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The Lord hath his way in the Whirl wind, and in the Storm,
and the Clouds are the dust of his feet.

(Nahum 1:3)
– quoted in The Storm, 1704
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and to all teach ers around the world.
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IN TRO DUC TION

GI ANT

This was a good spot. The air here smelled of red wood and rain, the gen tle
sound of the river lap ping against his ears. Care fully, the young sci en tist set
down his pack, full of the camp ing equip ment you would ex pect on such a
trip, but also in clud ing, more un usu ally, sev eral large glass flasks. These
were com pletely empty, not just of any thing vis i ble, but of any air what so‐ 
ever. Yes, he thought, this spot will do very nicely. Among the trees, away
from other peo ple. Af ter set ting up his tent and tidy ing his sup plies, the sci‐ 
en tist took one of these flasks and opened its valve. With a sat is fy ing hiss,
warm Cal i for nian air rushed into the evac u ated glass flask, a tiny sam ple of
the at mos phere here at Big Sur. The sci en tist re sealed the flask, set it to one
side and made a note of the date and time the sam ple was taken. He took a
mo ment, lis ten ing to the sounds of the for est, let ting the dap pled sun light
play across his face. The next sam ple wasn’t due to be taken for sev eral
hours. He had some time to en joy the beauty here.

This was all a bit of fun for the sci en tist. Still fresh out of his PhD stud‐ 
ies, the idea of tak ing his ex per i ments on the road was frankly a good ex‐ 
cuse to get out into the wilder ness, see ing parts of the coun try he’d never
seen be fore. He’d felt pres sures from col leagues, su pe ri ors, and even the US
gov ern ment to pur sue more lu cra tive stud ies, more use ful to the na tional in‐ 
ter est. Yet he felt drawn to these ex per i ments.

They would lead to the dis cov ery of a re mark able, shock ing twist in the
long his tory of our at mos phere. Never in thou sands of years of study had
one in di vid ual so fun da men tally re shaped our re la tion ship with the air
around us.



And it all had to do with the tiny sam ples of the Earth’s at mos phere held
in those glass flasks.

 
The at mos phere is clearly of great im por tance to us all. It’s the air we
breathe. It en ables life on Earth. With out this thin layer of gas, just a few
tens of kilo me tres thick, our planet would be a frozen, life less rock. Yet few
peo ple can de scribe how it works. Or its com po si tion, or its his tory in any
de tail. For such a vi tal part of our ex is tence, the at mos phere re ceives re‐ 
mark ably lit tle in ter est.

We are, of course, in ter ested in the at mos phere some times. Par tic u larly if
you’re British, the weather is a topic of end less fas ci na tion and frus tra tion.
Lo cal vari a tions in at mo spheric tem per a ture, pres sure, and mois ture are di‐ 
rect in flu ences on our lives, the foot prints of a gi ant, at mo spheric en tity. Yet
most peo ple’s in ter est ex tends only to the foot prints, not to the gi ant it self.

In fact, most peo ple’s broader knowl edge of the at mos phere ex tends to
just one topic. Cli mate change – and its as so ci ated un cer tain ties – has come
to dom i nate the pop u lar dis course around our planet’s at mos phere: changes
in the con cen tra tions of car bon diox ide and other trace gases caus ing in‐ 
creases in tem per a ture, ris ing sea lev els, re treat ing glaciers, and more ex‐ 
treme storms. Or per haps not. Per haps the world is ac tu ally cool ing due to
changes in the Sun. Sci en tists seem un sure. The ap par ent un cer tainty
around cli mate change gives the im pres sion that per haps sci ence still does
not un der stand how our at mos phere works.

A viewer from out side the field could be for given for mak ing this as‐ 
sump tion: that sci ence has yet to fig ure out how our planet’s gaseous blan‐ 
ket works. Af ter all, if we can not seem to pre dict the weather with any ac‐ 
cu racy, and we can not work out if the cli mate is in deed chang ing, what do
sci en tists ac tu ally un der stand? Yet the sci ence of cli mate change and
weather pre dic tion are just parts of a mod ern, sprawl ing re search field. At‐ 
mo spheric sci ence en com passes re search in how lay ers of the at mos phere
(yes, there are lay ers stacked on top of one an other) talk to one an other. Re‐ 
search in how the wind 50 km above the North Pole can be used to im prove
win ter weather pre dic tions, and save lives. Sci en tists for over 200 years
have been prob ing, in ves ti gat ing, re veal ing the work ings of our planet’s at‐ 
mos phere, and al though there are still many unan swered ques tions, some of
which we’ll get to in this book, the gi ant has largely been un der stood. Sci‐ 
ence not only has an anatom i cal map of the gi ant – from its foot prints, to



the blood in its veins, to the hairs on the top of its head – but a text book on
its phys i ol ogy. We un der stand what it is made of, where it came from,
where it be gins, and where it ends. We un der stand why it moves, where it
chooses to flow. Per haps most in ter est ingly of all, we un der stand how it be‐ 
haves as a vast en tity, with events half a world away chang ing the state of
the at mos phere and its foot prints upon the sur face.

Be fore I em barked upon my re search ca reer, I was en tirely ig no rant of
this. My orig i nal sci en tific in ter ests were a world away – I be gan my
physics de gree want ing to work in fu sion power. But near the mid point of
that de gree course I took a mod ule on geo phys i cal fluid dy nam ics – the
physics of how the at mos phere and oceans move on the face of a ro tat ing
sphere, the Earth. The mod ule opened my eyes to a whole new world of sci‐ 
ence, show ing me it was pos si ble to de scribe the be hav iour of the en tire
planet us ing phys i cal equa tions. Sud denly I wasn’t con sid er ing in fin i tes i mal
point par ti cles on a fric tion less in fi nite plane, but real things – wa ter and
air! The physics of flow ing flu ids could be linked to the physics of tem per a‐ 
ture and heat, and those physics linked to those of the Sun and the Earth’s
or bit around it.

It was a glo ri ous union of my dif fer ent in ter ests within physics with my
pas sion for the nat u ral world. I grew up read ing Ger ald Dur rell and watch‐ 
ing David At ten bor ough, get ting lost in the woods of my lo cal coun try side,
and play ing around in the mud. All of this had been miss ing in my stud ies.
To be able to com bine these two worlds – of ab stract physics and tan gi ble
na ture – was a dream come true.

Along my path to even tu ally re search ing the in ter ac tions of the mid dle
at mos phere and the sur face, which will make a guest ap pear ance in this
book, I learned fas ci nat ing things. I learned how the tem per a ture of the Pa‐ 
cific Ocean changes the length of win ters in Eu rope. I learned how the
lower at mos phere has a phys i cal lid, pre vent ing air from es cap ing any
higher. I learned how above the po lar night a storm the size of a con ti nent
spins at over a hun dred miles per hour. This book is a jour nal of those dis‐ 
cov er ies. A con densed guide book to our at mo spheric gi ant. Start ing from
the ear li est pi o neers of at mo spheric sci ence, we’ll meet a cast of char ac ters
from around the world – not only re mark able sci en tists, but also physics
and phe nom ena that will open your eyes to how in cred i ble the air we
breathe is.



We’ll be gin by sketch ing out the anatomy of the at mos phere, in tro duc ing
you to its lay ers, each with their own per son al i ties and quirks. We’ll look at
the gi ant’s blood – how and why air and mois ture flow from one part of the
globe to an other, and the fas ci nat ing his tory of this un der stand ing. Cer tain
or gans in the gi ant are par tic u larly in ter est ing, and we’ll look at these in
some de tail – the great rib bon of air that forms the mid-lat i tude jet stream,
the bulk of the colos sal strato spheric po lar vor tex. Per haps most mind-bog‐ 
gling of all is the way that the at mos phere ex hibits tele con nec tions, the phe‐ 
nom e non of par tic u lar see-saw pat terns in flu enc ing the gi ant’s foot prints on
our lives even from the other side of the world, and we’ll meet these in turn
too.

As I’ve al ready said, most peo ple are only aware of the at mos phere as an
en tity within the con text of cli mate change. And when it is viewed in this
way, our un der stand ing of the at mos phere, as sci en tists, can seem in cred i bly
flimsy. The main rea son I wanted to write this book was to demon strate that
the sci ence of cli mate change is only part of what we know about our at‐ 
mos phere, and that it grew out of, and now nes tles within, a ma ture field
based on cen turies of thought and ex per i ment. It is a tree in a green for est of
knowl edge. The study of how car bon diox ide warms the planet’s sur face
reaches back well over a cen tury, and the dy nam ics of how it is mixed in the
at mos phere have been un der stood for decades, com ing from a mil len nium
of ob ser va tions. While there is much about cli mate change that is still be ing
ac tively re searched, its fun da men tals are deeply rooted in the wood of at‐ 
mo spheric sci ence.

The point of this book is to doc u ment these roots, to show how the vines
of cli mate change mesh into the broader for est. With this per spec tive, it is
my hope that you will come away with not only a greater ap pre ci a tion of
how won der fully com plex our at mos phere is, but also an un der stand ing of
how we reached our cur rent level of knowl edge. Per haps most im por tantly,
you will also come away fully aware of the sig nif i cance of our young sci en‐ 
tist in Cal i for nia, and the all-im por tant sam ples of air he was tak ing.



CHAP TER 1

IDEA

It is 1862. James Glaisher (1809–1903) had just en tered a ho tel in Lud low, in
the ru ral Eng lish county of Shrop shire. To say that he’d had a rough day
would be an un der state ment. He’d trav elled over twenty miles, walk ing the
last seven cross-coun try. The pre vi ous four teen miles he’d trav elled had been
through the skies, and he had been un con scious for some of it. He’d def i‐ 
nitely earned a rest.

Glaisher and his as so ciate Henry Coxwell (1819–1900) were aero nauts,
lit er ally ‘air sailors’: the brave, pi o neer ing in di vid u als who trav elled by bal‐ 
loon. They were an ex pe ri enced team, hav ing un der taken dozens of ex per i‐ 
men tal flights to gether. Coxwell was a nat u ral ad ven turer, hav ing been fas ci‐ 
nated by bal loons as a child, and by 1862 he had been a renowned aero naut
for quite some time, with over 400 flights un der his belt. Mean while,
Glaisher, a heavy-set fam ily man with an im pres sive set of mut ton chops,
came to aerial ad ven tur ing late in life. Most days he was sat be hind a desk as
the head of the De part ment of Mag netism and Me te o rol ogy at the Royal Ob‐ 
ser va tory at Green wich, Lon don. Pre vi ously, he had worked in the field and
in the lab, for the British Trigono met ric Sur vey and as a re search as sis tant at
the Uni ver sity of Cam bridge re spec tively, but he in creas ingly found him self
in the bas ket of a re search bal loon.1 His pre vi ous ex pe ri ence taught him that
in or der to bet ter un der stand the nat u ral world, sci en tists needed more data,
and more ac cu rate data, and some times that meant get ting his hands dirty
and col lect ing it him self. Glaisher rep re sented a turn ing point in how we in‐ 
ter act with our at mos phere. This Vic to rian gen tle man, scholar, and ad ven‐ 
turer was part of an ex tra or di nary cen tury of ac tiv ity that trans muted a su per‐ 
sti tious, even su per nat u ral, field of study into one of the mod ern pan theon of
sci ences.



He com mis sioned Coxwell to con struct a huge new high-al ti tude bal loon
– the Mam moth – with the aim of ex plor ing the at mos phere over 30,000 feet
in al ti tude (around 9.1 km). Orig i nally, this en deav our did not in volve
Glaisher – who was in his fifties – him self fly ing; in stead the idea was for
Coxwell to train sev eral young me te o rol o gists to ac com pany him on the
flights. Glaisher was forced to step up to the plate, how ever, when one of the
trainee me te o rol o gists ‘de clined’ to as cend on a train ing flight with Coxwell.
He sub se quently wrote: ‘I found that in spite of my self I was pledged both in
the eyes of the pub lic and the British As so ci a tion [for the Ad vance ment of
Sci ence] to pro duce some re sults in re turn for the money ex pended. I there‐ 
fore of fered to make the ob ser va tions my self.’2

This makes Glaisher’s in volve ment seem rather re luc tant, but bi og ra pher
Richard Holmes char ac terises the se nior sci en tist as de lighted at the op por tu‐ 
nity. Af ter start ing his ca reer with years of field mea sure ments, fol lowed by
a great ex panse of time be hind a desk, per haps Glaisher longed for the ex‐ 
cite ment of the cut ting edge of ex plo ration. It is dif fi cult to imag ine the man
who wrote ‘do not the waves of the aerial ocean con tain, within their name‐ 
less shores, a thou sand dis cov er ies?’ not find ing the idea of bal loon ex plo‐ 
ration ex cit ing. He cer tainly proved him self to be an ef fi cient and metic u lous
in stru men tal ist, ca pa ble of mak ing in cred i bly rapid and ac cu rate mea sure‐ 
ments even un der stress.

The flight of 5 Sep tem ber 1862 in the Mam moth proved to be the most in‐ 
cred i ble, and most dan ger ous, of his ca reer. The pair set off from Wolver‐ 
hamp ton that af ter noon at around 1 p.m. Wolver hamp ton was used as a
launch site for two sim ple rea sons. First, it was home to a friendly mu nic i pal
gas com pany, which pro vided the coal gas that lifted the bal loon. Sec ond, it’s
about as far from the coast as it is pos si ble to be in Eng land, and thus min‐ 
imised the chance that the bal loon would dis as trously come down in the sea.
Land ing is nat u rally the most haz ardous part of bal loon ing, and es pe cially
with ex pen sive, frag ile sci en tific equip ment on board such as ther mome ters,
barom e ters, and anemome ters, it was im per a tive to se cure the safety of both
hu mans and ap pa ra tus. To this end, the pair used a padded crash box for the
ap pa ra tus, de signed to be as ac ces si ble and quick to stow as pos si ble.* On
this par tic u lar flight, how ever, the land ing was the least of Coxwell and
Glaisher’s wor ries.

 
* While the colour of this box is lost to us, the bal loon was ar guably equipped with the fore run ner of
the black box found in mod ern aero planes.



 
By 1:53 p.m. the pair had as cended to 29,000 feet (8,800 m), the tem per a‐ 

ture drop ping be low freez ing and the sky above them a dark, Prus sian blue.
The flight seemed to be pro ceed ing much like any of the other flights the
pair had pre vi ously un der taken, but Coxwell and Glaisher were in fact in se‐ 
ri ous dan ger. As they as cended, the steady ro ta tion of the bas ket had caused
the re lease-valve line in the bal loon – es sen tial for de creas ing al ti tude – to
be come twisted and tan gled, leav ing no way for the bal loon to vent gas and
slow down or re verse the aero nauts’ as cent.

Coxwell no ticed this al most too late, and, eight kilo me tres above the
Earth’s sur face, was forced to climb out of the bas ket and up into the bal loon
to fix the line. Un less some thing was done, the men would as phyx i ate when
they reached the up per at mos phere. At 29,000 feet the air was al ready so thin
that breath ing was dif fi cult, and both men were rapidly start ing to feel the ef‐ 
fects of oxy gen de pri va tion. They had per haps min utes to live. In the bas ket,
Glaisher felt his legs give way, his vi sion be com ing in creas ingly blurry, and
he found him self in ca pable of sup port ing the weight of his head. He faded
from con scious ness. Mean while Coxwell, also strug gling from the lack of
oxy gen, was at tempt ing to wres tle the line out of the bal loon and into the
bas ket. Still the bal loon climbed higher and higher, now at a rate of a thou‐ 
sand feet a minute. The air was so cold that his hands were be gin ning to
freeze solid and he re peat edly lost his grip, nearly fall ing out of the bal loon.
Even tu ally, mirac u lously, he pulled the line free.

How ever, his hands were by this point en tirely frozen and in ca‐ 
pable of grip ping on to any thing. He was un able to climb back
down. Af ter a few des per ate at tempts, Coxwell was able to ma‐ 
noeu vre him self us ing his el bows and dropped back into the bas‐ 
ket. But the bal loon was still climb ing. With his hands now black‐ 
ened and im mo bile with frost bite, he couldn’t pull the re lease
valve. With one last ef fort, he took the line in the crook of his el‐ 
bow, gripped it with his teeth, and pulled hard.

His ef forts were re warded, and he heard the gas start to vent from the bal‐ 
loon above. Rest ing, pant ing for a few mo ments against the bal loon bas ket,
he crawled over to the un con scious Glaisher and at tempted to rouse him.
Glaisher later re called that Coxwell, hav ing cheated death by mere sec onds,
had – in a won der ful dis play of Vic to rian eti quette – im plored him, ‘Do try
to take tem per a ture and barom e ter ob ser va tions, do try.’ Glaisher replied, ‘I



have been in sen si ble’, to which Coxwell un flap pably said, ‘You have, and I
too, very nearly.’

Freshly re vived, Glaisher took up a pen cil and started to take ob ser va tions
as soon as he was able (hav ing for ti fied him self with some brandy, car ried in
the bal loon bas ket for just such even tu al i ties). By this time the pres sure read‐ 
ings were al ready in creas ing, and the max i mum al ti tude the pair reached
could only be es ti mated based on the rate of as cent and de scent be fore and
af ter the cri sis with the re lease valve. This was later cal cu lated to be around
32,000 feet, though pos si bly as high as 37,000 feet (9.7 km and 11.3 km re‐ 
spec tively), above the sur face. It was an al ti tude record that would stand for
nearly forty years.

The Mam moth touched down with out in ci dent in a large grassy field in
Cold We ston, an aban doned me dieval vil lage out side Lud low. Coxwell and
Glaisher, want ing to re port their re mark able jour ney, then walked the seven
or so miles to the town’s train sta tion, but were stymied by a lack of trains
that day. Glaisher tele grammed an ac count of their ad ven ture, which would
be front-page news the fol low ing morn ing, be fore head ing to a ho tel with
Coxwell to get din ner.

Coxwell and Glaisher were un aware of it, but they had achieved a world
first. They were al most cer tainly the first hu mans ever to leave the lower at‐ 
mos phere. Had Glaisher main tained con scious ness and watched over their
in stru ments, he would have made a ground break ing dis cov ery: that the
Earth’s at mos phere was more com plex and multi-lay ered than any one sus‐ 
pected at the time. A re peat flight was out of the ques tion, how ever, as the
pair had barely es caped with their lives. In fact, to this day, the two men hold
the record for the high est al ti tude unas sisted by breath ing ap pa ra tus. Ad‐ 
vanced as Mam moth was, the tech nol ogy of the time sim ply did not al low
for hu man ex plo ration of such a re mote en vi ron ment, even though it was
only a few miles above the sur face of the Earth.

As all sci en tists are, Coxwell and Glaisher were lim ited by the equip ment
at their dis posal. Our un der stand ing of the at mos phere, and in deed of all ar‐ 
eas of sci ence, is in trin si cally linked to the de vel op ment of tech nol ogy, as
well as how that tech nol ogy is used. To un der stand why their flight was so
sig nif i cant – and why it would have rewrit ten the rule book of the at mos phere
had they kept an eye on their in stru ments – we first need to un der stand how
Coxwell and Glaisher thought about the at mos phere, and what they used to
mea sure it.



 
Even be fore the in ven tion of agri cul ture, our at mos phere was a sub ject of in‐ 
tense in ter est and spec u la tion for hu mans, as our food sup ply was di rectly
de pen dent upon it. Hunters and gath er ers pro vided for their com mu ni ties at
the mercy of the weather. At mo spheric con di tions such as tem per a ture, wind,
and rain fall shaped the mi gra tion of an i mals and the for ag ing bounty of
plants, eggs, and fungi. Af ter the in ven tion of agri cul ture, the ear li est civil i‐ 
sa tions grew up around fer tile, arable land. This made yearly har vests pos si‐ 
ble, but their yield was still de pen dent on the weather, which dom i nated the
flow of life. It’s no sur prise that some of the ear li est sur viv ing frag ments of
writ ing con tain ref er ences to the weather.3

These were mostly ob ser va tions of phe nom ena and can’t be con sid ered
sci en tific in the mod ern sense. Be ing of such sig nif i cance, how ever, the
study of the heav ens – both earthly and ce les tial – formed a key com po nent
of an cient re li gions. As early as 3500 bce, the re li gion of pre-dy nas tic Egypt
promi nently fea tured the sky and in cor po rated rain mak ing rit u als.4 Early so‐ 
ci eties be lieved that at mo spheric phe nom ena were un der the con trol of the
gods – fa mously the An cient Greek sky god Zeus con trolled light ning and
thun der, while An cient Egyp tians be lieved in a god of air and wind, Shu.5

Many also be lieved that these phe nom ena were con nected to the heav ens
above them, specif i cally to the mo tion of cer tain heav enly ob jects. The
Baby lo ni ans left ex ten sive records of ‘as trom e te o rol ogy’, writ ten by as‐ 
tronomer-priests6 and pre served on clay tablets. These con tain co pi ous ob‐ 
ser va tions of as tro nom i cal phe nom ena and even a the o ret i cal frame work de‐ 
scrib ing them, in clud ing pre dic tions such as ‘when a cloud grows dark in
heaven, a wind will blow’ and ‘when a dark halo sur rounds the Moon, the
month will bring rain or will gather clouds’.

Tra di tion ally, the first steps to wards sci ence are con sid ered to have taken
place in An cient Greece, though this may well have more to do with the
abun dant preser va tion and sub se quent as sim i la tion of Greek knowl edge than
with any pri mo gen i ture. The con cepts of sci ence and sci en tist didn’t ex ist
un til the nine teenth cen tury, how ever, be fore which the terms nat u ral phi los‐ 
o phy and nat u ral philoso pher were used in stead to re fer to the study of na‐ 
ture and to some one who stud ied it, re spec tively. Again – tra di tion ally – the
first nat u ral philoso pher is con sid ered to be Thales of Mile tus (624–545
bce), who, as well as be ing cred ited with in vent ing the con cept of a math e‐ 
mat i cal the o rem and as so ci ated proof, was in tensely in ter ested in weather.7



Right from the very be gin nings of sci ence it self, the at mos phere has been
there.

Thales was fa mil iar with the Baby lo nian sys tem of as trom e te o rol ogy, and
made his own me te o ro log i cal pre dic tions. His ap proach to these pre dic tions
was sig nif i cantly dif fer ent from those of the as tronomer-priests, how ever:
they re quired no gods. His was a world in which na ture obeyed en tirely sec‐ 
u lar, ra tio nal laws. For ex am ple, Thales trav elled the an cient Mediter ranean
ex ten sively and was said to have vis ited Egypt to wit ness the an nual flood‐ 
ing of the Nile. While the Egyp tians ex plained the flood ing as be ing the re‐ 
sult of the god Hapi’s ar rival, con trolled by the pharaoh, Thales gave a dif‐ 
fer ent, nat u ral ex pla na tion. Ac cord ing to his the ory, northerly winds pre‐ 
vented the Nile from flood ing most of the year by push ing the river wa ter
up stream. In flood ing sea son, how ever, this wind dis ap peared and so the
river would burst out, un op posed, into the flood plain. While ul ti mately in‐ 
cor rect, this the ory was en tirely based on nat u ral con cepts and did not rely
on mys te ri ous gods pulling un seen, un know able strings. It was the very be‐ 
gin ning of what we call at mo spheric sci ence to day.

While we can not say for sure if the An cient Greek states were the first to
study and ra tio nally the o rise about the weather, we can say with ab so lute
cer tainty that these were where me te o rol ogy as a field was born. The great
philoso pher Aris to tle (384–322 bce) coined the phrase from the Greek for
‘the study of phe nom ena in the sky’ in a trea tise ti tled Me te o ro log ica, pub‐ 
lished around 340 bce.* Aris to tle was ar guably the most in flu en tial me te o‐ 
rol o gist of all time. His the o ries on the weather dom i nated text books in
West ern civil i sa tion un til the sev en teenth cen tury,8 and – with his om niv o‐ 
rous mind, work ing in dis ci plines from physics to phi los o phy, botany to psy‐ 
chol ogy – he was hailed as the au thor ity for nearly two mil len nia. While de‐ 
tails of his life are patchy, it’s cer tainly clear that he was en tranced by the
nat u ral world, tak ing metic u lous ob ser va tions of the plants and an i mals of
his one-time is land home of Les bos. This ob ses sion ex tended to phe nom ena
of the sky, and his four-vol ume Me te o ro log ica was the first known at tempt
to sys tem at i cally de scribe and dis cuss the weather.9

 
* This ul ti mately named the mod ern field, via French poly math René Descartes’ 1637 work La Me‐ 
te o rolo gie.

 



Aris to tle bor rowed from Eu doxus of Cnidus (c.390–c.337 bce) the idea
that the uni verse was di vided into con cen tric spheres with the Earth at its
cen tre. Around the Earth was a ter res trial sphere bounded by the or bit of the
Moon. Above this ter res trial re gion was the ce les tial sphere. In mod ern terms
we can think of this as di vid ing the known uni verse into our planet and its
at mos phere, and the outer space be yond. This di vi sion, Aris to tle ar gued, ne‐ 
ces si tated sep a rate fields of sci ence for each re gion: as tron omy for the ce les‐ 
tial sphere, and his new field, me te o rol ogy, for the ter res trial sphere be neath.
This sphere, ex tend ing to the Moon, con sisted of four el e ments – earth, wa‐
ter, air, and fire – as adapted from Empe do cles (c.494–c.434 bce), ar ranged
in con cen tric lay ers. Earth lay at the bot tom with wa ter on top, which was
then topped with air, which in turn was topped by fire.
 



Fig ure 1: Aris to tle’s con cept of the uni verse.

These lay ers were dy namic; for ex am ple, dry land stood above oceanic wa‐ 
ter, and fire of ten burned on the sur face of the Earth. The four el e ments were
in a con stant process of in ter change: when the heat of the Sun reached the
Earth’s sur face, it mixed with the cool, moist wa ter and formed a new warm
and moist sub stance sim i lar to air. Sim i larly, the Sun’s heat mixed with the
cold, dry earth to pro duce a sub stance that was warm and dry, sim i lar to fire.

De spite be ing full of what to mod ern eyes are ob vi ously flawed ar gu‐ 
ments, Me te o ro log ica is a re mark able work. It sum marises hu man knowl‐ 



edge of the at mos phere at the time, bring ing to gether ob ser va tions and prog‐ 
nos ti ca tions from both Egyp tian and Baby lo nian sources. It also rep re sented
a com mon theme of An cient Greek nat u ral phi los o phy: the evo lu tion from
su per nat u ral to nat u ral ex pla na tions. How ever, Aris to tle’s ar gu ments still
weren’t sci en tific in the mod ern sense, as they were based on qual i ta tive in‐ 
ter pre ta tions of ob served nat u ral phe nom ena. This was typ i cal of much An‐ 
cient Greek nat u ral phi los o phy: it was not based on ex per i ments or – more
im por tantly – fal si fi able us ing data. Ex per i ment was seen as man ual labour,
and so be neath the dig nity of a gen tle man scholar such as Aris to tle.10 And
even if Greek schol ars had been in clined to wards ex per i men ta tion, pre cise
mea sure ments of at mo spheric prop er ties were sim ply not pos si ble then – the
in stru ments used to make such mea sure ments hadn’t yet been in vented. In
fact, the very con cept of mea sur ing these prop er ties hadn’t been in vented ei‐ 
ther!

But even if the An cient Greeks did have  ac cess to me te o ro log i cal equip‐ 
ment, which at mo spheric mea sure ments would be the most im por tant to
take? If you were to ask a me te o rol o gist to join you in ex plor ing some undis‐ 
cov ered land, they would pack in their bag – along with other es sen tial sci‐ 
en tific equip ment like cof fee – two cru cial in stru ments: a ther mome ter and a
barom e ter. The for mer mea sures the tem per a ture of the sur round ing air,
while the lat ter mea sures the pres sure this air ex erts. Ex actly what these con‐ 
cepts of tem per a ture and pres sure mean will be ex plained later, but for now
it will suf fice to say that they give sci en tists fun da men tal in for ma tion about
the state of the at mos phere at any par tic u lar lo ca tion. By track ing how they
change over time – along with other quan ti ties such as hu mid ity – sci en tists
can not only clas sify the lo cal cli mate, but, as we will see, also make pre dic‐ 
tions about its near fu ture.

The me te o rol o gist Sir William Napier Shaw once wrote that ‘The in ven‐ 
tion of the barom e ter and the ther mome ter marks the dawn of the real study
of the physics of the at mos phere, the quan ti ta tive study by which alone we
are en abled to form any true con cep tion of its struc ture.’11 For our un der‐ 
stand ing of the at mo spheric gi ant to evolve from that of an tiq uity to the one
of pre-mod ern nat u ral phi los o phy, these two in stru ments needed to be in‐ 
vented. As it would hap pen, both would first ap pear in Re nais sance Italy.

 
The year is 1593. A hun dred years have passed since Christo pher Colum bus
limped back to port in Lis bon, bring ing with him tales of the New World.



Since then, im mense wealth has been trans ferred to Eu rope, and some of this
used to fund aca demics and schol ars. One nat u ral philoso pher who re ceived
such fund ing, quite pos si bly the most fa mous of them all, was Galileo
Galilei (1564–1642).

At this time, the study of the nat u ral world was still dom i nated by Aris to‐ 
tle. For eigh teen cen turies his writ ings had been law on all that lay be tween
us and the heav ens – why the wind blows, where clouds form, and what
causes rain. The Me te o ro log ica was taught in uni ver si ties across Eu rope and
stu dents learned that the Earth was sur rounded by con cen tric spheres of wa‐ 
ter, air, and fire. Galileo, how ever, was hav ing none of this, and had a dif fer‐ 
ent idea of how nat u ral phi los o phy should be done – us ing mea sure ments,
and math e mat ics.

Galileo had two ad van tages over the An cient Greeks. First, he had ac cess
to far more ad vanced math e mat i cal meth ods, in clud ing cen turies of in no va‐ 
tions from the Arab world and be yond, such as al ge bra and the con cept of
zero. Sec ond, among other ma te rial im prove ments, he had glass. Glass, of
course, dates back much fur ther than the Re nais sance, hav ing been in vented
some four thou sand years pre vi ously. But while Aris to tle and other An cient
Greek philoso phers had ac cess to prim i tive glass, it was brit tle, thick, and
un us able for del i cate items.12 This would re main the case un til the end of the
thir teenth cen tury, when a se ries of in no va tions was made by the glass mak‐ 
ers of Venice. Ex per i ment ing with new com pounds added to the sil ica that
forms the body of glass, suc ces sive gen er a tions of glass blow ers were able to
make their prod ucts stronger and more mal leable. They re alised that by
adding the burned ash of cer tain plants, their glass could be made per fectly
clear, and far more re sis tant to at tack by chem i cals or sud den changes in
tem per a ture. This made the de vel op ment of spe cial ist sci en tific in stru ments
pos si ble – sci en tists could now iso late chem i cals in their lab o ra to ries, or
con struct elab o rate de vices such as air pumps. With the com bi na tion of New
World wealth, Ara bic math e mat ics, and Vene tian glass, Eu rope was poised
to lay the ground work for mod ern physics, chem istry, and bi ol ogy.

Galileo would change at mo spheric sci ence for ever. The first of his con tri‐ 
bu tions came in 1593, when he in tro duced his ther mo scope. Un like a ther‐ 
mome ter this de vice did not al low for mea sure ments of tem per a ture on an
ab so lute scale such as Cel sius or Fahren heit – this would not be con ceived
for over a hun dred years – but in stead used rel a tive mea sure ments, by com‐ 
par ing whether a lo ca tion be came cooler or warmer over time, or whether it



was cooler or warmer than an other lo ca tion. Like sub se quent ther mome ters,
how ever, Galileo’s ther mo scope worked on the prin ci ple of ther mal ex pan‐ 
sion: ma te rial chang ing its vol ume when its tem per a ture is in creased. For
most sub stances this means a very small in crease in vol ume when tem per a‐ 
ture in creases: for ex am ple, when wa ter is heated from room tem per a ture it
very slightly swells in vol ume.* This oc curs be cause in creas ing the tem per a‐ 
ture of a sub stance gives each com po nent mol e cule more ki netic en ergy; i.e.,
each mol e cule in the sub stance wig gles around more vig or ously, and to give
them selves enough space they main tain a larger av er age sep a ra tion with one
an other. In fact, this is what tem per a ture means – it’s sim ply the av er age ki‐ 
netic en ergy of mol e cules in a sub stance.

 
* It is in ter est ing to note that this is not al ways the case. Neg a tive ther mal ex pan sion is the phe nom e‐ 
non of sub stances con tract ing when their tem per a ture is in creased. This ac tu ally takes place with wa ter
be tween 0 and 4 de grees Cel sius: when heated, it shrinks in vol ume.

 
Galileo used this ef fect by trap ping wa ter in a glass tube sus pended in a

pan of more wa ter, sealed at the top with an other glass ves sel ‘about the size
of a hen’s egg’. As the am bi ent tem per a ture changed over time, so would the
tem per a ture of the wa ter in the in stru ment and, due to the ther mal ex pan sion
of its vol ume, the height it reached in the tube. Galileo proudly demon strated
his in ven tion in a se ries of pub lic lec tures at the start of the sev en teenth cen‐ 
tury, which does show how far we’ve come in the en ter tain ment value of
pub lic sci en tific lec tures. His in stru ment, how ever, was un de ni ably prim i‐
tive. Over time it would be re fined, first by en clos ing the wa ter in glass, pre‐ 
vent ing loss through evap o ra tion, and later by re plac ing the wa ter with other
flu ids – such as spir its and mer cury – that ex pe ri enced a greater change in
vol ume when ex posed to changes in tem per a ture. In an in ter est ing re ver sal
of the pa tron/artist re la tion ship, these im prove ments seem to have first been
made by Galileo’s pa tron, the Grand Duke of Tus cany Fer di nando II de’
Medici.

The ther mo scope would reach its mod ern recog nis able form as the ther‐ 
mome ter with the in ven tion of an ab so lute tem per a ture scale. This was a
pan-Eu ro pean ef fort last ing a cen tury, with early con tri bu tions from Eng lish
sci en tist Robert Boyle (1627–91), who at tempted to set a fixed point for a
tem per a ture scale. For rea sons known only to him self, he set this as the tem‐ 
per a ture at which aniseed oil (which he sur rounded the bulb of his ther‐ 
mome ter with) ‘be gins to cur dle’.13 This was not ter ri bly suc cess ful as a re‐ 



pro ducible method of defin ing a scale. Dutch math e ma ti cian Chris ti aan Huy‐ 
gens (1629–95) took things a step fur ther by sug gest ing the use of two fixed
points – the freez ing and boil ing points of wa ter – and de lin eat ing de grees of
sep a ra tion be tween these fixed points to de fine ‘a uni ver sal and de ter mi nate
stan dard for heat and cold’.14 Even tu ally, Pol ish-Lithua nian in stru ment
maker Daniel Gabriel Fahren heit (1686–1736) con structed the first re li able
mer cury ther mome ter in 1714, with his scale, still used to day, based on three
ref er ence points: the equi lib rium tem per a ture of an ice/wa ter/salt mix (that’s
zero de grees), the tem per a ture at which ice forms on the sur face of wa ter
(that’s 32 de grees), and the tem per a ture mea sured when ‘the ther mome ter is
placed in the mouth, or the arm-pit, of a healthy man’ (that’s 96 de grees).15

The tem per a ture scale fa mil iar to most peo ple was in vented by Swedish
as tronomer An ders Cel sius (1701–44), who de fined his scale as hav ing one
hun dred de grees be tween the freez ing point and the boil ing point of dis tilled
wa ter. This is where the name ‘centi grade’ comes from, mean ing ‘hun dred
steps’ in Latin. Orig i nally, how ever, Cel sius de fined the boil ing point to be
at 0 de grees and the freez ing point to be at 100 de grees: the op po site of our
mod ern scale. The scale was in verted around the time of Cel sius’s early
death at forty-two, al legedly by none other than the fa mous tax onomist Carl
Lin naeus, also from Swe den, for use in his green houses.

With the mighty ther mome ter in hand, me te o rol o gists were fi nally able to
quan tify the tem per a ture of their sur round ings. They could at last gather con‐ 
crete data with which to de velop, and test, the o ries about how the at mos‐ 
phere func tioned. Much of this data was triv ially known – such as the fact
that air grew colder at night, or be came warmer as one moved closer to the
equa tor – but some re sults were sub tle. For in stance, it was found that fur ther
from the Earth’s sur face, air tem per a ture uni formly fell, though the rate of
de crease was not the same ev ery where. Tem per a tures also of ten fell in the
hours be fore heavy rain ar rived, and some times fell for seem ingly no rea son
at all. As more data was col lected, sci en tists be gan to no tice pat terns and
con struct new ideas about how our at mos phere was put to gether.

There was a prob lem, how ever – the ther mo scope was in fact an other in‐ 
stru ment in dis guise. Re call Galileo’s orig i nal de sign for his ther mome ter: a
glass tube topped with a bulb, sus pended in a broad pan of wa ter. The glass
bulb at the top and the pan of wa ter at the bot tom iso late the wa ter in the
tube, pre vent ing it from evap o rat ing and chang ing the level in the tube. The
pan of wa ter had an other un in tended ef fect, how ever: it was also func tion ing



as a barom e ter! At mo spheric pres sure push ing down on the pan of wa ter
would in flu ence the height of wa ter in the tube; when the pres sure was high,
the wa ter would reach higher. This would oc cur when there was a greater
weight of at mos phere above. Why did the great Galileo not fore see this?
Like most other schol ars of the time, he didn’t con sider this pos si bil ity as he
be lieved that air had no weight. This was a lin ger ing rem nant of the Greek
sys tem of the four el e ments, which taught that both air and fire pos sessed no
weight.

If Galileo had any idea that this was a flawed as sump tion, he was out of
time to change his mind. It was around then that he was court ing con tro versy
through his sup port of Coper ni can ism, the rad i cal idea sug gested by Nico‐ 
laus Coper ni cus (1473–1543) that the Earth in fact or bited the Sun, rather
than the other way around.* This di rectly con flicted with the geo cen tric view
of Aris to tle, a view shared by the Catholic Church. Af ter decades of de cid‐ 
edly bad be hav iour to wards the Church, Galileo was even tu ally found by the
In qui si tion to be ‘ve he mently sus pect of heresy’ and placed un der house ar‐ 
rest in 1633.

 
* This is ac tu ally where we get the word ‘rev o lu tion ary’ from. Pre vi ously, it lit er ally re ferred to one
ob ject re volv ing around an other, but Coper ni cus’s he lio cen trism, with the Earth or bit ing the Sun, was
so rad i cal that the term ‘rev o lu tion ary’ was used syn ony mously with mon u men tal changes.

 
In the last few years of his life, the frail and nearly blind Galileo em ployed

a bril liant young math e ma ti cian named Evan ge lista Tor ri celli (1608–47) to
be his as sis tant. Galileo had been im pressed by Tor ri celli’s work and had
cor re sponded with him since his house ar rest. Sadly, the two only worked to‐ 
gether for a few months be fore Galileo’s death in early 1642, but the self-de‐ 
scribed ‘ar dent Galilean’ Tor ri celli strove to con tinue his mas ter’s re search.
In par tic u lar, against sig nif i cant the o log i cal op po si tion, he de vel oped the
the ory of ‘in di vis i bles’16 – an im por tant pre cur sor to cal cu lus – and, more
rel e vantly for our story, con structed the world’s first true barom e ter.

In try ing to im prove Galileo’s de sign, Tor ri celli filled a me tre-long glass
tube with mer cury and care fully up ended the tube into a basin, also filled
with mer cury. The level of metal in the tube, now ver ti cal, fell grad u ally be‐ 
fore sta bil is ing one-quar ter of the way down the length of the tube. How ever,
af ter leav ing his equip ment for a few days, Tor ri celli noted that this level
started to change. Some days the mer cury in the tube fell rapidly, while on
oth ers it would slowly climb. Tor ri celli claimed that, with his changes to the



in stru ment’s de sign, these changes were caused by vari a tions in at mo spheric
pres sure, the weight of air over head press ing down on the Earth’s sur face,
rather than by changes in the tem per a ture. Specif i cally, if at mo spheric pres‐ 
sure in creased, the level in the tube would grow higher, while if at mo spheric
pres sure was low, the level in the tube would fall. He wrote, rather po et i‐ 
cally: ‘we live sub merged at the bot tom of an ocean of the el e ment air, which
by un ques tioned ex per i ments is known to have weight’.17

Such a claim flew in the face of pre vail ing wis dom that air pos sessed no
weight. Ex tra or di nary claims re quire ex tra or di nary ev i dence, which Tor ri‐ 
celli be lieved he had. But still, he needed al lies to back him up. For tu nately,
one of the other great de vel op ments of the sci en tific rev o lu tion came to his
aid: the net work of cor re spon dents around Eu rope. The ‘Re pub lic of Let ters’
was an in ter na tional, im ma te rial or gan i sa tion of thinkers that formed in the
six teenth cen tury and al lowed for the rapid trans mis sion of rev o lu tion ary
ideas, much as the in ter net would at the turn of the mil len nium. Tor ri celli,
be ing a gen tle man scholar, was con nected to this net work in Italy via let ter
writ ing and or gan ised vis its from fel low sci en tists.

One such visit was made by the math e ma ti cian Marin Mersenne (1588–
1648), who re ceived a demon stra tion of Tor ri celli’s barom e ter. Mersenne
sub se quently passed on what he had learned to French math e ma ti cian and
poly math Blaise Pas cal (1623–62). By 1648 Pas cal had built his own barom‐ 
e ter. He re peated Tor ri celli’s ex per i ment and came to the same con clu sion:
that air in deed had weight and ex erted a pres sure on the mer cury in the
basin. He fur ther con cluded that if air has weight, then the pres sure ex erted
by the at mos phere should de crease as one climbed to higher al ti tudes, where
the quan tity – and there fore weight – of the at mos phere above was lower.

Con ve niently enough, Pas cal had a brother-in-law, Florin Perier, who
lived near a moun tain – the Puy de Dôme in cen tral France. To test his hy‐ 
poth e sis, Pas cal tasked Perier with tak ing mea sure ments with a barom e ter
while climb ing the moun tain. Perier du ti fully car ried out this ex per i ment and
re ported back to Pas cal in a de light ful let ter that, in deed, the mer cury in his
tube fell lower and lower as he climbed to the moun tain’s peak. In ad di tion
to val i dat ing the the o ries of Tor ri celli and Pas cal and deal ing an other blow to
the sup port ers of Aris totelian physics, how ever, Perier’s ex per i ment sug‐ 
gested an in ter est ing fur ther con clu sion.

Imag ine that a moun tain of some in cred i ble height was to ex ist, and that
you were able to per suade a long-suf fer ing brother-in-law to climb it. As he



clam bers up the slopes, the weight of air above him would con tin u ally de‐ 
crease. He would be come in creas ingly out of breath as the at mos phere
thinned around him. Even tu ally, if he were to climb high enough, and hold
his breath long enough, there would be no weight of air re main ing above
him. The at mo spheric pres sure would have de creased to zero, and your (now
com pletely breath less) brother-in-law would find him self in a vac uum. The
at mos phere, it seemed, would sim ply pe ter out to noth ing ness at some un‐ 
known, great height.

Fur ther more, it was well known by moun taineers such as Perier that the
higher one climbed, the colder the sur round ing air be came: the sum mit of the
Puy de Dôme was sig nif i cantly colder than its base. It was a rea son able ex‐ 
trap o la tion to be lieve that as the at mos phere thinned with al ti tude, it would
also be come colder and colder. The Earth there fore must pos sess an at mos‐ 
phere that was thick and warm close to the sur face, and be came thin and cold
at great al ti tudes. This sug gested the ex is tence of some vast, freez ing vac‐ 
uum be tween the plan ets.

In mod ern par lance we would ex press the at mos phere’s change in tem per‐ 
a ture with al ti tude as a lapse rate. Later ex per i ments would de ter mine that
the lapse rate in the low est few kilo me tres of the at mos phere – near the sur‐ 
face – is around -6 °C per kilo me tre. In other words, for ev ery kilo me tre of
al ti tude gained, the air tem per a ture would de crease by around 6 °C. All ob‐ 
ser va tions showed a lapse rate some where around this value. Com mon aca‐ 
demic thought was there fore that the at mos phere con tin ued to de crease in
tem per a ture fur ther from the Earth’s sur face un til even tu ally the tem per a ture
of the vac uum of space was reached – pre sumed to be ab so lute zero: -273.15
°C – at around 50 km (31 miles) in al ti tude.

Coxwell and Glaisher may well have had this con cern in mind in 1862, as
they hur tled un con trol lably up wards in the Mam moth. Per haps their prin ci pal
fear was of freez ing to death in the in ter plan e tary void, never to re turn to
Earth. Ex cept that if Glaisher had been ‘sen si ble’ – to use his own words –
he would have seen at his mo ment of max i mum peril that some thing was
deeply wrong: if he had looked into his frozen, hoary in stru ments, he would
have spot ted that while the pres sure did con tinue to drop pre cip i tously, the
tem per a ture was do ing some thing en tirely dif fer ent. It wouldn’t have been
fall ing as the bal loon as cended higher and higher: in fact, it would have been
stay ing ex actly the same.



CHAP TER 2

BIRTH

Travel to the Antarc tic and dig straight down. Be low the fresh snow fall
you’ll find – sur prise, sur prise – more snow. Be neath that there will be yet
more snow. And more snow, and more snow. Ev ery year more snow falls on
the ice sheet and is in turn buried and com pressed un der the weight of sub se‐ 
quent snow fall.

Stop dig ging for a mo ment. In the walls of your snow pit you’ll see a
record of the pre vi ous years’ snow fall, com pressed into lay ers a few mil‐ 
lime tres thick. You can dis tin guish one year from an other by al ter nat ing win‐ 
ter and sum mer lay ers, much like the rings of a tree: in sum mer, less snow
falls and the ice crys tals are smaller due to the warmer tem per a ture; while in
win ter, there is greater de po si tion and the ice crys tals are larger. Dig ging
down into the ice sheet there fore be comes a form of time travel: the fur ther
you dig, the older the snow be comes. Sci en tists have dug as deep as three
kilo me tres down into Antarc tica, drilling out cylin dri cal ice cores con tain ing
snow that fell as much as 2.7 mil lion years ago.1

Amaz ingly, trapped in side these pre his toric lay ers of snow are tiny bub‐ 
bles of air, sealed in side their minia ture, icy pris ons when the snow first fell
and later en tombed when sub se quent snow fall com pressed the lay ers of
snow into ice. This trapped air forms a sam ple of the Earth’s at mos phere as it
was mil lions of years ago, and when sci en tists first an a lysed these lit tle time
cap sules trapped in the ice cores, they found some thing in cred i ble – the at‐ 
mos phere then was not the same as it is to day. In fact, the at mo spheric gi ant
has changed quite sig nif i cantly over the course of its life.

 



Four and a half bil lion years ago, the Earth co a lesced from the stel lar neb ula,
the ma te rial in our so lar sys tem that was left over from the for ma tion of the
Sun. The first at mos phere of Earth was re ally just a part of this neb ula,
mostly hy dro gen cling ing to the sur face of the planet, fresh out of the cos mic
oven. As the Earth cooled and took shape, this hy dro gen was grad u ally lost
to space, and the planet was left ex posed to the void. Here we find the ori‐ 
gins of our cur rent at mos phere.2 Over sev eral bil lion years, vol canic ac tiv ity
and the me teor im pacts that were com mon on the young Earth spewed gases
such as car bon diox ide, sul phides, and ni tro gen into the sky. Then, as now,
the ma jor ity of the at mos phere was ni tro gen in di atomic form – N2. This gas
is com mon in the at mos phere as it’s ex tremely sta ble both chem i cally and
phys i cally, not break ing apart even in the pres ence of so lar ra di a tion. Small
amounts of ni tro gen still per sist in the rocks of the Earth, but the ma jor ity
was out gassed to the at mos phere bil lions of years ago and re mained there,
in ert.3

For the first bil lion years or so in the Earth’s life, then, the at mos phere
con sisted of ni tro gen mixed with smaller quan ti ties of wa ter vapour, car bon
diox ide, and other trace el e ments. These are all still present in the at mos‐ 
phere we know to day, but there’s a glar ing ex cep tion. It’s a gas that was only
added to the mix af ter pos si bly the most mo men tous event in the his tory of
our planet.

The ear li est di rect ev i dence of sin gle-celled or gan isms dates to around 3.5
bil lion years ago,4 in the form of mi cro scopic fos sils con tain ing iso topes of
car bon that can only be pro duced via bi o log i cal pro cesses.* To re fresh your
mem ory, iso topes are ef fec tively dif fer ent va ri eties or flavours of a given el‐ 
e ment. An el e ment is a sub stance de fined by the num ber of pro tons in its
atomic nu cleus – all car bon atoms, for ex am ple, con tain six pro tons in their
nu clei, while all ura nium nu clei con tain ninety-two pro tons. Dif fer ent iso‐ 
topes of an el e ment all have the same num ber of pro tons in their nu clei, but
dif fer ent num bers of neu trons. Car bon, for ex am ple, comes pri mar ily in two
flavours: one with six pro tons and six neu trons in the nu cleus, hence be ing
called car bon-12; and an other with six pro tons and seven neu trons in the nu‐ 
cleus, called car bon-13. When sci en tists an a lysed the 3.5-bil lion-year-old
fos sils, which, it must be said, re ally do look like rocks, they found the ra tio
of car bon-12 and car bon-13 present could only have been caused by bi o log i‐ 
cal pro cesses. This process of us ing iso topes will come in use ful again very
shortly.



 
* It should be noted that there’s even ear lier ev i dence for life on Earth – cer tain rocks in Green land
were found to be 3.7 bil lion years old and con tain ing hints of life in their for ma tion, but this is less de‐ 
fin i tive than the 3.5-bil lion-year-old fos sils. See A. Nut man, V. Ben nett, C. Friend, M. van Kra nen‐ 
donk and A. Chivas, ‘Rapid Emer gence of Life Shown by Dis cov ery of 3,700-mil lion-year-old Mi cro‐ 
bial Struc tures’, Na ture, vol. 537, no. 7621 (2016), pp. 535–8.

 
The ear li est life forms were ar chaea, sin gle-celled or gan isms dis tinct from
bac te ria, plants, or an i mals. The an ces tors of plants were not far be hind ar‐ 
chaea, how ever, and within a hun dred mil lion years of the first fos sils, life
had de vel oped the abil ity to pho to syn the sise. This seem ingly in nocu ous abil‐ 
ity to con vert sun light and car bon diox ide into en ergy, wa ter, and oxy gen
would even tu ally have dev as tat ing con se quences for the planet. Over the
next bil lion years, life pro duced so much oxy gen that the at mos phere started
to change in com po si tion. The oceans, pre vi ously anoxic, were flush with
oxy gen. This spelled dis as ter for the ar chaea, which had evolved to cope
with an oxy gen-free en vi ron ment, and a mass ex tinc tion rav aged the planet
in what is now called a va ri ety of names, from the Great Ox i da tion Event to
the Oxy gen Holo caust.5 This fun da men tal re shap ing of life on Earth led di‐ 
rectly to the huge va ri ety of mul ti cel lu lar life we see to day – cer tain or gan‐ 
isms, in their at tempt to sur vive the toxic, high-oxy gen en vi ron ment,
clumped to gether to pro duce a safe haven for their ge netic ma te rial.6 Cells
with nu clei and or ganelles like mi to chon dria were born. As I am a physi cist
by train ing, not a bi ol o gist, I will sim ply say here that the rest of the de vel‐ 
op ment of life is left as an ex er cise for the reader! By about half a bil lion
years ago, the at mos phere was recog nis ably much as it is to day – over‐ 
whelm ingly ni tro gen with a healthy dol lop of oxy gen, and a few trace gases
such as wa ter vapour, car bon diox ide, ar gon, and sev eral oth ers. Plants be‐ 
gan to spread over the land, and the oceans teemed with com plex an i mals. In
a truly re mark able bit of de tec tive work, sci en tists have been able to re con‐ 
struct what the Earth’s cli mate was like even this far back in the past. Robert
Berner (1935–2015), an Amer i can ge ol o gist at Yale Uni ver sity, con structed a
sta tis ti cal model7 piec ing to gether ev i dence from the weath er ing of cer tain
rocks, car bon iso topes in other ge o log i cal for ma tions, and com puter mod el‐ 
ling. The de tails may be a lit tle sparse, but this model, and oth ers de vel oped
us ing sim i lar meth ods, gives us a win dow over the past half bil lion years of
the Earth’s cli mate. It’s safe to say that the at mo spheric gi ant has ex pe ri‐ 
enced a few mood swings over that time: global tem per a tures in the Cam‐ 
brian Pe riod (541–485 mil lion years ago [MYA]) were as much as 14 °C



higher than the present day, while tem per a tures in the Per mian Pe riod (299 –
252 MYA) were maybe 3 °C colder than now.8 A lit tle closer to the present,
dif fer ent sci en tists have re con structed the av er age tem per a tures of the Earth
over the last 100 mil lion years in much greater de tail and found sim i lar
swings of more than 10 °C. This might seem dif fi cult to be lieve, but the sci‐ 
en tists’ method of re search was par tic u larly in ge nious! It in volved oxy gen
iso topes.

 

Fig ure 2: Two iso topes of car bon: car bon-12 and car bon-13. Car bon-13 is
heav ier due to the pres ence of an ad di tional neu tron.

 
The vast ma jor ity of oxy gen on the planet is oxy gen-16, con tain ing eight

pro tons and eight neu trons. Two other sta ble iso topes ex ist, how ever, and the
more com mon one is oxy gen-18, con tain ing ten neu trons. Ap prox i mately 0.2



per cent of all oxy gen in the world is oxy gen-18, and a lot of this is bound up
in H2O – wa ter mol e cules. Wa ter mol e cules con tain ing this heav ier iso tope
of oxy gen are them selves heav ier,* slightly tweak ing how they be have.
Specif i cally, wa ter mol e cules con tain ing oxy gen-18 are more likely to be
pre cip i tated out of clouds as rain fall – they fall more eas ily due to their
weight – and are also less likely to be evap o rated in warm en vi ron ments.
These are truly minis cule dif fer ences, but even tiny changes add up to a
great deal when av er aged over an en tire planet. There fore, while sea wa ter at
the equa tor might con tain a fair amount of oxy gen-18, when this wa ter is
evap o rated by equa to rial heat, turn ing it into wa ter vapour, there is pro por‐ 
tion ally less oxy gen-18 in it. Also, when it’s trans ported pole ward, most of
the oxy gen-18 wa ter – if it was even evap o rated in the first place – will have
been rained out be fore it ever reaches the poles. The wa ter vapour that does
reach the po lar re gions will fall as pre cip i ta tion that con tains al most ex clu‐ 
sively oxy gen-16 atoms. As a re sult, po lar ice and glaciers fed by this rain,
sleet, and snow will con tain wa ter mol e cules that are like wise al most ex clu‐ 
sively made of oxy gen-16, and very, very few of the heav ier oxy gen-18
atoms. As David Waltham notes in Lucky Planet: ‘in the same way that
evap o ra tion and re con den sa tion of fer mented liq uid con cen trates the eas ily
evap o rated al co hol, so evap o ra tion and con den sa tion of sea-wa ter con cen‐ 
trates the eas ily evap o rated “light” wa ter. The Earth acts like a large whisky
dis tillery.’

 
* Not heavy wa ter though! That is, wa ter that con tains deu terium – 2H – rather than reg u lar hy‐ 
dro gen. The two do have the same molec u lar weight, how ever.

 
There fore, the colder a planet is, the more ‘light’ wa ter is trapped in the

po lar re gions as ice, and the less oxy gen-16 there is to go around – and so,
the larger the over all ra tio be tween oxy gen-18 and oxy gen-16 found in the
warmer wa ter ar eas. Or, in other words, the ra tio of oxy gen iso topes found in
wa ter mol e cules close to the equa tor can tell you roughly what the Earth’s
av er age tem per a ture is. We know from sub atomic physics how fre quently
the two iso topes of oxy gen are formed, and so any de vi a tion from this cal cu‐ 
lated, ex pected ra tio of iso topes can be con verted into a global tem per a ture.
More oxy gen-18 than ex pected? The planet is cold (the oxy gen-16 is locked
in po lar ice). Less oxy gen-18? The planet is warm (there is lit tle po lar ice).

As nei ther iso tope is ra dioac tive, once oxy gen of one flavour or an other
has been locked into a chem i cal struc ture such as a rock or fos sil, it re mains



that iso tope for ever. This is per fect for sci en tists in ves ti gat ing past cli mates!
All we need to do is find rock for ma tions or fos sils of a known age from the
trop ics and mea sure the ra tio of oxy gen iso topes found in them to es ti mate
the tem per a ture of the en tire planet. Us ing this tech nique, we know that the
Earth ex pe ri enced swel ter ing heat 500 mil lion years ago, be ing per haps 14
°C warmer than at present, and slowly cooled to a min i mum of a few de‐ 
grees colder than mod ern tem per a tures around 20,000 years ago. Along the
way it var ied on much smaller timescales, get ting hot ter and colder over the
course of a few thou sand years. We will come to the rea son for these cycli cal
vari a tions much later in the book.

 
Since its for ma tion, our at mos phere has clearly seen huge vari a tions in both
com po si tion and tem per a ture. The his tory sketched out in the past few pages
is noth ing more than a brief over view of the past few bil lion years, enough to
show that we cur rently ex pe ri ence only the most re cent few notes of a cos‐ 
mic sym phony that far pre cedes us and will con tinue long af ter we are gone.
The at mos phere is never static, con stantly evolv ing on short and long
timescales. It is a planet-sized fluid, swirling and roil ing, over turn ing and re‐ 
con fig ur ing it self. But, for the last few hun dred mil lion years or so, it has
been of ap prox i mately the same form. It has been made of the same mol e‐ 
cules, and has ex tended to the same height above the sur face of the Earth.

But just where is the edge of the at mos phere, ex actly? How tall is it? This
is a sur pris ingly dif fi cult ques tion to an swer. The ear li est es ti ma tion of the
at mos phere’s height ac tu ally came sev eral hun dred years be fore the in ven‐ 
tion of the barom e ter, by the Is lamic scholar Ibn Muʿādh al-Jayyānī (989–
1079). Lit tle is known about him, and up un til re cently his work was in cor‐ 
rectly at trib uted to the in cred i ble poly math Ibn Al-Haytham (Al hazen) (965–
1040), best known for his trea tise on op tics and for em pha sis ing the im por‐ 
tance of ex per i ments to eval u ate hy pothe ses (sev eral cen turies be fore the sci‐ 
en tific rev o lu tion in Eu rope). But it was in fact Ibn Muʿādh who cal cu lated
the first ever es ti mate of the height of our at mos phere, and his method was
ab so lutely in ge nious. It in volved twi light.

Con sider what hap pens when the Sun sets. While you are no longer di‐ 
rectly il lu mi nated by the Sun’s rays, the sky is still suf fused with a warm
glow. This is be cause while the Sun is no longer vis i ble to you at the sur face,
you would still be able to see it if you were higher up in the at mos phere, due
to the cur va ture of the Earth. At the point of sun set, a thin sliver of Earth lies



be tween you on its sur face and the Sun, but slightly el e vate your self and
your line of sight is no longer blocked. Of course, as the Sun con tin ues to
track across the sky, it will soon be ob scured again by the Earth. To keep
your line of sight, you must there fore el e vate your self a lit tle higher again.
This ef fect can be most clearly seen near moun tains: the Sun sets marginally
later when viewed from the top of a moun tain, com pared to when viewed
from the bot tom.

Ibn Muʿādh rea soned that twi light be gins when the Sun sets, and ends
when the en tire sky is no longer il lu mi nated by its rays9 – or, in other words,
when an ob server at the top of the at mos phere can no longer see the Sun di‐ 
rectly. Know ing how fast the Sun moves across the sky (about fif teen de‐ 
grees per hour), Ibn Muʿādh timed how long it took for night to fall af ter sun‐ 
set and ap plied his knowl edge of spher i cal ge om e try to work out how far be‐ 
low the hori zon the Sun must be when night truly fell, and thus the high est
point above the sur face that it could be seen by. Do ing this, he es ti mated the
at mos phere to be around 84 km (52 miles) tall.

 



Fig ure 3: The ge o met ri cal ar range ment of Ibn Muʿādh’s twi light prob lem. The ob server is lo cated
at point O and the zero-hori zon il lu mi na tion con di tion (when twi light has ended) is sat is fied once the

Earth has spun through an gle A. The height of the at mos phere is de ter mined us ing the half an‐ 
gle b=A/2 and ba sic trigonom e try.

 
Es pe cially con sid er ing the rel a tively sim ple (though in ge nious) method used,
this is not a bad es ti mate! How ever, Ibn Muʿādh had over-sim pli fied sev eral
fac tors in his cal cu la tion. He had as sumed that the at mos phere sim ply got
colder and thin ner with al ti tude. As we pre vi ously saw, the de creas ing pres‐ 
sure, and hence den sity, of the at mos phere as al ti tude in creased was shown
in the sev en teenth cen tury by Blaise Pas cal’s keen brother-in-law. But this
isn’t the whole story. The at mos phere ac tu ally pos sesses a far more in ter est‐ 
ing ver ti cal struc ture, with dis tinct lay ers sat on top of one an other. Un for tu‐
nately for Ibn Muʿādh, the first peo ple in his tory who could have pos si bly
chal lenged his sim ple at mo spheric struc ture were Coxwell and Glaisher, but



they were pre oc cu pied with the mor tal peril they found them selves in. In‐ 
stead, sci ence needed to wait un til the twen ti eth cen tury for one of the great‐ 
est dis cov er ies in at mo spheric his tory to be made. Re mark ably, af ter such a
long wait, it was made in de pen dently by two sci en tists, us ing very dif fer ent
ap proaches, al most si mul ta ne ously.

 
Af ter a dis tin guished ca reer at the French Me te o ro log i cal Bu reau, Léon
Philippe Teis serenc de Bort (1855–1913) re signed and founded his own pri‐ 
vate me te o ro log i cal re search sta tion in Trappes, near Ver sailles. There he pi‐ 
o neered the use of hy dro gen-filled weather bal loons for tak ing sound ings of
the at mos phere. A sound ing is a mea sure ment of a ver ti cal col umn of at mos‐ 
phere, us ing a term bor rowed from mariners (depth sound ing be ing the mea‐ 
sure ment of a depth of wa ter, de rived from the Old Eng lish sund, mean ing
swim ming). Mul ti ple mea sure ments are taken above one lo ca tion on the
ground to de ter mine how at mo spheric char ac ter is tics – such as air pres sure,
tem per a ture, wa ter con tent, or a va ri ety of other vari ables – change with
height.

Sound ings were orig i nally done by sci en tists in bal loons, such as Coxwell
and Glaisher, or by at tach ing sci en tific in stru ments to kites, but, as we have
seen, such meth ods suf fered from se vere lim i ta tions in the max i mum al ti tude
achiev able. To over come these lim i ta tions, Teis serenc de Bort at tached light‐ 
weight in stru ments of his own de sign to kerosene-soaked pa per bal loons (the
kerosene sealed any leaks at the joins) filled with lighter-than-air hy dro gen.
Upon re lease from the ground, the in stru ments would record changes in
pres sure and tem per a ture as the bal loons car ried them aloft. As the ap pa ra tus
climbed higher into the sky, the bal loons would ex pand as the de creas ing air
pres sure of fered in creas ingly lower re sis tance to the hy dro gen at tempt ing to
es cape. Even tu ally, the air pres sure be came so low that the ma te rial of the
bal loons could no longer con tain the hy dro gen, and would burst. At this
point a para chute would be de ployed, and the in stru ments re turned safely to
the ground. This tech nique, pi o neered by Teis serenc de Bort, has been re‐ 
fined over the years and con tin ues to be used in me te o rol ogy right up to the
present day. Ap prox i mately a thou sand such bal loons are still launched ev ery
day around the world by var i ous me te o ro log i cal agen cies.

What Teis serenc de Bort found with his pi o neer ing ex per i ments was
highly un ex pected. As we learned in the last chap ter with Coxwell and
Glaisher, all pre vi ous sound ings by crewed bal loons and kites had ob served



a neg a tive lapse rate – i.e. the higher they as cended into the at mos phere, the
lower the tem per a tures they recorded. At first, Teis serenc de Bort’s bal loon
flights recorded the same de crease; how ever, as they rose higher than any
had be fore, the bal loons ob served this de crease only up to around 10 km in
al ti tude, be yond which they be gan to record a lapse rate of zero. In other
words, be yond this point, the tem per a tures they recorded re mained con stant!

Teis serenc de Bort orig i nally be lieved that his in stru ments must be suf fer‐ 
ing from some er ror – per haps, for ex am ple, be ing heated by the Sun in the
high at mos phere – and so ran a few re peat ex per i ments. Even tu ally, he pub‐ 
lished the re sults of 236 sep a rate bal loon launches, con clud ing that, in deed,
the tem per a ture in the at mos phere fell from a max i mum at the sur face to
some min i mum at around 10 km, and then re mained con stant as at mo spheric
pres sure con tin ued to fall with al ti tude. Fur ther more, the al ti tude at which
this ‘isother mal layer’ – as he called it – be gan was higher above ar eas of
high pres sure and lower over ar eas of low pres sure. Teis serenc de Bort sug‐ 
gested that our par a digm of the at mos phere as a sin gle en tity ta per ing off
into the vac uum of space, as sug gested by Pas cal and Tor ri celli, needed to be
re vis ited. He was re shap ing our en tire con cept of the at mos phere by di vid ing
it into lay ers, like a cake.

 
All of this was fa mil iar to an other sci en tist who was work ing on the same
phe nom e non at the same time, and in close cor re spon dence with Teis serenc
de Bort. The Ger man me te o rol o gist and en gi neer Richard Ass mann (1845–
1918), in con trast to Teis serenc de Bort, worked with a small team at his pri‐ 
vate re search sta tion and was a well-funded gov ern ment me te o rol o gist.
While Teis serenc de Bort fo cused on com plet ing a great num ber of bal loon
flights un der many dif fer ent me te o ro log i cal con di tions, Ass mann metic u‐ 
lously im proved his sound ing in stru ments. As a re sult, while he made a mere
hand ful of sound ings, their mea sure ments were con sid er ably more ac cu rate.

It was a clas sic case of quan tity ver sus qual ity. But sci ence is not a zero-
sum game, and when quan tity and qual ity are com bined, progress can be
made. Three days af ter Teis serenc de Bort an nounced his find ings to the
French Acad emy of Sci ence, in col lab o ra tion with him Ass mann an nounced
his own to the Ger man Acad emy of Sci ence. He showed, us ing data col‐ 
lected from just six metic u lously en gi neered sound ings, a sim i lar re gion with
zero lapse rate – or a per ma nent tem per a ture in ver sion zone. A tem per a ture
in ver sion is a lo calised, tem po rary ‘in ver sion’ of the typ i cal tem per a ture –



i.e., a re gion where tem per a ture in creases with al ti tude. This can hap pen, for
ex am ple, when freez ing air rolls down moun tain val leys and un der cuts ex ist‐ 
ing, warmer air.

Ass mann had termed the new dis cov ery as a per ma nent tem per a ture in ver‐ 
sion zone, while Teis serenc de Bort pre ferred ‘isother mal layer’. Both names
were equally valid de scrip tions of the ob served phe nom e non, yet nei ther
name stuck. Our mod ern name for the re gion co-dis cov ered by Teis serenc de
Bort and Ass mann – the strato sphere – was coined by Teis serenc de Bort
some time later. The name comes from the An cient Greek ‘strata’, or lay ers,
and con trasts with what we now know to be the low est layer of the at mos‐ 
phere – the tro po sphere, tak ing its name from the An cient Greek word for
‘turn’ or ‘change’, tro pos. We’ll dis cuss why these two names are so ap pro‐ 
pri ate much later in the book.

As sub se quent mea sure ments would show, the strato sphere ac tu ally in‐ 
creases in tem per a ture from the isother mal layer that Teis serenc de Bort dis‐ 
cov ered at 10 km to a max i mum tem per a ture at roughly 50 km in al ti tude.
While the tro po sphere ex tends from the Earth’s sur face to around 10 km, the
strato sphere ex tends from around 10 km to 50 km. The bound ary be tween
the two lay ers, the tropopause (‘end of tro pos’), varies in al ti tude, be ing
higher near the equa tor and lower near the poles, but also, as Teis serenc de
Bort dis cov ered, varies in time. When the sur face pres sure is high, the
tropopause rises in height. Equally, in a de pres sion such as a storm or hur ri‐ 
cane, when the sur face pres sure is low, the tropopause sinks down. The
tropopause can be imag ined as a thin man i fold en com pass ing the world, con‐ 
stantly in mo tion, ris ing and fall ing with the move ment of air masses in the
tro po sphere and mark ing the edge of the at mos phere as we know it.

Yet that is not all – the at mos phere does not stop at the strato sphere! The
strato sphere was only dis cov ered with the de vel op ment of bal loon tech nol‐ 
ogy, lift ing sci en tists and their in stru ments up to ever greater heights, but it
had its lim i ta tions. Even to day, the al ti tude record for a bal loon is 53 km, set
by Ja pa nese re searchers in 2002.10 Bal loons can only go so high be fore they
reach a cer tain low-pres sure limit, burst and tum ble back to Earth. Sci en tists
needed a new way of travel, and in 1926 they got one: the liq uid-fu elled
rocket.

On 16 March 1926, in the snows of Auburn, Mass a chu setts, Robert
Hutch ings God dard (1882–1945) launched the first rocket fu elled by gaso‐ 
line and liq uid oxy gen. His sin gu larly un der stated di ary en try for the day



reads, ‘Tried rocket at 2.30. It rose 41 feet & went 184 feet, in 2.5 secs., af ter
the lower half of the noz zle burned off. Brought ma te ri als to lab.’11 There
was no in di ca tion that his in ven tion would rev o lu tionise the twen ti eth cen‐ 
tury. Yet within twenty years, rock ets had been co-opted for war. In an other
twenty they had pro pelled hu mans to space. Just forty-three years af ter God‐ 
dard’s maiden flight, the tech nol ogy he had pi o neered landed hu mans on the
Moon. Along side these spec tac u lar achieve ments, the rocket also rev o lu‐ 
tionised our un der stand ing of the at mos phere, car ry ing sci en tific in stru ments
above the strato sphere for the first time. The rocket that did so, how ever, was
a weapon of war.

God dard was only able to launch the first liq uid-fu elled rocket 41 feet, or
12.5 me tres, ver ti cally. The util ity of the tech nol ogy was recog nised al most
im me di ately, how ever, and within a decade rock ets had reached sev eral kilo‐ 
me tres in al ti tude. Par tic u larly in flu en tial was work sum marised in the PhD
the sis ‘Con struc tion, The o ret i cal, and Ex per i men tal So lu tion to the Prob lem
of the Liq uid Pro pel lant Rocket’ sub mit ted in 1934 by a young Wern her von
Braun (1912–77). Von Braun was fas ci nated by rock etry from a young age.
When he was just twelve, in spired by tales of rocket-pro pelled cars, he was
taken into cus tody by lo cal po lice for det o nat ing a toy wagon fes tooned with
fire works in a crowded street (for tu nately no one was in jured).12 Later he
would be come ob sessed by the idea of space travel, and im mersed him self in
the study of physics and math e mat ics with the goal of one day vis it ing the
Moon.

Cir cum stances of his tory, how ever, would lead him to work on de vel op ing
weapons for the Ger man mil i tary. The Nazi Party rose to power while von
Braun was pur su ing his doc toral stud ies, and his re la tion ship with the Third
Re ich was com plex and is still de bated.13 What ever his re la tion ship to the
goals of the party, it was their war that en abled von Braun to ad vance rock‐ 
etry to new heights. Work ing at Peen emünde on the Baltic Sea, he de vel oped
rev o lu tion ary tech nol ogy for the Vergel tungswaffe 2 – ‘Ret ri bu tion Weapon
2’. Bet ter known as the V2, this was the first large-scale liq uid-fu elled rocket
in his tory. It was also a ter ror weapon, built by slave labour and de signed to
strike civil ian tar gets at great dis tance with out warn ing with a one-ton war‐ 
head. While it was of not much use as any thing other than a psy cho log i cal
weapon – more peo ple were killed in its con struc tion than by its use14 – it
was of para mount im por tance in the his tory of sci ence. Less than twenty



years af ter God dard’s maiden flight of 41 feet, the first V2 test flight in 1942
reached an al ti tude of 84.5 km.15

Sub se quent wartime flights would sur pass this, but no mea sure ments of
the at mos phere were taken on any of these. They would only take place af ter
the con clu sion of the Sec ond World War and the hasty trans fer of rock etry
sup plies from Peen emünde to the United States. The ac com plish ments of the
Nazi rock etry pro gramme were much cov eted by the Amer i cans and the So‐ 
viet Union, and great ef forts were made to se cure both ma teriel and tech ni cal
ex per tise in the clos ing days of the war. Fear ing for their fate in So viet
hands, von Braun and his se nior staff chose to sur ren der to the Amer i cans in‐ 
stead, and de liv ered to them the most ad vanced rock etry pro gramme in the
world. Af ter the war, the re main ing V2 rock ets were used for a va ri ety of re‐ 
search projects, di rectly lead ing to both the US space pro gramme and its
ICBM ar se nal.

Of greater rel e vance to our story was the rock ets’ use in ex plor ing the up‐ 
per at mos phere. In 1947 a V2 was launched from White Sands, New Mex‐ 
ico, reach ing some 120 km in al ti tude. This was suf fi cient to de tect not one
but two fur ther lay ers of the at mos phere for the first time.16 Re call that in the
strato sphere, the air tem per a ture ini tially re mains ap prox i mately con stant,
and then in creases with al ti tude. What the V2 launch re vealed was that
above 50 km in al ti tude, the air tem per a ture again stalls and re mains ap prox‐ 
i mately con stant for a few kilo me tres be fore de creas ing with al ti tude, much
as in the tro po sphere. This con tin ues up to around 80 km above the sur face,
above which the air tem per a ture again in creases with al ti tude. It thus marks
two lay ers in the at mos phere: from 50 km to 80 km, and from 80 km up‐ 
wards.

Apart from the in stru ment used – a slave-built rocket com pared to bal‐ 
loons – what sets these dis cov er ies apart is the man ner in which they were
re ported. In a re search pa per in Phys i cal Re view, the re sults of the rocket
flight is plot ted on the same graph as a curve marked ‘NACA es ti mated
mean tem per a ture’, which they very neatly align with.17 NACA was the Na‐ 
tional Ad vi sory Com mit tee for Aero nau tics, the fore run ner of NASA, and
ear lier in 1947 it had pub lished a re port in di cat ing that the at mos phere was
ex pected to cool with al ti tude be fore warm ing again, ex actly as was ob‐ 
served. This was a beau ti ful ex am ple of sci ence in ac tion – some times the
ground break ing ob ser va tions come first and are then ex plained by the ory,
and some times bril liant the o reti cians make pre dic tions that ex per i men tal ists



sub se quently ver ify. This par tic u lar bit of the o ris ing was rather stun ning, as
it com pletely went against how sci ence thought of the at mos phere just a
quar ter of a cen tury ear lier.

 
In 1923 it was still be lieved that air tem per a ture was con stant above the tro‐ 
po sphere, as fur ther mea sure ments of the strato sphere had not been made.
How ever, a study of how me te ors burned up in the up per at mos phere in di‐ 
cated that the up per at mos phere must be much denser than was oth er wise as‐ 
sumed, and thus much warmer (we will cover why in a sub se quent chap ter).
It was sug gested that tem per a ture might ac tu ally in crease with al ti tude.18

Later, in 1934, a sig nif i cant quan tity of ozone in the at mos phere was first de‐ 
tected, in di cat ing that a dense layer of the gas ex isted in the strato sphere, but
not at higher lev els.19 Ozone was known to ab sorb UV ra di a tion, which
would warm up the air in the vicin ity of the gas; this would ex plain the ear‐ 
lier me teor ob ser va tions. How ever, as ozone con cen tra tions were ob served
to fall with in creas ing al ti tude above the dense layer, the as sump tion was
that air tem per a ture above the then-ob served at mos phere would fall again
with al ti tude, as it did in the tro po sphere be low. Around the same time, how‐ 
ever, it be came clear that the higher reaches of the at mos phere ab sorb high-
fre quency so lar ra di a tion more gen er ally, and as a re sult could be ionised.

In the process of ab sorb ing high-en ergy UV and X-ray ra di a tion, gas in
the up per at mos phere is ionised and greatly heated. It was the o rised that the
rate of ab sorp tion of high-en ergy ra di a tion would in crease above the strato‐ 
sphere, and that there would be a re gion where this heat ing would pro duce a
sec ond layer in the at mos phere where tem per a ture, again, in creases with al ti‐ 
tude.

The V2 flight of 1947 demon strated that these pre dic tions were cor rect,
and that there were two ad di tional lay ers to the at mos phere. These would
later be named the meso sphere and the ther mo sphere, af ter their lo ca tion be‐ 
tween known lay ers (meso- be ing ‘mid dle’) and the prop erty of air tem per a‐ 
ture rapidly in creas ing with height (ther mos be ing ‘heat’) re spec tively.
While the ther mo sphere – no table as the lo ca tion of the spec tac u lar au rora
bo re alis and aus tralis – has re ceived a lot of re search at ten tion in the years
since, I’m sorry to say that the meso sphere has been rather ig nored. We cer‐ 
tainly know more about it than when it was first dis cov ered, though mostly
what we have learned is that very lit tle hap pens there – thus its rather un for‐ 
tu nate nick name among sci en tists as the ‘ig noro sphere’!



 





Fig ure 4: The ver ti cal struc ture of the at mos phere, with lay ers de fined by
the ver ti cal tem per a ture gra di ent (lapse rate).

 
Even at the top of the strato sphere, the air pres sure is less than a tenth of a
per cent of its value at sea level. If we were to as cend be yond this point, into
the meso sphere and then the ther mo sphere, the air pres sure is so low that it
ceases to have mean ing. Do we clas sify the ther mo sphere as the top of the
at mos phere? Can we even talk mean ing fully of the top of the at mos phere?
While it is di vided into lay ers like a cake, the at mos phere does not have a
pleas ing dust ing of ic ing sugar and thus a def i nite ex tent of any kind. If the
at mos phere is made of mol e cules of gas, per haps a def i ni tion could be the
height at which all mol e cules dis ap pear? How ever, even in the vac uum of
space there is a van ish ingly small den sity of atoms and mol e cules. How
about the height at which the Earth is no longer the dom i nant grav i ta tional
pull on these mol e cules of gas? That would put the top of the at mos phere at
around 1.5 mil lion kilo me tres above the sur face, which is much too far away
to be mean ing ful.

In prac tice, there are a few def i ni tions cur rently used to de fine the top of
the at mos phere. The first – and most straight for ward – is the Kár mán line,
named af ter aero nau tics the o rist Theodore von Kár mán (1881–1963). This
places the top of the at mos phere, and so the edge of space, at 100 km above
the Earth, partly in formed by how high an air craft could fly in a straight line
be fore trav el ling into space (i.e. not fol low ing the Earth’s cur va ture in an or‐ 
bit) and partly by one hun dred be ing a nice round num ber. Ac cord ing to the
Fédéra tion Aéro nau tique In ter na tionale, any thing that takes place un der the
Kár mán line is classed as aero nau tics, while any thing that takes place above
it is as tro nau tics. The V2 rocket was the first ob ject to cross this line, and so
was tech ni cally the first space ship.

For space flight this is a sen si ble enough def i ni tion, but it isn’t a phys i cal
one. At mo spheric sci en tists could ar gue that there are at least three other def‐ 
i ni tions for the top of the at mos phere. One is around the same height as the
Kár mán line, called the tur bopause. This is the height be low which the con‐ 
stituent gases of the at mos phere are well mixed, and above which they are
in stead strat i fied by how heavy the mol e cules are: the heav i est mol e cules in
a layer at the bot tom, with hy dro gen in a layer on the very top. An other def i‐ 
ni tion is the top of the ther mo sphere, at around 600 km in al ti tude, above
which there are plenty of mol e cules – hy dro gen and car bon diox ide mostly –



that are still grav i ta tion ally at tracted to the Earth, but there aren’t enough of
them to be have like a gas any more.

The fi nal def i ni tion, re ally stretch ing what could be con sid ered the at mos‐ 
phere, is the edge of the fi nal, out er most layer of the Earth’s at mos phere,
called the ex o sphere. This is noth ing more than a scant few mol e cules still
cling ing to the Earth’s grav ity, barely in ter act ing with one an other at all. At
around 10,000 km above the sur face, the force that sun light ex erts on these
rar efied atoms starts to out weigh the force of the Earth’s grav ity, and the
planet loses its last ten u ous grip on the mol e cules. Ex actly where this oc curs
varies de pend ing on the ac tiv ity of the Sun, and on whether you are look ing
to wards the Sun or in the lee of the Earth. It has re cently been shown that
these fi nal strands of the Earth’s at mos phere – known as the geo corona – can
ex tend as far out as 600,000 km above the sur face, mean ing that the Moon
oc ca sion ally passes through the Earth’s at mos phere.

 
Now that we find our selves thou sands of kilo me tres above the Earth, the last
few traces of at mo spheric mol e cules float ing by like strands of the gi ant’s
hair, let us look back at our planet. We see a green and blue mar ble, small to
our eyes now, wreathed in the van ish ingly thin en ve lope of its at mos phere.
So far above the planet, the at mos phere is a wispy haze, a coat of gloss var‐ 
nish on this globe hang ing in space. While we may tech ni cally find our selves
just on the edge of the Earth’s at mos phere here, some 99 per cent of the ac‐ 
tual mass of the at mos phere lies within just 50 km of the sur face. When
com pared to the huge size of the Earth, with a ra dius of some 6,400 km, the
at mos phere is truly dwarfed.



CHAP TER 3

WIND

Weather is an cient. The Eng lish word ‘weather’ has its roots in the Old
Eng lish word weder, which is be lieved to come nearly un changed from
Proto-Ger manic, the hy poth e sised com mon lan guage of north-west ern Eu‐ 
rope spo ken two and a half thou sand years ago. Just like our ob ses sion with
the sub ject, ‘weather’ is an old word, per haps stretch ing back in one form or
an other even fur ther, to the Ne olithic. Its mean ing is well known to us: the
state of the at mos phere around us. Weather is whether it is hot or cold, wet
or dry, clear or cloudy. But ‘weather’ in its older forms orig i nally had two
con nected mean ings. The first was the one fa mil iar to us. The sec ond re‐ 
ferred specif i cally to wind. In fact, the old est lex i cal root we have for
‘weather’ is from the verb ‘to blow’, which shares a root with the mod ern
Eng lish word ‘wind’. In this sense, the root of weather is wind.

To me, wind re ally is the fun da men tal ba sis of weather. I would say that,
though, given that my re search of the Earth’s at mos phere fo cused specif i‐ 
cally on how air moves around the north ern hemi sphere. With out wind we
wouldn’t ex pe ri ence tor ren tial rain, heat waves, fog, thun der, storms, or any
num ber of weather con di tions. Wind is it self some weather, but ad di tion ally,
wind en ables all weather. The sim ple rea son for this is that wind is our at‐ 
mos phere’s way of trans port ing ma te rial around the world, much as blood
trans ports oxy gen, nu tri ents, and waste around our bod ies. The driv ing
mech a nism be hind wind, then, is the heart of the at mo spheric gi ant, pump‐ 
ing heat and mois ture to all four cor ners of the globe, bring ing weather with
it.

But what is wind, re ally?



On a fun da men tal level, wind is the mo tion of air. When we ex pe ri ence
wind, we are ex pe ri enc ing a cur rent in the great ocean of air that is our at‐ 
mos phere. In fact, math e mat i cally, there is no dif fer ence be tween a cur rent
felt in the sea or a swim ming pool and wind felt in the at mos phere. A gen tle
breeze is air in no great rush, a storm is a great stam pede of air mol e cules
rac ing from one point to an other. On Earth, our wind speeds are rather mod‐ 
est – air typ i cally sloshes around the planet at a rate of a few me tres per sec‐ 
ond. The fastest wind speed ever recorded on the sur face of the Earth was in
Cy clone Olivia in Aus tralia in 1996. A weather sta tion clocked air briefly
flow ing at 113 me tres per sec ond (about 250 mph or 400 kph). This is
peanuts com pared to other plan ets, how ever. Nep tune has the fastest winds
in our so lar sys tem, per haps three times as fast as Cy clone Olivia, and even
that is dwarfed by winds de tected around ex o planet HD 189733b, which
were mea sured to be 2,414 me tres per sec ond (an as ton ish ing 5,400 mph or
8,700 kph).1

Con sid er ing any planet’s at mos phere as one en tity, look ing down on it
from space, we say that it be haves as a fluid. This is a gen eral term in
physics that en com passes how liq uids like wa ter move, how gases like ni‐ 
tro gen and oxy gen flow, and even how plasma in the heart of the Sun
sloshes around. A fluid is a sub stance made of mol e cules and atoms, like
solid ob jects, but made of mol e cules and atoms that only weakly in ter act
with each other. We might imag ine them to be like birds: one bird clearly
flies as an in di vid ual, but put enough of them to gether and they be have as a
flock. How this flock be haves of ten de pends on its size; a small mur der of
crows, for ex am ple, may stick close to gether, but will act more or less like a
group of dis tinct in di vid u als. Put mil lions of star lings to gether, how ever,
and they will be have as a mur mu ra tion – a flock that moves to gether as a
sin gle, colos sal en tity, flow ing be tween build ings and part ing like the Red
Sea to evade a div ing hawk. Watch ing a mur mu ra tion is like watch ing a
sen tient cloud, re spond ing to changes in its en vi ron ment – catch ing up‐ 
drafts, chas ing swarms of in sects, flee ing from preda tors. De spite be ing
made of in di vid ual birds, all obey ing their own in ter nal logic, the mur mu ra‐ 
tion flies in a com pletely dif fer ent way, greater than the sum of its parts.

In the same way, on a su per zoomed-in level, wind on the Earth may ap‐ 
pear as in di vid u ally mov ing mol e cules of ni tro gen and oxy gen, but zoom
out slightly and you’ll see that they in fact flow to gether as co he sive groups.
The at mos phere, then, be haves like an im mense mur mu ra tion of star lings.



Out of the sim ple mo tions of in nu mer able mol e cules weakly in ter act ing
with one an other, beau ti fully com plex be hav iours emerge. These can be
large scale, such as the cir cu la tion of the at mos phere around an en tire hemi‐ 
sphere; medium scale, such as the pat tern of winds around a storm; or small
scale, such as the gusts of wind that flow around sky scrapers.

But what causes these be hav iours? A mur mu ra tion of star lings will part
to al low a hawk to plum met through, or fol low a swarm of in sects for their
sup per. It obeys the whims of the in di vid ual birds that make up the flock.
De spite the anal ogy, mol e cules are not in fact liv ing, breath ing birds; so
what does the at mos phere re spond to, then? Can we still pre dict how the at‐ 
mos phere might flow?

The an swer to this is, of course, yes. But it took schol ars and sci en tists
cen turies to pick apart what makes wind flow. It was only with this un der‐ 
stand ing in hand that our mod ern con cept of the at mos phere, and the ca pa‐ 
bil ity to pre dict fu ture weather, be came pos si ble. As we will see in the com‐ 
ing chap ters, the mir a cle of mod ern me te o rol ogy all flowed from an un der‐ 
stand ing of flow.

 
As we’ve al ready dis cussed, me te o rol ogy in one form or an other has ex isted
for thou sands of years, evolv ing from as trom e te o rol ogy based on in ter pre ta‐ 
tion of su per nat u ral en ti ties to a nat u ral phi los o phy based on the rea son ing
of fig ures like Aris to tle and then later Galileo and New ton. These ap‐ 
proaches had some thing in com mon, how ever. They shared the be lief that
weather de vel oped in situ – in other words, that the weather ex pe ri enced at
a lo ca tion could be ex plained by ap ply ing the prin ci ples of your cho sen sys‐ 
tem to phe nom ena in that lo ca tion. Thou sands of years ago, the weather in
a lo cal ity was said to be de ter mined by the ac tion of a god like Hapi or Zeus
at that lo ca tion. Early nat u ral philoso phers mean while ex plained weather
events us ing con cepts like the ex ha la tion of dry vapours, also in the lo cal ity
of the events. Our un der stand ing of the at mos phere took a great leap for‐ 
ward when it was re alised that at mo spheric flow – wind – could carry
weather from one place to an other.

The first inklings that weather could change in tan dem across a large area
are found in a book sim ply ti tled The Storm, writ ten by then-po lit i cal rab‐ 
ble-rouser Daniel De foe (1660–1731), bet ter later known as the au thor of
Robin son Cru soe.2 De foe led a rather fas ci nat ing life that saw him in and
out of prison, and at var i ous times work ing as a spy, a jour nal ist, a brick-



maker, and as one of the first nov el ists in the Eng lish lan guage. On the
night of 26 No vem ber 1703, fresh out of one of his stints in prison, he wit‐ 
nessed a ter rific storm. This would later – imag i na tively – be named The
Great Storm of 1703, and it was by all ac counts a huge nat u ral dis as ter. An
es ti mated 8,000 lives were lost in ship wrecks, with around a fifth of the
Royal Navy be ing de stroyed, along with over a hun dred deaths on land in
Eng land due to col laps ing roofs and chim neys. The wind was so fierce that
the lead roof ing was blown off West min ster Abbey and one worse-for-wear
ship was blown fif teen miles in land. We know about this event in such great
de tail be cause De foe took it upon him self to col late re ports of the de struc‐ 
tion, plac ing news pa per ad verts ask ing read ers to sub mit their per sonal ac‐ 
counts of the dis as ter, which he then com piled and edited into a book. These
re ports didn’t just come from Eng land, how ever; oth ers came in from across
West ern Eu rope, telling of wind mills tear ing them selves to pieces and live‐ 
stock be ing blown out of their fields. De foe sur mised that these re ports
were all re lated to the same storm, one that had come from the west, passed
over Eng land, France, and Ger many, and then con tin ued out over the Baltic
Sea, leav ing de struc tion in its wake. This was no in situ weather event!
Wind had car ried the same at mo spheric con di tions over a large area.

Some what more peace fully, in 1743, Amer i can poly math Ben jamin
Franklin (1706-90) was at tempt ing to ob serve a lu nar eclipse in Phil a del‐ 
phia, but was thwarted by clouds.3 His cor re spon dents in Bos ton re ported,
how ever, that their view of the eclipse was good, with clouds only ar riv ing
an hour af ter the event ended. Franklin cor rectly re alised that the clouds he
was un for tu nate enough to be un der were the same as those later seen by his
Bosto nian friends. The clouds had been car ried by a cur rent of air from
Phil a del phia to Bos ton, weather again be ing trans ported from one place to
an other. Clearly then, in or der to com pre hend the weather at a given lo ca‐ 
tion it wasn’t enough to ex am ine the lo cal causes – wind could carry
weather that had de vel oped else where. There was no get ting around it: an
un der stand ing of what caused wind was nec es sary to un der stand the
weather!

This un der stand ing emerged in the nine teenth cen tury, start ing with two
hugely sig nif i cant sci en tific pa pers that couldn’t have been more dif fer ent
from one an other. The first was writ ten by Amer i can self-taught me te o rol o‐ 
gist William Red field (1789–1857), a man with very lit tle for mal school ing
but a clear tal ent for sci ence.4 In 1821 Red field was out walk ing when he



no ticed that trees blown down by a storm had fallen in a geo met ric pat tern –
to be more spe cific, they had fallen in a spi ral. This, he rea soned, must have
been caused by the pat tern of winds in the storm. Red field went on to con‐ 
duct an anal y sis of other storms that had sim i larly blown up the east coast
of the United States from the Car ib bean. He found that these storms all
shared a sim i lar pat tern of winds, a pat tern he de scribed in a pa per in 1831
as a ‘pro gres sive whirl wind’ with a calm cen tre, ro tat ing an ti clock wise. To‐ 
day we would call this pat tern a cy clone (from the An cient Greek kúk los,
mean ing ‘cir cle’), a ro ta tion of the fluid of the at mos phere around a point.
Imag ine a mur mu ra tion of star lings fly ing around a church spire. Those
birds near est to the spire must twist their bod ies and change di rec tion ex‐ 
tremely quickly, while those fur ther out leisurely soar as they make their
way around the church. In the cen tre there may even be a few lucky birds
who have perched on the stonework, sat per fectly still amid all the com mo‐ 
tion. This is how the at mos phere be haves around a storm, ro tat ing at great
speed close to the cen tre and more slowly fur ther out.* For rea sons that will
be ex plained later, this ro ta tion is an ti clock wise in the north ern hemi sphere,
and clock wise in the south ern hemi sphere.

 
* Of course, this is only true up to a point. Most storms have a calmer cen tre where the lo cal pres‐ 
sure gra di ent is rel a tively small. Trop i cal cy clones such as hur ri canes also have ‘eyes’ at their cen tres
with barely any wind speed or cloud cover. These are caused by a counter-ro tat ing cur rent in the up‐ 
per lev els of the storm that forces some air to de scend at the cen tre. This is a process that is still not
fully un der stood! See J. Vigh, ‘For ma tion of the Hur ri cane Eye’, in 27th Con fer ence on Hur‐ 
ri canes and Trop i cal Me te o rol ogy, Mon terey, Amer i can Me te o ro log i cal So ci ety, 2006.

 
Red field’s storms were all ‘pro gres sive whirl winds’, but why? They must

have all also shared a com mon cause. At this time, thanks to mea sure ments
by barom e ters, it was well known that the air pres sure plum meted at the
cen tre of a storm. The physics of fluid flow – well es tab lished by the mid-
nine teenth cen tury through the ear lier work of math e ma ti cians such as
Daniel Bernoulli and Joseph-Louis La grange – in di cated that where pres‐ 
sure was low, fluid would at tempt to flow. Much as birds will fly from a
des o late area to a ver dant one with plen ti ful food, a fluid will at tempt to
flow into a re gion of low pres sure. Naively then, given the low-pres sure
area in the cen tre of storms, we should ex pect air to rush in from the sur‐ 
round ing en vi ron ment in stead of ro tat ing around the low-pres sure area. But
this was not what Red field had ob served! This ap par ent mis take was ac tu‐ 



ally the cause of quite some con tro versy around Red field and his so-called
‘Cir cu lar The ory’. As it turned out, an ad di tional force was needed to ex‐ 
plain Red field’s ob ser va tions, and it would be pro vided just a year later.

At this point in our story, we need only note that Red field had bridged an
im por tant con cep tual gap – through ob ser va tions, he claimed that all storms
had sim i lar flow pat terns in the at mos phere. What made a storm a storm?
How in tense its winds were, and specif i cally the di rec tion they flowed in:
an an ti clock wise spi ral. He con nected this to the low pres sure at the hearts
of these storms, but couldn’t work out pre cisely how this con nec tion
worked.

 
Here William Fer rel (1817–91) en ters our story. Un like so many other sci‐ 
en tists in our story so far, he didn’t come from a wealthy or re spected fam‐ 
ily. Born to a fam ily of farm ers in ru ral Penn syl va nia, Fer rel was a shy boy
who pre ferred to spend time away from friends, in stead ei ther work ing on
the farm or de vour ing books.5 He had a wide-eyed won der about the nat u ral
world. Like many am a teur sci en tists in this pe riod, he was ex tremely mo ti‐ 
vated to learn more about na ture, and over came sig nif i cant dif fi cul ties early
in life to even tu ally pur sue re search. As a child he only re ceived a for mal
ed u ca tion in two win ters, taught with chil dren of all ages in a sin gle-room
el e men tary school. This rudi men tary ed u ca tion in spired Fer rel to learn
more, how ever, and he made re peated, dif fi cult jour neys to towns in nearby
Mary land to buy books on var i ous top ics in sci ence. Over the years, Fer rel
ed u cated him self to the point where he him self could teach, even tu ally earn‐ 
ing enough money to pay for tu ition at col lege. Af ter grad u a tion he con tin‐ 
ued to ab sorb the drip of sci en tific in for ma tion en ter ing ru ral Amer ica,
learn ing about the laws of physics that New ton (1643–1727) had de rived
and form ing his own the o ries on the nat u ral world. In par tic u lar he stud ied
the the ory pro posed by Pierre-Si mon Laplace (1749–1827) on the na ture of
tides, and (cor rectly) dis agreed with Laplace’s con clu sion that the Moon
and Sun were caus ing the Earth’s ro ta tion to ac cel er ate. This dis agree ment
formed the ba sis of the first sci en tific pub li ca tion from the wide-eyed farm-
boy at age thirty-six, in 1853.6 Just three years later, Fer rel would es tab lish
an en tirely new aca demic field.

‘An Es say on the Winds and Cur rents of the Ocean’ was pub lished in a
small, lo cal pe ri od i cal run by one of Fer rel’s friends.7 The pa per, while not
con tain ing a sin gle equa tion, is seen by some as the first in the im pres sive-



sound ing field of geo phys i cal fluid dy nam ics, or GFD. While the name may
sound like sci ence fic tion tech nob a b ble, at its heart the sub ject is re ally
rather sim ple. So far, we’ve imag ined a fluid like the at mos phere flow ing
like a mur mu ra tion of star lings. More specif i cally, this is like imag in ing a
fluid on a static sur face, such as wa ter flow ing on a ta ble. But the Earth is of
course not sta tion ary! It ro tates about its axis, and this mas sively im pacts
the way flu ids be have on its sur face. Al low that sur face un der neath a fluid
to ro tate in some way and a whole heap of com pli ca tions arise. It’s rather
like a mur mu ra tion fly ing through a storm – birds might try to fly in one di‐ 
rec tion and find them selves di verted in an other, the whole flock hav ing
their flight af fected by the strong cur rents in the air. It be comes im pos si ble
to fly in cer tain ways: at tempt to fly into the storm and the birds re main sta‐ 
tion ary, at tempt to fly per pen dic u lar to the wind and the birds in stead fol low
a di ag o nal path. The faster the ro ta tion of the sur face the fluid rests on, the
stronger the storm our birds must fly in – im pact ing on the ways the mur‐ 
mu ra tion can fly more and more. This is the case for a two-di men sional
flow, such as wa ter on top of a ro tat ing ta ble. A three-di men sional ro tat ing
flow, such as an at mos phere flow ing over the sur face of a ro tat ing sphere, is
sim i lar but more com pli cated again. The math e mat ics de scrib ing this de cep‐ 
tively com plex im pact on the flow of a fluid are re ally rather tricky, and are
at the beau ti ful heart of geo phys i cal fluid dy nam ics. Fer rel’s 1856 pa per
was the first, ten ta tive step in GFD, us ing ver bal rea son ing and the dy nam‐ 
ics known at the time to de duce the ex is tence of a new fea ture of the at mos‐ 
phere.

It was fol lowed up by a truly gi ant leap in 1858, when Fer rel pub lished
‘The In flu ence of the Earth’s Ro ta tion Upon the Rel a tive Mo tion of Bod ies
Near its Sur face’.8 This tiny pa per, just four pages long, is a true mile stone
in me te o rol ogy, crammed with el e gant math e mat ics that seem to burst out
of the mar gins. It was the first time that some one had com bined all the
pieces nec es sary to pre dict how air be haves on the sur face of the Earth. Us‐ 
ing data col lated by math e ma ti cian and fel low me te o rol o gist James Henry
Cof fin (1806–73), it com bined New ton’s sec ond law (that the force act ing
on an ob ject is equal to its mass mul ti plied by the ac cel er a tion it ex pe ri‐ 
ences, or F=mA) with ro ta tional me chan ics nec es sary to cal cu late the de‐ 
flec tion a par cel of air ex pe ri ences as it moves around a ro tat ing sphere.
Fer rel the farm-boy had put num bers to the flow of the at mos phere, and in
so do ing ex plained Red field’s ‘Cir cu lar The ory’: why air ro tates around the



low-pres sure heart of a storm. Air rushes to oc cupy an area of low at mo‐ 
spheric pres sure, yes, but in do ing this it is de flected by the ro ta tion of the
Earth. This is known as the Cori o lis de flec tion, and we’ll talk much more
about it in later chap ters. More gen er ally though, Fer rel had de rived equa‐ 
tions that roughly de scribed how winds formed ev ery where. If you knew the
dis tri bu tion of tem per a ture and pres sure in your area, even from just a few
mea sure ments, you could use Fer rel’s equa tions to cal cu late what winds
will blow as a re sult!

When I was an un der grad u ate, I stud ied a mod ule on, among other
things, how flu ids flow. While sat in my col lege li brary one af ter noon work‐ 
ing out tu to rial prob lems with pa per and pen cil, I ut terly fell in love with
the sub ject. There was one prob lem in par tic u lar that sealed the deal. A
fluid was placed be tween two plates and one of these plates heated by a cer‐ 
tain ap pli ca tion of en ergy. How did the fluid be tween the plates re spond?
First, I ap plied the sim ple equa tions de scrib ing how the plate would warm
as heat was trans ferred. Then, while ap ply ing the equa tions de scrib ing how
the fluid would ac cel er ate in re sponse to this change in tem per a ture, I was
struck by what I was do ing. With a mere hand ful of math e mat ics and a cou‐ 
ple of pieces of in for ma tion, I was able to de scribe the be hav iour of a con‐ 
tin u ous, gooey fluid stuck be tween two planes. How its star lings were more
free to fly near one plate than the other. In a physics de gree you spend much
of your time study ing ridicu lous things like the mo tion of a pen du lum with
no fric tion, or how a per fectly spher i cal chicken would roast in an oven, or
the way two in fin itely small elec tric charges re pel one an other. But here!
Here was some thing tan gi ble, some thing real. This was no in fin itely small
par ti cle on an in fi nite, fric tion less plane. I could im me di ately imag ine this
hy po thet i cal scene tak ing place in front of me, and, more than that, I could
see how it could be gen er alised. This par tic u lar ques tion was about some
oil-like liq uid. But the Earth’s at mos phere also be haved as a fluid, vari ably
heated from be low by the land and ocean. The ex act same equa tions I had
jot ted down with my pen cil could be used to cal cu late how the at mos phere
would flow, pro duce wind, make weather. If I had in for ma tion on the char‐ 
ac ter is tics of the at mos phere and the tem per a ture of the ground un der neath,
I could pre dict what weather would take place to mor row! Of course, I could
only dream at the time of be ing able to work out all the ex tra com plex i ties
of fluid flow tak ing place on a ro tat ing sphere, mak ing it truly ap pli ca ble to
the Earth’s at mos phere. Fer rel was the one who had taken this con cep tual



leap, worked out the de tails, and made it a re al ity. All me te o rol ogy since
owes him a great debt.

I would be re miss not to men tion that such un der stand ing was also em pir‐ 
i cally worked out – en tirely in de pen dently – a lit tle later by the spec tac u‐ 
larly named Dutch sci en tist Christopho rus Hen ri cus Dieder i cus Buys Bal lot
(1817–90), though he would sub se quently ac knowl edge Fer rel’s pri mo gen i‐ 
ture. Buys Bal lot pub lished his re sults in 1857 and had the dis tinc tion of
val i dat ing his re sults by com par ing wind data col lected along the Dutch
coast to barom e ter read ings taken at the same time.9 These showed that the
equa tions de scrib ing the wind around ar eas of low pres sure first de rived by
Fer rel and later by Buys Bal lot were born out in real-world data. For this
rea son, de spite him not be ing the first, his tory chose to re mem ber Buys Bal‐ 
lot. What we call ‘Buys Bal lot’s law’ is still taught in mil i tary acad e mies to‐ 
day: in the north ern hemi sphere, if you turn your back to the wind, the at‐ 
mo spheric pres sure is low to your left and high to your right. This state‐ 
ment, which may be fa mil iar to you, is sim ply a very con densed form of the
phys i cal equa tions Fer rel and Buys Bal lot de rived. When put so sim ply, it’s
dif fi cult to un der stand why it took so long for sci ence to de scribe winds like
this. Yet it took the de vel op ment of the nec es sary equip ment (the barom e‐ 
ter) as well as nec es sary ob ser va tions (via Red field) and the nec es sary the‐ 
ory (via Fer rel and Buys Bal lot) to piece this un der stand ing to gether.

Buys Bal lot’s law has led to Fer rel be ing rather un fairly for got ten. He
was a truly re mark able fig ure in the his tory of sci ence, go ing from farm-boy
to cor re spond ing with the finest sci en tists of his day. His work lies at the
heart of mod ern me te o rol ogy, and un der pins our dis cus sion in the com ing
sev eral chap ters: how wind brings weather, and shapes our cli mate.



CHAP TER 4

FIELDS

This will seem very strange, but stay with me.
Imag ine a room, say your own bed room. Fill it with as many cats, dogs,

and birds as you can pos si bly find and lock the door. Pan de mo nium en sues.
The dogs are hav ing a great time, happy to have made so many new friends,
while the cats are fran ti cally run ning rings around them, try ing to find a safe
place away from the big brutes. The birds aren’t both ered by the dogs, but
in stinc tively fly away from the cats, flock ing around the room, search ing for
a safe place to sit. For the first few min utes, the room ap pears to be in ab so‐ 
lute chaos, a blur of fur and feath ers. Even tu ally, how ever, things set tle
down. Af ter much bark ing and bum- sniff ing, the dogs es tab lish a peck ing
or der in one side of the room. The cats po si tion them selves spo rad i cally
through out the room, many un der the bed, keep ing a wary eye on all the
other an i mals. Some are look ing up wards, tails twitch ing, at the birds, who
have largely perched on the light fix tures. Other, bolder birds have set tled on
the back of the largest dog, for ag ing for food in the fur of a very pa tient
golden re triever. Things have come to an equi lib rium. Yet if this equi lib rium
is dis turbed, if say the golden re triever has enough of be ing a bird buf fet and
gets up, there are knock-on ef fects for the other an i mals. The cats clos est to
the golden re triever scat ter, fear ful of what this ter ri fy ing beast could do
next, spread ing panic in the other cats. The birds on the dog’s back take
flight, caus ing some of the hun grier cats to give chase, which then dis turbs
more of the birds into flight. Some of these birds grab the at ten tion of the
dogs, who give chase, bark ing, scat ter ing the cats even fur ther. In re al ity, a
true equi lib rium be tween the an i mals would never be reached, with each
small dis tur bance cas cad ing into changes in the dogs, the cats, and the birds.
The three types of an i mals would be for ever danc ing around one an other.



A physi cist would de scribe our pan de mo nium room as a do main, a stage,
a phys i cal vol ume, that ac tion can take place on. Each of our types of an i‐ 
mals – cats, dogs, birds – could then be de scribed as a field within this do‐ 
main. The cat field, for ex am ple, tells you where cats are within the room. In
this ap proach, each square me tre of the floor has a num ber as so ci ated with it,
which is the num ber of cats within that square me tre. All of these num bers
to gether, de scrib ing the en tire room, is the cat field. If we wanted to be
fancy, we could sum marise all this in for ma tion in a math e mat i cal ob ject rep‐ 
re sented by a Greek let ter, like γ. Equally, how ever, we have a dog field and
a bird field, also de fined on ex actly the same do main. These fields could be
rep re sented by some other let ters, such as δ and β. Each square me tre of the
room there fore has sev eral num bers as so ci ated with it – the value of the cat
field, the value of the dog field, and the value of the bird field; be ing the
num bers of cats, dogs, and birds re spec tively over that square me tre.

These fields are not static, how ever. As time moves for ward, the num ber
of cats un der the bed, say, will change. Ini tially, there were no cats hid ing
un der the bed frame, but as more and more mog gies re alise it is a safe haven,
the value of the cat field un der the bed, ini tially zero, grows larger and
larger. Un til, of course, some thing hap pens, like a dog stick ing its snout un‐ 
der the bed, at which point the cats scat ter, and the value of the cat field un‐ 
der the bed plum mets back to zero. The dog field, mean while, is largely un‐ 
changed. The dog field near the bed had one dog in it be fore, and will have
one dog in it af ter.

In case I’ve lost you along the way, let me just briefly re state what I’m
get ting at. Our room is a do main, in which we can de fine mul ti ple fields on
top of one an other, each rep re sent ing a dif fer ent type of an i mal. The val ues
of these fields cor re spond to how many of that type of an i mal there are in a
cer tain part of the room. The in ter ac tions be tween an i mals show up as
changes in our three fields over time.

Math e mat i cally we would say that our fields in ter act with one an other. In
fact, we could even de fine some equa tion that links the val ues of the cat
field, the dog field, and the bird field. This would be very use ful if, for ex‐
am ple, we didn’t know any thing about the cat field and yet had all the in for‐ 
ma tion about the dog field and the bird field. The equa tion would tell us,
given some dog field and some bird field, what the cat field must be as some
com bi na tion of the other two fields. If we wanted to use our fancy no ta tion,
we could even write it as some thing like:



 

 
This equa tion tells us that the num ber of cats at a lo ca tion (γ) is equal to the
num ber of dogs at that lo ca tion (δ) mul ti plied by the num ber of birds at that
lo ca tion (β). Link ing all of the dy namic fields (fields that change over time)
to gether, we would re fer to our equa tion γ = δ × β as the equa tion of state for
the room. An equa tion of state links to gether all of the fields that de fines
how a sys tem be haves – in our case, the fields rep re sent ing cats, dogs, and
birds.

Clearly, how ever, this par tic u lar equa tion isn’t very good! An ac cu rate
equa tion of state would al most cer tainly be more com plex than sim ply mul ti‐ 
ply ing the two other fields to gether to cal cu late the re main ing field, per haps
in stead say ing that the cat field de pends on the rate of change of the bird
field, or how the dog field changes through out the room (where there are the
fewest dogs, you find the most cats). Piec ing to gether the ac tual equa tion
link ing our three fields would in volve ei ther study ing the psy chol ogy of cats
and dogs and birds, or watch ing the room evolve over time and find ing an
equa tion that fits the be hav iour we ob served. While it is com pli cated, and
de scrib ing seem ingly chaotic be hav iour, it would be pos si ble to even tu ally
de rive the equa tion of state of cats, dogs, and birds.

At this point you may well be won der ing what on earth does this have to
do with the at mos phere?

Well.
Re place the room with our planet. In stead of a dog field, now con sider a

tem per a ture field – specif i cally, how the air tem per a ture varies through out
the at mos phere. In stead of a cat field, con sider a pres sure field, how air pres‐ 
sure varies through out the at mos phere. Each lo ca tion in the at mos phere
there fore has two num bers as so ci ated with it: the pres sure and the tem per a‐ 
ture at that lo ca tion. Con sid er ing the pres sure and tem per a ture through the
en tire at mos phere de fines the fields for these re spec tive quan ti ties. Pre vi‐ 
ously, we also dis cussed how these fields in ter act, with changes in one field
im pact ing on the other. So it is with the at mos phere also! In fact, we can de‐ 
fine a very sim ple equa tion of state for the at mos phere:
 



 
The air pres sure at a lo ca tion (p) is equal to the tem per a ture at that lo ca tion
(T) mul ti plied by two other fac tors. One of these is just a num ber, Rs, which
is a phys i cal con stant,* and the other is the air den sity at that lo ca tion (ρ).
This is an other dy nam i cal field, equiv a lent to the bird field in our room anal‐ 
ogy, that rep re sents the mass of air in a cu bic me tre at a lo ca tion.
 
* This is the spe cific ideal gas con stant for dry air, ap prox i mately 287 J kg-1 K-1. If you are fa mil iar
with the ideal gas law pV = nRT, you may recog nise the gas con stant, but note that this is the spe‐ 
cific gas con stant, i.e., the gas con stant di vided by the mo lar mass of dry air. Of course, air in the at‐ 
mos phere isn’t nec es sar ily dry! We can ac tu ally ac count for this very eas ily in the equa tion of state by
chang ing from con sid er ing tem per a ture to con sid er ing vir tual tem per a ture, which in cludes in‐ 
for ma tion on wa ter vapour.
 

This equa tion of state, which we also re fer to as the ideal gas law, is a
nexus of in for ma tion in at mo spheric sci ence.1 Much of the study of at mo‐ 
spheric physics is re ally the study of how fields like tem per a ture and pres‐ 
sure, as well as oth ers that we haven’t even men tioned such as mois ture con‐ 
tent and aerosol den sity, in ter act with one an other and change over time. The
way that pres sure and tem per a ture and den sity and myr iad other fac tors in‐ 
ter act may seem chaotic and near-ran dom, but their in ter ac tions can be con‐ 
densed down to one equa tion: the equa tion of state. The equa tion of state is
an in dis pens able part of the the o ret i cal tool kit needed to in ves ti gate the at‐ 
mos phere, act ing al most as a uni ver sal trans la tor of in for ma tion. There are
many oc ca sions in which we will have some in for ma tion about the at mos‐ 
phere, such as the air tem per a ture and the air pres sure, and want to know
some thing else, such as the air den sity. Sim ply ap ply the ideal gas equa tion,
and away you go. I’ve gone into such de tail, in tro duc ing it here not only be‐ 
cause it rep re sents how physi cists think about the at mos phere in terms of in‐ 
ter act ing fields, but also be cause of its uni ver sal ity in prac ti cal stud ies of the
at mos phere. Its im por tance re ally can’t be over stated.

As it turns out, if we keep track of how air tem per a ture in par tic u lar
changes through out the at mos phere, we can – via the equa tion of state – get
most of the way to wards un der stand ing how air pres sure changes. And, as
we learned in the last chap ter, vari a tions in air pres sure are the pri mary cause



for the at mos phere to flow. So, wind is forced by air pres sure, which is in
turn forced by air tem per a ture. William Fer rel de rived the equa tions de scrib‐
ing the first link in the chain, de scrib ing how pres sure causes wind, and we
have just our selves de rived the equa tion de scrib ing the sec ond link in the
chain: how pres sure is af fected by tem per a ture.

We now find our selves tan ta lis ingly close to un der stand ing the root cause
of weather in the orig i nal mean ing of the word! How the at mos phere be‐ 
haves, and specif i cally how the at mos phere moves. The ques tion re mains
then: how and why does air tem per a ture change?

The an swer hangs above us, blaz ing in the sky.
 

The Sun is a stel lar forge, in dus tri ously con vert ing hy dro gen into he lium.
While this sounds grand and ter ri bly com plex, re ally our star is noth ing more
than an enor mous col lec tion of gas. So much gas in one place, in fact, that
the ex treme pres sure and tem per a ture at its cen tre are enough to ig nite the
process of nu clear fu sion, where hy dro gen atoms are squeezed to gether to
form he lium atoms. Just like a forge here on Earth, this process kicks out a
ti tanic amount of en ergy. The Sun is heated to tens of thou sands of de grees,
kick ing vast quan ti ties of elec tro mag netic ra di a tion out into the so lar sys tem
in all di rec tions. Ob jects or bit ing the Sun such as the plan ets only re ceive a
tiny, tiny frac tion of this out put, oc cu py ing just a tiny, tiny frac tion of the
space around the Sun. Plan ets are just motes of dust in the beam of a car’s
head lights, barely de tectible from their star’s per spec tive. Even so, the num‐ 
bers of this en ergy trans fer are quite lit er ally as tro nom i cal. Oc cu py ing a
mere fifty bil lionths of 1 per cent of space vis i ble to the Sun, the Earth still
drinks in around 150 thou sand tril lion joules of sun light ev ery sin gle sec ond.

Throw ing huge quan ti ties of elec tro mag netic ra di a tion out into space
makes the Sun sound spe cial, but, in fact, all ob jects in the uni verse do this.
Physics tells us that ev ery ob ject con stantly emits en ergy in the form of elec‐ 
tro mag netic ra di a tion, which we call black body ra di a tion. The rea son we
don’t see all ob jects glow ing like the Sun, how ever, is that the quan tity of
black body ra di a tion emit ted de pends on how hot the ob ject is: the hot ter the
ob ject, the more en ergy it emits per sec ond. To be a lit tle more spe cific, the
quan tity of en ergy emit ted is pro por tional to the fourth power of an ob ject’s
tem per a ture, i.e., T4, where the tem per a ture is mea sured in kelvin.2 Kelvin is
the unit of ab so lute tem per a ture, how hot an ob ject is rel a tive to ab so lute
zero, and in prac ti cal terms is iden ti cal to the Cel sius scale but with ab so lute



zero as 0K rather than -273.15°C. This fourth power re la tion ship means that
even a mod est in crease in the tem per a ture of an ob ject re sults in it emit ting a
huge amount more black body ra di a tion. The Sun, be ing so in cred i bly hot,
thus kicks out colos sally more en ergy per square me tre than any ev ery day
ob ject on Earth.

The most im por tant thing to un der stand about black body ra di a tion is that,
in ad di tion to the quan tity of en ergy emit ted be ing de pen dent on the tem per‐ 
a ture of the ob ject, so too is the wave length of ra di a tion emit ted. You may
have seen this for your self if you’ve ever heated some thing in a fire.* Ob‐ 
jects left in a hot fire for long enough will ini tially glow a dull, cherry red,
then or ange, and even tu ally, if the fire is re ally hot, a bril liant white. This is
black body ra di a tion! We ob serve these chang ing colours be cause as an ob‐ 
ject gets hot ter and hot ter, it emits more and more short wave length black‐ 
body ra di a tion, and less long wave length ra di a tion.* A tin can placed in a
fire will ini tially glow red, emit ting long wave length red light, but af ter heat‐ 
ing up some more it will start to emit shorter wave length yel low light, mix‐ 
ing the two to gether to form or ange light. Even tu ally, the can will be so hot
that it even emits green and blue wave lengths of light, mix ing to gether with
the reds and yel lows to form white light.

 
* Per haps this says more about me and my py ro ma ni a cal years spent as a boy scout than in tended.
*  This is be cause short wave lengths of light carry more en ergy than long wave lengths of light, and
so, to more ef fi ciently trans port heat away from an ob ject, the hot ter the ob ject gets, the more it prefers
to emit short wave lengths of light.
 



Fig ure 5: The elec tro mag netic spec trum.
 
To bring this back to our pre vi ous dis cus sion, a rel a tively cool ob ject like the
Earth (hav ing a tem per a ture of a few hun dred kelvin) doesn’t emit much en‐ 
ergy, and does so mostly at long wave lengths. More specif i cally, the Earth
largely emits wave lengths in the in frared part of the spec trum, hav ing wave‐ 
lengths just a lit tle longer than vis i ble light. The Sun, how ever, be ing ex‐ 
tremely large and ex tremely hot (thou sands of kelvin at its sur face), pumps
out huge amounts of en ergy, largely at shorter wave lengths such as ul tra vi o‐ 
let light. We will see that this dif fer ence in wave lengths be tween sun light
and ‘earth light’ is of ab so lutely crit i cal im por tance when talk ing about the
at mos phere.

This may have all seemed quite ab stract, per haps a re cur ring fea ture of
this chap ter. But I think it was worth all the ab strac tion, for we now have all
the con cep tual tools we need to an swer our orig i nal ques tion: how and why
does air tem per a ture change?

Sun light – mostly short wave lengths of light, fresh from the stel lar forge –
passes through the Earth’s at mos phere and is ab sorbed by the planet un der‐ 
neath.* The Earth, drink ing in this en ergy, heats up and then, like all ob jects
in the uni verse, emits black body ra di a tion of its own. As we just learned,
how ever, be cause it is rel a tively cool, the Earth mostly emits longer, in frared



wave lengths of light up wards, into the at mos phere. How ever, while the at‐ 
mos phere is per fectly happy let ting short wave length sun light pass through
it, it’s nowhere near as le nient when it comes to earth light and its in frared ra‐ 
di a tion. In fact, our at mos phere ap pears like a brick wall to long wave lengths
of light, and ab sorbs pretty much all of the en ergy the Earth emits as black‐ 
body ra di a tion. Hav ing done this, the at mos phere heats up and then, of
course, emits black body ra di a tion of its own – half of it out wards, into space,
and half of it in wards, to wards the Earth.

 
* The no table ex cep tion to this is of course the ab sorp tion of short wave lengths of light by ozone, as
pre vi ously dis cussed when talk ing about the strato sphere.

 
This split ting of the en ergy into out ward and in ward halves is of crit i cal

im por tance to un der stand ing global cli mate, but we will re turn to that idea
much later on. For now, the key take away is that the at mos phere is not
heated di rectly from above by the Sun, but in stead heated from be low by the
Earth. To use a culi nary anal ogy, the fluid of the at mos phere is heated from
be low like wa ter in a pan on a stove, not from above like wa ter in a pan un‐ 
der the grill.

This seem ingly mi nor dis tinc tion has an im por tant ef fect. When the wa ter
in the pan un der the grill reaches boil ing point, it merely steams at the sur‐ 
face, while on the stove it starts boil ing, roil ing with bub bles cas cad ing to
the sur face. This is be cause un der the grill our wa ter is heated from above,
mean ing that the few mil lime tres of wa ter clos est to the sur face are the
warm est, with the few mil lime tres be low be ing slightly cooler, and so on.
When the warm est layer reaches boil ing point, it sim ply evap o rates, turn ing
to steam and es cap ing, and ex pos ing the next few mil lime tres of wa ter to the
air. The wa ter pos sesses what we might call static sta bil ity.

The pan on the stove, how ever, flips this be hav iour on its head. The wa ter
is now heated from be low, with the bot tom few mil lime tres of wa ter be ing
the warm est, then the few mil lime tres of wa ter above be ing slightly cooler,
and so on. When the wa ter in the low est, warm est layer reaches its boil ing
point, it turns into steam. Do ing so, how ever, makes it less dense than its sur‐ 
round ings, and so it shoots up to the sur face, where it pops and merges with
the at mos phere as a bub ble. Thanks to fric tion, these bub bles also drag along
with them some ad ja cent wa ter mol e cules, cre at ing an over turn ing cir cu la‐ 
tion – warm wa ter is car ried on up drafts from the bot tom of the pan to the
sur face, and then, un able to also es cape to the at mos phere, trav els back down



to the bot tom in a re turn flow. If you’ve ever watched a pot boil* you will
have seen this ef fect of cir cu la tion cells form ing in boil ing wa ter, marked out
by tor rents of bub bles, con strained by the shape of the pan.

 
* If you plan on do ing this, give your self plenty of time.

 
We see a very sim i lar phe nom e non in our at mos phere, mi nus the bub bles!

And with our equa tion of state, we can very eas ily see why. Air at the sur‐ 
face is heated by the Earth be low, but this heat ing isn’t uni form – some ar eas
will see higher air tem per a tures than oth ers, such as air over land com pared
to air over wa ter. Where air is warmer than its sur round ings, it is also less
dense. We know this be cause our equa tion of state says the pres sure air ex pe‐ 
ri ences is pro por tional to its den sity mul ti plied by its tem per a ture. As air is
un der pretty much the same pres sure ev ery where at the sur face – pres sure
be ing noth ing more than the weight of air above press ing down – this means
that if the air tem per a ture in creases, air den sity must de crease in or der to
bal ance our equa tion of state. A bun dle of less dense, warm air sur rounded
by more dense, cool air is then in much the same sit u a tion as a bub ble of
steam at the bot tom of a pan of wa ter on the stove – it rises!

We call this process con vec tion (from the Latin ‘to carry to gether’), and
across the Earth we see vast over turn ing cir cu la tions driven by con vec tion,
just like the over turn ing cir cu la tions we see in a pan on the stove. Be cause
the at mos phere cov ers the sur face of a ro tat ing sphere, rather than a sta tion‐ 
ary, cylin dri cal pan, how ever, these cir cu la tion pat terns take on a very dif fer‐ 
ent shape. The largest of these pat terns is cen tred over the equa tor, where air
is heated more con sis tently than air at lower lat i tudes. This re sults in a
planet-wide band of en er getic con vec tion, with air ris ing at low lat i tudes,
then spread ing out north and south. The re turn flow of this per sis tent, strong
con vec tion is so sig nif i cant that we will spend much of the next chap ter dis‐ 
cussing it, and the im pact it has had on not only the de vel op ment of at mo‐ 
spheric sci ence, but hu man so ci ety as a whole.

For now, how ever, I would like to take you back a few chap ters to our dar‐ 
ing aero nauts, Coxwell and Glaisher. I think it’s time to fi nally ex plain why
their flight was of such great in ter est to me, and what makes the strato sphere
so spe cial.

 
Glaisher has passed out. Coxwell is in the rig ging of the bal loon, des per ately
try ing to free the line for the re lease valve. Next to the un con scious Glaisher,



the hoar-frosted sci en tific in stru ments mounted on the wicker bas ket are a
bliz zard of ac tiv ity. The barom e ter in di cates that the air pres sure is a third of
what it was when the pair took off, and still drop ping. The hy grom e ter read‐ 
ing has plum meted off the scale en tirely. But among all the chaos and com‐ 
mo tion, one in stru ment prob a bly – and I say prob a bly as Glaisher sadly was
not cog nisant enough to read it – was static. The ther mome ter in di cated that
de spite as cend ing sev eral hun dred feet, the tem per a ture in the bal loon had
not changed. We pre vi ously dis cussed how this tem per a ture pro file de fines
the strato sphere – air gets colder with al ti tude in the tro po sphere, and is ini‐ 
tially con stant in the strato sphere be fore warm ing with al ti tude.

Con sid er ing the dis cus sion in this chap ter, we can im me di ately see why
air tem per a ture in the tro po sphere de creases with al ti tude. With the at mos‐ 
phere heated from be low, much like our pot of wa ter on the stove, the air
clos est to the ground is warm est. This air ab sorbs the black body ra di a tion
from the planet be neath, warms, and emits black body ra di a tion of its own. In
a way, the en ergy ini tially emit ted by the ground is passed from each mil‐ 
lime tre of the at mos phere to the next, start ing at the sur face and work ing all
the way up to the edge of space. This process is some what leaky, how ever,
with more and more en ergy lost at each han dover as the air gets thin ner and
thin ner (the ‘lost’ en ergy is ra di ated out to space). This re sults in the tro po‐ 
sphere de creas ing in tem per a ture with al ti tude, as we would ex pect the
whole at mos phere to. We of course know in stead that the strato sphere does
some thing com pletely dif fer ent. We also only briefly touched on why this is
the case – ozone.

Ozone – for mally, O3, or, less for mally, three oxy gen atoms stuck to gether
– is the ex cep tion to the rule that sun light passes through the Earth’s at mos‐ 
phere un scathed. Due to a quirk of how it is pro duced and de stroyed (a bal‐ 
anc ing act of break ing apart O2 mol e cules via ra di a tion, and de creas ing air
den sity with al ti tude), ozone is con cen trated in a thick layer in the Earth’s
strato sphere, and is scarcely found any where else nat u rally. The mol e cule is
ex tremely good at in ter cept ing ul tra vi o let light, so much so that cer tain
wave lengths of ul tra vi o let light (UV-B, to be pre cise) are re duced in in ten‐ 
sity by a fac tor of 350 mil lion3be tween the top of the at mos phere and the
bot tom. By ab sorb ing these par tic u lar wave lengths of light, ozone is a huge
help to life on Earth, lim it ing the in ten sity of this can cer-in duc ing ra di a tion
at the sur face. Were it not for the ozone layer, life on Earth would al most
cer tainly look very dif fer ent, lim ited by shorter life spans. This is why the de‐ 



ple tion of the ozone layer by hu man-pro duced chem i cals such as chlo roflu o‐ 
ro car bons (CFCs) in the twen ti eth cen tury was so im mensely con cern ing,
though, at the time of writ ing, it ap pears that, thanks to in ter na tional agree‐ 
ments, the ozone layer is on track to re cover to its nine teenth-cen tury state
by the mid dle of the cur rent cen tury.4

This is good news for life on our planet, but also good news for the strato‐ 
sphere, as ozone is what causes its unique tem per a ture pro file. As ozone
mol e cules ab sorb ul tra vi o let light, they heat up, con vert ing the en ergy of the
ra di a tion into ther mal en ergy. Ozone is so abun dant in the strato sphere that
this heat ing is sig nif i cant, coun ter ing the ‘leaky’ han dover of en ergy from
the sur face, and causes enough warm ing to give the strato sphere its dis tinc‐ 
tive tem per a ture pro file.

How ever, this se verely un der sells why the strato sphere is so spe cial. This
bizarre prop erty of in creas ing air tem per a ture with al ti tude com pletely
breaks one of the fun da men tal ways that we think the at mos phere works. To
ex plain why this is, we need to start think ing about air parcels.

Imag ine a bal loon that is in finites i mally thin and weighs noth ing, yet com‐ 
pletely pre vents heat trans fer from the in side to the out side. Such a bal loon
ther mally iso lates a small vol ume of air, yet al lows that vol ume to move
around and de form to tally unim peded. Hold ing such a bal loon in your hands,
en velop a por tion of air, per haps the size of a dust bin, and seal it. Con grat u‐ 
la tions, you have cre ated an air par cel! Ob vi ously, it is a fan tasy, but like so
many con cepts in sci ence, it is a use ful fan tasy: air parcels al low us to keep
track of a vol ume of air in a thought ex per i ment, as we will now see.

You have an air par cel in your hands, and that, as sum ing you are not read‐ 
ing this on a long-dis tance flight,* means you are sur rounded by tro po‐ 
spheric air. Let’s as sume for sim plic ity that this air around you is com pletely
still and com pletely dry. Hoist your air par cel over your head, rais ing it up
by maybe a me tre, and let go.

 
* Al ter na tively, if any one is read ing this right now in low Earth or bit or be yond, please, I’m beg ging
you, let me know about it!

 
By mov ing the air par cel ver ti cally up wards we thrust it into an en vi ron‐ 

ment with a lower air pres sure, which, of course, falls ex po nen tially with
height. The same weight of air above presses down on the air par cel and its
sur round ings, mean ing that the air pres sure is equal in side and out side the
imag i nary bal loon. How ever, be cause we have ther mally iso lated the bal‐ 



loon, the tem per a ture in side and out side the air par cel will not nec es sar ily be
equal. Re call that in the tro po sphere, air tem per a ture de creases with al ti tude.
Naively, this im plies that our air par cel will be warmer than its new sur‐ 
round ings, orig i nat ing from slightly closer to the sur face. In re al ity, air
slightly cools as it as cends in a process called adi a batic cool ing, some thing
that hap pens re gard less of us ther mally iso lat ing the air par cel. De pend ing
on how quickly the sur round ing air cools with al ti tude, our air par cel can be
warmer than its sur round ings, the same tem per a ture as its sur round ings, or
cooler than them.

Cast your mind back to the equa tion of state for the at mos phere:
 

 
If our air par cel is at the same pres sure and the same tem per a ture as its new,
el e vated sur round ings, we can con clude from this equa tion that it pos sesses
the same den sity. Our air par cel sim ply stays where it is placed, with no
force mo ti vat ing it to rise any fur ther or sink back down. To bor row a phrase
from Dou glas Adams, our bal loon hangs in the air in ex actly the way a brick
doesn’t. Things get a lot more in ter est ing, how ever, if the air par cel is at a
dif fer ent tem per a ture to its new sur round ings. If it is warmer than its sur‐ 
round ings, yet still at the same pres sure, the equa tion of state im plies that it
is less dense than its sur round ings. Much like a bub ble of less dense air in a
swim ming pool of very dense wa ter, our air par cel is buoy ant, and shoots
away from us, up wards and up wards. We have con vec tion! Con vec tion oc‐ 
curs if the air tem per a ture cools rel a tively quickly with al ti tude, or if the sur‐ 
face be neath is very warm. If the air tem per a ture in stead cools rel a tively
slowly with al ti tude, our hoisted air par cel will then be cooler than its new
sur round ings, and so, as per the equa tion of state, also denser. In stead of
shoot ing up wards, it gen tly re turns to our hands, back to an en vi ron ment that
is the same tem per a ture as its con tents.

We can sum marise all this by say ing that the tro po sphere pos sesses con di‐ 
tional sta bil ity. De pend ing on the cir cum stances, air parcels in the tro po‐ 
sphere can be un sta ble (re sult ing in con vec tion) or sta ble (re turn ing to their
orig i nal lo ca tion). Air here is un sta ble of ten enough, how ever, that con vec‐ 
tion is wide spread, and the mo tion of the at mos phere three-di men sional.



Now, let’s re peat the same ex per i ment in the strato sphere. Climb ing up an
imag i nary, 15-km-tall lad der, we trap a vol ume of air in our ther mally iso lat‐ 
ing bal loon and tie it off. Lift ing it above our heads, we let go. The air par cel
gen tly sinks back to where it started. Pack up the lad der, move to a dif fer ent
lo ca tion, and re peat the ex per i ment. Again, the dis placed air par cel sinks
back to its orig i nal lo ca tion. You can re peat the ex per i ment as many times as
you like, but the re sult will al ways be the same. Be cause air tem per a ture in‐ 
creases with al ti tude in the strato sphere, when an air par cel is dis placed up‐ 
wards, it will al ways be cooler than its new sur round ings, and so denser, and
thus will sink back down. We say that the strato sphere is stat i cally sta ble.
This means that ver ti cal mo tion in the strato sphere is al most en tirely pre‐ 
vented, with con vec tion made im pos si ble.

There fore, had Coxwell and Glaisher been con scious (and not con cerned
with their rapidly ap proach ing demise) at the zenith of their flight, they
would have found them selves in an alien world. Here, a mere ten kilo me tres
above the sur face, air be haves dif fer ently. In the strato sphere, dy nam ics take
place on flat sur faces – with no ver ti cal mo tion, wind ve loc ity is re duced to a
two-di men sional flow at each level.* The in hibit ing of up ward mo tion also
means that the strato sphere is al most en tirely dry. Wa ter can only en ter from
the tro po sphere be low, but when mois ture-laden air shoots up in a con vec‐ 
tive cur rent, it crashes into the stat i cally sta ble strato sphere, un able to move
any fur ther (un less it is ex tremely en er getic, which we do see some times).
We can ac tu ally wit ness this very clearly when look ing at cu mu lonim bus
clouds – their dis tinc tive anvil shape is caused by mois ture-laden, up wardly
mo bile air hit ting the tropopause and, un able to move any fur ther up wards,
spilling side ways, bring ing the cloud with it. The flat tops of these clouds
beau ti fully mark out the bound ary be tween the strato sphere and the tro po‐ 
sphere.

 
* There is a grand, planet-wide over turn ing cir cu la tion in the strato sphere called the Brewer–Dob son
cir cu la tion, but this is a very dif fer ent beast to the mas sive, en er getic con vec tive cir cu la tions of the
tro po sphere. See N. Butchart, ‘The Brewer–Dob son Cir cu la tion’, Re views of Geo physics
(2014), pp. 157–84.

Com pared to the dense, hu mid, three-di men sional tro po sphere, the strato‐ 
sphere is a ghostly realm. I think I find it, and Coxwell and Glaisher’s un in‐ 
ten tional voy age into it, so fas ci nat ing be cause it is so close to us and yet so
com pletely alien. If the strato sphere were at a hor i zon tal dis tance rather than



a ver ti cal one, you could drive a car there in a mat ter of min utes, and on ar‐ 
riv ing you would be con fronted by a realm of arid, flat mo tion. Yet for thou‐ 
sands and thou sands of years, hu mans had no idea that their thin shell of an
at mos phere was bounded above by this aero nau ti cal desert. We were sur‐ 
rounded by an alien world for our en tire his tory and yet had not the slight est
clue that it ex isted. Our pair of pi o neer ing bal loon ists stum bled into a scene
of pre vi ously unimag ined won ders, and, not quite pre pared for the dis cov ery,
slipped back down through the clouds to safety.

 

Fig ure 6: A cu mu lonim bus cloud – the flat top marks the bound ary be tween
the strato sphere and the tro po sphere, the tropopause.

 
We will re turn to the strato sphere and its unique cir cu la tion in a later

chap ter, but for now let’s de scend back to the tro po sphere. Here we will ap‐ 



ply our new knowl edge of at mo spheric pro cesses to what may be the most
sig nif i cant wind on the en tire planet. With out it, the rich sci ence of our at‐ 
mos phere would sim ply not ex ist as we know it.



CHAP TER 5

TRADE

When Philip II of Mace don (382–336 bce), fa ther of Alexan der the Great,
went to war, he would set out in sum mer. This was not, as you might ex pect,
to take ad van tage of fair weather for his bat tles, but be cause of a par tic u lar
weather phe nom e non in the east ern Mediter ranean. From ap prox i mately
May to Au gust, a strong, dry wind per sis tently blows from the north to the
south of the Aegean Sea. Philip went to war know ing that the pow er ful, ri val
city state of Athens would want to as sist his en e mies. This would be most ef‐ 
fec tively done by sea, and so he clev erly timed his op er a tions such that any
aid sent by Athens would be forced to sail into this strong wind, de lay ing
their travel and ef fec tively re mov ing them from con sid er a tion.1

These winds, writ ten about by Aris to tle, be came known as the Ete sians,
from the An cient Greek for ‘pe ri odic [or an nual] wind’. They are just one
ex am ple of winds that form in a par tic u lar place at a par tic u lar time of year –
other such ex am ples in Eu rope in clude the Sirocco in the Mediter ranean, the
Mis tral in France, and the Ll e van tades in Spain. Since an tiq uity, hu mans
have iden ti fied pat terns in at mo spheric be hav iour such as these, but for the
long est time they lacked an ac cu rate ex pla na tion for them. As we have al‐ 
ready seen, orig i nally su per nat u ral ex pla na tions were in voked, while to day
we know that these winds are caused by an ap pli ca tion of rudi men tary
physics to the im mense, ro tat ing fluid that is our at mos phere. All at mo‐ 
spheric mar vels can be ex plained in much the same way, from hur ri canes to
cold fronts, heat waves to au rora. The physics that un der lie these events are
in a way like the mus cles and sinews of the great at mo spheric gi ant, pow er‐ 
ing its foot steps that we ex pe ri ence as weather.

This be ing the case, why does the gi ant some times pos sess such a reg u lar
stride? Why does the at mos phere be have pre dictably in some cases, with



winds like the Ete sians flow ing re li ably ev ery year, while in most cases the
wind ap pears to blow at ran dom? In or der to un der stand how the gi ant can
leave such deep, reg u lar foot prints, we must first un der stand the un der ly ing
me chan ics. What mo ti vates its mus cles?

 
Pre vi ously we dis cussed how the flow of the at mos phere is ul ti mately
caused by changes in air pres sure. Other fac tors such as wa ter vapour and
ter rain do come into con sid er a tion, but when look ing at the at mos phere on a
larger scale, by far the most im por tant fac tor is air pres sure. Air pres sure is
in turn forced by tem per a ture; specif i cally, the tem per a ture of the planet be‐ 
neath it. And what forces the planet to be at a cer tain tem per a ture, the ul ti‐ 
mate cause of all winds on Earth? Of course, as we learned in the last chap‐ 
ter, our Sun.

But its en ergy is not dis trib uted evenly.
Imag ine that you have a square so lar panel and lay it flat on the ground at

the equa tor. The Sun, di rectly over head, sees this panel head-on as a square,
and il lu mi nates this square with so lar ra di a tion. If, how ever, you were to
take an iden ti cal so lar panel, travel close to one of the Earth’s poles and lay
your panel flat on the ground, the out come would be rather dif fer ent. The
Earth’s sur face curves away from the Sun as you move from the equa tor to
the poles, and to wards the night side. Or, in other, sim pler words, the Earth is
a sphere. Well, not quite, but we’ll come back to this. As a re sult of this cur‐ 
va ture, while the so lar panel may still look square to you as you lie it on the
snow, 150 mil lion km away the Sun only sees a thin rec tan gu lar panel. While
its width – run ning east to west – is un changed, its height – run ning north to
south – has been short ened by per spec tive. So in stead of ap pear ing square,
the so lar panel is fore short ened into an ex tremely thin rec tan gle. This means
the so lar panel oc cu pies a smaller area of space seen by the Sun. And as our
star pumps out an equal amount of en ergy into all space vis i ble to it, this
means that de spite both pan els be ing the same size, and nearly ex actly the
same dis tance from the Sun, the panel at the pole re ceives less en ergy than
its coun ter part at the equa tor.

This fun da men tal piece of ge om e try is why the equa tor is con sis tently
warmer than the poles: it oc cu pies more of the space vis i ble to the Sun. Yet,
as the year pro gresses, the Earth’s ax ial tilt causes dif fer ent ar eas of the
planet to be ex posed to the Sun to a greater or lesser de gree. In the north ern
hemi sphere’s sum mer, the hemi sphere is tilted to wards the Sun such that it



oc cu pies more of the space seen by the Sun, and hence re ceives more en ergy.
This causes the hemi sphere to warm, bring ing sum mer year af ter year. It
also, how ever, brings cer tain pre dictable pat terns in the at mos phere.

For ex am ple, in the north ern hemi sphere’s sum mer, the arid deserts and
steppes of west ern Asia scorch in the sun. Day time tem per a tures can reg u‐ 
larly soar over 40 °C, and long days, strong sun shine, and lit tle mois ture
bring ex treme heat to Iraq, Tur key, Syria, and Iran. As you may have
guessed, this causes con vec tion – air pres sure has re mained con stant but air
tem per a ture in creased, and so the air den sity de creases ac cord ing to the
equa tion of state. Be ing less dense than the sur round ing air, the warmer air is
more buoy ant, and so rises into the sky. This leaves be hind a par tial vac uum,
and so the air pres sure near the sur face falls. As a re sult of this, a sys tem of
low pres sure known as the Asi atic or Ira nian low dom i nates west ern Asia in
the sum mer months. Com bined with the rel a tively high pres sure in cen tral
Eu rope in sum mer (fu elled by a much moister cli mate), air is fun nelled be‐ 
tween the two sys tems in what is known as an at mo spheric trough. Ev ery
year, this causes air to flow from the warm, mostly dry in te rior of east ern
Eu rope to wards the Mediter ranean. This air flow is what we call the Ete sian
wind, blow ing year af ter year, keep ing Athens’ fleet at har bour.

But, wait a minute. Why doesn’t the air flow from the area of high pres‐ 
sure in Eu rope to wards the area of low pres sure in Asia? Naively, we would
ex pect a west-to-east wind. Why do we end up with this south wards trough?

To find an an swer to that ques tion, we join a num ber of great sci en tists
through out his tory, and en counter an other per sis tent wind in the at mos phere.
This time, how ever, it didn’t sim ply in flu ence the fate of Philip II and his
Mace do nian armies – it shaped the his tory of the en tire world.

 
Ed mond Hal ley (1656–1742) has been re mem bered rather un fairly by his‐ 
tory. His name is of course as so ci ated with the comet that re turns to the night
sky ev ery sev enty-six years or so, the only short-pe riod comet that can be
seen with the naked eye. Yet if you pressed most peo ple to ex plain what else
Hal ley achieved be sides cal cu lat ing some thing to do with a comet, they
would strug gle. A more ex ten sive list of Hal ley’s achieve ments is de tailed in
his splen did slate and gold memo rial plaque in the South Clois ter of West‐ 
min ster Abbey. These in clude be ing the sec ond As tronomer Royal, Fel low
of the Royal So ci ety, and Sav il ian Pro fes sor of Ge om e try at Ox ford Uni ver‐ 
sity. Recog nis ing its im por tance, and play ing no small part in its cre ation, he



also per son ally fi nanced the pub li ca tion of Isaac New ton’s Philosophiæ Nat‐ 
u ralis Prin cipia Math e mat ica, quite pos si bly the most in flu en tial work of
sci ence ever writ ten.* Also, un like so many great men of sci ence at the time,
ac cord ing to some ac counts Hal ley was a bar rel of laughs. The pre vi ous As‐ 
tronomer Royal de nounced Hal ley for drink ing brandy and ‘swear ing like a
sea cap tain’, and one story even has him and Pe ter the Great, Tsar of Rus sia
(1672–1725), tak ing it in turns to drunk enly push each other through hedges
at a stately home in a wheel bar row.2 Yet the pithy line of his epi taph with the
most rel e vance to our story reads sim ply: ‘oceanog ra pher, me te o rol o gist,
geo physi cist’.
 
* It should be noted that Hal ley paid for all the ex penses of pub lish ing the Prin cipia be cause the
Royal So ci ety of Lon don – of which he was clerk – was flat broke. Specif i cally, the So ci ety spent all
its money pro duc ing De His to ria Pis cium – a book by Fran cis Willughby (1635–72) on the his‐ 
tory of fish. Per haps not sur pris ingly, this sold spec tac u larly poorly, and so the Royal So ci ety nearly
robbed the world of the most im por tant piece of sci ence ever writ ten due to fall ing hook, line, and
sinker for a bad in vest ment.
 

Like many great fig ures of the En light en ment, Hal ley was only able to
pur sue a ca reer in sci ence thanks to the wealth of his fam ily. While his fa ther
– a landowner and salt mer chant – lost prop erty in the Great Fire of Lon don
in 1666, there was still enough coin in the fam ily cof fers to tu tor Ed mond
and send him to study at Ox ford. For rea sons lost to time, how ever, he did
not stay there. De spite great aca demic suc cess, in clud ing a pub li ca tion while
an un der grad u ate in the pres ti gious Philo soph i cal Trans ac tions of the Royal
So ci ety, in 1676, Hal ley aban doned his stud ies. Hav ing stud ied at Ox ford
my self, I can com pletely un der stand Hal ley’s de sire to get as far away from
tu to ri als and lec tures as hu manly pos si ble. I can hon estly say, though, that I
never once con sid ered sail ing to a re mote vol canic is land to do so. Yet this is
what Hal ley did, with royal bless ing. Us ing his fa ther’s con nec tions, he ob‐ 
tained a let ter from King Charles II (1630–85) that se cured him pas sage on a
British East In dia Com pany ship to Saint He lena, a speck of British ter ri tory
in the mid dle of the south At lantic.

Here he spent two years map ping the south ern skies. Or at least, that was
the plan. It turned out that the weather in the south At lantic was rather
cloudy, ru in ing night af ter night of ob ser va tions. Hal ley found plenty else to
do, how ever, and in stead made notes on the at mo spheric and oceanic con di‐ 
tions. On re turn ing to Eng land in 1678, he ded i cated a plani sphere (an ar tic‐ 
u lated map of the sky) of the south ern stars to Charles II and in re turn was



granted the royal equiv a lent of a voucher to re deem one free de gree from
Ox ford Uni ver sity, de spite hav ing not taken any ex am i na tions. It re ally is
who you know, not what you know, that counts. Hal ley went on to pur sue a
daz zling range of re search in ter ests (in clud ing mi croscopy, ar chae ol ogy, bi‐ 
ol ogy, en gi neer ing, as tron omy, and math e mat ics) but came back to his me te‐ 
o ro log i cal ob ser va tions sev eral years later.

Hal ley’s ex pe ri ence ‘in an em ploy ment that obliged me to re gard more
than or di nary the weather’3 led to a pa per writ ten in 1686, ti tled ‘An His tor i‐ 
cal Ac count of the Trade Winds, and Mon soons, Ob serv able in the Seas be‐ 
tween and Near the Trop icks, with an At tempt to As sign the Phisi cal Cause
of the Said Winds’. This was ar guably the first aca demic pa per ever writ ten
in the mod ern field of cli ma tol ogy, and was cer tainly a quan tum leap for‐ 
ward in how the at mos phere was per ceived by gen tle men schol ars. In formed
by a mul ti tude of ob servers across the world, Hal ley re con structed the wind
pat terns of the known world, and even at tempted to dis play these wind pat‐ 
terns in a sin gle map:

To help the con cep tion of the reader in a mat ter of so much dif fi culty, I
be lieved it nec es sary to ad joyn a scheme, shew ing at one view all the
var i ous tracts and cour ses of these winds; whereby ’tis pos si ble the
thing may be bet ter un der stood, than by any ver bal de scrip tion what so‐ 
ever.
 

Fig ure 7: Hal ley’s map of global wind pat terns from 1686.
 

Hal ley as signs a par tic u lar di rec tion and speed to the wind at a given lo ca‐ 
tion – in stead of be ing ran dom, the at mos phere is de picted as be hav ing pre‐ 



dictably:
 
I could think of no bet ter way to de sign the course of the winds on the
mapp, than by draw ing rows of stroaks in the same line that a ship
would move go ing al waies [al ways] be fore it; the sharp end of each lit‐
tle stroak point ing out that part of the Hori zon, from whence the wind
con tin u ally comes.
 

With the ben e fit of mod ern satel lite mea sure ments, we can say that these
wind pat terns are broadly ac cu rate, it self a re mark able achieve ment, though
this was only half of what Hal ley at tempted. Not con tent with sim ply de‐ 
scrib ing the winds, he wanted to ex plain them. While Aris to tle’s in cor rect ar‐ 
gu ment that wind was the ac cu mu la tion of dry, warm ex ha la tion from the
Earth still per sisted into the sev en teenth cen tury, Hal ley was hav ing none of
it in his pa per. ‘Wind is prop erly de fined to be the stream or cur rent of the
air, and where such cur rent is per pet ual or fixed in its course, ’tis nec es sary
that it pro ceed from a per ma nent, un in ter mit ting cause.’ Hal ley was of the
opin ion that as the Sun warmed up a sec tion of the at mos phere, the lat ter
would ex pand and so be come less dense. This sec tion of at mos phere would
then rise up, re sult ing in lower air pres sure, and so air from other ar eas
would rush in to re place it. This was how Hal ley ex plained one of the most
im por tant sec tions of the Earth’s cir cu la tion, clearly iden ti fi able on his chart:
the trade winds.

 
The trade winds are per ma nent fea tures of the Earth’s trop i cal re gions, where
the at mos phere near the sur face con sis tently flows from east to west. They
can clearly be seen in Hal ley’s map, blow ing from the west coast of Africa to
Mesoamer ica, as well as from the Pa cific into the Philip pines. These re li able
winds meant that cer tain parts of the globe be came easy to ac cess by sea far‐ 
ers, while ren der ing other re gions in ac ces si ble, shield ing them from out side
in ter fer ence. One par tic u larly im por tant ex am ple of this is the abil ity of
ships to sail from Eu rope to North Amer ica by the trade winds in the At‐ 
lantic Ocean. First recog nised by Por tuguese sailors in the early fif teenth
cen tury, these trade winds car ried Christo pher Colum bus – and ear lier trav‐ 
ellers such as John Cabot – to the Amer i can con ti nent. Re sources brought
back from the New World to Eu rope in the six teenth and sev en teenth cen‐ 
turies fun da men tally re dis tributed global power.4 Eu rope be came the axis of



the world. The wealth brought back to Eu rope di rectly and in di rectly caused
the sci en tific rev o lu tion, the in ven tion of the barom e ter and ther mome ter,
and the found ing of what we would now call mod ern sci ence. New World
wealth was dis cov ered us ing the trade winds, funded Hal ley’s stud ies, and
es tab lished the in sti tu tions that pro vided Hal ley with the data nec es sary to
un der stand the winds. If the trade winds did not ex ist, it is ex tremely doubt‐ 
ful that at mo spheric sci ence would be as ad vanced as it is to day.

 
Sci ence is a process built on data. In the sci en tific method, one de vel ops a
hy poth e sis and then tests it against data. If the data sup ports the hy poth e sis,
it can be con sid ered cor rect un til sub se quent data re pu di ates it. As such, a
sci en tist needs data to do their job – both to form hy pothe ses and to test
them. At mo spheric sci ence is unique in that, in or der to un der stand the be‐ 
hav iour of the at mos phere on large scales, the nec es sary data must be drawn
from lo ca tions sep a rated by vast dis tances. For many phe nom ena to be un‐ 
der stood, this data must be com mu ni cated from these great dis tances and
col lated into one dataset. For pre dic tion of these phe nom ena to be pos si ble,
as we shall cover later in the book, that com mu ni ca tion and col la tion needs
to be near-in stan ta neous. While hu mans live all over the planet, as we have
pre vi ously learned, they have only pos sessed the in stru ments nec es sary to
mea sure rel e vant vari ables – such as air tem per a ture and pres sure – for a few
cen turies. Nat u ral philoso phers only shared data widely in fits and bursts be‐ 
fore the in ven tion of the print ing press, and even sub se quently have been
lim ited by con flicts be tween na tions. It is no co in ci dence then that the trans‐ 
for ma tion of at mo spheric sci ence oc curred at the same time as a trans for ma‐ 
tion in global pol i tics and eco nom ics, en abling global in for ma tion flow as
never be fore. The birth of proto-glob al i sa tion.5

Hal ley was con veyed to Saint He lena by the British East In dia Com pany.
His ground break ing 1686 pa per was in formed by ob servers all over the
world as then known to Eu ro peans. In fact, he says as much: ‘It is not the
work of one, nor of few, but of a mul ti tude of ob servers, to bring to gether the
ex pe ri ence req ui site to com pose a per fect and com pleat his tory of these
winds.’ His the ory of the trade winds was only made pos si ble by col lat ing
cor re spon dence from a huge num ber of dis persed ob servers in Eu ro pean
over seas ter ri to ries. As pre vi ously noted, the wealth trans ferred to Eu rope by
the Columbian ex change and other colo nial ac tiv i ties fi nanced sci en tists and
sci en tific in sti tu tions. This pe riod is re ferred to as proto-glob al i sa tion, be ing



the pre lude to mod ern glob al i sa tion, the in te gra tion of peo ple, com pa nies,
and gov ern ments across the world. The in sti tu tions of proto-glob al i sa tion
such as colo nial out posts and the East In dia Com pany made the de vel op ment
of at mo spheric sci ence pos si ble through the most fun da men tal cur rency of
sci ence: data. Data was col lected by ocean-go ing ships of transna tional com‐ 
pa nies and col lated in their head quar ters. Data was col lected in Eu ro pean
colonies and col lated by of fi cials in or gan i sa tions such as the Royal So ci ety
of Lon don. The ac tiv i ties of proto-glob al i sa tion not only fi nanced sci en tists
but pro vided them with the data nec es sary to com plete their stud ies. At mo‐ 
spheric sci ence ar guably owes the great est debt of all the sci ences to this
colo nial struc ture, its de vel op ment be ing en tirely de pen dent on the ex treme
con cen tra tion of ge o graph i cally dis persed in for ma tion.

Sci ence likes to think of it self as amoral, apo lit i cal, ob jec tive. In di vid ual
sci en tists of ten are – they are cu ri ous in di vid u als who wish to un der stand the
world bet ter, and will work with what ever data is avail able to them. How‐ 
ever, the de vel op ment of mod ern sci ence was only made pos si ble through
the ac tiv i ties of Eu ro pean pow ers in the early mod ern pe riod. This means
that sci ence owes a debt in data and money to – among other things – the tri‐ 
an gu lar slave trade in the At lantic, colo nial in va sions and sup pres sions, and
in ter na tional pol icy based on so cial Dar win ism. Mod ern data-driven sci ence
bears a heavy debt. This is not to say that in di vid ual sci en tists bear re spon si‐ 
bil ity for these things. But con sider the fac tors that en able Hal ley to make
the fol low ing, en thu si as tic plea in his 1686 pa per:

 
I shall take it for a very great kind ness if any mas ter of a ship, or other
per son, well in formed of the na ture of the winds, in any of the afore‐ 
men tioned parts of the world, shall please to com mu ni cate their ob ser‐ 
va tions there upon; that so what I have here col lected may be ei ther con‐ 
firmed or amended, or by the ad di tion of some ma te rial cir cum stances
en larged.

 
Had his tory played out dif fer ently, per haps at mo spheric sci ence would have
arisen through a more hu mane, eq ui table route. But his tory did play out this
way. We must ac knowl edge the colo nial, of ten bru tal way in which early
mod ern sci ence ac quired its data.

 



In formed by this data, Hal ley was nearly cor rect in his ex pla na tion of the
trade winds. He ar gued that as the Sun passed from east to west in the sky,
warm air heated by the sun light would rush in from be hind the path of the
Sun, forc ing an east-to-west cir cu la tion in the at mos phere. He was nearly
there, but not quite. Be ing a bril liant sci en tist, he him self re alised this. If the
ex pla na tion of the trade winds was there in the data, Hal ley, in his fum bling
through, had brushed his fin ger tips against the cor rect ex pla na tion. He im‐ 
plored oth ers to take on the chal lenge, rum mage through the data, and fin ish
his work. The man who would plunge both hands into the lucky dip and
emerge grasp ing the so lu tion fifty years later was, of all things, a rather
bored lawyer.

George Hadley (1685–1768) stud ied law at Ox ford Uni ver sity and was
called to the bar in Lon don at the start of the eigh teenth cen tury. Yet his main
pas sion was the nascent sci ence of me te o rol ogy, and for seven years he was
in charge of in ter pret ing me te o ro log i cal re ports sent to the Royal So ci ety of
Lon don from around the world. So, much like Hal ley, he had ready ac cess to
a widely dis persed net work of ob ser va tions and, much like Hal ley again, he
used this data to de velop his own the ory of the trade winds. In 1735, shortly
af ter be ing elected a Fel low of the Royal So ci ety, he pub lished a slim pa per
on the sub ject, ‘Con cern ing the Cause of the Gen eral Trade Winds’.6 His im‐ 
prove ments to Hal ley’s the ory were twofold. First, he cor rectly dis missed the
idea that warm air rushed in from be hind the path of the Sun. Af ter all, if this
were the case then the whole planet would ex pe ri ence per sis tent east erly
winds. In stead, Hadley as serted that when air was heated in the trop ics and
as cended, it was re placed by air not from the east, but from both north and
south of the equa tor, where the heat ing by the Sun was marginally less. This
air rushed to wards the equa tor, where it con verged. Hadley’s sec ond im‐ 
prove ment to Hal ley’s the ory, and it was a par tic u larly clever idea, was that
the ro ta tion of the Earth would af fect these con verg ing air masses.

We will all have ex pe ri enced those hot days on which the at mos phere just
feels . . . heavy. Thick air sur rounds us, un stirred by even the slight est breath
of wind. Rel a tive to us on the Earth’s sur face, the lo cal at mos phere is sta‐ 
tion ary. How ever, that’s just our per spec tive. A cos mic ob server, hang ing
above the planet in a geo sta tion ary or bit, would see the at mos phere hurtling
around at hun dreds of miles per hour. This is, of course, due to the Earth’s
ro ta tion. Com plet ing one rev o lu tion ev ery twenty-four hours, the Earth’s sur‐ 
face trav els through space at some 1,100 miles per hour at the equa tor, de‐ 



creas ing to 0 miles per hour at the poles, where the sur face in ter sects with
the axis of ro ta tion. A cos mic ob server would note that the at mos phere over
the equa tor – dragged along by the Earth’s sur face – moves faster than the
at mos phere fur ther north and fur ther south. Hadley rea soned that when air
rushes into the equa to rial re gion to re place the newly up wardly mo bile air, it
would move more slowly than the air at the equa tor. Specif i cally, as the
Earth is ro tat ing from west to east, the air moves more slowly east ward. An
ob server on the sur face would there fore per ceive this de crease in east ward
flow as a west erly wind.7

If this is a lit tle dif fi cult to pic ture, think of it like this. Imag ine that you
are driv ing along a two-lane high way, with a low-speed and a fast-speed
lane. Driv ing in the first lane you see cars in the sec ond lane trav el ling faster
than you. If you change from the first lane into the sec ond while main tain ing
a con stant speed, you are now trav el ling slower than the other ve hi cles in
your lane. A sta tion ary ob server on the side of the road would see all ve hi‐ 
cles in the sec ond lane trav el ling in the same di rec tion at high speed. But to
the driver of the ve hi cle in front of you, be cause you are trav el ling at a lower
speed in the same di rec tion, you are ac tu ally mov ing away from them in
their rear-view mir ror. Rel a tive to their car, you are trav el ling in the op po site
di rec tion. This is ex actly what hap pens when an air par cel ‘changes lanes’
and moves to wards the equa tor – be cause the air par cel is trav el ling at a
lower east ward speed com pared to the air flow at its new lat i tude, it is per‐ 
ceived by ob servers at that lat i tude to move in the op po site di rec tion: west‐ 
erly.

Hadley’s ar gu ment here is pretty re mark able! Us ing his ex pe ri ence col lat‐ 
ing me te o ro log i cal data, com bined with ex cel lent phys i cal in tu ition, he had
solved the mys tery of the trade winds. In his hon our, we call the over turn ing
cir cu la tion that reaches from the equa tor to around 30° north and south,
caus ing the trade winds with their re turn flow, the Hadley cell.

Well, Hadley had al most solved the mys tery. There was one ex tra fac tor to
con sider.

 
Imag ine that you are again high above one of the Earth’s poles and look ing
straight down at the ground. If you were to as cend above the sur face and
speed up time (and also ne glect fric tion with the sur round ing air, but as a
physi cist this goes al most with out say ing), you would see the Earth ro tat ing
di rectly be neath you. At the north pole, the planet would be ro tat ing an ti‐ 



clock wise, while at the south pole the planet would be ro tat ing clock wise.
Now, travel to the equa tor and re peat the same ex per i ment. As cend ing into
the trop i cal air and again speed ing up time, you would see no ro ta tion di‐ 
rectly un der neath you. Yes, the planet would move un der neath you, but it
would do so in a lin ear fash ion – from west to east. There would be no ro ta‐ 
tion or twist ing of the land scape be neath you. In other words, as you travel
away from a ro tat ing planet’s equa tor, said ro ta tion gets more and more im‐ 
por tant. Per haps the best way to think about this is in terms of an gu lar mo‐ 
men tum.

In school physics lessons we learn about mo men tum, the prod uct of an
ob ject’s mass and its ve loc ity. This is in fact only one form of mo men tum:
lin ear mo men tum. To use highly sci en tific lan guage, lin ear mo men tum is an
ob ject’s ‘mov ing ness’. A light ob ject has less mov ing ness than a heavy ob‐ 
ject trav el ling at the same speed. Equally, an ob ject mov ing faster than an‐ 
other oth er wise iden ti cal ob ject has more mov ing ness. To be more spe cific,
when talk ing about mov ing an ob ject, we are talk ing about mov ing the ob‐ 
ject in a straight line. As soon as you start to curve the tra jec tory of an ob‐ 
ject, you in tro duce a new kind of mo men tum with slightly dif fer ent prop er‐ 
ties. This is the an gu lar mo men tum. Ex tend ing our ex tremely tech ni cal lan‐ 
guage, an gu lar mo men tum can be thought of as an ob ject’s ‘turn ing ness’. An
ob ject ro tat ing about an axis will have more turn ing ness if it ro tates faster,
mak ing more rev o lu tions per sec ond. Equally, an ob ject will have more turn‐ 
ing ness if it ro tates at a greater dis tance from its axis. And, just as with lin ear
mo men tum, an ob ject ro tat ing about the same axis at the same rate as an‐ 
other ob ject will pos sess more turn ing ness if it is more mas sive.

The two kinds of mo men tum are used so widely in physics be cause of a
use ful prop erty they share: they are con served. This sim ply means that an
ob ject – or a col lec tion of ob jects – will al ways have the same to tal mo men‐ 
tum un less acted on by a force, or a torque in the case of an gu lar mo men tum.
So, if an ob ject with a cer tain amount of an gu lar mo men tum were to start de‐ 
creas ing its dis tance from the axis of ro ta tion, in or der to con serve its an gu‐ 
lar mo men tum it must start or bit ing faster. This is some thing that you can
test your self if you own a spin ning of fice chair – set your self spin ning with
your arms ex tended and a heavy book in your hands. If you then draw the
book tight to your body, you will no tice an im me di ate in crease in your ro ta‐ 
tional speed – in or der to con serve your an gu lar mo men tum, you will spin
faster! Equally, if a ro tat ing ob ject were to drift fur ther from its axis of ro ta‐ 



tion, in or der to con serve its an gu lar mo men tum it would need to ro tate more
slowly. This is the ro ta tional equiv a lent of the con ser va tion of mo men tum
that is taught in school physics classes when ex am in ing col li sions. We can
pre dict what will hap pen af ter an event, whether that’s a change in an ob‐ 
ject’s or bit or a col li sion be tween ide alised ob jects on a fric tion less plane,
us ing the same prin ci ple of con ser va tion of mo men tum.*

 
* These con ser va tion prop er ties are a con se quence of one of the most beau ti ful the o rems in math e‐ 
mat ics, de rived by Emmy Noether (1882–1935). To put it sim ply, lin ear mo men tum is con served be‐ 
cause physics is the same no mat ter where you are in the uni verse, while an gu lar mo men tum is con‐ 
served be cause physics is the same no mat ter which di rec tion you look in. This is an in cred i bly pow er‐ 
ful re sult that proves very use ful in con struct ing the o ries in physics. See, e.g., D. Neuen schwan der,
Emmy Noether’s Won der ful The o rem, Bal ti more, MD: Johns Hop kins Uni ver sity Press,
2017.

 
Let’s re visit Hadley’s air con verg ing at the equa tor. In fact, re call that in

Chap ter 4 we dis cussed air parcels – the the o ret i cal iso lated bits of air use ful
in ab stract ex per i ments in the at mos phere. Let’s dust them off and ap ply
them here to get a sense of what’s go ing on. As Hadley cor rectly worked out,
air parcels are trav el ling from a re gion with a smaller dis tance to the axis of
ro ta tion, and are there fore mov ing slower – even at a stand still rel a tive to the
Earth’s sur face – than the air at the equa tor. This con ser va tion of lin ear ve‐ 
loc ity pro duces an east-to-west wind. What Hadley ne glected in his cal cu la‐ 
tions, how ever, was that the mov ing air parcels also need to pre serve their
an gu lar mo men tum. As the air parcels are in creas ing their ra dius of ro ta tion
by mov ing equa tor ward – there is a greater dis tance to the Earth’s axis of ro‐ 
ta tion at the equa tor than at points fur ther north or south – to con serve their
an gu lar mo men tum they must slow down. This mo men tum-con serv ing de‐ 
cel er a tion re sults in trade winds that are slightly weaker than Hadley cal cu‐ 
lated. This ef fect was not known in the early eigh teenth cen tury, and would
only be math e mat i cally ex pressed some hun dred years later by Gas pard-
Gus tave Cori o lis (1792–1843).

Son of an army of fi cer, Cori o lis had a glit ter ing aca demic ca reer, ex celling
in math e mat ics from a young age and even tu ally be com ing a pro fes sor of
me chan ics. He formed part of a truly re mark able col lec tion of French math e‐ 
ma ti cians all work ing in Paris at the same time: Cauchy, Navier, Ga lois,
Laplace, and Fourier, to name just a few. He was in stru men tal in the de vel‐ 
op ment of mod ern me chan ics, and in tro duced the terms ‘work’ and ‘ki netic



en ergy’ to physics,8 but is of course bet ter known for in tro duc ing the idea of
a ‘Cori o lis force’ or ‘Cori o lis ac cel er a tion’.

As we just saw, this force (or, equiv a lently, ac cel er a tion – thanks New ton)
is a re sult of an ob ject at tempt ing to con serve its an gu lar mo men tum, which
will al ter its or bit around an axis of ro ta tion. For ex am ple, an air par cel that
moves north ward from the equa tor is de flected to the right, i.e., east ward.
This is, how ever, in no way lim ited just to mo tion on plan ets’ sur faces. The
ef fect oc curs when ever an ob ject moves rel a tive to any ro tat ing ref er ence
frame. In fact, when Cori o lis pub lished ‘On the Equa tions of Rel a tive Move‐ 
ment of Sys tems of Bod ies’ in 1835 he did not even ref er ence the at mos‐ 
phere or the ro ta tion of the Earth once – in stead ex am in ing the trans fer of
en ergy in gen eral ro tat ing sys tems, us ing wa ter wheels as an ex am ple.9

 
This de flec tion of north–south mo tion by the Cori o lis ac cel er a tion is well
known, and ab so lutely es sen tial to un der stand ing how our at mos phere be‐ 
haves. But, as an aside, there is an other, far less known ac cel er a tion that af‐ 
fects east–west mo tion. This doesn’t greatly af fect at mo spheric dy nam ics,
but is a rather in ter est ing par al lel to the fa mous Cori o lis de flec tion, and,
strictly speak ing, is also an easy way to lose weight fast!

As we just learned, air mov ing away from the equa tor is de flected to the
east, e.g., a par cel of air try ing to move north wards in the north ern hemi‐ 
sphere ends up mov ing north-east. This hap pens be cause the dis tance be‐
tween a par cel of air and the Earth’s axis of ro ta tion de creases as the air par‐ 
cel moves away from the equa tor, and so to pre serve the an gu lar mo men tum
of the air par cel it must in crease its speed in the di rec tion of ro ta tion. How‐ 
ever, in stead of mov ing an ob ject in the north–south di rec tion, let’s now con‐ 
sider mov ing one in the east–west di rec tion. Do ing so we are not chang ing
the ob ject’s ef fec tive ra dius of ro ta tion, as we are not chang ing its lat i tude.
We are, how ever, chang ing the ve loc ity that it ro tates about this axis with. If
our ob ject was ini tially sta tion ary with re spect to the Earth’s sur face, rel a tive
to the Earth’s axis it was ro tat ing with the ve loc ity of the Earth’s sur face.
This means its ve loc ity was large if it was at the equa tor, small if it was near
the poles. If we set it in mo tion in a west-east di rec tion, the ob ject is now ro‐ 
tat ing about the axis at this ini tial speed plus the ob ject’s speed rel a tive to the
Earth’s sur face. For ex am ple, if we were at the equa tor then ini tially the ob‐ 
ject – sta tion ary with re spect to the ground – had a speed of around 1,100
miles per hour rel a tive to the axis. If we set it mov ing at 30 miles per hour –



again, rel a tive to the Earth’s sur face – in a west-to-east di rec tion then it
would have a speed of 1,130 miles per hour rel a tive to the Earth’s axis of ro‐ 
ta tion. Equally, if it were to move at 30 miles per hour in an east-to-west di‐ 
rec tion then it would have a speed of 1,070 miles per hour with re spect to the
axis.

By chang ing the ob ject’s speed rel a tive to the Earth’s axis of ro ta tion, we
are in tro duc ing an ad di tional ac cel er a tion act ing on the ob ject – a cen trifu gal
ac cel er a tion. This is an ac cel er a tion that seeks to change the ob ject’s ra dius
of ro ta tion about the Earth’s axis – if the ob ject in creases its speed, this ac‐ 
cel er a tion acts to push the ob ject to a fur ther or bit, while if the ob ject de‐ 
creases its speed then the ac cel er a tion acts to re duce the ob ject’s or bit. As
this ac cel er a tion acts ra di ally away from the Earth, in the ex act op po site di‐ 
rec tion to the ac cel er a tion due to grav ity, which acts ra di ally in wards, we can
say that the ob ject’s east–west ve loc ity changes the weight of the ob ject!* If
the ob ject starts mov ing east then the re sult ing cen trifu gal ac cel er a tion acts
to par tially counter the pull of grav ity. A smaller ac cel er a tion pulling the ob‐ 
ject down is then felt as re duced grav ity. So, when mov ing east, you would
tech ni cally weigh slightly less – though not by much, it should be said: if
you’re trav el ling, say, along a British mo tor way at 60 miles per hour due east
– per haps on the M4 from Bris tol to Lon don – you would weigh only about
0.03 per cent less than if you were sta tion ary.

 
* The weight of an ob ject is, af ter all, its mass mul ti plied by the grav i ta tional ac cel er a tion it ex pe ri‐ 
ences.

 
This is known as the Eötvös ef fect, af ter Hun gar ian physi cist Baron

Roland von Eötvös (1848–1919). If you wanted to take this ef fect to the ex‐ 
treme, you could cal cu late the ve loc ity nec es sary to pro duce a cen trifu gal ac‐ 
cel er a tion equal to the ac cel er a tion due to grav ity, i.e., to ren der you weight‐ 
less. Do ing so, you find an an swer of around 17,400 miles per hour – which
just so hap pens to be the speed of ob jects in low Earth or bit, such as the In‐ 
ter na tional Space Sta tion! In other words, an ob ject reaches or bit when it is
trav el ling east fast enough for the Eötvös ef fect to to tally counter the ef fect
of grav ity.

In a just world, the name of Eötvös should be just as well known as that of
Cori o lis, but sadly he (and the in cred i bly pleas ing math e mat i cal deriva tion
of his epony mous ac cel er a tion)* are known to just a hand ful of Earth sci en‐ 
tists. I’d like to en cour age you to go out and spread his name! And tell peo‐ 



ple that if they want to lose weight, the eas i est thing to do is to just go run‐ 
ning – east. Re ally, re ally fast.

 
* I made a video about this! Search YouTube for ‘why you weigh more when trav el ling east’



CHAP TER 6

DIS TANCE

Some coun tries have cli mate, while other coun tries have weather.
This is a phrase I was in tro duced to while writ ing this book, and in a

pithy way, it’s in cred i bly ac cu rate. Com pare, for ex am ple, the British Isles
and Cal i for nia. The weather in the UK and Ire land changes fre quently, day
by day, of ten hour by hour. Pack ing for a day out can re quire a va ri ety of
out fit changes to match the vary ing rain fall and tem per a ture. Any given set
of weather con di tions rarely lasts longer than a cou ple of days – the British
Isles def i nitely pos sess weather. Con trast this with the con di tions in Cal i for‐ 
nian cities like Los An ge les and San Diego, where each day is mostly like
the pre vi ous one. Cloud cover may change, tem per a tures may fluc tu ate, fog
may even make an ap pear ance. But, com pared to the weather in the British
Isles, Cal i for nia pos sesses a cli mate.

Of course, all coun tries have both weather and a cli mate. Cli mate is sim‐ 
ply the long-term av er age of weather, which is it self the day-to-day vari a‐ 
tions in at mo spheric con di tions: tem per a ture, hu mid ity, cloud cover, and so
on. Ed in burgh, for ex am ple, has what we call a tem per ate mar itime cli mate,
char ac terised by prox im ity to the At lantic Ocean, while Los An ge les has a
Mediter ranean cli mate, mostly warm with sea sonal changes in rain fall.1

But, in liv ing in Ed in burgh and LA, you ex pe ri ence more acutely the short-
term changes in the for mer, and the long-term changes in the lat ter.

I be lieve it’s no co in ci dence that the ma jor ity of at mo spheric sci ence as
we know it to day orig i nated in lo ca tions that have weather, not cli mate.
From Tor ri celli in Italy to Fer rel in Mass a chu setts, both of whom we’ve al‐ 
ready met, to FitzRoy in Eng land and Bjerk nes in Nor way, who we have
not, a com mon thread in the ori gin sto ries of at mo spheric sci en tists has



been me te o ro log i cal un pre dictabil ity. When the world out side your win dow
is pretty much the same from one day to the next, there is lit tle in cen tive to
won der quite how it works. A world that has mood swings ev ery cou ple of
hours, on the other hand, is a mys tery worth solv ing!

In par tic u lar, West ern Eu rope is one of the most fas ci nat ing re gions in the
world from a me te o ro log i cal per spec tive. The weather here is fiendishly
dif fi cult to pre dict, per haps most of all in the British Isles. We’ve al ready
dis cussed how the con cen tra tion of wealth en abled by the coloni sa tion of
the Amer i cas, cou pled with the in sti tu tions of global trade, en abled the birth
of at mo spheric sci ence in Eu rope. But I would con tend that this ex treme
vari abil ity in lo cal weather is per haps why the sci ence flour ished af ter its
birth. Fi nally given the right tools, sci en tists had a mys tery to solve, and
they went about it with vigour.

But why is it that West ern Eu rope has weather, not cli mate? Why does
the world out side the win dows of Lon don and Oslo change with such great
fre quency?

The an swer is the jet stream.
 

In sim ple terms, a jet stream is a nar row rib bon of fast-mov ing air, trav el‐ 
ling from west to east around the globe. More prac ti cally, if you live in the
mid-lat i tudes, the jet stream de ter mines much of the weather that you ex pe‐ 
ri ence. It’s of in cred i ble im por tance to weather pre dic tion and be hav iour of
the at mos phere over all.

Earth has two jet streams in each hemi sphere, one around 30° from the
equa tor, and an other about 60° from the equa tor. The first of these – the
sub trop i cal jet – oc curs as the Hadley cir cu la tion de scends and is de flected
by the Cori o lis ef fect to the east. This re sults in a strong, con sis tent west erly
wind at around 10 km in al ti tude. The other jet stream in each hemi sphere is
stronger, and of greater rel e vance to our story. This is the po lar jet, some‐ 
times called the mid-lat i tude jet. It is an ex am ple of an ‘eddy-driven jet’,
which is to say that it arises as a re sult of com pli cated in ter ac tions be tween
al ter nat ing ar eas of high and low pres sure caus ing wind to con verge in the
mid-lat i tudes. This jet snakes around the world, me an der ing in great loops
and in flu enc ing a huge amount of the weather felt un der neath. Some times
in the north ern hemi sphere it will travel far enough south to con nect with
the sub trop i cal jet, leav ing Earth with just one jet north of the equa tor. If the
planet were slightly larger, the two jets would be far more dis tinct – in fact,



as sum ing a con stant rate of ro ta tion, the larger a planet gets, the more jets
ap pear in its at mos phere. At the ex treme end of the scale, Jupiter has no
fewer than seven jets in each hemi sphere!

De spite be ing of great im por tance to weather in the mid-lat i tudes, and not
be ing too far from the sur face, the jet stream is a rel a tively re cent dis cov ery
– first iden ti fied in the mid-twen ti eth cen tury. His tor i cally, the dis cov ery of
the jet stream is as cribed to the De part ment of Me te o rol ogy, Uni ver sity of
Chicago, which pub lished a land mark pa per in 1947, un usu ally at trib uted
not to an in di vid ual sci en tist or a list of sci en tists but sim ply to ‘Staff Mem‐ 
bers of the De part ment of Me te o rol ogy’.2 If you were to as sem ble a fan tasy
team of mid-twen ti eth-cen tury me te o rol o gists, your ros ter would look re‐ 
mark ably like the Chicago De part ment (1947–48), headed by the leg endary
Carl Rossby (1898–1957).3 This re search was in formed by the ex pe ri ences
of Al lied bomber crews over both Eu rope and the Pa cific in the Sec ond
World War, at times fly ing much faster or much slower than ex pected, due
to the hith erto un known fast air speeds at high al ti tude.

How ever, this at tri bu tion is wrong for two key rea sons. First, the term ‘jet
stream’ had al ready been in tro duced to me te o rol ogy in 1939 by Ger man
sci en tist Hein rich Seilkopf (1895–1968). Sec ond, more im por tantly, the first
pa per on the mid-lat i tude jet was pub lished more than a decade be fore the
Chicago one.4 This pa per was re mark able, and tragic, for a num ber of rea‐ 
sons.

 
Wasaburo Ooishi (1874–1950) was per haps too tal ented for his own good.
In 1920 he was ap pointed as the first di rec tor of the Mount Tsukuba ob ser‐ 
va tory in Ibaraki pre fec ture, Japan, and here he em barked on a pro gramme
of up per-at mos phere ob ser va tions, in spired by the weather bal loons of
Richard Ass mann.5 By re leas ing large hy dro gen-filled bal loons, lo cal wind
speed and di rec tion could be de ter mined by track ing their paths with tele‐ 
scopes that could mea sure ver ti cal and hor i zon tal an gles. Over many years
and more than a thou sand bal loon launches, Ooishi had dis cov ered some‐ 
thing: the winds at around 10 km in al ti tude over Japan were ex tremely
strong, some times as fast as 70 me tres per sec ond (250 kph or 155 mph).
Ooishi’s bal loons were con sis tently swept due east into the Pa cific Ocean at
in cred i ble speeds. Ooishi recog nised that this was an im por tant dis cov ery
and so should be shared as widely as pos si ble. He ex cit edly wrote a sci en‐ 
tific pa per with the ex plicit pur pose of max imis ing the im pact of his



ground-break ing re search. Know ing that few sci en tists were fa mil iar with
the Ja pa nese lan guage, Ooishi didn’t write in his first lan guage but in stead
in his sec ond.

Un for tu nately for Ooishi, and the world, this wasn’t the aca demic lin gua
franca of Eng lish but the con structed lan guage, Es peranto.

Cre ated in 1887, Es peranto is an in ter na tional lan guage de signed to be
easy to learn, with the no ble in ten tion of fos ter ing world peace. How ever,
even with a mod ern re vival of in ter est, the lan guage still has fewer than two
mil lion speak ers, with con sid er ably fewer in the 1920s. One of them was
Ooishi, who, as well as be ing a high-fly ing me te o rol o gist, was a pas sion ate
Es per an tist, and would in fact later serve as the pres i dent of the Ja pa nese
Es peranto In sti tute. Doubt less sens ing an op por tu nity to com bine his two
pas sions, he pre sum ably thought that pub lish ing such an im por tant dis cov‐ 
ery in the lan guage would bring it wide spread at ten tion. As it turned out,
the pa per was en tirely ig nored in the wider world. No fewer than eigh teen
fur ther pub li ca tions on the sub ject, all writ ten by Ooishi, all writ ten in Es‐ 
peranto, were ig nored as well.

His work did not go un no ticed in Japan, how ever. Dur ing the Sec ond
World War the Ja pa nese mil i tary ex ploited their knowl edge of the jet stream
to launch ‘Fu-Go’ bal loons – hy dro gen bal loons equipped with anti-per son‐ 
nel or in cen di ary bombs, re leased into the jet stream in Japan and then
timed to re lease their pay load over the United States. The in ten tion was to
in stil ter ror in Amer i can civil ian pop u la tions and wreak havoc by caus ing
wild fires. As a weapon, the bal loons were ahead of their time, the first with
an in ter con ti nen tal range. They were, how ever, rather in ef fec tive. Only
around 3 per cent of the bal loons are thought to have made it to the North
Amer i can con ti nent (though this equated still to about three hun dred po ten‐ 
tial bomb ing in ci dents), as data at the time slightly over es ti mated the speed
of the jet across the en tire Pa cific, mean ing most bal loons harm lessly re‐ 
leased their pay load pre ma turely into the ocean.6 As Tim Woollings notes in
Jet Stream: A Jour ney Through Our Chang ing Cli mate, there were only two
no table strikes by these bal loons.7 The first was at a Sun day school pic nic in
Ore gon, where six peo ple were killed. These six were in fact the only ca su‐ 
al ties of the war on the US main land, and were at the time the long est-
ranged ca su al ties in the his tory of war fare. The other bal loon strike dam‐ 
aged the power sup ply of the Han ford nu clear weapons plant in the state of



Wash ing ton. Within a year, this fac tory pro duced the plu to nium that formed
the nu clear pay load of the Amer i can counter-at tack on Na gasaki.

The Fu-Go bal loons are now re garded as a his tor i cal cu rios ity, hav ing
had very lit tle im pact on the course of the war. Had their pay loads been
timed to re lease a lit tle later, in formed by more ex ten sive jet stream data,
per haps the con flict in the Pa cific might have gone rather dif fer ently.
Equally, how ever, if Ooishi had pub lished his re sults in Ja pa nese or Eng lish,
and Al lied forces had been aware of the tremen dous wind speeds in the up‐ 
per tro po sphere, then bomb ing cam paigns in both Pa cific and Eu ro pean the‐ 
atres would have pro ceeded very dif fer ently. As was re alised out side of
Japan af ter the Sec ond World War, the jet stream has a mas sively im por tant
role in the weather of the mid-lat i tudes. In fact, when viewed on large
scales, the be hav iour of the tro po sphere here is prin ci pally the be hav iour of
the jet stream.

 
The jet in flu ences Eu ro pean weather, and in deed all weather in the mid-lat i‐ 
tudes, by in flu enc ing weather sys tems. These are nei ther small lo calised
weather events such as a rainy down pour or fog, nor a con sis tent fea ture of
the at mos phere such as the trade winds. Weather sys tems are the ever-
chang ing moods of the at mo spheric gi ant, stream ing and rolling over the
ter rain of the Earth un der neath, some times tread ing lightly and at other
times crush ing down with dev as tat ing force. They can be a few kilo me tres
or a few thou sand kilo me tres in scale, be hot or cold, dry or wet, but all
obey the same physics and the same few equa tions.

The weather sys tems that af fect West ern Eu rope are pri mar ily de ter mined
by the con fig u ra tion of the mid-lat i tude jet stream.* The po si tion and wavi‐ 
ness of the jet can block cer tain air masses from en ter ing the re gion, or
draw in heat and mois ture from else where. The jet stream does not cre ate
weather per se, but in stead acts as a mas ter of cer e monies – dic tat ing what
weather con di tions are ex pe ri enced, out sourc ing the cre ation of weather to
other re gions. For ex am ple, when the jet weak ens and me an ders far north of
Eu rope, an area of high pres sure dom i nates the area. This causes pro longed
pe ri ods of the same weather, typ i cally dry and warm in sum mer, due to
other air masses, colder and bear ing mois ture, be ing un able to en ter the re‐ 
gion. For this rea son, we call these events ‘block ing highs’.

 



* This is of course a com plex is sue, and I am over sim pli fy ing by as crib ing most of Eu ro pean
weather to the jet stream! Quite apart from other large-scale fac tors such as tele con nec tions, which
we will come to in a few pages, this dis cus sion also doesn’t fac tor in such lo cal fac tors as orog ra phy,
land use, and so forth. These will be dis cussed in greater de tail in the next chap ter.

 
Gen er ally, the jet stream ‘im ports’ weather from the west, as both the jet

it self and the me an ders in its path progress from west to east. This ex plains
why West ern Eu rope, and the British Isles in par tic u lar, are largely tem per‐ 
ate and wet – pre vail ing con di tions come in from the west, At lantic air that
is wet and tem per ate year-round. This is the long-term av er age, how ever,
and the high vari abil ity in Eu ro pean weather comes from the ever-chang ing
con fig u ra tion of the jet stream. If the jet waves fur ther south, cold Arc tic air
plunges into Eu rope. If the jet plunges south wards in the At lantic, the re turn
flow can en train warm African air over Eu rope (some times even bring ing
Sa ha ran sand with it).8

Our jour ney zoom ing out from in situ weather is not com plete, how ever.
We have pro gressed from ini tially con sid er ing lo cal fac tors to re gional fac‐ 
tors af fect ing weather, but there is one re main ing scale: global. What, af ter
all, does the jet stream re spond to changes in? If events hun dreds of kilo me‐ 
tres away can in flu ence weather, can events thou sands of kilo me tres away?
To an swer that ques tion, we need to go to the other side of the world.

 
Mon soon (from the Ara bic mawsim, mean ing ‘sea son’) refers to a reg u lar
pat tern of sea sonal winds and rain fall that takes place in the trop i cal In dian
Ocean.9 The mon soon is one of the most im por tant at mo spheric cy cles on
the planet, cru cial to the liveli hoods of bil lions. ‘What the four sea sons of
the year mean to the Eu ro pean, the one sea son of the mon soon means to the
In dian’, Khush want Singh writes in I Shall Not Hear the Nightin gale. ‘It is
pre ceded by des o la tion; it brings with it hopes of spring; it has the full ness
of sum mer and the ful fil ment of au tumn all in one.’10

The mon soon oc curs due to the north–south asym me try of the In dian
Ocean: north of the equa tor lies the In dian sub con ti nent, while south of the
equa tor there’s noth ing but wa ter un til you reach Antarc tica. In the north ern
hemi sphere’s sum mer months, the land heats up faster than the ocean, and
so a tem per a ture gra di ent forms from north to south. This tem per a ture gra‐ 
di ent then drives an at mo spheric cir cu la tion that car ries warm, mois ture-
laden air over the ocean, first west ward and then north ward. This trans‐ 
ported air then dumps its mois ture over the In dian sub con ti nent, pro vid ing



around 80 per cent of In dia’s yearly rain fall in just a few months.11 Mon‐ 
soon rains ini tially fall un ceas ingly for days; then, as the sea son pro gresses,
they fall for a few hours most days be fore ta per ing off en tirely. In win ter,
the cir cu la tion re verses and the sub con ti nent is al most en tirely with out rain.
The ar rival of the mon soon rain, then, is a mo men tous oc ca sion, the sud den
shift from hy dro log i cal famine to feast trans form ing a parched land scape
into a lus cious one. Farm ers de pend on it, and anx iously await the mon‐ 
soon’s ar rival. The tim ing is cru cial, as the land can only go for so long
with out wa ter. Should the mon soon be late, even by a few weeks, or bring
less rain than nor mal, crops – and peo ple – die.

For this rea son, the mon soon has been stud ied for mil len nia. Epic po ems
and an cient philo soph i cal texts from In dia make ref er ences to the sea sonal
rains, and much as with me te o rol ogy in the an cient Mid dle East, there was
an in ter play be tween folk lore, nat u ral phi los o phy, and re li gion. This would
be re placed by a more sta tis ti cal, West ern ised ap proach, how ever, with the
oc cu pa tion of the sub con ti nent by the British.

Over the sec ond half of the eigh teenth cen tury, the British Em pire be gan
to force its in flu ence on present-day In dia, al most en tirely through the East
In dia Com pany, as sisted by state armed forces.12 By the mid dle of the nine‐ 
teenth cen tury, Britain’s con trol over the sub con ti nent was ab so lute. The
vast colony was the crown jewel in a global em pire, its econ omy geared to‐ 
wards mak ing money for Britain. To dras ti cally over sim plify a com pli cated
colo nial his tory, the British colo nial of fice in In dia was con cerned with
profit, not peo ple. An es ti mated $44.6tn was ex tracted over the en tire colo‐ 
nial pe riod.13 The lo cal pop u la tion suf fered greatly dur ing this time, never
more so than in great famines, such as in 1876, 1896, and 1902. In the time
that tril lions of dol lars of wealth were squeezed from the colony, an es ti‐ 
mated 60 mil lion deaths oc curred due to famine, many di rectly the re sult of
British eco nomic pol icy.14

Mem bers of the British colo nial gov ern ment tasked with im prov ing un‐ 
der stand ing of the mon soon – af ter all, how could the colo nial gov ern ment
earn money if the mon soon un ex pect edly failed? – were able to iden tify the
root cause of the sea sonal rains as be ing the equa to rial cur rent driven by the
tem per a ture dif fer ence in the ocean. A hor rific drought in 1899, un pre dicted
by colo nial me te o rol o gists and caus ing mil lions of deaths, how ever, showed
that there was some thing else at play. An ad di tional ex ter nal fac tor was



caus ing the mon soon to fail. Un der stand ing what this could be was a mat ter
of life and death for mil lions.

It would turn out that this ex ter nal fac tor was on the other side of the
world. And, not con tent with in flu enc ing the fate of a sub con ti nent, it would
prove to be the most sig nif i cant cli matic vari a tion on Earth. It may oc cur a
world away but its mys te ri ous in flu ence was first un der stood in In dia. It’s
name? El Niño.

El Niño was first writ ten about by Span ish colonis ers in Peru some four
cen turies ago, though there can be lit tle doubt that the in dige nous pop u la‐ 
tion – who never de vel oped a writ ten al pha bet – were al ready aware of the
phe nom e non.15 The colonis ers no ticed that cer tain years were char ac terised
by heavy rain fall, warm seas, and bloom ing veg e ta tion, while oth ers were
bar ren and parched. The years of bounty were made pos si ble be cause of a
warm cur rent ap pear ing along the Pa cific coast from the north, ini tially
around Christ mas-time, bring ing warmth and mois ture to the lo cal en vi ron‐ 
ment. Be cause of this tim ing, lo cal fish er men re ferred to the cur rent as the
(Christ) child, or, in Span ish, El Niño. Some years saw a strong ef fect, with
a strong Pa cific cur rent and lots of ex tra rain fall; oth ers were more sub dued,
with less of a warm ing in the ocean and less rain fall on land. Some years
even brought the ex act op po site, with a cold cur rent in the Pa cific and less
rain fall on land. With an ad mirable level of con cep tual sym me try, the
colonis ers re ferred to the cold cur rent as La Niña, or the young girl.

While in the Span ish colo nial pe riod the ap pear ance of the El Niño cur‐ 
rent, and as so ci ated wet weather, was con sid ered a bless ing, as pop u la tion
den si ties grew, strong El Niño events came to be feared. The Christ child
now brings rain fall that sweeps away bridges and sets off mud slides that
can kill hun dreds. But these are only the lo cal ef fects. A strong El Niño is
felt quite lit er ally the world over, and per haps nowhere more keenly than in
the In dian sub con ti nent.

The man who first un picked its mys tery was colo nial of fi cer Gilbert
Walker (1868–1958). Born of priv i lege, Walker stud ied math e mat ics at the
Uni ver sity of Cam bridge, and pos sessed wide-rang ing in ter ests, from sta tis‐ 
tics to wa ter colour paint ing to play ing the flute.* His fas ci na tion with flight,
and boomerang flight in par tic u lar, earned him the nick name ‘Boomerang
Walker’ while at Cam bridge. Walker was ap pointed to for eign ser vice in In‐ 
dia in 1903, and there turned his at ten tion to the mon soon. Un usu ally for
this book, he wasn’t trained as a me te o rol o gist, but in stead trusted the use of



sta tis tics to es tab lish re la tion ships be tween the mon soon and other phe nom‐ 
ena. Over fif teen years of work, metic u lously analysing the weather data
avail able to him and cal cu lat ing by hand the cor re la tions* be tween dif fer ent
me te o ro log i cal con di tions, Walker even tu ally iden ti fied what he called
‘strate gic points of world weather’.16 One of these strate gic points was in
the North At lantic, what we now call the North At lantic Os cil la tion or NAO
(more on that in the next chap ter). An other, hith erto un known, Walker
chris tened the ‘South ern Os cil la tion’.

 
* He ac tu ally made some de sign changes to the mod ern flute. See P. Shep pard, ‘Obit u ary of Sir
Gilbert Walker, CSI, FRS’, Quar terly Jour nal of the Royal Me te o ro log i cal So ci ety,
vol. 83, no. 364 (1959).
* In sim ple terms, a cor re la tion is an ‘if this, then that, re la tion ship’ – two vari ables are cor re‐ 
lated if, when one is ob served to in crease in value, the other in creases in value also.

 
In sim ple terms, the South ern Os cil la tion is a slosh ing of air mass be‐ 

tween the Pa cific and In dian Oceans. For con ve nience, how ever, we typ i‐ 
cally mea sure it as a see-saw over the east ern and west ern parts of the Pa‐ 
cific Ocean (in Tahiti and Dar win, Aus tralia, re spec tively). By a see-saw or
a slosh ing, I mean that when the pres sure is rel a tively high over one area,
the pres sure will be rel a tively low over the other. As we know from pre vi‐ 
ous chap ters, such a pres sure im bal ance in evitably gives rise to an at mo‐ 
spheric cir cu la tion, and in this case we call the re sult ing air cur rent the
Walker cir cu la tion. This cir cu la tion of course trans ports air across the Pa‐ 
cific Ocean, and we can de scribe which way the cir cu la tion is flow ing (east
to west or west to east) via a num ber, the South ern Os cil la tion In dex, which
also tells us how strong the cir cu la tion is (the larger the num ber, pos i tive or
neg a tive, the more strongly the cir cu la tion flows).

Through his metic u lous sta tis tics, Walker re alised that the value of this
South ern Os cil la tion In dex in flu enced the In dian mon soon. In par tic u lar,
when the pres sure was anoma lously low over the east ern Pa cific, the In dian
mon soon was likely to fail. Walker had no phys i cal ex pla na tion for this, and
lacked the rel e vant equa tions to de scribe what his sta tis tics were telling
him. The South ern Os cil la tion In dex varies rea son ably slowly, how ever, and
so this knowl edge was still valu able in an tic i pat ing drought, and hence
famine, con di tions in In dia. Know ing that the av er age pres sure in the east‐ 
ern Pa cific was lower than nor mal gave au thor i ties pre cious time to pre pare
for po ten tial dis as ter.



Yet how did the South ern Os cil la tion con nect to the ocean cur rent off
South Amer ica? It would take an other half-cen tury for equa tions to be de‐ 
rived that al lowed the cause of this cou pling to be un der stood, pass ing the
ba ton of con nect ing El Niño to the mon soon to the Nor we gian me te o rol o‐ 
gist Ja cob Bjerk nes (1897–1975). Bjerk nes re alised that El Niño and the
South ern Os cil la tion were in ter linked in what would be come known as the
El Niño South ern Os cil la tion, or ENSO.17 This is a won der ful, beau ti fully
com plex sys tem con sist ing of both at mo spheric and oceanic com po nents.18

ENSO is a duet be tween the two largest fluid dy nam i cal sys tems on Earth,
span ning the largest ocean basin on our planet, with im pacts that stretch
across the globe.

It starts with the Walker cir cu la tion. Air flows en masse over the equa to‐ 
rial Pa cific from east to west (re call the trade winds), mod er ated by vari a‐ 
tions in at mo spheric pres sure over the Pa cific. As this air flows east to west
across the Pa cific, it causes an ocean cur rent to de velop that sim i larly trans‐ 
ports wa ter from the east ern part of the ocean to the west. Along the way,
this wa ter is heated by the Sun, such that when it ar rives in the west ern Pa‐ 
cific it can be sig nif i cantly warmer – around 8 to 10 °C – than when it left
the east ern Pa cific. We there fore have two cur rents, two con veyor belts of
wa ter and air, run ning in par al lel. Be cause of the grad u ally heated con veyor
belt of wa ter, the west ern Pa cific is much warmer than the east ern Pa cific.
This is com pounded by the fact that as wa ter is drawn away from the east‐ 
ern ocean, it is re placed by wa ter drawn up from the depths of the east Pa‐ 
cific. This wa ter, com ing from the deep, is much, much colder. It is also,
how ever, stuffed with nu tri ents, and so per fect for sus tain ing a large pop u la‐ 
tion of fish. This is why fish ing grounds are so rich off the west coast of
South Amer ica, fu elling the rise of mul ti ple civil i sa tions.

The Walker cir cu la tion then in di rectly trans ports heat across the Pa cific,
re mov ing it from the east and be stow ing it on west ern wa ters. As well as
this, how ever, it also trans ports mois ture. As the wa ter be neath the air cur‐ 
rent is warmed, it evap o rates and in creases the hu mid ity of the air. Even tu‐ 
ally, the air con tains too much mois ture and it is dra mat i cally de posited in
ex ten sive rain fall in the west ern Pa cific. This joint trans port of mois ture and
heat then spills over into the next ocean basin, rolling over In done sia, di‐ 
rectly and in di rectly af fect ing con di tions in the In dian Ocean. In par tic u lar,
the Walker cir cu la tion acts to al ter the tem per a ture of the ocean. This
changes the amount of evap o ra tion that takes place and where any evap o‐ 



rated wa ter is trans ported – nor mally west and then north, over In dia, to
form the mon soon. In other words, the Walker cir cu la tion does not cause
the mon soon, but en ables it, and changes in the cir cu la tion can have a
knock-on ef fect on the mon soon from a world away.

Dur ing an El Niño event, the Walker cir cu la tion weak ens, caus ing a cas‐ 
cade of events. Lo cal fish er men no tice far fewer fish in their catches. As the
trans port of wa ter across the equa to rial Pa cific Ocean weak ens, lead ing to
less up welling in the east ern ocean, less cold wa ter is added to the ocean off
the coast of Peru. This cre ates a cur rent of warmer wa ter as the lo cal sea
sur face tem per a ture in creases dra mat i cally, caus ing fish to mi grate south to
colder wa ters in stead.

This warm cur rent is the El Niño cur rent no ticed by Span ish colonis ers.
The warmer wa ters heat the at mos phere over the east ern Pa cific, lead ing to
more at mo spheric con vec tion, low er ing the air pres sure and weak en ing the
Walker cir cu la tion even fur ther. The con veyor belt of heat and mois ture
slows to a crawl. In stead of mak ing it to the other side of the ocean, rain
now falls in the mid-Pa cific, lead ing to droughts in Aus tralia and In done sia,
de pen dent on rain brought by the Walker cir cu la tion.19 Heat and mois ture
now don’t flow as read ily over into the In dian Ocean, re duc ing the tem per a‐ 
ture gra di ent be tween the land and the ocean, and thus weak en ing the mon‐ 
soon winds. As a re sult of the air cir cu la tion weak en ing over the Pa cific, the
mon soon rains ar rive late in In dia. In years with strong El Niño events, the
mon soon can fail al to gether, with dev as tat ing con se quences, as we have
seen. While El Niño doesn’t al ways cause fail ures in the In dian mon soon,
when the mon soon has failed, it has al ways been ac com pa nied by an El
Niño event.20

For com plete ness, there are events as so ci ated with the Walker cir cu la tion
be ing anoma lously strong, called La Niña con di tions. A stronger than nor‐ 
mal Walker cir cu la tion leads to more trans port of wa ter across the Pa cific,
colder wa ter off the coast of South Amer ica, more pre cip i ta tion in the west‐ 
ern Pa cific, and a stronger mon soon. These La Niña events tend to re ceive
less at ten tion, as they are not much dis tin guish able from nor mal weather,
and have far fewer sig nif i cant con se quences.

 
I don’t want to go into much more de tail on oceans and their dy nam ics,
partly be cause it is not my area of ex per tise, but more be cause if I kept fill‐ 
ing in de tails on sys tems that in flu ence the at mos phere, this book could go



on for ever! The at mos phere is a me di a tor of in flu ences from a huge num ber
of sys tems, and yet it is, as we have seen, a hugely com plex sys tem in its
own right. ENSO is a spec tac u lar duet be tween the Earth’s oceans and its
at mos phere, singing a melody that can dev as tate the lo cal en vi ron ment,
with har mon ics stretch ing over the en tire planet.

Of rel e vance to our story here is the link be tween oceans and at mos‐ 
pheres, pri mar ily through two mech a nisms: mois ture and tem per a ture. As
Brian Fa gan de tails in Floods, Famines, and Em per ors,21 via these mech a‐ 
nisms El Niño and the South ern Os cil la tion have had enor mous his tor i cal
in flu ence. This slosh ing of warm wa ter in the Pa cific Ocean led to the fall
of the Old King dom in An cient Egypt, droughts that dev as tated the Mayan
Em pire, and shaped an cient civil i sa tions from the Moche in Peru to the
Anasazi in the Amer i can south-west, and, of course, civil i sa tions through‐ 
out time in the In dian sub con ti nent.

These cul tures could never have imag ined that vari a tions in an ocean cur‐ 
rent off South Amer ica could set off a cas cade of global events, send ing the
at mo spheric gi ant’s foot steps crash ing down from afar. With the ben e fit of
mod ern anal y sis and mod ern data net works, sci en tists are now able to un‐ 
pick sig nals from the in ter act ing, in ter lac ing fields of at mo spheric and
oceanic vari abil ity, spin ning pre dic tive gold from the straw of raw, global
data. At mo spheric sci ence al lows us to pre dict the fu ture us ing cen turies of
ob ser va tions and the ory, some thing that would have seemed like pure
witch craft to the peo ple of the Mayan Em pire or the Mid dle King dom of
Egypt.

The state of Pa cific wa ter, be ing in El Niño or La Niña con di tions, has
con se quences be yond the In dian mon soon, as far away as the mid-lat i tude
jet stream. In West ern Eu rope, lo cal weather is ma nip u lated by the jet
stream, which is it self ma nip u lated by global con nec tions such as ENSO.
But this is just one of a huge num ber of con nec tions, with Eu ro pean
weather ul ti mately forced by fac tors as di verse as Arc tic ice cover, the wind
in the trop i cal strato sphere, and rain fall pat terns in the In dian Ocean. The
at mos phere be haves on lo cal, re gional, and global scales, and these are all
con nected in some times sur pris ing ways.

Me te o rol o gists seem, then, to have the grand in for ma tion path ways of the
at mos phere mapped out, with one event linked to an other, even a world
away. The com plex ity is mind-bog gling, but clearly un der stood.

So why is it that weather fore casts are still so un re li able?



CHAP TER 7

FORE CAST

Trop i cal cy clones are some of the most well-known, dev as tat ing phe nom ena
in the at mos phere. De pend ing on where you live, you may re fer to them as
hur ri canes, cy clones, or ty phoons, though all of these names re fer to the
same weather phe nom e non. Air is heated by the trop i cal ocean un der neath,
caus ing ex ten sive con vec tion. As air rushes in to re place the par tial vac uum
left be hind by the con vec tion, it starts to ro tate due to the Cori o lis ef fect. The
re sult is a warm, low-pres sure sys tem sur rounded by rapidly ro tat ing air. If
this weather sys tem forms over the trop i cal At lantic Ocean, as around ten
such sys tems do per year, and if the sur round ing winds reach 120 kph (75
mph), as they do in around six per year, we call them hur ri canes.1

In Sep tem ber 1985 the Gulf Coast of the United States was hit by one of
these storms, named Hur ri cane Elena.* De spite the avail abil ity of vast quan‐ 
ti ties of data, su per com put ers, and thou sands of pro fes sional me te o rol o gists,
Hur ri cane Elena be haved in an en tirely un ex pected way. Rather than
progress in land, as was fore cast, the hur ri cane re mained nearly sta tion ary off
the west coast of Flor ida for some forty-eight hours, dev as tat ing lo cal com‐ 
mu ni ties. Beaches were se verely eroded, fish eries were de stroyed, and thou‐ 
sands were left home less or un em ployed. Me te o rol o gists were con founded
by the storm, ad vis ing the gov ern ment to is sue sev eral evac u a tion or ders
over a wide area, try ing to limit loss of life. Yet Hur ri cane Elena seemed im‐ 
pos si ble to fore cast, even tu ally track ing in land and caus ing $1.3bn of dam‐ 
age, in clud ing dam age to 13,000 homes, and the deaths of nine in di vid u als.2

 
* Hur ri canes, and large At lantic storms more gen er ally, are named by the United States Na tional Hur‐ 
ri cane Cen ter us ing one of six al pha bet i cal lists of male and fe male names. Hur ri cane Elena was the
fifth storm named in 1985, the fourth be ing Hur ri cane Danny and the sixth be ing Trop i cal Storm
Fabian. Storms that are par tic u larly dev as tat ing typ i cally have their names re tired; so, for ex am ple,



there have been no Hur ri cane Ele nas since 1985 and no Hur ri cane Ka tri nas since 2006. The fifth and
eleventh names in the rel e vant lists now read Elsa and Ka tia re spec tively.

 
How was it that, de spite cen turies of sci en tific progress and some of the

best me te o rol o gists alive, a colos sal hur ri cane could not be pre dicted? For
that mat ter, why are weather fore casts both large and small so fre quently in‐ 
cor rect?

To an swer that ques tion, we need to look at how we are able to fore cast
the weather at all.

 
William Fer rel’s 1858 pa per con cludes with the line: ‘We hope to be able to
give a com plete ap pli ca tion of these prin ci ples to the the ory of storms at
some fu ture time.’ Pre sum ably, what Fer rel meant by this was an ap pli ca tion
of physics equa tions to ex plain the be hav iour of storms, and per haps weather
phe nom ena more broadly. De scrib ing and ex plain ing what is go ing on in the
nat u ral world, but not pre dict ing. Me te o rol ogy as a sci ence was at the time
un der go ing an ex plo sion of in ter est and de vel op ment, but the con cept of pre‐ 
dic tion was just on the hori zon.

The ac cel er at ing pace of me te o ro log i cal ob ser va tions in the eigh teenth
cen tury con tin ued into the nine teenth, crit i cally aided by the in ven tion – in‐ 
de pen dently by sev eral men in the 1830s and 1840s – of the tele graph. Sud‐ 
denly, me te o ro log i cal ob ser va tions could be taken at huge dis tances apart
and eas ily col lated in a cen tral dataset, nearly in real time. This po ten tial was
im me di ately recog nised, and weather ob ser va tion net works were es tab lished
in Eu rope and North Amer ica. One such was cre ated by none other than
James Glaisher, our brave strato spheric aero naut. He es tab lished a net work
of vol un teers across the United King dom, who made weather ob ser va tions
ev ery day at 9 a.m., tele graph ing their find ings to Glaisher at Green wich Ob‐ 
ser va tory in Lon don.3 In the United States, Joseph Henry (1797–1878), the
Sec re tary of the Smith so nian In sti tu tion in Wash ing ton, col lated weather in‐ 
for ma tion from across the coun try.4 This marked a sig nif i cant shift in data
col lec tion: not merely do ing so in ci den tally, along side some other ac tiv ity
such as run ning a colo nial em pire, but go ing out into the field and de lib er‐ 
ately mea sur ing char ac ter is tics of the phys i cal en vi ron ment. This formed
part of what came to be known as Hum bold tian sci ence, named af ter Ger man
poly math Alexan der von Hum boldt (1769–1859), which came to de fine the
Earth sci ences in the nine teenth cen tury.5



Orig i nally some what hap haz ard, these me te o ro log i cal ob ser va tions would
even tu ally be for malised into gov ern ment of fices, of ten as part of na tional
gov ern ments. The first such gov ern ment me te o ro log i cal of fice was founded
in Aus tria in 1851, swiftly fol lowed by the UK Me te o ro log i cal Of fice in
1854. This marked an other sig nif i cant shift in the his tory of me te o rol ogy. As
with other fields of study, the nine teenth cen tury saw the sub ject move away
from folk lore and in di vid u al is tic ap proaches to quan ti ta tive data, with re‐ 
search con ducted in large or gan i sa tions. As we have al ready dis cussed, me‐ 
te o rol ogy is per haps unique in the na ture of the data re quired to ad vance the
field. An in di vid ual could never hope to col lect global data suf fi cient to un‐ 
der stand, say, the trade winds. A gov ern ment of fice or uni ver sity, by or gan is‐ 
ing many in di vid u als to work to gether, could an swer ques tions about the at‐ 
mos phere that an in de pen dent scholar sim ply could not. It should be noted,
how ever, that, much as in other fields such as chem istry and ge ol ogy, this in‐ 
sti tu tion al i sa tion of at mo spheric sci ence led to the ex clu sion of those who
were sim ply not al lowed to par tic i pate in large, sci en tific or gan i sa tions. With
this shift, for over a cen tury women and peo ple of colour all but dis ap pear
from the his tory of our at mos phere.

These gov ern men tal me te o ro log i cal de part ments were in tended to be data-
gath er ing or gan i sa tions, per haps of some use to farm ers in plan ning when to
har vest. Some had more lofty am bi tions, how ever. In a de bate in the British
par lia ment, one speaker sug gested that by fund ing a na tional me te o ro log i cal
of fice, per haps ‘we might know in this me trop o lis the con di tion of the
weather twenty-four hours be fore hand’. Clearly, though, this was a mi nor ity
view, as the of fi cial record shows the mem ber of par lia ment ceased his
speech due to the up roar of laugh ter his state ment had caused.6 For tu nately
for the de vel op ment of me te o rol ogy, there were at least a few who thought
there just might be some thing in the idea of pre dict ing, rather than merely
de scrib ing, the weather. Per haps the most im por tant of these pi o neers was
the fas ci nat ing, tragic char ac ter of Robert FitzRoy (1805–65).

Best known as the cap tain of the ex pe di tion that car ried Charles Dar win
(1802–82) around the world, FitzRoy was also the found ing fig ure of what
we con sider mod ern me te o rol ogy. Hav ing ex celled at the Royal Naval Col‐ 
lege at Portsmouth (now at Dart mouth), FitzRoy had a cat a strophic first voy‐ 
age in com mand. HMS Bea gle hit a patch of rough weather and nearly cap‐ 
sized, los ing two men in the process.7 Barom e ters had been on board and in‐ 
di cated the fall ing pres sure as so ci ated with a storm, but FitzRoy had not



heeded their warn ing. He clearly learned from the ex pe ri ence. When he cap‐ 
tained HMS Bea gle again, this time on its five-year round-the-world ad ven‐ 
ture that led Dar win to for mu late his the ory of nat u ral se lec tion, the ship sur‐ 
vived the most se vere weather with out the loss of any one on board. Over
five years, it never even once sus tained any sig nif i cant dam age. This was a
man who trusted his sci en tific in stru ments, and be lieved they could pre dict
fu ture con di tions if read with enough skill.

Af ter his most fa mous voy age, FitzRoy had a re mark able ca reer. He
served as a mem ber of par lia ment, was the sec ond gov er nor of New Zea land,
and in 1851 was elected to the Royal So ci ety to head up a new de part ment
that col lected weather data at sea. FitzRoy im me di ately saw the po ten tial of
the new data col lec tion net works. If one in stru ment, read with skill, could
pre dict fu ture con di tions, what could hun dreds of ob ser va tions ac com plish?
The quan tity of data now at FitzRoy’s fin ger tips – stream ing in from ships,
but also from coastal and in land weather sta tions – al lowed him to con struct
what we now call syn op tic charts.* These are maps of weather vari ables
such as air pres sure, tem per a ture, and hu mid ity plot ted over a large ge o‐ 
graphic area, such as the British Isles, at a given time. Es sen tially, a snap shot
of the at mos phere over a large area. FitzRoy stud ied the changes in weather
across the British Isles us ing these charts and iden ti fied pat terns that came
up time and time again. He be came in creas ingly con vinced that the changes
in weather at a given lo ca tion could be pre dicted by in ter pret ing what the at‐ 
mos phere was do ing at a large num ber of other, spaced-out ob ser va tion sta‐ 
tions. It was not long be fore FitzRoy was draw ing up syn op tic charts of what
he thought the weather would be do ing in the near fu ture. As early as 1842,
he be lieved that if warn ings of com ing storms and other ex treme weather
could be is sued to sea far ers, many ship wrecks could be avoided and many
more lives saved. His name for these pre dic tions: fore casts.

 
* De rived from be ing a syn op sis of the state of the at mos phere, com ing from the An cient Greek
words for ‘to gether’ and ‘see ing’.

 
Across West ern Eu rope, other early me te o rol o gists were think ing along sim‐ 
i lar lines. Since a dis as trous storm that wrecked a dozen French war ships in
the Crimean War in 1854, the French gov ern ment had es tab lished a net work
of me te o ro log i cal sta tions so that sea far ers could be fore warned of fu ture
storms. The Dutch me te o ro log i cal in sti tute was also ex plor ing a sim i lar
storm-warn ing sys tem. In 1859 a huge storm hit the British Isles, sink ing a



well-known steam clip per called the Royal Char ter, with an es ti mated death
toll of around 800 peo ple.8 This event catal ysed FitzRoy into ac tion, who
was con vinced that storm warn ings could save lives. But he was not con tent
with sim ply us ing the rapidly de vel op ing tele graph net work to warn of
storms al ready on the syn op tic charts. He wanted to use his new fore cast ing
method to pre dict how the weather would change. Writ ing in 1860, FitzRoy
jus ti fied this strat egy: ‘It had been as cer tained that at mo spheric changes on
an ex ten sive scale were not sud den, and that pre mo ni tions were more than a
day in ad vance, some times sev eral days.’9 A year later, in 1861, the first
daily weather fore casts in the world, though vague and qual i ta tive, were pub‐ 
lished in The Times of Lon don by FitzRoy.

 



Fig ure 8: An ex am ple syn op tic chart con structed by Fitzroy, de pict ing the
im mense storm of 26 Oc to ber 1859, in which the Royal Char ter was sunk.

 
As a side note, the idea that this was even pos si ble was so rad i cal that it

was, in the strictest in ter pre ta tion of the law, il le gal. The UK Witch craft Act
of 1735 de fined claims to be able to pre dict the fu ture as char ac ter is tic of
witch craft.10 Un til the re peal of the Act (in 1953!), all weather fore cast ers in
the United King dom were in the strictest in ter pre ta tion of the law the o ret i‐ 
cally guilty of prac tis ing witch craft. The un der ly ing tech nol ogy was so new
and so un be liev able that its reper cus sions fell out side of the law, which took
nearly a cen tury to catch up.

 
Sadly, FitzRoy did not meet a happy end. The sys tem of storm warn ings he
in tro duced was met with op po si tion by fish ing fleet own ers, and the very
idea of weather fore cast ing was like wise con sis tently op posed. The lat ter,
only en abled by the lat est com mu ni ca tion tech nol ogy col lat ing wide spread
data in real time, was so fan tas ti cal as to be un be liev able, and was seen, at
the very least, as un trust wor thy by the pub lic. Be cause of these fac tors, fi‐ 
nan cial sup port was not forth com ing for FitzRoy’s fore cast ing work. He per‐
son ally ex pended the equiv a lent of £400,000 in mod ern money on his
weather-fore cast ing en deav ours.

More trou bling to him was an old ghost: his role in en abling Charles Dar‐ 
win to con struct his the ory of evo lu tion. Dar win’s the ory went di rectly
against what FitzRoy – a de vout Chris tian – saw as bib li cal truth, and his in‐ 
ad ver tent sup port for Dar win’s work on their shared voy age caused FitzRoy
the ‘acutest pain’. FitzRoy fell into a deep de pres sion. His fi nan cial woes,
com bined with the moral weight of try ing to save lives at sea in the face of
great op po si tion, and the blame he laid on him self for erod ing trust in bib li‐ 
cal truth, be came too much to bear. On 30 April 1865 he took his own life.
FitzRoy was a tran si tional fig ure in the Vic to rian sci en tific scene, a man with
one foot in the past and an other in a fu ture that few oth ers could see. To day
he is re mem bered as the man who founded weather fore cast ing, and who has
helped to save tens of thou sands of lives from storms and tem pests, droughts
and floods, and the ex treme at ten tions of our at mos phere the world over.
 
FitzRoy very much drew on qual i ta tive ob ser va tions to make pre dic tions
about the fu ture. As we have al ready seen, in tan dem with this ap proach, the



the o ret i cal side of me te o rol ogy was also de vel op ing. William Fer rel, in par‐ 
tic u lar, paved the way for the anal y sis of weather sys tems us ing physics and
math e mat ics. At the turn of the twen ti eth cen tury, these two branches com‐ 
bined. As early as 1890, Amer i can me te o rol o gist and con tem po rary of Fer‐ 
rel, Cleve land Abbe (1838–1916) pro posed that me te o rol ogy was, in truth,
sim ply the ap pli ca tion of the laws of physics in volv ing flu ids and ther mo dy‐ 
nam ics to the at mos phere.11

We can crudely ap prox i mate how we might do this. In pre vi ous chap ters
we have dis cussed how changes in pres sure over large dis tances – hor i zon tal
pres sure gra di ents – lead to wind. If we mea sured the air pres sure at two lo‐ 
ca tions, one, say, X miles east of the other, and called these mea sured air
pres sures pwest and peast, we could ap prox i mate that the east–west wind be‐ 
tween the two, windEW, is some thing like
 

 
So, the greater the pres sure dif fer ence be tween our two lo ca tions, the
stronger the east–west wind; and the fur ther apart the two lo ca tions are from
one an other, the weaker is the wind as so ci ated with a given pres sure dif fer‐ 
ence. The sym bol in the mid dle of the equa tion sim ply means that one side
of it is pro por tional to the other, rather than ex actly equal.

What we have cal cu lated is called the pres sure gra di ent force: what fun da‐ 
men tally drives flow in the at mos phere. Ex cept, of course, we’re ne glect ing
the ef fect of the Cori o lis force. If we bal ance our pres sure gra di ent force
with the Cori o lis force, say ing that any pres sure gra di ent is ex actly matched
by a Cori o lis force from the re sult ing mo tion, we get a pretty good ap prox i‐ 
ma tion of how the at mos phere be haves. This is tech ni cally called the ge o‐ 
strophic ap prox i ma tion,* with the wind cal cu lated from mak ing this ap prox i‐ 
ma tion known as the ge o strophic wind. We can crudely in cor po rate this into
our ap prox i mated wind with an equa tion like

 



 
where the wind is now the north–south wind, hav ing been de flected, and
we’ve also in tro duced a new term, f, to rep re sent the Cori o lis force at the lo‐ 
ca tion we’re con sid er ing. This term is large over the poles and small near the
equa tor, pos i tive in one hemi sphere and neg a tive in the other, to rep re sent
the ro ta tion of the Earth.

 
* From the An cient Greek re lat ing to the Earth – geo – and that re lat ing to twist ing/turn ing – stro‐ 
phe (as in the tro po sphere).

 
Re call ing our dis cus sion of fields in at mo spheric sci ence, and us ing in for‐ 

ma tion about how the pres sure field varies hor i zon tally, we can cal cu late an
east–west ve loc ity field, and a north–south ve loc ity field, over a large area.
To gether, these two com po nents tell us the wind speed and di rec tion at any
lo ca tion. When viewed on large scales, such as the cir cu la tion around an en‐ 
tire hemi sphere, or around a large hur ri cane, the cal cu lated ge o strophic wind
matches ob served wind rea son ably closely. One way to think about ge o‐ 
strophic wind is that it flows along the iso bars – lines in di cat ing con stant
pres sure – on syn op tic charts. Around sig nif i cant, large pres sure gra di ents,
such as the de pres sions found at the hearts of ex tra-trop i cal storms, the air
does in deed fol low the pres sure con tours.

 



Fig ure 9: A mod ern syn op tic chart. The thin lines are iso bars – lines of con‐ 
stant air pres sure – while the thick lines are weather fronts, the bound aries

be tween dif fer ent air masses. The shapes on the weather fronts in di cate their
type, e.g. a cold front is de noted by tri an gles while a warm front is de noted

by semi cir cles.
 

So, from wide spread mea sure ments of the air pres sure, an east–west ve loc ity
field and a north–south ve loc ity field can be cal cu lated. Us ing these ve loc i‐ 
ties, fu ture changes in the pres sure field can be pre dicted via a process call
ad vec tion. Ad vec tion is, to put it crudely, the process of a fluid car ry ing stuff
to places. Wind, the flow of at mo spheric fluid, car ries mois ture from oceans
over the land. It car ries heat from the trop ics to the po lar re gions. It car ries
clouds in swirling pat terns around storms. Ad vec tion is the fun da men tal



process of how the at mos phere – and in deed all flu ids – trans ports mois ture
and tem per a ture and other quan ti ties from place to place. Even lin ear and an‐ 
gu lar mo men tum can be trans ported in this way, in flu enc ing the ve loc ity
field that it self gave rise to the ad vec tion. Hav ing cal cu lated a ve loc ity field,
which could be ge o strophic or more com plex, cal cu lat ing the ad vec tion field
al lows sci en tists to ‘turn the crank’ into the fu ture, pre dict ing how at mo‐ 
spheric fields will change in the fu ture as a re sult of the cal cu lated ve loc ity
field.

In 1904, the Nor we gian me te o rol o gist Vil helm Bjerk nes (1862–1951)
took this rough ar gu ment and made it much more con crete, ar gu ing that
weather fore cast ing should be pos si ble us ing math e mat i cal meth ods. If that
name sounds fa mil iar, Vil helm was the fa ther of Ja cob Bjerk nes, the man
who un picked the duet be tween El Niño and the South ern Os cil la tion in the
pre vi ous chap ter – they formed quite the aca demic dy nasty!* Com bin ing the
work of pi o neers like Fer rel with the more the o ret i cal work of New ton, Cori‐ 
o lis, Eu ler, and many oth ers, Bjerk nes pro posed a sim ple sys tem of equa‐ 
tions to de scribe the flow of the at mos phere. These would later – cru elly, ac‐ 
cord ing to un der grad u ates – be called the prim i tive equa tions. In truth, while
these equa tions look in com pre hen si ble to some one with out math e mat i cal
train ing, they are ac tu ally very sim ple at heart.12 Bjerk nes ba si cally ar gued
that you needed to fol low four steps to pre dict what the at mos phere will do
next:

 
* It wasn’t just the fa ther and son team ei ther! Vil helm’s fa ther Carl An ton did ex ten sive the o ret i cal
work on flu ids and the sim i lar i ties be tween their math e mat ics and those of elec tric and mag netic
fields. He never ex per i men tally tested his the o ries, how ever, and so at the age of just sev en teen Vil‐ 
helm took it upon him self to de vise a se ries of ex per i ments by which his fa ther’s the o ries could be
ver i fied. He was suc cess ful, and his demon stra tions us ing a bath full of syrup were ex hib ited at the In‐ 
ter na tional Ex hi bi tion in France in 1881 and were of huge in ter est to sci en tists.

 
1 Take mea sure ments of at mo spheric fields such as pres sure and tem‐ 

per a ture, pro vid ing you with the ini tial state of the at mos phere.
2 Cal cu late ex pected changes in the ve loc ity fields us ing your ob served

ini tial state and the prim i tive equa tions.
3 Us ing the up dated ve loc ity fields, cal cu lated in the pre vi ous step,

work out the ex pected changes of fields such as tem per a ture and hu‐ 
mid ity due to ad vec tion.

4 Re peat steps 2–4.
 



Fig ure 10: One for mu la tion of the prim i tive equa tions. 
Here u and v are, re spec tively, the east-west and north-south com po nents of
wind, while x, y, and z are, re spec tively, the dis tance trav elled east, north,

and up from some lo ca tion. Note that in this for mu la tion, the ver ti cal ve loc‐ 
ity is as sumed to be neg li gi ble. f is the Cori o lis pa ram e ter, p is the air den‐ 

sity, p is the air pres sure, Fx and Fy are fric tional forces in the x and y di rec‐ 
tions, and i is the po ten tial tem per a ture (this is the tem per a ture an air par cel

would have if you dragged it down to the sur face). The first two equa tions
de scribe how an air par cel ac cel er ates in the east-west and north-south di‐ 
rec tions, while the third equa tion de scribes how pres sure varies as you get
higher in the at mos phere. The last two equa tions are book-keep ing, mak ing

sure that en ergy and mass are con served, re spec tively.
 

At its core, that’s it! It sim ply took three cen turies of de vel op ment of physics
and math e mat ics to get to that point, and roughly the same amount of time to
de velop the tools and ob ser va tion net works nec es sary to work out that the at‐ 
mo spheric flow was in deed that sim ple. Of course, I’m play ing down the
com plex ity of the real sci ence, and there are many, many, many ad di tional
fac tors that go into mod ern equa tions de scrib ing how the at mos phere be‐ 
haves. But at their heart, those mod ern equa tions are still the same as those
de vel oped by Bjerk nes. His ideas were so in flu en tial that they evolved into
the Bergen School of Me te o rol ogy, a school of thought used in ba si cally all



of mod ern at mo spheric physics, and par tic u larly adopted by in flu en tial early
twen ti eth-cen tury Scan di na vian sci en tists such as Carl-Gustaf Rossby.13

These sci en tists used the rapidly de vel op ing ob ser va tion net works, con sid er‐ 
ably ex panded dur ing the two World Wars, to con struct what we would now
recog nise as mod ern me te o rol ogy.14

On large scales, me te o rol ogy is prin ci pally con cerned with cal cu lat ing the
evo lu tion of dif fer ent air masses and the bound aries be tween them, known
as weather fronts.15 Air masses are es sen tially large blobs of air, typ i cally on
the scale of an en tire coun try, de fined by their tem per a ture and their hu mid‐ 
ity. For ex am ple, con ti nen tal po lar air masses are cold and dry, while mar‐ 
itime trop i cal air masses are warm and moist. Un der neath a given air mass,
weather will be rel a tively con sis tent, with that weather de pen dent on the
clas si fi ca tion of the air mass. When one air mass meets an other, how ever,
sig nif i cant changes in weather can oc cur at the bound ary. These weather
fronts, so named due to their re sem blance to bat tle lines on the west ern front
of the First World War, come in a few flavours, such as cold fronts, warm
fronts, and oc cluded fronts. Each cat e gory of front rep re sents a par tic u lar
com bi na tion of at mo spheric con di tions. A cold front, for ex am ple, oc curs
when a cold air mass rolls over the land scape, dis plac ing and up lift ing
warmer air. The up lift that oc curs can pro duce sharp changes in weather,
such as rapid cloud for ma tion and heavy pre cip i ta tion.

One of the beau ti ful things about at mo spheric physics is that these small-
scale changes along the weather front can also be de scribed, and pre dicted,
us ing the same equa tions as those de scrib ing con ti nent-sized air masses. In‐ 
ter act ing air masses be have as flu ids, as do small-scale air parcels ris ing and
fall ing at weather fronts. The dif fer ence be tween these two scales is what
phys i cal pro cesses can be ig nored in the equa tions de scrib ing their mo tion.
At large scales, for ex am ple, fric tion be tween air masses and the ground can
be safely ig nored, while at small scales fric tion with the ground can be of ab‐ 
so lute im por tance. Air flow ing over ter rain such as moun tains or val leys pro‐ 
duces to tally dif fer ent ef fects to air flow ing over flat ground. The huge va ri‐ 
ety of cloud types that we ob serve, from cu mu lus to cir rus to nim bo stra tus,
are made pos si ble by spe cific small-scale pro cesses, in clud ing up lift by ter‐ 
rain, but also by other fac tors such as lo cal wind shear, tem per a ture gra di ent,
and hu mid ity.

The physics of the at mos phere may be uni ver sal, but that uni ver sal ity is
over whelm ing. In or der to make sense of it, sci en tists must pick their bat tles,



ig nor ing com plex ity that can be safely ig nored, and fo cus ing on the phys i cal
pro cesses that con trol the be hav iour we ob serve. Over the past two cen turies,
our un der stand ing has evolved to the point that the fu ture has opened up to
us.

 
Me te o rol o gists use the con cept of air masses and fronts to ex plain and pre‐ 
dict how weather changes over time both qual i ta tively and quan ti ta tively.
Nu mer i cal weather pre dic tion – mean ing us ing the equa tions of the Bergen
School to pre dict the fu ture state of the at mos phere given cur rent mea sure‐ 
ments – by com put ers al lows for quan ti ta tive pre dic tion, while a trained me‐ 
te o rol o gist can view a syn op tic chart and, see ing the con fig u ra tion of fronts,
make a qual i ta tive pre dic tion of the next few hours. Fronts break down the
con tin uum of in ter con nected at mo spheric fields to a man age able set of in ter‐ 
ac tions be tween dis crete en ti ties, al low ing our hu man brains to grasp, and
pre dict, the com plex i ties of the at mo spheric gi ant.

A com puter, of course, does not need this con cep tual short hand. In stead, a
com puter model used for quan ti ta tive weather pre dic tion stores the in for ma‐ 
tion de scrib ing an at mo spheric field, such as tem per a ture or hu mid ity, in a
grid. The grid size or res o lu tion de ter mines how many data points are used
to de scribe the field – if we are con sid er ing a field on a global scale, a res o‐ 
lu tion of 2.5° might be used, in di cat ing that a value is stored at ev ery 2.5° in
lon gi tude and lat i tude. The higher the res o lu tion, the more ac cu rately the
con tin u ous field is de scribed, though this makes com pu ta tion slower. Early
com puter mod els had very low res o lu tion, lim ited by the size of their mem‐ 
ory, while mod ern com puter mod els can have ex tremely high res o lu tions.
The UK Met Of fice uses a res o lu tion of just 1500 me tres when run ning fore‐ 
casts over the British Isles.16

It should be noted, how ever, that nu mer i cal weather pre dic tion pre dates
the com puter. Or, at least, the mod ern idea of the com puter. A com puter was,
orig i nally, some one who com puted, who per formed math e mat i cal cal cu la‐ 
tions over and over again, this te dious work of ten be ing un der taken by
women, or teams of women. One male com puter was Lewis Fry Richard son
(1881–1953) – a man of wide-rang ing in ter ests, but whose Quaker be liefs
led him to be a con sci en tious ob jec tor in the First World War and so dis qual‐ 
i fied him from hold ing any aca demic post. In 1922 he pub lished Weather
Pre dic tion by Nu mer i cal Process,17 a strik ingly orig i nal book sadly ham‐ 
strung by the lim i ta tions of his time. In it, Richard son pre sented a sys tem atic



method of fore cast ing the weather us ing dy nam i cal equa tions, al most ex actly
as mod ern com puter mod els do. He also demon strated his method by cal cu‐ 
lat ing such a fore cast by hand. That is, in stead of get ting an elec tronic com‐ 
puter to per form the cal cu la tions of changes in air pres sure, tem per a ture, and
the like for ev ery grid point in his fore cast area, he worked out the pre dicted
changes over eight hours us ing pen cil and pa per. The mon u men tal ef fort
took him six weeks. Sadly, though per haps not sur pris ingly, his fore cast
failed dra mat i cally, pre dict ing a huge change of 145hPa in pres sure at the
sur face, a num ber around one hun dred times too large! Ac cord ing to later
anal y sis by me te o rol o gist Pe ter Lynch, how ever, this was prob a bly more to
do with how Richard son pre pared his data than how he cal cu lated the
changes. Had this been ac counted for, Richard son would likely have worked
out a rea son ably ac cu rate weather fore cast for a day by hand – a truly re‐ 
mark able achieve ment!

As it was, the idea of nu mer i cal weather pre dic tion seemed fan ci ful,
doomed to fail by the sheer num ber of cal cu la tions re quired. It took three
decades for tech nol ogy to catch up to the dreams of the Bergen School and
Richard son. In the 1950s, the first gen eral-pur pose elec tronic com put ers
such as the Fer ranti Mk I and the UNI VAC I were re leased, build ing on rapid
ad vances in dig i tal com put ing dur ing the Sec ond World War. These early
com put ers were en thu si as ti cally taken up by sci en tists of all stripes, and in
1950 the first dig i tal me te o ro log i cal fore cast was made by a su per star team
in clud ing me te o rol o gist Jule Char ney (1917–81) and math e ma ti cian John
von Neu mann (1903–57). The feel ing at the time was that sci ence and tech‐ 
nol ogy could ac com plish any thing, and with the hith erto unimag in able num‐ 
ber-crunch ing power of dig i tal com put ers, sci en tists tried their hands at
prob lems pre vi ously con sid ered un solv able. Granted, the su per star group’s
pre dic tion for the fol low ing twenty-four hours of weather took nearly
twenty-four hours to pro duce, and was ex tremely lim ited in de tail, but the
po ten tial was clear.18 Per haps sci ence could in deed pre dict what the weather
was go ing to do next?

Dur ing the 1950s, the at mos phere was sim u lated with in creas ing com plex‐ 
ity on com put ers, and var i ous ques tions about the at mos phere in ves ti gated
be sides pre dict ing the weather. Many of these were prob lems that had pre vi‐ 
ously con founded re searchers by be ing just too com plex to solve us ing pen‐ 
cil-and-pa per cal cu la tions. One such prob lem was how over turn ing cir cu la‐ 
tions in the at mos phere such as the Hadley cell or gan ise them selves – how



big the tem per a ture dif fer ence north and south of cir cu la tions be comes, how
strong con vec tion is in the at mos phere, and how high the cir cu la tions reach.
In 1961, a quiet, unas sum ing me te o rol o gist named Ed ward Nor ton Lorenz
(1917–2008) was in ves ti gat ing this prob lem us ing a highly sim pli fied set of
equa tions.19 Per haps I have been in doc tri nated by my time in academia, but I
find the equa tions he de rived re ally rather beau ti ful. Us ing just seven vari‐ 
ables and in three el e gant lines, the be hav iour of a hugely com pli cated sys‐ 
tem the size of a planet is cap tured.

As sisted by leg endary com puter sci en tist Mar garet Hamil ton (1936–),
then just twenty-five,* Lorenz was ex am in ing this prob lem when he de cided
to re peat some cal cu la tions in or der to more closely ex am ine what was go ing
on. Writ ing much later in The Essence of Chaos,20 he de scribes what hap‐ 
pened next:

 
* Hamil ton went on to have a trail blaz ing ca reer, so fun da men tal to soft ware en gi neer ing that she
even gave the field its name. Among other ac com plish ments, she was di rec tor of the Soft ware En gi‐ 
neer ing Di vi sion of the In stru men ta tion Lab o ra tory at MIT, de vel oped soft ware for the Apollo mis‐ 
sions to the Moon, and has her own LEGO minifig ure.

 
I stopped the com puter, typed in a line of num bers that had come out of
the printer a lit tle ear lier, and started it back up. I went to the lobby to
have a cup of cof fee and came back an hour later, dur ing which the
com puter had sim u lated about two months of weather. The num bers
com ing out of the printer had noth ing to do with the pre vi ous ones.
 

This was sur pris ing! Lorenz had taken the out put from an ear lier sim u la tion
of the at mos phere to use as a start ing point – what in sci ence we call an ini‐ 
tial con di tion – for a new, iden ti cal sim u la tion to re peat a sec tion of in ter est.
Yet the re sults he’d got from the com puter from this sec ond sim u la tion were
to tally dif fer ent to his pre vi ous re sults. This shouldn’t have hap pened. These
equa tions have no ran dom ness in them: they are what we re fer to as de ter‐ 
min is tic. Much like New ton’s laws of me chan ics, if you know the ini tial con‐ 
di tion – the lie of the land when you start out – then by ap ply ing the same
equa tions you should get the same re sult ev ery sin gle time.

Dig i tal com put ers were still new and sub ject to me chan i cal er ror, how‐ 
ever, and Lorenz thought this must have been the cause. He wrote:

 
I im me di ately thought one of the [vac uum] tubes had de te ri o rated, or
that the com puter had had some other sort of break down, which was not



in fre quent, but be fore I called the tech ni cians, I de cided to find out
where the prob lem was, know ing that that would speed up the re pairs.
In stead of a sud den in ter rup tion, I found that the new val ues re peated
the pre vi ous ones at first, but soon be gan to dif fer by one or more units
in the fi nal dec i mal, then in the pre vi ous one, and then the one be fore
that. In fact, the dif fer ences dou bled in size more-or-less con stantly ev‐ 
ery four days un til any re sem blance to the orig i nal fig ures dis ap peared
at some point dur ing the sec ond month.
 

Had Lorenz dis cov ered a set of de ter min is tic equa tions that were not ac tu ally
de ter min is tic? Not quite. The equa tions were still de ter min is tic: if you put
the same num bers into them time af ter time, you would get the same re sults
time af ter time. The prob lem was that Lorenz wasn’t us ing the same num‐ 
bers. He had taken his ini tial con di tion from the print out of the model’s vari‐ 
ables, tak ing num bers off the page such as x = 0.506 and y = 0.193. The
printer would print num bers to three dec i mal places. The model, how ever,
didn’t work to three dec i mal places – it worked to six. While the printer
might say the model cal cu lated y to be 0.193, the model ac tu ally cal cu lated it
to be 0.193208. There fore, Lorenz wasn’t restart ing the model with ex actly
the same ini tial con di tions: he was restart ing it with al most ex actly the same
ini tial con di tions. At first this dif fer ence proved neg li gi ble, as you might ex‐ 
pect. But over time, the two mod els with im per cep ti bly dif fer ent ini tial con‐ 
di tions be gan to di verge from each other more and more, un til even tu ally
they bore no re sem blance what so ever.

Lorenz went on to de tail this phe nom e non (in sur pris ingly read able prose;
it’s worth giv ing it a read!) in one of the great physics pa pers of the twen ti eth
cen tury, ‘De ter min is tic Non pe ri odic Flow’.21 Due to its wide-rang ing im pli‐ 
ca tions, Lorenz’s dis cov ery birthed an en tirely new aca demic field. For over
a decade, sci en tists in the United States and So viet Union in ves ti gated sim i‐ 
lar phe nom ena in pure math e mat ics, eco nom ics, bi ol ogy, physics and other
fields, but did so with out a name for what they stud ied. It was only in 1975
that math e ma ti cian James Yorke (1941–) coined the phrase that launched a
thou sand pop u lar sci ence books: chaos the ory.*

 
* This was not the first time that chaos the ory had been dis cov ered! That was done by poly math
Henri Poincaré (1854–1912) in the 1880s and math e mat i cally de scribed by An drey Niko lae vich Kol‐ 
mogorov (1903–87) (see C. Oestre icher, ‘A His tory of Chaos The ory’, Di a logues in Clin i cal
Neu ro science, vol. 9, no. 3 (2007), pp. 279–89), but their the o ries never caught on.



 
Chaos the ory, at its heart, ex am ines dy nam i cal sys tems that may ap pear to

be have ran domly but are in fact gov erned by de ter min is tic equa tions, like
New ton’s laws of mo tion. These equa tions are com bined in such a way,
how ever, that out comes are ex tremely sen si tive to ini tial con di tions. Lorenz
neatly sum marised it as: ‘Chaos: when the present de ter mines the fu ture, but
the ap prox i mate present does not ap prox i mately de ter mine the fu ture.’22

Weather is still per haps the most fa mous ex am ple of a chaotic sys tem. The
weather we ex pe ri ence on a given day may seem ran dom, and for the long est
time was be lieved to be all but so. Yet the weather is in fact gov erned by a
small set of equa tions with def i nite out comes, just ones that are very sen si‐ 
tive to the ini tial con di tions put into them.

The chaotic na ture of the at mos phere is why weather fore casts are of ten
in ac cu rate, as was the case with Hur ri cane Elena in 1985. If in for ma tion
about the ini tial state of the at mos phere is in com plete, ac cu rately pre dict ing
even a short dis tance into the fu ture can be next to im pos si ble. While sci en‐ 
tists have ac cess to data from a huge num ber of lo ca tions, in deed, glob ally,
thanks to satel lites, the fact re mains that com puter mod els only op er ate at a
cer tain res o lu tion, mean ing that only so much data can be in cor po rated into
pre dic tions. Even if data was avail able at one-cen time tre in cre ments across
the face of the Earth, only so many of these data points could be used to
make a pre dic tion. As if that wasn’t bad enough, each data point also has a
(small) un cer tainty with it. Con sider a ther mome ter – it may reg is ter a tem‐ 
per a ture as be ing 20.1 °C, but be cause of round ing that could be any value
be tween 20.05 °C and 20.15 °C. That may sound like a small er ror, but when
mul ti plied across thou sands or tens of thou sands of mea sure ments, it adds up
fast. In 1985, fore cast ers had a large amount of data at their dis posal, from
ground-based sources and satel lites, but were lim ited by the (still high) ac cu‐ 
racy of that data and the (rel a tively low) res o lu tion of their pre dic tive mod‐ 
els.

It’s pos si ble for sci en tists to get around these dif fi cul ties by run ning en‐ 
sem ble fore casts. This means pre dict ing the weather sev eral times, but ini‐ 
tial is ing each set of cal cu la tions with a slightly dif fer ent set of ini tial con di‐ 
tions. One pre dic tion may take the up per end of the un cer tainty in the tem‐ 
per a ture field as its ini tial con di tion, for ex am ple, while an other may take the
lower end of the un cer tainty in the tem per a ture field as its ini tial con di tion.
Each of these fore casts will pro duce dif fer ent end re sults, which may be very



sim i lar, or wildly dif fer ent. Tak ing the av er age of all these fore casts pro‐ 
duces one, more sta tis ti cally ro bust, fore cast.

Most of the time this is suf fi cient to cir cum vent the chaotic dif fi cul ties of
the at mos phere, and pre dict the weather up to a week ahead of it hap pen ing.
The UK Met Of fice pre dicts the fol low ing day’s tem per a ture to within 2 °C
ap prox i mately 92 per cent of the time. Ad di tion ally, thanks to im prove ments
in method ol ogy, com put ing hard ware, and satel lite tech nol ogy, this ac cu racy
has in creased over the past cen tury. The Met Of fice can pre dict weather four
days ahead to the same ac cu racy now that it was able to pre dict one day
ahead in 1980.23 Some times, how ever, par tic u lar con di tions lead the at mos‐ 
phere to be par tic u larly un pre dictable, as hap pened with Hur ri cane Elena and
as will cer tainly hap pen in the fu ture. The in her ently chaotic na ture of the at‐ 
mos phere means that even with the most wide spread mea sure ments pos si ble,
the high est-res o lu tion com puter model, and the most ac cu rate in stru ments,
the small er ror bars present in the ini tial con di tions of the at mos phere even‐ 
tu ally prop a gate to huge er rors in fore casts far into the fu ture. Prac ti cally,
this means that sci ence can pre dict the weather re ally quite ac cu rately for
about ten days into the fu ture be fore the er rors be come un ac cept ably large.
This isn’t a flaw in how we rep re sent the at mos phere, in our equa tions or our
su per com put ers. It’s a fun da men tal lim i ta tion on pre dict ing the fu ture of a
chaotic sys tem.

How ever, for up to two weeks from the present, three cen turies of sci en‐ 
tific progress al low us to per form a mir a cle and gaze into the weather yet to
come.



CHAP TER 8

VOR TEX

From 22 Feb ru ary to 5 March 2018, the British Isles shiv ered un der An ti cy‐ 
clone Hart mut, bet ter known as the ‘Beast from the East’. For two weeks,
frigid air trans ported all the way from Siberia sat over Eu rope, caus ing tem‐ 
per a tures to fall to -14 °C (7 °F) in Scot land. This cold air mass was then
struck in the west flank by a mois ture-laden storm from the At lantic, pro‐ 
duc ing huge amounts of snow and ice. Ninety-five peo ple lost their lives to
the cold across Eu rope, due to road traf fic col li sions, falls on ice, and in ad e‐ 
quate shel ter. Al to gether, the cold out break caused some £1.2bn of dam age.1

Less than a year later, on 30 Jan u ary 2019, it was colder in the city of
Chicago, at lat i tude 42 °N, than at the south pole. In fact, it was colder than
Mars.2 The tem per a ture in Chicago plunged to -30 °C (-22 °F), caus ing
chaos, clos ing the lo cal gov ern ment, freez ing wa ter mains, and leav ing peo‐ 
ple ad vised not to talk or to breathe too deeply out side, to pro tect their lungs
from the cold.

Both of these events were caused by the same spec tac u lar weather phe‐ 
nom e non, cre ated by a true ti tan of the at mos phere. So far in this book we
have stayed rel a tively close to the sur face, look ing at weather and dy nam ics
in the bot tom layer of the at mos phere, the tro po sphere. For one chap ter,
how ever, al low me to in tro duce you to the mon sters of our up per at mos‐ 
phere. This will in clude a bit of my own re search, ex plain ing how these ti‐ 
tans reach down with icy fin gers to shape our weather on the sur face.

 
If you had lived in the east of Eng land in 1915, you would have oc ca sion‐ 
ally heard the big guns fir ing on the west ern front. The use of ar tillery in the
First World War was of such an un prece dented scale that lo cals re ported



hear ing sum mer bat tles as a con stant, low rum ble. Even tu ally, the guns
would fall silent, and their sound faded to mem ory. How ever, in 1935,
math e ma ti cian Fran cis John Welsh Whip ple (1876–1943) de liv ered a lec‐ 
ture to the Royal Me te o ro log i cal So ci ety in Lon don (of which he would
later be pres i dent) ti tled: ‘The Prop a ga tion of Sound to Great Dis tances’.3 In
the lec ture he cred its a Mr Miller Christy, who lived near Chelms ford, Es‐ 
sex, with keep ing a di ary in which he noted day by day if the sounds of the
bat tle fields could be heard. Whip ple an a lysed these di ary en tries and found
some thing sur pris ing. There was a strik ing sea son al ity to them – in sum mer,
ar tillery could be clearly heard, while in win ter it could not. Fight ing died
down in the win ter months, but ar tillery was still used, and yet could not be
heard at all.

As the fight ing was tak ing place far to the east of Chelms ford, Whip ple
con cluded that the sound was be ing car ried west wards in sum mer. As sound
waves in herit the ve loc ity of any fluid layer they travel through, even if
only briefly, he hy poth e sised that this car ry ing was done by some strong
wind. The sci en tific con sen sus at the time was that a gen eral east-to west
cir cu la tion pre vailed in the newly dis cov ered strato sphere, mov ing op po site
to the Earth’s ro ta tion. Such a cir cu la tion would cause sounds to be heard
far fur ther west if they were loud enough to reach, and re flect off, the
tropopause, the bound ary be tween the tro po sphere and the strato sphere.
While this the ory cer tainly ex plained the sound of ar tillery in France car ry‐ 
ing to Eng land in the sum mer months, it did not ex plain the quiet win ters
de scribed in Mr Christy’s di ary. Some thing was awry. How ever, frus trated
by a lack of data above 20 km in al ti tude – as the cut ting-edge method of
data col lec tion at this time was the weather bal loon – Whip ple could only
con jec ture about what was go ing on.

He hy poth e sised that the winds in the strato sphere must re verse as sum‐ 
mer changes to win ter. With the wind blow ing from west to east, the sound
of gun fire would be car ried fur ther east from France, leav ing Eng land quiet.
But what could be the cause of such a re ver sal? As we learned pre vi ously,
the defin ing char ac ter is tic of the strato sphere is its air tem per a ture in creas‐ 
ing with al ti tude, lead ing to very dif fer ent dy nam ics to those seen in the tro‐ 
po sphere. In par tic u lar, the static sta bil ity of the strato sphere in hibits al most
all ver ti cal mo tion, caus ing air to flow hor i zon tally in stead, as if on a flat
sur face, in far larger pat terns. With no ver ti cal mo tion to dis rupt them, im‐ 
mense at mo spheric struc tures the size of con ti nents can form. In stead of



splin ter ing into small storms, these ti tanic cir cu la tions grow larger and
stronger over the course of the year. The only thing that checks their growth
is the chang ing of the sea sons.

At the equa tor there is pre cious lit tle dif fer ence be tween the sea sons – in
fact, the very con cept of sum mer and win ter sea sons only re ally make sense
from the mid-lat i tudes up wards. Here, there is a marked dif fer ence be tween
the warm, sunny sum mer and the cold, dark win ter. But fur ther than ap prox‐ 
i mately 66.5° from the equa tor, in the Arc tic and Antarc tic cir cles, win ter is
a very dif fer ent beast. Due to the Earth’s tilt of ap prox i mately 23.5° be‐ 
tween its axis of ro ta tion and the or bital plane, these ar eas ex pe ri ence
what’s known as the po lar night: pe ri ods when the Sun never rises. They
also ex pe ri ence mid night sun in sum mer, a pe riod when the Sun never sets.
The dif fer ence, then, be tween sum mer and win ter in the po lar cir cles is
vast, with all-day heat ing in the sum mer and all-day dark ness in win ter.

The po lar night is bit terly cold: tem per a tures are of ten recorded as lower
than -50 °C on the sur face, and less than -80 °C in the mid dle at mos phere.
From our dis cus sion of the ideal gas law, we know that a de crease in tem‐ 
per a ture with no change in air den sity will re sult in a de crease in at mo‐ 
spheric pres sure. And, as we also pre vi ously learned, when ar eas of low at‐ 
mo spheric pres sure form on the spin ning Earth, air will ro tate around them
in a cy clonic cir cu la tion. A vast, hemi sphere-scale cir cu la tion there fore de‐ 
vel ops around the po lar re gion in win ter, cov er ing an area the size of Asia.
When sum mer ar rives, the Sun rises on the po lar re gion once more, and a
huge amount of en ergy in the form of sun light is added. Thanks to the ab‐ 
sorp tion of UV ra di a tion by ozone, this causes a spec tac u lar rise in tem per a‐ 
ture, and the sum mer time po lar strato sphere is warmer than the equa to rial
strato sphere. This de stroys the win ter time cir cu la tion, and the po lar re gions
are now home to higher air pres sure than the low lat i tudes. As such, an an ti‐ 
cy clonic sys tem, spin ning in the op po site di rec tion, forms.

This ex plains the re ports of ar tillery heard in Eng land, and Whip ple’s
con jec tured re ver sal of strato spheric winds. When the sea sons change and
sum mer comes to the Arc tic cir cle, the mas sive strato spheric cir cu la tion is
dis rupted and re versed. But we could ask a very rea son able ques tion: why
doesn’t this hap pen closer to the ground too, in the tro po sphere? Af ter all,
the po lar night is felt here too. Why don’t we see this re ver sal of winds with
the sea sons as well?



We don’t see such a dra matic shift in the tro po spheric cir cu la tion for a
cou ple of rea sons. The main one – and the au thor feels a cer tain kin ship
here – is to do with the Earth’s bulging mid sec tion.

This is some thing that I pre vi ously men tioned only in pass ing: that the
Earth is not in fact a sphere. The planet’s ro ta tion causes its rock and man tle
to bulge slightly at the equa tor, mak ing it tech ni cally an oblate spher oid.4 If
you were to place a tape mea sure around the Earth’s equa tor and cut
through all ter rain to sea level it would mea sure the Earth’s cir cum fer ence
to be about 40,075 km. Place the same tape mea sure with one end at the
north pole, run it due south to the south pole, and then con tinue on the same
path back to the north pole and you will find you have tape to spare. The
po lar cir cum fer ence of Earth is only 40,008 km. That means there is a
greater dis tance be tween you and the cen tre of the Earth when stand ing at
the equa tor than when stand ing at the poles.

As grav i ta tional ac cel er a tion is in versely pro por tional to the square of
dis tance, this dif fer ence re sults in sur face grav ity be ing lower at lower lat i‐ 
tudes. Com bined with the cen trifu gal ac cel er a tion as so ci ated with the
Earth’s ro ta tion, you quite lit er ally weigh less when stand ing closer to the
equa tor! In fact, an ar gu ment could be made for some Olympic records such
as high jump to be made lat i tude spe cific – af ter all, an ath lete jump ing in
Lon don is strain ing against stronger grav ity than an ath lete in, say, Nairobi.
The dif fer ence in sur face grav ity is at most half a per cent, but this can still
be sig nif i cant in com pet i tive sports.5

The slightly re duced grav ity at the equa tor has a much more no tice able
ef fect on the at mos phere. Much like the planet un der neath, it bulges out‐ 
wards at lower lat i tudes. The tro po sphere ex tends much higher at the equa‐ 
tor than it does at the poles. In low-lat i tude re gions the tro po sphere ends at
around 17 km, while in high-lat i tude re gions it tops out at as lit tle as 8 km.
Be tween these two ex tremes the at mos phere grad u ally slopes. This is partly
due to the re duced grav ity at the equa tor, and partly down to the more ex‐ 
ten sive heat ing that the at mos phere over the equa tor re ceives. These two ef‐ 
fects to gether cause a lop sided dis tri bu tion of pres sure in the at mos phere.
Much as the Earth’s sur face bulges at the equa tor, so too do the pres sure
sur faces in the at mos phere. Or, to view it an other way, one kilo me tre above
the north pole the air pres sure is sig nif i cantly lower than the air pres sure
one kilo me tre above the equa tor. Re call also that, due to their lower tem per‐ 
a ture, lower pres sure al ready ex ists in po lar re gions. This means that as you



get higher and higher above the ground at high lat i tudes, the pres sure dif fer‐ 
ence be tween the high- and low-lat i tude re gions in creases and in creases.
This in creas ing pres sure gra di ent with al ti tude pro duces a wind shear, as the
strength of the wind is pro por tional to the strength of the pres sure gra di ent,
and as the gra di ent gets steeper with al ti tude, the strength of the wind also
in creases. This is what is known as the ther mal wind.6

As was orig i nally con jec tured, the nor mal state in the sum mer time strato‐ 
sphere is in deed for air to gen tly flow from east to west, the con stant in so la‐ 
tion (the tech ni cal name for en ergy com ing in from the Sun) of the high lat i‐ 
tudes caus ing air there to be slightly warmer than air at the same ver ti cal
level in the trop ics. This tem per a ture gra di ent causes air to drift equa tor‐ 
ward and be de flected by the Cori o lis ef fect into an east erly wind. As win ter
sets in across a hemi sphere, how ever, caus ing the Sun to set for months at a
time, tem per a tures plum met, and a tem per a ture gra di ent is es tab lished in the
op po site di rec tion: now the po lar air is sig nif i cantly colder than air at the
equa tor. This causes air in the strato sphere to ro tate around the pole in the
op po site di rec tion. With the win ter night bring ing bit terly cold tem per a tures
and low air pres sure, the ro tat ing air picks up speed and starts to dom i nate
the cir cu la tion in the mid dle at mos phere as a strong west erly wind. The
ther mal wind ef fect causes this cir cu la tion to be much, much stronger in the
strato sphere than in the tro po sphere, ac cel er at ing the wind to break neck
speeds.

The huge ro tat ing cir cu la tion that re sults is the strato spheric po lar vor‐ 
tex, the ghostly ti tan of the at mos phere. This is the cul prit ul ti mately be hind
the frozen out breaks of air in Lon don and Chicago. A po lar vor tex forms
ev ery year in which ever hemi sphere is cur rently ex pe ri enc ing win ter,
stretch ing from ap prox i mately 15 km to more than 50 km above the sur face.
The strato spheric po lar vor tex is vast. The largest trop i cal storm ever ob‐ 
served, Ty phoon Tip, was over 2,000 km across and had wind speeds peak‐ 
ing at 300 kph (190 mph).7 By con trast, the po lar vor tex is around 6,000 km
from edge to edge – quite lit er ally the size of a con ti nent. The south ern vor‐ 
tex is sig nif i cantly stronger and more uni form than the vor tex that forms in
north ern hemi sphere win ter, for rea sons that we’ll shortly come back to,
with wind speeds around 300 kph. A typ i cal day in the south ern strato‐ 
spheric po lar vor tex fea tures wind speeds sim i lar to the strong est winds
ever recorded in a ty phoon or hur ri cane! The north ern vor tex av er ages wind
speeds around 200 kph (125 mph), but this varies sig nif i cantly.



It should be pointed out that of ten sci en tists ab bre vi ate the term ‘strato‐ 
spheric po lar vor tex’ to just ‘po lar vor tex’, and this has led to some con fu‐ 
sion in the pub lic, who of ten mis-at tribute the term to the jet stream. While
some lit er a ture does dis cuss the ‘tro po spheric po lar vor tex’, and the jet
stream and strato spheric po lar vor tex are closely linked, they are still dis‐ 
tinct phe nom ena. When I re fer to ‘the vor tex’ in this chap ter I am ex plic itly
re fer ring to the strato spheric po lar vor tex.

While the vor tex is truly im mense in both size and ve loc ity, re mem ber
that it is also ghostly – the air den sity in the strato sphere is be tween one-
hun dredth and one-thou sandth of what it is at the sur face. The air here
moves quickly, but it does not carry with it much weight. So how could
such a thing in flu ence the weather at the sur face, enough to bring po lar tem‐ 
per a tures to Chicago? For sev eral decades af ter the dis cov ery of the strato‐ 
sphere, the pre vail ing wis dom was in deed that the air at such al ti tude was
too thin to have sig nif i cant im pacts on the sur face. Com pared to the dense
tro po sphere, the strato sphere was the tall weak ling on the at mo spheric play‐ 
ground, pushed around and never in con trol. Other than the sea sonal re ver‐ 
sal of winds, not a huge amount was be lieved to hap pen in this re gion. Over
time this view came to be chal lenged, how ever, and would even tu ally be
shat tered by an at mo spheric ex plo sion.

 
In 1952, Richard Scher hag (1907–70), pro fes sor at the Freie Uni ver sität
Berlin, pub lished a pa per with the dev as tat ingly won der ful ti tle of ‘Die ex‐ 
plo sion sar tige Stratosphären er wär mung des Spät-win ters 1951/52’, or, in
Eng lish, ‘The Ex plo sive Strato spheric Warm ing of Late Win ter 1951/52’.8

Us ing data from weather bal loons, Scher hag ob served the air tem per a ture
around 30 km above Berlin sky rocket by some 40 °C in just a few days. It
must have been an amaz ingly ex cit ing dis cov ery – the speed of the ob‐ 
served warm ing in the at mos phere was so un prece dented that the la bel ‘ex‐ 
plo sive’ was ab so lutely jus ti fied, though sadly it never caught on in the sci‐ 
en tific lit er a ture. Orig i nally re ferred to as the ‘Berlin warm ing’, the phe‐ 
nom e non came to be known as an ex am ple of a ‘sud den strato spheric
warm ing’, or SSW for short. As would be dis cov ered with sub se quent ob‐ 
ser va tions, dur ing these SSW events the air tem per a ture in the mid dle at‐ 
mos phere would in crease by as much as 60 °C in just a few days, and they
were not re stricted to cen tral Eu rope – the en tire re gion of the strato spheric



po lar vor tex was af fected. Sud den warm ing events were ob served all over
the Arc tic sky, oc cur ring on av er age six times ev ery decade.

The ex plo sive warm ing was the stand out fea ture, the poster boy of
SSWs, and as such got top billing in the name. But, to me, the far more
shock ing thing about these events is what hap pens to the vor tex it self.
When an SSW oc curs, the po lar vor tex – the con ti nent-sized dough nut of
air spin ning at 200 kph – tears it self apart. The im mense warm ing fun da‐ 
men tally desta bilises the hemi spheric tem per a ture gra di ent that drove the
vor tex, re sult ing in its de struc tion. Some times this in volves the cir cu la tion
mak ing a sud den jour ney equa tor ward, even tu ally hit ting such warm air that
it can not sus tain it self, while some times the cir cu la tion stays in place but
tears it self into two smaller vor tices. These two cir cu la tions then fight it out,
al ways re sult ing in the to tal de struc tion of both. Ei ther way, a rapidly spin‐ 
ning mass of air the size of Asia, over the course of per haps a week, ut terly
de stroys it self. It re ally can not be over stated how dra matic these events are.

With the ad vent of satel lite ob ser va tions, we now have a much clearer
pic ture of the life cy cle of the po lar vor tex and so can put Scher hag’s dis cov‐ 
ery in more con text. As we’ve al ready dis cussed, the vor tex forms as win ter
sets in across a hemi sphere. In the north ern hemi sphere this is typ i cally
around No vem ber. Through the win ter the vor tex main tains a strong west‐ 
erly cir cu la tion, but as spring ar rives sun light creeps into the po lar re gions
and causes them to warm, and the vor tex grad u ally gets weaker and weaker.

The strato sphere’s tran si tion from win ter time regime to sum mer time
regime is not as smooth, how ever. While in late au tumn the vor tex en ters
the scene slowly with out much of a fuss, in spring it ex its stage with a bang.
Or, more pre cisely, an ex plo sive warm ing. The vor tex shreds it self in what
is known as a fi nal warm ing, to dis tin guish it from the sud den strato spheric
warm ing that Scher hag dis cov ered. This fi nal warm ing oc curs ev ery year,
and marks the end of the win ter sea son. SSWs on the other hand can oc cur
at any time in the win ter, and are fol lowed by the vor tex pulling it self back
to gether and re sum ing a west erly cir cu la tion over the course of a few
weeks, be fore even tu ally suc cumb ing to a fi nal warm ing in spring.

 
I pre vi ously men tioned that the south ern po lar vor tex is much stronger and
more uni form than the north ern po lar vor tex. In all our years of ob ser va‐ 
tions, the south ern vor tex has only ex pe ri enced three SSWs (and one of
those was very mi nor). There is a sim ple rea son for this, and it in volves the



same fac tor be hind the vi o lent dis rup tions to the north ern vor tex: the fact
that the Earth’s south ern hemi sphere is mostly ocean.

This may seem like a very odd state ment, but go and find a globe and
you’ll see what I mean. The north ern hemi sphere is jam-packed with both
con ti nents and oceans, but flip the world up side down and you’ll see mostly
ocean in the south ern hemi sphere. This lack of land/sea con trast means that
the hemi sphere has a com par a tively zon ally sym met ric at mos phere. Along a
given lat i tude line, you will find the at mos phere do ing much the same thing.

Why is this im por tant? Dif fer ent ma te ri als pos sess dif fer ent heat ca pac i‐ 
ties – the ex change rate be tween en ergy and tem per a ture change – and will
there fore change tem per a ture by dif fer ent amounts even when heated by the
same amount of sun light. The ocean, for ex am ple, re sponds far more slug‐ 
gishly to changes in so lar en ergy, warm ing more slowly than the land in
spring, and cool ing more slowly than the land in au tumn.

Dif fer ent tem per a tures – such as over land and over oceans – along lines
of con stant lat i tude pro duce ar eas of high and low pres sure, which we call
at mo spheric waves. These waves can move, or, more prop erly, prop a gate,
both over the sur face of the Earth and also ver ti cally up or down through
the at mos phere. We see this as ar eas of high and low pres sure mov ing in
tan dem around a line of con stant lat i tude, much as we see ocean waves
mov ing to gether as peaks and troughs in the wa ter. Ocean waves prop a gate,
forced from above by the wind, un til they reach a shore. When such a wave
reaches land, it breaks. Do ing so it trans fers its mo men tum – the ve loc ity
and mass of the wa ter that has had its move ment in ter rupted by the land –
into the shore. It does this be cause the wave has en coun tered a medium into
which it is un able to prop a gate – solid land – yet its mo men tum must be
con served. As a re sult, crash ing waves im part great forces onto the land,
which cause the grad ual ero sion of solid rock into spec tac u lar coastal land‐ 
forms.

While the con ti nen tal vari a tion of at mo spheric pres sure across an en tire
planet may seem com pletely un like these ocean waves, at mo spheric waves
are de scribed by the same fluid dy nam ics and can there fore also ‘break’ in
the same way when they en counter a re gion through which they can no
longer prop a gate. How ever, for at mo spheric waves, this doesn’t take place
where the ocean meets the land but in stead where cer tain at mo spheric con‐ 
di tions are no longer met. Specif i cally, this oc curs at the point where they
en counter the strato sphere and meet the po lar vor tex, in a re gion just out‐ 



side the edge of the vor tex called the strato spheric surf zone.9 Here, at mo‐ 
spheric waves ‘break’ – or de posit their mo men tum, to de scribe it a lit tle
more for mally – but in stead of erod ing the land scape, this de po si tion of mo‐ 
men tum acts to slow the strato spheric po lar vor tex down. Due to a quirk of
ge om e try, this de po si tion only ever acts to slow the vor tex – it never ac cel‐ 
er ates the strato spheric flow. If the po lar vor tex is like a free-spin ning bike
wheel on its side, con stantly ac cel er ated by the equa tor-to-pole tem per a ture
gra di ent, the break ing of at mo spheric waves acts as a brake on the wheel,
pre vent ing it from ac cel er at ing to ever greater speeds. The stronger the
brak ing force, the slower the wheel ends up spin ning.

As the north ern hemi sphere has a large amount of both land and sea – it
is highly zon ally asym met ric – it pro duces strong at mo spheric waves,
which act as a sig nif i cant brake on the north ern po lar vor tex when they en‐ 
counter the strato sphere and de posit their mo men tum. By con trast, the
south ern hemi sphere is largely zon ally sym met ric and so pro duces weaker
at mo spheric waves that act as a weaker brake on the south ern vor tex when
they break in the south ern hemi sphere strato sphere. As a re sult, the south ern
vor tex is much stronger than the north ern vor tex, even though they are both
ac cel er ated by the same tem per a ture gra di ent.

 
But what does this have to do with sud den strato spheric warm ings? I
promised that the lack of zonal sym me try in the north ern hemi sphere also
ex plained why these hugely vi o lent events were more com mon here. Well, I
some what over-sim pli fied our dis cus sion of at mo spheric waves. Yes, they
are driven by land–sea con trast and zonal asym me try, but they are also
driven by lo cal con di tions such as pre cip i ta tion and heat trans ported from
nearer the equa tor. This means the pro duc tion of at mo spheric waves in a
given hemi sphere is vari able – de pend ing on these ex tra fac tors, at a given
time there can be lots of wave ac tiv ity, or not very much. Just as the de gree
of zonal sym me try con trols the brak ing of the po lar vor tex, this ex tra dash
of vari abil ity acts to fur ther con trol the strength of the po lar vor tex.

When the wave ac tiv ity is par tic u larly large, the brake on the vor tex can
be come so pow er ful that the wheel stops spin ning en tirely, and the po lar
vor tex ca reens to a halt.* As the north ern hemi sphere has a higher-than-av‐ 
er age wave ac tiv ity, when the ad di tional fac tors like lo cal pre cip i ta tion are
stronger than nor mal, this re sults in enough wave forc ing to cause a sud den
strato spheric warm ing. Com pare this to the south ern vor tex, where the av er‐ 



age wave forc ing is lower, and the ad di tional fac tors would have to com bine
to their ab so lute max i mum to pro duce enough wave forc ing to dis rupt the
vor tex.

 
* The math e mat ics of this process are very cool. Ef fec tively, the ex cess wave break ing brings the
flow of the up per vor tex down to a speed at which at mo spheric waves can no longer prop a gate, form‐ 
ing a ‘crit i cal sur face’. This crit i cal sur face then sees ad di tional wave break ing, which low ers the sur‐ 
face in al ti tude. This process re peats un til the whole vor tex has been de stroyed, and waves can no
longer prop a gate in the strato sphere.

 
So, what hap pened in the UK in 2018 and Chicago in 2019? Par tic u larly

strong wave ac tiv ity in the north ern hemi sphere caused the strato spheric po‐ 
lar vor tex to break apart in an SSW, for sure. But this was a change in the
at mos phere ten kilo me tres or more from the sur face. And while the po lar
vor tex is huge, it doesn’t have much weight to throw around. In or der to im‐ 
pact on sur face weather, it needs to col lab o rate with its tro po spheric coun‐ 
ter part: the jet stream.

In 1999 it was dis cov ered that when the north ern hemi sphere po lar vor tex
breaks apart in an SSW event, the jet stream is di verted. Like a pup pet with
its strings loos ened, in weeks fol low ing the SSW the jet stream drifts fur‐ 
ther south and be comes wavier. This strato spheric in flu ence takes some
time to reach the sur face, typ i cally around two weeks, but per sists at the
sur face for two months on av er age. This is il lus trated in the fa mous ‘drip‐ 
ping paint’ plot by Mark Bald win and Tim Dunker ton.10 Bald win (or, as I
knew him, Mark) was my PhD su per vi sor, and at ev ery sin gle con fer ence I
saw his plot in al most ev ery pre sen ta tion. It be came some thing of a run ning
joke in the strato spheric dy nam ics com mu nity that the drip ping paint plot
was in escapable. In their 1999 pa per, Bald win and Dunker ton iden ti fied that
storms in the At lantic tracked fur ther south in the af ter math of an SSW.
Sub se quent work by the team also iden ti fied that cold weather be came more
ex treme in the mid-lat i tudes, grow ing more likely and more in tense. Both of
these phe nom ena were a re sult of the way ward jet stream. The ar eas of low
pres sure formed by waves in the jet stream di verted storms at lower lat i‐ 
tudes, bring ing strong winds and in tense pre cip i ta tion in ar eas that oth er‐ 
wise wouldn’t ex pe ri ence them. Equally, these me an ders in the jet stream
al lowed frigid Arc tic air to spill fur ther south. This is ex actly what hap‐ 
pened in 2018 and 2019 – the British Isles and the Great Lakes were caught
un der a south ward me an der of the jet stream and froze un der the freshly un‐ 



chained Arc tic air. Es pe cially when com bined with a source of mois ture,
such as an At lantic gale, this is a per fect storm for win ter time chaos.

Pre vi ously we met Gilbert ‘Boomerang’ Walker, who metic u lously cal cu‐ 
lated sta tis tics for var i ous fields in the at mos phere. In par tic u lar he was in‐ 
ter ested in es tab lish ing cor re la tions be tween at mo spheric fields in dif fer ent
lo ca tions, and iden ti fied sev eral ‘strate gic points’ of world weather. The
South ern Os cil la tion in the Pa cific was one such strate gic point, in flu enc ing
the In dian mon soon and weather pat terns all over the world. An other strate‐ 
gic point was lo cated in the North At lantic, where he found an other see-saw
of at mo spheric pres sure, this time roughly be tween Ice land and the Azores.
This came to be known as the North At lantic Os cil la tion or NAO, and just
like the South ern Os cil la tion it could also be de scribed with a nu mer i cal in‐ 
dex.11 This NAO in dex broadly rep re sents the in flu ence of the jet stream on
the weather in Eu rope. When the NAO in dex is high, the jet stream tracks
fur ther north than usual, and Eu rope ex pe ri ences more fair weather, while if
the NAO in dex is low, the jet stream tracks fur ther south, and Eu rope ex pe‐ 
ri ences colder, stormier con di tions.

To pro vide a lit tle more de tail, the work by Bald win and Dunker ton
found that there was a lagged con nec tion be tween the strength of the strato‐ 
spheric po lar vor tex and the value of the NAO in dex. There was some de‐ 
bate, how ever, about what ex actly that meant. Could it be that the po lar vor‐ 
tex was ac tu ally in flu enc ing the jet stream (via the NAO in dex), or was the
more mas sive tro po sphere ac tu ally in the driver’s seat, with the lag some
kind of sta tis ti cal arte fact? To briefly in sert my self into the story here, my
PhD re search was largely fo cused on this ques tion of strato sphere–tro po‐ 
sphere cou pling, and at tempt ing to un pick what was in flu enc ing what. It’s
still an area of re search, but my the sis found that it was ac tu ally more com‐ 
pli cated than sim ply say ing one layer of the at mos phere in flu enced the
other. In the af ter math of SSW events, I found that the strato sphere in flu‐ 
enced the tro po sphere, and vice versa, but there was also a non-lin ear in ter‐ 
ac tion be tween the two. Sim ply put, one layer told the other what to do, yes,
but the con ver sa tion that hap pened be tween the two was just as – if not
more – im por tant in in flu enc ing weather.

What sets the Beast from the East and the Great Lakes freeze apart from,
say, Hur ri cane Elena is that the as so ci ated ex treme weather con di tions with
the for mer were well pre dicted. Au thor i ties were given sig nif i cant warn ing
of the com ing cold, and in fra struc ture was pre pared for the ex treme con di‐ 



tions. The rea son this was pos si ble was not be cause of su pe rior weather pre‐ 
dic tion mod els or bet ter-qual ity data, but be cause of the con nec tion iden ti‐ 
fied be tween the po lar vor tex and the jet stream. With the in flu ence of an
SSW typ i cally tak ing a few weeks to prop a gate to the sur face, me te o rol o‐ 
gists can ob serve an SSW tak ing place in the strato sphere and be on the
look out for tell-tale signs of trou ble in the tro po sphere in the weeks ahead.
Fur ther more, com puter mod els that used strato spheric in for ma tion were
found to have greater pre dic tive skill than those us ing just tro po spheric in‐ 
for ma tion.12 In fact, some mod els see a greater im prove ment in fore cast ac‐ 
cu racy by in clud ing the strato sphere than by im prov ing their spa tial res o lu‐ 
tion. While tro po spheric in for ma tion – the lo ca tion and in ten sity of storms,
or sur face tem per a ture vari a tions – does not per sist for more than a few
days at most, strato spheric in for ma tion is rather more durable. The strato‐
sphere varies on much longer timescales than the tro po sphere, and does so
in ways that can be pre dicted much more ac cu rately on long timescales.
Hence, if you know what the state of the strato sphere is at a given time, you
can be pretty con fi dent what the state will be quite a long way into the fu‐ 
ture. In the month or two af ter SSWs oc cur, fore cast ers have ex tra in for ma‐ 
tion in their tool kits that can al low them to make weather pre dic tions fur ther
into the fu ture than they are oth er wise able to.

This abil ity is not unique to the strato spheric po lar vor tex, but ap plies to
other phe nom ena in the at mos phere, such as ENSO, as well as many oth ers
we’ve not dis cussed,* in flu enc ing weather at a great dis tance, and some‐ 
times with a larger lead time. These pro cesses are called tele con nec tions,
and are a cru cial part of mod ern me te o ro log i cal pre dic tions. That said, I
hope you’ll for give me for the in dul gence of this chap ter, fo cus ing specif i‐ 
cally on my per sonal favourite sub ject in the at mos phere, the po lar vor tex. I
hope that, if noth ing else, it’s in tro duced you to a new way of think ing
about what in flu ences the weather.

 
* A non-ex haus tive list would in clude the QBO, the SAO, the MJO, and pos si bly – the con sen sus is
trend ing in the op po site di rec tion – the AMO. You can say a lot about at mo spheric sci ence, but you
cer tainly can’t say we lack acronyms.



CHAP TER 9

CHANGE

This book be gan with a cer tain young sci en tist camp ing in the woods of Big
Sur, Cal i for nia. Fi nally, in this last chap ter, we re turn to his story. But first, a
lit tle back story.

 
At the tail-end of the eleventh cen tury, Chi nese poly math Shen Kuo (沈括)
(1031–95) made a sub tle ob ser va tion about the Earth’s cli mate. A land slide
on the river bank near mod ern-day Yan’an, Shaanxi prov ince, re vealed a
cave, in side which was a large num ber of pet ri fied bam boos. This was un‐ 
usual, as bam boo does not, and did not, grow in north ern China. Shen was
in trigued, and came to the con clu sion that while bam boo did not grow in the
prov ince at that time, at some point in the dis tant past it must have done.
That meant, he de duced, that the cli mate in Shaanxi must have been sig nif i‐ 
cantly dif fer ent dur ing the past and, thus, that re gional cli mates could change
over time.1 Shen was ar guably the first per son to write about what we now
call pa le o cli mate – the cli mate of Earth in the dis tant past.

On a fun da men tal level, pa le o cli mate is some thing of a para dox. This is
be cause, as we’ve seen, sci en tists draw a dis tinc tion be tween weather and
cli mate. Weather is the vari a tion of at mo spheric con di tions – rain, sun,
cloudy, fog – as ex pe ri enced on short timescales. This means what the at‐ 
mos phere does day to day, week to week. Cli mate, by con trast, is the long-
term av er age of at mo spheric con di tions, and hence the long-term av er age of
weather. In the British Isles for ex am ple, we have many days that are cloudy
and rainy, with tem per a tures be tween 10 and 20 °C. There are some days
that are sunny and cloud less with tem per a tures above 20 °C, but when av er‐ 
aged over a long time, the weather in the UK is usu ally cloudy and mild. We



there fore say that the British Isles has a cloudy and mild cli mate – this does
not mean it doesn’t have those warm, sunny days, but rather that they are far
less com mon than the cloudy and mild ones.

The para dox is this: if cli mate is the long-term av er age, how can it
change? How long is long term? How long do you need to av er age weather
to ob tain a cli mate? Of fi cially, sci en tists use a pe riod of thirty years to de fine
a cli mate, as de fined by the World Me te o ro log i cal Or ga ni za tion, though in
the more gen eral sense of the word, cli mate is taken to mean how the at mos‐ 
phere be haves on an in fin itely long timescale. Yet, as Shen de duced nearly a
mil len nium ago, this isn’t ac tu ally the case. The cli mate at a given lo ca tion,
and in deed the cli mate av er aged over the en tire planet, can change quite dra‐ 
mat i cally.

This is a mo men tous idea! For this en tire book we have ex am ined how
mas sive the at mos phere is, and how it con tains a mul ti tude of com plex phe‐ 
nom ena and in ter ac tions with other sys tems such as the oceans. If you had
de scribed much of the in for ma tion in the pre vi ous chap ters to a per son from
An cient Greece or the Ot toman Em pire, they would have had not too much
trou ble ac cept ing it (though the part about dig i tal com put ers may have been
rather dif fi cult to ex plain). Yet to ex plain to such a per son the idea that the
un der ly ing cli mate, the very at mo spheric gi ant it self, could change would be
pre pos ter ous. The air around us could not change! It may be cloudy one day
and sunny the next, but it will al ways still be the same sky, the same as it
was for our fore bears and will be for our chil dren.

The story of the Earth chang ing on a grand scale is, of course, a story pri‐ 
mar ily told in ge ol ogy (from the An cient Greek for ‘study of the Earth’).
Much like at mo spheric sci ence, ge ol ogy has deep roots, first writ ten about
by An cient Greeks such as Aris to tle and his suc ces sor Theophras tus (c.387–
271 bce) and later de vel oped by Per sian and Arab au thors such as Ibn-Sina
 ‐and Abu Ray han al-Biruni (973–1050). Be ing the in tel (1037–981) ( ابن سینا)
lec tual but ter fly that he was, Shen Kuo also got in on the ac tion, de vel op ing
a the ory of how land formed from the ero sion of moun tains and the de po si‐ 
tion of silt by rivers. Mean while, in Eu rope, ge ol ogy suf fered from re li gious
in ter fer ence. It was be lieved that the Great Flood, the del uge that floated
Noah and his ark, had formed the Earth as it was cur rently seen, and that the
land scape did not change af ter this. As in many other ar eas of sci ence, the
pow er ful Catholic Church sti fled in no va tion, pre scrib ing truth via the Bible.
The in ven tor of the barom e ter, Tor ri celli, suf fered from the min is tra tions of



the Church more than most, hav ing his rev o lu tion ary math e mat ics of in di vis‐ 
i bles sup pressed.2 It took un til the mid-eigh teenth cen tury for ge ol ogy to step
out from the shadow of Chris tian doc trine, with in flu en tial texts ar gu ing that
nat u ral pro cesses shaped the planet, which must it self be much older than the
Bible in di cated.

At the start of the nine teenth cen tury, it was be com ing ob vi ous that the
Earth’s cli mate must have sig nif i cantly changed in the past. In par tic u lar, pe‐ 
cu liar boul ders in the French and Swiss Alps caught the at ten tion of sev eral
ge ol o gists, who the o rised that these er rat ics – boul ders made of dif fer ent
rock to their sur round ing ge ol ogy – had been car ried by the ac tion of
glaciers. Glaciers are, in essence, ti tanic rivers of ice, weigh ing as much as
sev eral hun dred bil lion tons. While they ap pear to be solid, their ex treme
weight causes them to flow down hill very slowly, in much the same way as a
choco late bar left in your back pocket may look solid but is ac tu ally gooey
and vis cous and ru ins your jeans. Scot tish gen tle man scholar James Hut ton
(1726–97), re ferred to by many as the fa ther of mod ern ge ol ogy,3 pro posed
that er rat ics were caused by glacial re treat – the boul ders had, in the past,
been en closed by ice, which then flowed down hill, car ry ing the rocks away
from their na tive ge olo gies. The ‘mouth’ of the glacier – the ab la tion zone –
ex pe ri ences loss of ice due to melt ing, calv ing, and other pro cesses, and
even tu ally the boul ders would tum ble out of the glacier when the sur round‐ 
ing ice melted.

How ever, many er rat ics were found at great dis tances from the near est
glacier. It is un clear if Hut ton had an ex pla na tion for this,4 but sub se quent
au thors pro posed a rad i cal one: glaciers had pre vi ously cov ered a much
greater part of Eu rope, and the cli mate was at this time much, much colder.
The Swiss-born Louis Agas siz (1807–73) the o rised that the Earth had pre vi‐ 
ously ex pe ri enced Die Eiszeit or an Ice Age, a cold pe riod in the planet’s his‐ 
tory dur ing which Alpine glaciers ex tended to cover much of Eu rope. In fact,
Agas siz claimed, al most the en tire north ern hemi sphere, in clud ing ev ery
north ern con ti nent, had been cov ered with ice sheets.5 Whether Agas siz de‐ 
serves all the credit for this idea is highly du bi ous. He didn’t come up with
the term him self – that was done by botanist and then-friend, Karl Friedrich
Schim per (1803–67) – and his ideas also seem to have been pil fered from
Schim per, who had been re luc tant to pub lish them in the sci en tific lit er a ture
but dis cussed them with Agas siz. Schim per was sub se quently writ ten out of
Agas siz’s ac counts, the two hav ing fallen out.6 Clearly, some times even gen‐ 



tle man sci en tists be have more like the char ac ters of Mean Girls than the aus‐ 
tere gen tle men we see in paint ings.

Re gard less of who con ceived it, the idea of an Ice Age was rev o lu tion ary.
Agas siz went against the sci en tific con sen sus that the Earth was still cool ing
from the deep past when the planet was blis ter ingly hot, hav ing just co a‐ 
lesced from ac cre tion of ma te rial left over from the birth of the Sun.* How,
the con sen sus asked, could the Earth cool and then warm again on such a
large scale? Where was the en ergy com ing from to al low such a dra matic
swing in tem per a tures?

 
* Con sid er ing the hellish con di tions on the planet at the time, the in for mal name for this pe riod
among ge ol o gists is the Hadean.

 
Sev eral the o ries were in con tention. Some sci en tists ar gued that per haps

the erup tions of vol canos changed the prop er ties of the at mos phere and
caused it to re tain more heat. An al ter na tive the ory was pre sented by a re‐ 
mark able Scots man named James Croll (1821–90). Croll had one of the most
un usual paths to a sci en tific ca reer, and a sim i lar story to that of his con tem‐ 
po rary William Fer rel. Born on a farm in cen tral Scot land and largely self-
ed u cated, he worked at var i ous times as a wheel wright, a tea mer chant, a ho‐ 
tel man ager, and an in sur ance agent. His health con stantly plagued him, and
he seemed un able to hold down a job for long. Even tu ally, at the age of forty,
he found him self work ing as a jan i tor at what is now the Uni ver sity of
Strath clyde in Glas gow (then the An der so nian Uni ver sity).7 As part of his
du ties, Croll had ac cess to the uni ver sity’s ex ten sive li brary. Step ping into
the li brary for the first time must have been a fairy-tale mo ment for the mid‐ 
dle-aged Croll, who, though sickly and com ing from an un der priv i leged
back ground, was fiercely in tel li gent and cu ri ous about the nat u ral world. He
was given per mis sion to study us ing the books in the li brary, and quickly de‐ 
voured their con tents.

It re ally was like a fairy tale – the mid dle-aged hote lier-turned-jan i tor de‐ 
vel oped wide-rang ing in ter ests in phi los o phy, sci ence, and the ol ogy, but of
par tic u lar in ter est to him was the new con cept of ice ages. He found the
ideas of Joseph Ad hé mar (1797–1862), fo cus ing on the role of the Earth’s
or bit, in trigu ing, and within a few years he was pub lish ing pa pers on the
sub ject him self that drew the at ten tion of the sci en tific es tab lish ment.

Ev ery year the Earth com pletes a round trip about our star. In text books
you will see this de picted as a cir cle around the Sun, but this is not quite cor‐ 



rect – much as the Earth it self is not per fectly spher i cal, its or bit around the
Sun is not cir cu lar but el lip ti cal. An el lipse is a squashed, elon gated cir cle,
and hand ily we can de fine how squashed the el lipse of a planet’s or bit is us‐ 
ing a sin gle num ber called the or bital ec cen tric ity. A planet with an ec cen‐ 
tric ity of 0 has a per fectly cir cu lar or bit (in our so lar sys tem, the planet with
the most cir cu lar or bit is Venus, with an ec cen tric ity of just 0.007), while a
planet with an ec cen tric ity of 1 has a par a bolic or bit, the bare min i mum to
just leave its so lar sys tem.

The Earth cur rently has an al most cir cu lar or bit, with an ec cen tric ity of
just 0.017. Croll ar gued that while this ec cen tric ity was small, it could be
sig nif i cant enough to al ter the Earth’s cli mate. When the Earth is slightly fur‐ 
ther away from the Sun in its or bit, it re ceives less so lar ra di a tion, and so less
heat ing. Equally, when its or bit brings it closer to the Sun, the planet re‐ 
ceives more so lar ra di a tion and so more heat ing. In it self this should not pro‐ 
duce a sig nif i cant change in the Earth’s cli mate – af ter all, the two dif fer ent
con tri bu tions should can cel out over the course of a year. How ever, the times
of year that the or bit is close and far from the Sun slowly vary on an as tro‐ 
nom i cal cy cle – tens of thou sands of years long – known as ap si dal pre ces‐ 
sion. Croll ar gued that there was an im por tant feed back loop tak ing place. If
the win ter of a hemi sphere co in cided with the sec tion of the or bit where the
Earth was far from the Sun, the re sult ing ex treme cold would cause ex ten‐ 
sive snow fall and ice for ma tion. This would blan ket the sur face of the win ter
hemi sphere in white, mak ing the sur face more re flec tive.

Sci en tists de scribe this as in creas ing the albedo (from the Latin for white)
of the sur face. This more re flec tive sur face would then ab sorb less so lar ra di‐ 
a tion, lead ing to deeper cold, and even more ice for ma tion. If the re sult ing
cold was ex treme enough, ice could per sist into the sum mer months, lead ing
to year-round win tery con di tions: an ice age. Even tu ally, the pre ces sion of
the Earth’s or bit would lead to warmer con di tions in win ter, and the ice age
would give way to a warmer pe riod. Croll’s ice albedo feed back the ory thus
pre dicted al ter nat ing pe ri ods in the Earth’s his tory – ice ages with ice-cov‐ 
ered poles fol lowed by in ter glacials with ice-free sum mers. Ev i dence was
just start ing to emerge from ge ol o gists that in fact the planet had in deed been
through mul ti ple cold pe ri ods, as Croll pre dicted. Un for tu nately, how ever,
Croll’s pre dicted tim ings for these ice ages did not align with the ge o log i cal
ev i dence, frag men tary as it was at the time. It would take a fur ther sci en tist,
the bril liant Ser bian/Croa t ian Mi lutin Mi lanković (1879–1958) to add the



nec es sary ex tra com plex ity to Croll’s the o ries. Mi lanković cru cially cor‐ 
rected a mis take in Croll’s ar gu ment - win ters co in cid ing with a hemi sphere
be ing fur thest in the Earth’s or bit from the Sun was not the cause of the ice
ages. In stead, it was when sum mers co in cided with this fur thest point in the
or bit, re duc ing how much snow and ice thawed be fore the fol low ing win ter.
This re duced melt com bined with the same quan tity of snow fall in win ter
caused ice sheets to grad u ally ac cu mu late. With this, and by ac count ing for
ad di tional el e ments in the com pli cated grav i ta tional in ter ac tions be tween
plan ets, ac cu rately pre dict ing changes in the Earth’s ec cen tric ity, ax ial tilt,
and pre ces sion, us ing thou sands of painstak ing pen cil-and-pa per cal cu la‐ 
tions, Mi lanković was able to ex plain ob served ice ages in the his tor i cal
record.

One com po nent of this his tor i cal record is the col lec tion of ice cores
drilled in the Antarc tic that we met ear lier in this book. Other com po nents
in clude sim i lar cores drilled in the ocean floor, the re mains of small bee tles
(the won der fully named field of palaeoen to mol ogy), and the growth rings in
tree trunks. When these are com bined, bring ing data to gether from across the
globe, it be comes very clear that the Earth has in deed ex pe ri enced sev eral
pe ri ods of ex treme cold, with much of the land be ing cov ered by ice sheets.
How ever, there was a lot more go ing on than just the changes pre dicted by
Mi lanković and Croll. The changes in so lar ra di a tion they pre dicted were
present in the data, ex tremely clearly in the ice cores. To day we re fer to
these changes as Mi lanković cy cles, in my opin ion un fairly for get ting the re‐ 
mark able James Croll.

 
These Mi lanković cy cles are short-term changes when look ing at the en tire
his tory of Earth. Over the past few hun dred mil lion years, the Earth has var i‐ 
ously been a hot house and a snow ball, chang ing its cli mate on long, ge o log i‐ 
cal timescales and ex pe ri enc ing im mense swings in global tem per a ture of 20
°C or more. These swings could not have been caused by the or bital cy cles
de rived by Croll and ex panded on by Mi lanković, which vary on a scale of
tens of thou sands of years, not tens or hun dreds of mil lions. Pre vi ously, we
have dis cussed how en ergy from the Sun de ter mines the tem per a ture of the
Earth. Could vari a tions in the Sun’s power out put be re spon si ble for the
Earth’s pa le o cli mate? How ever, while the power out put of the Sun varies on
both short and long timescales, nei ther match the vari a tions in tem per a ture
ob served in fos sil records. In fact, the Sun has been very slowly in creas ing



its power out put over the past few bil lion years, while the Earth has largely
been cool ing dur ing this time (with sub stan tial vari a tions).8

The rea son for the Earth’s pa le o cli mate vary ing so greatly in tem per a ture
is a puz zle that stretches back sev eral hun dred years. The so lu tion be gan
with a rather bizarre sci en tist ob sessed with heat: the French man Jean-Bap‐ 
tiste Joseph Fourier (1768–1830).

Fourier had a re mark able life. Or phaned at the age of nine, he orig i nally
trained for the priest hood be fore be com ing a teacher, but he was im pris oned
and close to be ing guil lotined in the French Rev o lu tion.9 For tu nately for sci‐ 
ence he was spared, and took up a pro fes sor ship at the École Poly tech nique
in Paris.10 For a time, he was then the gov er nor of Lower Egypt af ter
Napoleon’s in va sion of the coun try, and for much of the rest of his life he os‐ 
cil lated be tween po lit i cal and sci en tific posts.

Read ing Fourier’s bi og ra phy, you get the im pres sion that he would have
been quite happy just pur su ing his re search, but Napoleon, recog nis ing his
tal ents, kept drag ging him back to civic ap point ments. Dur ing one such ap‐ 
point ment in Greno ble, Fourier be gan ex per i ment ing with the prop a ga tion of
heat. This was in formed by his time in Egypt, where Fourier had de cided
that heat had life-giv ing prop er ties (re mem ber this, it be comes rel e vant). Us‐ 
ing some in no va tive maths, Fourier was able to de scribe how tem per a ture in
an ob ject evolves both in time and in space. The maths he de vel oped, which
now bears his name, had im mense im pli ca tions for the rest of sci ence, but so
too did the un der stand ing of heat that his meth ods af forded. Of par tic u lar rel‐ 
e vance to our story, Fourier, in the last few years of his life, con cerned him‐ 
self with the line of think ing we have been pur su ing in this chap ter, and
found some thing dis turb ing: the Earth should be a lot colder!

We can quite eas ily cal cu late how warm the Earth should be. To do this
we treat the Earth as a sin gle ther mo dy namic ob ject, and as sume that it ra di‐ 
ates en ergy into space in a way de scribed by the equa tion for black body ra di‐ 
a tion that we met in Chap ter 4. We then set this amount of en ergy to be equal
to the to tal en ergy from the Sun ab sorbed by the Earth, which we know from
ob ser va tions. Work ing back wards from the black body ra di a tion equa tion al‐ 
lows us to cal cu late the av er age tem per a ture of the Earth if the only pro‐ 
cesses go ing on are ab sorp tion of so lar ra di a tion, and emis sion of ther mal ra‐ 
di a tion by the Earth’s sur face. Do ing this, we find a global av er age tem per a‐ 
ture of around -18 °C. Com pare this to the global av er age tem per a ture we
ob serve, which is around 15 °C. The planet is over 30 °C warmer than ba sic



ther mo dy nam ics says it should be! Fourier was trou bled by this, and put for‐ 
ward sev eral the o ries. He sug gested, among other ideas, that per haps ‘in ter‐ 
stel lar ra di a tion’ sup plied ex tra heat to the Earth. The the ory that he even tu‐ 
ally set tled on, how ever, was that the at mos phere acted like an in su la tor,
some how pro vid ing the ex tra heat ing nec es sary to keep the Earth at hab it‐ 
able tem per a tures.

He never quite got to the bot tom of this ex pla na tion, how ever: in a case of
supreme irony, Fourier was killed by his ob ses sion with heat. As an old man
he kept his house over heated, and even wore ex ces sively warm clothes to try
to max imise the imag ined heal ing power of heat. On 4 May 1830, pos si bly
be cause he was faint af ter spend ing a day as a walk ing sauna, or sim ply due
to trip ping on his sweat-soaked dress ing gown, Fourier fell down the stairs.
He was badly in jured, and died just a few days later.11

Most text books at tribute the com ple tion of Fourier’s ar gu ment to have
been com pleted in 1859 by Irish physi cist John Tyn dall (1820–1893),12 and
thanks to the lat ter’s pres ti gious po si tion at the Royal In sti tute in Lon don he
was un doubt edly im por tant in main stream ac cep tance of the hy poth e sis.
How ever, this does a dis ser vice to ear lier lab o ra tory work done across the
At lantic that demon strated the im por tant in su lat ing prop er ties of the at mos‐ 
phere.

 
As de scribed pre vi ously, light can be de fined by its wave length, and dif fer‐ 
ent sub stances will ab sorb dif fer ent wave lengths. Ozone, for ex am ple, will
ab sorb UV ra di a tion, while oxy gen and ni tro gen will not. We can de scribe
sub stances as be ing opaque or trans par ent to cer tain wave lengths of light –
nor mally, of course, we’d use these words to ref er ence whether an ob ject ab‐ 
sorbs vis i ble light. A brick is opaque, while wa ter is trans par ent, but only to
vis i ble light. How ever, we could just as validly dis cuss whether these ob jects
are opaque or trans par ent to, say, ul tra vi o let light. Ozone, for ex am ple, is
opaque to UV ra di a tion, while ni tro gen is trans par ent. At the time of
Fourier’s death, most sci en tists be lieved that all gases were trans par ent to in‐ 
frared ra di a tion, which has slightly longer wave lengths than vis i ble light and
is of cru cial im por tance to most ther mal ra di a tion. How ever, in 1856, at the
Eighth An nual Meet ing of the Amer i can As so ci a tion for the Ad vance ment
of Sci ence in Al bany, a two-page pa per was pre sented by Pro fes sor Joseph
Henry (1797–1878). This pa per was years ahead of its time, de tail ing lab o ra‐ 
tory ex per i ments that found cer tain gases were in fact opaque to in frared ra‐ 



di a tion, and that ab sorp tion of this ra di a tion by these gases sig nif i cantly in‐ 
creased their tem per a ture. The gas that was found to pro duce the great est
warm ing was car bonic acid, bet ter known by its mod ern name, car bon diox‐ 
ide.13

This pa per was not writ ten by Henry, how ever – he was only pre sent ing it.
The ex per i men tal work had been con ducted, and the anal y sis writ ten up, by
Eu nice New ton Foote (1819–88). It would be fair to say that the sci en tific
com mu nity of the nine teenth cen tury, both in Amer ica and in Eu rope, was
dom i nated by men. As we have al ready noted, this was largely thanks to the
in sti tu tion al i sa tion of sci ence, with the for ma tion of for mal, gov ern men tal
me te o ro log i cal of fices, as well as re search uni ver si ties and other in sti tu tions.
The Smith so nian In sti tu tion, of which Joseph Henry was a pro fes sor, was
founded ‘for the in crease and dif fu sion of knowl edge among men’,14 and
Henry him self felt obliged to ap pend to his pre sen ta tion of Foote’s pa per the
note: ‘Sci ence was of no coun try and of no sex. The sphere of woman em‐ 
braces not only the beau ti ful and the use ful, but the true.’

While doubtlessly meant to praise Foote, this note only serves to high light
the ex clu sion of women from sci ence at the time. This is not to say that no
women par tic i pated in the sci en tific process – a huge num ber of cel e brated
fe male sci en tists from the En light en ment on wards did so, such as Ém i lie du
Châtelet, Car o line Her schel, and Mary Somerville. In fact, at the time of the
En light en ment women were much more ac tive par tic i pants in sci ence than in
sub se quent cen turies.15 By the nine teenth cen tury, women car ried out es sen‐ 
tial if un de ni ably me nial tasks in sci ence, such as math e mat i cal cal cu la tions
and cat a logu ing of ob ser va tions. How ever, it was only in the mid-twen ti eth
cen tury that they were per mit ted to hold per ma nent po si tions in most lead ing
re search lab o ra to ries. By this time, the achieve ments of fe male sci en tists –
even un der ex tremely asym met ri cal cir cum stances – had proved equal to and
in many cases sur pass ing those of male sci en tists. Many know the names
and ac com plish ments of great sci en tists from this era like Marie
Skłodowska-Curie, Emmy Noether, Lise Meit ner, and Ada Lovelace. While
per haps not as tech ni cally im pres sive as these greats, Eu nice Foote should be
just as well known. She was the first per son on Earth to demon strate that the
at mos phere has the cru cial prop erty of ab sorb ing in frared ra di a tion. John
Tyn dall gen er ally re ceives the ac claim for this dis cov ery, and he did in deed
in de pen dently come to the same re sult. But Foote beat him to the punch.

 



Fourier may not have had the ex per i men tal con fir ma tion pro vided by Foote
and Tyn dall, but his hy poth e sis was cor rect: Earth’s at mos phere acts as an
in su la tor. While it is trans par ent to most of the light ra di ated by the Sun
(mostly short wave lengths, the Sun be ing such a hot ob ject), the at mos phere
is a very ef fec tive ab sorber of the ra di a tion given off by the Earth’s sur face
(mostly long wave lengths, it be ing a cooler ob ject). This ab sorp tion, as
shown by Foote, is done partly by car bon diox ide, but mostly by wa ter
vapour. At any given time, the at mos phere con tains over a thou sand bil lion
tons of wa ter, both vis i bly in clouds and in vis i bly as wa ter vapour.16 This wa‐ 
ter is a very ef fec tive ab sorber of longer wave lengths of ra di a tion, and con‐ 
trib utes the dom i nant part of the at mos phere’s in su lat ing prop er ties. En ergy
en ters the Earth sys tem from the Sun, mostly pass ing through the at mos‐ 
phere, is re-emit ted as ther mal ra di a tion by the Earth’s sur face and then pre‐ 
vented from leav ing by wa ter in the at mos phere, along with other trace com‐ 
pounds such as car bon diox ide and meth ane. This acts to keep the Earth
much warmer than it would oth er wise be, the dis par ity that Fourier ini tially
cal cu lated. This ef fect is what is com monly known as the green house ef fect.

This term is of ten only used in ref er ence to the av er age im pact of the at‐ 
mos phere, but one of the most sig nif i cant ef fects of the at mos phere’s in su lat‐ 
ing prop er ties is only ap par ent af ter the Sun goes down. The night side of the
Earth doesn’t re ceive any en ergy from the Sun (which is blocked from view
by the planet’s ro ta tion) yet con tin ues to ra di ate en ergy into space. When the
Sun goes down, this en ergy im bal ance causes the tem per a ture to drop sig nif‐ 
i cantly. In ar eas such as deserts, the vari a tion be tween day and night can be
as much as 30 °C (in cer tain con di tions, even more – in a ‘per fect storm’ of
weather con di tions the ham let of Loma in Mon tana ex pe ri enced a change of
tem per a ture of 56.7 °C in just twenty-four hours.17) Gen er ally, how ever, the
Earth’s sur face ex pe ri ences a day-to-night (or di ur nal) vari a tion in tem per a‐ 
ture of around 10 °C. This may seem quite sig nif i cant, but thanks to the at‐ 
mos phere it is ac tu ally quite min i mal. If the Earth were stripped of its at mos‐ 
phere, this di ur nal vari a tion in tem per a ture would be many, many times
greater. Much the same line of rea son ing can be ap plied to an nual vari a tions
in tem per a ture too: the dif fer ence be tween sum mer and win ter is much less
with the pres ence of an at mos phere than on a planet with out one.

For what it’s worth, the term green house ef fect was ac tu ally coined much
later than Fourier’s ini tial work, by John Henry Poynt ing (1852–1914) and
Frank Very (1852–1927) in a se ries of feud ing pa pers pub lished in 1909 and



1910. It’s a rather un for tu nate term, as it’s not ter ri bly ac cu rate –in deed, this
im pre ci sion lay be hind the dis putes be tween Poynt ing and Very car ried out
in sci en tific pa pers – and high lights the need for clear com mu ni ca tion by sci‐ 
en tists. In 1901 the Swedish me te o rol o gist Nils Ekholm (1848–1923) pub‐ 
lished a pa per that ex plained the in su lat ing prop er ties of the at mos phere.18 In
this he had used the term ‘green house’ to make an anal ogy: the at mos phere
pre vented heat loss into space in much the same way that the glass of a
green house does, ex cept that the glass of a green house pre vents heat loss by
keep ing air trapped in one place, stop ping con vec tion trans port ing warm air
– and so ther mal en ergy – away. The at mos phere, on the other hand, pre vents
en ergy leav ing the planet in the form of ther mal ra di a tion. The end re sult is
the same, but the mech a nism is rather dif fer ent.

Poynt ing wrote a pa per ar gu ing about this anal ogy, us ing the term ‘green‐ 
house ef fect’ in quo ta tion marks, though un for tu nately mak ing a bit of a
mess of the cal cu la tions in volved in the ac tual ther mal trans fer. Very then
pub lished a re sponse in the same jour nal, us ing ‘green house ef fect’ in the ti‐ 
tle of his pa per. Be tween the two of them, with a spe cial credit to Ekholm,
the world was in tro duced to the catchy – if flawed – term to de scribe how
the at mos phere in su lates the Earth. Note that this is an en tirely nat u ral phe‐ 
nom e non, how ever. Much present dis cus sion of it is about the man-made
(an thro pogenic) green house ef fect, which we will come to much later, but
the in su lat ing ef fect Ekholm, Poynt ing, and Very were ar gu ing about is the
en tirely nat u ral green house ef fect caused by car bon diox ide and wa ter
vapour al ready in the at mos phere.

The amount of car bon diox ide in our at mos phere has var ied greatly over
the last bil lion years or so. Presently, around 400 parts per mil lion (ppm) of
the air we breathe is car bon diox ide, mean ing that if you equally di vided a
vol ume of air into a mil lion equal parts, 400 of those parts would be en tirely
car bon diox ide. For ref er ence, around 781,000 of those mil lion parts would
be ni tro gen, and 201,000 would be oxy gen. Car bon diox ide is re ally quite a
small part of the at mos phere, but it has an im mensely over sized im pact. It
should also be stated that, in the past, the con cen tra tion of car bon diox ide
was much higher. Sci en tists es ti mate that dur ing the Cam brian Pe riod, about
500 mil lion years ago, the CO2 con cen tra tion might have been as great as
4,000 ppm. This de creased to a min i mum in the Per mian Pe riod, around 300
mil lion years ago, in creased over the fol low ing few hun dred mil lion years,



around the time of the di nosaurs, and then de creased again to the mod est
cur rent value.

These changes in car bon diox ide con cen tra tion cor re late with changes in
the Earth’s av er age tem per a ture de scribed in Chap ter 2. This fol lows from
Fourier’s ar gu ment – the more in su lat ing ma te rial you put in the at mos phere,
the greater the amount of heat that is trapped, and so the higher the tem per a‐ 
ture. Sci en tists who have stud ied Antarc tic ice cores have been able to mea‐ 
sure the CO2 con cen tra tions over the past sev eral hun dred thou sand years ex‐ 
tremely ac cu rately, and com pare these mea sure ments with those of global
av er age tem per a tures over the same time pe riod.

So far, so good. How ever, the re verse is also true: when the tem per a ture
in creases, so too does the con cen tra tion of CO2. This mud dies the wa ters
some what. This has led some peo ple to sug gest that changes in CO2 lag be‐ 
hind changes in tem per a ture, which is only par tially cor rect. In the case of
the past sev eral hun dred thou sand years, the ob served changes in tem per a‐ 
ture have been largely due to changes in the Earth’s or bit – Mi lanković cy‐ 
cles. When the planet comes out of an ice age, the amount of en ergy it re‐ 
ceives from the Sun in creases, melt ing ice and warm ing the oceans. The
process of do ing this causes the oceans to re lease CO2 into the at mos phere,
which then goes on to cause ad di tional warm ing.

The ocean re leases CO2 when warmed for chem i cal rea sons – the warmer
wa ter is, the less CO2 can be stored in it. You can test this for your self by
tak ing two cans of car bon ated drink, keep ing one in a fridge and the other at
room tem per a ture. Af ter a few hours, open both the cans. The can in the
fridge will hiss when opened due to the CO2 pre vi ously kept bound up in the
drink es cap ing. The can that was kept at room tem per a ture will hiss much
more loudly how ever, as the wa ter in the drink will have been un able to re‐ 
tain all the CO2 it orig i nally con tained, and have out gassed it to the air
pocket in side the can. When the can is opened, this ex tra gas rushes out,
caus ing a louder hiss.

It’s es ti mated that about 90 per cent of the to tal warm ing ex pe ri enced
when Earth comes out of an ice age oc curs af ter the in crease in CO2 given off
by the oceans,19 so while it is true that some CO2 in crease does lag be hind in‐ 
creases in tem per a ture, the vast ma jor ity of warm ing fol lows an in crease in
at mo spheric car bon diox ide. In the re cent past, this re la tion ship has been
mud died by vari a tions in the Earth’s or bit dip ping the planet into and out of



ice ages. In the more dis tant past, when the planet was much warmer and
hence not ex pe ri enc ing reg u lar glacial/in ter glacial pe ri ods, the prin ci pal
driver of cli mate was the vary ing con cen tra tion of CO2 in the at mos phere.
This has some what kicked the ques tion can down the road yet again, how‐ 
ever. We have ex plained why the Earth’s av er age tem per a ture has var ied so
much over its his tory: due to changes in car bon diox ide. But why did at mo‐ 
spheric CO2 vary so much dur ing the Earth’s his tory? We’re talk ing about
truly enor mous changes, so you would ex pect the cause to be sim i larly epic.
The truth is ac tu ally rather ba nal. If you’re read ing this in the UK, the an‐ 
swer prob a bly lies out side your win dow: rain.

When rain falls through the at mos phere, it picks up very small amounts of
car bon diox ide to cre ate a weak car bonic acid. This re moves car bon from the
at mos phere, and when the rain runs off into the oceans, it puts the car bon
into deep stor age. This stor age might be as car bonic acid in the ocean, or in
the Earth’s in te rior as it gets pulled down into the man tle at de struc tive tec‐ 
tonic plate bound aries. Al ter na tively, if the rain falls on vol canic rock, it is
ab sorbed straight into the land, while if it lands on car bon ate rock it ac tu ally
slightly dis solves the sur face and re leases more car bon diox ide into the at‐
mos phere. Even tu ally, car bon that is in deep stor age will be re-emit ted into
the at mos phere via vol canic ac tiv ity and con struc tive tec tonic plate bound‐ 
aries.

In short, there is a ge o log i cal car bon cy cle that takes place over mil lions
and mil lions of years. De pend ing on the con fig u ra tion of land and sea –
whether the con ti nents lie close to the equa tor or to wards the poles, or if ar‐ 
eas with car bon ate rocks co in cide with ar eas of high pre cip i ta tion – the bal‐ 
ance of car bon in the at mos phere and in the deep stor age of the oceans and
crust can al ter over long timescales. This in ter nal vari abil ity, with all the
turn ing speed and in evitabil ity of an oil tanker, has ul ti mately caused the
con cen tra tion of at mo spheric CO2 to change, lead ing to mon u men tal shifts in
the Earth’s cli mate over the past bil lion years or so.

At this point, we have a pretty good pic ture of the Earth’s past cli mate. We
know not only that it has changed sig nif i cantly, but also why. On long, ge o‐ 
log i cal timescales, these changes are due to the global car bon cy cle, and then
mod i fied and am pli fied by other fac tors such as James Croll’s ice feed back
cy cle, and the chem istry of car bon in wa ter. On shorter timescales of tens or
hun dreds of thou sands of years, these changes are due to vari a tions in the
Earth’s or bit that are spec tac u larly am pli fied by pro cesses in ter nal to the



planet. We just so hap pen to live in a time of rel a tively lit tle car bon diox ide
in the at mos phere, and hence these or bital changes can have enor mous ef‐ 
fects.

Yet, there is one ex tra timescale to con sider. When ex am in ing the last few
hun dred years of CO2 data, sci en tists no ticed some thing puz zling: the con‐ 
cen tra tion of car bon diox ide in the at mos phere was in creas ing. About 250
years ago, the amount of CO2 trapped in the air bub bles was around 280
ppm. Over time this con cen tra tion in creased slowly at first, but the rate of
change grew faster and faster. By the present day the con cen tra tion of CO2

had in creased to over 400 ppm. This ob ser va tion has been con firmed by
other tech niques, in clud ing mod ern-day ob ser va tions di rectly mea sur ing the
CO2 con tent of air sam ples. The trend was un mis tak able – there was more
and more car bon diox ide in the at mos phere ev ery year. Yet this in crease did
not match any known nat u ral cy cle. It could not be ex plained by the glacial
pace of or bital change, and cer tainly not by the ge o log i cal pace of car bon cy‐ 
cling.

What ever could be hap pen ing?
 

Theophras tus’ On the Causes of Plants might seem an un likely place to find
the first hints of the end of the world. Writ ten at the turn of the fourth cen‐ 
tury bce, and mostly con cerned with types of trees, shrubs, and ce re als,
Theophras tus notes that in sev eral places in the east ern Mediter ranean where
trees have been felled or marshes drained, the lo cal weather was con sis tently
dif fer ent com pared to be fore these al ter ations.20 The air was colder, frost
more fre quent, and the lo cal wine ru ined. In other words, the cli mate lo cal to
these ar eas had been al tered by the eco nomic ac tiv ity of hu mans. Sev eral
other writ ers through his tory made sim i lar ob ser va tions, such as ex tra or di‐ 
nary Prus sian poly math Alexan der von Hum boldt, founder of Hum bold tian
sci ence that so in flu enced men like Glaisher. While trav el ling in South
Amer ica, von Hum boldt noted that de for esta tion of parts of the Ama zon
rain for est in Venezuela was caus ing a dra matic fall in the level of Lake Va‐ 
len cia.21 He later wrote:

 
When forests are de stroyed, as they are ev ery where in Amer ica by the
Eu ro pean planters, with an im pru dent pre cip i ta tion, the springs are en‐ 
tirely dried up, or be come less abun dant, the beds of the rivers re main‐ 



ing dry dur ing a part of the year, are con verted into tor rents, when ever
great rains fall on the heights.
 

Von Hum boldt was look ing at the re la tion ship be tween hu mans and the nat u‐ 
ral world like no one ever had be fore. The knowl edge that tech nol ogy had
ad vanced to the point where hu mans could al ter the fab ric of the planet was
en thu si as ti cally seized upon.

As the nine teenth cen tury steamed on, roads and rail ways were con‐ 
structed, rivers stop pered by dams, and the land scape re built to meet our
needs. In the most ex treme dis plays of this power, oceans were con nected by
en gi neer ing brute force at Panama and Suez – wa ters that had been sep a rated
for mil lions of years could now flow. Sci ence and tech nol ogy could ac com‐ 
plish any thing! Hu mans were seen as mas ters of na ture, not merely stew ards,
en abled by their supreme tech nol ogy. Man (and it was al ways man) had the
power to cre ate and de stroy as he saw fit, and the Earth would sim ply have
to adapt.

This power had erupted out of the work shops of Eu rope in the eigh teenth
and nine teenth cen turies. What had en abled this dra matic change? In a word,
coal. Coal is, in essence, an cient sun light trapped in rock. Its ori gins lie in
the Car bonif er ous Pe riod, about 360 to 300 mil lion years ago, when an or der
of plants known as the Lep i do den drales (An cient Greek for ‘scale tree’)
came to dom i nate the sky lines of Earth. These were some of the ear li est tree-
like plants, some reach ing fifty me tres in height, pos sess ing large leaves and
thick trunks, but rel a tive shal low roots. This meant that these proto-trees fell
over with comic fre quency. One of the most re mark able things about these
plants, how ever, was that their wood was made of a cer tain type of poly mer
called lignin. This struc tural ma te rial, along with cel lu lose, gave plants the
abil ity to stand tall and rigid, and led to the ex plo sive spread of trees over
dry land.

How ever, as plants evolved the abil ity to pro duce lignin, a cru cial part of
the ecosys tem took a while to catch up with this de vel op ment: bac te ria.22

When Lep i do den drales were fall ing in Car bonif er ous forests, there were no
bac te ria wait ing on the for est floor to break down the lignin. In stead, the
fallen wood just sat there, un touched, for mil len nia. Over time, more and
more trees would fall on top of one an other and com press the ear lier trees,
first into peat and even tu ally into coal. The sun light that these plants had
drunk in over their life times, con verted to car bon-based mol e cules by pho to‐ 



syn the sis, was then trapped in this rock. The huge quan ti ties of car bon
buried in the ground dur ing this time is from where the Car bonif er ous Pe riod
takes its name – and while coal for ma tion con tin ued for hun dreds of mil lions
of years af ter, it’s es ti mated that some 90 per cent of the coal we use for fuel
to day comes from these ‘coal forests’.23

While it was still locked in the ground, this huge de posit of car bon had no
im pact on the rest of the world. For 300 mil lion years, it formed part of the
im mense stores of car bon in the Earth’s crust. Even tu ally, how ever, a species
of an i mal evolved that val ued the buried car bon highly enough to rip it from
the ground.

 
The year 1776 was marked by rev o lu tion. Of mi nor sig nif i cance was a
colony declar ing in de pen dence from its Eu ro pean mas ters (though we will
come back to this). Far more sig nif i cant was the rev o lu tion in the British
Isles. As was so fre quently the case, the mod ern world was be ing ush ered in
by a Scots man,* and, in this case, that Scots man was James Watt (1736–
1819). Watt came from a priv i leged fam ily, work ing in his fa ther’s ship‐ 
wright yards for a time be fore set ting up a work shop in the Uni ver sity of
Glas gow, re pair ing and main tain ing sci en tific in stru ments. Fre quently, this
in volved del i cate as tro nom i cal in stru ments or lab equip ment.
 
* I’m not kid ding, Scot land largely cre ated the mod ern world. A non-ex haus tive list of things in‐ 
vented by Scots in cludes: tele vi sion, tele phones, an tibi otics, bi cy cles, elec tro dy nam ics, steamships,
tar mac, steam ham mers, the En cy clopae dia Bri tan nica, log a rithms, golf, ice hockey, the re‐ 
frig er a tor, colour pho tog ra phy, the flush ing toi let, vac uum flasks, ge ol ogy, pneu matic tyres, re cip ro cat‐ 
ing steam en gines, and, of course, Irn-Bru.
 

One day, how ever, Watt was asked to re pair a small model of a steam en‐ 
gine. Per haps this is sur pris ing to you! De spite pop u lar per cep tion, Watt did
not ac tu ally in vent the steam en gine: the first steam en gines that mod ern
eyes would recog nise were de vel oped ear lier, in the sev en teenth cen tury,
though most were the o ret i cal ap pa ra tuses rather than prac ti cal ones. The ear‐ 
li est recorded in dus trial use for a steam en gine is in Spain, where Jerón imo
de Ayanz y Beau mont (1533–1613), a mem ber of the no bil ity, built and used
a rudi men tary steam en gine to drain a sil ver mine near Seville in 1611.24 It is
un clear how suc cess ful this was, though the fact that the de sign was not sub‐ 
se quently used else where in di cates that per haps it was not ter ri bly so. Sadly,



Ayanz died only a few years af ter wards, and did not have a chance to im‐ 
prove his po ten tially rev o lu tion ary idea.*

 
* As his to rian An ton Howes notes, what we know about Ayanz’s de sign in di cates that it was ex‐ 
tremely in ef fi cient to the point of com plete im prac ti ca bil ity. Ayanz was sim ply too early to un der stand
how air pres sure worked cor rectly, and so, quot ing Howes, ‘Ayanz may have in vented a steam en gine,
but he did not in vent the at mo spheric en gine’. See A. Howes, ‘Age of In ven tion: The Span ish En gine’,
24 July 2020. [On line: avail able at https://an ton howes.sub stack.com/p/age-of-in ven tion-the-span ish-
en gine (ac cessed 9 No vem ber 2020).]

 
The first prac ti cal steam en gine was in stead in vented by Thomas New‐ 

comen (1664–1729) an Eng lish iron mon ger. His in ven tion – the New comen
en gine – was the spark of the In dus trial Rev o lu tion. His was a huge de vice
that gen er ated steam in a sealed cylin der us ing a coal-fired boiler. Cold wa ter
was then in jected into the cylin der, con dens ing the steam and dra mat i cally
de creas ing the pres sure in the cylin der. The cylin der head, mo ti vated by this
par tial vac uum from be low and at mo spheric pres sure from above (hence the
name at mo spheric en gine), de scended to com press the air in the cylin der. In
so do ing, the down ward mo tion of the en gine gen er ated me chan i cal force
that was used to raise the other end of a beam bal anced on a ful crum. Even‐ 
tu ally, the weight of the beam would raise the cylin der head, and steam
would be al lowed to en ter into the cylin der again. This cy cle was then re‐ 
peated around twelve times per minute, pro duc ing the power equiv a lent to
twenty horses.25

New comen’s en gine was a suc cess, and was used across Eng land to pump
wa ter out of mines. By sim ply burn ing a lump of black earth, with out the
labour of men or horses, mines could be kept dry and pro duc tive. Those
mines could then be used to pro duce more metal and more coal, mak ing
more money and, cru cially, mak ing more steam en gines pos si ble. This could
catch on. There was a prob lem, how ever – the sin gle, jerky power stroke of
the New comen en gine made it ex tremely dif fi cult to power ma chin ery, and
so its use was lim ited to ap pli ca tions such as pump ing wa ter. The en gines
also guz zled coal thanks to their sim plis tic de sign. The fires of the In dus trial
Rev o lu tion had not yet been lit, but the sparks were fly ing.

When pre sented by the Uni ver sity of Glas gow with a small model of
New comen’s en gine to re pair, Watt re alised that he could im prove its de sign.
Af ter ex ten sive tin ker ing, he added a sep a rate cham ber where wa ter could
con dense, keep ing it at a con stant low pres sure. This, and a few other tech ni‐ 
cal ad di tions, spec tac u larly im proved the ef fi ciency of the en gine.



With the con den sa tion tak ing place sep a rately from the cylin der, Watt was
also able to make the en gine push as well as pull. Com bin ing this with his
par al lel mo tion (a me chan i cal link age that trans lated up-and-down mo tion
into ro tat ing mo tion), Watt al lowed the steam en gine to drive ro tary ma chin‐ 
ery. This would prove to be an earth-shat ter ing ac com plish ment. Watt’s
steam en gine, first com mer cially in stalled in 1776, at an iron works near
Falkirk, Scot land, could now drive steamships, fac to ries, pumps, and rail way
en gines. British in dus try now had the abil ity to con vert coal into raw eco‐ 
nomic pro duc tiv ity. With am ple coal sup plies avail able within the coun try,
Great Britain led the charge into the In dus trial Rev o lu tion. The friendly, ge‐ 
nius en gi neer who by his own ad mis sion ‘would rather face a loaded can non
than set tle an ac count or make a bar gain’26 had fun da men tally re made
mankind’s re la tion ship with na ture. Hu mans were com ing for the nat u ral
world, now pow ered by steam.

 
Be fore long, other coun tries started us ing Watt’s steam en gine. As the nine‐ 
teenth cen tury pro gressed, im prove ments were made to its de sign, al low ing
for en gines to run on higher steam pres sures, with greater power and ef fi‐ 
ciency. The world ran on steam, and hence, on coal. The air in Eu ro pean
cities was thick with coal smoke and other emis sions from in dus try. In 1873
in Lon don some 700 peo ple died from the green ish-yel low pol luted air, at its
worst re sem bling pea soup.27 These lo cal changes were ob vi ously at trib ut‐ 
able to in dus try, but as this was the source of the wealth of em pires, it was an
ac cept able price to pay. The air qual ity was so poor, and the emis sions of
fac to ries so ex treme, how ever, that some sci en tists be gan to won der just how
much coal was be ing burned by fac to ries around the world. Per haps hu mans
were sour ing the air of the en tire planet? It seemed a lu di crous idea, the at‐ 
mos phere surely be ing so large as to be in dif fer ent to hu man af fairs. The na‐ 
ture of sci ence is to en quire, how ever, and some sci en tists took to the task.

Swedish ge ol o gist Arvid Hög bom (1857–1940) com piled es ti mates of
how car bon cy cled through nat u ral pro cesses, such as that emit ted by vol‐ 
canic ac tiv ity, taken up by oceans, or re leased by acidic rain, among oth ers.
It oc curred to him in 1896 to also in clude man-made car bon emis sions, from
fac to ries and rail ways and so forth. Af ter ex ten sive cal cu la tions he was sur‐ 
prised at the re sult. Hu man ac tiv i ties were adding roughly as much CO2 to
the at mos phere as nat u ral pro cesses al ready were.28 These man-made, or an‐ 
thro pogenic, car bon emis sions were still minis cule com pared to the amount



of CO2 al ready in the at mos phere, how ever. Re as sur ingly, he es ti mated that
the to tal car bon emit ted from burn ing coal in 1896 would raise the con cen‐ 
tra tion in the at mos phere by only a thou sandth part. But if the emis sions con‐ 
tin ued long enough, or if they in creased, then per haps this could be sig nif i‐ 
cant.

At this time, Hög bom was in con ver sa tion with an other Swedish aca‐ 
demic, the wal rus-mous ta chioed chemist Svante Ar rhe nius (1859–1927). Af‐ 
ter a dis tin guished ca reer in chem istry, Ar rhe nius found him self in ter ested in
Earth’s ice ages. He won dered if he could de rive a the ory us ing phys i cal
chem istry to ex plain how the Earth pe ri od i cally ex pe ri enced freez ing con di‐ 
tions. In par tic u lar, he was in ter ested in the role of CO2. He hy poth e sised
that if for some rea son the con cen tra tion of car bon diox ide in the at mos phere
in creased – say, af ter a large vol canic erup tion – be cause of the heat-trap ping
ef fect of the mol e cule, global tem per a tures would slightly in crease as a re‐ 
sult.

This slight in crease would lead to a far more im por tant con se quence: the
warmer air would hold more mois ture. The ad di tional wa ter vapour in the air
would then en hance the warm ing, which could cause more vapour to be
taken up into the at mos phere, caus ing more warm ing, and so on. Con versely,
if the level of CO2 were to de crease, a small amount of cool ing would take
place, and the air would hold less wa ter vapour. This would cause more sig‐ 
nif i cant cool ing and, if this feed back loop con tin ued, po ten tially tip the Earth
into an ice age.

This was the at mo spheric chem istry equiv a lent of James Croll’s ice albedo
feed back loop from a few decades prior, in di cat ing that even small changes
in CO2 con cen tra tions could pro duce cas cad ing ef fects in global tem per a ture.
All it took was a spark to start a roar ing fire. Such com plex ef fects were far
be yond Ar rhe nius’s abil ity to cal cu late in full, but he com mit ted him self to
try ing. Sim pli fy ing the world down to a few lat i tude bands, and us ing data
on the ab sorp tion of in frared ra di a tion by gases that was prim i tive by to day’s
stan dards, Ar rhe nius spent months ar du ously cal cu lat ing us ing pen cil and
pa per, pos si bly as a de lib er ate dis trac tion to his on go ing di vorce.

Even tu ally, he pub lished his re sults. If the con cen tra tion of CO2 in the at‐ 
mos phere – a very mi nor gas by vol ume, re mem ber – were to halve, the
over all ef fect on global tem per a tures would be a cool ing of around 5 °C.29

Con versely, if the con cen tra tion of at mo spheric CO2 dou bled, the Earth
would warm by per haps 5 or 6 °C. In formed by Hög bom’s work, Ar rhe nius



pre dicted that if hu man ity emit ted greater amounts of car bon into the at mos‐ 
phere in the fu ture, the global av er age tem per a ture would grad u ally in crease.
He saw this as a great re lief, how ever, as this could coun ter act any new ice
age that was loom ing on the hori zon:

 
Is it prob a ble that we shall in the com ing ge o log i cal ages be vis ited by a
new ice pe riod that will drive us from our tem per ate coun tries into the
hot ter cli mates of Africa? There does not ap pear to be much ground for
such an ap pre hen sion. The enor mous com bus tion of coal by our in dus‐ 
trial es tab lish ments suf fices to in crease the per cent age of car bon diox‐ 
ide in the air to a per cep ti ble de gree . . . By the in flu ence of the in creas‐ 
ing per cent age of car bonic acid in the at mos phere, we may hope to en‐ 
joy ages with more equable and bet ter cli mates, es pe cially as re gards
the colder re gions of the earth, ages when the earth will bring forth
much more abun dant crops than at present, for the ben e fit of rapidly
prop a gat ing mankind.30

 
Other sci en tists were scep ti cal about Ar rhe nius’s pre dic tions. They pointed
out that he had over-sim pli fied the Earth, ig nor ing myr iad com plex i ties, in‐ 
clud ing the ef fects of clouds in re sponse to chang ing lev els of wa ter vapour.
More clouds would surely re flect more light away from the Earth, bal anc ing
out the ad di tional in su la tion pro vided by wa ter vapour. Ad di tion ally, they
claimed, it was im pos si ble for CO2 to build up in the at mos phere. If hu man‐ 
ity added any of the stuff, it would sim ply be ab sorbed into the vast car bon
stor age of the ocean, re moved from the air. Our im pact was sim ply too
minis cule com pared to nat u ral pro cesses. Na ture (with a cap i tal N) was eter‐ 
nal, im mor tal and sep a rate to Man (with a cap i tal M). How could man-made
soot pos si bly af fect di vine cre ation? By the turn of the cen tury, most sci en‐ 
tists had dis missed Ar rhe nius as be ing en tirely wrong.

 
Over the course of this book, some thing that I hope has be come clear is that
sci ence is of ten not truly the prod uct of just in di vid u als. While in di vid u als
may make re mark able ac com plish ments, pro pel ling our un der stand ing of the
nat u ral world for ward, these ac com plish ments are en abled only by cir cum‐ 
stance. The wealth of a na tion, the avail abil ity of par tic u lar ma te ri als, the
qual ity of ed u ca tion given to the gen eral pop u lace – broader so ci etal fac tors
po si tion and en able in di vid u als to make their con tri bu tions. We have seen



with James Croll and William Fer rel, in par tic u lar, the ef fect of sci en tific
text books and jour nals be ing made widely avail able in the nine teenth cen‐ 
tury. Any his tory of sci ence is truth fully a his tory of these so ci etal fac tors.
Some times though, there are fig ures who make a con tri bu tion al most de spite
of their cir cum stances, rather than be cause of them. With out these ex tra or di‐ 
nary men and women and their per sis tence, our wealth of knowl edge would
be poorer. One of these men, one of the most re mark able peo ple in the en tire
story of the at mos phere, and re turn ing to our rev o lu tion ary colony, was
Charles David Keel ing (1928–2005). We have, of course, al ready met him.

Born in Penn syl va nia, Keel ing stud ied chem istry, earn ing a PhD in poly‐ 
meri sa tion from North west ern Uni ver sity in 1953. The first so ci etal pull he
re sisted was that of the boom ing petro chem i cal in dus try. Rather than con‐ 
tinue into a lu cra tive job, as most of his PhD co hort did, Keel ing in stead
stayed in academia, mov ing to the geo chem istry de part ment of the Cal i for nia
In sti tute of Tech nol ogy (Cal tech). Geo chem istry is the field that stud ies the
chem i cal pro cesses un der ly ing the Earth, such as in rock for ma tion, and how
el e ments such as car bon cy cle through a planet’s crust, oceans, and at mos‐ 
phere.

Keel ing en joyed hik ing through the moun tains of the Amer i can north west,
and this pas sion for the out doors con tin ued through his en tire life. On dis‐ 
cov er ing geo chem istry, a way to com bine his chem i cal knowl edge with this
de sire to be in the open air, he was clearly smit ten. Orig i nally, his re search at
Cal tech fo cused on whether car bon ate in rivers and ground wa ter was in
equi lib rium with the CO2 in the air, but soon he turned his at ten tion to ac cu‐ 
rately mea sur ing that at mo spheric CO2 con cen tra tion.31

Keel ing was good at this. He de signed his own equip ment, al low ing him
to mea sure CO2 con cen tra tions more ac cu rately than any one else, and used
this to jus tify trav el ling across the United States to col lect air sam ples. His
first trip was to Big Sur State Park in Cal i for nia. Here among the red woods,
by a gen tle stream, he be gan the life long ac tiv ity of un stop per ing glass flasks
and tak ing a small sam ple of air that could later be pro cessed in the lab. Our
story of the at mos phere be gins and ends, it seems, with glass.

On his trips Keel ing took air sam ples ev ery few hours, and from these re peated mea‐ 
sure ments he iden ti fied a num ber of in ter est ing things. First, car bon diox ide con cen tra tions
var ied through out a day – they were lower dur ing the day time when plants sucked in the
gas for pho to syn the sis, and higher at night when those same plants respired and pro duced
it. Sec ond, car bon diox ide was re mark ably con sis tent. From Mary land to Cal i for nia, CO2



was al ways be tween 315 and 320 parts per mil lion of the air in his sam ples. By, frankly,
lark ing around the con ti nen tal United States, Keel ing had found some thing sig nif i cant –
CO2 was well mixed in the at mos phere away from man-made sources such as fac to ries
and free ways. This in di cated that there was a sin gle value of av er age car bon diox ide con‐ 
cen tra tions in the at mos phere. To get an ac cu rate mea sure ment of it, Keel ing sim ply
needed to be as far away from hu man ac tiv ity as pos si ble.

To this end, in March 1958 Keel ing be gan daily mea sure ments of CO2 at
an ob ser va tory on the north slopes of Mauna Loa, Hawaii. This was us ing
new equip ment, how ever, and orig i nally he thought there was a prob lem
with it. His mea sure ments fluc tu ated wildly over the course of the year,
peak ing in May at around 315 ppm and fall ing to a low of 310 ppm in No‐ 
vem ber. When the con cen tra tion be gan to rise again in De cem ber, Keel ing
re alised that he had in fact dis cov ered an other cy cle of car bon in the at mos‐ 
phere. Oxy gen con cen tra tions in the at mos phere rise and fall with the ac tiv‐ 
ity of pho to syn the sis, and so CO2 con cen tra tions rise and fall in op po si tion
to this. As there is far more land mass, and so far more plants, in the north ern
hemi sphere, this meant CO2 peaked in the north ern hemi sphere’s sum mer.
Keel ing was in ef fect mea sur ing the planet breath ing, pho to syn the sis dom i‐ 
nat ing in the north ern hemi sphere’s sum mer, only to be re placed by res pi ra‐ 
tion in the win ter. Each year should have been easy to pre dict, a reg u lar sine
wave of CO2 con cen tra tion across the months. This wasn’t the case, how‐ 
ever.

When Keel ing pub lished his first data in 1960, it seemed the sec ond year
of mea sure ments in di cated a slightly higher con cen tra tion than the first year.
The sine wave pat tern didn’t quite join up – the con cen tra tion in May one
year was not the same as the con cen tra tion in May the next. This was no big
deal, Keel ing thought; per haps there was some other cy cle at play that sim‐ 
ply needed more time to be come ev i dent. So, he kept tak ing mea sure ments.
The third year of ob ser va tions pro duced a still higher con cen tra tion of CO2.
Then the fourth year did the same.

Some thing was clearly up: the con cen tra tion of car bon diox ide in the at‐ 
mos phere was mea sur ably in creas ing year on year.

Keel ing was orig i nally funded by money left over from the In ter na tional
Geo phys i cal Year (1957–58), an am bi tious pro gramme of co op er a tive sci‐ 
ence projects across the world, from the Antarc tic to the outer reaches of the
at mos phere. This money did not last for ever, and within a few years ad min‐ 
is tra tors wanted Keel ing to call time on his ob ser va tion pro gramme. The sec‐ 



ond so ci etal pull he re sisted, then, was the Cold War. As far as the gov ern‐ 
ment was con cerned, an ac cu rate mea sure ment of global car bon diox ide con‐ 
cen tra tions had now been made, and it was time to start fund ing other
projects. At this time, the United States gov ern ment was spend ing con sid er‐ 
able money on geo science re search, mainly to gain an edge over the So viet
Union. The pol i tics of the time were draw ing money to wards as tro nau tics,
seis mol ogy, weather pre dic tion, seem ingly ev ery where other than mea sur ing
trace gases in the at mos phere (that, as far as the gov ern ment was con cerned,
had al ready been mea sured quite ac cu rately enough). Keel ing was hav ing
none of it, con vinced that these mea sure ments were im por tant and must be
con tin ued. For the next four decades he con stantly fought to keep the ob ser‐ 
va tory open, scroung ing money from dif fer ent agen cies and of fi cials. Ex cept
for a hia tus from Feb ru ary to April 1964, the Mauna Loa ob ser va tory has
kept con tin u ous mea sure ments from 1958 right up to the present day.32

The ‘Keel ing Curve’, as these mea sure ments have be come known (see
Fig ure 11), show as clear as day the an nual cy cle in car bon diox ide con cen‐ 
tra tions: a sine wave wig gling with a pe riod of ex actly one year. On top of
this vari abil ity, how ever, ut terly dom i nat ing the graph, is the steady in crease
in global car bon diox ide con cen tra tion. Prior to the in ven tion of the steam
en gine, the con cen tra tion was es ti mated to be 280 parts per mil lion (ppm). In
1958, Keel ing mea sured the con cen tra tion to be 315 parts per mil lion. By the
time of his death – of a heart at tack while hik ing on his Mon tana ranch in
2005 – that mea sure ment was 377 parts per mil lion, al most 20 per cent more
than when he started.

Keel ing’s sin gle-minded de ter mi na tion, against all so ci etal forces and per‐ 
haps against many peo ples’ idea of time well spent, gifted sci ence one of the
most sig nif i cant datasets of all time. While so ci ety wanted to move on, first
pulling Keel ing to wards the oil in dus try, and later away from his re search to‐ 
wards more mil i taris tic ap pli ca tions, he per sisted.

 





Fig ure 11: The Keel ing Curve of car bon diox ide con cen tra tions at Mauna
Loa, Hawaii.

 
But Keel ing had not dis cov ered global warm ing. Rather, he had dis cov ered
the pos si bil ity of global warm ing. Build ing on the work of Fourier, Foote,
Tyn dall, and Ar rhe nius, he had showed that the con cen tra tion of car bon
diox ide in the at mos phere was in creas ing, and that, as per Ar rhe nius’s cal cu‐ 
la tions, this could al ter global cli mate. In 1963 he and a few other sci en tists
pub lished a re port omi nously ti tled ‘Im pli ca tions of Ris ing Car bon Diox ide
Con tent of the At mos phere’, de tail ing that car bon con cen tra tions were in‐ 
creas ing by 0.7 ppm per year.33 If this were to con tinue for a few cen turies –
less time if the rate were to in crease – then the car bon con tent of the at mos‐ 
phere would even tu ally dou ble, lead ing to a world wide warm ing of up to 3.8
°C. Ac cord ing to the au thors, this would be ‘enough to bring about an im‐ 
mense flood ing of the lower por tions of the world’s land sur face, re sult ing
from in creased melt ing of glaciers’ among other ef fects.

While cer tainly alarm ing, this re mained merely a pos si bil ity. Keel ing and
the other au thors rec om mended that more re search was needed on the topic,
in clud ing more fund ing for and or gan i sa tion of ob ser va tion of the at mos‐ 
phere. Later that decade, a re port by the Na tional Acad emy of Sci ences in
the United States in di cated that there was no cause for alarm, but that the is‐ 
sue should in deed be closely mon i tored. Writ ing of the emis sions of car bon
from in dus try, it con cluded: ‘We are just now be gin ning to re alise that the at‐ 
mos phere is not a dump of un lim ited ca pac ity  .  .  . but we do not yet know
what the at mos phere’s ca pac ity is.’34 Over the next sev eral decades, sci en‐ 
tists con tin ued to mon i tor the in creas ing car bon diox ide in the at mos phere,
and found that the ac cu mu la tion of the gas was speed ing up. While Keel ing
orig i nally es ti mated the rate of in crease as 0.6 ppm per year, at present this
rate is closer to 2.5 ppm per year. Car bon was un de ni ably build ing up. But
was there any ev i dence that the Earth was re spond ing as Ar rhe nius and oth‐ 
ers pre dicted?

Sim ple physics in di cated that an in crease of a gas such as CO2 in the at‐ 
mos phere would trap more heat, and raise global tem per a tures, but this was
still an overly sim plis tic ar gu ment. As Ar rhe nius’s crit ics cor rectly pointed
out, there are ad di tional fac tors con trol ling global tem per a ture. We have al‐ 
ready dis cussed some of these – in clud ing the ice albedo feed back ar tic u‐ 
lated by James Croll, and the wa ter vapour feed back set out by Ar rhe nius



him self. In the sec ond half of the twen ti eth cen tury, a baf fling ar ray of ad di‐ 
tional, more com plex feed backs were dis cov ered by sci en tists. Aside from
the heavy hit ters, such as warm ing lead ing to more wa ter vapour lead ing to
more clouds lead ing to less sun light reach ing the ground lead ing to cool ing
(i.e. cloud albedo feed back), there are other, more sub tle in ter ac tions be‐ 
tween car bon con cen tra tions and global tem per a tures to con sider. To give
just one ex am ple, sci en tists have re cently found that when lev els of car bon
diox ide in the at mos phere rise, plants re spond by slightly thick en ing their
leaves.35 While we don’t yet know why they do this, we do know that in so
do ing they be come less ef fi cient at suck ing car bon out of the at mos phere.
Higher car bon lev els thus lead to a less ef fi cient re moval of car bon from the
at mos phere. So, when at mo spheric car bon lev els are el e vated for what ever
rea son, there is an ad di tional pos i tive feed back – in ad di tion to wa ter vapour,
ice albedo, and so on – push ing car bon lev els even higher.

This is all to say that in the mid-twen ti eth cen tury there was still a huge
un cer tainty in how Earth would re spond to any change in car bon diox ide
lev els. Would there be sig nif i cant global warm ing, or even global cool ing in
re sponse to changes in CO2? The proof would be in the data. For tu nately, by
the mid-twen ti eth cen tury, there was no lack of it. Thou sands of me te o ro log‐ 
i cal sta tions around the world had decades of tem per a ture records, though
they were all tak ing mea sure ments at dif fer ent times, us ing dif fer ent units,
and with dif fer ent method olo gies. Sev eral re search groups at tempted to un‐ 
tan gle this data spaghetti, re mov ing un re li able sources and stan dar d is ing the
re sults of dis parate weather sta tions. This was, need less to say, a mon u men‐ 
tal task. The first group, headed up by James Hansen (1941–), showed that
by 1980 the world had warmed by 0.2 °C com pared to pre-in dus trial tem per‐ 
a tures. This was a small sig nal, nearly swamped by year-to-year vari abil ity.
There was also a small cool ing trend from 1940 to 1960,* which was quite
clear in the data. Hansen’s group was soon joined in this con clu sion by re‐ 
port af ter re port from other re search groups, and with each pass ing sci en tific
pa per pub lished, the ev i dence be came more and more con crete.

 
* This gave rise to the myth that sci en tists flipped from warn ing of global cool ing and an im pend ing
ice age in the 1970s to warn ing of global warm ing and the end of the world in the 1980s. This is
partly true – for ex am ple, even Hansen’s group iden ti fied that the north ern hemi sphere had ex pe ri‐ 
enced wide spread cool ing in the mid-cen tury, buck ing the trend of over all warm ing. Mean while, the
south ern hemi sphere had con sis tently warmed. Fur ther, an anal y sis of sci en tific lit er a ture from the
1950s to the present shows that there wasn’t a sin gle year in which the con sen sus – rep re sented by re‐ 
search pa pers pub lished – sug gested global cool ing lay in the fu ture. There was cer tainly healthy de‐ 



bate in the mid dle of the cen tury as to whether cli mate sen si tiv ity to CO2 was pos i tive or neg a tive, but
within a few decades it was clear that the over all ef fect of all dif fer ent cli mate feed backs was global
warm ing. See T. Pe ter son, W. Con nol ley and J. Fleck, ‘The Myth of the 1970s Global Cool ing Sci en‐ 
tific Con sen sus’, Bul letin of the Amer i can Me te o ro log i cal So ci ety, vol. 89, no. 9
(2008), pp. 1325–38.

 
To or gan ise and col late all this re search, the World Me te o ro log i cal Or ga‐ 

ni za tion and the United Na tions en vi ron men tal agen cies cre ated the In ter‐ 
gov ern men tal Panel on Cli mate Change (IPCC) in 1988. A com mon mis con‐ 
cep tion of the IPCC is that it puts out re ports writ ten by politi cians to fur ther
a po lit i cal agenda of some kind. This is not true. IPCC re ports – and we’ve
had six ma jor ones to date – are writ ten by sci en tists, who, in ci den tally, are
un paid for this work, and these re ports are then sub ject to line-by-line scru‐ 
tiny by rep re sen ta tives of na tional gov ern ments. In other words, the IPCC
was, and is, an in ter est ing hy brid po lit i cal and sci en tific or gan i sa tion, con‐ 
dens ing re search con ducted by sci en tists into pe ri odic re ports cu rated by
politi cians. Thanks in par tic u lar to rep re sen ta tives from fos sil-fuel-ex port ing
(and -de pen dent) na tions, this has the re sult of di lut ing the con clu sions of the
sci en tists, and tends to lead to wards very con ser va tive con clu sions,36 but
even with this re stric tion, by the turn of the twen ti eth cen tury, the sci en tific
con sen sus was clear: the world was warm ing, and in such a way that could
only be ex plained by man-made emis sions of car bon diox ide.

The full story of how this was ac com plished is fas ci nat ing, with many
colour ful char ac ters and twists and turns, but this book is long enough as it
is, so for the full story I re fer you to Spencer Weart’s The Dis cov ery of
Global Warm ing.37 Suf fice to say, by the late twen ti eth cen tury there was
am ple ev i dence that the planet had al ready warmed in re sponse to man-made
car bon diox ide. Quite why so ci ety was not im me di ately gal vanised into ac‐ 
tion, lim it ing fur ther emis sions and thus fur ther warm ing, in stead of pre var i‐ 
cat ing about the re li a bil ity of the sci ence, is a story best told in Oreskes and
Con way’s Mer chants of Doubt.38 To say it again for the peo ple at the back,
for sev eral decades now the sci ence has been very, very clear. This is not a
re cent con clu sion. It is not a hasty con clu sion. Sci en tists have been say ing
this for decades, with plen ti ful ev i dence. Hu mans have ap pre cia bly raised
the con cen tra tion of at mo spheric car bon diox ide, and this has di rectly caused
changes in our cli mate.

To be more spe cific, at the time of writ ing, the con cen tra tion of CO2 in the
at mos phere is 414 ppm, an in crease of nearly 50 per cent rel a tive to the pre-



in dus trial con cen tra tion of 280 ppm. Ac com pa ny ing this change in CO2 con‐ 
cen tra tion has been a warm ing across the globe of, on av er age, ap prox i‐ 
mately 1 °C.39 Be sides tem per a ture, how ever, there have been a whole raft of
other changes to the global cli mate – to rain fall pat terns, to the fre quency of
ex treme events, the av er age sea level, the sever ity of storms, and so on.
These changes are re ferred to as cli mate change, while the sim pler met ric of
global av er age tem per a ture in creas ing is re ferred to as global warm ing. I
would ar gue that the dif fer ence be tween these two – very sim i lar – terms is
this: global warm ing is ab stract; cli mate change is ex pe ri enced.

One of many rea sons that hu man ity has strug gled to ac cept that we are in‐ 
flu enc ing the Earth’s cli mate is that the changes to date have been so slow,
and so small. Sum mer be ing one de gree Cel sius warmer than it was for our
great-great-great-great grand par ents hardly sounds like a se ri ous is sue. It is
not ex pe ri enced. This is only the case when look ing on a global scale, how‐ 
ever. Ex am ine a par tic u lar lo cal ity and the story is very dif fer ent. To pick
just one ex am ple, con sider the wild fire sea son in the west ern United States.
Since the mid-twen ti eth cen tury, this sea son has grown in length by two and
a half months. Of the ten years with the most wild fire ac tiv ity on record,
nine have oc curred since the year 2000.40 This is not a small, slow change.
To peo ple liv ing in the west ern United States, changes in wild fires have ab‐ 
so lutely af fected their lived ex pe ri ence in the past few decades. This is also
just one ex am ple – cli mate change has im pacted on how peo ple live their
lives via drought, famine, con flict, storms, and any num ber of nat u ral dis as‐ 
ters. Or per haps I should say ‘nat u ral’ dis as ters?

The ef fects of hu mans’ in flu ence on the cli mate are not evenly dis trib uted,
with those hard est hit so far per versely the ones who have caused the fewest
car bon emis sions. Those in the in dus tri alised world have largely been
shielded from the con se quences of their ac tions and those of their an ces tors,
though, as in the in stance of US wild fires, this is not en tirely the case any
more. In ways that sci ence is still strug gling to com pre hend, the at mos phere
ap pears to be re spond ing to our car bon emis sions. In some places this brings
more rain, in oth ers much less. In many places it raises the sea level, flood‐ 
ing coastal ar eas and forc ing peo ple in land. Species of an i mals are mi grat ing
en masse as their pre vi ous ranges be come un in hab it able, or dis ap pear ing al‐ 
to gether. Dis eases are find ing new lo cal i ties to spread to. Fac ing scarcity, hu‐ 
mans find them selves forced to mi grate. In ter na tional ten sions over fresh
wa ter and arable land rise and rise.



The at mo spheric gi ant is fac ing a chal lenge un like any other in its multi‐ 
bil lion-year his tory. For so long it has var ied on ge o log i cal timescales, free
to adapt to changes over tens of thou sands of years. In di vid ual cells and or‐ 
gans in the gi ant might shift dra mat i cally, even vi o lently on small scales, but
its fun da men tal phys i ol ogy has re mained con stant. Since the in ven tion of the
steam en gine, how ever, it has felt its feet pressed to the fire. It has never,
ever faced such a rapid change in its con di tions. Year af ter year the fire
burns hot ter and hot ter, and so the gi ant makes in creas ingly de fi ant at tempts
to wrig gle free. By the present day its pa tience has run out. What will hap‐ 
pen next is dif fi cult to pre dict. But it will not be pretty.

 
Ev ery thing thus far in this book has been fact. As all sci ence must be, it is
sup ported by data, pub lished in peer-re viewed jour nals, ver i fied, and cor rect
ac cord ing to the most rig or ous process we have at our dis posal. The IPCC
re ports in par tic u lar are the most rig or ously re viewed and metic u lously re‐ 
searched doc u ments in the his tory of academia. As far as we can say any‐ 
thing in sci ence is true, the find ings of the IPCC on cli mate change to date
are.

That is the story to date, how ever.
In this fi nal sec tion I want to briefly dis cuss the fu ture of the at mo spheric

gi ant. Nec es sar ily, this dis cus sion will be filled with prob a bilis tic state ments
such as ‘likely’ or ‘al most cer tainly’. I have no doubt that many of these pre‐ 
dic tions will turn out to be in cor rect, or even that the in for ma tion nec es sary
to make such pre dic tions will be out of date by the time you read this para‐ 
graph. If you hap pen to be read ing this in a fu ture cen tury, I cer tainly hope
that you look back on these pre dic tions with wry hu mour as by-prod ucts of
an overly pes simistic, hand-wring ing group of sci en tists. Yet I have a sneak‐ 
ing sus pi cion that you may in fact be look ing back on them as hav ing un der‐ 
es ti mated the risks, and un der played the sever ity of the sit u a tion that had de‐ 
vel oped since the in ven tion of the steam en gine.

The ques tion I’m most fre quently asked by friends on the topic of cli mate
change is, ‘Just how bad is it?’, closely fol lowed by the re lated, ‘Is it hope‐ 
less?’, as if the gi ant was a sick pa tient and we its wor ried fam ily in the wait‐ 
ing room. To be clear, the pa tient is fine. The Earth has ex pe ri enced much
higher car bon lev els in the past, and has sur vived far more se vere heat than
we could pos si bly in flict upon it. The at mo spheric gi ant will sur vive this,
and will cer tainly sur vive us. That’s not the is sue here. The last time car bon



con cen tra tions were as high in the at mos phere as they are now was dur ing
the Pliocene, some three mil lion years ago. Dur ing this time, global tem per a‐ 
tures were 3 or 4 °C warmer, and sea lev els twenty me tres higher than they
cur rently are.41 A sea level rise of twenty me tres would be, to use tech ni cal
lan guage, ‘game over’. At present, ap prox i mately half a bil lion peo ple live
within twenty me tres of the sea, and while these peo ple would ob vi ously
need to move, so too would those af fected by tidal surges even fur ther in‐ 
land. Farm ers whose fields would flood too fre quently to make agri cul ture
sus tain able would cease busi ness, re duc ing food pro duc tion and adding to
mi gra tory pres sures. So ci ety would be placed un der im pos si ble stress to con‐ 
tinue as we know it.

A com par i son with the Pliocene of fers some idea of where we are headed
in the fu ture. Given enough time, the at mos phere – at cur rent CO2 con cen tra‐ 
tions – will equi li brate at a tem per a ture sim i lar to those in the Pliocene. This
as sumes, how ever, that we have emit ted as much car bon into the at mos phere
as we are ever go ing to, which is hardly a good as sump tion. It is likely that
global car bon emis sions will peak in the mid-twenty-first cen tury, though
they may plateau rather than de cline. This means that by the end of the cen‐ 
tury the con cen tra tion of CO2 could be as high as 800 ppm or, in a best-case
sce nario, as low as 425 ppm. As with all pre dic tions of cli mate change, it is
in cred i bly dif fi cult to give an ac cu rate fig ure – emis sions are par tic u larly dif‐ 
fi cult to es ti mate as they are not gov erned by de ter min is tic laws of physics
but by the de cid edly fuzzy and hu man-driven laws of eco nom ics. This, when
com bined with the huge un cer tain ties that still re main about how the world
will re spond to an un prece dented shock in at mo spheric CO2 con cen tra tions,
means that all pre dic tions made by sci en tists have large er ror bars.

What is likely to hap pen by 2100? A sum mary that sci en tists can be rea‐ 
son ably con fi dent in is this: car bon diox ide con cen tra tions will likely peak
be tween 500 and 600 ppm. This will lead to a global warm ing of around 2
°C.42 Changes that are ex pected to take place as a re sult of this in clude: av er‐ 
age sea lev els ris ing by two me tres, cat e gory five hur ri canes dou bling in fre‐ 
quency, sev eral bil lion peo ple los ing ready ac cess to fresh wa ter, trop i cal
dis eases be com ing far more com mon fur ther from the equa tor, an in crease in
mi gra tion and re source-based con flicts, and a mass ex tinc tion of plant and
an i mal species oc cur ring on a scale that has not been seen while hu mans
have ex isted on Earth. It is al most cer tain that Earth will look very dif fer ent,
and be much poorer for it, in 2100. The list I have just de scribed is also by



no means ex haus tive, and it cer tainly shouldn’t be in ter preted as sen sa tion al‐ 
ist or cherry-pick ing the up per end of pre dic tions. If any thing, that list is a
con ser va tive read ing of the lit er a ture – many sci en tists pre dict a far, far more
grim, dark fu ture.* To be clear though, I mean a grim, dark fu ture for us. The
at mos phere and the planet, if not the life cur rently cling ing to its sur face,
will live on and sur vive. At present, hu man ity is saw ing off the branch it is
sat on – through its cur rent ac tiv i ties, in par tic u lar re ly ing on fos sil fu els
such as coal and now oil, it is sour ing the en vi ron ment that it is re liant upon
to live. We are, as a species, push ing the global cli mate fur ther and fur ther
away from the cli mate that we evolved to cope with, and that we need to sur‐ 
vive.

 
* All this and much more is com piled in David Wal lace-Wells’s sober ingly ti tled The Un in hab it‐ 
able Earth: A Story of the Fu ture, Lon don: Pen guin, 2019.

 
This is not to say that things are com pletely hope less! There is a great deal

we can do to re duce our emis sions of car bon into the at mos phere, and so re‐ 
duce the fu ture im pacts of cli mate change. More than this, we can use this
op por tu nity to value more of what re mains of the nat u ral world, and even to
re store what has pre vi ously been lost to in dus try. The prin ci pal com po nent
of this will be a tran si tion away from fos sil fu els to wards re new able tech‐ 
nolo gies, not just for elec tric ity gen er a tion but also for trans port and for
heat ing and cool ing our homes. While the com mon im age of this process is a
wind tur bine or a so lar panel, it should re ally be an elec tric heat pump or
elec tric boiler. Fully half of all en ergy we use as in di vid u als is ul ti mately
used for heat ing and cool ing, and only 10 per cent of this en ergy cur rently
comes from re new able sources.43 A so ci etal tran si tion to wards more re new‐ 
able en ergy gen er a tion is al ready in progress and ac cel er at ing, but there is a
great deal more that can be done, and in deed must be done, to avoid the
worst pos si ble out comes of cli mate change. Con trary to what many be lieve,
com bat ting cli mate change does not ne ces si tate a global state polic ing what
we can and can not do, or the kinds of light bulbs we can and can not use.
Greater leg is la tion sup port ing re new able en ergy, steer ing us away from fos‐ 
sil fuel use, and re quir ing greater en ergy ef fi ciency, is cer tainly nec es sary.
But this does not need to de scend from an aloof cen tral global gov ern ment
such as the United Na tions. This prob lem re quires co op er a tion, not unity.
And it will cer tainly be tough. But with enough ef fort, we are in a po si tion to



curb our emis sions and limit the dam age we are in flict ing upon our selves. As
a so ci ety we can start to value the nat u ral en vi ron ment, value the gi ant, as
es sen tial to our very sur vival, and turn back from the path we set on with the
in ven tion of the steam en gine.

 
Ul ti mately, we are at the mercy of the gi ant. It is not our en emy any more
than a col lec tion of bac te ria might con sider us their en emy. The at mos phere
is en tirely in dif fer ent to our ex is tence. Per haps when it sits down to write its
multi bil lion-year au to bi og ra phy, we will fea ture as a mi nor foot note, a blip
last ing a few thou sand years char ac terised by a mas sive spike in car bon
diox ide fol lowed by a long, slow, whim per ing de cline. But maybe even this
is over stat ing our im por tance.

We need it. It does not need us.



EPI LOGUE

FAM ILY

One of the most re mark able pic tures I have ever seen is held at the British Li brary in Lon‐ 
don. It was en graved by artist Fer di nand Hel fre ich Fritsch (1707–58) for Theo ria Mo‐ 
tuum Plan e tarum et Cometarum, a book writ ten by Leon hard Eu ler (1707–83) ex plain‐ 
ing the mo tions of the plan ets and comets through a hy po thet i cal, all- per va sive fluid. The
fron tispiece of the book de picts the so lar sys tem as it was then known: six plan ets with as‐ 
so ci ated moons or bit ing a bril liant Sun. A comet or bits on a rogu ish path, in clined steeply
to the or bital plane. What makes this im age so ex tra or di nary is what lies be yond the so lar
sys tem: Fritsch de picts a huge num ber of other stars, also with their own so lar sys tems.
Plan ets or bit ing other suns are il lu mi nated by starlight, trac ing out their or bits. As two an‐ 
gels un furl the fab ric of the uni verse, we see this scene play ing out across the cos mos,
alien plan ets or bit ing alien suns seen and un seen, obey ing the same mechani-cal rules es‐ 
tab lished for our very own so lar sys tem, here on Earth.

 
Pub lished in 1744, this en grav ing pre dated the first dis cov ery of a planet around an other
star – an ex o planet – by two and a half cen turies.* There was no way that Fritsch,
or in deed Eu ler, could have pre dicted that so many alien worlds would ex ist
in our stel lar neigh bour hood. At the time of writ ing, ninety-seven ex o plan‐ 
ets have been dis cov ered within just 10 par secs (a mere 300 thou sand bil‐ 
lion kilo me tres: our back yard in ga lac tic terms).1 Some of these worlds are
truly strange. Some are known as ‘hot Jupiters’ – gas gi ants that or bit so
close to their stars that their at mos pheres are su per heated and van ish ing out
into the void. Oth ers are more recog nis able to us – gas gi ants like Sat urn
and Jupiter, and ter res trial plan ets sim i lar to Earth and Mars. Many are
tidally locked, or bit ing their star at the same rate that they spin on their
axes. These worlds pos sess one scorch ing hot hemi sphere and an other that
is locked in end less night, the bound ary be tween the two be ing a fas ci nat ing



tem per ate en vi ron ment. Per haps, if con di tions are right, such an en vi ron‐ 
ment would be hab it able.
 
* The idea that there are worlds around other stars is ac tu ally even older, ar guably emerg ing with
Gior dano Bruno (1548–1600) in the six teenth cen tury.

 



Fig ure 12: F.H. Fritsch’s en grav ing of ex o plan e tary so lar sys tems from
1744.

 
Through out this book we have dis cov ered what makes our at mos phere tick
– the anatomy and phys i ol ogy of our very own at mo spheric gi ant. Once we
only looked at its foot steps. Now, hope fully, we ap pre ci ate its com plex i ties,
un der stand its mus cu la ture, can see the en tire gi ant in all its splen dour.

The beau ti ful thing about physics, how ever, is that it is the same ev ery‐ 
where.

Our gi ant is just one of an ex tended fam ily – it has ninety-seven rel a tives
in the lo cal area, and mil lions fur ther afield. As de scribed in this book, by
un der stand ing how en ergy flows through the at mos phere, how air masses
move across the sur face and are de flected, and how dis tinct lay ers form in
the at mos phere, we have de vel oped an im mensely pow er ful tool kit that can
be used on other worlds. The ap pli ca tion of this knowl edge has al ready be‐ 
gun. The de cid edly un der weight at mo spheric gi ant of Mars has been mon i‐ 
tored us ing satel lites and sim u lated us ing com puter mod els, and found to
have many of the same fea tures as our gi ant. Mars has po lar vor tices, gov‐ 
erned by the same equa tions as on Earth. Ti tan, the moon of Sat urn, has a
frozen at mo spheric gi ant made of ni tro gen and meth ane, wreathed in clouds
made of hy dro car bons. As alien as this world sounds, it too obeys the same
equa tions de rived by pi o neers like William Fer rel and Joseph Fourier, kept
much warmer by its own green house ef fect.

We have very lim ited in for ma tion about plan ets that or bit other stars, but
thanks to some clever anal y sis of the light that passes through their at mos‐ 
pheres we can con clude a few things. Some of them are made of de cid edly
un usual ma te ri als. A su per sized Jupiter-like planet called HAT-P-7b was
found to prob a bly con tain clouds of va por ised ru bies and sap phires.2 This is
caused by the tem per a ture on the planet’s sur face be ing around 2,000 °C,
or bit ing its star so closely that a year lasts only two Earth days. While their
ma te rial is un usual, the be hav iour of these clouds can be de ter mined us ing
the same fluid physics we ap ply to de scribe clouds on Earth.

In fact, us ing nu mer i cal mod els and the physics de vel oped to model
Earth’s at mos phere, just with dif fer ent pa ram e ters, we can take what we do
know about these plan ets and hy poth e sise about how their at mos pheres be‐ 
have. For ex am ple, tidally locked plan ets have been sim u lated, and it is be‐ 
lieved that, if wa ter is present, strong con vec tion would lead to ex ten sive



cloud for ma tion, less en ing the dif fer ence be tween the day and night sides.3

Such plan ets are se ri ous con tenders for hu man habi ta tion, and in fact due to
the size and tem per a ture of the most com mon types of stars, we ex pect most
hab it able Earth-like plan ets to be tidally locked. Should we ever visit these
alien worlds, there are doubtlessly fur ther amaz ing fea tures to dis cover that
we have never even con sid ered try ing to sim u late. These plan ets would be
home to unique com bi na tions of pa ram e ters in the uni ver sal equa tions of
fluid mo tion that we have never seen be fore, pro duc ing at mo spheric cir cu‐ 
la tions we can only dream of.

Our gi ant has a fam ily. Re ally quite a large fam ily, in fact. Thanks to
thou sands of ex per i men tal ists and the o rists through out his tory, with out ever
set ting foot on the sur faces of alien worlds we can still un der stand how their
gi ants be have. This is a truly amaz ing thing! Gaz ing up at the night sky,
per haps sat by a tent in Big Sur, Cal i for nia, we can pick a star and imag ine
a world around it, cal cu late its ex pected tem per a ture, even its ex pected
weather. Whether or not we ever use this in for ma tion prac ti cally to colonise
worlds in this so lar sys tem or oth ers, we have al ready tran scended the lim i‐ 
ta tions of this planet. Per haps our at mo spheric gi ant will be only the first of
many that we come to know very well – or per haps not.

 
I hope that over the course of this book I have con vinced you of a few
things. First, that at mo spheric sci ence has a his tory as long and no ble as any
other field of re search. Like many sci ences it can trace its roots back to an‐ 
tiq uity, though it is re ally in the Re nais sance and the Early Mod ern pe riod
that it came into its own. It has strong con nec tions with chem istry, physics,
and ge ol ogy, and some of the great est sci en tists in his tory have con trib uted
to our knowl edge. Equally, there have been a num ber of fig ures who made
cru cial con tri bu tions that should be bet ter known. Peo ple like the jan i tor-
turned-aca demic James Croll, Eu nice Foote, dis cov erer of the in su lat ing
prop er ties of CO2, and the wide-eyed farm-boy William Fer rel. Sim i larly,
im por tant de vel op ments were made away from tra di tional West ern
academia by in di vid u als such as Shen Kuo and Wasaburo Ooishi. This is a
global sci ence, far more than just re cent de vel op ments in nu mer i cal weather
pre dic tion and cli mate sci ence in West ern uni ver si ties. In the ta pes try of
world knowl edge, study of the at mos phere is a thread that weaves through
the fab ric, densely in some places, sparsely in oth ers, of hu man his tory.



Sec ond, at mo spheric sci ence did not de velop smoothly. As with all sci‐ 
ence, it is based on data, and this data only be came avail able in fits and
bursts. Orig i nally, re searchers were lim ited to what they could per ceive
them selves with their senses and the writ ten ac counts of oth ers, but the de‐ 
vel op ment of key tech nolo gies al lowed for en tirely new per spec tives on the
at mos phere. First, the in ven tion of Vene tian glass in the years lead ing up to
the Re nais sance – along with other tech no log i cal ad vance ments – al lowed
for en clos ing small sam ples of the at mos phere, and the con struc tion of spe‐ 
cial ist sci en tific in stru ments. Our gi ant could now be mea sured and quan‐ 
tised. This was only pos si ble on small scales, how ever, lim ited by where a
sci en tist could take mea sure ments them selves. Then, the as cen dancy of Eu‐ 
ro pean colo nial em pires and the birth of proto-glob al i sa tion con cen trated
in for ma tion gath ered over large ar eas into cen tralised or gan i sa tions. At first
these were mil i tary or com mer cial, such as the East In dia Com pany, and
later they in cluded of fi cial gov ern ment agen cies, in spired by Hum bold tian
sci ence. This process was con sid er ably ac cel er ated by the de vel op ment of
the tele graph (and later in ter net) and, by the twen ti eth cen tury, data col lec‐ 
tion was ad vanced enough to al low for ac cu rate pre dic tions of what the at‐ 
mos phere would do in the near fu ture. New tech nolo gies such as gas-filled
bal loons and liq uid-fu elled rock ets then took our un der stand ing fur ther, al‐ 
low ing for a truly global per spec tive of weather, and the dis cov ery of im‐ 
mense fea tures in the at mos phere such as the po lar vor tices.

Per haps there is no bet ter ex am ple of these ar gu ments in minia ture than
James Glaisher. Com ing to the field of at mo spheric sci ence at a crit i cal time
in its by then al ready il lus tri ous his tory, he em braced the use of tech nol ogy.
He did so in the man ner of the age-old ex plorer, risk ing his own life to
reach new heights in the at mos phere. He did so in an in no va tive way, col lat‐ 
ing at mo spheric in for ma tion over a wide area near-in stan ta neously. He
paved the way for fu ture bal loon ists to dis cover the up per lay ers of our at‐ 
mos phere, and pro vided the data that en abled the first fore cast ing of our
weather. Yet these in di vid ual ac com plish ments were only made pos si ble by
the de vel op ment of tech nol ogy, it self only made pos si ble by the so cial and
eco nomic rev o lu tions of the eigh teenth and nine teenth cen turies. His most
last ing con tri bu tion, to the world of fore cast ing, was only en abled by the in‐ 
sti tu tional struc ture in which he op er ated. Glaisher, the in di vid ual, ac com‐ 
plished re mark able things, but those ac com plish ments were, to bor row a
phrase, bub bles on the tide of so ci ety.



Fi nally, I hope I have con vinced you that at mo spheric sci ence is es sen‐ 
tial. The in ven tion of an other tech nol ogy – the steam en gine – has forced us
to con front a new re al ity. Our at mos phere is chang ing, and we are re spon si‐ 
ble. Sci ence has shown us that the planet has been re ally quite dif fer ent in
the deep past, and that with con tin ued emis sions of car bon diox ide the cli‐ 
mate will shift away from the care ful bal ance of con di tions we evolved to
sur vive. How we avoid dev as tat ing changes in our cli mate is a ques tion not
just of at mo spheric sci ence – it in volves eco nom ics, so ci ol ogy, pol i tics, and
many other fields – but is a ques tion that ul ti mately be gins and ends with at‐ 
mo spheric sci ence. With out de tailed knowl edge of how the planet will re‐ 
spond to changes in at mo spheric com po si tion, it is im pos si ble to plot a
course of ac tion out of our sit u a tion. Rather like Cap tain Robert FitzRoy,
we find our selves in treach er ous wa ters, but we do have our in stru ments,
and we know how to use them. Granted, there are still many unan swered
ques tions, many un cer tain ties in our cur rent knowl edge, but we have a
pretty good idea of what to ex pect if we do noth ing. The mirac u lous, beau ti‐ 
ful, com plex at mos phere that cur rently sus tains us could erase so ci ety as we
know it in a mat ter of cen turies, if not decades. That may sound like hy per‐ 
bole, but un for tu nately it is not. The sci ence in di cates our sit u a tion is grave,
and grow ing worse with ev ery pass ing year of in suf fi cient ac tion. For tu‐ 
nately, we have cen turies of ac cu mu lated knowl edge at our dis posal. We
have thou sands of pas sion ate sci en tists still build ing on that knowl edge. It is
ul ti mately down to this gen er a tion, in clud ing you read ing this book right
now, to take our knowl edge of the gi ant and act upon it.

We can not as sume that an other gi ant will take us in, and shield us from
the cos mos. Hu mans al ready have one, happy to keep us safe and warm, fed
and wa tered. In re turn, we must now use the col lected knowl edge of the
past 500 years to keep it on our side.

We’ve had our time to ap pre ci ate the beauty here. Now we must pro tect
it.



END NOTES

Chap ter 1: Idea
1 R. Holmes, Fall ing Up wards: How We Took to the Air, Lon don: William Collins,

2013.
2 J. Glaisher, Trav els in the Air, Lon don: Bent ley, 1871.
3 H. Zin szer, ‘Me te o ro log i cal Mile posts’, Sci en tific Monthly, vol. 58, no. 4 (1944).
4 G. Wain wright, The Sky Re li gion in Egypt, Cam bridge: Cam bridge Uni ver sity Press,

1938.
5 R. Wilkin son, The Com plete Gods and God desses of An cient Egypt, Lon don:

Thames & Hud son, 2003.
6 G. Hell mann, ‘The Dawn of Me te o rol ogy’, Quar terly Jour nal of the Royal Me te o‐ 

rol ogy So ci ety, vol. 34, no. 148 (1908).
7 H. Frisinger, The His tory of Me tere ol ogy: To 1800, New York: Sci ence His tory Pub‐ 

li ca tions, 1977.
8 ibid.
9 H. Frisinger, ‘Aris to tle and his “Me te o ro log ica” ’, Bul letin of the Amer i can Me te o ro‐ 

log i cal So ci ety, vol. 53, no. 7 (1972), pp. 634–8.
10 A. Gre gory, Eu reka! The Birth of Sci ence, Lon don: Icon Books, 2001.
11 W. Napier Shaw, Man ual of Me te o rol ogy, Cam bridge: Cam bridge Uni ver sity Press, 1926.
12 S. Ras mussen, ‘Ad vances in 13th Cen tury Glass Man u fac tur ing and their Ef fect on Chem i cal

Progress’, Bul letin for the His tory of Chem istry, vol. 33, no. 1 (2008), pp. 28–34.
13 H.C. Bolton, Evo lu tion of the Ther mome ter 1592–1743, Eas ton, PA: The Chem i cal

Pub lish ing Co., 1900.
14 C. Huy gens, Oeu vres com pletes de Chris ti aan Huy gens pub liees par la So‐ 

ci ete Hol landaise des Sci ences, The Hague, 1893.
15 D. Fahren heit, ‘Ex per i menta et ob ser va tiones de con ge la tione aquae in vacuo fac tae’, Philo‐ 

soph i cal Trans ac tions of the Royal So ci ety, vol. 33 (1724), pp. 78–89.



16 A. Alexan der, In fin i tes i mal: How a Dan ger ous Math e mat i cal The ory
Shaped the Mod ern World, Lon don: Oneworld Pub li ca tions, 2014.

17 J. West, ‘Tor ri celli and the Ocean of Air: The First Mea sure ment of Baro met ric Pres sure’,
Phys i ol ogy, vol. 28, no. 2 (2013), pp. 66–73.

Chap ter 2: Birth
1 Y. Yan, M. Ben der, E. Brook, H. Clif ford, P. Ke meny, A. Kur ba tov, S. Mackay, P. Mayewski, J.

Ng, J. Sver ing haus and J. Hig gins, ‘Two-mil lion-year-old Snap shots of At mo spheric Gases from
Antarc tic Ice’, Na ture, vol. 574 (2019), pp. 663–6.

2 K. Zahnle, L. Schae fer and B. Fe g ley, ‘Earth’s Ear li est At mos pheres’, Cold Spring Har bor
Per spec tives in Bi ol ogy, vol. 2, no. 10 (2010).

3 A. Zerkle and S. Mikhail, ‘The Geo bi o log i cal Ni tro gen Cy cle: From Mi crobes to the Man tle’,
Geo bi ol ogy, vol. 15, no. 3 (2017), pp. 343–52.

4 K. Tyrell, ‘Old est Fos sils Ever Found Show Life on Earth Be gan Be fore 3.5 Bil lion Years Ago’,
Uni ver sity of Wis con sin-Madi son, 18 De cem ber 2017. [On line: avail able at
https://news.wisc.edu/old est-fos sils-found-show-life-be gan-be fore-3-5-bil lion-years-ago/ (ac‐ 
cessed 2 No vem ber 2020).]

5 H. Hol land, ‘The Oxy gena tion of the At mos phere and Oceans’, Philo soph i cal Trans ac‐ 
tions of the Royal So ci ety of Lon don B: Bi o log i cal Sci ences, vol. 361, no.
1470 (2006), pp. 903–15.

6 B. Schirrmeis ter, J. de Vos, A. An tonelli and H. Bagheri, ‘Evo lu tion of mul ti cel lu lar ity co in cided
with in creased di ver si fi ca tion of cyanobac te ria and the Great Ox i da tion Event’, Pro ceed ings
of the Na tional Acad emy of Sci ences of the United States of Amer ica, vol.
110, no. 5, (2013) pp. 1791–6.

7 R. Berner and Z. Kothavala, ‘Geo carb III: A Re vised Model of At mo spheric CO2 over Phanero‐ 

zoic Time’, Amer i can Jour nal of Sci ence, vol. 301, no. 2 (2001), pp. 182–204.
8 D. Royer, R. Berner, I. Mon tañez, N. Ta bor and D. Beer ling, ‘CO2 as a Pri mary Driver of

Phanero zoic Cli mate’, GSA To day, vol. 14, no. 3 (2004).
9 B. Gold stein, ‘Ibn Muʿādh’s Trea tise on Twi light and the Height of the At mos phere’, Ar chive

for His tory of Ex act Sci ences, vol. 17, no. 2 (1977), pp. 97–118.
10 JAXA, ‘Re search on Bal loons to Float over 50 km Al ti tude’, In sti tute of Space and As tro nau ti cal

Sci ence, 2008. [On line: avail able at http://www.isas.jaxa.jp/e/spe cial/2003/ya m agami/03.shtml
(ac cessed 18 No vem ber 2020).]

11 M. Lehman, Robert H. God dard: Pi o neer of Space Re search, New York: Da
Capo Press, 1988.

12 W. von Braun, ‘Rec ol lec tions of Child hood: Early Ex pe ri ences in Rock etry as Told by Wer ner
Von Braun 1963’. [On line: avail able at https://web.ar chive.org/web/20090212140739/http://his‐ 
tory.msfc.nasa.gov/von braun/rec ol lect-child hood.html (ac cessed 12 July 2020).]

13 M. Neufeld, Von Braun: Dreamer of Space, En gi neer of War, New York: A.A.
Knopf, 2007.



14 S. Ram sey, Tools of War: His tory of Weapons in Early Mod ern Times, Delhi:
Vij Books, 2016.

15 M.J. Neufeld, The Rocket and the Re ich: Peen emünde and the Com ing of the
Bal lis tic Mis sile Era, New York: The Free Press, 1995.

16 N. Best, R. Havens and H. LaGow, ‘Pres sure and Tem per a ture of the At mos phere to 120 km’,
Phys i cal Re view, vol. 71, no. 12 (1947), pp. 915–16.

17 N. Best, R. Havens and H. LaGow, ‘Pres sure and Tem per a ture of the At mos phere to 120km’,
Phys i cal Re view (1947), pp. 915–16.

18 F.A. Lin de mann and G.M.B. Dob son, ‘A The ory of Me te ors, and the Den sity and Tem per a ture of
the Outer At mos phere to which it Leads’, Pro ceed ings of the Royal So ci ety of Lon‐ 
don. Se ries A, Con tain ing Pa pers of a Math e mat i cal and Phys i cal Char‐ 
ac ter, vol. 102, no. 717 (1923), pp. 411–37.

19 F. Götz, A. Meetham and G. Dob son, ‘The Ver ti cal Dis tri bu tion of Ozone in the At mos phere’,
Pro ceed ings of the Royal So ci ety of Lon don. Se ries A, Con tain ing Pa‐ 
pers of a Math e mat i cal and Phys i cal Char ac ter, vol. 145, no. 855 (1934), pp.
416–46.

Chap ter 3: Wind
1 Uni ver sity of War wick, ‘5400mph Winds Dis cov ered Hurtling Around Planet Out side So lar Sys‐ 

tem’, 13 No vem ber 2015. [on line: avail able at https://war wick.ac.uk/newsande vents/press re‐ 
leases/5400mph_wind s_dis cov ered/ (ac cessed 4 Au gust 2021).]

2 D. De foe, The Storm, Lon don, 1704.
3 M. Walker, His tory of the Me te o ro log i cal Of fice, Cam bridge: Cam bridge Uni ver sity

Press, 2012.
4 ‘William C. Red field 1789–1857’, Weath er wise, vol. 22, no. 6 (1969), pp. 225–62.
5 C. Abbe, ‘Mem oir of William Fer rel: 1817–1891’, Cam bridge, 1892.
6 W. Fer rel, ‘On the Ef fect of the Sun and Moon Upon the Ro ta tory Mo tion of the Earth’, As tro‐ 

nom i cal Jour nal, vol. 3 (1853).
7 W. Fer rel, ‘An Es say on the Winds and Cur rents of the Oceans’, Nash ville Jour nal of

Medicine and Surgery, 1856.
8 W. Fer rel, ‘The In flu ence of the Earth’s Ro ta tion Upon the Rel a tive Mo tion of Bod ies Near its

Sur face’, As tro nom i cal Jour nal, vol. 5, no. 109 (1858), pp. 97–100.
9 M. Buys-Bal lot, ‘Note sur le rap port de l’in ten sité et de la di rec tion du vent avec les écarts si mul‐ 

tanés du baromètre’, Académie des sci ences (France) Comptes ren dus heb do‐ 
madaires, vol. 45 (1857), pp. 765–8.

Chap ter 4: Fields



1 G. Val lis, At mo spheric and Oceanic Fluid Dy nam ics, Cam bridge: Cam bridge Uni‐ 
ver sity Press, 2006.

2 S. Blun dell and K. Blun dell, Con cepts in Ther mal Physics, Ox ford: Ox ford Uni ver sity
Press, 2010.

3 Y. Mat sumi and M. Kawasaki, ‘Pho tol y sis of At mo spheric Ozone in the Ul tra vi o let Re gion’,
Chem i cal Re view, vol. 103, no. 12 (2003), pp. 4767–82.

4 Global Ozone Re search and Mon i tor ing Project, ‘Sci en tific As sess ment of Ozone De ple tion:
2018’, WMO, 2018.

Chap ter 5: Trade
1 G. Cawk well, Philip of Mace don, Lon don: Faber & Faber, 1978.
2 D. So bel, Lon gi tude: The True Story of a Lone Ge nius Who Solved the

Great est Sci en tific Prob lem of His Time, Lon don: Harper Peren nial, 2011.
3 T. Woollings, Jet Stream: A Jour ney Through Our Chang ing Cli mate, Ox ford:

Ox ford Uni ver sity Press, 2019.
4 P. Frankopan, The Silk Roads, Lon don: Blooms bury, 2015.
5 A. Hop kins, Glob al iza tion in World His tory, New York: Nor ton, 2002.
6 G. Hadley, ‘Con cern ing the Cause of the Gen eral Trade Winds’, Philo soph i cal Trans ac‐ 

tions of the Royal So ci ety of Lon don, vol. 39, no. 437 (1735), pp. 58–62.
7 T. Woollings, Jet Stream: A Jour ney Through Our Chang ing Cli mate, Ox ford:

Ox ford Uni ver sity Press, 2019.
8 J. O’Con nor and E. Robert son, ‘Gas pard Gus tave de Cori o lis’, Mac Tu tor, July 2000. [On line:

avail able at https://mathshis tory.st-an drews.ac.uk/Bi ogra phies/Cori o lis/ (ac cessed 5 Oc to ber
2020).]

9 G. Cori o lis, ‘Sur les équa tions du mou ve ment re latif des sys tèmes de corps’, Jour nal de
l’École Royale Poly tech nique, vol. 15 (1835), pp. 144–54.

Chap ter 6: Dis tance
1 M. Kot tek, J. Grieser, C. Beck, B. Rudolf and F. Rubel, ‘World Map of the Köp pen-Geiger Cli‐ 

mate Clas si fi ca tion Up dated’, Me te o rol o gis che Zeit schrift, vol. 15, no. 3 (2006), pp.
259–63.

2 Staff mem bers of the De part ment of Me te o rol ogy, ‘On the Gen eral Cir cu la tion of the At mos phere
in Mid dle Lat i tudes’, Bul letin of the Amer i can Me te o ro log i cal So ci ety, vol. 28
(1947), pp. 255–80.

3 T. Woollings, Jet Stream: A Jour ney Through Our Chang ing Cli mate, Ox ford:
Ox ford Uni ver sity Press, 2019.

4 H. Seilkopf, ‘Mar itime Me te o rolo gie: Vol. 2’, in Hand buch der Fliegerwet terkunde,
Radet zke, 1939, p. 359.



5 J. Lewis, ‘Ooishi’s Ob ser va tion Viewed in the Con text of Jet Stream Dis cov ery’, Bul letin of
the Amer i can Me te o ro log i cal So ci ety, vol. 84, no. 3 (2003), pp. 357–70.

6 J. Lewis, ‘Ooishi’s Ob ser va tion Viewed in the Con text of Jet Stream Dis cov ery’, Bul letin of
the Amer i can Me te o ro log i cal So ci ety, vol. 84, no. 3 (2003), pp. 357–70.

7 T. Woollings, Jet Stream: A Jour ney Through Our Chang ing Cli mate, Ox ford:
Ox ford Uni ver sity Press, 2019.

8 UK Met Of fice, ‘What is Sa ha ran Dust?’ [On line: avail able at https://www.metof‐ 
fice.gov.uk/weather/learn-about/weather/types-of-weather/wind/sa ha ran-dust (ac cessed 20 July
2021).]

9 J.M. Wal lace and P.V. Hobbs, At mo spheric Sci ence: An In tro duc tory Sur vey, Aca‐ 
demic Press, 2006.

10 K. Singh, I Shall Not Hear the Nightin gale, New York: Grove Press, 1959.
11 L. Ah man, R. Kanth, S. Par vaze and S. Mahdi, Ex per i men tal Agrom e te o rol ogy: A

Prac ti cal Man ual, Cham, Switzer land: Springer, 2017.
12 W. Dal rym ple, The An ar chy: The Re lent less Rise of the East In dia Com pany,

New York: Blooms bury Pub lish ing, 2019.
13 J. Hickel, ‘How Britain Stole $45 Tril lion from In dia’, 19 De cem ber 2018. [On line: avail able at

https://www.al jazeera.com/opin ions/2018/12/19/how-britain-stole-45-tril lion-from-in dia/ (ac‐ 
cessed 18 Oc to ber 2020).]

14 M. Davis, Late Vic to rian Holo causts: El Niño Famines and the Mak ing of
the Third World, Lon don: Verso, 2000.

15 B. Fa gan, Floods, Famines, and Em per ors, Lon don: Pim lico, 2000.
16 ibid.
17 J. Bjerk nes, ‘At mo spheric Tele con nec tions from the Equa to rial Pa cific’, Monthly Weather

Re view, vol. 97, no. 3 (1969), pp. 163–72.
18 C. Wang, C. Deser, J.-Y. Yu, P. DiNezio and A. Clement, ‘El Niño and South ern Os cil la tion

(ENSO): A Re view’, in Coral Reefs of the East ern Pa cific, Springer Sci ence, (2016)
pp. 85–106.

19 C. Ro pelewski and M. Halpert, ‘Global and Re gional Scale Pre cip i ta tion Pat terns As so ci ated
with the El Niño/South ern Os cil la tion’, Monthly Weather Re view, vol. 115 (1987), pp.
1606–26.

20 K. Ku mar, B. Ra jagopalan, M. Ho er ling, G. Bates and M. Cane, ‘Un rav el ing the Mys tery of In‐ 
dian Mon soon Fail ure Dur ing El Niño’, Sci ence, vol. 314, no. 5796 (2006), pp. 115–19.

21 B. Fa gan, Floods, Famines, and Em per ors, Lon don: Pim lico, 2000.

Chap ter 7: Fore cast
1 NOAA, ‘Hur ri canes: Fre quently Asked Ques tions’, 1 June 2021. [On line: avail able at

https://www.aoml.noaa.gov/hrd-faq/] (ac cessed 20 July 2021).
2 Na tional Hur ri cane Cen ter, ‘Hur ri cane Elena Pre lim i nary Re port’, Na tional Oceanic and At mo‐ 

spheric Ad min is tra tion, Mi ami, 1985.



3 T. Fort, Un der the Weather, Cen tury, 2006.
4 K. Teague and N. Gal lic chio, The Evo lu tion of Me te o rol ogy: A Look in the Past,

Present, and Fu ture of Weather Fore cast ing, Ox ford: Wi ley, 2017.
5 A. Wulf, The In ven tion of Na ture: Alexan der von Hum boldt’s New World,

New York: Knopf, 2015.
6 P. Moore, The Weather Ex per i ment: The Pi o neers Who Sought to See the

Fu ture, Lon don: Chatto & Win dus, 2015.
7 M. Walker, His tory of the Me te o ro log i cal Of fice, Cam bridge: Cam bridge Uni ver sity

Press, 2012.
8 ibid.
9 ibid.
10 UK Par lia ment, ‘The Witch craft Act’, 1735.
11 K. Teague and N. Gal lic chio, The Evo lu tion of Me te o rol ogy: A Look in the Past,

Present, and Fu ture of Weather Fore cast ing, Ox ford: Wi ley, 2017.
12 G. Val lis, At mo spheric and Oceanic Fluid Dy nam ics, Cam bridge: Cam bridge Uni‐ 

ver sity Press, 2006.
13 R. Fried man, Ap pro pri at ing the Weather: Vil helm Bjerk nes and the Con‐ 

struc tion of a Mod ern Me te o rol ogy, Ithaca, NY: Cor nell Uni ver sity Press, 2018.
14 J. Flem ing, In vent ing At mo spheric Sci ence: Bjerk nes, Rossby, Wexler, and

the Foun da tions of Mod ern Me te o rol ogy, Cam bridge, MA: MIT Press, 2016.
15 J.M. Wal lace and P.V. Hobbs, At mo spheric Sci ence: An In tro duc tory Sur vey, Aca‐ 

demic Press, 2006.
16 UK Met Of fice, ‘Global Ac cu racy at a Lo cal Level’. [On line: avail able at https://www.metof‐ 

fice.gov.uk/about-us/what/ac cu racy-and-trust/how-ac cu rate-are-our-pub lic-fore casts (ac cessed 20
July 2021).]

17 L. Richard son, Weather Pre dic tion by Nu mer i cal Process, Cam bridge: Cam bridge
Uni ver sity Press, 1922.

18 P. Ed wards, A Vast Ma chine: Com puter Mod els, Cli mate Data, and the Pol‐ 
i tics of Global Warm ing, Cam bridge, MA: MIT Press, 2010.

19 S. Stro gatz, Non lin ear Dy nam ics and Chaos: With Ap pli ca tions to Physics,
Bi ol ogy, Chem istry, and En gi neer ing, Boul der, CO: West view Press, 2015.

20 E. Lorenz, The Essence of Chaos, Lon don: UCL Press, 1993.
21 E. Lorenz, ‘De ter min is tic Non pe ri odic Flow’, Jour nal of the At mo spheric Sci ences,

vol. 20, no. 2 (1963), pp. 130–41.
22 C. Dan forth, ‘Chaos in an At mos phere Hang ing on a Wall’, 2013. [On line: avail able at

http://mpe.di macs.rut gers.edu/2013/03/17/chaos-in-an-at mos phere-hang ing-on-a-wall/ (ac cessed
7 Oc to ber 2020).]

23 UK Met Of fice, ‘Global Ac cu racy at a Lo cal Level’. [On line: avail able at https://www.metof‐ 
fice.gov.uk/about-us/what/ac cu racy-and-trust/how-ac cu rate-are-our-pub lic-fore casts (ac cessed 20
July 2021).]



Chap ter 8: Vor tex
1 AON, ‘Global Catas tro phe Re cap’, 2018.
2 CBS Chicago, ‘It’s Of fi cial, Chicago Is Colder than Parts of the Arc tic, Yukon, and Mars’, 30

Jan u ary 2019. [On line: avail able at https://chicago.cb slo cal.com/2019/01/30/chicago-deep-
freeze-colder-than-arc tic-yukon-mars-siberia-mount-ever est/ (ac cessed 20 No vem ber 2020).]

3 F. Whip ple, ‘The Prop a ga tion of Sound to Great Dis tances’, Quar terly Jour nal of the
Royal Me te o ro log i cal So ci ety, vol. 61, no. 261 (1935).

4 C. Choi, ‘Strange But True: Earth Is Not Round’, Sci en tific Amer i can, 12 April 2007. [On‐ 
line: avail able at https://www.sci en tifi camer i can.com/ar ti cle/earth-is-not-round/ (ac cessed 20 No‐ 
vem ber 2020).]

5 T. Yarwood and F. Cas tle, Phys i cal and Math e mat i cal Ta bles, Lon don: Macmil lan,
1970.

6 D.G. An drews, J.R. Holton and C.B. Leovy, Mid dle At mos phere Dy nam ics, Lon don:
Aca demic Press, 1987.

7 G.M. Dun na van and J.W. Dierks, ‘An Anal y sis of Su per Ty phoon Tip’, Monthly Weather
Re view, vol. 108, no. 11 (1980), pp. 1915–23.

8 R. Scher hag, ‘Die ex plo sion sar ti gen Stratosphären er wär mungen des Spät-win ters 1951/52’, Ber.
Deut. Wet ter dieuste, vol. 6 (1952), pp. 51–63.

9 M. McIn tyre and T. Palmer, ‘Break ing Plan e tary Waves in the Strato sphere’, Na ture, vol. 305
(1983), pp. 593–600.

10 M. Bald win and T. Dunker ton, ‘Prop a ga tion of the Arc tic Os cil la tion from the Strato sphere to the
Tro po sphere’, Jour nal of Geo phys i cal Re search At mos pheres, vol. 104, no. 24
(1999), pp. 30937–46.

11 D. Stephen son, H. Wan ner, S. Brön ni mann and J. Luter bacher, ‘The His tory of Sci en tific Re‐ 
search on the North At lantic Os cil la tion’, in The North At lantic Os cil la tion: Cli‐ 
matic Sig nif i cance and En vi ron men tal Im pact, Amer i can Geo phys i cal Union,
2003, pp. 37–50.

12 M.P. Bald win, D.B. Stephen son, D.W. Thomp son, T.J. Dunker ton, A.J. Charl ton and A. O’Neill,
‘Strato spheric Mem ory and Skill of Ex tended-Range Weather Fore casts’, Sci ence, vol. 301,
no. 5633 (2003), pp. 636–40.

Chap ter 9: Change
1 J. Need ham, Sci ence and Civil i sa tion in China: Vol ume 3, Math e mat ics and

the Sci ences of the Heav ens and the Earth, Taipei: Caves Books, 1986.
2 A. Alexan der, In fin i tes i mal: How a Dan ger ous Math e mat i cal The ory

Shaped the Mod ern World, Lon don: Oneworld Pub li ca tions, 2014.
3 ‘James Hut ton: Fa ther of Mod ern Ge ol ogy 1726–1797’, Na ture, vol. 119 (1927), p. 582.
4 G. Davies, ‘Early Dis cov er ers XXVI: An other For got ten Pi o neer of the Glacial The ory, James



Hut ton (1726–97)’, Jour nal of Glaciol ogy, vol. 7, no. 49 (1968), pp. 115–16.
5 E. Evans, ‘The Au thor ship of the Glacial The ory’, The North Amer i can Re view, vol.

145 (1887), pp. 94–7.
6 T. Krüger, Dis cov er ing the Ice Ages: In ter na tional Re cep tion and Con se‐ 

quences for a His tor i cal Un der stand ing of Cli mate, Lei den: Brill, 2013.
7 D. Waltham, Lucky Planet: Why Earth is Ex cep tional – and What That

Means for Life in the Uni verse, Lon don: Icon Books, 2014.
8 ibid.
9 A. Cho dos, ‘March 21, 1768: Birth of Jean-Bap tiste Joseph Fourier’, Amer i can Phys i cal So ci ety,

March 2010. [On line: avail able at https://www.aps.org/pub li ca tions/ap snews/201003/physic shis‐ 
tory.cfm (ac cessed 20 No vem ber 2020).]

10 S. Blun dell and K. Blun dell, Con cepts in Ther mal Physics, Ox ford: Ox ford Uni ver sity
Press, 2010.

11 F. Arago, Bi ogra phies of Dis tin guished Sci en tific Men, Bos ton, 1857.
12 S. Weart, The Dis cov ery of Global Warm ing, Cam bridge, MA: Har vard Uni ver sity

Press, 2008.
13 E. Foote, ‘Cir cum stances Af fect ing the Heat of the Sun’s Rays’, The Amer i can Jour nal

of Sci ence and Arts, vol. 22 (1856), pp. 382–3.
14 Smith so nian In sti tu tion Ar chives, ‘An Act to Es tab lish the “Smith so nian In sti tu tion”, for the In‐ 

crease and Dif fu sion of Knowl edge Among Men’. [On line: avail able at
https://siarchives.si.edu/col lec tions/siris_sic_4026 (ac cessed 20 No vem ber 2020).]

15 J. Golin ski, ‘En light en ment Sci ence’, in The Ox ford Il lus trated His tory of Sci ence,
Ox ford, Ox ford Uni ver sity Press, 2017, pp. 180–212.

16 J.M. Wal lace and P.V. Hobbs, At mo spheric Sci ence: An In tro duc tory Sur vey, Aca‐ 
demic Press, 2006.

17 A. Horvitz, S. Stephens, M. Helfert, G. Goodge, K.T. Red mond, K. Pomeroy and E. Kurdy, ‘A
Na tional Tem per a ture Record at Loma, Mon tana’, in 12th Sym po sium on Me te o ro log i‐ 
cal Ob ser va tions and In stru men ta tion, Long Beach, CA, 2003.

18 N. Ekholm, ‘On the Vari a tions of the Cli mate of the Ge o log i cal and His tor i cal Past and their
Causes’, Quar terly Jour nal of the Royal Me te o ro log i cal So ci ety, vol. 27
(1901).

19 J. Shakun, P. Clark, F. He, S. Mar cott, A. Mix, Z. Liu, B. Otto-Blies ner, A. Schmit tner and E.
Bard, ‘Global Warm ing Pre ceded by In creas ing Car bon Diox ide Con cen tra tions dur ing the Last
Deglacia tion’, Na ture, vol. 484 (2012), pp. 49–54.

20 J. Neu mann, ‘Cli matic Change as a Topic in the Clas si cal Greek and Ro man lit er a ture’, Cli‐ 
matic Change, vol. 7 (1985), pp. 441–54.

21 A. Wulf, The In ven tion of Na ture: Alexan der von Hum boldt’s New World,
New York: Knopf, 2015.

22 R. Krul wich, ‘The Fan tas ti cally Strange Ori gin of Most Coal on Earth’, Na tional Ge o‐ 
graphic, 7 Jan u ary 2016. [On line: avail able at https://www.na tion al geo graphic.com/sci ence/
ar ti cle/the-fan tas ti cally-strange-ori gin-of-most-coal-on-earth/ (ac cessed 9 No vem ber 2020).]



23 P. Ward and J. Kirschvink, A New His tory of Life, Lon don: Blooms bury, 2016.
24 K. Davids and C. Davids, Re li gion, Tech nol ogy, and the Great and Lit tle Di ver‐ 

gences: China and Eu rope Com pared, c. 700–1800, Lei den, Brill, 2012.
25 M. Csele, ‘The New comen Steam En gine’. [On line: avail able at http://www.tech nol ogy.ni a‐ 

garac.on.ca/peo ple/mc sele/in ter est/the-new comen-steam-en gine/ (ac cessed 9 No vem ber 2020).]
26 E. Roll, An Early Ex per i ment in In dus trial Or gan i sa tion: Be ing a His tory

of the Firm of Boul ton & Watt, 1775–1805, Long mans, Green and Co., 1930.
27 P. Ack royd, Lon don: The Bi og ra phy, Lon don: Chatto & Win dus, 2000.
28 S. Weart, The Dis cov ery of Global Warm ing, Cam bridge, MA: Har vard Uni ver sity

Press, 2008.
29 S. Ar rhe nius, ‘On the In flu ence of Car bonic Acid in the Air upon the Tem per a ture of the

Ground’, The Lon don, Ed in burgh, and Dublin Philo soph i cal Mag a zine and
Jour nal of Sci ence, vol. 41, no. 5 (1896), pp. 237–76.

30 S. Ar rhe nius, Worlds in the Mak ing, Leipzig: Aca demic Pub lish ing House, 1908.
31 R. Kun zig and W. Broecker, Fix ing Cli mate: The Story of Cli mate Sci ence – and

How to Stop Global Warm ing, Lon don: Sort Of Books, 2008.
32 D. Har ris, ‘Charles David Keel ing and the Story of At mo spheric CO2 Mea sure ments’, An a lyt i‐ 

cal Chem istry, vol. 82, no. 19 (2010), pp. 7865–70.
33 Con ser va tion Foun da tion, ‘Im pli ca tions of Ris ing Car bon Diox ide Con tent of the At mos phere’,

New York, 1963.
34 Na tional Acad emy of Sci ences, Com mit tee on At mo spheric Sci ences Panel on Weather and Cli‐ 

mate Mod i fi ca tion, ‘Weather and Cli mate Mod i fi ca tion: Prob lems and Prospects’, Wash ing ton,
DC, 1966.

35 M. Kovenock and A. Swann, ‘Leaf Trait Ac cli ma tion Am pli fies Sim u lated Cli mate Warm ing in
Re sponse to El e vated Car bon Diox ide’, Global Bio geo chem i cal Cy cles, vol. 32, no. 10
(2018), pp. 1437–48.

36 M. Mann, The Hockey Stick and the Cli mate Wars, New York: Co lum bia Uni ver sity
Press, 2014.

37 S. Weart, The Dis cov ery of Global Warm ing, Cam bridge, MA: Har vard Uni ver sity
Press, 2008.

38 N. Oreskes and E. Con way, Mer chants of Doubt: How a Hand ful of Sci en tists
Ob scured the Truth on Is sues from To bacco Smoke to Global Warm ing,
New York: Blooms bury Press, 2010.

39 GIS TEMP Team, ‘GISS Sur face Tem per a ture Anal y sis (GIS TEMP) Ver sion 4’, NASA God dard
In sti tute for Space Stud ies, 2020. [On line: avail able at https://data.giss.nasa.gov/gis temp/ (ac‐ 
cessed 11 No vem ber 2020).]

40 D. Wal lace-Wells, The Un in hab it able Earth: A Story of the Fu ture, Lon don: Pen‐ 
guin, 2019.

41 Royal Me te o ro log i cal So ci ety, ‘The Pliocene: The Last Time Earth had >400 ppm of At mo‐ 
spheric CO2’, Lon don, 2019.

42 J. Tollef son, ‘How Hot Will Earth Get By 2100?’, Na ture, 22 April 2020. [On line: avail able at



https://www.na ture.com/ar ti cles/d41586-020-01125-x (ac cessed 12 No vem ber 2020).]
43 REN21, ‘Re new ables 2020 Global Sta tus Re port’, Paris, 2020.

Epi logue: Fam ily
1 NASA Ex o planet Sci ence In sti tute, ‘NASA Ex o planet Ar chive’, 2020. [On line: avail able at

https://ex o plan etarchive.ipac.cal tech.edu/cgi-bin/TblView/nph-tblView?app=Ex oT bls&con‐ 
fig=PS (ac cessed 23 No vem ber 2020).]

2 D. Arm strong, E. Mooij, J. Barstow, H. Os born, J. Blake and N.F. Saniee, ‘Vari abil ity in the At‐ 
mos phere of the Hot Gi ant Planet HAT-P-7 b’, Na ture As tron omy, vol. 1 (2017).

3 J. Yang, N. Cowan and D. Ab bot, ‘Sta bi liz ing Cloud Feed back Dra mat i cally Ex pands the Hab it‐ 
able Zone of Tidally Locked Plan ets’, The As tro phys i cal Jour nal Let ters, vol. 771, no.
2 (2013).



AC KNOWL EDGE MENTS

This book would not have been pos si ble with out the help of a great many
peo ple. Thanks in par tic u lar must go to Dr Ryan Kemp and Dr Nicholas
Cole for some very help ful ini tial con ver sa tions, and to Dr Han nah Wake‐ 
ford for her feed back on ex o plan e tary at mos pheres. Thank you also to Pro‐ 
fes sors Mark Bald win and David Stephen son, my PhD su per vi sors, for giv‐ 
ing me the op por tu nity to im merse my self in geo phys i cal fluid dy nam ics,
and to Pro fes sor Les ley Gray for mak ing my PhD po si tion pos si ble.

The book was writ ten dur ing the 2020 global pan demic, and was in fact
de layed be cause I caught coro n avirus. As such, thanks must go to Ian Wong
and Huw Arm strong at Hod der & Stoughton and Chris Well belove at
Aitken Alexan der for their con tin ued pa tience with me. Per haps as they had
noth ing bet ter to do dur ing lock down, I also very grate fully re ceived com‐ 
ments on the man u script from Char lotte Con nelly, Claire Beazely, Shamini
Bun dell, Ali Jen nings, Emily Bates, Si mon Lee, Ro hin Fran cis, David
Arnold, and Tom Dowl ing that were ex tremely help ful.

I would be re miss to not also men tion my on line com mu nity, on
YouTube, Twitch, and Dis cord, for giv ing me the op por tu nity to write this
book. Your un end ing sup port for my work mo ti vates me ev ery sin gle day,
and I hope this end prod uct jus ti fies the rel a tive lack of videos in 2020. To
the ad mins and mods in par tic u lar, thank you so much for all that you do.
All hail Claude.

Works that were par tic u larly use ful in the writ ing of this book in clude Jet
Stream by Tim Woollings, Lucky Planet by David Waltham, Don’t Even
Think About It by George Mar shall, His tory of the Me te o ro log i cal Of fice by
Mal colm Walker, Con cepts in Ther mal Physics by Stephen Blun dell and
Kather ine Blun dell, and The Un in hab it able Earth by David Wal lace-Wells.



Any piece of non-fic tion is only as good as the re search ma te rial avail able,
and I had the plea sure of an ex ten sive lit er a ture to draw from. Please re fer
to the bib li og ra phy for a com plete list. In par tic u lar, if you found the math e‐ 
mat i cal part of this book in ter est ing, I highly rec om mend At mo spheric Sci‐ 
ence: An In tro duc tory Sur vey by John M. Wal lace and Pe ter Hobbs, and Es‐ 
sen tials of At mo spheric and Oceanic Dy nam ics by Ge off Val lis for fur ther
read ing.

Fi nally, this book would not have been pos si ble with out the un end ing
sup port of my soon-to-be wife Olivia. I apol o gise that I spent many months
holed up in my of fice even more than usual, and made you en dure in nu mer‐ 
able tit bits of in for ma tion from my re search when I did emerge. I hope the
end re sult was worth it.



GLOS SARY

Air par cel: a hy po thet i cal ob ject used in at mo spheric physics, this is a chunk of at mos phere ther‐ 
mally iso lated from its en vi ron ment such that no heat can flow in or out

Arc tic Os cil la tion: the prin ci pal way in which at mo spheric pres sure varies in the north ern
hemi sphere, ef fec tively a see-saw pat tern be tween the Arc tic and the At lantic/Pa cific Ocean
basins

Barom e ter: a de vice used to mea sure at mo spheric pres sure
Black body ra di a tion: elec tro mag netic ra di a tion emit ted by all ob jects in the uni verse, the

quan tity be ing pro por tional to the fourth power of the ob ject’s tem per a ture
Cli mate: the long-term av er age of at mo spheric con di tions such as tem per a ture and chem i cal con‐ 

cen tra tions
Cli mate change: large-scale long-term shifts in cli mate
Cori o lis ac cel er a tion: the hor i zon tal ac cel er a tion ex pe ri enced by ob jects mov ing on a ro tat‐ 

ing sphere, this de flects ob jects east ward when mov ing pole ward
East erly wind: wind that comes from the east, flow ing to wards the west
Elec tro mag netic ra di a tion: waves in the elec tro mag netic field car ry ing en ergy. Ex am ples

in clude vis i ble light, in frared ra di a tion, and ul tra vi o let light
El Niño: an ape ri odic cur rent of warm wa ter off the west coast of South Amer ica
Eötvös ac cel er a tion: the ver ti cal ac cel er a tion ex pe ri enced by ob jects mov ing on a ro tat ing

sphere, this de flects ob jects ra di ally out ward (i.e. re duc ing the grav ity they ex pe ri ence) when
mov ing east

Ex o sphere: the out er most layer of the at mos phere, be tween around 600 km and 10,000 km above
the sur face

Front: a bound ary sep a rat ing sec tions of the at mos phere with no tably dif fer ent con di tions
Geo corona: the wisp-like top of the Earth’s at mos phere, trail ing be hind the planet hav ing been

stripped away by so lar ra di a tion
Ge o strophic wind: the flow of air re sult ing from a bal ance of pres sure gra di ent forces and

Cori o lis ac cel er a tion
Global warm ing: the in crease in global av er age tem per a ture caused by in creased car bon diox‐ 

ide con cen tra tions in the at mos phere



Green house ef fect: the trap ping of heat in the Earth’s at mos phere by nat u ral and an thro‐ 
pogenic com pounds that ab sorb long wave lengths of elec tro mag netic ra di a tion

Hadley cell: the large-scale over turn ing cir cu la tion in the Earth’s trop ics
Heat ca pac ity: how much en ergy (in joules) a kilo gram of a given sub stance re quires for it to

in crease in tem per a ture by one kelvin
Ion i sa tion: the process of a mol e cule or atom gain ing an elec tric charge by gain ing or los ing

elec trons
IPCC: In ter gov ern men tal Panel on Cli mate Change
Jet stream: a thin band of fast-mov ing air
Kár mán line: the of fi cial start of space, 100 km above the Earth’s sur face
Keel ing Curve: the record of at mo spheric CO2 con cen tra tion started in 1958 by Charles Keel‐ 

ing
Lapse rate: the rate at which air de creases in tem per a ture with al ti tude – the tropopause is de‐ 

fined as hav ing a pos i tive lapse rate, while the strato sphere has a neg a tive lapse rate (note the neg‐ 
a tive built into the def i ni tion)

Meso sphere: also known as the ig noro sphere, the layer in the at mos phere be tween 50 km and 80
km above the sur face, home to the au rora and not much else

Me te o rol ogy: the study of the at mos phere, mostly fo cus ing on short-term phe nom ena and their
pre dic tion

North At lantic Os cil la tion: the see-saw of at mo spheric pres sure be tween the Azores and
Ice land

Ozone: tri atomic oxy gen, three oxy gen atoms stuck to gether, com monly found in the strato sphere
and very good at ab sorb ing ul tra vi o let light

Pa le o cli mate: Earth’s cli mate in the deep past
Pho tol y sis: the process of mol e cules be ing split apart by high-en ergy ra di a tion
Po lar vor tex: the cy clonic cir cu la tion of air around the po lar win ter time strato sphere
Proto-glob al i sa tion: a pe riod roughly be tween 1600 and 1800 that saw in creased in ter na tional

trade and coloni sa tion, and de vel op ment of large in ter na tional cor po ra tions
Sound ing: mul ti ple mea sure ments of the at mos phere at the same lo ca tion but dif fer ent heights

above the sur face
South ern Os cil la tion: the see-saw pat tern of at mo spheric pres sure be tween the Pa cific and

In dian Oceans
Static sta bil ity: the prop erty of an at mos phere with a neg a tive lapse rate, such that tem per a ture

in creases with al ti tude, pre vent ing large-scale ver ti cal mo tion
Strato sphere: the sec ond layer of the at mos phere, from around 10 km to 50 km above the sur‐ 

face
Sub trop i cal high: an area of high pres sure just north and south of the equa tor
Sud den strato spheric warm ing (SSW): the vi o lent, mid-win ter de struc tion of the

strato spheric po lar vor tex due to anoma lous wave ac tiv ity, as so ci ated with large lo cal tem per a ture
in creases

Ther mal wind: the ver ti cal wind shear caused by a hor i zon tal tem per a ture gra di ent, a com bi na‐ 
tion of ge o strophic bal ance in the hor i zon tal and ge o strophic bal ance in the ver ti cal



Ther mome ter: a de vice that mea sures the ab so lute tem per a ture of an ob ject on a uni ver sal scale
Ther mo scope: a de vice that al lows for the rel a tive tem per a tures of two ob jects to be es tab‐ 

lished, i.e. if one is warmer or colder than the other
Ther mo sphere: the penul ti mate layer of the Earth’s at mos phere, from around 80 km to 600 km

above the sur face
Trade wind: per sis tent wind from east to west just north and south of the equa tor
Tropopause: the bound ary be tween the tro po sphere and strato sphere
Tro po sphere: the bot tom-most layer of the at mos phere, from the sur face to ap prox i mately 10

km in al ti tude
Wave length: char ac ter is tic of all waves, the dis tance be tween one wave crest and an other
Weather: short-term vari a tions in at mo spheric con di tions, such as tem per a ture, hu mid ity or wind
West erly wind: wind that comes from the west, flow ing to wards the east
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