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Preface

My father fought in both World Wars. In 1915, aged 16 he joined
the British Navy, serving on HMS Orion. Training in communica-
tions, he ultimately took the surrender of the German Fleet, pass-
ing the terms of surrender to the German High Command (Fig. 1).
During the Second World War, my father served in the merchant
fleet and took part in the evacuation of Dunkirk. The science
of meteorology took off during the First World War, because it
became understood that the weather was a key variable in win-
ning battles. There were obvious patterns, such as the “lowering
of the sky” ahead of a rain, but the term front had yet to be coined,
except outside the unpleasant confines of the Trenches. Changes
in wind direction and cloud cover were noted as rain bands came
and went as well as the turning of the seasons (Fig. 1).

However, it wasn’t until the late nineteenth century before
much of the underlying science was known and not until the
1920s that our understanding of frontal boundaries emerged. Later
still, in the 1930s and 1940s the jet streams were discovered and
the driving force behind much of the movement of our weather
became apparent. My father taught me the nature of frontal sys-
tems that he had learnt while at sea, along with the names of all
of the clouds. However, the idea that other planets might have
weather was still in its infancy.

Until the Soviet Venera probes landed on Venus, it was
thought rather likely Venus was a rather pleasant tropical world.
That Venus could experience a runaway greenhouse effect, driven
by carbon dioxide, was simply not understood. John Tyndall may
have done the first experiments with various gases as early as
1850, but the implications of such discoveries were not realized
until much later. Indeed, the idea that altering the concentration
of greenhouse gases can have an impact on terrestrial climate is
still rather contentious in some circles.

vii
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Fic. 1 The original transcript of the terms of surrender of the German fleet
in 1918, taken by my father David Stevenson. My father rather mischie-
vously kept a copy of the transcript he recorded to be passed onto the fleet
admiral. In amongst the tragedy of the First World War, and in large part
because of it, the science of meteorology really took off. Respective Navies
and fledgling air forces needed to know how the weather would impact
their activities

We are at a point that we have gathered a lot of data on the
atmospheres of the planets in our solar system and are beginning
to gather information on planets hundreds or thousands of light
years away. Through a greater understanding of our planet, we can
see how the climate of other planets is affected by the composi-
tion of their atmosphere; the influence of their parent star and
the proximity of such worlds to their stars. Take Kepler 452b, for
example. This world is a fairly good match for the Earth a bil-
lion years into our future. As its Sun-like star slowly advances its
years, Kepler 452b is being stranded on the hot side of its star’s
habitable zone. Our observations of this world will paint a more
accurate picture of how our world will eventually find its habit-
ability coming to an end.

Meteorology is a broad physical science, but this breadth is
its strength. It encompasses simple, generic observational skills,
through to complex mathematical modeling of fluids. Models are
best tested by comparison with observation and it often turns out
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that simple observations can provide some very useful truths. In
Chap. 1 I describe a workable model for predicting winter weather
in the UK several months in advance. This is testable, which is the
hallmark of good science. However, it can be underpinned by solid
mathematics, something I could with brushing up on.

I've arranged the chapters in increasingly hierarchical but
overlapping structures that provide clear links between phenom-
ena on all the worlds described. Lightning is introduced in Chap.
4, but links to all of the subsequent chapters (bar Mars) on the
worlds of our solar system. The greenhouse effect emerges in
Chap. 3 then links to the others, while terrestrial monsoons are
described in Chap. 2 before linking through to the climate of Mars
and extrasolar worlds. Hopefully, this approach provides clear
links and shows the interconnectedness of the underlying science.

Meteorology and climate science are truly fascinating aspects
of planetary science where we humble earthlings get to experience
firsthand how the physics of other worlds plays out.

Nottingham, UK David S. Stevenson


http://dx.doi.org/10.1007/978-3-319-25679-5_1
http://dx.doi.org/10.1007/978-3-319-25679-5_4
http://dx.doi.org/10.1007/978-3-319-25679-5_3
http://dx.doi.org/10.1007/978-3-319-25679-5_2

X1

Contents
1. What We Know About the Weather on Earth ................. 1

Why Do We Have Weather? ...........cccooveiiiviiiiiieiiicee

The Highs and Lows of Meteorology ..........cccevvvveivennnnnn.

Wind Direction: Waterwheels and a Suspect Tale

from the Front.......ccooiieiiiiiiiiiies e 4

The Vertical Structure of the Earth’s Atmosphere.......... 10
The Language of War-Fronts ..........ccccceeevvveeeeiieeeeneeennee. 15
The Jet Stream .....ccooovvviieiiiieciie e 19

Rotation, Rotation, Rotation..........ccceevviiiiieniiiiiiiiiininnnnnn. 24

ROSSDY WaVES .....oviiiiiiiiiiieceeeee e 25

Other Jets That Drive Terrestrial Weather.................... 34

How the Jet Stream Brought a Sting

to the Bergen Frontal Model...........cccooeviiiiiiiiiiiien 40
Fastnet...oooooeeiieeeeeeeeee e 40
The New Zealand Bomb...........ccccooivviiiiiiiiiiieeeie 42,
The 1993 US SUPEIStOrM ....veevveevieiiiieiieeieeiie e 42
The Tropics: A Quick Guide......cccooooveiviiiiiiiiieien. 44

INtErCONNECLIONS .uuuniiiiiie et 47

CONCIUSIONS. ...uviiiiiieiii et 53

REfErences .....uoovviiiiiiiceieece e 54

2. Climate Oscillations in Space and Time......................... 55

INETOAUCHION ..ot 55

The Present MONSOOMN.........ocvieeriieeriieeeieeeereeenreeeeaee e 56

Shifting Continents, Shifting Climate............c.ccccveeneenee. 59

Probing the Past Asian MONSOOMN .........c...coevveeeveeeenveeannne. 60



Xii

Contents

Milankovié Cycles: Astronomical Influences

on Terrestrial Climate ........ccooevvvvieiiiieiiieeieeee e, 64
The Death of the Tethys and the Birth of the Sahara..... 66
Pangean MONSOOMNS .........euvvevverreerererreererereeerreeereeereeeeeeeeee. 68
Problematic Children: El Nifio and La Nina................... 70
The Future East Asian Monsoon Under the Cloud
of Global Dimming...........cccceeevviieeiiieeiieeeeee e 79
How Global Dimming Caused Geopolitical Chaos
in the Dark AZeS ......coveviiiiiiiiieie et 85
CONCIUSIONS. ....uviiiiiciieiieeeece e 90
REfErenCes ..vvviiiiiiiciiiieiie e 90
Tales of Mass Destruction...............ccccceevveevevieeenerenneenne. 91
INtrOdUCEION ...vvviiiiiciiiec e 91
Global Greenhouses: Eocene, Permian
and ANthrOPOCENE. .....ccvvieiieiiieiieee e 91
The Eocene Climate Maximum............ccceeeeveeeenveeennne.. 92,
A Bad Day in the Permian...........cccccooevviiveieeeiincenn, 96
The Human Factor........ccccoevviiiiiiiieieece e 104
Anthropogenic Global Warming...........cccccceevvevirennnn. 105
DiSSEIISION .. 105
Drifting Hurricanes Amid a Changing Climate........... 118
Endemic Misunderstandings ..........ccoocvevveereeeneenneennnnnnn. 119
The Medieval Tepid Period and the Luke-Warm
Little ICE AZE..uuvveiiieieiie e 120
The Effect of Global Climate Catastrophes on Life..... 123
AN Tey FUtUTEZ. ..o 129
Visions of Hell: Terrestrial Snowballs and Fireballs....... 133
Snowballs and Slushballs .............cccoeeiiiiiiiiiic, 134
Raindrops Keep Falling on My Head:
The Controversial Climate of the Early Earth............. 139
Parallel Lives: The Formation of the Earth
ANA VENUS ...t 142
The Last IcEhOUSE .......ooovviiiiiiieeiiieceeee e, 149
The Rise of AMasia.........ccoevvviieeiiieeiiiiiieeeeeee e, 150
Geo-Engineering the FUture ..........cccooeveeevieiecie e 154
Conclusions: The Big Picture........ccccceevveeeviieeeiiiieeneeenen. 156

RELETEIICES .ot 158



Contents

4. Weird Weather...............occooieviiiiiniiiiiieeceeeee e
INtrOAUCHION ...viiiiiiieciiie e
Strange Lights from Thunderstorms.............cccoceevvrennnen..
Earthlights or Headlights? ............ooooveiiiiiiiiiiee
Fata Morgana or Something Else?........c...cccoeevviiinnennnne.
Earthquake Clouds and Lights .......cccccovevieiiiienieeiees
Sprites, Jets and Other Luminous Atmospheric
Phenomena........cceeovuiiieiiiieeiieeeiie e
Gamma Ray Bursts on Earth..........ccccooooiiiiiiiiiiii,
SKY QUAKES.....ccuvviieeiieieiiee e
The Red Rains of Kerala .........ccccoeveviiiiiiiiiciiiciiceiee,
FIying Spiders......cccvevieiiieiieeiieciieeieeeie et
CONCIUSIONS. ...cuviiiiiieiiicii ettt
REfErences .....uoovviiiiiiicciecceeeee e

The Venusian Day.........ccooovviiiiiiiiiiiciiee e
A Noxious Vision of Hell ...........ccooeeiiiiiiiiiiiiiciee
The Structure of the Venusian Atmosphere....................
No Layer but Yes, Ozone Around Venus......................
The Edge of SPace .....cceevvveiieiiieieeeee e
Changes to Wind Speed at Venus.........cc.ccceevveeenveeennnnnn.
SNOW 0N VeNUS? ...ooiiiiiiiiiiiiiiiii
Lightning on VENUS..........ccooviiiiiieieiieecieeeiee e
Why Does Venus Have So Much More
Carbon Dioxide than the Earth? ..........ccccocooiiiiiiinnnnee.
Constructing a Dry Planet.........cccooeveviienieiiiienieeeees
Life in HellZ oo
Future Venus: The Earth and Venus, Twins
(@ I Uo ] ¢ ST PP PPUPPPRPPPPNt
CONCIUSIONS. ...uvieiiieiiccie e
REfErenCes .....uvvvviiiiiiicciieecceee e

6. The Wispy Weather of Mars................cccoeeeviiiiiiinnennnee.
INErOAUCEION wovviiiiiiiieieeee e
The Structure and Formation of the Martian
AtMOSPRETE ...oviiiiiiieiii e

xiii

212
212
218



Xiv

Contents

Dust Devils, Tornadoes and the Other Whirling

Winds of Earth and Mars .........ccccceeeeveiiiiieiiiieeceeieeee, 240
AUTOTA it 248
Mystery Clouds Across the Southern, Morning
TerMINAtOr ...oevvviiiiee e e e e e e 252
Martian OZONE . ....veeeeeeieeiiiiiiiiiiee e ee e e e e e e e eervaeaans 255
Martian Methane: Mars not Dead, Yet......cc..cccooeuvee.. 256
The Lingering Death of Mars.........ccccooovviieviiieennieennnen. 259
FUuture MAars ..o 268
CONCIUSIONS. ....couviiiciii et 270
REFEIENCES ... 272
The Gas GIaNtS ............ooooviviiiiiiiiiie e, 273
INtrOdUCEION ..vvviiiiiiiiiee e 273
The Structure of the Giants ...........cccceeevvviieiiiieiieeene, 273
The Color of Giant Planets in the Solar System.............. 277
Belts and Braces: The Bands and Storms of Jupiter......... 282
Great Red Spot and Other Vortices..........cccveeeeuveeeneeenne.. 285
Derechos and the Storm That Ate Itself.......................... 290
The Polar HEXAZOMNS ....cccvvieiieeiiieiieeieeeiie et 302
Ice Fall from the Rings........ccocoovvviiioiiiiiiicieeeee e, 304
Io’s Electrifying Connection to Jupiter ...........cccceeevuveennee. 305
Is Mighty Jupiter Losing Any Atmosphere? .................... 309
CONCIUSIONS. ....couviieiiie e 310
REFEIENCES ... 310
The Ice GIANtS.........cccoooeiiiiiiiiiiiiieeeeeceeeeeeeee e, 311
INtrOAUCEION ..oveiiiiiiciieccee e 311
Inside the Ice GiantsS........cccceeeveiiiieieiiiiececceee e, 312
The Structure of Uranus and Neptune’s
AtMOSPRETES ...oiiviiiiiiiece e 314
S@ASOIIS ..evvviiiiiieeeeieiiiiiieiee e e e e e ee et e e e e eeeeerararneeeeeeaaanenes 320
Dark SPOLS ..c..eieiieiiieieee e 322
The Twisted Tale of Ammonium Metal.......................... 323
ConClUSIONS. .....eiiiiiiiiiiecieee e 327

RELETEIICES .o 328



9.

10.

Contents

Ice Dwarves: Titan, Triton and Pluto..............................
INtrodUCtiON ....vviiiiiiiic e

General Structure of Titan’s Atmosphere ....................
The Weather Report for Titan.........cccceeeevveeeveeeenneeennen.
Microbursts and Aeolian Features on Titan.................
Titan’s Missing Vital Spark.........ccccooevieviiiiiiiiiinieeee,
The “Methanological” Cycle......cccooveviveciieniiiiies
Rt POISOM ...ttt
The Loss of Titan’s Atmosphere...........ccceeeevveeeereennee.
B 60 s DS PPRTRR
INETOAUCTION .t
Triton’s AtMOSPRETE......cccvvievviieiiieeciie e
What'’s the Weather Like? ..........ccoooeiiiiiiiiiiiiiiie

Pluto and Triton as Non-identical Twins.....................
COMICIUSIOTIS e
RELETEIICES e

Tales of Other Worlds ...............c.ooooiiiiiiiiiiie

INETOAUCHION ..eiviieiiieiicee e
Exoplanets by the Bucket..........ccccooooviiiiiiiiiiiiiie
The Climate of Tidally-Locked Planets:
Assumptions and Expectations..............ccceeevuveeeneennen.
The Structure of the Atmosphere of Jupiter-Like
Worlds: Too Hot, Too Cold, or Just-Right....................
The Mystery of Super-Rotation ...........ccceeeeeevveeeneeennn.
Tidally-Locked Earths and Super-Earths:
Towards A Realistic Planetary Model .............ccceenee.n.
Earth-Like but not Tidally-Locked .............cccocovveennn.n.
Tipped Over Worlds.........ccooviiiiiiiiiiiiiiiiieeeeee

Atmospheric Gravity Waves ........ccccceevvevieeiiienieeieeniens
Atmospheric gravity waves and Earthquakes..............
Weather, Unbound: Brown Dwarfs, Stars,
Galaxies and Galaxy Clusters.......cccoevvevieeiienieenienne
Solar Wind and Stellar Gales..........ccceevvevieeciienieennene,

350



xvi Contents

GalactiC WIILAS. ..o 424

Cold Fronts in Galaxy ClUSters .........c.cccceevvveeeeeinneeennn. 425
CONCIUSIONS . .ottt 427
RELETEIICES e 428
GLOSSATY ..o 431



|. What We Know About the
Weather on Earth

Why Do We Have Weather?

Weather is such a ubiquitous part of our lives that most of us take
it completely for granted. Yet it controls nearly every aspect of
our life, from our route to and from work to the food we eat and
more. The weather is the talking point for the random meeting, or
the casual chat on the Metro. The weather is something that we
all have an opinion on; most notably the accuracy, or perceived
lack-thereof, of TV weather forecasts, or the dress sense of their
presenters. Yet, most have little understanding of why weather
happens at all.

Weather, for all its daily and geographical complexity, can be
broken down to one simple statement: it is the transfer of energy
from one area to another. Weather is a manifestation of our parent
star’s inability to heat the Earth's surface evenly. A round, three
dimensional planet is notoriously difficult to deliver energy to in
any kind of even-handed manner. Areas under more direct sun-
light, such as at the equator, warm most strongly as heating is
more intense when the Sun is overhead. This is simply because
the energy is delivered to a smaller surface area than if it were
illuminated at an angle.

Worse still, the presence of an atmosphere ensures that energy
from our star is diluted or diverted on its multimillion kilometer
passage from star to planet. Much of the energy is reflected by
clouds or particles in the air, or absorbed by elements and com-
pounds that swirl within it (Fig. 1.1).

If the Earth were more like our Moon, with little or no atmo-
sphere, then the daytime temperatures would soar to nearly
175 °C, while at night we would languish at -125 °C: a range of
300 °C. The atmosphere cushions the rise and fall of temperature,

© Springer International Publishing Switzerland 2016 1
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A: Light striking a planet’s
surface where the Sun is
overhead delivers its energy
over a small area.

Closer to the poles, the same
packet of energy is spread
out by the curvature of the
planet so that it covers a
much larger area than at the
equator.

B: The depth of air energy
passes through is proportional
to the latitude. The further
away from the equator (or
wherever the Sun is overhead)
the less energy reaches the
surface. Closer to a planet’s
poles much less energy reaches
the surface  because of
scattering or absorption of
energy by dust, gases and
clouds.

Fic. 1.1 The effect of the curvature of a planet and any atmosphere on the
amount of heating different parts of its surface will experience. Were the
Earth a pancake facing directly into the sunlight all of it would be heated
to the same extent and weather, although it would exist, would be pro-
foundly dull. (a) Light striking a planet’s surface where the Sun is over-
head delivers its energy over a small area. Closer to the poles, the same
packet of energy is spread out by the curvature of the planet so that it
covers a much larger area than at the equator. (b) The depth of air energy
passes through is proportional to the latitude. The further away from
the equator (or wherever the Sun is overhead) the less energy reaches the
surface. Closer to a planet’s poles much less energy reaches the surface
because of scattering or absorption of energy by dust, gases and clouds

in part by absorbing and retaining some of the Sun’s energy, but
also by effectively transporting it from place to place. This transfer
of energy we call wind.

On any object with significant gravity energy can be trans-
ported vertically from the bottom to the top of the atmosphere
by convection. Advection is the transport of energy from place
to place in a (roughly) horizontal direction. This can happen in
response to convection pulling and pushing air around or, more
directly, in response to temperature differences and the spin of
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our planet. On the Earth, convection dominates the transport of
energy at the hottest and (in our case) most equatorial regions,
but is prevalent elsewhere where conditions are suitable, partic-
ularly in the summer months when heating is strongest. By con-
trast, advection dominates energy transport between the tropics
and the poles.

The Highs and Lows of Meteorology

Where air rises, it exerts less pressure on the underlying layers
or the surface: this creates an area of lower pressure that draws
in air from the surroundings. Where the air is moist, clouds can
form and precipitation falls. Essentially: what goes up must
come down. Otherwise, when air is sufficiently cold and dense,
it descends under its own weight. As it falls it compresses the
air underneath, generating an area of higher pressure—an anti-
cyclone—and warms somewhat as it compresses under its own
weight. In addition, pressure will rise and fall if it is forced to do
so. Pressure falls where air is forced to rise over hills and moun-
tains, and conversely in the extreme environs of tornadoes and
hurricanes, as the air circulates rapidly around the central low
pressure core, inflowing air cannot keep pace with the air that
is being sucked out of the storm’s top. Some air then is forced to
descend inside the center of the storm: the eye of the hurricane
in particular is a region of descending, warming air that breathes
a brief window of calm in the otherwise violent storm.

In addition to this simple relationship overall, warm air exerts
a higher pressure than colder air. Thus, if you move vertically in
a column of warm air pressure falls more slowly with height than
if you are moving upwards through a column of cold air. This has
some interesting effects. Over Siberia (and North America) dur-
ing the winter, the air becomes extremely cold. This generates an
intense area of high pressure over Siberia. Yet, if you rise above
3000 m the high pressure area has been replaced by a finger-shaped
area of low pressure—a trough. Conversely, Scandinavia is com-
monly the location of what is known as blocking anticyclones.
These are areas of high pressure, with a warm core, which extend
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through the full height of the troposphere. Although the air may
be very cold at the surface, you don’t have to travel far upwards
to encounter air that is much warmer than you would expect for
that latitude and altitude in the winter. Blocking anticyclones are
also common over the North Pacific in the winter, particularly in
La Nina years, and over the same region in the summer of El Nifio
years (Chap. 2). It is the presence of the core of warm and relatively
high pressure air that makes these atmospheric features so stub-
bornly difficult to move. Indeed, the current climatic tribulations
taking Alaska and California by force, are largely down to the per-
sistence of a blocking anticyclone over the northern Pacific; this
is one block that has lasted, with only minor interruptions, for
several years.

Likewise, low pressure areas tend to become colder with
height. The major low pressure areas of the mid and high latitudes
develop cold cores as they deepen. However, in the summer, and
over the Tropics, many low pressure areas, including hurricanes,
are warm-cored throughout. Within these thermal lows pressure is
low at the surface but soon morphs into an area of high pressure at
greater heights, due to warmer air exerting a higher pressure than
cold air.

Wind Direction: Waterwheels and a Suspect
Tale from the Front

Air flow on any rotating planet is driven by two opposing forces:
pressure and spin. Pressure is the simplest to understand. Air
of lower pressure effectively draws air into it from regions with
higher pressure. Strictly speaking a force is exerted by the high
pressure air, which directs gases towards the regions with lower
pressure. This is the pressure force. Intimately linked to this idea
is temperature: air of a higher temperature has a higher pressure.
There are three fundamental gas laws describing this relationship
of pressure, temperature, volume and amount of gas. Boyle’s Law
dictates that the volume of gas increases as the pressure decreases:
gas under higher pressure has a smaller volume, if you keep the
temperature and mass of gas the same. Charles’ Law requires that
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the volume of gas increases as the temperature increases. And
Avogadro’s Law tells us that equal volumes of all gases, at the same
temperature and pressure, have the same number of molecules: for
a given mass of an ideal gas, the volume and amount (moles) of the
gas are directly proportional if the temperature and pressure are
constant. Together, these laws guide much of modern science and
are integral to our understanding of how atmospheres work.

Charles’s law, incidentally, is often misattributed as Gay-
Lussac’s Law, as it was published in 1802 by the French chemist,
Joseph Louis Gay-Lussac. However, the publication followed a
century after from the work of Guillaume Amontons and Jacque
Charles, whose work Gay-Lussac extended. Amonton’s work lan-
guished for a century before Gay-Lussac revamped it, along with
many unpublished results from Charles. Gay-Lussac’s triumph lay
in the use of individual gases, such as oxygen and nitrogen, unavail-
able in Amontons’s day and his ability to interpret, unite and extend
the work of Charles and Amontons, producing two of the three core
gas laws biologists, chemists and physicists use today.

If we look simply at pressure and temperature, particles of the
various gases that make up the air will exert a higher pressure at
a higher temperature because they move faster (they have greater
kinetic energy). Collisions between the particles and any surface
will, therefore, carry more energy and thus exert a greater force
than those in a colder and denser gas. Imagine a baseball hitting
a wall at 10 km per hour versus 80 km per hour. This idea has
important ramifications for the structure of the atmosphere as we
shall see later in this chapter.

Spin is a more complex concept. The Earth rotates on its axis
once per day. That means that a piece of soil at the equator has to
move at nearly 1700 km per hour to make a full rotation in this
interval. Conversely, standing at the Earth’s rotation poles, you
don't rotate at all (except slowly around your middle, of course).
That means that any stray packet of air trundling north or south
towards the poles will find itself, increasingly, moving faster than
the ground underneath; and this means that, relative to the sur-
face, it will steadily bend towards the east as it travels away from
the equator. Similarly, but in the opposite direction, air moving
from either pole towards the equator will curve towards the west
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0 km/h Eastwards

850km/h Eastwards

1,700km/h Eastwards

850km/h Eastwards

0 km/h Eastwards

Fic. 1.2 The effect of a spinning Earth on the movement of air to and
from the equator. Air moving away pole-wards is deflected eastwards
while air moving towards the equator moves to the west. Numbers indi-
cate the rate of rotation of the surface around the polar axis

because the ground underneath it is moving more swiftly towards
the east than it is (Fig. 1.2). A similar thing happens when a person
steps off a moving bus or train—their speed, doesn’t match that of
the ground underneath.

Known as the Coriolis Effect, this made its presence known
during the latter part of World War 1. In 1918, German troops
positioned a large gun 120 km to the northeast of Paris. The gun
was used to shell Paris from behind the German lines with the
aim of terrorizing the population rather than inflicting significant
damage. Because the distance was so far, the Earth’s rotation had
an impact on the shell’s trajectory; they reached higher than any
other projectiles up to that time, and their path was therefore sub-
ject to forces that had theretofore unaccounted for. Initially most
of the shells fell to the west of the French capital, because when
they began their journey they were moving eastwards at a slower
speed than Paris, which lay to the southwest and thus had further
to travel in its rotation around the Earth’s axis (Fig. 1.3).
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p: Gun Site
Paris '

-~ o

Fic. 1.3 The 1918 “Paris gun”. Shells were fired at Paris from 120 km
to the north-east of the capital. Shells curved to the west of the city as
a result of the Coriolis Effect (red arrow). The gunners soon corrected
for this and repeatedly shelled Paris. French map courtesy of Wikipedia
Commons

Unfortunately, after some tweaking of the trajectory, Paris
was positioned firmly in the gun’s sights and was shelled up to
20 times a day, killing 250 people. The “Paris Gun” was notable
for one other meteorological first. The gun fired the first man-
made object 42.3 km into the stratosphere; a feat not beaten
until Germany launched the infamous V2 rockets in 1944. The
sheer height of the trajectory combined with the distance brought
Gustav Coriolis’s effect into play.

Otherwise, the Coriolis Effect is mostly experienced by air or
liquids that are moving northwards or southwards on any rotating
body. Its discoverer, Gaspard-Gustave de Coriolis, first described
the Coriolis Effect while thinking about machinery. Coriolis
was interested in work, or more fully work done, a definition
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of energy: the ability of a force to move a mass over a distance.
He investigated “work” in relation to objects that were rotating,
in particular water wheels, which were very much in demand
to drive the hardware of the early industrial revolution. Coriolis
had no interest in the dynamics of the Earth’s atmosphere, or
indeed any planetary atmosphere, although the title of his 1832
paper was inadvertently suggestive of this: “On the equations
of relative motion of a system of bodies.” In this work Coriolis
detailed various forces which afflict rotating bodies, including
planets, but it would take nearly 70 years before Coriolis’ name
became clearly associated with the meteorological effect he inad-
vertently described.

The Coriolis Effect is proportional to the speed that the body
spins and its overall diameter. Thus a small planet has a weak
effect, as does a planet that rotates slowly. Therefore, both Mars
(small) and Venus (slow) have weak Coriolis Effects, while mighty
Jupiter, with its 17 h rotation has an effect much stronger (about
three times) than that found on the Earth.

This effect works at the surface and throughout the bulk of
the atmosphere. On the Earth hot air rises above the Equator (or
more precisely where the Sun is overhead) and sinks at the poles.
You might then expect a simple pattern of air flow from pole to
equator. Easterly winds would dominate the planet' because these
would be returning cold air from the poles towards the equator;
indeed, this pattern is evident on Venus (Chap. 5). However, this
is not seen in the Earth’s atmosphere, because the Coriolis Effect
prevents air from flowing in such a simple pattern. The issue is
the air rising above the equator. This air rises over 10 km through
the lowest layers of the atmosphere, until it hits a wall, called
the tropopause, the nature of which we shall return to later. At
the tropopause the air is diverted to the north and south and the
Coriolis Effect begins to work its magic.

! An interesting consequence of this would be that the Earth’s spin would decelerate. Winds would
be blowing in the opposite direction to its spin and thus exert a frictional force on its surface.



What We Know About the Weather on Earth 9

High above the band of rising air, air flows north and south.
The Coriolis force diverts this towards the east, in a westerly
flow. Initially, the winds move northeastwards or southeastwards
towards the pole, but by the time the air has reached roughly 30°
N or 30° S the air has been turned right angles to its original direc-
tion and flows strongly to the east. There is no further north or
south movement. Were this all that happened then the tropics
would be completely isolated from the poles and the only means
by which heat could be transported further north or south would
be via ocean currents. However, the planet has a trick to play
with this air. The air steadily cools as it initially rises near to the
equator. By the time it has traveled 30° north or south it is dense
enough to sink towards the ground once more. So down it falls
towards the ground in a steady stream, pouring over the Tropics of
Cancer and Capricorn. The planet’s steadiest belt of weather, the
dry Horse Latitudes, are created from this pattern, called Hadley
cells. Past the 30th parallel most of the air returns to the equa-
tor, while the rest streams northwards or southwards towards the
poles, entraining air from outside the Hadley cells.

Once more the Coriolis Effect comes into play as air moving
towards the North Pole is again bent towards the east, producing
the mid-latitude westerly winds. The southern hemisphere mirrors
this with the winds arcing round to form the roaring forties and
even more descriptively screaming fifties. The Coriolis Effect keeps
the air turning towards the east so once again it fails to reach either
pole and the atmosphere comes to the rescue. Cold air streaming
away from either pole, towards the west, collides with the westerly
belt and directs much of it upwards towards the tropopause.

Finally, after a fairly exhausting trip a portion streams
northwards (in the Northern Hemisphere) and southwards (in
the Southern Hemisphere) to reach the Polar Regions. The cir-
cuit completes when this now profoundly chilly air sinks under
its own weight towards the surface. From here the only way is
away from the pole to complete the loop, reuniting the air of our
planet in three great circulations between pole and equator. This
is illustrated in Fig. 1.4. It must be emphasized that this pattern is
broadly symmetrical around the equator, meaning that the same
overall pattern of air flow is seen in the Southern Hemisphere.
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FiG. 1.4 The general pattern of wind flow and pressure on the Earth in the
Northern Hemisphere. Geographical features such as oceans and moun-
tains strongly affect this generic pattern; as does the tilt of the Earth
throughout the seasons

The Vertical Structure of the Earth’s
Atmosphere

As well as horizontal transitions across the globe at different lat-
itudes, the atmosphere can be broken into different layers as it
increases in altitude. In each layer temperature and pressure vary
in predictable ways.

Extending through the first few kilometers of the atmosphere
is the region of densest and most turbulent air, known as the tro-
posphere. This is thickest (17 km) over the Tropics where the air is
warmest and exerts the greatest pressure. The depth of the tropo-
sphere decreases in a series of steps as you go further towards each
pole. Each step is marked by a current of fast moving air known
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as a jet stream (returned to later in this chapter). Thus, where as
above the equator the top of the troposphere is 17 km high, it is
only 10 km or so above the ground over Spain, the bulk of the
US and southern Australia. Even closer to the poles and it drops
even closer towards the surface, ultimately lying 7-8 km above
the ground at the Poles.

Throughout the troposphere temperatures fall as altitude
rises—indeed this is a defining feature of this layer. This can make
the air unstable and prone to convect. However, there is such vari-
ability in this region that simply describing it as a simple layer
would do it a great disservice. The troposphere is broken hori-
zontally into different regions that move under the influence of
pressure and the Coriolis Effect, leading to a very dynamic and
complex zone. Fortunately, as you go higher the complexities sub-
side and things become somewhat simpler to understand.

Above the troposphere lies the stratosphere. As the name
implies, air in this layer is stratified, displaying relatively little
vertical movement. The dividing line between the troposphere
and the stratosphere is a boundary called the tropopause. Here
temperatures stop falling with increasing altitude and begin to
rise. This change causes the air to stop convecting as from this
point upwards the air is warmer the higher you go. The reason the
temperatures rise is down to one gas: ozone. Ultraviolet light is
absorbed by oxygen, which is found in the form of a molecule (O,).
In this diatomic (two atom) form, the bonds can be broken and
then reassembled into ozone (O;). Ozone is superbly efficient at
absorbing ultraviolet light, particularly that in the range of longer
wavelengths closest to the visible part of the spectrum. It is these
wavelengths that are most harmful to life, thus ozone helps ensure
complex life can populate the solid surface of the Earth. Without
it, life would be confined to the ocean depths where UV is unable
to penetrate deeply (Fig. 1.5).

As you progress upwards through the atmosphere, the density
of gases steadily diminishes. The stratosphere begins where the
atmospheric pressure is approximately one fifth that found at the
surface (200-300 mb) and ends with a pressure less than one tenth
this value. Although very dense compared to the vacuum of space,
the air is so rarified that any living organism (for example a stray
microbe) would be rapidly freeze-dried.
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Fic. 1.5 The overall structure of the Earths Atmosphere. The different
layers are separated by white lines. The thickness of the troposphere var-
ies with latitude and is thickest nearest the equator. Jet streams (small,
blue circles) mark the position of the jumps. The red line indicates how
temperature changes with height. The temperature of the thermosphere
varies from 500 °C to over 1000 °C when the Sun is most active. Various
phenomena are indicated. Sprites, Elves and Blue Jets that are associated
with thunderstorms are described in Chap. 4

Above the ozone layer, the mesosphere begins and the tem-
perature falls once more from around zero Celsius to around
-100 °C. The air is very dry but does hold a small amount of
water vapor—just enough to form rare noctilucent clouds out of
water ice crystal. These form at an altitude of around 70-80 km,
predominantly in the early spring at the poles where the air is
coldest. Their frequency is increasing, which suggests that more
moisture is escaping through the stably stratified layer below
from the moist troposphere at the atmosphere’s base. This may be
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a sign that rising global temperatures (Chap. 2) are driving more
water vapor into the higher atmosphere.

As you ascend through the mesosphere the abundance of mol-
ecules falls as ultraviolet light and increasing amounts of x-rays and
gamma rays break them apart. Atomic oxygen, nitrogen, and the
molecule hydroxyl, which is unstable at the Earth’s surface, domi-
nate the composition of the gases in the mesosphere. Hydroxyl is
produced when water vapor is split by UV releasing hydrogen to
space. The left-over oxygen and hydrogen remain bound together,
but are ultimately split up at higher altitudes. The atmospheric
pressure is less than 1000th that at the surface making the meso-
sphere a fairly good analog for the atmosphere that rests on the
surface of Mars.

The mesosphereis also home to some enigmatic electrical phe-
nomena known as sprites, elves and tendrils. These microsecond
long features appear above some, but not all thunderstorms and
appear to form electrical connections between the turbulent tro-
posphere and the thermosphere above (see Chap. 4).

Additionally, the mesosphere is also the region where most
meteorites are vaporized. This leads to a regional enhancement in
the abundance of silicates and metals, particularly iron and nickel.
All told, the mesosphere is one of the atmosphere’s most inscru-
table regions. It is too high for balloons and jet craft to probe,
yet too low for satellites to sample. Measurements are always
taken remotely from the surface or from space and are as yet rela-
tively piecemeal in nature. Some of these recent observations are
described in Chap. 10.

Above 80 km in height, the temperature begins to rise once
more. Gases are increasingly ionized forming bands of rarified
gases at different heights. These ionized regions are important for
ground-based radio communication as they efficiently reflect elec-
tromagnetic waves to allow humans to communicate with one
another around the curved surface of the planet. These gases also
give this layer its name, the ionosphere. Technically, the iono-
sphere encompasses both the mesosphere and the ionized layer
above which we now call the thermosphere. Whereas the amount
of ionization is limited in the mesosphere, all of the gases are ion-
ized to varying extents in the thermosphere. Temperatures rise to
over 500 °C in this region. Not that you would feel it hot were you
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able to experience it: the concentration of gases is so low that you
would still freeze solid if out of the glare of the Sun. The maxi-
mum temperature can exceed 1000 °C when the Sun is active and
the Earth is subjected to the highest intensity of ultraviolet and
x-radiation.

Towards the top of the thermosphere you might bump into
passing orbiting craft, including the International Space Station
which orbits at 400 km altitude. As you went higher you would
enter the magnetosphere. In its regions above the equator the
Earth’s magnetic field guides the vapors and the solar wind into
warped donuts of plasma. Here the density of gas is trillions upon
trillions of times lower than the density found at the Earth’s sur-
face. It is effectively an extension of the near vacuum of space,
where hydrogen and helium pause on their way out into the Solar
Wind. The hydrogen comes mostly from the break-up of water
vapor that results from ultraviolet light splitting the molecule
up, while the helium comes from the Earth’s crust and interior.
Helium is synthesized by the radioactive decay of heavy ele-
ments, such as uranium, or was originally trapped there when the
Earth formed. In addition, small amounts of oxygen and nitrogen
are drawn outwards into space. This is partly as a result of their
entrapment within the flow of escaping hydrogen and helium,
something called hydrodynamic escape. Alternatively, oxygen and
nitrogen escape directly from the effect of ultraviolet light bom-
barding these gases and energizing them sufficiently to escape in
their own right.

This region where gases escape from the thermosphere to the
magnetosphere or the vacuum of space is known as the exosphere.
The exosphere is less of a region of atmosphere as much as it is a
transition from atmosphere to space. The density of gases isn’t so
much measurable in millibars rather in terms of individual parti-
cles per cubic centimeter. The only thing that would exert notice-
able pressure upon you would be the impact of a passing meteor or
a man-made satellite.

As far as weather and climate are concerned most of the
action occurs in the troposphere, with its upper surface, the tro-
popause, keeping a lid on most meteorological activity. However,
within the stratosphere and mesosphere, meteorological phenom-
ena do occur that are at least visible from, if not having a direct
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effect upon, the surface below. With our sortie of the atmosphere
complete we return to the troposphere to engage in some atmo-
spheric hand-to-hand combat. However, in Chap. 4 we will look
again at some of the more exotic atmospheric phenomena that stir
the layers above.

The Language of War-Fronts

During the First World War, and in it immediate aftermath, meteo-
rologists were trying to understand patterns within the flow of air
and the link to the weather in general. A group of scientists working
within the Bergen School of Meteorology harnessed the language
of the Great War to describe the observed patterns of temperature
and wind flow. The term “front” became established as a generic
term that described the boundary between two competing air
masses. In the Bergen scenario, known as the “Norwegian Cyclone
Model”, a low pressure first develops as a disturbance along the
so-called polar-front: this is the boundary between tropical air that
is moving pole-wards from the equator and polar air that is mov-
ing towards the equator. A wave develops along the polar front as
warm air nudges into it. Along this boundary, the overriding warm
air condenses as clouds and precipitation intensifies. As it does so
pressure falls along this portion of the boundary (Fig. 1.6).

To the rear of this surface feature, cold air begins to undercut
the warm air, again driving the warm air upwards as a second band
of precipitation develops. This region will become the cold front.
Between the two fronts is a region of warm air that has intruded
into the colder polar air: this is the warm sector. The idea of fronts
is most closely tied to Jacob Bjerknes at the Bergen School. Bjerknes
often referred to the warm front as the steering line, while the cold
front became known as the squall line (Fig. 1.7). Although these
terms are still often in use in the US they are generally not used
in Europe. Here, the terms cold and warm fronts have stuck and
most actively describe the changes in conditions associated with
the passage of each frontal boundary.

In the Bergen model, the low pressure moves along the frontal
zone as an intensifying wave. As it does so, the warm front advances
effectively at the same rate as the low pressure as a whole, while
the cold front progressively undercuts the warm air to the rear.
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Fic. 1.6 Idealized warm fronts. In the top diagram, the warm air advances
quickly and is unstable, meaning that it is able to rise by convection,
as well as rise because it is being forced over the wedge of colder air.
This “Ana warm front” brings extensive precipitation, a strong rise in
temperature and a significant change in wind direction. On occasion
thunderstorm cells may be embedded (grey). Above the “kata front” air
is descending from higher up in the atmosphere. This may be associ-
ated with frontal boundaries in the upper air. Descending air causes it
to warm and evaporate much of the cloud layer. Clouds are typically
more broken and precipitation lighter (more dispersed blue dots). Red,
blue and graded arrows indicate overall direction of air flow. The vertical
scale is exaggerated relative to the horizontal scale. The frontal surfaces
are typically only a few degrees to the horizontal

After anything from one to several days, the cold front advances
so far that it undercuts the warm front, forming an occluded front
(Fig. 1.8). The low pressure center, which is often referred to as an
extra-tropical cyclone, then typically becomes isolated within the
cold air to the rear of the cold front. Denied access to the energy
contained in the warm air, the low pressure progressively fills in
and decays.

The Bergen Model was based exclusively on surface observa-
tions of clouds, pressure, temperature and wind direction. There
was little access to data from greater elevations; therefore, the
link to processes happening further up in the atmosphere was not
understood. Nonetheless, the model has worked extremely well
and accurately describes the processes occurring in frontal low
pressure areas. For most scenarios involving the formation and
development of low pressure areas, the Bergen model works more
than adequately.



