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Introduction

Guy Stewart Callendar (1898-1964) is noted for identifying, in 1938, the
link between the artificial production of carbon dioxide and global warming.
Today this is called the “Callendar Effect” He was one of Britains leading
steam and combustion engineers, a specialist in infrared physics, author of
the standard reference book on the properties of steam at high tempera-
tures and pressures, and designer of the burners of the notable World War
IT airfield fog dispersal system, FIDO. He was keenly interested in weather
and climate, taking measurement so accurate that they were used to correct
the official temperature records of central England and collecting a series
of worldwide weather data that showed an unprecedented warming trend
in the first four decades of the twentieth century. He formulated a coherent
theory of infrared absorption and emission by trace gases, established the
nineteenth-century background concentration of carbon dioxide, and ar-
gued that its atmospheric concentration was rising due to human activities,
which was causing the climate to warm.

Callendar’s contributions to climatology led the way in the mid-twentieth-
century transition from the traditional practice of gathering descriptive cli-
mate statistics to the new and exciting field of climate dynamics. In the first
half of the twentieth century, the carbon dioxide theory of climate change
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had fallen out of favor with climatologists. In the 1930s Callendar revived and
reformulated this theory by arguing that rising global temperatures and in-
creased coal burning were closely linked. Employed in defense research, and
working from his home in West Sussex, Callendar compiled weather data
from frontier stations around the world that clearly indicated a global warm-
ing trend in the early decades of the twentieth century. He also documented
the retreat of glaciers. To support his hypothesis, he calculated the world
use of fossil fuels, estimated carbon reservoirs and uptake by the biosphere
and oceans, and compiled historical measurements that showed rising con-
centrations of carbon dioxide in the atmosphere. Callendar established the
now standard number of 290 parts per million (ppm) as the background
concentration of carbon dioxide in 1900 and estimated there had been a ten
percent increase by 1938. Based on new work on the infrared spectrum and
calculations of the absorption and emission of radiation by trace gases in the
atmosphere, Callendar established the CO, theory of climate change in its
recognizably modern form, reviving it from its earlier, physically unrealistic
and moribund status. He concluded that the rising temperature trend was
due to anthropogenic increases in the concentration of atmospheric carbon
dioxide, primarily through the processes of combustion.

Until recently, G. S. Callendar had been largely overlooked by historians
and scientists. He was a quiet, family oriented man, an avid sportsman, su-
premely competent, widely published and cited, yet unassuming. He received
few special honors, held no academic appointments, and left relatively few
letters and no personal journals. His scientific papers, although considered
valuable, were in danger of being scattered, damaged, and lost. No one in the
climate research community had any photographs of the man or his family.
Under these circumstances, preparing his biography and a digital archive
of his papers were daunting tasks. Callendar’s life was reconstructed from a
variety of sources including scientific correspondence and notebooks, family
papers (graciously provided by his daughter Bridget), and the well-docu-
mented life of his father, the famous physicist Hugh Longbourne Callendar,
who nurtured his son’s career and introduced him to the technical elite of
England.

Callendar was a Fellow of the Royal Meteorological Society and served
on its council. He was also a Fellow of the Glaciological Society. He counted
many distinguished scientists as his friends, colleagues, and coworkers. He
received a first-rate technical education and entered into collaborations with
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Britain’s technical elite on steam research and the infrared spectra of complex
molecules. His work on the thermodynamics of steam was foundational for
steam-plant design calculations in Great Britain for more than three decades.
His papers on the infrared properties of trace gases drew rave reviews from
leading meteorologists and climatologists and influenced the later develop-
ment of the field. His work in defense-related research in two world wars and
the cold war was directed, wherever possible, toward non-violent ends.

The legacy of Guy Stewart Callendar continues through the Callendar
Effect, influencing scientists of his own and subsequent generations and now
historians of science to examine the paths by which we have arrived at our
current state of climate knowledge and apprehension.' This volume provides
an overview of his life and times and introduces an optional digital archive
of the Callendar Papers. I hope that it provides the reader with deeper per-
spectives on an earlier era in science and engineering, allows a glance into
Callendar’s personal life and accomplishments, and stimulates both broader
awareness and further research on the life and work of this unpretentious,
but creative and fascinating individual.



The Callendar Effect: Climatic change brought about by
[anthropogenic] increases in the concentration of atmo-
spheric carbon dioxide (CO,), primarily through the pro-
cesses of combustion. The actuality of such changes was
proposed in 1938 by the English scientist G. S. Callendar,
son of H. L. Callendar. See also greenhouse effect.

—Encyclopedia Britannica



CHAPTER ONE

The Early Years to 1930

The Callendar boys shared their father’s love for science and engineering,
while sister Cecil cultivated the arts.
—Leslie Callendar

Guy Stewart Callendar was strongly influenced by his famous father, who
nurtured his son’s scientific and extracurricular interests and served as his
mentor. Hugh Longbourne Callendar, first son of the Reverend Hugh Cal-
lendar and Anne Cecilia Longbourne, was born April 18, 1863, in Hatherop,
Gloucestershire and was christened May 24, 1863, in his father’s church.!
Following his father’s untimely death in 1867, young Hugh was nurtured by
both the Callendar and Longbourne families and developed a very protective
attitude toward his mother and siblings.

From early childhood Hugh was a self-motivated learner: precocious in
languages and mathematics, with a knack for technical matters. His skills
were cultivated at a young age by a private tutor.” By age 10, he had con-
structed a number of technical devices, including a Rhumbkorff induction
coil, a Wimshurst electrostatic generator, and a telegraph network that he
used for communication around the house (having taught himself Morse
code).® At age 11, with the assistance of his maternal uncle J. V. Longbourne,
Hugh entered Marlborough College. Hugh’s interests and hobbies included
astronomy, nature study, competitive shooting, gymnastics, football, and
handicraft. Some of the younger boys at school believed that he controlled
the weather because he was put in charge of the barometer in the house.*
He constructed an automatic wind recorder and designed a fountain pen
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using an angular glass tube and a rubber stopper. His mother liked the pen
so much, she used one for her letter writing for more than 6o years. He also
devised a system for testing sight and color blindness.

Cambridge Years

Hugh Callendar entered Trinity College, Cambridge in 1882. During his
university years, Callendar reportedly studied 10 to 12 hours a day yet still
reserved two hours for afternoon sporting—he excelled in tennis, gymnas-
tics, lacrosse, and shooting. To boost his efficiency, he devised a method of
speed writing, subsequently known as the Cambridge system of shorthand,
teaching the system to his friends and associates, as well as publishing several
books about it.> Earning first class honors in Classics (1884) and Mathemat-
ics (1885), Callendar began experimental work in physics at the Cavendish
Laboratory with Professor J. J. Thomson.® The two men greatly influenced
each other. Thomson learned Callendar’s shorthand system and used it for
note taking throughout his life. Callendar followed Thomson’s suggestion
to study the problem of metallic resistance thermometry, a decision that
shaped the rest of his career.

The Platinum Resistance Thermometer and Related Inventions

In 1885, after eight months of extensive experimentation and research in
cramped quarters at the Cavendish Laboratory (he used a windowsill as
a workbench), Callendar developed an accurate platinum resistance ther-
mometer suitable for high temperature measurements (Figure 1.1). Com-
pared to earlier devices, it had an extended temperature range and held its
calibration over time. According to Thomson, Callendar “gave to physics a
new tool to determine temperature with an ease and accuracy never before
obtainable. .. >’

In Callendar’s original design, coils of fine platinum wire were wound on
thin mica plates connected to silver leads. He added annealed pure platinum
contacts and corrected for errors made by other scientists in the relation-
ship between temperature and resistance. Callendar presented his findings
to the Royal Society of London on June 10, 1886, and patented his ther-
mometer the following year.® Arguably the most significant invention of
his career, Callendar’s new thermometer was able to measure temperature
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Fig. 1.1. Platinum Resistance Thermometer designed by H. L. Callendar. Image courtesy of

the University of Dundee.

with great precision from -190° to 660°C; later models were useable up to
1200°C. Callendar employed this instrument in many of his experimental
investigations. The new platinum thermometers most accurately measured
the melting point of a variety of metals and allowed for further work in new
metal alloy construction. The Cambridge Instrument Company produced a
commercial version of the Callendar platinum thermometers, which found
immediate applications in metallurgical engineering.’

In his investigations of the properties of steam Callendar used his sensi-
tive platinum resistance thermometer to follow rapid variations of tempera-
ture without appreciable lag. As explained in the London Science Museum
Catalogue:

The instrument, in use, is mounted on the piston of a steam engine, and read-
ings are taken at any desired point of the stroke by means of a periodic contact
mounted on the revolving shaft. With this arrangement Callendar was able to
examine carefully the relation between pressure and temperature during the

adiabatic compression and expansion of steam.°
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Callendar invented and improved myriad scientific devices related to preci-
sion thermometry. Many of these instruments were presented to or loaned
to the London Science Museum by Imperial College of Science and Technol-
ogy. For example, Callendar and E. H. Griffiths developed a modified form of
Wheatstone bridge to measure the resistance of a heated platinum wire and
thus indicate its temperature.'* With this improved device, used in conjunc-
tion with the platinum resistance thermometer, it was possible to measure
small changes in resistance with accuracy correct to one-tenth of a degree.'
Callendar devised a platinum resistance thermometer only 0.025-milimeter
thick for biological research applications. The Cambridge physiologist W. H.
Gaskell used this device in 1887 to detect heat generated by the beating of
a frog’s heart."® For clinical use, Callendar invented medical thermometers
connected to automatic temperature recorders, which could be used rectally
or held in place under a patient’s armpit.'* Callendar also designed an auto-
matic data recorder to convert the electrical signal from any instrument into
the movement of a pen on a clockwork-driven cylinder of paper.*®

In 1886 Callendar was elected a Fellow of Trinity College, Cambridge.
Acceding to the wishes of his family, he tried his hand briefly at law and
medicine before accepting a position in 1888 as professor of physics at Royal
Holloway College, a recently opened college for women in Egham Hill, Sur-
rey. He held this position for the next five years.'® In addition to his teaching
duties at Royal Holloway, Callendar vigorously continued his research at the
Cavendish Laboratory. In 1894 he extended the heat range of his platinum
resistance thermometer to 1600°C by adding resistances into the circuit and
using a galvanometer as a sensitive temperature indicator."”

Sojourn in Canada

In 1893 Callendar was appointed professor of physics at McGill University in
Montreal, Canada, with his office and laboratory in the newly constructed
and state-of-the-art Macdonald Physics Building. Before moving to Canada
he asked for the hand of Victoria Mary Stewart, the eldest daughter of Alan
Stewart of Saundersfoot, Pembrokeshire. He had met the attractive, ener-
getic redhead at Cambridge during his fellowship years. Callendar returned
to England in the spring of 1894, married Victoria, and brought her back
to Canada with him."® That same year he was elected a Fellow of the Royal
Society of London.
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Callendar was a formidable presence in the McGill physics department.
He worked on the thermodynamics of the steam engine and developed a
method for determining the total heat of steam using a new type of calorim-
eter. He designed the first X-ray experiment in Canada and on February 7,
1896, produced satisfactory photographs.’® His device was used at a local
hospital to generate medical X-rays of patients with embedded needles, swal-
lowed coins, lung cavities from pneumonia, bullet wounds, kidney stones,
broken bones, and fractured skulls. With C. H. McLeod, director of the
McGill Observatory, he conducted meteorological investigations, studying
the variation of soil temperature with depth. Callendar lectured frequent-
ly at McGill and attracted scientists from around the world to hear him
speak.”’

Honors continued to accrue to Callendar. For his work on theoretical and
practical aspects of steam engineering, he received the James Watt Medal and
the Telford Premium from the Institute of Civil Engineers. He was elected a
Fellow of the Royal Society of Canada in 1896 and was awarded an honorary
Doctor of Laws by McGill University in 1898.>' Outside of the laboratory and
classroom, Professor Callendar maintained his athletic interests, represent-
ing McGill in tennis, lacrosse, and shooting.

Enter Guy Stewart Callendar

Guy Stewart Callendar was born on February 9, 1898, in Montreal, Canada.
His older siblings Cecil and Leslie Hugh were also born in Montreal. Before
Guy’s first birthday the family returned to England, his father having been
offered the prestigious Quain Chair of Physics at University College, Lon-
don. Although McGill made an enticing counteroffer, nearly doubling his
salary and adding an additional professorship in astronomy, Hugh decided
his prospects were brighter in England. Ernest Rutherford, the new chair
of physics at McGill, had this to say about his predecessor: “Callendar here
was considered a universal genius and I gain a sort of reflected glory by
carrying on with things Callendar alone was able to do. The trouble is that
Callendar left such a reputation behind him that I have to keep rather in
the background at present””?* The Callendar family too had made a distinct
impression on the community. On the eve of their departure approximately
200 people came to bid them farewell.*

Cecil, Guy, and Leslie are depicted in Figure 1.2, with their mother Victoria.
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The children appear to be wearing souvenir deck hats from their recent At-
lantic crossing.”* Another early image of Guy with his maternal grandfather,
Alan Stewart of Saundersfoot, Pembrokeshire (Figure 1.3) was taken in 1901,
perhaps following Guy’s baptism at St. Issells Church in Saundersfoot.*®

In 1902, H. L. Callendar moved from University College across town to
South Kensington to accept a professorship of physics at the Royal College
of Science which became part of Imperial College in 1907. Here he worked
for the rest of his life.

Motoring Interests

Guy Callendar and his siblings benefited from the motoring interests of their
father. H. L. Callendar spent his free time tinkering with cars, racing them, or
taking his family for high-speed jaunts around the English countryside. Per-
haps the stereotype of the tinkering physicist as motoring enthusiast began
here. Around 1898 Callendar conducted research on the internal combus-
tion engine, worked out a formula for motor horsepower, and immediately
became intrigued with motorcycling.*® In 1902 he purchased one of the first
Clement-Gerrard motorbikes in England. He added an eight-speed gear-
box, a cooling system, and fitted an armchair and extra wheel on the front,
turning the two-wheeled contraption into a supercharged, two passenger
tri-cycle, allowing Callendar and his wife to tour together and climb with
ease the “fearful” hills of Porlock in the West Country. Guy and his siblings
were treated to shorter joy rides around the neighborhood. Leslie recalled, “I
well remember being driven at 13 mph in this armchair, exceeding the speed
limit then in force”*” The tri-car was subject to frequent breakdowns and it
would be up to Callendar and local blacksmiths to perform repairs.

In 1904, after he and his wife were knocked over in their tri-car by a horse,
Callendar decided he needed a larger and sturdier vehicle. He purchased
an eight horsepower De Dion Bouton car and modified it to accommodate
five passengers.”® Callendar’s next large motoring investment was a Stanley
Steam Car, purchased in 1907. Being an inquisitive scientist and steam engi-
neer, Callendar was keenly interested in its power source. Despite his initial
fascination, the vehicle’s steam engine proved to be dangerous and cumber-
some. During a particularly catastrophic family trip to Hindhead, the steam
pressure fell off, the car came to a standstill, and one of the boiler tubes burst,
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Fig. 1.2. “Peeling a pear” Prize photo taken by Hugh Callendar in the summer of 1900 at
“Aunt Ethel’s garden in East Grinstead” Guy, age two, is sitting at his mother’s feet, brother
Leslie, four, is standing, and sister Cecil, five, is sitting in the tub.

Fig. 1.3. Guy with his maternal grandfather,  Fig. 1.4. Hugh Longbourne Callendar, ca.
Alan Stewart, ca. 1901. 1910.



8 THE CALLENDAR EFFECT

pouring hot steam onto the passengers. Consequently, Callendar decided
to trade the steam drive for a hot-air system that used a petroleum engine
as a compressor. Although this adjustment slowed the overall speed of the
vehicle, his custom air-drive Stanley Steam Car proved to be safer and no
longer required adding water every 20 minutes.>” These adjustments made
the vehicle suitable for family touring throughout England.*®

Ealing

Callendar’s university professorship and royalties from his successful patents
provided a comfortable foundation for the family, allowing them to move, in
1905, to the fashionable town of Ealing. Their four-story, 22-room home at
49 Grange Road (Figure 1.5) was covered by flowering wisteria on the front
and Virginia creeper on the side and back. Facilities included two garages (or
“motor houses”) equipped with a pit, crane, lathe, and all the tools needed
to maintain and modify the vehicles; a greenhouse; a full-size tennis lawn
(also used for cricket and football); a putting green; mature trees, arbors,
and a flower garden. The Callendars kept a staft of four to six servants, a
chauffer, and a gardener.’! This estate was the primary household where all
four Callendar children (the youngest son Max was born in 1905) grew up.
The town of Ealing had large open green spaces and numerous tennis courts.
Walpole Park, with its 30 acres of trees and grass, was only a few hundred
yards from Grange Road.*? Ealing also was quite conveniently connected to
central London by a new electric rail line.

According to brother Leslie, the Callendar boys shared their father’s love
for science and engineering, while sister Cecil had a flair for writing and
painting and cultivated the arts.>® The large library, natural history speci-
mens, and collection of scientific instruments stimulated their curiosity. Cal-
lendar had converted the greenhouse into a laboratory where the children
were encouraged to play and tinker—but not without risk. Eldest son Leslie
destroyed it one day while attempting to create TN'T.** Earlier, Leslie had
accidentally blinded his brother Guy at age five, by sticking a pin in his left
eye.”

Domestic life was regimented in the Callendar household under the super-
vision of both parents. Although Hugh was the breadwinner of the family,
Victoria justifiably provided the backbone, managing the family while he
was at the university. The boiler had to be stoked at 6:30 A.M., the dinner
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Fig. 1.5. The Callendar family home from 1905 to 1930 at 49 Grange Road, Ealing.

Photograph of a large pen drawing done by Cecil Callendar, age 19, in 1914.

table perfectly set, and staff to bed by 10:00 P.M. As a father, Callendar was
respected by his children. Leslie writes, “His word was law among us”*¢
Leisure activities included tennis and (of course) motoring. Callendar also
built a rapid-shutter camera that probably took many of the family’s early
photos.*”
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Guy’s Education

From 1909 to 1913, Guy Stewart Callendar attended Durston House School in
Ealing (Figure 1.6), a small, elite, and very strict private day school founded
by the brothers B. C. and R. M. Pearce. For several years the Callendar chil-
dren must have walked together to school, a distance of about 1 kilometer
from their home. Leslie graduated from Durston House in 1911, Guy in 1913,
and Max in 1921.%¢

In the spring of 1913, Guy matriculated as a day student at the exclusive
St. Paul’s School in Hammersmith, a school steeped in tradition—it was
founded in 1509 by John Colet, dean of St. Paul’s Cathedral, and counted John
Milton, Edmund Halley, and Samuel Pepys among its venerable graduates.
The curriculum at St. Paul’s emphasized the study of Greek, Latin, and the
humanities, but a new science block had recently been opened, and athletic
competition was considered compulsory.

The outbreak of the Great War had an immediate impact on Guy, in part
because of the militarism in evidence at St. Paul’s. Instructors left for military
service, instructional hours were shortened to avoid air raids, rationing af-
fected the dining halls, and a battlefield map appeared in the library. Military
drills, including bayoneting practice, were held on campus, at Runnymede,
and in Richmond Park.*® Such public displays of patriotism did not appeal
to Guy. He was also reeling from the emotional shock of losing his beloved
sister Cecil in 1914 at age 19 after she contracted pneumonia. Many boys left
school earlier than normal at this time, and among them was Guy Callendar,
in 1915.*° Guy’s aversion to violence was learned from his father. As told by
his brother Leslie, a student at Imperial College in May 1915, “the morning
after the Lusitania had been sunk by a submarine with the loss of many
men, women, and children . . . my father opened his lecture by expressing
his horror with the deepest emotion I have ever heard in his voice. He then
looked slowly round the students as if these young men too would soon be
lost in the war, and with difficulty went on with his lecture”*!

The loss of his left eye in a childhood accident rendered Guy unsuitable
for front line service, yet he made valuable technical contributions to the war
effort. For two years he worked in his father’s laboratory at Imperial College
as an assistant to the X-ray Committee of the Air Ministry testing a variety
of apparatus, including aircraft engines at the Royal Aircraft Factory (later
Establishment) in Farnborough.**> X-ray technology allowed him to look
for hairline cracks and other defects in the engine blocks. This work also
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Fig. 1.6. Durston House School, 12 Castlebar Road, Ealing, ca. 1911. Image courtesy of
Durston House School.

provided him with a thorough introduction to the electromagnetic spec-
trum. Later Guy enlisted in the Royal Naval Volunteer Reserves,** attaining
the rank of sublieutenant (Figure 1.7). He served as a hydrophones officer
and gained experience with electrical apparatus developed by his father for
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sound ranging and detection of submarines.** Since his father served as a
consultant to the Board of Inventions during the war, Guy would have been
exposed to a very wide range of technical ideas—not all of which were fea-
sible—and the basis for evaluating them.

Steam

In 1919 Guy Callendar entered City and Guilds College, part of Imperial
College in South Kensington, London’s “scientific and cultural heartland”*®
His father was a distinguished professor at Imperial and chair of the phys-
ics department from 1908 to 1929.*° Guy earned a certificate in Mechanics
and Mathematics in 1922 and immediately went to work as a researcher
in the physics department, assisting his father with problems of steam
engineering.

The first edition of the famous Callendar Steam Tables had appeared in
1915 and subsequent improvements in steam technology required that they
be continually updated. External funding from the Air Ministry and the
British Electrotechnical and Allied Manufacturers’ Association (BEAMA)
and a special appointment from the British Electrical and Allied Industries
Research Association (BEAIRA, also known as ERA) allowed Professor H. L.
Callendar to hire two research assistants; one of them was Guy Stewart Cal-
lendar.*” Guy undoubtedly helped his father prepare the 1922 and 1927 edi-
tions of the Callendar Steam Tables. In 1926, Guy authored his first scientific
article with his father on the total heat of steam. Their research, using a new
apparatus, extended the measurements to more than double the previous
values—to pressures and temperatures at the critical point for water and
steam. Based on this work, professor Callendar proposed three simple ther-
modynamic equations, of relevance to both the scientist and to the engineer,
in an attempt to define the properties of steam for international standard
purposes.*®

Guy worked for eight years as an apprentice to his father, Britain’s leading
steam engineer. He mingled with the world’s technical elite when he attended
the first International Steam Table Conference in London in 1929 with his
father who was a delegate. On January 21, 1930, Hugh Longbourne Callendar,
age 66, died at his home in Ealing of pneumonia.*’ As a testament to Guy’s
significant contribution and involvement in steam research, his father had
bequeathed to him “the copy right of and all income royalties and other
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Fig. 1.7. G. S. Callendar, 1918, Sub Lieu- Fig. 1.8. H. L. Callendar, age 60, at Dinas
tenant, Royal Naval Volunteer Reserves. Powis, South Wales, 1923.

benefits which may accrue” from the Steam Tables and Diagrams, as well
as all manuscripts, papers, and illustrations that are connected to them.*®
After his father’s death, Guy was prepared to don the mantle of Britain’s pre-
mier steam engineer, expanding and correcting the Callendar Steam Tables
they had developed together. Guy continued his steam research until 1942
under the patronage of BEAIRA in collaboration with Alfred Egerton (see
Chapter 3).

Father and Son

Guy Stewart Callendar was raised in a loving and supportive family, sur-
rounded by curious and competitive siblings, in a household filled with
books and a vast array of technical gadgets. He received a first-rate educa-
tion at St. Paul’s School and City and Guild’s College. His father was deeply
involved in scientific circles, serving as President of the Physical Society
from 1910 to 1912, then as President of Section A of the British Association
for the Advancement of Science, and throughout his career as an active
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member of the Royal Society of London. For a number of reasons, Guy
Stewart Callendar’s life and career followed strikingly similar paths to those
established by his father.

Both father and son excelled in sports. Guy was a talented tennis player
and avid cyclist. He was “runner-up” in the gentlemen’s single’s champion-
ship for 1928 at the Ealing Lawn Tennis Club. His older brother had equaled
this accomplishment five years earlier, while his younger brother, Max, won
the championship outright in 1926, 1929, and 1931.°* Of course, Guy had
competed with only one good eye! In addition, father and son shared a
strong interest in motor sports. Guy received his first motorbike from his
father at the age of 14 (Figure 1.9). Guy’s technical engagement with internal
combustion engines was probably stimulated by these early experiences and
his access to a well-equipped garage.

The two men shared a profound sense of duty to country and a common
cause in the Great War, accompanied by a deep aversion to violence. Both

Fig. 1.9. Guy on his motorbike, ca. 1920.
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were well connected with the elites of science and engineering. Both served
the British war effort in research related to technical issues, quality control,
and the detection of enemy submarines.

Guy’s interest in meteorology also received a boost from his father’s in-
ventions related to the atmosphere: a sunshine receiver that accurately mea-
sured and recorded total solar radiation, an electrical air temperature grid
to measure and record variations in atmospheric temperature, an absolute
recording bolometer, a thermopile to measure the radiation from the sun’s
corona, and a disc radio-balance to measure the amount of radiation emitted
by the sun or other strong sources.>” Other themes in the later career of G. S.
Callendar, including research on steam, combustion, and infrared radiation,
find antecedents in the work of his physicist father.

Finally, it seems that father and son were similar in personality. Both men
were intensely private; both emphasized their research over their social lives;
both could be accurately described as soft-spoken, detail-oriented, and hard
working. In addition to being brilliant and insightful scientists, both were
passionate and dedicated family men.



CHAPTER TWO

A Family Man

To “my dearest Phyllis . . . from your ever loving Guy”

Guy Stewart Callendar was a loving husband and devoted father of two.
By all accounts, he enjoyed a fulfilling family life, providing his dependents
with a peaceful and secure home during the worldwide depression of the
1930s, the ordeal of World War II, and Britain’s post-1945 economic decline.
He was an accomplished tennis player, avid bicyclist, and creative gardener.
He was home often, as attested by his remarkable unbroken series of weather
observations, beginning in November 1942 and extending through Septem-
ber 1964." This was possible because his work for the government at Lang-
hurst was near his home, within bicycling distance in good weather. After
his trips to Germany in 1930 and America in 1934 to attend the International
Steam Table Conferences (see Chapter 3), he took no more international
trips. On evenings and weekends, and just about full time after his retirement
in 1958, he pursued his weather and climate studies—his beloved “figs”—that
is, in addition to being a good family man and avid sportsman.

Marriage
On August 30, 1930, Guy Stewart Callendar, age 32, married Phyllis Burdon
Pentreath, age 31, at the Parish Church of Upper St. Leonards-on-Sea. The
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Fig. 2.1. Guy’s wedding portrait taken in Fig. 2.2. Phyllis and Guy on their wedding
1930 in St. Leonards-on-Sea. day in 1930.

marriage certificate indicates that the groom was a “bachelor, scientist” then
living in Ealing at 49 Grange Road, and the bride an unemployed “spinster”
from St. Leonards-on-Sea. Her father, Harry Pentreath, was a retired civil
servant. The Rev. E. Y. G. Hunter was the presiding minister. Official wit-
nesses included Guy’s brother Leslie, Phyllis’s sister Anne, and I. H. Cole.”
Although Guy is probably standing one step above his new bride in the
photograph taken on the church steps, he was still an imposing 62" tall and
she stood about 5'4" (Figure 2.2).

Early evidence from the “love letters” (Appendix B) indicates the marriage
got off to a good start. This is the only documentary evidence remaining,
however. Guy did not keep a personal journal or travel far from home after
1934, so there was no need to write, and Phyllis left no letters or diaries. Guy
and Phyllis shared common interests in tennis and gardening. Their daugh-
ters recall a happy home life punctuated by frequent moves and periods of
financial insecurity, especially in the first decade, before the family settled
in Horsham. The couple celebrated 34 anniversaries together.

The St. Leonards and Hastings area, about 70 miles southeast of Lon-
don, was widely known as a first-class seaside resort and “one of the most
delightful watering places in the Kingdom.”* It boasted a mild and healthful
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Fig. 2.3. Guy playing tennis, 1931.
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climate and romantic seaside vistas and exposures. An unbroken esplanade
extended along the coast for a distance of three miles, serving to connect
the pier, marina, swimming baths, theatre, concert hall, the Royal Victoria
Hotel, and the East Sussex Club.

In the week leading up to his marriage, Guy would have noted with some
interest the major heat wave southern England was experiencing. According
to the Middlesex County Times, on Tuesday the thermometer reached 90°F;
the following day was recorded as the hottest August 27th for 9o years, while
Thursday, with a high of 95°F, was the highest temperature recorded in the
last ten days of August since 1906. Friday’s temperature again reached 95°F
before the heat wave broke late that evening with violent thunderstorms over
London and Ealing.* On the wedding day, the temperature in Ealing was a
seasonal 82°F, cooler at the coast, with everyone agreeing that Sunday, with
a high of 78°F, was “delightful” Following the wedding the couple took up
residence in Ealing.

Guy and Phyllis are suspected to have first met at the Ealing Tennis Club.’
Guy loved to compete in tournaments and often gauged the weather by its
suitability for tennis (Figure 2.3).° Although Phyllis was not as serious as Guy
about the sport, she frequently played as a young girl, and even in her later
years would occasionally pick up a racket. She especially enjoyed playing
badminton and participated in organized matches.”

A Growing Family

On November 19, 1931, the couple was blessed with identical twin daughters.
Anne arrived at 3:45 .M. and Bridget just 30 minutes later.® At that time the
family lived at 6 North Avenue, Ealing. Guy’s brother Leslie was chosen as
Anne’s godfather and Guy’s friend and mentor Alfred Egerton (see Chapter
3) was chosen as Bridget’s godfather.

When the twins were toddlers, the family moved from Ealing to Worth-
ing, a town on the southern coast of England about 60 miles from London.
Their first home was on Gerald Road, just 200 meters from the sea. Soon,
they moved to Ardale Close, a cul-de-sac just around the corner. Phyllis en-
joyed knitting and sewing, and would make hats and jumpers for the twins.
In early family photographs, they appear to be dressed identically (Figure
2.4). The Callendar family enjoyed living near the sea and took frequent
walks along the beach (Figure 2.5).
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When the twins were just two months shy of their third birthday, Guy
traveled to America to attend the International Steam Table Conference (see
Chapter 3). Guy loved the girls dearly, playfully referring to them as “two
troublesome twins,” and proudly displaying their photograph to friends and
colleagues aboard the ship and at the conference. While Callendar profited
from his time away, he longed to return home to his family. He wrote letters

Fig. 2.4. Callendar family, 1933. Photo probably taken in Worthing. The twins are about

one year old. Note that the height difference between Guy and Phyllis is reversed.
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B - aa gt
Fig. 2.6. Guy with twins on the beach on Isle of Wight, 1937, possibly near Knock CIliff. The
girls are displaying treasures they collected. Note the fossil seekers along the cliffs.
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to Phyllis each day addressing her as “my dearest Phyllis” and closing, “from
your ever loving Guy.” He suffered incredible homesickness while away and
longed throughout the entire trip to return to her and the children. He wrote,
“I am missing you and the babies quite a lot, it is fortunate there is so much
to do” Phyllis sent him a telegram that reached him in Cork, Ireland, and a
letter that arrived in New York. Guy was delighted to discover the “nice little
note you left in my bag” Unfortunately, there are no letters from Phyllis in
the collection. The love letters from Guy to Phyllis, written in September
1934 (Appendix B) are the only truly intimate record of Guy’s emotions.’

In 1937 and 1938 the Callendar family vacationed in the town of Shanklin
on the Isle of Wight. The island, a short ferry ride from the British mainland,
just 50 miles from Worthing, offered exquisite beaches, esplanades, scenic
cliffs, fossils, and interesting flora and fauna (Figure 2.6).

The War Comes to England
On September 15, 1940, the Callendars moved to their third home in Worth-
ing, on Hurst Avenue, where they could provide a room for Phyllis’s father,
Harry Pentreath. Phyllis's mother had recently passed away and Harry, who
was approximately 9o years old at the time, welcomed their support and
company. The move to their new home proved to be especially dramatic
when, on moving day, the family witnessed a major engagement of the Battle
of Britain in the skies directly above them. Since early July, Germany had
been trying to gain control of the straits of Dover. Press and radio reports
were filled with news about German air raids and Royal Air Force (RAF)
resistance. Cities in southern England were being hit and night raids were in-
creasing in frequency and intensity. London was targeted on September 7.
At about 11:00 A.M. on September 15, two waves of German airplanes
(about 100 in the first wave and 150 in the second) crossed the coast near
Dover, headed for London and other strategic targets nearby. A second attack
of similar magnitude began at 2:00 P.M. Although largely repulsed by RAF
fighters, approximately 100 German airplanes in the first attack and 70 in
the second attack inflicted damage on southern and central London. Other
attacks on Portland and Southampton were largely repulsed. Beginning at
8:00 p.M. and continuing throughout the night, the Germans launched wave
after wave of aerial attacks.'® It must have been frightening for the Cal-
lendars, and especially the young twins who were not yet nine years old, to
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live on the southern coast of England during a time of such great turmoil
and to witness such an air battle. Bridget recalls seeing the blue sky that day
with planes very high in the air and cartridge casings on the ground. She
remembers being very confused.

Air raids continued over London and southeast England into May 1941,
with the German “Blitz” inflicting considerable damage and casualties."!
Bridget clearly remembers the blackouts, with shades and dark curtains on
the windows, night patrols, and searchlights beaming across the sky. She also
recalls her father, a combustion engineer, serving as a wartime “fire watcher,”
who, along with his neighbors, volunteered to respond to unexploded bombs
or fires in the local community. Although Callendar left no record of this
activity, the following personal account from Frank Mee’s “My Father the
Firewatcher” is typical of the rural southern England experience.'?

Father like all the other men in the village did extra security jobs such as Air
Raid Wardens, Special Police, Fire Watchers, Auxiliary Firemen and Home
Guards . . . when the sirens went and we headed for the air raid shelter he
had built . . . he grabbed his stirrup pump, bucket, shovel, and tin hat head-
ing for the church tower or some other high place where he could watch for

incendiary bombs.

The reminiscences of a boy who was seven years old when the war started help
to invoke the kind of world the Callendar twins must have encountered:*?

It didn’t mean much to a seven year old until things began to happen. Curved
corrugated sheets were delivered to every back garden and all the neighbours
would help each other to dig big holes and use the sheets to make Anderson
Shelters. The spare dirt would be thrown over the top of them and then we had
a bomb-proof bedroom to keep us safe during the raids. Next to be collected
were gas-masks. These were contained in cardboard boxes with a string to slip
over the shoulder. Alvar Liddell said we had to carry them at all times. Gas
masks had a snout on them like a pig and every once in a while new filters
would be added and our snouts became bigger and bigger—I thought about
Pinocchio. Babies had ‘Mickey Mouse’ gas masks which covered them all over
and they did look a bit like their name. . . .

[During the air raids] two searchlights crossed the sky—one for measuring

cloud height and a larger one to seek out German planes when they nightly
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droned to Liverpool with their heavy loads. Anyone who ventured out in the
blackout would see a grand firework display in the night sky. . . .

Food was rationed and shopkeepers would snip bits out of your ration
book when anything was bought. One of our main dishes was rabbit, and in
the early morning you would see poachers returning from their night’s work
with red and white bellied rabbits dangling from any available bar on their
bikes. The colours meant that the poor little animals had been clearly gutted
on the killing fields. Rabbits were only available when there was an r’ in the
month because the rest of the time they were breeding. . . . Many houses . ..
would rear one pig and would feed it on peelings and any waste food from the
neighbours.

Every area had a Home Guard who were given an army uniform and an
Auxiliary Fire Service who were given a boiler suit with wellies and a helmet. . ..
They would practice every Sunday, hand pumping water from a brook in the
field. ... The Home Guard would parade every weekend and proudly marched
around the village in their new uniforms, toting their imitation rifles. . . .

Most hardships were felt by mothers as they would queue for hours for
anything going. They would knit and sew patches on holey trousers. [My
mother] could reverse worn collars on shirts and do all sorts of things to make

our clothes last.

Horsham, 1942

In 1942 Guy Callendar was assigned to defense work at Langhurst,'* a secret
research facility located in a country mansion in West Sussex. The well-land-
scaped facility with its leafy exterior, gardens, and tennis courts blended per-
fectly into the English countryside and thus remained hidden from enemy
attack. Here under the auspices of the Ministry of Supply and the Petroleum
Warfare Department, Callendar worked on fog dispersal at airfields and
other combustion projects (see Chapter 4).

The Callendar family moved into a cozy bungalow just two miles from
Langhurst, at 44 Parsonage Road in Horsham where Guy resided for the rest
of his life (Figure 2.7). The town of Horsham, situated halfway between Lon-
don and the coast, was rural with fertile agricultural areas.'® It was typical
of British country homes to be named, and theirs was originally called “Per-
cuil” In making it their own and in honor of their gardening interests, the
family renamed their home “The Redwoods,” and Guy retained the name
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Fig. 2.7. Guy in the front garden at his home in Horsham, 1953.

Percuil for his weather station (Figure 2.8).

Guy was a peaceable, quiet, and gentle man, a seasoned and talented
engineer who applied himself daily to solving the technical puzzles posed
by the war. He much preferred attacking difficult engineering problems that
promised to save lives rather than developing weapons that would take them.
In this he followed a pattern established by his earlier experiences in World
War I, including working on medical X-rays, efficiency of aircraft engines,
and underwater detection devices. Because his work was classified as “top se-
cret;” Guy could not discuss the details with anyone outside the lab, including
his family. This was true even on the day Langhurst called to inform Phyllis
that there had been an accident at the lab and her husband had sustained an
extensive but not disfiguring burn on the side of his face.'

The Redwoods, about one mile from Horsham town center, was very
countrified when the Callendar family lived there. It boasted fruit trees,
beautiful flower gardens, mature plantings, and a summer house (or shed)
with windows lined with rows and rows of pots. Their apple trees produced
fruit in such abundance that the family would leave baskets of apples outside
the gate for others to take. Cows grazed in the field behind the house and
chickens ran free in the neighborhood.
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Fig. 2.8. Callendar’s 1942 weather diary, giving latitude, longitude, height, and details of his
home weather station. “Site: Percuil, 51 04' N 0 —20' W, height 200 ft. 44 Parsonage Road,
one mile north of Horsham Carfax [a historic square at the meeting place of five roads].
Thermometer. N. wall Max and Min. Unscreened but no direct sun at any time of year.
Comparisons with standard screen thermometer 500 yards to N.W. are given. Site has open
fields to N. Thermometer set at 8 hr GMT.” From CP 2, Notebook 1942, 1.

The Callendars were fortunate to have moved to the relatively rural set-
ting of Horsham where they could raise food and trade with local farmers,
since the Ministry of Food began rationing in January 1940. A weekly ra-
tion consisted of four ounces of bacon and/or ham, six ounces of butter
and/or margarine, two ounces of tea, eight ounces of sugar, two ounces of
cooking fats, and meat valued to 9 pence. By 1942 domestic soap was being
rationed (4 ounces of household soap or 2 ounces of toilet soap per month)
as were sweets (12 ounces a month).'” Domestic supplies reached their nadir
by Christmas 1943. Wartime presents were typically practical, emphasizing
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gardening or canning supplies, vegetable seeds, soap, and homemade toys
and crafts. The Callendar family tended a vegetable plot to provide extra
food, with the girls (age 7 at the start of the war and 13 at war’s end) helping
out. This effort was much needed during the hard times of food shortages
and strict rationing. Bridget most vividly remembers shortages in clothing,
butter, marmalade, fruit, and meat, and recalls some wartime food substi-
tutes: spam, dried eggs, and dried potatoes.

Callendar spent his evenings and weekends far removed from the war,
doing private research and work at home in his small study, formerly the
twins’ bedroom, which became available when they built an extension onto
the house. He would take temperatures for his daily weather diary—he told
Phyllis and the twins he was working with his “figs” It was purely a weather
journal, with no other content. For example, even on D-Day, June 6, 1944, the
only entry in his diary is: “Low 47, High 65, Winds WNW at 3, 8/10 overcast,
and bright early” The monthly summary for June reports, “A very windy and
rather cool June. . . . There were only 2 or 3 really pleasant days and it was
one of the worst Junes since the 1920s”*®

From their Redwoods home Phyllis and the girls could easily bicycle to
the market in Horsham. Bridget recalls that her mother was a “very good
cook” and prepared traditional English meals for the family. For recreation
they played tennis or enjoyed the public swimming pool in Horsham Park
and visited the Warnham Nature Reserve nearby.'” Phyllis took the twins
to the theater every week in Horsham to see productions by such notable
playwrights as J. M. Barrie and George Bernard Shaw.*® Guy did not frequent
the theater with them, but preferred to stay at home to pursue his research on
climate change and manage his correspondence (see Chapter 5). Guy chose
to spend his leisure time playing tennis at the Horsham Lawn Tennis Club,
tending the garden, or walking and cycling in the countryside. The Callen-
dars were pet lovers, owning a Scotty dog when the girls were young and a
Dachshund named “Timmy” who joined the family in 1955 (Figure 2.11).*!

Later Years

Gardening, tennis, bicycling, and his climate “figs.” filled Callendar’s later
years. Guy and Phyllis would often visit Leondardslee in Sussex, one of
England’s most spectacular gardens, famous for its rhododendrons, azaleas,
and natural woodlands and lakes. Another favorite spot was Sheffield Park,
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designed in the 18th century by the noted landscape gardener Lancelot
“Capability” Brown. They loved the vibrant colors and intoxicating smell
of azaleas (Guy’s favorite flower) and planted their own at The Redwoods.
Callendar also raised all his conifers from seedlings gathered from cones col-
lected on visits to arboretums. One of the family photos shows Guy admiring

Fig. 2.9. Guy with tennis partner J. Clark, winners of the men’s doubles final at the

Horsham Lawn Tennis Club, 1947.
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a giant sequoia seedling, S. Giganetum.** Other photos depict him in 1953 in
a section of the property called “spruce valley;” and in 1961 sitting contentedly
among his conifers. The twins shared the family’s love of gardening.

Guy also continued to stay active playing tennis and cycling. In 1947 he
won the men’s doubles tournament. Even in 1962, Guy was still enthusiastic

Fig. 2.10. Guy with new Phillips bicycle, 1951, having just been
for a “spin.”

Fig. 2.11. Guy and Phyllis in the garden, with dachshund
“Timmy; 1960.
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about tennis and received for his birthday “a smart new tennis bag from ma
[and] balls from Bid [Bridget], so 'm well set up for tennis later on.”**

Callendar bicycled to and from work at Langhurst each day (see Chapter
4). Occasionally he would take the family to parties at Langhurst (there were
only a few) to mingle with his co-workers and their families and partici-
pate in the tennis tournaments (see Figure 4.4). He took longer bicycle trips
around southern England and out “Guildford way” in the summer when the
weather was permitting, a distance of 22 miles.>* Worthing and the coast lay
only 20 miles south.

Guy retired in 1958, having given “nearly sixteen years in the public ser-
vice” to the Ministry of Supply and at least another 12 to his research on
steam. His retirement pension, which was to begin April 1, 1958, was £293,
17 shillings, 1 pence per annum. He was also granted an additional lump sum
of £662, 4 shillings, 6 pence.”

Guy remained very close to his daughters and exchanged letters with them,
commenting frequently on their scientific interests and on the weather. In
one thank you note to Anne for his birthday gifts Guy concluded, “weather
is not very cold, been just above freezing for several days, but very dull and
misty.*®

His confidence in the theory of climate warming, however, was shaken
by the downturn in global temperature in the 1950s and 1960s (see Chapter
5). Symbolic of this is the photo of “Dad digging us out after the blizzard,
1962

In his monthly summary for the month of December 1962 he wrote: “a
cold month notable for . . . the heavy snowfalls of the last week. Snow of 11
inches 26/27th was locally greatest for at least 20 years and total of 17 inches
for last week also.”*” His weather diary for December 26 and 27, 1962, reads
as follows:

Date Min Max Winds Clouds Weather
26 22 32 SW1 7 Fair to Snow 9"
27 25 34 NE 2 10 Snow total 11"

Callendar’s family had a history of heart problems. Although he was in de-
clining health for the last six months of his life, he did not discuss it openly.
His weather journal ended in September 1964, with one entry in an almost
empty grid for October. His last days were sunny ones as his journal entry
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Fig. 2.12. Digging out after the blizzard, 1962.

for 1964 indicates: “The sunniest September since 1911.”** He died on October
3,1964, of coronary thrombosis.”> A memorial plot for the family is located
at the Sussex-Surrey Crematorium, near Crawley.

Conclusion

The first two chapters have portrayed Callendar’s upbringing, early influenc-
es, scientific training, family life, and personal interests. This was done with
limited documents, but thankfully, with abundant photographic resources
supplied by his daughter. The picture that emerges—of a well-trained, ex-
tremely competent, pensive, and somewhat reclusive engineer, a loving hus-
band and devoted father, and an avid sportsman—is reinforced in the next
three chapters, which address his life’s work and technical interests—the first
of which was steam.



CHAPTER THREE

Steam Engineering

Pushing the accuracy of the measurements “as far as possible with the ap-
paratus available”

—Callendar and Egerton

Guy Stewart Callendar became one of Britain’s premier steam engineers
and thermodynamicists, having learned his trade as a research assistant
under his father’s tutelage at Imperial College (see Chapter 1). His introduc-
tion to the world technical stage came in July 1929 when he participated in
the First International Steam Table Conference held in London under the
sponsorship of the British Electrical and Allied Industries Research Associa-
tion (BEAIRA)." The conference convened engineers and physicists from
Great Britain, Germany, the United States, and Czechoslovakia interested
in the determination of the properties of steam over a wide range of tem-
peratures and pressures. On Monday, July 8, Dr. Samuel Adamson, President
of Institution of Mechanical Engineers (IMechE) opened the conference in
the Council Chamber of the Institution. The first two and a half days were
dedicated to presentations, discussions, and critiques. For the remainder of
the week, delegates attempted to create standardized units and procedures,
“so as to avoid in the future the discrepancies which up to the present exist
between the Steam Tables used most generally by the different engineering
countries of the world”* The conference adopted, as the reccommended unit
for the measurement of the total heat of steam, the International Calorie,
defined as follows: “One international kilowatt-hour equals 860 international
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kilocalories”® This unit was independent of secondary properties derived
from the behavior of water, local variations in the acceleration of gravity,
and the value of Joule’s mechanical equivalent of heat. Yet, since important
theoretical questions and national engineering practices remained at issue,
the delegates agreed to meet again for a second conference in 1930.

Following his father’s death in 1930, G. S. Callendar rededicated himself
to steam engineering. He lectured on the results of his father’s research at
Manchester and Cardiff* and the BEAIRA Turbine Committee continued
funding his steam research, increasing his salary from £300 to £450.°> Guy
Callendar’s work on steam was both a labor of love—an expression of filial
piety for his father—and a testimony to the rigorous and practical training
he had received from him.

Callendar’s colleague in these efforts was the celebrated physical chemist
Alfred Egerton, then at Oxford University. Funded by BEAIRA, and pursu-
ing the agenda established by the International Steam Table Conference,
Callendar and Egerton led the British effort to define international units,
coordinate investigations on steam, and reduce errors and inconsistencies
in its thermodynamic properties as measured by different techniques.

Alfred Egerton
Alfred Charles Glyn Egerton (1886-1959) was known from childhood to
his close friends and associates as “Jack” He was educated at Eton College,
where he established their scientific society, and at University College Lon-
don, where he studied chemical thermodynamics with Sir William Ramsey,
graduating in 1908 with first-class honors. Egerton continued his chemical
studies at Nancy University (1909) and Berlin University (1913). He worked
as a chemistry instructor at the Royal Military Academy, Woolwich, from
1909 to 1913. During World War I he served as an assistant in the Depart-
ment of Explosives Supply, Ministry of Munitions. Here he would have likely
crossed paths with Professor H. L. Callendar. In 1912 he married the Honor-
able Ruth Cripps, who shared his lifelong passion for travel and painting,
especially watercolors. The childless couple adopted Jack’s nephew Francis,
whose father had been killed in action in France.

After the war, Egerton matriculated at Oxford University, where he worked
as a lecturer, earning his master’s degree in chemistry in 1921 and gaining
promotion to reader in thermodynamics in 1923. He was elected a Fellow of
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the Royal Society in 1926, serving on their council from 1931 to 1933, about
the time of his first collaboration with Guy Callendar. Egerton served as
professor of chemical technology at Imperial College from 1936 to 1952 and
as Physical Secretary of the Royal Society from 1938 to 1948. During World
War II he was a member of the War Cabinet Scientific Advisory Commit-
tee and chaired the Fuel and Propulsion Committee of the Admiralty. Here
Egerton would have had oversight of the FIDO project (see Chapter 4) that
involved Guy Callendar.

Egerton was knighted in 1943 and was awarded the Rumford medal of
the Royal Society in 1946. After the war he served on a number of scientific
advisory panels, including as the director of Salter’s Institute of Industrial
Chemistry and as an official scientific liaison to the United States and India.
He was founding editor of the journal Fuel and, in addition to many other
honors, received the first Egerton medal from the Combustion Institute in
1958. He died suddenly, on September 7, 1959, while on a painting holiday
in France.®

Alfred Egerton dedicated his entire life to his scientific pursuits. He was
quiet and spoke little, but kept detailed daily diaries. He enjoyed long walks
and skiing. “Above all he had an immensely humorous and tolerant way of
seeing things”” Egerton was introduced to Callendar both personally and
professionally when he visited Imperial College on February 20, 1930, to
inspect his steam apparatus. The meeting was facilitated by Henry Lewis
Guy of BEAIRA, who hinted at the possibility of funding, and Sir Henry
Tizard, Rector of Imperial College, who recommended the collaboration.®
Egerton’s initial impression was that Callendar was “lacking fire” However,
after witnessing an experiment he was convinced of Callendar’s technical
ability and was “very satisfied with the temperature measurements and with
the running of the plant” He thought the experiments were working out
“satisfactorily and interestingly.”® If Guy Callendar was influenced by his
father before 1930, it is clear that his mentor became Alfred Egerton after
1930. Theirs was a lifelong collaboration.

The Callendar-Egerton Collaboration

The years between 1930 and 1933 were busy ones for Egerton and Callendar.
They conducted a series of experiments on the steam apparatus at Imperial
College, compared their results with those of their American colleagues,



36 THE CALLENDAR EFFECT

prepared for the Second International Steam Table Conference in Berlin,
and published a paper in 1933.

The experimental setup of H. L. Callendar was modified to provide a con-
tinuous flow of steam at high pressures and temperatures, allowing them to
make “dynamical” measurements of saturation pressures (Figure 3.1). In the
experimental apparatus, pure distilled water, stored in two stoneware jars,
was pumped into a boiler for removal of traces of air, from which it passed
into a glass storage vessel. A triple-throw hydraulic pump drew it from the
vessel and forced a steady flow into the electric boiler through 19 corrosion-
resistant tubes made of monel metal (an alloy of nickel, copper, and other
metals). The mixture of water and steam, at pressures as high as 5000 psi,
passed through the coil of the gas-heated superheater before entering the
high pressure pocket. It was here that the temperature of the steam was mea-
sured with the leads of a platinum resistance thermometer, and the pressure
of the steam was measured by a large differential dead-weight gauge. After
passing through the throttle tube, the steam was expanded and condensed,
providing a measure of its saturation."®

After pushing the accuracy of the measurements “as far as possible with
the apparatus available,” the duo found “no appreciable differences” between
their technique and the American technique of making “statical” measure-
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ments of steam, pioneered by Frederick G. Keyes.'' Callendar and Egerton
brought their early results to the Second International Steam Table Confer-
ence, held in Berlin June 23-26, 1930."* Their trip was supported by BEAIRA.
Although the Conference came to no consensus, and the British and Ameri-
can delegations disagreed on both theoretical and practical issues, all agreed
that further meetings were desirable."?

The Third International Steam Table Conference

In 1934 Guy Stewart Callendar attended the third International Steam Table
Conference held in Washington, Boston, and New York. Sponsored by the
American Society of Mechanical Engineers (ASME), the conference was an
international attempt to standardize the actual and theoretical behavior of
steam at high temperatures and pressures. Not only was it the final steam
conference in the series, it was the best documented, and arguably, the one
to which Guy made the most significant contribution. Guy’s love letters to
Phyllis (the only ones we have), Alfred and Lady Egerton’s personal journals,
the conference program, and a published meeting report provide a relatively
complete account of the meeting and a window into Guy’s professional and
personal life.'*

Callendar’s letters home are private, thoughtful, and loving (see Appendix
B). While he mentioned the steam conference, he was more concerned with
describing to Phyllis luxuries of the trip such as extravagant meals, oppor-
tunities to play tennis, cinematic entertainment, and personal reflections on
the United States. He also frequently commented about the weather, which
is no surprise due to Callendar’s growing interest in meteorology.

Egerton’s journal was written retrospectively and includes impressions
of New York and Boston, race relations in the United States, and a visit with
Henry Ford."® Lady Egerton’s journal contains considerably more detail,
including their departure by train from London with Callendar, who she
referred to as “Jack’s assistant and colleague on the work,” and their departure
on September 8 from Liverpool on the White Star Liner Britannic, “a very
comfortable ‘cabin class’ oil motor ship with every luxury” Also traveling
with them to the conference were H. L. Guy, “a great engineer from Man-
chester and his wife,” and Mr. Robinson, from the BEAIRA, and his wife.
BEAIRA allocated £250 for the Egerton’s expenses, and probably slightly less
for Callendar.
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Journey across the Atlantic

The Britannic was a new diesel-powered ship of the White Star Line, with a
low profile, sleek superstructure, and Art Deco design.'® The captain must
have been especially proud to show off the new state-of-the-art engine room
to the prestigious group of engineers on the voyage. Callendar wrote to his
wife, “Went over the engines of this ship with Mr. Guy yesterday, they are I.c.
[internal combustion] that is like those in a motorcar. The engine room is
like 500 large lorry engines all going together in a tin shed, it is no place for
ladies”"” Since diesel power left the engine room very cool, it was equipped
with heaters. This was quite different from the sweltering environment of
coal-fired, steam-powered engines. Callendar must have been impressed
that the Britannic’s fuel consumption was only 40 tons per day, down 50
percent compared to steam.'® According to Callendar, deck tennis was the
most amusing game on board the ship, “it is just like Badminton except that
you catch a ring instead of hitting a shuttle”"’

As the voyagers neared the U.S. coast in the early morning of Sunday, Sep-
tember 16, a thick marine fog greeted the travelers as the Britannic docked
at the Cunard Pier in East Boston.*® They passed emigration and customs in
two hours, were met by members of the American delegation, and lunched at

Fig. 3.2. Guy Callendar, 1934, “in Boston standing amongst cars with pipe and hat”
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the Harvard Faculty Club (Ruth called it the “Fraternity House”) hosted by
Harvard professor Lionel Marks. The group toured the Harvard Museum of
Natural History, motored to Lexington (Figure 3.2),*' “where the primitive
men sprang up from the farms and beat the British!”, and rushed back to
Boston for a bite at the Union Oyster House (“America’s oldest restaurant”).*?
Guy noted that Boston had nice residential districts and a magnificent har-
bor with small islands in it. That evening, after a very full day, Callendar,
Egerton, and the other steam engineers caught an overnight train (“rather
uncomfortable sleeper with common wash place”) to Washington (“a fine
city with solid looking white buildings”).**
at the Parker House.

Ruth remained behind in Boston

Session One: Washington
After a long night of travel and breakfast on the train, the delegates arrived
in Washington, D.C. and were escorted to the Broadmoor Hotel—but not
to spend the night. At 10:00 aM the delegates congregated at the National
Bureau of Standards (NBS) and heard welcoming addresses from its director
Dr. Lyman J. Briggs and other dignitaries. After an exchange of reports and
assignment of the working subcommittee (of which GSC was a part), the
delegates visited the Heat and Power Laboratory at NBS and were briefed on
the construction and operation of apparatus used in research on the thermal
properties of steam. The delegates took a group photo (Figure 3.3),** lunched
at the NBS, toured local points of interest, and concluded a long day with
dinner at the Broadmoor Hotel.

At 9:00 P.M. the delegates reboarded the Federal Express en route to Bos-
ton for the second session of the conference—another night in transit.

Session Two: Boston

Arriving in Back Bay Station, Boston at 7:45 A.M. on Tuesday, September 18,
Callendar, Egerton, and the other delegates were transported to MIT where
they took breakfast at Walker Memorial and assembled in Eastman Labora-
tory, which Ruth called “an enormous kind of National Physical Laboratory”
Harvard Professor Harvey N. Davis presided and Institute President Karl T.
Compton offered formal greetings.>® Then the delegates inspected appara-
tus for investigating the thermodynamic scale of temperature. Afternoon
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sessions were followed by tours around MIT and Harvard and tea in the
Eastman Lab.

At 5:00 P.M. the party departed for New York City aboard the Hamburg-
American Liner New York.?® En route, the delegates enjoyed the sights along
the New England coast and dined on board. The evening concluded with
informal discussions, music, dancing, and another, more comfortable night’s
rest—but still in transit.

Session Three: New York

On Wednesday morning, September 19, the delegates arrived in New York
City. Ruth had “never seen a more wonderful sight” as she “watched the great
sky line of the sky scrapers coming nearer and nearer as we came up the river.
The Empire [State] Building, the Chrysler Building, and Radio City stood
out. All these looked like huge cathedral towers in pinkish white and pale
blue shadows with a soft haze and gorgeous sun.”*” As the delegates settled in
to the “old fashioned” Astor Hotel in Times Square, Ruth recounts meeting
a number of participants including the German delegation: “Dr. Schmidt
(rather a Nazi), Prof. Henning, Prof. Dreuser and nice fat Dr. Koch of Mu-
nich. They had left their wives who mostly seemed obeying Hitler’s com-
mands to increase the vaterland. Also a nice Austrian Dr. ‘Honymann”"*®

The third session of the conference began at 10:30 A.M. at the headquarters
of ASME in the Engineering Societies Building on 39th Street. Dr. Davis
again presided and Dr. Calvin W. Rice, Secretary of ASME, greeted the del-
egates. That evening’s formal conference dinner was held at the Hotel Astor,
with Alex Dow of Detroit Edison presiding and after dinner remarks by Col.
Paul Doty, President of ASME. Guy wrote that the dinner lasted from 7:00
to 11:30 P.M., and the “speeches nearly sent everyone to sleep.”*

The remainder of the week was dedicated to the work of the subcommit-
tee formed in Washington, “considering contributions of new experimental
evidence and preparing a report for the revision and extension of the cur-
rent international skeleton table”*° Final presentations were scheduled for
Saturday morning, September 22.>' Although Callendar and Egerton had
to fight for their experimental figures on total heat, they concluded in the
end that the final results would be very near the agreed-upon figures. In
the end the conference was voted a “tremendous success by all concerned,”
although, as in earlier conferences, only limited progress had been made
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toward a complete set of data upon which to construct steam tables, and
differences in theory, techniques, and equipment prevented the publication
of an international set of steam tables.**

Guy’s experience in New York was not limited to the conference. His
evenings were free and filled with various forms of entertainment. He visited
the top of the Empire State Building and “looked down on all the lights of
New York” He dined with the other delegates at Hotel Astor, hosted by the
ASME, and enjoyed another meal at the Waldorf-Astoria, a “new, and very
super hotel” with appealing “chromium plate and polished wood interiors”
Their party also dined at the New York Society of Arts and enjoyed several
sightseeing expeditions. After the commotion of the conference died down,
however, homesickness set in:

Now that all the rush and work of the conference is over I feel frightfully
homesick, and long to be back at our quiet little home where I really belong.
Once the boat starts moving I shall be all right. I see the Britannic started back
this morning, I wish I was on her. Many people would think I must be mad to
wish to quit living like a lord, free of charge, in the center of New York, but I
want to get home to you and the twins. The air here is like warm thick soup,
there is no movement, and it tastes & smells very secondhand. I have a huge
fan in my room, but the air in the streets (canyons) is awful. I long for the

glorious fresh breezes of Worthing.>?

Guy spent the balance of his free time in and around New York City. He
played tennis in Hoboken, New Jersey, with Professor J. H. Keenan®* of the
Stevens Institute of Technology and his friends, and was shocked to see
students playing tennis with only “the shortest of shorts on, and no shirt
which we should think hardly decent as there are plenty of girls about.” He
had hoped to travel to Philadelphia midweek to meet the Egertons, but these
plans were interrupted when it was reported that the Laconia, the ship he
planned to take home on Friday, had collided with a cargo vessel in the fog
and would be out for repairs.*® Instead Callendar sailed for home on the
Cunard-White Star Mauretania on Wednesday, September 26, and arrived
in Southampton on Tuesday, October 2.%° It is safe to say that Callendar
was happy to be reunited with Phyllis and the twins, but he also enjoyed
and profited from his experiences at the Third International Steam Table
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Conference, where he again rubbed shoulders and exchanged ideas with the
technical elite of America and the world.

Steam Research to 1941

Callendar and Egerton’s collaboration continued long beyond the steam
conferences. Guy continued steam research with Edgerton for the turbine
manufacturers from 1930 to 1941. Under pressure to maintain the “prestige of
this country” and compete with the Americans in the race to compile steam
tables, Callendar and Egerton published The 1939 Callendar Steam Tables,
with subsequent editions, along with heat-entropy diagrams, appearing in
1944, 1949, and 1957.%

In 1939 there was some discussion of holding a fourth International Steam
Table Conference in Prague in late June. Yet reaching international agree-
ment on steam was an elusive goal, for as Egerton wrote, “I do not think the
Conference could possibly come to agreement on [the editing of a single
International Steam Table] at present . .. [since it] would need to be thermo-
dynamically consistent throughout and to lie within the agreed errors of the
observed results”*® Regardless, the conference was never held due to the
threatening political situation in Czechoslovakia.

By September 1939, with the outbreak of war in Europe, Egerton and Cal-
lendar had to make emergency contingency plans for the fate of their steam
apparatus at Imperial College. Options included (a) continuing the work
on site, (b) leaving the apparatus intact during the war, and (c) transferring
the apparatus to a “neutral” zone. Although concerns were raised about the
safety of London, the priority of steam research, the cost of moving the
apparatus, and possible personnel shortages, we know that the apparatus
remained intact through 1941. Early in the war, Callendar busied himself
with compiling a concise final report from all the earlier work that had been
completed.’® He continued his steam research, attending BEAIRA subcom-
mittee meetings and reporting on his attempts to measure the total heat of
steam at higher temperatures and pressures.*® However, at this point it was
clear to all parties involved that the work of Egerton and Callendar on steam
research was coming to an end.

The steam work came to a formal close at a BEAIRA Turbine Research
Committee meeting on July 11, 1941. Callendar, present by invitation,
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commented on the investigations and asked that the apparatus be kept set up
at Imperial College in case further testing was needed. It was noted that Pro-
fessor Egerton was preparing a final report for publication, and the Commit-
tee recorded its appreciation of the work done by Egerton and Callendar.*!

“What is to become of Mr. Callendar?”

On August 5, 1940, with the Battle of Britain raging, H. L. Guy of Metro-
politan Vickers wrote to Dr. E. B. Wedmore, the director and secretary of
BEAIRA, about the steam table work nearing completion and the question
of “What is to become of Mr. Callendar?” Since Callendar had worked on
the steam tables full time for BEAIRA, “ever since he was put on to it at the
suggestion of his father,” and was considered to be a “very competent experi-
mentalist,” Mr. Guy wondered if Callendar could be incorporated into the
staff of the BEAIRA Laboratories when his steam work ended.*? This letter
launched a series of consultations and inquiries aimed at finding Callendar
a job. Wedmore responded that he too had been “a little troubled as to Mr.
Callendar’s future,” and welcomed Mr. Guy’s cooperation. However, he was
not very hopeful that Callendar would fit into the work being done at the
BEAIRA Laboratory, which was “rather highly specialized” and focused on
electrical surge phenomena, radio interference, and the properties of dielec-
trics. Wedmore thought that Callendar might find a more suitable position
in industry or perhaps with the National Physical Laboratory and suggested
they have a “frank conversation” with him about his future in which he
would “no doubt discuss what he must already have on his own mind”**
Egerton’s correspondence has the annotation “saw Callendar” and includes
a note about a possible grant for investigating the thermal properties of hy-
drocarbons that could provide £500 per year.** H. L. Guy was of the opinion
that “we should do our best for Callendar,” and suggested to Wedmore that
Sir Henry Tizard be involved in the discussions.*’

Egerton was well positioned to assist in Callender’s job search. He was
chairman of Chemical Technology at Imperial College and Physical Secre-
tary of the Royal Society. In addition to steam, he conducted research on
fuels and combustion. During the war, he served as a member (one of only
six) of the War Cabinet Scientific Advisory Committee and chairman of the
Fuel and Propulsion Committee of the Admiralty.*® Callendar’s résumé of
1940 was in Egerton’s possession and is reproduced in Figure 3.4 below.*’
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MR G. S. CALLENDAR

Born 1898. Educated at St. Paul’s School, and City and Guilds Engineering
College.

During the last war assisted in testing a variety of generating sets for
X-ray apparatus, and aircraft engines at Farnborough. Later joined R.N.V.R.
as hydrophones officer and had experience with electrical apparatus used for
sound ranging.

Assisted Father, the late Professor H. L. Callendar, in numerous researches
mainly of an electrical or thermal nature, including his tests on turbines at
various power stations.

In collaboration with Father and Professor Egerton designed and operated
the E.R.A. steam research apparatus at South Kensington. In this connection
have had considerable experience in making out reports and tables dealing
with the researches. Have published a paper on electrical thermometry in the
Philosophical Transactions of the Physical Society.

Is a Fellow of the Royal Meteorological Society, who has published papers by
him dealing with radiation from gases in the atmosphere.

At the invitation of the Air Ministry wrote an article on the past history of
the atmosphere, which they published in full in the Meteorological Magazine.

Have knowledge of the use and testing of fuel: in this connection have been
invited to attend the visitors day at H.M. Fuel Research Station.

In general his qualification is over 20 years continuous experience in
precision measurements, and especially in detecting small errors and designing
apparatus to overcome them.

References to papers

The numerous reports on various aspects of the steam research, which have
been issued by the E.R.A. (Refs. J/T and JCT) are of course familiar to you.

Besides the above the principal papers under his name are as follow:

“On the vapour pressure of water from 150° to the Critical point” (With Prof.
Egerton) Phil. Trans. Roy. Soc. 1931.

“On the reduction of Platinum Resistance thermometers to the International
Temperature scale” Phil. Mag. May 14. 1932.

“On the influence of Carbon Dioxide on Earth temperatures” Q.]. Roy. Met. Soc.
64.1938.

“The atmosphere through the ages” Met. Mag. March. 1939.

“On the variations of Carbon Dioxide in the atmosphere” Quart. J. Roy. Met.
Soc. October. 1940.

November 8th 1940.

Fig. 3.4. Callendar’s résumé, 1940.
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Of course, the technical demands of World War IT ensured that G. S. Cal-
lendar would remain fully employed (see Chapter 4).

A Hiatus of Nineteen Years
Publication of the Callendar-Egerton steam research results was not com-
pleted until 1960. Soon after the end of BEAIRA sponsorship in 1941, Wed-
more wrote to Egerton asking about the status of his final report. Egerton
replied, “the trouble is that it requires freedom of mind for a few clear days
and that I have not got, as soon as I get free something immediately con-
nected with the war crops up which has to be attended to. . . . I am afraid it
cannot be what I hoped it might be, for I wanted to get suitable equations
that would express the results and the whole work together, but that must
wait till after this war*®

Publication of the steam research conducted by Callendar and Egerton
was in fact postponed many years beyond the war and didn’t occur until
1960 in the form of Egerton’s final posthumous publication, together with
Callendar, in the Philosophical Transactions of the Royal Society.*® In a letter
to the Royal Society early in 1959, Egerton explained,“The Total Heat study
was ten years of work (1930-1940), but I never had time to get it in form
for publication until last summer! There is renewed interest in the subject,
particularly in America and Russia, and so I felt it my duty to make the effort
to condense the voluminous reports which we had sent during the progress
of the work to the Electrical Research Association, and to provide a paper
which would be useful to those now working in the field. . . . T hope that the
publication will be agreed, in spite of the belated writing up of the work”*°
His diary for December 15, 1958, also notes that “Callendar has written ap-

proving the steam paper.”®!



CHAPTER FOUR

Defense Work

We had been making vast preparations to cook the Germans. We would see
whether we could cook the atmosphere!
—Donald Banks

World War II generated a high demand in Britain for talented scientists
and engineers. Callendar responded to the call of duty, as he had in World
War [, and actively participated in research and development for the Petro-
leum Warfare Department and the Ministry of Supply. He was a key engineer
and shared a patent in FIDO, an airfield fog dispersal system that saved
thousands of airmen’s lives and, according to most contemporary reports,
shortened the war by two years. The bulk of this chapter focuses on FIDO
(Fog Investigation and Dispersal Operation), as it was Callendar’s greatest
wartime achievement. However, it was not his only accomplishment during
World War II. He conducted basic and applied research on the efficiency of
fuel cells and on the infrared spectrum, the latter resulting in strategically
important knowledge about German fuel supplies, as well as yielding funda-
mental insights into the roles of water vapor and carbon dioxide absorption
and emission in the Earth’s heat budget. He also designed internal baffles for
fuel tanks, experimental devices for forest clearing, and new fuel propellant
systems and flamethrowers. After the war, Callendar continued research for
the Ministry of Supply on combustion technologies and initiated a number
of new projects, including testing of space heaters for military purposes and
methods for generating high-speed air currents. Throughout his years of
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government service—he retired in 1958—Callendar remained steadfast in
his resolve to contribute peacefully, and did not choose to direct his research
toward violent ends.

Beyond Steam

As research on steam was winding down, Callendar was given a temporary
assignment by BEAIRA to examine different types of electrochemical stor-
age and generating devices. This work required that Callendar devise tests
to record and compare the efficiencies of different types of batteries and fuel
cells." The challenge was immense, since the problem of providing powerful,
reliable, and long-lived sources of electricity in the field was a perennial one
and, to date, no fuel cell had yet been operated successfully.?

Callendar’s atmospheric interests were also relevant to the war effort. Early
in 1942 Callendar collaborated with Gordon Brims Black Mclvor Sutherland,
a Cambridge physicist who had taken on the task of using infrared spectros-
copy to analyze the aircraft fuel being used by the Germans. Under sponsor-
ship of the Ministry of Aircraft Production, Sutherland and his assistants
examined samples of captured German fuel and measured the percentage
absorption in the infrared spectrum. According to Sutherland’s biographer,
the “complex vibration-rotation bands from atmospheric CO, and H,O in
the spectrometer optical path caused difficulties in measurements”

At this point, Sutherland turned to G. S. Callendar, who had recently
published a paper in the Quarterly Journal of the Royal Meteorological Society
on infrared absorption by atmospheric CO, (see Chapter 5).* In this paper,
Callendar reviewed laboratory observations of the mean absorption by CO,
at standard temperature and pressure and presented an empirical formula
that could be applied to environmental conditions. He also discussed other
factors such as the effect of pressure on absorption, water vapor overlap,
and the overall heat balance of the atmosphere. Working with Sutherland
and his team, Callendar was able to investigate the atmospheric conditions
that were complicating the analysis of German fuel samples. This work was
classified.

The Gassiot Committee of the Royal Society, which specialized in upper
air research, was particularly interested in radiation equilibrium conditions
in the stratosphere. Under the chairmanship of G. M. B. Dobson (Egerton
was also a member), they commissioned a study by Sutherland and Call-
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endar on the infrared spectra of “all the possible atmospheric constituents,”
with special reference to H,O, CO,, and O;. The paper discusses the presence
of major discrete absorption bands based on the vibration-rotation spectra
of these three molecules and calls for more experimental measurements to
investigate Doppler broadening, collision broadening, and the appearance
of additional lines and bands at higher temperatures. Overlap of the ab-
sorption bands of each trace gas with varying amounts of water vapor was
of interest, as was the need for new accurate measurements of the absolute
absorption coefficients of a variety of molecules: NHi, CH4, C;Ha, C;Hs,
CsHs, C,N», HCN, N,04, N,Os.° Of course, these measurements had to be
done in complete secrecy and only a portion of the results appeared in the
open literature.®

Langhurst
In June 1942 Callendar was officially assigned to the Ministry of Supply and
was transferred to the research staff of the newly organized Armament Re-
search Department (ARD) at Langhurst, Sussex.” The Langhurst team had
recently been assigned to a high priority mission directed by the Petroleum
Warfare Department (PWD), an agency created in 1940 to consider “the
possibilities inherent in the use of burning oil as an offensive and defen-
sive weapon in warfare”® Other PWD projects included operation PLUTO,’
“Pipe Line Under the Ocean,” a thousand-mile underwater cross-Channel
petrol pipeline; land and sea flame barrages protecting the British coastline;'°
and flame-throwing tanks like the Churchill “Crocodile” and the “Wasp*!
Under the leadership of Britain’s Minister of Fuel and Power, Sir Geoffrey
Lloyd, and Major-General Sir Donald Banks, the PWD supported experi-
mental work on flamethrowers at its Proofing and Experimental Establish-
ment at Langhurst.'? It also supervised the development of an operational
airfield fog dispersal system, FIDO. Immediately upon being assigned to
Langhurst, Callendar began work on this top-secret project.

FIDO and the Problem of Fog

The frequent presence of thick fogs on British airfields scuttled many planned
air raids against Germany; moreover, visibility conditions could deteriorate
quickly enough to endanger the safe return of exhausted aircrews, in many
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cases low on fuel, and with serious injuries to their personnel and structural
damage to their airplanes. In 1940 alone, poor visibility conditions were the
cause of 21 crashes in September, 32 in October, and 34 in November—fog
had become a “venerable opponent” for Royal Air Force (RAF) pilots."* Since
blind landing techniques were not available at the time, researchers, with
support from the highest levels of government, turned their attention to fog
dispersal. As Prime Minister Winston Churchill quipped when he learned
of the situation, “There is no need to fight the enemy and the weather at the
same time!”"*

Under the leadership of Lord Cherwell, the War Cabinet (including
Egerton), the scientific research establishment, and industry joined forces
to tackle the problem. The result was the creation of FIDO, which began as
a research project and developed into a reliable operational system to clear
fog from airfields, allowing British and Allied aircraft to take off and land in
conditions of poor visibility. The FIDO system involved a system of tanks,
pipes, and burners surrounding British airfields delivering petroleum that,
when ignited, raised the ambient temperature by several degrees—enough
to disperse fog and light the way for aircraft operations. It was a massive
undertaking, but its success was in large part due to the brilliant, but modest
engineer at Langhurst, G. S. Callendar, who designed key components of the
system, including the trench burners, and who was one of the FIDO patent
holders.*?

Unquestionably, airfields in the British Midlands were particularly sus-
ceptible to fog formation:

On a clear, calm autumn or winter night, the ground temperature falls con-
siderably after sunset, chilling the air above it. . . . [The] greatest effect is felt
in the few hours before dawn. Because the heat has been lost due to radiation
from the earth’s surface, the fog which results when the air temperature falls
below its dew-point is known as radiation fog and is the commonest on Brit-
ish airfields."®

This thick radiation fog—also known as ground fog—shrouded the airfields
on many nights designated for bombing raids. Other types of fog generated
by larger-scale weather conditions, such as advection fog or low-level stratus
clouds, also posed problems. But natural causes were not the only source of
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fog formation: Smoke from countless coal-fired factory and domestic chim-
neys provided “millions of minute particles of soot which provided nuclei for
condensation drops to form as they gradually drifted out to country areas
where radiation fogs were forming and where airfields were situated.”'” The
combination of British weather patterns and atmospheric pollution gave rise
to frequent “peasoup” fogs that endangered the safety of British aviation and
the efficacy of the war effort.

Early Ideas about Fog Dissipation

During World War I, it was accepted that the presence of fog meant that
aircraft would be grounded.'® By 1921, Sir Napier Shaw, Professor of Me-
teorology at Imperial College, discussed the possibility of clearing fog at an
aerodrome by heating it, concluding, “I would not like to say it is impossible
with unlimited funds and coal” He noted, however, that “air in the open is
very slippery stuff and it has all sorts of ways of evading control that are very
disappointing.”*® Professor F. A. Lindemann (later Lord Cherwell, who initi-
ated FIDO) agreed with Shaw and chose to emphasize blind landing tech-
niques.*® Other possibilities, though none of them proven, included sprays
of electrified water, air, or sand; chemical treatments; vigorous fanning; and
coating rivers with 0il.>! Yet the brute force technology of heating the runway
was the only one certain to work—although it was prohibitively expensive.
In 1926, W. J. Humphreys, director of research for the U.S. Weather Bureau,
estimated that it would require the combustion of 6,600 gallons of oil (or 35
tons of coal) per hour to clear a 50-meter-thick layer of fog from a typical
aerodrome—a cost far too large.??

Professor David Brunt, Shaw’s successor at Imperial College, revisited the
issue in 1939. He estimated that clearing a 100-meter fog layer would require
an average temperature increase of 3.5°C (twice this at the ground) and sug-
gested that smokeless burners supplied by an oil pipeline along an airfield
could be designed to do the job.?® Brunt’s ideas were tested in the winter of
1938/39 at Farnborough, but the results were not promising.>* Suggestively,
Callendar (who had worked at Farnborough during the Great War) included
the following line in his résumé of 1940: “Have knowledge of the use and
testing of fuel: in this connection have been invited to attend the visitors day
at H. M. Fuel Research Station.”** With his connections to Imperial College,
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Farnborough, and leading British scientists, Callendar was well prepared for
his work on FIDO.

As the war escalated, fog became an obstacle to successful bombing raids.
With more raids scheduled, a surging accident rate and the large number
of flying hours lost to fog made the problem one of “extreme urgency.”*
Responding to the problem, Churchill directed his scientific advisor Lord
Cherwell to address the matter and issued the following statement:

It is of great importance to find means to disperse fog at aerodromes so that
aircraft can land safely. Let full experiments to this end be put in hand by the
Petroleum Warfare Department with all expedition. They should be given

every support.27

Under the leadership of Lloyd and Banks, the Petroleum Warfare Depart-
ment assembled a technical team, reviewed earlier work on the fog prob-
lem, and consulted with their colleagues in America and in British industry,
quickly reaching the conclusion that heat was the best option for fog disper-
sal.*® According to Banks, “We had been making vast preparations to cook
the Germans. We would see whether we could cook the atmosphere!”*’

The FIDO project brought together pilots, engineers, fuel scientists, and
meteorologists.*® Given the urgency of the situation, normal research and
development plans were shelved in favor of an all-out attack by different
groups including scientists and engineers from the National Physical Labo-
ratory, Imperial College of Science and Technology, Royal Aircraft Establish-
ment, and of course, Langhurst, and industries such as the Anglo-Iranian Oil
Company Ltd., Gas Light and Coke Company, General Electric Corporation,
Imperial Chemical Industries Limited, London Midland and Scottish Rail-
way, and the Metropolitan Water Board. According to Lloyd, “each was told
to get on with the job with the fullest support and freedom of action.”*'

By early 1942, Bomber Command had articulated its needs to the PWD,
calling for a method of dispersing radiation fog to a height of 100 feet from
arunway 50 yards wide and at least 1000 yards long, without placing any ob-
struction within 50 yards of the runway edges.”** With these specifications in
mind, two experimental installations were agreed upon by October 10, 1942
(about the time the Callendars moved to Horsham). The first was a petro-
leum-burning fog dispersal system to be installed at the RAF base of Grav-
eley, and the second was a coke-burning system at RAF Lakenheath.>?
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First Successful Tests

The first large-scale test of a FIDO system was conducted in a field and did
not involve aircraft takeoffs or landings. With strong radiation fog predicted
for the morning of November 4, 1942, the FIDO team assembled at Moody
Down, Hampshire. An 8o-foot fire escape ladder was positioned between
two FIDO burners 200 yards in length and 100 yards apart. As a local fire-
man climbed to the top of the ladder, he disappeared into the fog. When
the burners were lit, the fog began to clear and the fireman came into view.
To verify the result, the burners were turned down and the fog reappeared.
The burners were again ignited and the fog dissipated. With typical British
reserve, it was reported that “Geoffrey Lloyd almost whooped for joy.”**

On the same day, experiments were also conducted at Staines using coke-
burning braziers distributed by miniature rail cars along tracks paralleling
the runways. While an even denser fog was cleared with less smoke, the
coke took longer to light and required more effort to replenish. Petrol was
much easier to supply to airfields and ultimately became the fuel of choice
for FIDO. The urgency of the situation did not allow much time for further
experimentation and research. As a result, the petroleum burner setup at
Graveley served as the prototype for other FIDO systems ultimately installed
at 14 RAF airfields.

FIDO assumed the same function at each of these airfields. Burners, pro-
tected by windscreens, were positioned parallel, yet distant, from the landing
strip. Vaporized petrol exited through holes drilled into pipelines, creating
smokeless flames that could reach 3 feet or higher. This created a vast hollow
box of flame around the airfield that heated the atmosphere and cleared the
fog.>

On February 5,1943, Air Vice Marshal D. C. Bennet landed a Gypsy Major
at Gravely in a midday FIDO light-up. Thirteen days later, in the first night
test, he again landed, this time in a Lancaster. Although it was not foggy,
visibility was poor. Bennet recounted seeing the runway when he was still
60 miles out. As he made his approach he recalled, “I had vague thoughts of
seeing lions jumping through a hoop of flames at the circus. The glare was
certainly considerable and there was some turbulence, but it was nothing
to worry about”*® Except wildfires. A demonstration test for aircrews on
February 23 resulted in grass, hedges, trees, and telegraph poles near the
burners going up in smoke.
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The first opportunity to test land aircraft in foggy conditions occurred in
July 1943. A thick fog, approximately 300-400 feet deep, blanketed the run-
way; visibility was less than 200 yards. The FIDO burners were lit at 5 A.M.,
and within seven minutes, an area 1500 yards long and 200 yards wide was
cleared of fog. To the delight of Geoffrey Lloyd, aircraft landed successfully
at 15-minute intervals.?”

Callendar’s Contribution

FIDO engineers confronted several significant problems in designing an
operational fog dispersal system. Smokeless burners were needed that were
effective, fuel efficient, and functioned in windy conditions. With flames
rising as high as 3 feet in the air, it was imperative that smoke and fiery
glare from FIDO itself not reduce visibility on the airfield. In the laboratory,
preheating the fuel to vaporize it and optimizing the fuel delivery system
could achieve a smokeless burn. But ambient winds could interfere with the
burners. Early experiments revealed that a FIDO system even generated its
own local winds of up to 12 miles per hour when a heated mass of air rose
over the airfield and converging air rushed in to replace it. In order to func-
tion properly, the burners needed to be shielded from both the winds and
their own back draft.

At Langhurst Callendar studied earlier experimental work on the distri-
bution of radiation from exposed flames—a topic related to the efficiency
of fuel burning. He concluded that a nonluminous flame is about 6 percent
more efficient as a source of heat than is a luminous one.*® He also designed a
30-foot model of a FIDO system that had “a stable performance in moderate
winds” It employed preheated petrol, large bore pipes, and careful burner
spacing. To reduce glare and provide additional shelter from the wind, Cal-
lendar experimented with trench burners, designing a system to be installed
below ground level. This project was dropped, however, when the trench
burners failed to generate sufficient heat output and otherwise failed to meet
his strict efficiency criteria.*

Some of Callendar’s experiments were conducted indoors, at Empress
Hall, Earl’s Court, a huge skating rink in central London where the ice-
making machinery was used to produce synthetic fogs and a large wind
tunnel was constructed to simulate airfield conditions.*® Using this experi-
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mental apparatus, various arrangements of model burners could be observed
in different wind conditions. One year after the conclusion of the war, the
official report noted that the experiments at Empress Hall “enabled [the]
experimental information to be obtained, and installations to be designed
within a period far smaller than any that would have been possible had it
been necessary to rely upon full scale observations in the open for all the
information that was wanted.”*!

When A. C. Hartley, chief oil engineer for the Anglo-Persian Oil Com-
pany and technical director of the Petroleum Warfare Department, visited
Langhurst in January 1943 he “saw small burners being developed by Mr.
Callendar” One of these was ignited with butane and, when the pipes were
sufficiently heated, ran on vaporized petrol. Based on what he learned from
Callendar, Hartley arranged immediately for small holes to be drilled in the
existing FIDO burners “so that some flames would jet downwards on to
the preheater pipes and increase the vapourisation” The result was “a great
improvement in performance when I saw it tested on January 23rd”** The
final FIDO design, the so-called Haigill (Hartley Anglo-Iranian Gill) burner
thus owed its creation to improvements made by Callendar. As Banks writes,
“This became the accepted system and was successfully installed and oper-
ated at most of the airfields where FIDO was subsequently fitted.”*?

Callendar’s list of his own technical reports for the PWD include the fol-
lowing nine on FIDO:

Petrol vapour discharge

A 30-foot model FIDO burner

A self-evaporating liquid fuel burner of the air induction type
On the use of leaded petrol in evaporating burners

Trench burners for closing a runway to fog intrusion

The trench burner

The distribution of radiation from exposed flames
Experiments on the thermal melting of ground ice

The de-icing radiator**

As in his earlier collaborations, Callendar’s work on FIDO brought him into
close association with high-level administrators and scientists, notably Lloyd
and Banks, who visited Langhurst to see his experiments; A. O. Rankine,
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formerly of Imperial College; and Sir Nelson Johnson, head of the Meteoro-
logical Office.*> While most of his work was done at Langhurst, Callendar
also conducted experiments in London and at FIDO airfields, and attended
Petroleum Warfare Department meetings when needed.*®

FIDO Becomes Operational
The experience of landing at a FIDO airfield was both unsettling and exhila-
rating. After reviewing the fog and weather report from the Meteorological
Office, the airfield administrator would order the FIDO system operational.
This process took nearly 20 minutes and involved a crew of at least a dozen
workers to complete. Once lit, the burners made a loud roaring noise that
would drown out the sound of approaching aircraft.” Suddenly, a low-fly-
ing aircraft would burst through the fog, in some cases only 100 yards away
from the airfield and continue its approach, bouncing momentarily as it
crossed the turbulent zone of the burners, and touching down safely on the
runway.*®

The view from the cockpit, however, was entirely different. Although air-
men were thankful for the safety that FIDO provided, they described their
first experiences of landing between FIDO burners as frightening. One vet-
eran pilot likened it to a descent into hell, remarking that it seemed as if “he
was over target once more . . . [and] that the whole place must have caught
on fire*® After the novelty had worn off, aviator comments included, “Piece
of cake!”; “I couldn’t believe it possible—but now I know”; “It's my navigator’s
salvation. We saw it 150 miles away”; and “I'd do it a hundred times and like
it”*°

The urgency that Prime Minister Churchill demanded had been met,
and FIDO was quickly serving the duty of guiding RAF airmen home safely.
Geoftrey Williams writes:

From the time of the first operational use of FIDO at Graveley on the 19/20
November 1943 until the end of the year, thirty-nine successful landings were
made. By the spring of 1944, eight FIDO-equipped airfields were in operation,

and seven more . . . were under construction.>®

Because of FIDO, the Allies could launch patrols and air raids and return
their planes safely when enemy aircraft were grounded due to poor visibility.
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Fig. 4.1. Boeing B-17 Flying Fortress, 493rd Bomb Group, landing in England with aid of
FIDO, November 16, 1944. U.S. National Archives Photo (A9oo04, detail).

RAF Coastal Command aircraft on anti-U Boat patrol used FIDO frequent-
ly. On one occasion, a lost Lysander aircraft landed on a runway that had
been cleared of fog. When FIDO was turned off, the Lysander, unbeknownst
to station authorities, remained on the runway and was enveloped by fog.
It took the pilot two hours to find the control tower! Just before the end of
the war, Berlin Express Mosquitos made raids on 36 consecutive days from
fogbound East Anglia: FIDO was responsible for their regularity. Between
1943 and 1945, a total of 2,486 British and American aircraft landed when
FIDO was operational; 722 of these landed with visibility conditions of less
than 1000 meters; and 79 under ceilings of less than 100 meters.>

The success of FIDO was presented to a war-weary public as almost a
miracle. Newspapers proclaimed it as a lifesaver and a triumph for Brit-
ish aviation and those involved in administering the project credited FIDO
with shortening the war and saving the lives of over 10,000 airmen.>* The
voice of the airmen echoed this praise. Without doubt, FIDO was favored
by pilots returning to foggy England after a mission, since they could see
the airfield glowing in the distance, beckoning them home to a lighted, fog-
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Fig. 4.2. U.S. Navy RD4 lands with aid of “FIDO,” October 3, 1945, at U.S. Naval Auxiliary
Air Station, Arcata, California. Picture was taken after the heating equipment had

dissipated the fog sufficiently for the plane to make a normal landing. The plane was
guided into the cleared area by radio. Heavy fog concealed the runway until the burners
were lit and within a very few minutes after the burners were turned off heavy fog was
again present. Ivan E. Anderson to Chief of the Weather Bureau, July 11, 1946. U.S. National
Archives Photo (27-G-1A-8-317-0).

free airport. They could also save valuable time getting their shot-up planes
and exhausted (and possibly wounded) crews on the ground. “Ninth Time
Lucky;” from the airman’s newsletter Tee Emm, recounts a crew’s harrowing
experience in eight failed landing attempts in fog, followed by a successful,
picture-perfect ninth attempt after the FIDO burners were ignited (Figure
4.3)."

Military historians are fond of invoking the “the fog of war” as they strug-
gle to reconstruct events. In the case of England the fog was literal, for ex-
ample in the opening days of the Battle of the Bulge, when FIDO supported
the Allied aviation. But during the long campaign the weather cleared and
much of the tactical air support for the campaign came from the Continent,
not England. Thus contemporary evaluations of the overall success of FIDO
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FIDO

NINTH TIME LUCKY
TEC EMM 1944

Fig. 4.3. “Fido is going around throwing a chest like a bull-dog” Cartoon from Tee Emm 4
(October 1944): 155.

in “shortening the war” may have been overly optimistic and self-serving,
given the controversial role of strategic bombing in World War II, the inter-
vention of Soviet forces on the eastern front, and the fact that the war in the
Pacific was still raging.>

The Aftermath of FIDO
FIDO proved to be one of the innovation success stories of World War II.
It was a crash research program that became operational; it saved lives and
equipment; and it definitely gave the edge to Allied aviation during the last
two years of the war. But FIDO was feasible only under the desperate condi-
tions of wartime. Bomber Command, its chief beneficiary, credited it with
introducing a “revolutionary change in the air war,” but its success was never
replicated.*®

When the FIDO system was ignited at an airfield, 6,000 gallons of petrol
were burned during the 4-minute period it required to land one aircraft. By
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comparison, a Mosquito bomber might burn between 10 and 20 gallons of
fuel during its landing approach. During the two and a half years it was in
operation, it is estimated that FIDO consumed a total of 30 million gallons
of petrol.’” Such expenditures were justifiable only when national survival
was at stake.

After the war a FIDO system was planned for London’s Heathrow Airport,
but it was never installed. For a time the FIDO systems were maintained at
two RAF bases at Blackbushe and Manston, but according to one estimate,
done in 1957, the cost of running a FIDO installation was prohibitively ex-
pensive—£44,500 per hour. Experiments using jet engines installed along
runways to heat the air and disperse fog at Orly Airport near Paris and in
Nanyuan, China, met with mixed results.’® The main technique for dealing
with fog, developed after the war, was not weather modification, but the
widespread use of instrumented landing techniques.>

Callendar’s Other Projects for PWD

Callendar was deeply engaged in a research program that emphasized the
development of flamethrowers. Thus, it was impossible not to contribute
to their use as offensive weapons. Nevertheless, by emphasizing FIDO and
other projects involving the efficiency of fuel propellant systems and the
application of thermal technology to war-related problems, Callendar at-
tempted to isolate his work as much as possible from the killing fields. In
addition to his work on the FIDO system, he authored the following reports
for the PWD:

Hydrogen production

The production of permanent gas at high pressure from a single liquid
The use of ammonia as a coolant for cordite gas

The use of dissolved carbon dioxide in pressure accumulators
Trial of a German flamethrower

The use of steam for discharging fuel tanks of flamethrowers
The use of petrol vapour for ejecting flamethrower fuel

Tests with anti surge baffles in a tank

A vapourized petrol burner for flamethrower ignition
Pressure losses with fuel in straight pipes

Experiments on the thermal cutting of wood®
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Several examples from this long list will suffice. With British forces in Burma
facing “a formidable obstacle to military operations” in their long campaign
in the tropical jungles, Callendar was assigned to investigate new technol-
ogies for clearing forests. His tests showed that, due to its high moisture
content, cutting green wood with flames was inefficient, even when using
an oxyacetylene blowtorch. He concluded that “the fastest flame cutting is
only about one hundredth of that which could be obtained with a small me-
chanical saw.”*" He also tried cutting sticks with electrically heated nichrome
wires, but the wires often broke during the tests. Callendar concluded that
these two thermal techniques may be capable of removing small vegeta-
tion—brushes and scrub—but not large trees. Callendar also investigated
the most effective type of mechanical baffles to install in large fuel tanks to
prevent fuel from piling up against the side when vehicles in motion acceler-
ated. These antisurge baffles had to be designed to allow the free flow of fuel
while preventing loss of capacity and gas penetration into the tank through
the discharge pipe.®* Callendar was also credited with the development of a
pyrotechnic device for destroying enemy oil tanks for use in raids by British
Commandos and Special Air Services.*?

Post-war Defense Work

After the war, Callendar continued his employment at Langhurst for nearly
12 years. When the PWD was disbanded in 1946, work on flame warfare was
continued by the Ministry of Supply’s Armament Development Establish-
ment (“Research” was added in 1954). Retained copies of his research reports
from the 1950s include the following:

Trial of a Self Contained Portable Space Heating Unit

The Diffusion of High Pressure Air into Liquids through Flexible
Membranes

Gravity Method of Obtaining a Low Pressure High Velocity Air Current
for Laboratory Research

With Britain facing possible military operations in arctic climates during the
Cold War, the military needed safe and transferable units to heat military
buildings and tents in cold climates. This was important both for personnel
as well as for storing ordnance safely and maintaining equipment at effective
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operating temperatures. Callendar was asked to evaluate the “Dragon” self-
contained portable space heater. Compared to a conventional stove, the
Dragon heater was more expensive, but was far more efficient. Moreover,
because it circulated fresh air, it could be operated in a mode that prevented
the buildup of explosive or toxic vapors and prevented the pooling of hot
air within a building—important considerations when storing combustibles
such as fuel or munitions.**

Callendar’s work with the diffusion of high-pressure air or other gases
into liquids certainly reflects his wartime research experience with the PWD.
When using high pressure gas to expel a liquid (such as petrol) from a ves-
sel (such as a flamethrower tank) two difficulties arise: “one is the tendency
for the gas to find its way to the outlet of the vessel before all the liquid is
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Fig. 4.4. Callendar’s design for generating a supersonic jet of air.
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discharged. This is called channeling” The second is the tendency, over time,
for the gas to be absorbed into the liquid, resulting in potentially undesir-
able effects. Callendar determined that an impervious flexible membrane
interposed between the gas and the liquid created the most effective pres-
sure possible and reduced the absorption of gas by a factor of 10 or more.
This allowed the liquid to remain pressurized longer without adverse effects.
His trials indicated that rubber and plastic membranes worked best, and
that the membrane could be protected from corrosion by a thin coating of
aluminum.®®

Callendar’s design of a giant water tower for generating a supersonic jet
of air was probably never built. In the diagram (Figure 4.4),° water released
from the upper holding tank falls through a 9-inch pipe into the lower tank,
causing the pressure to fall to 0.1 atmosphere. The air rushing into the tank
across the small venturi orifice to accelerate the flow could approach 1200
miles per hour.®” Combustion experiments could then be conducted in the
supersonic airstream in the combustion chamber.

Callendar was a well-respected engineer at Langhurst, earning £550 per
annum, the top salary of all the engineers, when he joined the research group
in 1942.°® Over the years Callendar listed his job title as variously “Senior
Scientific Officer;” or “Principal Scientific Officer” with the ADE.®

Conclusion
Using scattered reports, journal entries, government documents, and vari-
ous reference materials, this chapter has only partially outlined some of the

Fig. 4.5. Guy and Phyllis at a party at
Langhurst in 1955.
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Fig. 4.6. Guy supervising combustion at home with his own “fido,” Timmy.

important contributions made by Guy Stewart Callendar during his working
years. It is difficult to detail exactly all of Callendar’s projects during the very
secretive years of World War II and the Cold War, as most of his work was
classified or highly confidential. He could not discuss his projects at home
with his family. In fact, the only exposure his family had to Langhurst was
through the few parties that were hosted there (Figure 4.5).

By all accounts, FIDO was a lifesaver for the Royal Air Force in World War
IT, and G. S. Callendar was one of its key engineers and patent holders. With
the FIDO system operational, aircraft were not only safe to land in fog, but
also bombing raids on foggy nights, at one point considered impossible, were
carried out in the glow of FIDO. Although FIDO may have been research-
intensive and expensive, it is credited with shortening the war and saving
thousands of airmen’s lives. Thus it is only sensible that aviators of the RAF
were dog lovers; FIDO was certainly a man’s best friend (Figure 4.6).



CHAPTER FIVE

Global Warming and Anthropogenic CO,

How easy it is to criticise and how difficult to produce constructive theories
of climate change!
—Callendar?

G. S. Callendar, working largely alone and from home, established the
carbon dioxide theory of climate change in its essentially modern form. He
studied climate change, including global temperature trends, atmospheric
concentrations of carbon dioxide, and the infrared absorption and emis-
sion spectra of trace gases. He also investigated the carbon cycle, including
natural and anthropogenic sources and sinks, and the role of glaciers in
the Earth’s heat budget—all in an era before computer climate modeling.
The data he collected on temperature records and trends worldwide filled
dozens of his research notebooks; the notable series of articles on climate
change he published between 1938 and 1964 were the result of his extensive
calculations, laboratory measurements, literature searches, and professional
correspondence.”

Today the “Callendar Effect” refers to his theory that global climate change
can be attributed to an enhanced greenhouse effect due to elevated levels of
carbon dioxide in the atmosphere from anthropogenic sources, primarily
from the combustion of fossil fuels. This is a complex story of discovery, well
documented in Callendar’s publications but hitherto largely unexplored in
his personal papers and notebooks. His contributions were well known to his
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contemporaries, but have remained largely unnoticed and underappreciated
by most scientists and the general public, and, surprisingly, also by historians
of science and technology. Here is Callendar’s story of the discovery of global
warming and the role of anthropogenic CO,.

The Nineteenth-Century Background

Tyndall was the first to put forward the CO, theory of Ice Ages
—Callendar®

The theory of the greenhouse effect has a long and distinguished intellec-
tual ancestry that includes work done by Joseph Fourier, John Tyndall, and
Svante Arrhenius, in the early, middle, and late decades of the nineteenth
century.* There were many others. Arrhenius even introduced, briefly, the
notion that humans might be global geophysical agents of climate change.

Jean Baptiste Joseph Fourier (1768-1830) is remembered today as a math-
ematical physicist, but he was known to his contemporaries as, variously, a
secret policeman, a political prisoner (twice), governor of Egypt, prefect of
Isére and Rhone, friend of Napoleon, baron, outcast, and perpetual member
and secretary of the French Academy of Sciences, whose fortunes rose and
fell with the swirling political tides.” Fourier considered himself the New-
ton of heat: “The principle of heat penetrates, like gravity, all objects and all
of space, and it is subject to simple and constant laws.”® For Fourier, solar
heating and the temperature of outer space were the most significant fac-
tors controlling the Earth’s heat budget.” He did, however write suggestive
passages about what others later called the greenhouse effect. For example:
“the temperature [of the Earth] can be augmented by the interposition of the
atmosphere, because heat in the state of light finds less resistance in penetrat-
ing the air, than in repassing into the air when converted into non-luminous
heat”® Yet the author of the Analytical Theory of Heat admitted that it is
“difficult to know how far the atmosphere influences the mean temperature
of the globe; and in this examination we are no longer guided by a regular
mathematical theory.””

In the middle decades of the nineteenth century John Tyndall (1820-1893),
an Irish-born scientist and consummate experimentalist at the Royal Institu-
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tion of Great Britain, worked on the radiative properties of various gases,
demonstrating that “perfectly colourless and invisible gases and vapours”
were able to absorb and emit radiant heat. He identified the importance of
atmospheric trace constituents as efficient absorbers of longwave radiation
and as important factors in climatic control. Specifically, he established be-
yond a doubt that the radiative properties of water vapor and carbon dioxide
were significant factors in explaining meteorological phenomena such as
the formation of dew, the energy of the solar spectrum, and, possibly, the
variation of climates over geological time.

An accomplished lecturer and writer, Tyndall employed numerous meta-
phors to describe his experiments with radiant heat. The following is remi-
niscent of the greenhouse effect:

The solar heat possesses . . . 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.'°

Elsewhere Tyndall wrote: “The aqueous vapour constitutes a local dam, by
which the temperature at the earth’s surface is deepened; the dam, however,
finally overflows, and we give to space all that we receive from the sun.”*'

The carbon dioxide content of human lungs and in regional air sam-
ples was also a focus of Tyndall’s investigations.'> On a more cosmic level,
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” Tyndall gave credit to his predeces-
sors, including Fourier, 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 veri-
fication of this phenomenon, however, belonged to Tyndall."* His laboratory
experiments with microphysical entities on London’s Albemarle Street had
informed a new view of the atmosphere.
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In 1896 the Swedish scientist Svante Arrhenius (1859-1927), following
Tyndall’s suggestion, demonstrated that variations of atmospheric CO, con-
centration could have a very great effect on the overall heat budget and sur-
face temperature of the planet and might trigger feedback phenomena that
could account for glacial advances and retreats."* Arrhenius’s model relied
heavily on the experimental and observational work of others, including
Josef Stefan’s new law that radiant emission was proportional to the fourth
power of temperature; Samuel P. Langley’s measurements of the transmis-
sion of heat radiation through the atmosphere; Léon Teisserenc de Bort’s
estimates of cloudiness for different latitudes; Knut Angstrom’s early values
for the bulk absorption coeflicients of water vapor and carbon dioxide; Al-
exander Buchan’s charts of mean monthly temperatures over the globe; and
Arvid Hogbom’s ideas about the carbon cycle, in which volcanic eruptions
were the chief source of carbon dioxide in the Earth’s atmosphere. Note
that Arrhenius did not write his 1896 essay because of any great concern for
increasing levels of CO, caused by the burning of fossil fuels; instead, he
was attempting to explain temperature changes at high latitudes that could
account for the onset of ice ages and interglacials.

The notion that humans can influence climate has deep historical roots."®
This idea appeared briefly in a new form in 1899 when Nils Ekholm, an as-
sociate of Arrhenius, pointed out that at present rates, the burning of pit coal
could double the concentration of atmospheric CO, and could “undoubtedly
cause a very obvious rise of the mean temperature of the Earth.”*® In his
book Worlds in the Making, Arrhenius popularized Ekholm’s observation,
noting that “the slight percentage of carbonic acid in the atmosphere may
by the advances of industry be changed to a noticeable degree in the course
of a few centuries” 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 thousands of years, however, Arrhenius speculated on
a “virtuous circle” in which the burning of fossil fuels could help prevent a
rapid return to the conditions of an ice age, and could perhaps inaugurate a
new carboniferous age of enormous plant growth. Ekholm concurred, add-
ing his own speculations about the possibility of deliberate climate modifica-
tion to delay the onset of an ice age, for example by burning coal exposed in
shallow seams."’
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Early Twentieth-Century Doubts about CO,

No possible increase in atmospheric carbon dioxide could materially affect
either the amount of insolation reaching the surface or the amount of ter-
restrial radiation lost to space.

—Climate and Man (1941)*8

Soon, however, the efficacy of CO, as an infrared absorber and factor in cli-
mate change was being challenged. The geologist T. C. Chamberlin, author of
several papers on ice ages and interglacials, felt that the role of atmospheric
CO, had been overemphasized and that not enough attention had been given
to the oceans.'® Knut Angstrom concluded that CO, and water vapor absorb
infrared radiation in the same spectral regions and that any additional CO,
would have little or no effect on the climate.” Based on their research on
the solar spectrum, Charles Greely Abbot and F. E. Fowle Jr. insisted on the
primacy of water vapor as an infrared absorber.*" In 1929, G. C. Simpson
pointed out that it was “now generally accepted that variations in carbon-
dioxide in the atmosphere, even if they do occur, can have no appreciable
effect on the climate.”*?

A plethora of competing and speculative theories had been proposed
over the years to account for secular changes of climate: changes in solar
output; changes in the earth’s orbital geometry; changes in terrestrial ge-
ography, including the form and height of continents and the circulation
of the atmosphere and oceans; and changes in atmospheric transparency
and composition, in part due to human activities. There were many oth-
ers.”> William Jackson Humphreys, meteorological physicist with the U.S.
Weather Bureau and a strong proponent of the theory that volcanic dust was
the leading cause of ice ages, thought that none of the current theories were
adequate: “Change after change of climate in an almost endless succession,
and even additional ice ages, presumably are still to be experienced, though
... when they shall begin, how intense they may be, or how long they shall
last no one can form the slightest idea.”**

Callendar had read the early works on atmospheric absorption by Ar-
rhenius, FEkholm, Angstrém, and others but was not convinced. He com-
mented that Ekholm’s paper, “although a considerable advance on previous
work of the same kind,” had “made use of the rather unreliable values then
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available, of CO, and H,O absorption, to determine the atmospheric radia-
tion in various air thicknesses.” Callendar was referring to the use of values
for the absorption by CO, of the whole beam radiation from a blackbody at
various temperatures. He observed that “the values and methods used render
these [measurements] out of date”*

Callendar’s notebooks are filled with comments of both technical and
historical interest on the infrared properties of atmospheric gases (Figure
5.1). One early entry concerns “the first spectrum measurements in the in-
frared,” of CO, and H,O bands from 2 to 5 p published in 1892 by the Ger-
man spectroscopist L. Paschen.”® Another concerns the attempt by E. O.
Hulbert, a physicist at the U.S. Naval Research Laboratory, to account for
the atmospheric temperature distribution using approximate absorption
coefficients given by earlier authors. Although Hulbert did not address the
issue of anthropogenic carbon dioxide, Callendar noted that this 1931 paper
supports the CO, theory of ice ages and shows that “it is at least a possible
one”?” There are many more such entries in Callendar’s notebooks.
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Fig. 5.1. First two pages of Callendar’s notebook on absorption and radiation by atmo-
spheric gases, one aspect of his defense work during World War II (see Chapter 4). CP 2,
Notebook 1942_IRS.
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Callendar’s Climate Publications, 1938-1964
In the prime of his research years, Callendar published a remarkable series
of essays on atmospheric warming and anthropogenic CO,.

1938

In his first and most widely cited article on climate change, “The Artificial
Production of Carbon Dioxide and Its Influence on Temperature” (1938),
Callendar provided scientific links between rising fuel combustion, rising
levels of atmospheric CO,, infrared heating by trace gases, and the rise in
world temperatures in recent decades. He estimated that humans have added
some 150,000 million tons of carbon dioxide to the air since the end of the
nineteenth century through the combustion of fossil fuels, with approxi-
mately three-quarters of this remaining in the atmosphere.?® Using the lat-
est information on the radiation absorption coeflicients of carbon dioxide
and water vapor, he calculated that enhanced “sky radiation” from the ar-
tificial production of carbon dioxide was one of the major factors causing
the rise of mean global temperatures as measured by 200 weather stations
worldwide.

In the paper, Callendar’s first goal was to establish that fuel burning had
exceeded the limits of the natural carbon cycle and that the oceans, which
act as a “giant regulator of carbon dioxide,” would not be able to absorb all
or even most of the excess. His preliminary results (later updated) indicated
that the concentration of CO, in the atmosphere had risen from a value of
274-292 parts per million (ppm) in 1900 (which he considered the nine-
teenth century background) to a current value of 289-310 ppm and was
expected to increase about 10 percent or more per century thereafter.

The core of the paper is his presentation of techniques for calculating the
radiative effect of carbon dioxide in three primary bands: 2.4-3 W, 4-4.6 ,
and 13-16 p. To this Callendar added information not available to earlier
researchers on the vertical thermal structure of the atmosphere, the pressure
broadening of absorption lines, and the detailed infrared spectrum of water
vapor. He calculated the vertical component of sky radiation by dividing the
air into horizontal layers of known mean temperature and trace gas con-
tent and summing the absorbing powers of each layer in the different wave
bands—this for various surface temperatures and assumed atmospheric
conditions from the poles to the tropics. An increase in the carbon dioxide
content of the atmosphere lowers the altitude and thus raises the effective
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radiating temperature of the sky radiation reaching the ground. The result
is net radiative heating of the Earth’s surface. Callendar estimated that two-
thirds of the warming trend of 0.005°C per year during the past half-century
was due to the artificial production of carbon dioxide. His model predicted
a 2°C global warming for doubled carbon dioxide concentrations.>

Callendar was by no means an environmental alarmist, since he wrote
of the benefits of the combustion of fossil fuels, including extension of the
cultivated region northward, stimulation of plant growth by carbon dioxide,
and the probable indefinite delay of the “return of the deadly glaciers” He
ended his paper with a prediction that “the course of world temperatures
during the next twenty years should afford valuable evidence as to the ac-
curacy of the calculated effect of atmospheric carbon dioxide.” This predic-
tion, published in 1938, would be more widely cited today if he had written
“during the next fifty to one hundred years.” This is because a relatively brief
cooling trend began in the 1940s and extended to the end of his life. A large
exclamation point (!) marks this passage on page 236 of Callendar’s own copy
of the paper.*®

Convincing others about global warming was an uphill battle. Few of his
scientific colleagues could imagine that human activities had any influence
on “phenomena of so vast a scale” as climate. Yet he hoped to show that “such
influence is not only possible, but is actually occurring at the present time”
During the discussion of this article at the Royal Meteorological Society,
G. C. Simpson, who advocated a theory based on changes in solar radiation,
pointed out that the atmosphere was not in a state of radiative equilibrium
and that convection and other air movements would have to be taken into
account. Simpson regarded the recent rise of CO, content and tempera-
ture as coincidental and pointed to other complicating factors. Callendar
replied that the atmospheric heat budget was extremely complex but noted,
“If any substance is added to the atmosphere which delays the transfer of low
temperature radiation, without interfering with the arrival or distribution of
the heat supply, some rise of temperature appears to be inevitable in those
parts which are furthest from outer space” In other words, the greenhouse
effect is real.

Callendar responded to E. J. W. Whipple’s question about the “natural
movements of carbon dioxide” (i.e., the carbon cycle) by saying that he had
actually written such an account, but had omitted it because of space limita-
tions. David Brunt thought that the recent change in the mean temperature
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was no more striking than the changes that appear to have occurred in the
latter half of the eighteenth century, and L. H. G. Dines thought it could
merely be a “casual variation.” Brooks disagreed with both of his colleagues,
saying that “he had no doubt that there had been a real climatic change dur-
ing the past thirty or forty years,” but he was not willing to attribute this to
anthropogenic carbon dioxide. Callendar replied that past historical warm
periods appeared to be short warm intervals of up to 10 years, with some
very cold years intervening, whereas the widespread recent warming was
more “gradual and sustained” over a 40-year period. He conceded to Brooks
that the recent rise in arctic temperatures was far too large to be attributed
solely to changes in CO, concentration, but he thought that such a mecha-
nism might “act as a promoter to start a series of imminent changes in the
northern ice conditions.”

J. H. Coste called into question the reality of increases in atmospheric
CO; and thought it was “very doubtful whether the differences which Mr.
Callendar made use of were real” Callendar defended the accuracy of the
early CO, measurements, claiming he had only used values observed on days
when strong and steady west winds were blowing at Kew. The actual CO,
added to the atmosphere by fuel combustion in the last 40 years was equal to
an increase of 8 percent, while “the observed and calculated values agreed”
in giving an effective increase of about 6 percent.’

Although this was Callendar’s first paper presented to the Royal Meteoro-
logical Society, it is clear from the discussion that he was accustomed to
rubbing elbows with scientific elites and was already a seasoned veteran
of scientific debate. In this his work with his father and Egerton on steam
tables had served him well. Callendar published three other shorter papers
in 1938, all on the subject of rising temperature trends in the British Isles and
worldwide.*

1939
Today most people are familiar with announcements, usually published in
January, that the previous year (or decade) was the warmest on record. Cal-
lendar published a similar note in 1939 reminding the Royal Meteorological
Society that the previous year had been anomalously warm, and that “in
most North Atlantic countries the mean temperature of last year was re-
markably high and at several stations in North America, Scotland, and the

Baltic countries it equaled or exceeded previous record values.”*?
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Callendar strengthened this claim in his second climate-related article,
“The Composition of the Atmosphere through the Ages,” written at the invi-
tation of the Air Ministry.>* Here he wrote, “the five years 1934-38 are easily
the warmest such period at several stations whose records commenced up
to 180 years ago.” This article contains an early statement of the now-familiar
claim that humanity has become an agent of global change:

It is a commonplace that man is able to speed up the processes of Nature,
and he has now plunged heavily into her slow-moving carbon dioxide into
the air each minute. This great stream of gas results from the combustion of
fossil carbon (coal, oil, peat, etc.), and it appears to be much greater than the

natural rate of fixation. . . .>*

Exceeding the accuracy of the available measurements, but intuitively feeling
he was right, Callendar reported a 7 percent increase in anthropogenic CO,,
“from 0.028 per cent about the year 1900 to 0.030 percent of recent years”
and linked the 1°F rise in temperature from 1900 to 1938 to the concurrent
increase in industrial emissions of carbon dioxide. In effect, humanity was
conducting a grand geochemical experiment:

As man is now changing the composition of the atmosphere at a rate which
must be very exceptional on the geological time scale, it is natural to seek for
the probable effects of such a change. From the best laboratory observations
it appears that the principal result of increasing atmospheric carbon dioxide
... would be a gradual increase in the mean temperature of the colder regions
of the earth.*®

1940-1944

We know that Callendar was very busy in the early years of World War II
finishing his steam research, seeking a permanent job, and relocating his
family. Still, he found time to write a review of the history and present state of
knowledge of observations of atmospheric carbon dioxide, in support of his
claim that “the amount of this gas in the air has increased of late years” He
also addressed the immense but slow-acting capacity of seawater to absorb
CO,, but thought it will “doubtless take many centuries to stablise the great
eruption of this gas, now about 300 million cubic metres per hour, which

has resulted from human activities.”*”
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Callendar’s most significant article of 1941 reviewed spectroscopic measure-
ments of the absorption bands of CO,, the effect of pressure broadening on
line widths, and the meteorological importance of atmospheric radiation.*®
Recall that the carbon dioxide theory of Tyndall and Arrhenius that was
based on graybody absorption had been moribund for four decades. Now,
however, atmospheric radiation was receiving renewed attention, mainly for
its role in the formation of cold air masses. Although water vapor had re-
ceived most of the attention, the radiative properties of carbon dioxide were
also being reconsidered.* Callendar gathered together the observational
data on CO, that was scattered through the scientific literature and had been
published in several languages over several decades. He also interpreted ex-
perimental data collected for different wave bands at various temperatures
and pressures, reducing it to a form usable to meteorologists. The result,
clearly illustrated in the paper for an atmospheric temperature of 263 K,
showed CO, absorption bands partly overlapping, but distinct from those
of H,0, N,O, and Os. It also depicted atmospheric infrared “windows” cen-
tered at 10 and 18 . All this fit well with Callendar’s stated research agenda,
which was to “reconsider the difficult problem of the effect of changes in the
amount of carbon dioxide on the temperature of the atmosphere with the
aid of the much more accurate absorption values given here”*°

Callendar’s paper drew rave reviews and changed the opinions of such no-
table scientists as David Brunt and Sydney Chapman. Brunt was convinced
that CO, absorption was “rather more important that had been thought in
the past” and would play a major role in future study of the heat balance of
the atmosphere. Chapman admonished his fellow meteorologists for not
collecting their own data sooner on this important subject and for relying
on investigations by spectroscopists and other physicists. He suggested that
meteorologists conduct an organized research program on atmospheric ra-
diation. In reply, Callendar thanked the “experienced meteorologists” for
their kind assessments and expressed hope that strong financial support
over a multiyear period might be forthcoming for the needed measurements.
Remember, Callendar was looking for a job in 1941.

Thinking globally during the desperate war years of 1941 and 1942 was
not a luxury for most individuals, yet Callendar managed to publish short
notes on the ocean’s influence on weather, on the movement of glaciers in
response to changes in air temperature, and on a quest for a “reliable cli-
matic indicator” for the Southern Hemisphere of comparable accuracy to the
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numerous temperature and glacial observations of the north.*' Undoubtedly,
Callendar’s most important paper of the war years was his study, published
jointly with Sutherland, on the infrared spectra of atmospheric gases other
than water vapor (see Chapter 4).** The authors sought to advance detailed
quantitative knowledge of the vibration-rotation spectra of these molecules,
including phenomena induced by elevated temperatures such as Doppler
broadening, collisional broadening, and the populating of higher energy lev-
els at increased temperatures. In a comment clearly targeted at members of
the Gassiot Committee of the Royal Society chaired by G. M. B. Dobson, the
authors called for a “vast amount” of additional work, largely experimental,
to be conducted on the following issues:

a. Accurate measurements on the absolute absorption coefficients in the
principle bands of CO,, O3, and N,O at a series of different pressures
and temperature and in the presence of varying amounts of water vapor.

b. Accurate measurements of the absolute absorption coefficients for at
least one band of each of the following: NH;, CH,, C,Hs, C;Hs, CsHs,
C,N,, HCN, N,04, N,Os.

c. Accurate plot of the atmospheric spectrum between 2 and 7 1, using a
slit width of 1 cm™ or less on a grating spectrometer.

d. Estimates of the relative importance of various absorption bands of the
known and the fairly probable atmospheric gases, in the absorption and
emission of radiation.

Clearly, the study of radiation in the atmosphere was taking a great leap
forward.

Although involved full time in classified defense work at Langhurst, Cal-
lendar continued to publish on climate change, even when printing and
paper shortages forced Meteorological Magazine to issue their 1943 volume
in typescript. His brief contributions in 1943 and 1944 discussed climate
change in the north and the variations of winter temperature over the past
eight centuries.’

1947-1955

Following the war, Callendar, who was always reevaluating and revising his
own work, published a brief note in the Quarterly Journal to bring new work
on atmospheric radiation to the attention of meteorologists.** Specifically,
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he challenged the widely held assumption, promoted by Elsasser’s radiation
diagram, that the amount of CO, in one thickness of the atmosphere can
absorb all the energy of which it is capable. He also promised a revision of
the CO, absorption calculations used in his model of 1938.

In his popular article, “Can Carbon Dioxide Influence Climate?” Cal-
lendar reported a steady rise in observed CO, content from its nineteenth-
century background amount of 290 ppm and noted that the rate of CO,
increase had been accelerating recently, due to the expansion of industry
and the removal of forests. Given the 10 percent rise in CO, recorded from
1900 to 1935, Callendar would not have been surprised to learn that its atmo-
spheric concentration had risen about 30 percent by the end of the twentieth
century. Callendar wrote for the public:

Reduced to its simplest terms this theory depends on the fact that, whereas
carbon dioxide is almost completely transparent to solar radiation, it is par-
tially opaque to the heat which is radiated back to space from the earth. In this
way it acts as a heat trap, allowing the temperature near the earth’s surface to
rise above the level it would attain if there were no carbon dioxide in the air. . ...
It may be said that the climates of the world are behaving in a manner which
suggests that slightly more solar heat is being retained in the atmosphere.
This could be due to its increasing opacity to terrestrial heat as a result of the

additions of carbon dioxide.*®

That was written in 1949!

In the early 1950s Callendar published fundamental research on the move-
ment and dimensions of glaciers in response to temperature variations. He
also investigated local temperature controls and fluctuations in the long-
term records in England and Canada.*® During this period, he corresponded
with the infrared physicist Gilbert Plass (see below) and commented on
Plass’s paper in the Quarterly Journal.*” Callendar noted with satisfaction
that most of the points made in his 1949 paper were reaffirmed by E. W.
Hewson and Plass at the Toronto Meteorological Conference in 1953.*°

Global Warming Reaches the Public
Global warming was on the public agenda in the late 1940s and early 1950s,
as Northern Hemisphere temperatures reached an early-twentieth-century
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peak. Concerns were being expressed by scientists and in the popular press
about changing climates, rising sea levels, loss of habitat, and shifting ag-
ricultural zones. Hans Ahlmann, a noted geographer reported in 1948 that
Iceland had recently experienced a 1.3°C warming and its glaciers were in
retreat.*” In 1950, MIT meteorologist Hurd C. Willet told the Royal Meteoro-
logical Society that the global temperature trend was “significantly upward”
since 1885, with most of the warming occurring north of the soth parallel.>
Subsequent studies confirmed that from 1890 to 1940, the mean thickness of
Arcticice decreased by about 30 percent, and the areal extent of ice decreased
by as much as 15 percent. At the same time the intensity of the global circu-
lation increased markedly and the Earth became warmer—reportedly 10°
warmer in the Norwegian Sea.’! Evidence that the U.S. climate was warm-
ing was presented at the May 1950 meeting of the American Meteorological
Society by Richmond T. Zoch of the Weather Bureau, who reported that
Washington, D.C. had warmed about 3.5°F since 1862 when temperature
records began. John H. Conover of Harvard reported a similar 3.0°F rise
in the 100-year record kept at the Blue Hill Meteorological Observatory in
Massachusetts (see Figure 6.1).>

The popular press followed the lead of the scientists. In 1950, the Saturday
Evening Post asked, “Is the World Getting Warmer?” The article cited rising
sea levels, shifts of agriculture, the retreat of glaciers, displacement of ocean
fisheries, and the possible migration of millions of people displaced by cli-
mate warming. Of primary concern was the unprecedented rate of change.>®
Time Magazine reported in May 1953 that industrial CO, emissions could
increase the atmospheric concentration by about 50 percent, causing a 1.5°F
warming in 100 years, or possibly more if positive cloud feedback effects oc-
cur.** The article cited the authority of Gilbert Plass. Two months later, the
New York Times Sunday magazine published a synopsis of the recent climate
warming trend and a review of various theories—including the enhanced
greenhouse effect—citing Callendar’s earlier figure of a 10 percent rise in
CO; level likely causing further warming and possible future problems with
rising sea levels.>

As Callendar had pointed out in 1938, fuel burning had probably exceeded
the limits of the natural carbon cycle, and the oceans would not be able to
absorb all or even most of the excess. He warned of this again in 1939 when
he wrote that the great stream of gas resulting from the combustion of fossil
carbon “appears to be much greater than the natural rate of fixation.” Thus,
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it was not really news in 1956 when Time Magazine reported a growing trend
in annual CO, emissions, with possible dramatic consequences if the green-
house effect intensifies. This was merely an update and acknowledgment of
the Callendar Effect.*®

Problematizing the CO, Theory

G. S. Callendar would be a better-known figure today if the climate had
continued to warm monotonically (there was a noticeable cooling trend in
the 1960s and 1970s), if he had headed a major research institution, and if
scholars (especially historians) had looked beyond the temporal horizon of
the International Geophysical Year (IGY) of 1957/58.%” As it stands, Callen-
dar influenced the American agenda regarding climate warming and CO,
and helped shape the research program both in his day and in the decades
following.

Callendar welcomed the prospect of new measurements to be taken dur-
ing the IGY and offered investigators information and encouragement. Cal-
lendar was especially pleased that Charles D. Keeling’s new technique would
be employed and noted that the CO, concentrations of 315 ppm reported by
Keeling from his mountain, desert, and coastal series were in “quite good
agreement” with the 321 ppm average for similar locations in Norway in 1955
and 1956. He thought the average from the IGY Antarctic station should be
“specially interesting” and might provide a “general free air value for the
southern zone”*®

Also on the horizon at the time of the IGY was a new technique for mea-
suring radiocarbon abundances developed by Willard Libby and applied by
Hans Suess. An apparently large discrepancy between the decrease of '*C in
the biosphere from the uptake of fossil fuel carbon (the “Suess Effect”) and
the increase in atmospheric CO, (the “Callendar Effect”) led to a scramble
to explain the carbon cycle.*® A series of interrelated papers in the January
1957 issue of Tellus addressed this problem.®® Roger Revelle and Hans Suess
thought that the Callendar Effect was “quite improbable” on its own and
was likely augmented by a number of factors, including a slight increase
of ocean temperature, a decrease in the carbon content of the biosphere (a
factor discussed by Callendar), and possible chemical and organic changes
in the oceans. They also called into question Plass’s calculation of a 0.36°C
warming from CO,. At the time uncertainties in carbon reservoirs, fluxes,
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and residence times were huge, ranging over seven orders of magnitude. The
question of the timescale of ocean-atmosphere exchange, the deep ocean
circulation, while widely discussed, was far from settled. The figures used
by Revelle and Seuss were 100 times larger than those reported by Plass in
1956, yet 10,000 times smaller than those deduced by H. N. Dingle in 1954.°
This fact severely limited their conclusions.

Rather than warning against the dangers of projected large increases in
fossil fuel burning, Revelle and Suess recommended more detailed scientific
study of the carbon cycle and how carbon dioxide is partitioned between
the atmosphere, the oceans, the biosphere and the lithosphere, pointing to
current uncertainties and new work that needed to be done:

Present data on the total amount of CO; in the atmosphere, on the rates and
mechanisms of CO, exchange between the sea and the air, and between the
air and the soils, and on possible fluctuations in marine organic carbon are
insufficient to give an accurate base line for measurement of future changes in
atmospheric CO,. An opportunity exists during the International Geophysical

Year to obtain much of the necessary information.

Mark Bowen calls the article “basically a grant proposal” for the IGY and
writes that “Revelle and Suess’s paper used a tiny bit of new experimental
information to come to a .. . . previously demonstrated conclusion”—that is,
ultimately, “Revelle and Suess agreed with Callendar and Plass”” It is short-
sighted, however, to ignore Revelle’s earlier interest in carbon dioxide and
radioisotopes, especially '*C, dating back to early nuclear tests. Revelle also
supported the work of such pioneers as Willard Libby, Harmon Craig, and
especially Hans Suess, who established the La Jolla Radiocarbon Laboratory
at the Scripps Institution of Oceanography.®?

Callendar’s response to this article, as recorded in his notebooks, letters,
and publications, was measured and analytical. He was puzzled by the con-
tradictions in the article as he struggled to digest it, realizing that it would
probably lead to new measurements he desired. He wrote in his notebook,
“Revelle and Suess say ‘it seems quite improbable that the CO, increase
could be ten percent this century as Callendar’s statistical analysis indicates.
Then they list ‘possible other factors which could have caused such a large
figure. . . ”” He wrote in a letter to Plass, “A point of special interest is the
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large discrepancies between the apparent increase of atmospheric CO, given
by the air-CO, observations . . . and the predicted increase derived from the
size of the exchange reservoirs as now revealed by radio carbon measure-
ments.” He wrote in Tellus that the biosphere and warm weather conditions
could have skewed some of the early CO, measurements toward the high
side, but he stood by his nineteenth century background value of 290 ppm
and a rising trend in atmospheric CO, “which is similar in amount to the
addition from fuel combustion” Callendar admitted that his result was not
in accordance with recent radio carbon data, but pointed out that the reasons
for the discrepancy were obscure and that much more observational data
would be required to clarify this problem. He was especially eager to see
that new measurements were to be taken at high latitudes in the Southern
Hemisphere during the IGY.*?

Plass wrote to Callendar that Revelle and Suess and Arnold and Anderson
had “attacked the carbon dioxide climatic theory quite vigorously at a meeting
earlier this year”

They claimed that it was absolutely impossible to have had a sufficient increase
in the CO, amount in this century for the reasons that were given in their
articles. I think you have pointed out several ways that their conclusion could

be in error and I feel that there are still several possible explanations.®*

The resolution came in 1958 in a publication by two Swedish scientists, Bert
Bolin and Erik Eriksson, titled, “Changes in the Carbon Dioxide Content
of the Atmosphere and Sea due to Fossil Fuel Combustion”, which clarified
the buffering effect of sea water when changes of the partial pressure of CO,
take place.®® Their calculations supported Callendar’s estimate of a 10 percent
increase by 1956 in atmospheric CO; and predicted a likely increase in this
value of about 25 percent by the year 2000—a very accurate prediction even
before the results of Keeling’s measurements were known.

The Final Publications

Callendar spent much of his time studying temperature fluctuations and
trends around the world, examining the location and situation of some
400 stations, and discussing the reliability of the observations. He charted
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regional and zonal fluctuations, and he took into account the homogeneity of
the records, including evidence of glacial recession in different zones and the
significance of station relocation and the growth of cities. Of the 96 research
notebooks in the collection at the University of East Anglia and on the Cal-
lendar Papers DVD (available from the American Meteorological Society),
about 60 percent are filled with world and regional temperature data.®

In 1961 he published the results of his study in the Quarterly Journal,
concluding that the pattern of recent climatic warming was not incompatible
with his hypothesis of increased carbon dioxide radiation.”®” In published
comments on the article, prominent American climatologists Helmut Lands-
berg and J. Murray Mitchell noted rather close agreement between Callen-
dar’s results and a similar study by Mitchell and Hurd Willet, but challenged
Callendar on his dismissal of other causal mechanisms and his assumption
that CO; released in the Northern Hemisphere was slow to mix globally.

As this paper was going to press, Callendar wrote a note listing “[Four]
reasons for the unpopularity of CO, theory in some meteorological quar-
ters” Although there was no organized opposition to anthropogenic climate
change at the time, Callendar’s note reads much like a contemporary re-
sponse to global warming skeptics:

a. The idea of a single (easily explained) factor causing world wide
climatic change seems impossible to those familiar with the complexity
of the forces on which any and every climate depends.

b. The idea that man’s actions could influence so vast a complex [system]
is very repugnant to some.

¢. The meteorological authorities of the past have pronounced against it,
mainly on the basis of faulty observations of water vapour absorption,
but also because they had not studied the problem to anything like the
extent required to pronounce on it.

d. Last but not the least. They did not think of it themselves!®®

In March 1964, Callendar wrote himself a note on “Reasons why this paper
has proved unwelcome to some” listing the following factors:

a. The introductory sections . . . are equivalent to a lecture on how this
sort of climatic data should be presented for the general scientific
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reader. By contrast most papers on this subject appear clumsy and
confusing—It is most annoying [to others] to have the shortcomings of
one’s own work made so evident.

b. The presentation is ahead of previous work on temperature series and
this makes the latter workers feel relatively ignorant, which is irritating.

c. The climatic/circulation factors are dismissed in half a dozen lines—as
these . .. factors have been the subject of a vast amount of speculation
in innumerable papers, this summary treatment is very annoying to the
writers.

d. CO; as a cause of climatic change . . . is above the heads of nearly all
writers on the subject, to whom it is just another speculation on a par
with solar—u.v.—ozone effects.*

Callendar understood that he had been presumptuous, adopting a “school
teacher” attitude,” “laying down the law on how it should be done,” and
reacting to the “exceptionally low and muddled quality” of most papers on
climatic subjects. Such didactic excesses may find a place in some classrooms,
but not in a scholarly journal, and Callendar paid a price for this. Yet he felt
“fully justified” by his lifelong efforts and working mastery of instrumental
data, temperature trends, infrared physics, and the behavior of CO..

Callendar’s final publication was a short exchange with a bird watcher,
G. Harris, on how the recent climate cooling trend was affecting European
birds. While Callendar warned of possible computational errors in the tem-
perature series and changes in station location as reasons for the assumed
cooling trend, Harris was sure that Callendar would agree with the picture
of “a general decline of temperature in recent years.”’° Unquestionably, the
global climate was cooling in the 1960s. The bitter winter of 1962-63 was the
coldest on record in England and Wales since 1740. The noted climatolo-
gist Hubert H. Lamb, one of Callendar’s correspondents, has written about
the “clustering” of harsh winters, referring to a sequence of three “skating
Christmasses” in England with very severe frosts or snow in 1961, 1962, and
1963. Such frosty or white Christmases in England were exceedingly rare in
the preceding half century.”* Callendar must have been pondering his sci-
entific legacy on climate warming as he was shoveling the walkways during
the record snowfall of December 1962 (Figure 2.12) and shivering through
his final December in 1963.
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Climate and Carbon Dioxide

From his retirement in 1958 to his death in 1964 Callendar was working
diligently on a book on the carbon cycle with the working title “Climate
and Carbon Dioxide” He never completed this project. All that remains is a

Putting Carbon on the air,

A power station such as this can add ag myen
as 300 million cub feet of Carbon Dioxide to
the air each day,

Fig. 5.2. Frontispiece for “Climate and Carbon Dioxide” (the book was never published).
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tantalizing list of figures and plates to be inserted into a manuscript of at least
18 chapters and over 176 pages (see Figures 5.2, 5.3, and 5.4). This list indicates
chapters on anthropogenic sources, the biosphere, lithosphere, volcanoes,
oceans, ice ages, and the increase in temperature due to CO, production.

Tist of Plates for "Climate & Carbon Dioxide.

Plate No. Titles Opp page of MS no, chapter.
1. Ancient coal forming swamp &
forest. 6ier 7. ;
12 Antiecline in dark carbonacious
g shale. 23, 3.
B Vesuvius in eruption. 32, 5
&, Caleium Carbonate precipitated
from sea water, 76. 10.
5. Foriegn boulder transported
by ancient glacier. 176 18

Frontispiece. Putting Carbon on the alT,

List of Figures for "Climate & Carbon Dioxide.

Fig No, Title opp page of MS no., chapter of MS
Fh Increase of atmospheric
C0, pressure. 84. L
- Quantities of COp & Water
; Vapour. 89, 12
3. The effect of atmospheriec COp
on surface temperature, 1172 18.
4. Increase of temperature due
to €O, production. 174, 18,
‘:‘ -------------------------------

¥

%

Fig. 5.3. List of plates (top) and figures (bottom) for “Climate and Carbon Dioxide” indi-

cating a manuscript of over 176 pages with 18 chapters.
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Fig. 5.4. Callendar’s Figure 1, Increase of atmospheric CO, pressure for various assump-

tions about ocean exchange.

It is possible that a complete manuscript or additional fragments will be
uncovered someday, but this is not likely. Anne and Bridget’s inventory of
their father’s papers (Appendix C) and Anne’s letters to Derek Schove just
after Callendar’s death in October 1964 do not indicate its existence.

Conclusion

CO; has begun to come home, hasn’t it!

—Manley (1958)7>

The carbon dioxide theory of climate change was in deep eclipse when Guy
Stewart Callendar established it on a firm scientific basis in 1938. In the next
25 years he published 10 major articles and over 25 shorter pieces on global
warming, infrared radiation, and anthropogenic CO,, working diligently,
without support or institutional resources, to communicate his results to sci-
entists and the educated public. His intensive research and sound scientific
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judgment led him to conclude that the trend toward higher temperatures
was significant, especially north of the 45th parallel; that increased use of
fossil fuels (and, to a lesser extent, deforestation and other practices) had
caused a rise of the concentration of CO, in the atmosphere that would only
continue and would most likely accelerate; and that increased sky radiation
from the extra CO, was directly linked to the rising temperature trend. The
world’s glaciers were shrinking and he thought it unlikely that the oceans
would absorb the excess carbon.

He scratched his head at the time of the IGY when scientists like Revelle
and Suess and Arnold and Anderson seemingly confused the issues, but
rejoiced when they and other colleagues such as Plass and Keeling brought
new resources, analytical techniques, and theoretical insights to bear on the
problem. Callendar passed away during a cooling trend in the 1960s, but
most scientists today would agree that his early statements have been veri-
fied. One author recently referred to Callendar’s insights as “pretty much
spot-on” and his work on the enhanced greenhouse effect and human agency
as being “roughly half a century ahead of his time.””* The legacy of his ar-
ticles, letters, and notebooks now passes to a new generation of scientists
and historians living in a slightly warmer world with levels of atmospheric
carbon dioxide unknown to Callendar.



CHAPTER SIX

Callendar’s Legacy

Callendar—on Oct. 3 at 44 Parsonage Road, Horsham. Guy Stewart aged 67.
Cremation took place at Worth on Tuesday, Oct. 6.
— West Sussex County Times"

This brief obituary notice marked the sudden passing of Guy Stewart
Callendar. Letters of condolence from Callendar’s scientific correspondents
arrived within a fortnight. The Glaciological Society conveyed its official
sentiments.? A letter from Gilbert Plass to Phyllis was more personal and
addressed his scientific legacy:

I was very grieved to receive your recent letter advising me of the death of your
husband. Although I had never met him personally, we had corresponded
extensively through the years and I felt as though I had known him. His con-
tributions to the carbon dioxide problem in the atmosphere and to many other

meteorological questions will always be remembered.’

The noted climatologist Gordon Manley wrote a letter of condolence on
behalf of the “loss that many meteorologists will feel”:

In what Sir Graham Sutton has described as “the most deficient science in the
world” your husband made a most original and lively contribution. I heard
it myself in 193[8]; and when he retired he was quite indefatigable in slog-
ging out the figures on which his—and my—arguments depend. I always en-

joyed his letters for their crisp content and I can assure you that in the Royal
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Meteorological Society we have a very high esteem for the few scientists who
can match up to, and challenge, the “professionals” of the Meteorological Of-
fice. . .. I should like to assure you how that classic paper by G. S. Callendar
in “Q.J. Royal Met. S. 193[8]” stands as an original contribution nearly twenty
years before the Americans began to think along similar lines. There is a per-
manent stock in science to which we may all hope to add; and your husband

[gained our] esteem indeed for doing just that.*

One of Callendar’s frequent correspondents, schoolmaster Derek Justin
Schove of St. David’s College, wrote immediately expressing his shock at
the news and his sympathy for the family: “T have for a long time been a great
admirer of his work and we have been working together on temperature
series. If there is anything I can do to help sort out his papers on that subject
do please let me know.”®

The Papers

There were indeed practical arrangements to be made concerning Callen-
dar’s instruments, papers, books, and research documents. Anne took the
lead in these tasks, working with Bridget to sort the materials and filling a
notebook with a complete inventory of their father’s study at the time of his
death.’® Their extensive lists (see Appendix C) included:

Books and magazines

Reprint copies of published papers

Unpublished papers

Notebooks on “world climate and temperature figures”
Instruments

Correspondence

Loose papers and figures (see, for example, Figure 6.1)

Of considerable interest are the following unpublished papers listed by Anne
and Bridget, but not in the collection: “A Contribution to the Problem of
Glacial Climates, The Carbon Dioxide Theory,” 1953 and “The Exchange of
Carbon Dioxide Between the Sea and the Atmosphere,” 1954. The latter was
apparently written some three years before the IGY. Fortunately, the charts
prepared for this study are in the collection (see, for example, Figure 5.4).”
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Fig. 6.1. Temperature trend at Blue Hill Observatory, 1840-1960, an example of one of
Callendar’s many hand-drawn figures.

Also in the collection is Callendar’s manuscript, “Note on the Spectrum of
Outgoing Radiation from the Troposphere” This paper demonstrates his
understanding of the behavior of trace gasses at various environmental tem-
peratures and pressures through the atmosphere.®

Former institutions and associates assisted the family. The physics depart-
ment at Imperial College offered to purchase some of Callendar’s personal
instruments.” The Royal Society of London was “very pleased” to receive 100
reprints of Callendar and Egerton’s 1960 study on steam, “as the demand for
your father’s paper was much greater than anticipated and it has been out of
print for some time.”'® Anne offered Schove the full use of the materials:

I enclose a list of my Father’s papers and books. I realize that some of it will
not be of interest to you, particularly the reference books and magazines,
but I thought it best to send you the complete list—then you can let us know
what you would like from amongst the lot. We are mainly concerned that his
notebooks should go to someone who will be able to make full use of their
contents, because we know how much time and thought he spent in collecting
all the figures and information in them. I'm sure you know how careful he was
to produce accurate climatic data, and some of the notebooks, without doubt,
contain valuable temperature series and weather records. Some are rather
“rough” of course and may be earlier material and of less interest. I would like
to have sent greater detail about the contents of the notebooks, but found it
an impossible task to even try to list what was in each one, so have sent a very
general summary—no doubt you will have a better idea yourself of the wealth
of material in them. If by any chance you don’t want them yourself, perhaps
you would advise us of any society (or possibly another meteorologist) who
would find them valuable. We shall be pleased to send you any of the things

in the list that you would find useful and helpful in your research."*
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For almost 20 years, the Callendar Papers were in the possession of Schove
at St. David’s College, Kent.'? Schove, whose interests lay in climate data
and sunspot cycles, kept in touch with Anne and even suggested she take up
climatology like her father. He attempted some plots of Callendar’s data and
kept the papers in relatively good order. With Anne’s permission, Schove lent
at least one notebook on CO; to Charles D. Keeling at Scripps (since returned,
see below) and dispersed extra copies of reprints to interested colleagues.

International interest in the environment was growing rapidly in the
mid- to late-1970s. Lester Machta, member of the Scientific Committee on
Problems of the Environment (SCOPE) and director of the Air Resources
Laboratories at NOAA,'* sent an inquiry on behalf of Keeling to the British
Meteorological Office seeking the use of Callendar’s papers, especially on the
question of the pre-1900 CO, concentrations. The message found its way to
Anne:

As you probably know there is currently much interest in scientific circles
on the possible impact of increasing atmospheric carbon dioxide on climate.
Because of this, considerable attention is focused on the detail of your late
father’s pioneering work on the subject especially as regards his analyses of the
early CO, records. . . . Your father’s papers may reveal detail of the early CO,
concentration that could help us decide the contribution that the burning of
forests for agriculture was making to the atmospheric CO, concentration (in
addition to the burning of fossil fuels) at the turn of the century and so help
us in detailing the lifetime of CO, in the atmosphere. These are very important
factors when we attempt to forecast CO, trends in the future. . . .

Your father’s published papers are all very well known. It is by studying
these that there is a feeling that he may have found early CO, data which were
never published. It was very prudent of you to put his papers in safe keeping.
I do hope that they are still available."*

In 1984 Schove reported to Anne that he had had a “visit from an Ameri-
can—from La Jolla” and had lent him some important unpublished work on
CO.. The visitor was Charles D. Keeling, who borrowed the 1939/40 note-
book on CO, and used it in a 1986 publication."®

About this time Schove suggested to Anne that the papers be put on
“semi-permanent loan to a library or archive.” Possible repositories included
the following:
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. The Meteorological Office at Bracknell, which “now appears to be look-
ing after its archives and has full library facilities and they are willing to
accept the Callendar and my other meteorological books and papers.”

. The Climatic Research Unit (CRU) at Norwich under Tom Wigley, but
they “have not so far expressed much interest in them. Their present
library is small (but select)”

. The Geography Schools at Oxford where Schove’s daughter was a don.

. The US.A. (e.g., La Jolla) “would be very pleased to accept the CO, and
the temperature material, but I do not know whether they would use
the latter. I said at least they could have copies of all the CO, material”

. The Historical Group of the Royal Meteorological Society “are inter-
ested in preserving historical papers. . . . However, the Met. Soc. Library

is very small. .. ”*¢

Anne wrote back (on behalf of Bridget), thanking Schove “for looking after

[our] father’s papers and notebooks so well” She continued:

They are obviously in good hands. The question is how they can best be made
available to the people who need them for further research? My sister and I
would of course like his temperature data and his work on CO, to be pub-
lished, but failing that we should certainly wish these sections of his work to go
to a research establishment which will make the best use of them. . . . Possibly
the best thing to do is for Bridget and I to leave to you the decision as to where
the papers should go. I know that we can rely on you to make a good choice.
I know that my father would have wished his work to be available to further

.. . 17
research, and this is our main concern.

The Callendar papers arrived at the British Meteorological Office in 1984
and were joined by the Schove collection after his death in 1986. They were

evaluated by the librarian of the Royal Meteorological Society in 1987 and

reached their current destination, the Climatic Research Unit at the Uni-

versity of East Anglia, in 1989."® Director of the CRU Tom Wigley wrote to

Anne, “We do indeed have your father’s papers™:

The point of keeping the papers at all is in the hope that someone, either a sci-
entist or a historian of science, will make use of them sometime. As you know,

your father was ahead of his time in drawing attention to the greenhouse effect
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so long ago, and his papers and working documents are an important piece

of scientific history."

In 2002, during a visit to the CRU, I noted that the Callendar Papers were not
all kept in one location in the library and were not stored properly. Under
agreement with the CRU, the collection was loaned to Colby College where
they were organized into seven archival boxes, scanned, and returned to the
CRU Library.*® Also in 2002, I met Callendar’s daughter Bridget, which led
to the accession of an eighth box of family papers by the CRU Library and
the completion of the electronic digital archive.* Perhaps the collection will
continue to grow if others can identify additional relevant material.

The Intellectual Legacy

Callendar counted many, many distinguished scientists as his friends, col-
leagues, and coworkers. His father was a leading physicist in Great Britain
and his first collaborator Alfred Egerton, ER.S., remained a close colleague
throughout his life. Callendar’s defense-related efforts, especially his work
on the FIDO system that allowed for all-weather flying and saved the lives
of many aviators, was, like most of his projects, directed toward non-violent
ends. It earned him widespread respect from his peers and admiration from
the general public.

His pioneering work on the thermodynamics of steam at temperatures
and pressures never before achieved was the foundation of steam-plant de-
sign for more than three decades. In 1963 Professor A. G. Gaydon, ER.S.
and Professor of Molecular Spectroscopy at Imperial College, described the
Callendar-Egerton collaboration, resulting in publications in the Philosophi-
cal Transactions in 1932 and 1960, as forming “the basis of the present Inter-
national Steam Tables”** H. L. Taylor, writing in 1970, praised the Callendar
Steam Tables as forming the “bedrock of all steam-plant design calculations
in this country for nearly thirty years”**

Callendar’s climate work has had lasting significance. His 1938 article on
climate warming is still widely cited. His 1941 paper on infrared absorption
drew rave reviews from meteorologists David Brunt and Sydney Chapman.
In 1944, the distinguished British climatologist Gordon Manley made formal
note of Callendar’s valuable contributions to the study of climatic change.**
Gilbert Plass, J. Murray Mitchell, and Charles D. Keeling all consulted with
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Callendar as they begun their own innovative research programs in the 1950s.
Harry Wexler, director of research for the U.S. Weather Bureau, reported on
Callendar’s results at the 3o0th anniversary meeting of the American Meteo-
rological Society in 1950:

CO, . .. seems to have a secular trend from .0290 % vol. in 1870-1900 to
.0320% in 1935, i.e. an increase of 10% in 50 years, possible effect on heat bal-

. . 25
ance, increased greenhouse effect, warming up (Callendar).

Wexler later supported a program of worldwide CO, measurements during
the International Geophysical Year.

A decade after Callendar’s death, Schove wrote to Bridget: “Your father’s
work on CO, changes is still much quoted in scientific literature. . . . Dr.
Callendar’s work was discussed recently at a Ph.D. thesis defense. I have
also passed some of the reprints to interested scientists, both American and
English”?® Two years later, Ferren Maclntyre at the University of Rhode
Island wrote seeking permission to reprint Callendar’s 1958 article “On the
Amount of Carbon Dioxide in the Atmosphere,” in a “definitive collection
of papers” on carbon dioxide in the series Benchmark Papers in Geology. Al-
though the family granted permission, the volume was never published.”” In
1985 Tom Wigley, Phil Jones, and Mick Kelly credited Callendar (1961) with
making one of the first “reasonably reliable estimates of large scale area aver-
age temperatures.”*® And in 2005 Keeling recalled his correspondence with
Callendar in the 1950s: “He was a careful investigator and a major contribu-
tor to keeping alive interest in the CO, Greenhouse Effect during decades
when it had almost been forgotten by the science community.’*

Science-historians, however, have had less to say. One otherwise useful
source erroneously claims that Callendar’s work was “quickly ignored as
World War II intervened and northern hemisphere surface temperatures
began to decline in the 1940s.”*° Historian Spencer Weart also errs when he
implies that Callendar was a “lone advocate” for the “old idea” represented
by Arrhenius’s “outmoded hypothesis”*! Weart is particularly unfair to Cal-
lendar when he writes, “Most damaging of all, Callendar’s calculations of the
greenhouse effect temperature rise ignored much of the real world’s physics”
First of all, no one who has followed Callendar’s technical career in any detail
could say this. Weart also misses Callendar’s intimate spectroscopic knowl-
edge of the rotational and vibrational absorption bands of trace gases and
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his studies of band overlap at a realistic effective sky radiation temperature of
263 K. Finally, on his widely cited web site, he mislabels the “only published
photo” of Callendar (until now) as coming from a group photograph of the
1929 First International Steam Table Conference in London, when in fact it
is from the 1934 American conference (see Figure 3.3).

Brimblecombe and Langford, who worked with the papers, do a much
better job in crediting Callendar “with the reinterest in the Greenhouse Ef-
fect of the mid 20th century;” but portray him in his later years a man with
more bitterness to his scientific critics than I think is warranted.* I dedicated
a section of my 1998 book to Callendar, concerning which Bridget wrote to
me in 2002:

I shall certainly treasure [your book] and only wish Anne could have seen
it. She would have been so pleased and proud to read what you have writ-
ten about Dad. . . . It is so interesting to see [climate change] in its historical
perspective, and wonderful to know that Dad is now an authoritative and
accepted part of the whole picture. He would have read your book with the

greatest interest and been very chuffed, his quiet way, to see his place in it.*?

In 2005, as mentioned, Mark Bowen referred to Callendar’s insights as “pretty
much spot-on” and his work on the enhanced greenhouse effect and human
agency as being “roughly half a century ahead of his time.”**

No one until now, however, has undertaken an evaluation of the whole
man. In this sense this biography is original. When we recall the strong influ-
ence of his famous physicist father and his first-rate education, his associa-
tion and collaboration with Britain’s technical elite on the thermodynamics
of steam and the infrared spectra of complex molecules, his defense of his na-
tion applying science and engineering toward nonviolent ends, and the love
and support of his wife, daughters, and numerous friends and colleagues, we
see a different Callendar, a modest and quiet contributor at the leading edge
of research, hitherto unknown, who, among many, many other accomplish-
ments, established the “Callendar Effect,” the link between anthropogenic
CO, and global warming.
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Annotated Bibliography of the
Publications of Guy Stewart Callendar

Steam Publications

Callendar, H. L. with G. S. Callendar, 1926. “Direct Measurements of the Total Heat
of Steam at Pressures up to 1000 Ibs. per sq. inch,” World Power, 6, 32, 67-76.
“These experiments form a continuation of the investigation undertaken on
behalf of the Electrical Research Association. . . . Since measurements of the
specific heat at high pressures are exceptionally difficult and liable to error in the
neighborhood of saturation, and had not been extended beyond 30 atm. (427
1b.) by Knoblauch and his collaborators, it was decided to continue the direct
measurements of the total heat to a limit of 1000 Ib. (in the first instance) with a
new type of boiler;” 67.

Callendar, G. S., 1932a. “The Reduction of Platinum Resistance Thermometers to the
International Temperature Scale,” Phil. Mag. 14, 729-742.
“The following notes describe methods used for the reduction of the observa-
tions of resistance change [in platinum resistance thermometers] to gas scale
temperature, and are intended to save time in those reductions, and eliminate the
use of log tables. Some remarks are also made about the accuracy of individual
measurements,” 729.

Callendar, G. S., 1932b. Mollier Diagram— Centigrade Units for Saturated and Super-
heated Steam, plotted by G. S. Callendar. London. 8 vo.

Callendar, G. S. and E. E. Hoare, 1933. Correction Tables for Use with Platinum Resis-
tance Thermometers. London: Edward Arnold. 12 pp. 8 vo.
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Tables with corrections to convert H. L. Callendar’s Platinum Thermometer to
the International Temperature Scale and corrections with respect to the Standard
Value, 2.

Egerton, A. and G. S. Callendar, 1933. “On the Saturation Pressures of Steam (1700

to 3740 C),” Phil. Trans. Roy. Soc., Ser. A, 231, 147-205.
“The apparatus installed at the Imperial College . . . which the late Professor H. L.
Callendar devised . . . was easily adapted to the determination of the saturation
pressure of steam,” 147. “The description is divided into five sections. the first sec-
tion gives an account of the apparatus, the second the detail of the temperature
measurements, the third the detail of the pressure measurements, the fourth the
methods of carrying out the experiment and discussion of the possible sources
of error, and the fifth the results,” 148.

Callendar, G. S. and H. L. Callendar, 1934. Abridged Callendar Steam Tables. Centi-
grade Units, 3rd ed. London: Edward Arnold. 8 pp. 8vo. [4th ed. 1939.] Idem.,
Fahrenheit Units.

Callendar, G. S., Hugh L. Callendar, and Sir A. C. Egerton, 1939. The 1939 Callendar
Steam Tables. London: Published for the British Electrical and Allied Industries
Research Association by Edward Arnold. 66 pp. 4 to. [2nd ed. 1944, 1949, 1957].

Egerton, A. C. and G. S. Callendar, 1939. The 1939 Heat-Entropy Diagram for Steam,
plotted from the 1939 Callendar Steam Tables. London: Edward Arnold.

Callendar, G. S. and Sir Alfred Egerton, 1960. “An Experimental Study of the En-

thalpy of Steam,” Phil. Trans. Roy. Soc., Ser. A, 252, 133-164.
This paper is the culmination of the Callendar-Egerton research collaboration
between 1930 and 1940. Using a modified form of H. L. Callendar’s apparatus, the
variation of heat loss with temperature and steam flow was greatly reduced and
the variation with cooling effect could be more easily obtained. In 1958 Egerton
wrote in his diary, “After the war I was too busy to attempt to wind up the steam
work in the form of a paper and the opportunity to do so never arose. But now,
particularly in Russia, there is a renewed interest. So this work, done 20 years
ago [with G. S. Callendar], is now in the form for general publication” (Egerton,
R, Ed., 1963, 61).

Callendar, H. L. and G. S. Callendar, 1962. Abridged Callendar Steam Tables: CHU
version, sth ed. Revised by E. J. Le Fevre. London: Edward Arnold. 8 pp., 8 vo.

Callendar, Hugh L., Edwin J. Le Fevre, and G. S. Callendar, 1962. Abridged Callendar
steam tables: Btu version, sth ed. London: Edward Arnold. 8 pp., 8 vo.

Defense Reports (Incomplete)
Callendar, G. S., 1942-45. Technical Reports for the Petroleum Warfare Depart-
ment.
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FIDO Project
Petrol vapour discharge.
A 30 foot model FIDO burner.
A self evaporating liquid fuel burner of the air induction type.
On the use of leaded petrol in evaporating burners.
Trench burners for closing a runway to fog intrusion.
The trench burner.
The distribution of radiation from exposed flames.
Experiments on the thermal melting of ground ice.
The de-icing radiator.

Fuel Propellant Systems and Flame Throwers
The production of permanent gas at high pressure from a single liquid.
The use of ammonia as a coolant for cordite gas.
The use of dissolved carbon dioxide in pressure accumulators.
Trial of a German flame thrower.
The use of steam for discharging fuel tanks of flame throwers.
The use of petrol vapour for ejecting flame thrower fuel.
Tests with anti surge baffles in a tank.
A vapourized petrol burner for flame thrower ignition.
Pressure losses with fuel in straight pipes.
Experiments on the thermal cutting of wood.

Callendar, G. S., 1950-56. Technical Reports for the Ministry of Supply.

1950. “Test of Daniell’s ‘Dragon’ Heater in West Hangar”

1951. “Trial of a Self Contained Portable Space Heating Unit,” Ministry of Supply,
A.D.E. Report 3/51.

1953. “The Diffusion of High Pressure Air into Liquids through Flexible Mem-
branes.”

1956a. “Gravity Method of Obtaining a Low Pressure High Velocity Air Current
for Laboratory Research,” Ministry of Supply, A.R.D.E. Branch Memorandum
S4/8/56.

1956b. “Preliminary Estimate of Comparative Costs of Four Proposed Methods of
Obtaining a Laboratory Scale High Velocity Low Pressure Air Current”

n.d. “Test of Heat Insulated Storage Boxes”

Climate Publications

Callendar, G. S., 1938a. “The Artificial Production of Carbon Dioxide and Its Influ-
ence on Temperature,” Quart. J. Roy. Meteor. Soc., 64, 223—240.
[Abstract in Nature, 141, 561 and Meteor. Mag., 73 (March), 35. Callendar’s an-
notated copy is in The Papers of Guy Stewart Callendar, Digital Edition on DVD,
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James Rodger Fleming and Jason Thomas Fleming, Eds. (Boston: American Me-
teorological Society, 2007), Box 8, Folder 4. Hereafter this work will be abbrevi-
ated as CP.] Discusses links among fuel combustion, rising CO, levels, increased
sky radiation, and the observed rise in world temperatures from 200 stations. “By
fuel combustion man has added about 150,000 million tons of carbon dioxide to
the air during the past half century. The author estimates from the best available
data that approximately three quarters of this has remained in the atmosphere.
The radiation absorption coefficients of carbon dioxide and water vapour are used
to show the effect of carbon dioxide on “sky radiation” From this the increase in
mean temperature, due to the artificial production of carbon dioxide, is estimated
to be at the rate of 0.003°C per year at the present time. The temperature obser-
vations at 200 meteorological stations are used to show that world temperatures
have actually increased at an average rate of 0.005°C. per year during the past
half century;” 223. CP 2, Notebook 1942, 257.

Callendar, G. S., 1938b. “Period Temperature Variations,” Meteor. Mag. 73 (April),
67-68.
Depicts reversal of the “apparently normal temperature relationship” between
Aberdeen and Beirut, 68. CP 2, Notebook 1942, 256-257.

Callendar, G. S., 1938¢. “Note on the Trend of Temperatures, 1880-1937,” Meteor. Mag.
73 (Aug.), 180-182.
“Movement towards higher temperatures has become especially notable of late
years in North Arctic regions, and also to a less extent in Europe, North America,
Egypt, etc.,” 180. CP 2, Notebook 1942, 256-257.

Callendar, G. S., 1938d. “A Century of Temperature Variation in England,” Quart. J.
Roy. Meteor. Soc. 64, 653-655.
“The longest continuous temperature records observed in Britain show a remark-
able consistency throughout at least 98 years to date,” 653. CP 2, Notebook 1942,
256-257.

Callendar, G. S., 1939a. “The Composition of the Atmosphere through the Ages,
Meteor. Mag. 74 (March), 33-39.
“An attempt is made to estimate the most probable changes which our atmosphere
has undergone throughout geological time,” 33. “It is a commonplace that man
is able to speed up the processes of Nature, and he has now plunged heavily into
her slow-moving carbon cycle by throwing some 9,000 tons of carbon dioxide
into the air each minute. . . . [T]he best observations show an increase from
0.028 per cent about the year 1900 to 0.030 percent of recent years. . . . As man
is now changing the composition of the atmosphere at a rate which must be very
exceptional on the geological time scale, it is natural to seek for the probable ef-
fects of such a change. . . . [TThe principal result of increasing atmospheric carbon
dioxide . . . would be a gradual increase in the mean temperature of the colder
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regions of the earth,” 38. “Supposed to show the development of the atmosphere,
but is very immature, badly written, speculative, with supposed facts tumbling
over each other. In fact a real ‘student’s mag’ article. However, some interesting
points are made, notably the probable importance of CO, in the development
of the atmosphere. C. E. P. Brooks said he liked it! 4/61” CP 2, Notebook 1942,
258-259.

Callendar, G. S., 1939b. “Some Interesting Temperature Anomalies for 1938,” Quart.
J. Roy. Meteor. Soc. 65, 137.
“In most North Atlantic countries the mean temperature of 1938 was remarkably
high and at several stations in North America, Scotland, and the Baltic coun-
tries it equaled or exceeded previous record values,” 137. CP 2, Notebook 1942,
258-259.

Callendar, G. S., 1939¢c. “The Best Climate in the World,” Meteor. Mag. 74 (August),
208.
“The following figures compare Nelson, [NZ] with the South coast of England,”
208. CP 2, Notebook 1942, 258-259.

Callendar, G. S., 1940. “Variations of the Amount of Carbon Dioxide in Different
Air Currents,” Quart. J. Roy. Meteor. Soc. 66, 395-400.
“A brief review is given of the present state of knowledge concerning the varia-
tions of the atmospheric carbon dioxide, together with some observations which
appear to show that the amount of this gas in the air has increased of late years,”
395. “Although the total capacity of the sea water to absorb CO, is immense, it is
very slow in action, and will doubtless take many centuries to stabilise the great
eruption of this gas, now about 300 million cubic metres per hour, which has
resulted from human activities,” 400. CP 2, Notebook 1942-IRS, 193.

Callendar, G. S., 1941a. “Atmospheric Radiation,” Quart. J. Roy. Meteor. Soc. 67,
31-32.
Letter regarding W. Elsasser’s radiation paper (1940). Elsasser’s reply was pub-
lished in April 1941. CP 2, Notebook 1942, 260. “It seems to be quite commonly
assumed by meteorologists, and is of course implied in Elsasser’s paper, that the
amount of CO, in one thickness of the atmosphere can absorb all the energy of
which this gas is capable, but there is no observational evidence for this assump-
tion. On the contrary the best measurements show that this amount of CO, (2.2
meters), takes up only about 50 percent of the energy in the CO, regions. . . .
[Gleneral statements regarding the effect of CO, in the atmosphere should be
based only on observed values of absorption. .. . My own view is that the addi-
tional radiation observed at Kew is caused mainly by a local excess of combustion
products, such as smoke particles, carbon dioxide, polyatomic gases and vapours
which always arise from large centres of population,” 32. CP 2, Notebook 1942,
260.
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Callendar, G. S., 1941b. “Annual Mean Temperatures,” Quart. J. Roy. Meteor. Soc.
67, 162.
Letter “Re. Glasspoole’s B.I. mean temps in 10/40 Q.J. Suggests the G & H means
for the British Isles in 1870 are too high by about 1/40 owing to the use of old type
screens at that time” CP 2, Notebook 1942, 261.

Callendar, G. S., 1941c. “Infra-red Absorption by Carbon Dioxide, with Special Refer-
ence to Atmospheric Radiation,” Quart. J. Roy. Meteor. Soc. 67, 263-275.
The mean absorption by CO,, the effect of pressure on absorption, whole energy
absorption, the absorption by mixtures of CO, and water vaporand atmospheric
transmission of solar radiation through the atmosphere are discussed. “Recent
additions to our knowledge of the structure of the water vapour spectrum (EI-
sasser 1940), and the atmospheric transmission of infra-red radiation (Adel 1939),
have tended to emphasise the importance of atmospheric radiation as a funda-
mental factor in meteorological processes. . . . Normally the greater part of this
radiation comes from the large quantities of water vapour present in the air, but
there are certain important regions of the atmosphere where the amount of water
vapour is extremely small and where a large part of the radiation comes from
the carbon dioxide always present. It is probable that measurements of carbon
dioxide absorption and radiation have been more numerous and extensive than
for most other gases, but these observational data are scattered through the sci-
entific literature of many decades and in several languages. Also they are usually
presented in a form which cannot be applied to atmospheric conditions and
which requires much coordination and simplification before it can be used for
the calculation of energy exchanges. In the following pages these measurements
are reviewed and different sets of observations are compared with the aid of a
simple function which will give the absorption by any quantity of CO in the dif-
ferent wave bands,” 263. “Prof. D. Brunt thought that the paper brought out very
clearly the fact that CO, absorption was rather more important that had been
thought in the past. Most writers had regarded this absorption as limited to a
narrow band, so that only a small fraction of the range of wavelengths within the
solar band was affected. Mr. Callendar’s paper supplied data which would make
it possible to estimate with increased accuracy the effects of CO, absorption and
radiation on the heat balance of the atmosphere,” 274. First good summary of
the absorptivity (A) of CO, much used for references in 1940s and ’s0s. Revived
the old Rubens and Ladenberg observations of A CO, as probably still the best
for the atmosphere,” CP 2, Notebook 1942, 261. “Summary of observed values of
CO, between 5 and 18 CP 2, Notebook 1942-IRS, 71-75.

Callendar, G. S., 1941d. “The Ocean’s Influence on Weather,” Quart. J. Roy. Meteor.
Soc. 67, 383-384.
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“I wonder if meteorologists have considered the possibility that recent abnormal
conditions in the North Pacific have disturbed the air circulation of our region,
so as to give a tendency for sub-normal temperatures in N.W. Europe during the
past two years,” 383. Letter regarding “warm period in Pacific N.W. 1939-41” CP
2, Notebook 1942, 260.

Callendar, G. S., 1941e. “Climatic Indicators,” Quart. J. Roy. Meteor. Soc. 67, 385-386.
“In view of the tendency towards milder conditions in the northern regions dur-
ing the present century, it would be most interesting if a reliable climatic indicator
could be found for the southern zone which was comparable in accuracy with the
numerous temperature and glacial observations of the north,” 385. Letter regard-
ing “rain and temperatures at Santiago, Cape Town, and Adelaide 1861-1938 . . .
[s]uggests temp[erature] and precipitation variations at the equatorial margin
of the Southern westerlies could be used as climatic indicators. Possible, though
doubtful if observations are accurate enough, or period long enough” CP 2, Note-
book 1942, 260-261.

Callendar, G. S., 1942. “Air Temperature and the Growth of Glaciers,” Quart. J. Roy.
Meteor. Soc. 68, 57-60.

“There is a close relationship between frontal movements of European glaciers
and very small changes in the temperature of preceding years, 58. CP 2, Notebook
1942, 262-263.

Sutherland, G. B. B. M. and G. S. Callendar, 1942-43. “The Infra-red Spectra of At-
mospheric Gases other than Water Vapour,” Rep. prog. phys., Lond. (Phys. Soc.)
9, 118-128 [art. 4].

A critical review, prepared at the request of the Gassiot Committee of the Royal
Society, on infrared absorption of gases in the atmosphere. “Confining our atten-
tion for the moment to the three well established constituents, H,O, CO,, and Os,
it is important to realise that, although all of the major discrete absorption bands
can be accounted for qualitatively in terms of the vibration-rotation spectra of
these three molecules, we cannot consider the infra-red spectrum as adequately
explained until the quantitative side has been fully investigated,” 19—20. “A vast
amount of work, largely experimental, is required before the problems of radiative
equilibrium can be solved. The following seem to us the more urgent require-
ments: (a) Accurate measurements on the absolute absorption coefficients in the
principle bands of CO,, Os, and N,O at a series of different pressures and tem-
perature and in the presence of varying amounts of water vapour. (b) Accurate
measurements of the absolute absorption coefficients for at least one band of each
of the following: NH;, CH,, C;Ha, C2Hs, CsHs, C:N2, HCN, N,O4, N2 Os. () Ac-
curate plot of the atmospheric spectrum between 2y and 7y, using a slit width of
1cm™ or less on a grating spectrometer. (d) Estimates of the relative importance
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of various absorption bands of the known and the fairly probable atmospheric
gases, in the absorption and emission of radiation. This investigation is being
started now, even though it cannot be completed until the accurate values of (a)
and (b) are available. Such an investigation will, in fact, assist in indicating which
gases and which bands should come first in the experimental programme,” 27. CP
2, Notebook 1942-IRS.

Callendar, G. S., 1943a. “Temperature Variations in the N.E. Atlantic,” Meteor. Mag.
(May) [Typescript letter].
“Extending Cameron’s values for 1930.” CP 2, Notebook 1942, 262.

Callendar, G. S., 1943b. “Climate Changes in the North,” Meteor. Mag. (October-
November), 2-3 [Typescript].
“Referring to the interesting article by L. G. Cameron entitled ‘The changing
temperature of Northern latitudes’ in the typescript Meteorological Magazine, for
March 1941, may I suggest that the charts of temperature variation would be con-
siderably more valuable if a somewhat different change period were used,” 2.

Callendar, G. S., 1944a. “Variations of Winter Temperature during Eight Centuries,”
Quart. ]. Roy. Meteor. Soc. 70, 221-224.
Re-examination of Easton’s (1928) coefficients of winter temperature in France
over a period of eight centuries, 222. CP 2, Notebook 1942, 262-263.

Callendar, G. S., 1944b. “Glacial Fluctuations,” Quart. J. Roy. Meteor. Soc. 70, 231-
232,
“Reply to Seligman’s criticism of [Callendar 1942].” CP 2, Notebook 1942, 262.

Callendar, G. S., 1947. “The Climate of the Netherlands,” Quart. J. Roy. Meteor. Soc.
73 (January), 195-197.
Critical of Labrijin’s Dutch temperature reconstructions. CP 2, Notebook 1942,
264-265.

Callendar, G. S., 1948. “Atmospheric Radiation,” Quart. J. Roy. Meteor. Soc. 74 (Janu-
ary), 81-82.
“It seems to be quite commonly assumed by meteorologists, and is of course
implied in Elsasser’s paper, that the amount of CO, in one thickness of the at-
mosphere can absorb all the energy of which this gas is capable, but there is no
observational evidence for this assumption. On the contrary the best measure-
ments show that this amount of CO, (2.2 meters), takes up only about 50 percent
of the energy in the CO, regions,” 82. Commentary on G. D. Robinson’s paper
in the Quarterly Journal for January 1947 on atmospheric radiation. “Establishes
that this additional radiation cannot be due to extra CO,. Proposes mainly dust,
smoke, organic vapours, etc., etc” CP 2, Notebook 1942, 265.

Callendar, G. S., 1949. “Can Carbon Dioxide Influence Climate?” Weather 4 (Oc-
tober), 310-314.
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“Reduced to its simplest terms this theory [of CO, climate change] depends on
the fact that, whereas carbon dioxide is almost completely transparent to solar ra-
diation, it is partially opaque to the heat which is radiated back to space from the
earth. In this way it acts as a heat trap, allowing the temperature near the earth’s
surface to rise above the level it would attain if there were no carbon dioxide in the
air. ... It is mainly owing to the predominance of water vapour and the extreme
irregularity of its absorption that attempts to asses the effect of carbon dioxide
on temperatures have so far met with little success. . . . Changes in the amount of
carbon dioxide affect the emissivity of the atmosphere at all levels, including the
download component at the surface, and these effects can be calculated with some
accuracy from the known absorption coefficients,” 310. Paper examines regions
where the effect of carbon dioxide is greatest, “the possibility of such changes [in
CO,] being brought about by human agency;” and the present trend of climate,
311. “It may be said that the climates of the world are behaving in a manner which
suggests that slightly more solar heat is being retained in the atmosphere. This
could be due to its increasing opacity to terrestrial heat as a result of the additions
of carbon dioxide,” 314. “A valuable short summary of the probable effect of CO,
on climate. Most points made were reaffirmed by Hewson and Plass at Toronto
Meteorological Conference 1953 CP 2, Notebook 1942, 265.

Callendar, G. S., 1950a.“Bleak, Boisterous and Foggy,” Weather 5 (May), 187.
“Regarding the Climate of Marion Island, 470 S. Latitude,” 187. “Suggests Marion
as a good site for paleoclimatic studies.” CP 2, Notebook 1942, 265.

Callendar, G. S., 1950b. “Note on the Relation Between the Height of the Firn Line

and the Dimensions of a Glacier,” J. Glaciology 1, 8 (October), 459-461.
“There are a number of glaciers which maintain a fairly uniform slope and width
for long distances. In such cases it is possible to estimate the effect of a small
change in the altitude of the firn line on the length of the glacier, if the change
has occurred between periods when it was in climatic equilibrium for several
years and was due to a variation of temperature rather than precipitation,” 459.
“Shows that the length variation of typical glaciers may be 1 to 3 km per degree
C. change in temperature of the ablation season.” CP 2, Notebook 1942, 267.

Callendar, G. S., 1951a. “The Effect of the Altitude of the Firn Area on a Glacier’s
Response to Temperature Variations,” J. Glaciology 1, 10 (October), 573-576.
“The importance of the altitude of the principle accumulation areas of a gla-
cier, when considering its response to temperature changes, has been repeatedly
stressed by Ahlmann, Cooper, and others, but the reason for the decisive influ-
ence of this altitude is not always very obvious to workers in related fields. It may,
however, be clearly demonstrated by means of a simple diagram such as the one
accompanying this note,” 573. “Shows that temperature variations of ablation
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season greatly affect glacier up to 400 m above firn line, slightly 400-700 m,
increasingly above 700 m.” CP 2, Notebook 1942, 267.

Callendar, G. S., 1951b. “Effect of Shelter Hedges on Mean Temperature,” Meteor.
Mag. 8o (October), 294-295.
“It would appear from these figures that the increasing height and density of
the shelter belt at Eskdalemuir has had no significant effect on the overall mean
temperature recorded there. Its effect on the daily range is a different matter,” 29s.
“Compares Eskdalemuir, Lancaster, and Blackfort Hill, show no effect of hedge
on measurement.” CP 2, Notebook 1942, 264-265.

Callendar, G. S., 1952a. “The Greenwich Temperature Record,” Quart. J. Roy. Meteor.
Soc. 78, 265-266.
Greenwich temperatures 1841-1950, with 10, 30, and 50 year curves given. Com-
pares 1925—-49 minus 1900-24 for several stations. “A useful note on temperature
trends 1840-1950. Greenwich is probably one of the very best European tempera-
ture records greater than 100 years.” CP 2, Notebook 1942, 264-265.

Callendar, G. S., 1952b. “Air Temperature and Solar Radiation,” J. Glaciology 2, 11
(March), 69.
Addresses “misconceptions in glaciological literature about the part played by
direct solar radiation in the melting of snow and ice,” 69. CP 2, Notebook 1942,
267.

Callendar, G. S., 1955. “A Close Parallel Between Temperature Fluctuations in East
Canada and Britain,” Quart. J. Roy. Meteor. Soc. 81 (January), 98-99.
“Compares the 10-year moving average of temperature at Kew with that shown
by a group of five stations in southern Ontario,” 98. “Finds mean overall rise rate
1870-1950 of 0.020 F/yr in all Canada, 60 stations, and Britain. Useful note on
temperature trends, but reference to CO, effect in last paragraph is too overcom-
pressed and would be almost totally incomprehensible to most readers of the
Quarterly Journal” CP 2, Notebook 1942, 266-267.

Callendar, G. S., 1957a. “Contribution to discussion of Plass’s paper [vol. 82, p. 310]
on atmospheric cooling rate,” Quart. J. Roy. Meteor. Soc. 83 (April), 273.
“Some useful points are made on the effect of CO, in reducing water vapour
cooling in lower troposphere. Also on the importance of secondary effects in
increasing the influence of CO, on climatic change” CP 2, Notebook 1942, 269.

Callendar, G. S., 1957b. “The Effect of Fuel Combustion on the Amount of Carbon
Dioxide in the Atmosphere;” Tellus 9 (August), 421-422.
Letter re: “the large discrepancy between recently measured depressions of the
radio-carbon activity, (known as the “Suess effect”), and the apparent increase in
atmospheric CO, as given by measurements of this quantity between 1870 and
1935, 421. “Suggests possible meteorological and oceanic causes for relatively
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high CO, values obtained by K. Buch in 1930s and notes recent points of interest
in new Scandanavian CO, [data]. A useful contribution to the heading subject
which should be of interest to the USA workers on radio-carbon problems.” CP
2, Notebook 1942, 269.

Callendar, G. S., 1957¢. “Climatic Changes,” Weather 12 (February), 6.
“Letter criticizing the diagram used by R. G. Veryard in his article on climatic
change in Weather 11/56. . .. R. G. V.’s use of accumulated departures from mean
of whole period ‘effectively obscures any trend.” CP 2, Notebook 1942, 267.

Callendar, G. S., 1958a. “On the Amount of Carbon Dioxide in the Atmosphere,”
Tellus 10, 243-248.
“Of late years there has been much interest in the effect of human activities on the
natural circulation of carbon. This demands a knowledge of the amount of CO,
in atmosphere both now and in the immediate past. Here the average amount ob-
tained by 30 of the most extensive series of observations between 1866 and 1956 is
presented, and the reliability of the 19th century measurements discussed. A base
value of 290 ppm. is proposed for the year 1900. Since then the observations show
a rising trend which is similar in amount to the addition from fuel combustion.
This result is not in accordance with recent radio carbon data, but the reasons for
the discrepancy are obscure, and it is concluded that much further observational
data is required to clarify this problem. Some old values, showing a remarkable
fall of CO; in high southern latitudes, are assembled for comparison with the
anticipated new measurements, to be taken in this zone during the Geophysical
Year,” 243. “Continuing 1940 CO, paper . . . a useful summary of the observations.
Proposes 290 ppm as base value in 1900 CP 2, Notebook 1942, 269.

Callendar, G. S., 1958b. “On the Present Climatic Fluctuation,” Meteor. Mag. 87 (July),
204-207.
“[Clarification of] the term ‘present climatic fluctuation’ . . . The figures shown
and discussed on the following pages are intended to illustrate the essential dif-
ference between the local fluctuations given by decadal averages and long period
trends over wide areas,” 204. CP 2, Notebook 1942, 269.

Callendar, G. S., 1960. “Contribution to discussion of Kraus’s paper on climatic
change in vol. 86, Jan, Quart. J. Roy. Meteor. Soc. 86 (October).
“Some useful points made regarding temperatures in the ’sos, Simpson’s theories,
and probable effect of CO,. Generally more to the point and favorable to Kraus’s
paper than other contributions” CP 2, Notebook 1942, 269.

Callendar, G. S., 1961a. “Temperature Fluctuations and Trends over the Earth,” Quart.
J. Roy. Meteor. Soc. 87, 1-11.
“The annual temperature deviations at over 400 meteorological stations are com-
bined on a regional basis to give the integrated fluctuations over large areas and
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zones. These are shown in graphical form, and it is concluded that a solar or
atmospheric dust hypothesis is necessary to explain the world-wide fluctuations
of a few years duration. An important change in the relationships of the zonal
fluctuations has occurred since 1920. The overall temperature trends found from
the data are considered in relation to the homogeneity of recording, and also to
the evidence of glacial recession in different zones. It is concluded that the rising
trend, shown by the instruments during recent decades, is significant from the
Arctic to about 45°S lat., but quite small in most regions below 35°N and not yet
apparent in some. It is thought that the regional and zonal distribution of recent
climatic trends is incompatible with the hypothesis of increased solar heating
as the cause. On the other hand, the major features of this distribution are not
incompatible with the hypothesis of increased carbon dioxide radiation, if the
rate of atmospheric mixing between the hemispheres is a matter of decades rather
than years,” 1. A manuscript draft copy of this article and the data used in con-
structing the appendix is in CP 8, Folder 2, Notebook 1960-05-17. In March 1964
Callendar wrote two pages of notes about this article: CP 8, Folder 4, 1961_tem-
perature_note1 and _note2.

Callendar, G. S., 1961b. “Correspondence,” Reply to “Temperature Fluctuations and

Trends over the Earth,” by H. E. Landsberg and J. M. Mitchell, Jr., Quart. J. Roy.
Meteor. Soc. 87 (July), 435-437.

“I fully agree with their conclusion that the indirect influence on temperature of
induced changes in the general circulation may overwhelm primary effects,” 436.
A copy of this comment and correspondence relating to it is in CP 1. “A valuable
summary of the temperature variations over the earth using up to 400 series.
An attempt is made for the first time to assess the significance of urban effect’s
‘improved exposures, on temperature trends. It is suggested that rising trends
are due to increased CO, rather than solar heat. Glacial variations are used to
substantiate temperature trends” CP 2, Notebook 1942, 271.

Callendar, G. S., 1964. “Climatic Changes Affecting European Birds,” Weather 19,

264.

Exhange between Callendar and G. Harris regarding the latter’s article in Weather,
March 1964. Callendar emphasized “the necessity for a careful examination of
the history of any temperature series before making use of it for generalizations
about climatic changes,” and cited possible author bias, computational errors, and
changes in the location of some stations as reasons for the cooling trend of up to
10C reported by Harris. In reply, Harris pointed out that “Surely Mr. Callendar
will agree that the picture of a general decline of temperature in recent years
remains unaffected” by these considerations, 264-265.

[P.C.], 1965. Obituary, “Guy Stewart Callendar,” Quart. J. Roy. Meteor. Soc. 91, 112.



Annotated Bibliography of the Publications of Guy Stewart Callendar 109

Unpublished Papers on Climate’

Note on the Spectrum of Outgoing Radiation from the Troposphere.’

Note on Apparatus Required for Measurement of the Infra-Red Absorption of At-
mospheric Gases. 1942.

Infra-Red Absorption in Wave Lengths Which Are Important for Atmospheric Ra-
diation.

Simple Empirical Equations for Estimating the Relative Importance of Variables in
Atmospheric Radiation. 1948 (Gassiot Commission)

A Contribution to the Problem of Glacial Climates, The Carbon Dioxide Theory.
1953.

The Exchange of Carbon Dioxide Between the Sea and the Atmosphere. 1954.°

Book Manuscript
“Climate and Carbon Dioxide™*

1. Listed in the Red Notebook, 4. CP 8, Folder 5.
2. CP 1. Calledar_n.d._ms_CO,spectrum.

3. CP 1. Callendar_n.d._charts_oceanCO,.

4. Not found. See pp. 84-86 this volume.



APPENDIX B

“Love Letters” from Guy to Phyllis,
September 1934

White Star Line. On Board M.V. “Britannic.”
8 Sept. 1934
My dearest Phyllis,
I am safely on board now, after an excellent journey up from home. The only
really uncomfortable part was the “Inner circle” from Vic[toria Station] to
Euston. I wished I had taken a taxi as it was slow & crowded but I got to
Euston at 9:05, & found the Egertons had a reserved carriage for themselves,
so there was lots of room for me & bags. We had sandwich lunch & coftee
at about 12:00. Very comfortable smooth train, with large low windows like
a Pullman. It was weird going through the docks on the train as we seemed
to get lost in miles of warehouses, which were full of packages, & seemed to
have only tramlines going through them, however we got to the ship in the
end at 1:45. It is a fine boat with lots of lounges, smoke rooms, etc., etc. &
does not seem crowded as there are such hundreds of armchair in the various
rooms. Some of the latter are very fine with huge imitation log fires, lots of
alcoves, fine wood paneling, & so on. I will tell you more about it later on.
My cabin is very nice, you would love it, several little cupboards, basin,

1. CP 8, Folder 1. See Chapter 3 in this volume.
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[hot and cold water], air blows in through a shutter, and the bed looks very
comfortable, also an armchair in it & reading light.

Thope you had a good rest in bed after I left. I wonder if the twins missed
me today, you must show them the picture of the boat & tell them I'm
there.

You would like the tea here, just sit down in an armchair, & have it all
brought to you without asking, cakes, muffins, etc. My cabin is about the size
of my little room at home.

I hear the Galway mail goes out on Sunday night, so I will send this letter
then. It is lovely & sunny this evening & the sea is very blue with a strong
breeze. The ship seems quite steady in these small waves, but there is a slight
vibration from the engines. We have eight at our supper table: the Egertons,
Guys, Robinsons, myself & another man I don’t know yet. Not dressing
tonight, but will be all other nights.

Sunday.

Lovely morning in Cork harbour, thank you ever so much for your telegram,
and the nice little note you left in my bag, it was sweet of you to think of
them.

Last evening we had a cinema show in the large lounge, it was some fright-
ful murder thriller. I sympathized with the Egertons who I should think had
never seen anything like it!

Supper was the usual 5-course affair; very good food and lots of things to
choose from. I slept quite well, though the air makes rather rushing noise,
as it comes into the cabin, the water was hot enough to shave with! There
does not seem to be any tennis court, but two deck tennis courts instead.

We have great arguments at meals on the Soviets & other political sub-
jects, that is the men do, the ladies talk of more personal things. I have not
seen much of the Egertons since we came aboard, but a lot of the Scotch
engineer and Mr. Guy. We are running along the south coast of Ireland this
morning with blue sky and sea with some rollers on it, but the ship is not
moving much to them.

Later.
We went round the south west corner of Ireland this afternoon, the coast is
very fine, there lots of islands & headlands, etc.

We spent this evening having a miniature steam conference, so it has got
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very near to posting time for Galway. I have tried all the games on board
& like the deck tennis best, it is just like badminton except that you catch a
ring, instead of hitting a shuttle.

The boat is still steady, but there is a depression coming up, and I expect
it will be rougher tomorrow. It looks like a mild low to me, so I expect it will
be more rain than wind.

Well darling I must say goodbye now. I do hope the twins are not being
too troublesome, and that you are not very lonely at night. I showed the
Egertons the photos & they thought them lovely. Mrs. asked me to send you
her best regards. I must stop at once or I shall miss the post.

Lots of Love darling.

From your own Guy. XXXxxxxxx

White Star Line. On Board M.V. “Britannic.”

Monday 10th Sept.

My dearest Phyllis.

What a contrast, yesterday we were sitting in the sun watching the green
hills and rocky islets of the Irish coast go by, this morning the rushing wind
is everywhere with flying spray. The log reads “Mod to fresh s.w. gale, heavy
seas sending spray over the poop.” The boat is pitching in a dignified way,
the front part falling & rising as much as 5o ft. at times (27 [ft.] herald? is
about 25 [ft.] to roof line), about 9o% of the passengers are more or less queer,
more than 50% keeping to their cabins. I am feeling moderate, but not able to
face the dining room meals so I am subsisting on chicken sandwiches from
the buffet. I have lovely deep sea water baths, with a fresh water shower to
follow.

Tuesday.

Had a good sleep & feel better, had breakfast in the saloon. This is queer
weather, with bright sun most of the time, and a tearing wind from south-
west, sea rather smoother than yesterday, but still equal to worst winter gale
at Hastings, and of course much higher than anything you would see at
Worthing. Later on the wind dropped & it rained a little, many fresh people
appeared on deck.

2. Nautical term for plate on the stern of a ship inscribed with the ship’s name.
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Quite a good cinema show tonight, but too full of close ups showing lush
kisses. Dancing in the saloon 9 to 12 pm.
You would like the meals here today. I had supper as follows:

Bronx cocktail®

1/2 cantaloupe melon

Red Mullet

Surrey Capon

Garden peas & asparagus

Large strawberry ice on pineapple chips
Fresh peach

Coftee.

Of course there are innumerable other choices. The melons to start & ices
to finish are nice, otherwise I don’t really enjoy these elaborate meals, more
than ours at home.

Wednesday.
Cool & fresh with sun & cold wind this morning, they have an illuminated
map showing the position of the ship, we are south of you now & 1/2 way
across. I get plenty of exercise walking round & playing the various deck
games.

We hold small steam conferences which last most of the morning to ex-
plain the various reports.

Thursday.
Had a fancy dress carnival last night, tremendous amount of noise with toy
trumpets, balloons, etc. It beats me how grown up people can find amuse-
ment blowing tin trumpets, of course some of them had had the necessary
amount of alcohol, but some of our party had not had any! Mr. & Mrs. Rob-
inson were very good as Egyptian nobles. The Secretary of the Royal Society,
Dr —, stood us cocktails before supper, of course one cocktail is nothing,
not equal to a pint of beer, though it may cost twice as much.

Fair with cold wind this morning, sea still rather rough, but most of the
passengers are all right again now.

3. Made with vermouth, gin, orange juice, and orange slice.
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I'am missing you and the babies quite a lot, it is fortunate there is so much
to do. Mrs. Egerton say[s] you would enjoy this trip far more than I do, and
I'm sure she is right, though I am enjoying it very well, I am astonished
what small things seem to amuse people on board, I suppose very few hold
anything in their head which interests them.

Friday.

Lovely morning sun & calm sea. We are running along the south coast of
Newfoundland now, we sighted Cape Race at 7:00, it looks a rocky and
desolate coast compared with Ireland, though it is hundreds of miles fur-
ther south than the latter. The Newfoundland winter is far more severe than
anything we get in the British Isles.

Had a cinema last night, “Judge Priest,” turgid with emotion but of a much
higher class than most films. I had a dream about you last night, I dreamt I
was looking over the ship for you & a[t] last found you watching the film,
I felt pleased all over when I found you and wanted to give you lots of real
kisses, but woke up instead feeling frightfully homesick, fortunately I went
to sleep again fairly soon.

I am sticking to white meats at the meals as I think they are less like-
ly to upset one, the ices are extremely good, very nearly equal to those at
Tregenna.*

I have not spent anything more than a few shillings yet, as there are no
extras except beer, of course 801 per day ought to cover most things!®

Saturday.
Fine again with blue sea, we are off Nova Scotia this morning but cannot
see land yet.

Went over the engines of this ship with Mr. Guy yesterday, they are i.c.
[internal combustion] that is like those in a motorcar. The engine room is
like 500 large lorry engines all going together in a tin shed, it is no place for
ladies.

Your packing was very good dear, the only thing missing was that blue
packet of razor blades, but I got some more at the shop here so it did not
matter at all. We are supposed to get in to Boston at 10 AM Sunday, I shall

4. Possibly a reference to Tregenna Castle Hotel, St. Ives, Cornwall.
5. £8,1p per day.
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post this on board so as to use my English stamps. I will write again in a few
days, but not so long as this because the conference will be on then. I shall
not dress for dinner tonight as my evening suit will be packed up then.

Great excitement this afternoon as we ran through a school of w[h]ales.
I must rush off & pack now as the bags must be ready by 9:00.

Lots of Love to you darling.

From your own Guy.

Love and kisses also for the twins, I am looking forward to hearing all
about them in your letter.

Hotel Astor, New York

20 & 21 Sept. 1934

My dearest Phyllis,

Thank you so much for your lovely letter, which came in last evening, you
can’t think how much I enjoyed reading it. Anne’s remarks made me feel
frightfully homesick.

I have been rushing round so much lately that I have not had a minute to
write.

It is lovely this morning with a bright sun shining on the high New York
buildings.

I will give a brief account of what we have done since my last letter. We
got into Boston early on Sunday morning in a fog, it took 2 hours to get
through the customs. Some American professors met us & took us to lunch
at Harvard. In the afternoon they took us for a nice motor ride to see the local
points of interest, New Inn [?], Concord, etc., etc. Nice residential districts
round Boston, which has a magnificent harbour with small islands in it.

Train to Washington 12 hours in rather uncomfortable sleeper with com-
mon wash place. Fine city with solid looking white buildings.

Back to Boston on Tuesday to see the M.I.T. apparatus & hear interesting
lectures. By very comfortable boat to New York for the main conference.

My room at the Astor is very nice with comfortable armchairs, & private
bathroom attached. Last evening we went to the top of the Empire State
Building 1300 ft high (200 above the Eiffel Tower) & looked down on all the
lights of New York.

We have dinner every night, on Wednesday 7 to 11:30, speeches nearly sent
everyone to sleep. The result is that I have not a moment to write, I should
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be having breakfast now! I shall have to tell you about the things I have seen,
when I get back, as it would take 10 pages to convey any idea of them. How
sweet of you to say you are going to try not to be cross with me ever when
I get back, I think only an angel could do that with two troublesome twins
to look after, but I know you will do your best darling, not to let little things
bother you. Try & leave them occasionally with the family, if they will let
you go.

All the ladies of our party have seen the photos of them & they are greatly
admired.

Yes certainly you can go up to town one day when I get back & I will give
you your fare. Thank you for the article by Armstrong.

Lots of kisses to you & the babies

from

Your ever loving

Guy.

Hotel Astor, New York

22 Sept. 1934

My dearest Phyllis,

Not quite so busy today as the conference is nearly over, it is voted a tremen-
dous success by all concerned. We had a supper last night at the Waldorf-As-
toria which is a new, and very super hotel, I must say I found the chromium
plate & polished wood interiors very pleasing. This supper was given by the
visiting delegation, Mrs. Egerton made a speech for the ladies and sent all
their best wishes to you and the twins, she mentioned the latter by name &
said that they were the “darlingest little girls you ever saw.” Mrs. Key[e]s,
the little French wife of Prof Keyes, had previously sent the greetings of the
American ladies to you & the twins. They were also mentioned in the course
of a humorous speech by Dr. Davis, president of the American society of
engineers.

On Wednesday we were entertained to dinner at the N.Y. Society of Arts,
by Mr. Orrich, & went on a sightseeing expedition afterwards. I may play
tennis with Keenan and Mrs. on Sunday afternoon.

I am looking forward to a quiet time during the next four days, as apart
from the above & a visit to Philadelphia on Wednesday next, I am not fixed

up.
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Ilearn that I can wear grey trousers for the tennis & that Keenan can lend
me a racket. I have purchased a magnificent pair of tennis shoes for 6/— they
would cost 18 to 30/— in England.

Now that all the rush and work of the conference is over I feel frightfully
homesick, and long to be back at our quiet little home where I really belong.
Once the boat starts moving I shall be all right, I see the Britannic started
back this morning, I wish I was on her. Many people would think I must be
mad to wish to quit living like a lord, free of charge, in the center of New
York, but I want to get home to you and the twins. The air here is like warm
thick soup, there is no movement, and it tastes & smells very secondhand.
I have a huge fan in my room, but the air in the streets (canyons) is awful. I
long for the glorious fresh breezes of Worthing.

I have a little green disc set in the wall of my room (No 676) which lights
up if a message for me is at the office, it is like a link with you because the only
time it has lit was for your letter. A fast German boat leaves on the 26[th] &
gets to Southampton on the 1st, but unfortunately I cannot transfer to her.

Some reaction is inevitable after the excitement of the past week. & I
shall feel right again tomorrow especially after a game of tennis. I wish I
had brought a photo of you as well as the babies, Mrs. Key[e]s who is a little
thing like you, asked to see one of you as well as the twins & I was a fool not
to have one to put in my room.

Well darling I will post this now so as to get to you as soon as possible. I
will write another in a day or two.

All my love & kisses to you and the babies.

Your own devoted

Guy.

Monday 24 Sept. 1934

My dearest Phyllis.

I am told I must post a letter not later than tomorrow if I wish it to reach
you before I do.

I have had a good rest since the conference closed, I have been for one
or two trips on charabancs® to see New York, but until today the weather
has been so hot & close that I have kept pretty quiet. Today it has been fine
& sunny and I had quite a good game of tennis over at Hoboken with two

6. A large open-topped sightseeing bus.
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of Keenan’s friends (and Keenan himself). From the court we had a view of
the famous New York skyline, on the other side of the Hudson River. The
students at this university play tennis with only the shortest of shorts on,
and no shirt, which we should think hardly decent as there are plenty of
girls about. Tomorrow I am taking the bus to Phyladelphia [sic.] to meet the
Egertons who are at present in Washington, and we are to be shown round
on Wednesday by our friend Lascells whom we met on the boat. I return
here on Wednesday eve or Thursday morning.

I am rather troubled as to what present to get you, as the handbags seem
very ordinary, as do most other things in the shops. I will find something
dear, though it may be quite small. I am longing for the time when the ship
actually starts to move towards home, I am going down to the shipping office
tomorrow morning to find out what time of day it starts.

Tuesday morning.
I see from the paper that the Laconia has bumped a cargo vessel in a fog, it
says she is not damaged except for scratches, I am just going down to the
office to enquire. I trust her sailing date will not be delayed. I have brought
a very comprehensive book on combustion, Keenan got it for me at 20%
discount.

I am seeing if there is a chance of booking on the Mauritania, sails tomor-
row, if so I shall be home before this.

In haste.

Lots of Love

from

your own

Guy.



APPENDIX C

Inventory of G. S. Callendar’s
Study at the Time of His Death

This inventory was compiled in October 1964 by Callendar’s daughters, and is tran-
scribed here with minor emendations from the Red Notebook. CP 8, Folder 5.

Technical Reference Books

Oceanography for Meteorologists. H. V. Sverdrup. 194s.

Cambridge Five-Figure Tables. Hall and Rideal. 1929.

Variations of Temp. at Oxford 1815-1934. L. E. Lewis. 1937.

Enlarged Callendar Steam Tables. 1924.

The 1939 Callendar Steam Tables.

Glaciers and Climate. H. W. Ahlmann. 1949.

Chambers Mathematical Tables (circa 1900).

Revised Steam Tables and Diagrams of the J.S.M.E. by the Japan Soc. of Mech. En-
gineers. 1950 and 1955.

Thermodynamic Properties of Steam. Keenan and Keyes. 1936.

Physical and Chemical Constants and Some Mathematical Functions. Kaye and
Laby. 1920.

Fuels and Their Combustion. Haslam and Russell. 1926.

Reports on Progress in Physics. Vol. IX, 1942-43.

Newnes Engineers Manual. E J. Camm. 1941.



122 THE CALLENDAR EFFECT

Thermodynamics for Engineers. Ewing. 1936.

Text Book of Inorganic Chemistry, Vol. V. Caven. 1921.

Coal: Its Constitution and Uses. Bone and Himus. 1936.

Coal and Its Scientific Uses. W. A. Bone. 1919.

Hints to Meteorological Observers. Marriot. 188.

The Meteorology of the Falkland Islands and Dependencies. ]. Pepper. 1944-1950.

Copies of Papers published by G. S. C.

Abridged Callendar Steam Tables—Centigrade.

Abridged Callendar Steam Tables—Fahrenheit.

The Reduction of Platinum Resistance Thermometers to the International Temp.
Scale. (Phil. Mag., November 1932).

Correction Tables for use with Platinum Resistance Thermometers. Callendar and
Hoare. 1933.

An Experimental Study of the Enthalpy of Steam. Callendar and Edgerton. 1960.
(Roy. Soc.)

On the Saturation Pressures of Steam. Edgerton and Callendar. 1932 (Roy. Soc.).

The Effect of the Attitude of the Firn Area on a Glacier’s Response to Temperature
Variations. (Journal of Glaciology, October 1951).

Note on the Relation Between the Height of the Firn Line and the Dimensions of a
Glacier. (Journal of Glaciology. February 1950).

Note on the Effect of Temperature on Glaciers. 1941.

The Composition of the Atmosphere Through the Ages. (Meteorological Mag. March
1939).

On the Present Climatic Fluctuation. (Met. Mag. 1958).

Variations of Winter Temperature During Eight Centuries. (Quarterly Journal. July
1944).

A Close Parallel Between Temperature Fluctuations in East Canada and Britain.
(QJ. Jan. 1955).

The Greenwich Temperature Record. (Q.]. April 1952).

Temperature Fluctuations and Trends Over the Earth. (Quart. Journ. January
1961).

Variations of the Amount of Carbon Dioxide in Different Air Currents. (Q.J. Oc-
tober 1940).

Infra-Red Absorption by Carbon Dioxide with Special Reference to Atmospheric
Radiation. (Quart. Journ. July 1941).

The Artificial Production of Carbon Dioxide and Its Influence on Temperature. (Q.].
April 1938).
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Can Carbon Dioxide Influence Climate? (Weather October 1949).

The Effect of Fuel Combustion on the Amount of CO, in the Atmosphere. 1957
(Letter in Tellus).

On the Amount of Carbon Dioxide in the Atmosphere. (Letter in Tellus 1957).

On the Amount of Carbon Dioxide in the Atmosphere. (Tellus 1958).

A Century of Temperature Variation in England. October 1938.

Annual Mean Temperatures. April 1941.

The Ocean’s Influence on Weather. October 1941.

Climatic Indicators. October 1941.

Atmospheric Radiation. January 1941.

Air Temperature and the Growth of Glaciers. January 1942.

Air Temperature and Solar Radiation (Letter in Journal of Glaciology 1951).

Unpublished Papers

Note on the Spectrum of Outgoing Radiation from the Troposphere.

Note on Apparatus Required for Measurement of the Infra-Red Absorption of At-
mospheric Gases. 1942.

Infra-Red Absorption in Wave Lengths Which Are Important for Atmospheric Ra-
diation.

Simple Empirical Equations for Estimating the Relative Importance of Variables in
Atmospheric Radiation. 1948 (Gassiot Commission).

A Contribution to the Problem of Glacial Climates, The Carbon Dioxide Theory.
1953.

The Exchange of Carbon Dioxide Between the Sea and the Atmosphere. 1954.>

Reprints of Papers by Other Meteorologists

Abbot. Sun Spots and Weather (1933).

Ahlmann. Glaciological Research on the North Atlantic Coasts (Royal Geog. Society,
1948).

Arakawa. Selected Papers on Climatic Change (Met. Research Inst., Tokyo, Japan).

Barnes. The Crystal Structure of Ice Between 0°C and -183°C (Royal Society, 1929).

Bonacina and Hawkes. Climatic Change and the Retreat of Glaciers (1947).

Brinkworth. The Ratios of the Specific Heats of Nitrogen at Atmospheric Pressure
and at Temperatures between 10°C and -183°C (Royal Society, 1926).

1. CP 1, Calledar_n.d._ms_CO,spectrum.
2. CP 1, Callendar_n.d._charts_oceanCO,
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Burch, Gryrnak and Williams. Infrared Absorption by Carbon Dioxide. (Ohio State
Univ. Research Foundation. January 1961).

Cowling, T. G. Atmospheric Absorption of Heat Radiation by Water Vapour.

Cowling, T. G. The Calculation of Radiative Temperature Changes (1950).

Craig. Tellus (1956).

Dines. Monthly Mean Values of Radiation from Various Parts of the Sky at Benson,
Oxfordshire (Royal Met. Soc., 1927).

Drummond. Cold Winters at Kew Observatory (Royal Met. Soc., 1942).

Eggers and Crawford. microfilm of paper on CO, (1951).

Fairbridge, R. W. New Radiocarbon Dates of Nile Sediments (Nature, 1962).

Flohn. Meridional Transport of Particles and Standard Vector Deviation of Upper
Winds (1961).

Flohn. Man’s Activity as a Factor in Climatic Change (New York Academy of S.,
1961).

Glueckauf (1951).

Heusser, C. J. Variations of Blue, Hoh, and White Glaciers During Recent Centuries
(Arctic, 1957).

Hills. The Cooling of the Earth by Convection and Some of Its Consequences (Em-
pire Survey Review, 1939).

Hustich. Correlation of Tree-Ring Chronologies of Alaska, Labrador, and Northern
Europe (Helsinki, 1956).

Kaplan, L. D. The Influence of Carbon Dioxide Variations on the Atmospheric Heat
Balance (Tellus, 1960).

Kaplan and Eggers (1956).

Lamb, H. H. Atmospheric Circulation, Climate, and Climatic Variations (Geogra-
phy, 1961).

Lamb, H. H. Halley Bay Meteorology (1960).

Lamb, H. H. Climatic Change Within Historical Time as Seen in Circulation Maps
and Diagrams (1961).

Lamb, H. H. and Johnson. Climatic Variation and Observed Changes in the General
Circulation (1961).

Landsberg and Mitchell. Temperature Fluctuations and Trends Over the Earth (Cor-
respondence, Quart. Journ. July 1961).

Lane and Urey. Ages by the Helium Method: I. Keweenawan (Geological Soc.,
1934).

Ludlam (1957).

Manley, Gordon. The Snowline in Britain (1949).

Manley, Gordon. Topographical Features and the Climate of Britain (1944).

Manley, Gordon. Some Recent Contributions to the Study of Climate Change
(1944).
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Manley, Gordon. The Range of Variation of the British Climate (Geog. Journal,
1951).

Mitchell, J. M. The Measurement of Secular Temperature Change in the Eastern
United States (Office of Climatology, U.S. Weather Bureau, 1961)

Plass. The Influence of Infrared Absorptive Molecules on the Climate (1961).

Plass. The Influence of Numerous Low-Intensity Spectral Lines on Band Absorp-
tion (1964).

Plass. Transmittance of Carbon Dioxide and Water Vapour over Stratospheric Slant
Paths (Applied Optics, 1964).

Plass. Spectral Band Absorptance for Atmospheric Slant Paths (Applied Optics,
1963).

Plass. Mie Scattering and Absorption Cross Sections for Aluminum Oxide and Mag-
nesium Oxide (Applied Optics, 1964).

Plass and Stull. Carbon Dioxide Absorption for Path Lengths Applicable to the At-
mosphere of Venus. Technical Report, Ford Motor Co., USA.

Plass, Stull, and Wyatt. Final Report on Theoretical Study of the Infrared Radiative
Behavior of Flames. Vol. I: The Infrared Absorption of Water Vapour. Vol. II:
The Infrared Absorption of Carbon Dioxide, 1961. (Prepared for the Geophysics
Research Directorate, United States Air Force, Mass.).

Plass, Stull, and Wyatt. Infrared Transmission Studies. Vol. I. Spectral Band Absorp-
tance for Atmospheric Slant Paths (1962); Vol. II. The Infrared Absorption of
Water Vapour (1962); Vol. III. The Infrared Absorption of Carbon Dioxide (1963);
Vol. IV. The Influence of Numerous Weak Lines on the Absorptance of a Spectral
Band (1963); Vol. V. Transmission Tables for Slant Paths in the Stratosphere (1963);
Vol. VI. Mie Scattering and Absorption Cross Sections of Aluminum Oxide and
Magnesium Oxide (1963).

Plass, Stull, and Wyatt. Quasi-Random Model of Band Absorption (J. Optical Soc.
Amer., 1962).

Plass, Stull, and Wyatt. The Infrared Transmittance of Carbon Dioxide (Applied
Optics, 1964).

Plass, Stull, and Wyatt. The Infrared Transmittance of Water Vapour (Applied Op-
tics, 1964).

Plass, Stull, and Wyatt. Vibrational Energies of the CO, Molecule (J. Chem. Phys.,
1962).

Revelle and Suess (1956).

Riehl (1956).

Robinson (1947, 1949).

Rodenwald (n.d.).

Schell. The Ice Off Iceland and the Climates During the Last 1200 Years Approxi-
mately (1961).
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Schell. Recent Evidence About the Nature of Climate Changes and Its Implications
(1961).

Schove, D. J. Chinese ‘Raininess’ Through the Centuries (Meteorological Mag., Janu-
ary 1949).

Schove, D. J. The Reduction of Annual Winds in North Western Europe, A.D. 1935—
1960.

Schove, D. J. Summer Temperatures and Tree-Rings in North Scandinavia, A.D.
1461-1950.

Schove, D. J. Models of the Southern Oscillation in the 300-100 mb Layer and the
Basis of Seasonal Forecasting (1963).

Schove. D. J. The Major Pressure Oscillation 1875 to 1960 (1961).

Schove, D. J. Auroral Number Since 500 B.C. (1961).

Smed (1949).

Symons. On Barometic Oscillations During Thunderstorms, and on the Brontom-
eter, an Instrument Designed to Facilitate Their Study (1890).

Taylor, Benedict and Strong. microfilm of paper on CO, (1952).

Thorndike. microfilm of paper on CO, (1947).

UNESCO Rome Symposium in Paris 1961. Papers presented on changes of climate
with special reference to the arid zone.

Wiseman and Ovey. Recent Investigations of the Deep Sea Floor (Geologists Assn.,

1950).

Magazines—English Societies

Journal of Glaciology (25 magazines, various dates between January 1947 and Febru-
ary 1964).

Quarterly Journal of the Royal Meteorological Society (various dates between 1938
and 1964).

Ice (few copies).

Proceedings of the Royal Society, Series A, vol. 126, January 1930.

Meteorological Office: Averages of Temperatures for the Brit. Isles, periods ending
1935.

Meteorological Translations of Papers on Climate (Dept. of Transport, Toronto).

The Meteorological Magazine (copies from 1938-1959).

Weather (copies from 1946-1964).

Monthly Weather Report of the Meteorological Office (covering many years).

Centenary Proceedings of the Royal Met. Society, 1950.

Proceedings of the Toronto Meteorological Conference, 1953.

Geographical Journal. March 1951.

Royal Met. Society. Recent Additions to the Library. 1961-1964.
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University of California—Scripps Institution of Oceanography. Progress Reports
(1957).
Royal Society. Gassiot Committee. Reports.
Various Forestry Journals, including:
Quarterly Journal of Forestry
Reports on Forest Research
Forestry Commission booklets
Forest Products Research

Magazines—Foreign Societies

Annals of the New York Academy of Sciences, vol. 45 [or 95?]. Solar Variations,
Climatic Change and Related Geophysical Problems.

Australian National Antarctic Research Expeditions. Interim Report 7. Heard Is-
land.

Glaciologie Groenland par A. Bauer.

Daily Observations in Wroctaw (various dates 1947-1955).

Polish I.G.Y. Spitsbergen Expeditions in 1957, 1958, 1959. (Wroctaw).

Institut Royal Météorologique de Belgique.

Llsola D’lschia Climatica.

WMO Bibliography on Climatic Fluctuations (World Met. Organization).

Papers by Dr. E Prohaska, Dr. H.U [or V.]. Roll [or Rau], M. Schiiepp, M. Nicolet.

G. S. Callendar’s Notebooks
(About 100 notebooks, compiled mainly during the last 10 years. Some earlier. See
CP for full details.)
Majority of notebooks contain climatic data and temperature series from weather
stations all over the world. (Temperature figures mainly of 19th and 20th centu-
ries—some from 18th). Some books devoted specifically to stations in one country.
Others compare data from different countries, e.g.

Regional and Zonal Summaries

Deviations of Temperature from Average (monthly, annual, 5 yr., 10 yr., 30 yr,,

50 yr., etc.)

Seasonal Variations

Moving Average Temperature Curves

World Weather Records

WMO Station Lists

Selected Temperature Series—the 100 best stations

Additional Stations, 10 yr. temperature means
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British Isles Records—period means etc.
Comparison of Stations in British Isles
Daily Records (“rough”) of “Percuil” weather at 44 Parsonage Road, Horsham,
and comparisons.
Notebooks containing notes and references of work by other meteorologists. Com-
parison of data.
Notebooks containing notes and figures for own papers (e.g. “Temperature Fluctua-
tion,” etc.).
Notebooks specifically on “CO, and Climate” data.
Notebooks containing notes and work on glaciers.
Notebooks containing data from the Meteorological Office Library.
Data on specific subjects, e.g.
Sea Temperatures
Sky Radiation
Radiation Losses from a Surface Partially Screened
Climatic Indices
Lake Freezing.

Instruments (Imperial College?)

Calculator (in wooden box)

Set of Mechanical Drawing Instruments for Engineers (in box)

Metal device for drawing accurate convex lines

Micrometer Caliper (in box)

Vernier gauge (in box)

Try and mitre square with spirit level

Small brass microscope (without stand)

Celluloid measuring instruments, including Set Square for Callendar Steam Dia-
gram.

Correspondence

Letters on climate and temperature etc. exchanged with the following:

Allmann, Arakawa, Barnett (N. Zealand Met. Service), Brooks, Davy (Mauritius),
Dixon, Flohn, Harris, Heusser, Kraus (Colorado), Kosiba, Keeling (and Plass),
Kaplan (and Sutherland), Lamb, Longley, Manley, Mitchell, Plass, Roberts (Scott
Polar Research), Rubenstein (Russia), Rodenwald, Schove, Schell. Also letters to
Royal Met. Soc. About “Temperature Fluctuations.”

(The correspondence contains rough copies only of Callendar’s replies.)
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Temperature and Climate Data on Loose Paper. G. S. C.
5 year Dv.

Urban and Rural Sites (Temperatures).

Curves—CO,—Sea.

Zonal Curves—3 yr., etc.

Kew Temperatures. Seasonal Comparisons, etc.

Figures and Plates for “Climate and Carbon Dioxide”

A/CO, H. B. and W. 1956.

Curves.

A/log CO; curves.

British Isles. Annual Temperatures.

A/Co2 Curves. Sky Radiation Curves. CO, Temperature, etc.

List of Physics Books not given to Schove

Revised Steam Tables and Diagrams of the J.S.M.E. 1955.
Revised Steam Tables and Diagrams of the J.S.M.E. 1950.
Thermodynamic Properties of Steam. Keenan and Keyes. 1936.
Fuels and Their Combustion. Haslem and Russell. 1926.
Coal: Its Constitution and Uses. Bone and Himus. 1936.
Physical and Chemical Constants. Kaye and Laby. 1920.
Newnes Engineers Manual. F. . Camm. 1941.
Cambridge Five-Figure Tables. Hall and Rideal. 1929.
Coal and Its Scientific Uses. W. A. Bone. 1919.

Text Book of Inorganic Chemistry, Vol. V. Caven. 1921.

Keep

Reports on Progress in Physics. Vol. IX, 1943.

Thermodynamics for Engineers. Ewing. 1936.

Annals of the New York Academy of Sciences, vol. 95, Art. 1.

The Enlarged Callendar Steam Tables. 1924.

Ice (few copies).

Proceedings of the Royal Society, Series A, vol. 126, January 1930.
The 1939 Callendar Steam Tables.
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Notes

Abbreviation

CP refers to The Papers of Guy Stewart Callendar, Digital Edition on DVD, James
Rodger Fleming and Jason Thomas Fleming, Eds. (Boston: American Meteorological
Society, 2007).

Introduction

1. A brief account of Callendar’s work on climate change appeared in James Rod-
ger Fleming, Historical Perspectives on Climate Change (New York: Oxford University
Press, 1998, 2005), vii and 113-118.

Chapter One

1. In Chapter 1, “Hugh” and “Callendar” refer to H. L. Callendar; throughout
the book “Guy” refers to G. S. Callendar. In later chapters, “Callendar” refers to
G. S. Callendar. Standard sources for H. L. Callendar’s life include J. R. H. Weaver
in Dictionary of National. Biography 1922-1930 (Oxford: Oxford University Press,
1937), 152—154; Who Was Who, Vol. 111, 1929-1940 (London: Adam & Charles Black,
1941), 209; “Obituary Notice of Hugh Longbourne Callendar,” Proc. Roy. Soc. A
(1932): 134; and Encyclopedia Britannica Online, http://www.search.eb.com/eb/
article?eu=18989 (21 September 2003). Documentation of H. L. Callendar’s birth
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is in IGI (International Genealogical Index), Batch no. Co29042, Dates 1838-1876,
Source: 855633 Film, 6901837 Fiche.

2. L. H. Callendar, “H. L. Callendar—Instrument Engineer,” The Chartered Me-
chanical Engineer, London (Feb 1966): 67-72; copy in CP 8, Folder 8.

3. L. H. Callendar, “Professor H. L. Callendar,” Bulletin of the Institute of Physics
and the Physical Society, London (April, 1961): 87-90; copy in CP 8, Folder 8.

4. L. H. Callendar, “H. L. Callendar—Instrument Engineer”

5. Books by H. L. Callendar on shorthand include A Primer of Cursive Shorthand:
The Cambridge System (1889); A Manual of Cursive Shorthand (1889); Reading Prac-
tice in Cursive Shorthand (1889); and A Manual of Orthographic Cursive Shorthand:
The Cambridge System (1891); all published in London by C. J. Clay.

6. “J. J. Thomson—Biography,” http://www.nobel.se/physics/laureates/1906/thom-
son-bio.html (23 March 2004). Thomson had recently won the Adams Prize for his
Treatise on the Motion of Vortex Rings.

7. The instrument was an improvement of an earlier device created by Sir Wil-
liam Siemens; see London Science Museum, Temperature Measurement and Control
Catalogue 78, Inventory 1930-360. J. J. Thomson, quoted in L. H. Callendar, “Profes-
sor H. L. Callendar”

8. H. L. Callendar, “On the Practical Measurement of Temperature: Experiments
made at the Cavendish Laboratory, Cambridge,” Phil. Trans. A, 178 (1887): 161-230.

9. For details on early and later model of Callendar thermometers, see London
Science Museum, Catalogue of the Collections in the Science Museum, Temperature
Measurement and Control, Part II, by J. A. Chaldecott (London, 1955, 1976), Inven-
tory 1930-363.

10. Ibid.

11. London Science Museum, Inventory Card, 1899-55.

12. Ibid., 1930-356.

13. Ibid., 1930-349.

14. Ibid., 1930-347; 1930-348; 1930-361.

15. Ibid., 1930-362. See also H. L. Callendar, “Continuous Electrical Calorimetry,”
Phil. Trans. A, 199 (1902): 55-148.

16. “No. 15.—Professor H. L. Callendar, C.B.E.,” Middlesex County Times (14 April
1928). “Callendar, Hugh Longbourne,” Dictionary of Scientific Biography 3 (New York:
Charles Scribner’s Sons, 1971), 19—20.

17. A galvanometer is an instrument for detecting and measuring small electric
currents. See London Science Museum Inventory Card, 1950-259.

18. L. H. Callendar, “H. L. Callendar—Instrument Engineer”

19. X-rays were discovered in 1895 by Wilhelm Conrad Roentgen.

20. L. H. Callendar annotations to “Obituary Notice of Hugh Longbourne Cal-
lendar,” CP 8, Folder 8.
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21. “No. 15.—Professor H. L. Callendar, C.B.E”

22. A. S. Eve, Rutherford: Being the life and letters of the Rt. Hon. Lord Rutherford,
O. M. (Cambridge: Cambridge University Press, 1939); quoted in L. H. Callendar,
“Professor H. L. Callendar,” 2.

23. L. H. Callendar, “H. L. Callendar—Instrument Engineer””

24. Leslie Callendar to Bridget, no date, CP 8, Folder 3.

25. G. S. Callendar, 1947, draft of letter providing evidence of age, CP 8, Folder 1.

26. “The Late Professor H. L. Callendar” Middlesex County Times (1 February
1930): 5.

27. L. H. Callendar, “H. L. Callendar—Instrument Engineer”

28. Ibid.

29. Ibid.

30. The car was purchased by the London Science Museum in 1930 for £10 ster-
ling. G. L. Overton to G. S. Callendar, 27 November 1930, CP 8, Folder 1. An image
of the car appears in L. H. Callendar, “H. L Callendar—Instrument Engineer,” 70.

31. Back of photo of 49 Grange Road, Ealing. CP 8, Folder 3.

32. The Borough of Ealing Year Book and Whos Who (London: Middlesex County
Times Printing and Publishing Co. Ltd., 1936).

33. L. H. Callendar, “H. L. Callendar—Instrument Engineer”

34. L. H. Callendar, “Is Work Romantic?” Circuit (August 1956): 17-19.

35. Personal communication with Bridget, 22 December 2002.

36. L. H. Callendar, “Professor H. L. Callendar;” note 7.

37. L. H. Callendar, “H. L. Callendar—Instrument Engineer.”

38. Personal communication with Peter Craze, Headmaster of Durston House
School, Ealing, 26 March 2004; “No. 15.—Professor H. L. Callendar, C.B.E”

39. Cyril Picciotto, St. Paul’s School (London: Blackie and Son, 1939), 106-108;
A. H. Mead, A Miraculous Draught of Fishes: A History of St. Paul’s School (London:
James and James, 1990), 101-103.

40. St. Paul’s School Registers, 1905-1985 (London, 1985); personal communication
with Simon May, Archivist at St. Paul’s School, London, 28 March 2002.

41. L. H. Callendar, “H. L. Callendar—Instrument Engineer;” 72.

42. Mr. G. S. Callendar, Résumé, 8 November 1940, see Figure 3.4.

43. The Royal Naval Volunteer Reserves was founded in 1903 and saw extensive
action in the Great War, http://www.rnri0o.com (19 September 2003).

44. Hydrophones detect low frequency sounds generated by submarines. “AS-
DIC and Sonar Systems in the RCN,” http://jproc.ca/sari/asd_gen.html (3 August
2005).

45. “Imperial College was established in 1907 as a merger of the Royal College of
Science, the City and Guilds College and the Royal School of Mines.” About Imperial,
http://www.imperial.ac.uk/P287.htm (3 August 2005). “The City and Guilds College
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forms the Engineering Section of the Imperial College of Science and Technology. It
is a ‘School of the University of London’ in the Faculty of Engineering”” Prospectus of
the City and Guilds (Engineering) College (London: 1919-1920), 339.

46. Imperial College London, Library Archives and Special Collections, Records
of the Department of Physics of Imperial College, 1882-1985, including a depart-
mental history from 1851 to 1960.

47. H. L. Callendar to Jones, 7 November 1922, Imperial College London, Li-
brary Archives and Special Collections, KP/9/1/4. BEAMA existed to safeguard and
advance the interests of British electrical manufacturers against foreign competi-
tion; http://www.BEAMA .org.uk; BEAIRA, funded by the Department of Scientific
and Industrial Research, industry, and member companies, facilitated co-operative
electrical research in Great Britain; http://www.era.co.uk/corporate/history.asp (3
August 2005). See also Henry G. Taylor, An Experiment in Co-Operative Research:
An Account of the First Fifty Years of the Electrical Research Association (London:
Hutchinson, 1970), 92.

48. Callendar, H. L, with G. S. Callendar, 1926 (see Appendix A, annotated bib-
liography). On H. L. Callendar’s final work on steam see J. W. (Bill) Fox, “From
Lardner to Massey: A history of physics, space science and astronomy at University
College London 1826 to 1975, http://www.phys.ucl.ac.uk/department/history/BFoxi.
html (10 March 2006).

49. West Middlesex Gazette, 25 January 1930, p.10, column b. Deaths: Callendar;
“The Late Professor H. L. Callendar: Famous Scientist’s Career,;” Middlesex County
Times, 1 February 1930, p. 5, column b.

50. Between 1942 and 1977 these royalties amounted to £5631, Longbourne to
Cotching & Son, 31 January 1975, re: royalties from Callendar Steam Tables, 1 p.
CP 8, Folder 1. Royalties from 1930 to 1942 are not known, but must have been
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51. Ealing Lawn Tennis Association, Gentlemen’s Singles Championship, http://
www.ealingtennis.com/menschamps.html (17 April 2004).

52. London Science Museum, Inventory Cards, 1914-725, 1930-353, 1930-354, 1924-
358, 1924-568, 1930-355, 1930-351, and 1924-567.

Chapter Two

1. See the following “Percuil” weather journals: CP 2, 1942; CP 3,1943-ARTHUR,
1944-1945, 1948; CP 4, 1957-10; CP 6, 1960-W; CP 7, 1963-W.

2. Certified Copy of an Entry of Marriage, Guy Stewart Callendar and Phyllis
Burdon Pentreath, 30 August 1930, General Register Office, England. Document
ordered through Family Records Centre, London.

3. Newspaper Press Directory (London: Benn Booth, 1930).
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5. Personal communication with Bridget, 30 May 2005.

6. Letters from G. S. Callendar to A. C. Egerton, 20 August and 27 August 1934,
Egerton Papers, B/Egerton/14/4, Imperial College London, Library Archives and
Special Collections.

7. Letter from G. S. Callendar to A. C. Egerton, 26 November 1930, Egerton Pa-
pers, B/Egerton/16/2, Imperial College.

8. Their formal names were Anne Pentreath and Phyllis Bridget (who later
changed her legal name to Bridget Phyllis).

9. Guy to Phyllis, September 1934, Five letters from his trip to America, CP 8,
Folder 1 and Appendix B of this book.

10. “Battle of Britain Campaign Diary, 15 September 1940,” http://www.raf.mod.
uk/bobig4o/septemberis.html (10 March 2006).

11. Issues of class difference during the attacks are discussed in “The Blitz: Sorting
the Myth from the Reality;” http://www.bbc.co.uk/history/war/wwtwo/blitz_o1.shtml
(10 March 2006).

12. Frank Mee, “My Father the Firewatcher;” http://www.bbc.co.uk/dna/ww2/
A1250506 (10 March 2006).

13. Alan Jeffreys, “The War Through the Window of a Schoolboy,” http://www.
bbc.co.uk/dna/ww2/A1365743 (10 March 2006).

14. Langhurst House, Langhurstwood Road, Horsham, West Sussex RH12 4WX.

15. Newspaper Press Directory (London: Benn Booth, 1964).

16. The accident occurred during a test of a petrol burner.

17. Mike Brown, “Christmas Under Fire,” http://www.bbc.co.uk/history/war/wwt-
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18. CP 2, Notebook 1942, 52-53.
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author of Peter Pan, and Nobel Laureate George Bernard Shaw (1856-1950).

21. Bridget currently owns a Dachshund named “Toffee”

22. See photographs of conifers dated 1956, 1953, and 1961 in CP 8, Folder 3.

23. G. S. Callendar to Anne, 11 February 1962, CP 8, Folder 1.

24. “Yes perhaps we may meet at a better time of year. I occasionally cycle Guild-
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