sufficient to produce a sensible blue, if
the rays went straight through it; but the reflections within the body
of the atmosphere must be innumerable, and thus its virtual depth
increased. I wonder is this likely to throw any light on the blue of
the sky!®
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Herschel liked Tyndall’s idea “of accounting for the blue colour of the
air as due to the vapour of a blue liquid (water) if you intend it to be
regarded as an absorptive colour. Analogies are not wanting—Liquid
chlorine and gas yellow; iodine lig[uid] and gas purple; bromine
ligfuid] and gas deep ruddy brown; sulphur above melting point and
vapour both brown,”®

Tyndall received the Royal Medal of the Royal Society of London
in 1863 and, in 1867, at the height of his scientific reputation, suc-
ceeded Michael Faraday as superintendent of the Royal Institution.”
In his later career Tyndall developed a technique for destroying air-
borne organic matter by discontinuous heating and disproved the
notion of spontaneous generation by demonstrating that generation
{spontaneous or otherwise) was impossible in a sterile environment.
He also devoted considerable time and effort to the popularization of
science. He was one of the leading lecturers in Great Britain and, in
1872 and 1873, delivered a series of well-attended scientific lectures
in the United States. During his lifetime, he published more than 180
articles on experimental topics and a large number of popular essays
on science, literature, religion, mountaineering, and travel. He received
five honorary doctorates and was an honorary member of thirty-five
scientific societies,

Tyndall fell seriously ill in 1886. The following year he retired from
the Royal Institution and withdrew to his house at Hindhead, Surrey.
Bedridden by insomnia and indigestion, he died on December 4, 1893,
from an overdose of chloral, accidentally administered by his wife.

Experiments on Radiant Heat

The great Goethe affirmed that by experiment nothing could be
proved; that experiments might be accurately executed, but that
deductions must be drawn from every man for himself. This is not
quite so, for individual willfulness or caprice is evanescent when
opposed to natural truth. There is one advantage possessed by the
scientific man, that his errors cannot indefinitely extend themselves.
Outside of him, and entirely independent of his desires and will, is
a standard that never changes, a logic that never errs—ever tend-
ing to correct his errors and vindicate his truth.

—John Tyndall (1881)

As noted earlier, in January 1859, Tyndall turned his attention to ra-
diant heat and the absorption of radiation by gases and vapors, which
he saw as “a perfectly unexplored field of inquiry,” in order to bring
molecules “under the dominion of experiment.”® He experimented on
the radiative properties of various gases, including aqueous vapor,
carbonic acid, ozone, and hydrocarbons. By May 18 of that year he



TYNDALL, ARRHENIUS, AND EARLY RESEARCH 69

was able to exclaim in his journal, “Experimented all day; the subject
is completely in my hands!”?

Tyndall’s experimental apparatus, the first ratio spectrophotometer,
consisted of a long tube that he filled with various gases (fig. 6-1). He
capped the ends of the tube with slabs of rock salt crystal, a substance
known to be highly transparent to heat radiation. A standard Leslie
cube emitted radiation that traversed the tube and interacted with the
gas before entering one cone of a differential thermopile. Radiation
from a second Leslie cube passed through a screen and entered the
other cone. The apex of the cones contained the differential thermo-
pile with its junctions facing opposite directions. This was connected
in series to a galvanometer that measured small voltage differences.
Zero voltage (or deflection) indicated equal temperatures and equal
radiant fluxes. The intensity of the two sources of radiation entering
the two cones could be compared by measuring the deflection of the
galvanometer, which is proportional to the temperature difference
across the thermopile. Different gases in the tube would cause vary-
ing amounts of deflection of the galvanometer needle. If the intensity
of the reference source of radiation was known, the intensity of the
other source (and thus the absorptive power of the gas in the tube)
could be calculated.

Fig. 6-1. The first ratio spectrophotometer, assembled by John Tyndall.
C Leslie cube source. S-S’ Tube with gas. P Differential thermopile. C'
Reference Leslie cube source. H Attenuating filter. N Galvonometer
where current from one thermopile balances the other. G Source of
gas. O Pressure gauge. Source: John Tyndall, Contributions to Molecu-
lar Physics in the Domain of Radiant Heat (London, 1872}, frontispiece.
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The differential thermopile, the central experimental apparatus
employed by Tyndall, was based on the thermoelectric effect, which
had been discovered in 1821 by the German-born physicist Thomas
Seebeck. In 1829, the Italian scientists Macedonio Melloni and Leo-
poldo Nobili published a joint article on a thermoelectric device they
called a thermoscope. Although the device measured heat electrically,
it required contact with the hot body and it tended to follow the fluc-
tuations in temperature of the medium in which it was immersed. Two
years later Melloni developed a much more sensitive device by add-
ing a galvanometer to a thermopile; this device he called a thermo-
multiplicateur. It was forty times more sensitive than a thermometer
and could detect radiation and measure temperature differences be-
tween objects thirty feet apart.1¢

Melloni believed that solar and thermal radiation resulted from the
same fundamental physical phenomenon. He experimented with the
transmission of radiant heat through solids and liquids, but he only
speculated on the radiative properties of variable atmospheric gases such
as water vapor. For example, in 1839, Melloni observed that the rela-
tive magnitude of the radiation incident on his thermo-multiplicateur
changed from day to day, but he merely hypothesized that the varia-
tion might be due to changes in water vapor content that had altered
the ability of the atmosphere to absorb radiation. According to Tyndall,
“Melloni left untouched by his experiments the gaseous forms of mat-
ter” and had merely demonstrated that the action of air upon radiant
heat was totally inappreciable over distances of about twenty feet. This
“negative” result of Melloni was the only one known to Tyndall.!?

After he began experiments with gases, Tyndall announced some
of his early results to the Royal Society on May 26, 1859. Two weeks
later, he demonstrated his experiments to a distinguished audience
at the Royal Institution. Tyndall’s most striking discoveries were the
vast differences in the abilities of “perfectly colorless and invisible
gases and vapours” to absorb and transmit radiant heat. The “elemen-
tary gases,” oxygen, nitrogen, and hydrogen, were almost transparent
to radiant heat, while others were quite opaque.'? Tyndall experi-
mented with many gases, and he determined that complex molecules
such as water vapor, carbon dioxide, ozone, and even perfumes were
the best absorbers and radiators of heat radiation. His experiments
showed that some of the transparent compound gases, even in very
small quantities, absorb much more strongly than the atmosphere it-
self.13 Tyndall demonstrated that the amount of thermal radiation
absorbed by water vapor was eighty times greater than that of pure
air. He estimated that for every two hundred “atoms” of oxygen and
nitrogen there is about one of aqueous vapor.

This one, then, is eighty times more powerful than the 200; and

hence, comparing a single atom of oxygen or nitrogen with a single

atom of aqueous vapour, we may infer that the action of the latter
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is 16,000 times that of the former. This was a very astonishing re-
sult, and it naturally excited opposition, based on the philosophic
reluctance to accept a result so grave in consequences before test-
ing it to the uttermost.4

Concerning perfumes, Tyndall wrote, “the substances to which odours
are due exercise a very energetic action on radiant heat. . . . Thus, the
perfume of a flower-bed may exert a greater action upon radiant heat
than the entire oxygen and nitrogen of the atmosphere above the bed.”*s

Tyndall was an accomplished lecturer and writer, and he employed
numerous metaphors to describe his experiments with radiant heat. His
desire in 1859 was to apply to gases and vapors “a coercion far more
powerful than any to which they had previously been subjected.”'® He
wanted to “question the vapour itself as to its absorbent power and to
receive from it an answer which did not admit of doubt.”?” The answer
he received was that water vapor, among the constituents of the atmo-
sphere, was the strongest absorber of radiant heat and was the most
important gas controlling the Earth’s surface temperature,

The aqueous vapour constitutes a local dam, by which the tempera-
ture at the earth’s surface is deepened; the dam, however, finally
overflows, and we give to space all that we receive from the sun.'8

According to Tyndall, water vapor “acts more energetically upon the
terrestrial rays than upon the solar rays; hence, its tendency is to pre-
serve to the earth a portion of heat which would otherwise be radi-
ated into space.”?® There could be no doubt about the “extraordinary
opacity of this substance to the rays of obscure heat,” particularly to
the rays emitted by the Earth after it has been warmed by the Sun. He
painted a verbal picture of an England devoid of the blanketing effect
of water vapor and devastated by frost.

It is perfectly certain that more than ten percent of the terrestrial
radiation from the soil of England is stopped within ten feet of the
surface of the soil. This one fact is sufficient to show the immense
influence which this newly-discovered property of aqueous vapours
must exert on the phenomena of meteorology. This aqueous vapour
is a blanket more necessary to the vegetable life of England than
clothing is to man. Remove for a single summer-night the aqueous
vapour from the air which overspreads this country, and you would
assuredly destroy every plant capable of being destroyed by a freez-
ing temperature. The warmth of our fields and gardens would pour
itself unrequited into space, and the sun would rise upon an island
held fast in the iron grip of frost.?°

Meteorological and Climatological implications

Tyndall linked his laboratory results to meteorological experiments
in the free air. Citing earlier work by William Wells and others on
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minimum nighttime temperatures and the formation of dew, Tyndall
pointed out that dew and hoarfrost were caused by a loss of heat
through radiation, “the radiating body being so chilled as to precipi-
tate and freeze the atmospheric vapour,” and that radiative cooling
was greatest when the dew was least.?' One of his experiments led him
to consider London as a “heat island” and to speculate on the influ-
ence of the moon’s light on water vapor in the atmosphere. On the roof
of the Royal Institution, Tyndall had a platform erected that allowed
him to sweep the heavens with his thermoelectric pile, “without im-
pediment from the chimney pots of London.” Wires connected the pile
to a differential galvanometer in the laboratory below. When pointed
at the moon, the instrument indicated a lower temperature than when
pointed elsewhere in the sky. As he explained in a letter to John
Herschel, “In other words, less heat was lost by the instrument when
directed off the moon, than when directed towards it. This, as I have
stated, is equivalent to a radiation of cold from our satellite.” Tyndall
ventured an explanation of this effect based on his newly gained under-
standing of the immense absorptive power of water vapor.

I pictured the matter thus: Supposing the earth to be surrounded
by an atmospheric veil of precipitated vapour, the depth to which
the moon’s heat could clear away the veil would be greatest along
the line drawn from the earth’s centre to the moon, and would di-
minish from this normal all round, thinning off to nothing where
the incidence became sufficiently oblique. The escape of terrestrial
heat as far as the atmosphere is concerned would be less impeded
along the normal than in any other direction. Theoretically speak-
ing, when I turned my pile off the moon I turned it toward a por-
tion of the atmosphere, where the moon’s heat was less effective in
rendering the sky clear, but whether the difference could be mea-
sured is another question.

Tyndall worried about the disturbing influences of the city of London
on his experiment and noted, “On referring to a map I find that in
turning my pile off the moon I turned it more over the mass of Lon-
don, and the diminution of the cold may have been due to the tem-
perature of the air suspended over this vast focus of artificial heat.”?*

Herschel rejected Tyndall’s hypothesis that the moon could influ-
ence the water vapor of the atmosphere directly beneath it and advised
Tyndall to seek an observing station far from the smoke, hot air, and
vapars of London.?® He was astonished by Tyndall’s ability to mea-
sure the radiative effects of a small amount of water vapor, writing
that “you are opening up a highly interesting chapter in the book of
Thermotics.”? He encouraged Tyndall to continue his research pro-
gram and sent him a large crystal of rock salt for his experiments on
thermal radiation. “You have made a grand step in meteorology in
showing that the dry air is perfectly transcalescent and that the invis-
ible moisture is what stops the sun’s heat.”?® Only four years after
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Tyndall had begun his experiments on the transmission of thermal
radiation through gases, his results were considered reliable and,
according to Sir George Gabriel Stokes, “quite beyond doubt.”28
Reminding his audience that each molecule of water vapor absorbs
and radiates sixteen thousand times more heat than a molecule of air,
Tyndall composed the following poetic image of cumulus convection.

The sun raises the vapours of the equatorial ocean; they rise, but
for a time a vapour screen spreads above and around them. But the
higher they rise, the more they come into the presence of pure space,
and when, by their levity, they have penetrated the vapour screen,
which lies close to the earth’s surface, what must occur? ... Into
space [the vapour] pours its heat, chills itself, condenses, and the
tropical torrents are the consequence. . . . In the presence of space,
the head of each [convective] pillar wastes its heat by radiation [and]
condenses to a cumulus, which constitutes the visible capital of an
invisible column of saturated air.?”

From these and other results, Tyndall correctly pointed out that the
role of water vapor “must form one of the chief foundation-stones of
the science of meteorology.”%®

Tyndall’s work was important in understanding the “ultra-red rays”
missing from the solar spectrum. He wondered why the “obscure radia-
tion” of the Sun was only two times larger than its luminous radia-
tion, while in an electric light the ratio was eight to one. “In 1865 1
worked on this subject and I thought that this was due to the enor-
mous absorption of the solar rays by the aqueous vapour of the air.”?
He believed that measurements made at high altitudes, above most of
the atmosphere’s water vapor, would reveal a spectrum quite differ-
ent from that observed at sea level. By 1881, this conclusion had been
established by Samuel P. Langley, who, while conducting the first
experiments with his new bolometer, wrote to Tyndall from the sum-
mit of Mount Whitney, California, that there “the air is perhaps drier
than at any other equal altitude ever used for scientific investigation.”30

Tyndall thought that changes in the amount of any of the radiatively
active constituents of the atmosphere—water vapor, carbon dioxide,
ozone, or hydrocarbons—could have produced “all the mutations of
climate which the researches of geologists reveal . . . they constitute
true causes, the extent alone of the operation remaining doubtful.”?*
He gave credit to his predecessors Saussure, Fourier, and Pouillet,
among others, for the intuition that “the rays from the sun and fixed
stars could reach the earth through the atmosphere more easily than
the rays emanating from the earth could get back into space.”?? The
experimental verification of this phenomenon, however, belonged to
Tyndall.

In 1865, Charles Lyell asked Tyndall if changes in the eccentricity
of the Earth’s orbit could possibly induce an ice age in one hemisphere
because of excessive cooling of the hemisphere with the longer win-
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ter. At the time, Lyell was trying to decide whether or not to accept
James Croll’s theory of the climatic significance of secular changes in
the Earth’s orbital elements.?? Tyndall’s reply demonstrated his grasp
of both meteorological and geological principles.

I hardly think that geologists are entitled to assume “a refrigeration
of the hemisphere” which is exposed to the extremes of heat and
cold, solely on account of the existence of such extremes. . .. the
existence of our atmosphere and the transport of water in the shape
of snow from the equatorial regions to the polar ones, render the
actual problem a complicated one.3*

It was Tyndall’s position that the greater the quantity of snow, the
greater must have been the quantity of heat required to produce so
much vapor. Lyell, whose fundamental theory of climate change was
based on changes in the distribution of land and water, especially in
polar and equatorial regions, wondered if such changes would make
a difference in the amount of heat lost to space. Tyndall responded
that the difference in radiative power between water and land, whether
barren or covered with ice or snow, was unlikely to furnish the solu-
tion of the glacial epoch.? Three decades later, scientists were still
looking for the “solution.”

Arrhenius

By the influence of the increasing percentage of carbonic acid in
the atmosphere, 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 than
at present, for the benefit of rapidly propagating mankind.
—Svante Arrhenius (1906)

Svante August Arrhenius is best known as an electrochemist who,
along with Wilhelm Ostwald and Jacobus Henricus van’t Hoff, pio-
neered the theory of electrolytic dissociation.?® He was born near
Uppsala, Sweden, on February 19, 1859, the second son of Carolina
Christina Thunberg and Svante Gustav Arrhenius, an akademifogde,
or rent collector, for Uppsala University and an agent for a noble fam-
ily. The year of his birth was the year John Tyndall first turned his
attention to experiments on the absorption of radiation by gases. Ar-
rhenius was tutored at home until he was eight and attended Cathedral
School in Uppsala. In 1876 he entered Uppsala University, where he
followed a broad curriculum, including mathematics, physics, chem-
istry, Latin, history, geology, and botany. He finished his first degree
in physics in four semesters without laboratory work (approbateur)
and began preparing for the filosofie licentiat, or lower doctorate. In
1881, Arrhenius left Uppsala because of widely publicized problems
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in the Physics Department. He went to Stockholm to work at the In-
stitute of Physics of the Swedish Academy of Sciences with Erik
Edlund, a professor of physics who was interested in meteorology and
who had ties to the Central Meteorological Office. He also studied
chemistry with Otto Pettersson at the Stockholm Hégskola., Arrhenius
applied his knowledge of physics to problems in electrochemistry and
wrote a dissertation on the chemical theory of electrolytes, which he
published in 1884. His examination committee, ignoring the theoreti-
cal aspect of his dissertation, did not award him the highest distinc-
tion. This constituted a severe blow both to Arrhenius’s psyche and
to his academic career. He spent the next two years at home with his
parents.

Although his chemistry professors at Stockholm did not appreciate
his work, Wilhelm Ostwald, a professor of chemistry at the Riga Poly-
technicum, thought Arrhenius’s dissertation was “the most important
to have been published regarding the theory of affinity.”?” Arrhenius
collaborated with Ostwald and, with the help of a valuable travel sti-
pend from the Academy of Sciences, worked in a number of Continen-
tal laboratories to complete his theory of electrolytic dissociation.

After a long postdoctoral period of six years and several unsuccess-
ful candidacies, Arrhenius, with the support of Ostwald, accepted a
lectureship in physics at the Stockholm Hégskola in 1891. This posi-
tion kept him close to home and provided him with stable employ-
ment and a laboratory, but it also kept him out of the mainstream of
German electrochemistry. He was a founder and first secretary of the
Stockholm Physical Society, whose members included geologists,
meteorologists, and astronomers. In 1894 he married Sophia Rudbeck,
his student and assistant. The union produced a son, but the marriage
dissolved after only two years.

Arrhenius was promoted to professor of physics in 1895 and served
as rector of the Hégskola from 1896 to 1902. He was elected to the
Swedish Academy in 1901, and his work on the electrolytic theory of
dissociation earned him the Nobel Prize for Chemistry in 1903. His
second marriage, to Maria Johansson in 1905, produced three more
children, a son and two daughters. Arrhenius rejected an offer of a
chair in physics from the Prussian Academy but accepted the invita-
tion of King Oscar II of Sweden to serve as first director of the Nobel
Institute for Physical Chemistry. His interests in later life included
theoretical immunochemistry and the popularization of science. He
was elected a foreign member of the Royal Socisety of London in 1911,
and he presented both the Faraday Lecture to the Royal Chemical
Society and the Tyndall Lectures to the Royal Institution of Great
Britain in 1914. Even after suffering a stroke late in 1925, he contin-
ued to work until declining health forced him to retire from the Nobel
Institute in February 1927. He died in Stockholm after a brief illness
on October 2, 1927, and was buried in Uppsala.
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Cosmic Physics and Carbon Dioxide

The Stockholm Physical Society, founded in 1891, helped to stimu-
late Arrhenius’s interest in “cosmic physics”—the physics of the Earth,
sea, and atmosphere. He published numerous articles and several
books on earth science and cosmology, including works on ball light-
ning, the influence of the rays of the Sun on the electric phenomena
of the Earth’s atmosphere, the influence of the Moon on the electrical
state of the atmosphere, and the action of cosmic influences on physi-
ological processes.3®

Arrhenius did little experimental or observational work in geophys-
ics. His basic approach was to apply physical and chemical principles
to make sense of existing observations. He developed a theory of the
formation of the solar system based on the condensation of a rotating
nebula. He also proposed an indefinite age for the universe and a new
solar heat source that contradicted Lord Kelvin’s estimate of fifteen
million years for the age of the Sun. As his grandson and biographer,
Gustav O. S. Arrhenius, pointed out, “theoretical explanations of
poorly known natural systems display a high mortality rate when
confronted with accumulating evidence.” Such was the fate of
Arrhenius’s geophysical work, which served primarily as a catalyst
for the more empirically based investigations of others.?9

In 1895, Arrhenius presented a very significant geophysical paper
to the Stockholm Physical Society in which he suggested that a reduc-
tion or augmentation of about forty percent in the concentration of a
minor atmospheric constituent, carbon dioxide, might trigger feedback
phenomena that could account for the glacial advances and retreats.
His important memoir on the subject, “On the Influence of Carbonic
Acid in the Air upon the Temperature of the Ground,” was published
the following year.4? In this article he developed an energy budget
model that considered the radiative effects of carbon dioxide and water
vapor at ambient temperatures and studied the response of his model
to changes in the CO, concentration. He relied heavily on the experi-
mental and observational work of others, including Josef Stefan’s new
law that radiant emission was proportional to the fourth power of tem-
perature, Samuel P. Langley’s measurements of the transmission of
heat radiation through the atmosphere, Léon Teisserenc de Bort’s esti-
mates of cloudiness for different latitudes, Knut Ansgstrém’s values
for the absorption coefficients of water vapor and CO,, and Alexander
Buchan’s charts of mean monthly temperatures over the globe. Ar-
rhenius made very rough estimates of surface and cloud albedo and
included simple radiative feedback effects in the presence of snow
cover. He ignored the effects of changes in horizontal heat transport
and cloud cover:

we suppose that the heat that is conducted to a given place on the

earth’s surface or in the atmosphere in consequence of atmospheric
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or oceanic currents, horizontal or vertical, remains the same in the
course of the time considered, and we will also suppose that the
clouded part of the sky remains unchanged. It is only the variation
of the temperature with the transparency of the air that we shall
examine.?!

Arrhenius argued that variations in trace components of the atmo-
sphere could have a very great influence on the overall heat budget.
Using the best data available to him, but neccessarily making many
estimates and simplifying assumptions, he calculated the mean alter-
ation of temperature that would follow if the quantity of carbonic acid
(K) varied from its present mean value (K = 1) to a value of K = 0.67,
1.5, 2.0, 2.5, and 3.0, respectively. He made these calculations for
every tenth parallel and for every season. His calculations, presented
in the form of a table, yielded the general principle that “if the quan-
tity of carbonic acid increases in geometric progression, the augmen-
tation of the temperature will increase nearly in arithmetic progres-
sion.” The effects were slightly greater in higher latitudes, and the
latitude of maximum effect moved poleward with higher values of K.
In general, the effect was greater in the winter than in the summer. Of
considerable importance, given the many approximations that had
already gone into his model, was Arrhenius’s note that “the above
calculations are found by interpolation from Langley’s numbers for
the values K = 0.67 and K = 1.5, and that the other numbers must be
regarded as interpolated.”*

Hégbom and the Geological Consequences of CO,

It is important to remember that Arrhenius was addressing the issue
of the probable cause of the “Ice Age” and would probably not have
undertaken such a series of tedious hand calculations without the
interest and support of members of the Physical Society of Stockholm.
He wanted to determine the likelihood of great variations in carbon
dioxide in relatively short geological times. To do this, he devoted five
entire pages of his article to the translation of a memoir by his friend
and colleague, the geologist Arvid Gustaf Hogbom, who had worked
on the geochemistry of carbon.4?

From Hogbom'’s perspective, neither the combustion of fossil fuels
nor the removal of organic carbon (deforestation) influenced atmo-
spheric CO, levels nearly as much as crustal processes—the forma-
tion of limestone and other carbonates, which removed carbon diox-
ide from the atmosphere, and the decomposition of silicates, which
added to it. Hogbom estimated that the current atmospheric concen-
tration of carbon dioxide was of the same order of magnitude as the
amount of carbon “fixed in the living organic world.” He further esti-
mated that if the world’s production of coal, approximately five hun-
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dred million tons per year, were converted into carbon dioxide, it
would equal only one-thousandth of the total atmospheric concentra-
tion. The sedimentary rocks, however, contained an enormous amount
of carbon dioxide: “{W]e find that about 25,000 times as much car-
bonic acid is fixed to lime in the sedimentary formations as exists free
in the air. Every molecule of carbonic acid in this mass of limestone
has. . . existed in and passed through the atmosphere in the course of
time.” Hoghom thought that in different geological eras, this could
result in enormous variations of the CO, content of the atmosphere.
In his opinion, there was probably a balance between industrial out-
put of carbon dioxide—which, as a geologist, he considered to be ofa
“temporary nature”—and the carbon consumed in the formation of
limestone and other carbonates. A secular rise in CO, concentration
due to industrial emissions was of no concern to him.#

Hogbom rejected the widespread opinion of the time that the CO,
content of the atmosphere was diminishing and had been much greater
in earlier eras. Proponents of this viewpoint argued that it fit well with
a secularly cooling Earth and the advance of glacial ice sheets. Hogbom
argued that over geological time, enormous variations in carbon
sources and sinks must have occurred, resulting in the rise and fall of
atmospheric CO, concentrations. He did not believe that coal and lime-
stone deposits were formed simply from the CO, of the archaic atmo-
sphere. His carbon cycle contained many more components—notably
the combustion of carbonaceous meteorites in the atmosphere, which
was wholly incalculable; the regulative role of the oceans, which was
unknown; and volcanic “exhalations,” which he considered to be the
“chief source of carbonic acid for the atmosphere.” Because these
processes were largely independent of each other, Hégbom concluded
that there was little probability “for the permanence of an equilibrium
of the carbonic acid in the atmosphere. . . . [and] there is no conceiv-
able hindrance to imagining that [the quantity of carbonic acid in the
air] might in a certain geological period have been several times
greater, or on the other hand considerably less, than now.”45

Having the assurance of Hégbom that large variations in atmo-
spheric CO, content were quite likely in different geological eras,
Arrhenius turned his attention to other theories of climatic change.
The publication a year earlier of a book on this subject, Le cause dell’
era glaciale, by the Htalian scientist Luigi De Marchi, provided a conve-
nient critique of the major geological theories of the time. De Marchi’s
list of current theories of ice ages and interglacials, which Arrhenius
reproduced, included changes in the following factors:

1. The temperature of the Earth’s place in space.

2. The Sun’s radiation to the Earth (solar constant).
3. The obliquity of the Earth’s axis to the ecliptic.
4. The position of the poles on the Earth’s surface.
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5. The form of the Earth’s orbit, especially its eccentricity ([James]
Croll).

The shape and extension of continents and oceans.

The covering of the Earth’s surface (vegetation).

. The direction of the oceanic and aerial currents.

. The position of the equinoxes.

©® N

De Marchi rejected all these hypotheses and personally supported the
notion (for reasons other than those of Arrhenius) that a “change in
the transparency of the atmosphere would possibly give the desired
effect.”4® Arrhenius was happy to rely on the authority of De Marchi
and agreed with his conclusions because they supported his model.
What is not clear is why Arrhenius, like other scientists of his time,
was so intent on promoting a single causal mechanism of climatic
change.

Arrhenius concluded his 1896 article with the following words: “I
trust that after what has been said the theory proposed in the foregoing
pages will prove useful in explaining some points in geological clima-
tology which have hitherto proved most difficult to interpret.” His model
could account for the onset of interglacials and ice ages. His calcula-
tions showed that “the temperature of the Arctic regions would rise
about 8° to 9° C, if the carbonic acid increased to 2.5 to 3 times its present
value. In order to get the temperature of the ice age between the 40th
and 50th parallels, the carbonic acid in the air should sink to 0.62—0.55
of present value (lowering the temperature 4°-5° C.)"4’

Arrhenius’s contemporary, the American geologist T. C. Chamber-
lin, had mixed opinions of the work. He believed that “Dr. Arrhenius
has taken a great step in advance of his predecessors in reducing his
conclusions to definite quantitative terms, deduced from observational
data.”4® Chamberlin, however, found the assumption of Hégbom and
Arrhenius, that volcanic eruptions were the chief source of carbonic
acid for the atmosphere, overly simplistic and not “clearly and inevi-
tably connected with the known current of geological events.”*® Cham-
berlin later regretted his overeager acceptance of Arrhenius’s results
(see chapter 7).

More recently, Arrhenius has been lauded as the father of the theory
of the greenhouse effect, even of global warming. One author claimed
that “Arrhenius had enough spectroscopic information to estimate that
doubling the amount of carbon dioxide in the air could warm the world
by four to six degrees,” that “the industrial output of carbon dioxide
had already reached a level comparable to the amount that circulated
naturally,” and that Arrhenius had “discovered” the greenhouse ef-
fect in 1896.5° All three statements are misleading and incorrect. The
spectroscopic information available to Arrhenius was quite primitive.
Langley’s bolometer, an instrument composed of two thin strips of
metal, a Wheatstone bridge, a battery, and a galvanometer, routinely
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measured a spectral region between 0.3 and 3 microns and could be
extended further only with great difficulty. This is in accord with
Arrhenius’s statement that for wavelengths greater than 9.5 microns,
“we possess no direct observations of the emission or absorption of
the two gases.”®! Thus, the infrared atmospheric window between
eight and twelve microns and the strong carbon dioxide and water
vapor absorption bands beyond twelve microns were unknown at the
time. Moreover, we have already seen that in Hégbom’s view, the in-
dustrial output of carbon dioxide was much smaller than geophysical
variations in the carbon cycle due to volcanism and other processes.
Given the work of Mariotte, Saussure, Fourier, Pouillet, Tyndall,
Chamberlin, and many others (see chapters 5 to 7), simple claims about
the “discovery” of the greenhouse effect are impossible to sustain.

Worlds in the Making

During the next decade, Arrhenius continued working on his carbon
dioxide theory of climate. His two-volume encyclopedic Lehrbuch der
kosmischen Physik (1903) included a discussion of the carbon cycle
and a review of shortwave and long-wave radiation, including new
measurements at wavelengths greater than sixteen microns. The
Lehrbuch, however, was not widely read; it was a textbook for a dis-
cipline that did not exist. Several years later, Arrhenius published
Worlds in the Making, a nontechnical book that reached a much larger
audience.?? Here he provided a short overview of historical work by
Fourier, Pouillet, and Tyndall on what he called the “hot-house
theory” of the atmosphere.

That the atmospheric envelopes limit the heat losses from the
planets had been suggested about 1800 by the great French physi-
cist Fourier. His ideas were further developed afterwards by Pouillet
and Tyndall. Their theory has been styled the hot-house theory,
because they thought that the atmosphere acted after the manner
of the glass panes of hot-houses.

As Arrhenius explained, glass is transparent to “heat rays of small
wavelengths” in the visible spectrum, but not to “dark heat rays” such
as those generated by a heated furnace. Solar radiation readily passes
through the glass of the hothouse and heats the enclosure, while the
“dark” radiation emitted within the enclosure cannot freely escape.
Mixing his metaphors, Arrhenius ventured that the glass stops the loss
of heat, “just as an overcoat protects the body against too strong a loss
of heat by radiation.” Of course, the heating of greenhouses is ex-
plained only in part by the opacity of glass (and possibly condensed
moisture on the glass) to infrared radiation. In fact, it is largely the
suppression of mixing by the shelter that generates the higher tem-
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peratures in greenhouses. The atmospheric greenhouse effect is even
more complex than this, and a simple “hot-house theory” of planetary
atmospheres is not accepted today by atmospheric scientists.5 Ar-
rhenius also discussed an experiment done by Samue] Langley in 1881
on Pike’s Peak, Colorado, at an altitude of forty-two hundred meters:
“Langley made an experiment with a box, which he packed with cot-
ton-wool to reduce loss by radiation, and which he provided, on the
side turned towards the sun, with a double glass pane. He observed
that the temperature rose to 113°, while the thermometer only marked
14° or 15° in the shade.”5* Whether or not Langley was aware of it, his
experiment replicated the heliothermometer experiments of Saussure
a century earlier (see chapter 5).

Based on the results of his model, Arrhenius pointed out that the
observed temperature of the Earth is about thirty degrees higher than
that calculated from simple geometrical considerations. He explained
this discrepancy “by the heat-protecting action of the gases contained
in the atmosphere”—water vapor, carbon dioxide, ozone and hydro-
carbons, as Tyndall had known in the 1860s.%5 His calculations showed
that if the atmosphere had no carbon dioxide, the temperature of the
Earth would fall by about twenty-one degrees. A cooler atmosphere
would contain less water vapor, resulting in an additional tempera-
ture decrease of about ten degrees.

If the quantity of carbonic acid in the air should sink to one-half its
present percentage, the temperature would fall by about 4°; a dimi-
nution to one-quarter would reduce the temperature by 8°. On the
other hand, any doubling of the percentage of carbon dioxide in the
air would raise the temperature of the earth’s surface by 4°; and if
the carbon dioxide were increased fourfold, the temperature would
rise by 8°.56

The agreement between these numbers and the results of recent com-
puter simulations, although merely fortuitous, has been widely noted.
One writer called his results “not too different from recent estimates.”
However, as John Kutzbach, a paleoclimate modeler, has recently
pointed out, “[tThese values happen to be very close to modern-day
estimates . . . even though Arrhenius ignored the possible effects of
changes of horizontal advection and cloud cover and used a radiative
transfer model that was much less detailed than present-day models.”s”

By 1904, Arrhenius had become concerned by the rapid increase
in anthropogenic carbon emissions. In his article of 1896, he had cited
Hogbom’s figure of five hundred million tons for the annual combus-
tion of coal. Since then the amount had risen rapidly, and by 1904 it
had reached almost nine hundred million tons. Arrhenius found it
significant that “the slight percentage of carbonic acid in the atmo-
sphere may by the advances of industry be changed to a noticeable
degree in the course of a few centuries.” After reviewing new research
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on the carbon cycle by Chamberlin and others, he concluded that “the
percentage of carbonic acid in the air must be increasing at a constant
rate as long as the consumption of coal, petroleum, etc., is maintained
at its present figure, and at a still more rapid rate if this consumption
should continue to increase as it does now.” Arrhenius considered it
likely that in future geological ages the Earth would be “visited by a
new ice period that will drive us from our temperate countries into
the hotter climates of Africa.” On the time scale of hundreds to thou-
sands of years, however, he thought that burning fossil fuels could help
prevent a rapid return to the conditions of an ice age, and could per-
haps inaugurate a new carboniferous age of enormous plant growth.>?

Conclusion

John Tyndall’s carefully executed laboratory experiments clearly dem-
onstrated that trace atmospheric constituents were active absorbers
of heat radiation, at least in the near infrared. His meteorological and
climatological speculations kept alive what was called the “hot-house
theory,” and they suggested to Arrhenius that the Earth’s heat budget
could be controlled by changes in the carbon dioxide content of the
atmosphere. As Elisabeth Crawford has shown in her new biography,
Arrhenius did not write his 1896 essay because of any great concern
for increasing levels of CO, caused by the burning of fossil fuels; in-
stead, he was attempting to explain temperature changes at high lati-
tudes that could account for the onset of ice ages and interglacials.
Rather than being unique or especially prophetic, his essay represented
one of a number of contributions to the ongoing quest at the Stockholm
Physical Society to develop a cosmic physics linking the heavens and
the Earth.*®

By 1904 Arrhenius had suggested that increasing the carbon dioxide
content of the atmosphere by burning fossil fuels might be beneficial,
making the Earth’s climates warmer and “more equable,” stimulating
plant growth, and providing more food for a larger population. His
view of “paleotechnic” intervention in the climate system by industrial
pollution is quite different from earlier, agriculturally based visions
of clearing and cultivation resulting in beneficial changes in the cli-
mate {chapters 1 and 2). It also differs radically from current concerns
over the harmful effects of a global warming caused by industrial
emissions and deforestation.®°



T. C. Chamberlin and the Geological
Agency of the Atmosphere

My views depart very essentially from those urged by Arrhenius,
not only in respect of the geologic modus but in regard to the
cooperation of the ocean with the atmosphere. Arrhenius did not
develop a geological theory but merely made an advance on
Tyndall’s suggestion as a physicist, tho’ the “advance” proved
unfortunate.

—T. C. Chamberlin (1922)

The earth sciences may have experienced their most recent concep-
tual revolution in the 1970s with the acceptance of plate tectonics, but
that was by no means their only major revolution. T. C. Chamberlin
{1843-1928), America’s most eminent geologist turned geocosmolo-
gist, experienced three major conceptual revolutions in his field. As
a student in the 1860s, he rejected the scriptural geology he had learned
in his youth. As a working geologist interested in multiple glaciations,
he rejected the dominant theories of hot planetary birth and secular
cooling of the Earth as severely lacking in explanatory power. As one
of the leading interdisciplinary scientists of his day, he formulated a
new theory of the origin and evolution of the Earth and solar system—
the planetesimal hypothesis.!

Glacial theories of the late nineteenth and early twentieth centu-
ries appear in three distinct clusters: astronomical theories involve
changes in the Sun’s luminosity, the passage of the Earth through
opaque regions of space, and the variation of the Earth’s tilt and or-
bital elements; terrestrial theories include mountain building, volca-
nism, and changes in atmospheric and oceanic circulations; and mo-
lecular theories invoke changes in the water vapor or CO, content of
the atmosphere. The favorite among geologists was Charles Lyell’s
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theory of continental uplift and mountain building. James Croll’s
theory of periodic changes in solar insolation due to changes in the
Earth’s orbital elements was tantalizing but did not fit with geologi-
cal evidence. Speculations about possible changes in the Sun were
popular as well but were impossible to prove. Lord Kelvin had decided
that the Sun was simply cooling off and the Earth’s future climate
would be a cold, frozen one. Most theorists focused on a single mecha-
nism of glaciation, with perhaps a secondary cause added in. There
was some lip service to but little interest in multiple causation.

Chamberlin tried to keep his options open