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Foreword —wherewill it all end?

Quesera, serd
Whatever will bewill be
Thefuture's not ours to see

Que serd, serd

[(Jay Livingston and Ray Evans)]

The big problem with predicting the end of theworld isthat,
if proved right, there can be no basking in glory. This has
not, however, dissuaded armies of Cassandras from predict-
ing the demise of our planet or the human race, only to
expire themsel veswithout the opportunity to proclaim 'l told
you so'. To somewhat adapt the words of the great Mark
Twain, the death of our race has been greatly exaggerated.
The big question is, however, how long will this continue to
be the case?

In answer, it would be perfectly reasonable to say that of
course the world is going to end—in about five billion years
time when our Sun finally runs out of fuel and wells to
become a bloated red giant that burns the Earth to a cinder.
A fervent eschatologist, however, would undoubtedly contest
this, launching into an enthusiastic account of the many
alternative and imaginative ways in which our world and our
race might meet its end, of which disease, warfare, natural
catastrophe, and exotic physics experiments gonewrong are
but a selection. Given the current state of the planet you



might be forgiven for having second thoughtsfollowing such
a litany — perhaps, after al, wewill face 'doom soon' asJohn
Ledlie succinctly put itin hisbook The End of theWorld, rather
than 'doom deferred'. Against a background of accelerating
global warming, exploding population, and reborn super-
power militarism, it may indeed be more logical for us to
speculate that the human race's great adventure is about to
end, rather than persist far into the future and across the
vastness of galactic space.

Somewhat worryingly, Cambridge cosmologist Brandon
Carter has developed an argument that supports, probabilis-
tically, this very thesis. His 'doomsday argument' goes like
this. Assuming that our race grows and persistsfor millions or
even hillions of years, then those of us alive today must
belong to the infinitesimally small fraction of humans liv-
ing in the earliest light of our race's dawn. This, Carter
postulates, is statisticaly unlikely in the extreme. It is much
more probable that we are dive at the same time as, say,
10per cent of the human race. Thisisanother way of saying
that humans will cease to exist long before they have any
chance to spread across space in any numbersworth talking
about.

John Ledlie illustrates this argument along these lines.
Imagine your name isin a lottery draw, but you don't know
how many other namesthere are. You have reason to believe,
however, that there is a 50 per cent chance that the total
number is a thousand and an equal probability that the
total is ten. When the tickets are drawn, yoursis one of the
first three. Now, there can be few people who, in such



circumstances, would believe that the draw contained a
thousand rather than ten tickets.

If the doomsday argument is valid—and it has withstood
some pretty fierce attacks from a number of intellectual
heayweight--then  we may have only afew centuries' respite
before one Nemesis or another obliterates our race, our
planet, or both. Despite nearly a quarter of a century in the
'‘doom and disaster' business, however, | can't help being at
least a little optimistic. Wiping out 6 billion or more people
at astroke will not be easy, and many of the so-called 'end of
the world' scenarios are actualy no such thing, but would
simply result— at worst—in a severe fall in human numbers
and/or thereduction of our global, technological civilization
to something far simpler and more parochial — at least for a
time. Personaly, therefore, | am open-minded about what
Stephen Baxter calsin his recent novel Manifold Time the
'Carter Catastrophe'. There is no question that the human
race or its descendants must eventually succumb to oblivion,
but that time may yet be avery long way off indeed.

This might be a good point to look more carefully at just
what we understand by 'the end of theworld', and how | will
be treating the concept in this book. To my thinking, it may
be interpreted in four different ways (i) the wholesale
destruction of the planet and the race, which will certainly
occur if al the human eggs remain confined to our single
terrestrial basket when our Sun 'goes nova five billion years
hence; (ii) the loss of our planet to some catastrophe or
another, but the survival of at |east some elements of our race
on other worlds; (iii) the obliteration of the human race but



the survival of the planet, due perhaps to some virulent and
inescapable disease; and (iv) the end of theworld aswe know
it. It ison thisfinal scenario that | will be focusing here, and
the main thrust of this book will address global geophysical
events that have the potential to deal our race and our global
technological society a severe, if notlethal blow. Natural cata-
strophes on a scale mighty enough to bring to an end our
familiar world. | will not concern mysdlf with technological
threats such as those raised by advances in artificial intelli-
gence and robotics, genetic engineering, nano-technology,
and increasingly energetic high-energy physics experiments.
Neither will I addrescbarring global warming— attempts by
some of the human race to reduce its numbers through
nuclear, biological, or chemical warfare. Instead | want to
introduce you to some of the very worst that nature can
throw at us, either solely onits own account or with our help.

Although often benign, nature can be a terrible foe and
mankind hasfought a near-constant battle against the results
of its capriciousnescsevere floods and storms, devastating
earthquakes, and cataclysmic volcanic eruptions. So far, how-
ever, we have been quite fortunate, and our civilization has
grown and developed against a backdrop of relative climatic
and geological calm. The omens for the next century and
beyond are, however, far from encouraging. Dramatic risesin
temperature and sea level in coming decades induced by
greenhouse gases—in combination with ever-growing popu-
lations—will without doubt result in a huge increase in
the number and intensity of natural disasters. Counter-
intuitively, some parts of the planet may even end up getting



much colder and the UK, for example, could—in a century
or two—be freezing in Arctic conditions as the Gulf Stream
weakens. And what exactly happened to the predicted new
Ice Age anyway? Has the threat gone away with the onset
of anthropogenic (man-made) global warming or are the
glacierssimply biding their time?

Although rapid in geological terms, climate change is
a slow-onset event in comparison with the average human
lifespan, and to some extent at least its progress can be
measured and forecast. Much more unexpected and difficult
to predict are those geological events large enough to devas-
tate our entire society and which we have yet to experiencein
modern times. These can broadly be divided into extraterres-
trial and terrestrial phenomena. The former involve the
widely publicized threat to the planet arising from collisions
with comets or asteroids. Even a relatively small, one-
kilometre object striking the planet could be expected to
wipe out around a quarter of the Earth's population.

The potential for the Earth itself to do us serious harm is
less widely documented, but the threat of a major natural
catastrophe arising from the bubbling and creaking crust
beneath our feet isareal and serious one. Three epic events
await us that have occurred many times before in our
planet's prehistory, but which we have yet to experience in
historic time. The last volcanic super-eruption plunged the
planet into a bitter volcanic winter some 73,500 years ago,
while little more than 100,000 years ago gigantic waves
caused by a collapsing Hawaiian volcano mercilessy
pounded the entire coastline of the Pacific Ocean. Barely a



thousand years before the birth of Christ, and again during
the Dark Ages, much of eastern Europe and the Middle East
was battered by an earthquake storm that levelled once great
cities over an enormous area. Thereis no question that such
tectonic catastrophes will strike again in our future, but just
what will be their effect on our global, technology-based
society? How well wewill copeisdifficult to predict, but there
can be little doubt that for most of the inhabitants of Earth,
thingswill take a turnfor theworse.

Living on the most active body in the solar system, we must
aways keep in our minds that we exist and thrive only by
geological accident. As | will address in Chapter 4, recent
studies on human DNA have revealed that our race came
within a hair's breadth of extinction following the last super-
eruption 73,500 years ago, and if we had been around 65
million years ago when a ten-kilometre asteroid struck the
planet we would have vanished with the dinosaurs. We must
face the fact that, as long as we are all confined to a single
planet in a single solar system, the long-term survival of our
race is dways going to be tenuous. However powerful our
technologies become, aslong aswe remain in Earth's cradle
we will aways be dangerously exposed to nature's every vio-
lent whim. Even if we reject the ‘doom soon' scenario, it is
likely that our progressasa racewill be continually impeded
or knocked back by a succession of global natural cata-
strophes that will crop up at irregular intervals aslong as the
Earth exists and we upon it. While some of these events may
bring to an end the world as we know it, barring another
major asteroid or comet impact on the scale of the onewhich



killed the dinosaurs, the race is likely to survive and, gener-
dly, to advance. At some point in the future, therefore, we
will begin to move out into space—first to our sibling worlds
and then to the stars. I n the current inward-looking political
climate it isimpossible to say when a serious move into space
will happen, but happen it will and when it does the racewill
breathe a collectivesigh of relief. At last some of our eggswill
be in a different basket. What happens next is anyone's
guess. As this book will show, when it comes to geophysics,
what will be, will be.

Bill McGuire
Hampton, England
August 2001
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Danger: naturea work

are so used to seeing on our television screens

‘ /\ / the battered remains of cities pounded by earth-
quakes or the thousands of terrified refugees

escaping from yet another volcanic blast that they no longer
hold any surprise or fear for us, insulated as we are by dis
tance and a lack of true empathy. Although not entirely
immune to disaster themselves, the great majority of citi-
zens fortunate enough to live in prosperous Europe, North
America, or Oceania view great natural catastrophes as
ephemeral events that occur in strange lands far, far away.
Mildly interesting but only rarely impinging upon a daily
existence within which a murder in a popular soap opera or
awin by the local football team holdsfar more interest than
50,000 dead in a Venezuelan mudslide. Remarkably, such
an attitude even prevailsin regions of developed countries
that are also susceptible to volcanic eruptions and earth-
quakes. Talk to the citizens of Mammoth in California about
the threat of their local volcano exploding into life, or to
the inhabitants of Memphis, Tennessee, about prospects for
their city being levelled by a major quake, and they are
likely to shrug and point out that they have far more
immediate things to worry about. The only explanation is
that these people are in denial. They are quite aware that
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A VERY SHORT INTRODUCTION TO THE EARTH

terrible disaster will strike at some point in the future— they
just can't accept that it might happen to them or their
descendants.

When it comes to natural catastrophes on a global scale
such an attitude isvirtually omnipresent, pervading national
governments, international agencies, multinational trading
blocks, and much of the scientific community. Thereissome
cause for optimism, however, and in one area, at least, this
has begun to change. The threat to the Earth from asteroid
and comet impactsis now common knowledge and the race
is on to identify all those Earth-approaching asteroids that
have the potential to stop the development of our racein its
tracks. Thanks to recent widely publicized television docu-
mentaries shown in the UK and United States, the added
threats of volcanic super-eruptions and giant tsunamis have
now also begun to reach an audience wider than the tight
groups of scientists that work on these rather esoteric
phenomena.

In fact, the Earth is an extraordinarily fragile place that is
fraught with danger: a tiny rock hurtling through space,
wracked by violent movements of its crust and subject to
dramatic climatic changes as its geophysical and orbital
circumstances vary. Barely 10,000 years after the end of
the Ice Age, the planet is sweltering in some of the highest
temperaturesin recent Earth history. At the same time, over-
population and exploitation are dramatically increasing the
vulnerability of modern society to natural catastrophes such
as earthquakes, floods, and volcanic eruptions. In thisintro-
ductory chapter, current threatsto the planet and its people
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A VERY SHORT INTRODUCTION TO THE EARTH

are examined as a prelude to consideration of the bigger
threats to come.

The Earth is the most dynamic planet in our solar system,
and it is this dynamism that has given us our protective mag-
netic field, our atmosphere, our oceans, and ultimately our
lives. The very same geophysical featuresthat make the Earth
so life-giving and preserving also, however, make it danger-
ous. For example, the spectacular volcanoes that in the early
history of our planet helped to generate the atmosphere and
the oceans have in the last three centurieswiped out a quar-
ter of a million people and injured countless others. At the
same time, the rains that feed our rivers and provide uswith
the potable water that we need to survive have devastated
huge tracts of the planet with floodsthat in recent years have
been truly biblical in scale. In any single year since 1990
perhaps 20,000 were killed and tens of millions affected by
raging floodwaters, and in 1998 major river floodsin China
and Bangladesh led to misery for literally hundreds of mil-
lions of their inhabitants. | could go on in the same vein,
describing how lives made enjoyable by a fresh fall of snow
are swiftly ended when it avalanches, or how a fresh breeze
that sets sailing dinghies skimming across the wave tops can
soon transform itself into a wailing banshee of terrible
destruction— but | think you get the picture. Nature provides
uswith all our needs but we must be very wary of its rapidly
changing moods.
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A VERY SHORT INTRODUCTION TO THE EARTH

The Earth: a potted biography

The major global geophysical catastrophes that await us
down the line are in fact just run-of-the-mill natural phe-
nomenawrit large. In order to understand them, therefore,
it is essential to know a little about the Earth and how it
functions. Here, | will sashay through the 4.6 billion years of
Earth history, elucidating along the way those features that
make our world so hazardous and our future upon it so pre-
carious. To begin, it issometimesworth pondering upon just
how incredibly old the Earth is, if only to appreciate the
notion that just because we have not experienced a particular
natural catastrophe before does not mean it has never hap-
pened, nor that it will not happen again. The Earth has been
around just about long enough to ensure that anything
nature can conjure up it already has. To give a true impres-
sion of the great age of our planet compared to that of our
race, perhaps | can fall back on an analogy | have used
before. Imagine the entirety of Earth's history represented by
a team of runners tackling the three and a half laps of the
1,500 metres. For the first lap our planet would be a barren
wasteland of impacting asteroids and exploding volcanoes.
During the next the planet would begin to cool, allowing the
oceans to develop and the simplest life forms to appear. The
geological period known as the Cambrian, which marked the
real explosion of diverse life forms, would not begin until
well after the bell has rung and the athletes are hurtling
down the final straight of the last lap. As they battle for the
tape, dinosaurs appear and then disappear while the leaders
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A VERY SHORT INTRODUCTION TO THE EARTH

are only 25 metres from the finish. Where are we? Well, our
most distant ancestors only make an appearance in the last
split-second of the race, just as the exhausted winner breasts
the tape.

Since the first single-celled organisms made their appear-
ance hillions of years ago, within sweltering chemical soups
brooded over by a noxious atmosphere, life has struggled
precariously to survive and evolve against a background
of potentially lethal geophysical phenomena. Little has
changed today, except perhaps the frequency of global cata-
strophes, and many on the planet still face a daily threat to
life, limb, and livelihood from volcano, quake, flood, and
storm. The natural perils that have battered our racein the
past, and which constitute agrowing future threat, have roots
that extend back over 4 billion years to the creation of the
solar system and the formation of the Earth from a disc of
debris orbiting a primordial Sun. Like our sister planets, the
Earth can be viewed as a lottery jackpot winner; one of only
nine chunks of space debris out of original trillions that
managed to grow and endure while the rest annihilated one
another in spectacular collisions or were swept up by the
larger lucky few with their stronger and more influential
gravity fields. This sweeping-up procescknown as accre
tion—involved the Earth and other planets adding to their
masses through collisionswith other smaller chunks of rock,
an extremely violent process that was mostly completed-
fortunately for ucal most 4 billion years ago. After thistime,
the solar system was a much less cluttered place, with con-
siderably less debris hurtling about and impacts on the
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A VERY SHORT INTRODUCTION TO THE EARTH

planets less ubiquitous events. Nevertheless, major collisions
between the Earth and asteroids and comets—respectively
rocky and icy bodies that survived the enthusiastic spring
cleaning during the early history of the solar system—are
recognized throughout our planet's geological record. As |
will discuss in Chapter 5, such collisions have been held
responsible for a number of mass extinctions over the past
half a billion years, including that which saw off the dino-
saurs. Furthermore, the threat of asteroid and comet impacts
is still very much with us, and over 300 Potentially Hazardous
Ageraids (or PHAS) have already been identified that may
come too close for comfort.

The primordial Earth would have borne considerably
more resemblance to our worst vision of hell than today's
stunning blue planet. The enormous heat generated by colli-
sions, together with that produced by high concentrations of
radioactive elements within the Earth, would have ensured
that the entire surface was covered with a churning magma
ocean, perhaps 400 kilometres deep. Temperatures at this
time would have been comparable with some of the cooler
stars, perhaps approaching 5,000 degreesCelsius. Inevitably,
where molten rock met the bitter cold of space, heat was|ost
rapidly, allowing the outermost levels of the magma ocean to
solidify to a thin crust. Although the continuously churning
currentsin the molten region immediately below repeatedly
caused this to break into fragments and slide once again into
the maelstrom, by about 2.7 billion yearsago more stable and
long-lived crust managed to develop and to thicken grad-
ually. Convection currents continued to stir in the hot and
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A VERY SHORT INTRODUCTION TO THE EARTH

partially molten rock below, carrying out the essential busi-
ness of transferring the heat from radioactive sourcesin the
planet's deep interior into the growing rigid outer shell from
where it was radiated into space. The disruptive action of
these currents ensured that the Earth's rigid outer layer was
never a single, unbroken carapace, but instead comprised
separate rocky platesthat moved relative to one another on
the backs of the sluggish convection currents.

Asa crust wasforming, major changeswere also occurring
deep within the Earth's interior. Here, heavier dements-
mainly iron and nickel —were dowly sinking under gravity
towards the centre to form the planet's metallic core. At its
heart, a ball made up largely of solid iron and nickel formed,
but pressure and temperature conditions in the outer core
were such that thisremained molten. Being aliquid, thisaso
rotated in sympathy with the Earth's rotation, in the process
generating a magnetic field that protects life on the surface
by blocking damaging radiation from space and provides us
with a reliable means of navigation without which our pion-
eering ancestorswould have found exploration — and return-
inghome again—amuch trickier business.

For the last couple of billion years or so, things have quiet-
ened down considerably on the planet, and itsstructure and
the geophysical processesthat operate both within and at the
surface have not changed a great deal. Internally, the Earth
has a threefold structure. A crust made up of low-density,
mainly silicate, minerals incorporated into rocks formed
by volcanic action, sedimentation, and burial; a partly
molten mantle consisting of higher-density minerals, also
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A VERY SHORT INTRODUCTION TO THE EARTH

silicates, and a composite core of iron and nickel with some
impurities. Ultimately, the hazards that constantly impinge
upon our society result from our planet's need to rid itself of
the heat that is constantly generated in the interior by the
decay of radioactive elements. Asin the Earth's early history,
this is carried towards the surface by convection currents
within the mantle. These currents in turn constitute the
engines that drive the great, rocky platesacross the surface of
the planet, and underpin the concept of plate tectonics,which
geophysicists use to provide a framework for how the Earth
operates geologically.

The relative movements of the plates themselves, which
comprise the crust and the uppermost rigid part of the man-
tle (together known as the lithosphere), are in turn directly
related to the principal geological hazards--earthquakes and
volcanoes, which are concentrated primarily along plate
margins. Here a number of interactions are possible. Two
plates may scrape jerkily past one another, accumulating
strain and releasing it periodically through destructive earth-
guakes. Examples of such conservative plate margins include
the quake-prone San Andreas Fault that separates western
California from the rest of the United States and Turkey's
North Anatolian Fault, whose latest movement triggered a
major earthquake in 1999.Alternatively, two plates may col-
lide head on. If they both carry continents built from low-
density granite rock, aswith the Indian Ocean and Eurasian
plates, then the result of collision is the growth of a high
mountain range—in this case the Himalayas—and at the
same time the generation of major quakes such asthatwhich
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A VERY SHORT INTRODUCTION TO THE EARTH

obliterated the Indian city of Bhuj inJanuary 2001. On the
other hand, if an oceanic plate made of dense basalt hits a
low-density continental plate then the former will plunge
underneath, pushing back into the hot, convecting mantle.
Asone plate thrustsitself beneath the other (aprocessknown
as subduction) so large earthquakes are generated. Subduc-
tion is going on all around the Pacific Rim, ensuring high
levels of seismic activity in Alaska, Japan, Taiwan, the Philip-
pines, Chile, and elsewherein the circum-Pacific region. This
type of destructive plate margin— so called because one of the
two colliding platesis destroyed — also hostslarge numbers of
active volcanoes. Although the mechanics of magma forma-
tion in such regions is sometimes complex, it is ultimately a
result of the subduction processand owesmuch to the partial
melting of the subducting plate asit ispushed down into ever
hotter levelsin the mantle. Fresh magmaformed in thisway
risesas a result of itslow density relative to the surrounding
rocks, and blastsitsway through the surface at vol canoes that
are typically explosive and particularly hazardous. Strings of
literally hundreds of active and dormant volcanoes circle the
Pacific, making up the legendary Ring of Fire, while others sit
above subduction zonesin the Caribbean and Indonesia. Vir-
tualy al large, lethal eruptions occur in these areas, and
recent volcanic disasters have occurred at Pinatubo (Philip-
pines) in 1991, Rabaul (Papua New Guinea) in 1994, and
Montserrat (Lesser Antilles, Caribbean) from 1995until the
time of writing.

To compensate for the consumption of some plate
material, new rock must be created to take its place. This
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A VERY SHORT INTRODUCTION TO THE EARTH

happens at so-called constructive plate margins, along which
fresh magmarisesfrom the mantle, solidifies, and pushesthe
plates on either side apart. This occurs beneath the oceans
along a 40,000-kilometre long network of linear topographic
highs known as the Mid-Ocean Ridge system where newly cre-
ated lithosphere exactly balances that which islost back into
the mantle at destructive margins. A major part of the Mid-
Ocean Ridge system runs down the middle of the Atlantic
Ocean, bisecting Iceland, and separating the Eurasian and
African plates in the east from the North and South Ameri-
can platesin thewest. Here too there are both volcanoesand
earthquakes, but the former tend to involve relatively mild
eruptionsand the latter are small. Driven by the mantle con-
vection currentsbeneath, the plateswaltz endlessly acrossthe
surface of the Earth, at about the same rate as fingernails
grow, constantly modifying the appearance of our planet and
ensuring that, given time, everywhere gets its fair share of
earthquakesand volcanic eruptions.

Hazardous Earth

While earthquakes and volcanic eruptions are linked to how
our planet functions geologically, other geophysical hazards
are more dependent upon processes that operate in the
Earth's atmosphere. Rather than the heat from the interior,
our planet's weather machine is driven by energy from the
Sun. Our nearest star isthe ultimate instigator — aided by the
Earth's rotation and the constant exchange of energy and
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A VERY SHORT INTRODUCTION TO THE EARTH

water with the oceans--of the tropical cyclones and floods
that exact an enormous toll on life and property, particularly
in developing countries. Still other lethal natural phenom-
ena have a composite origin and are less easy to pigeonhole.
The giant seawaves known as tsunamis (or sometimes incor-
rectly as 'tidal waves), for example, can be formed in a
number of different ways, most commonly by submarine
earthquakes, but aso by landslides into the ocean and by
eruptions of coastal and island volcanoes. Similarly, many
landslides result from a collusion between geology and
meteorology, with torrential rainfall destabilizing already
weak slopes. Although there remains an enormous amount
to learn about natural hazards, their causes and character-
istics, our current level of knowledge is truly encyclopedic-
and if so desired you can indeed consultweighty and authori-
tative tomes focused entirely on specific hazards. Here, as a
taster, my intention is to gallop you through the principal
features of the major natural hazards at a pace which | hope
is not too great, before placing their current and future
impact on our society in some perspective.

At any single point and at any one time the Earth and its
enclosing atmospheric envel ope give the impression of being
mundanely stable and benign. This is, however, an entirely
misleading notion, with something like 1,400 earthquakes
rocking the planet every day and a volcano erupting every
week. Each year, the tropics are battered by up to 40 hurri-
canes, typhoons, and cyclones, while floods and landslides
occur everywhere in numbers too great to keep track of.

In terms of the number of people affected—at least 100
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million people a year —floods undoubtedly constitute the
greatest of al natural hazards, a situation that is likely to
continue given afuture of rising sealevelsand more extreme
precipitation. River floods are respecters of neither wealth
nor status, and both developed and developing countries
have been severely afflicted in recent years, across every con-
tinent. Wherever rain is unusually torrential or persistent, it
will not be long before river catchments fail to contain sur-
face run-off and start to expand across their flood plains and
beyond. I nfact, theintensity of rainfall can be quite astonish-
ing, with, in 1970, nearly 4 centimetres of rain fallingin just
60 secondson the French Caribbean island of Guadeloupe— a
world record. On another French island, Reunion, in the
Indian Ocean, a passing cyclone dropped close to 4 metres of
rain during asingle 24-hour period in March 1952.Asflood
plains al over the world become more crowded, the loss of
life and damage to property caused by swollen rivers has
increased dramatically. In the spring of 1993, the Mississippi
and Missouri rivers burst their banks, inundating nine Mid-
west states, destroying 50,000 homes and leaving damage
totalling 20 billion US$. Massive floods occurred in many
parts of the UK inautumn 2000 asrain fell withaferocity not
seen for over 300 years. River flooding continues to pose a
major threat in China, and has been responsible for over 5
million deaths over thelast 150years. Bangladesh hasit even
worse, with the country often finding two-thirds of its land
area under water as a result either of floodwaters pouring
down the great Ganges river system or of cyclone-related
storm surges pouring inland from the Bay of Bengal. Coastal
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3 A tornado. Tornadoes contain the strongest winds on Earth, some-
timesin excessof 500 kilometresan hour
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flooding due to storms probably takes more lives than any
other natural hazard, with an estimated 300,000 losing their
livesin Bangladesh in 1970 and 15,000 at Orissa, northeast
India, in 1999.

Partly through their effectiveness at spawning floods, but
aso through the enormous wind speeds achieved, storms
constitute one of the most destructive of all natural hazards.
Furthermore, because they are particularly common in some
of theworld's most affluent regions, they are responsible for
some of the most costly natural disasters of all time. Every
year, the Caribbean, the Gulf and southern states of the USA,
and Japan are struck by tropical storms, while the UK and
continental Europe suffer increasingly from severe and dam-
aging winter storms. In 1992, Hurricane Andrew virtually
obliterated southern Miami in one of the costliest natural
disasters in US history, resulting in losses of 32 bhillion US$.
Thisepic storm brought to bear on the city wind speeds of up
to 300 kilometres per second, leaving 300,000 buildings
damaged or destroyed and 150,000 homeless. Destructive
windstorms are not only confined to the tropics, and
hurricane-force winds also accompany low-pressure weather
systemsat mid-latitudes. Many residents of southern England
will remember the Great Storm of October 1987 that felled
millions of trees with winds whose average speeds were
clocked at just below hurricane force. More recently, in
1999, France suffered asimilar ordeal aswinter storm Lothar
blasted its way across the north of the country. Across the
ocean, the US Midwest braces itself every year for a savage
onslaught from tornadoes: rotating maelstroms of solid wind
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that form during thunderstormsin the contact zone between
cold, dry air from the north and warm, moist air from the
tropics. No man-made structures that suffer a direct hit can
withstand the average wind speeds of up to 500kilometresan
hour, and damage along a tornado track is usually total.
Although rarely as lethal as hurricanes, in just a few daysin
April 1974 almost 150 tornadoes claimed over 300 livesin
Kentucky, Tennessee, Alabama, and adjacent states.

Of the so-called geological hazards--earthquakes, volcanic
eruptions, and landslides— there is no question that earth-
quakes are by far the most devastating. Every year about
3,000 quakes reach magnitude 6 on the well-known Richter
Scale, which islarge enough to cause significant damage and
loss of life, particularly when they strike poorly constructed
and ill-prepared population centresin developing countries.
As previously mentioned, most large earthquakes are con-
fined to distinct zones that coincide with the margins of
plates. In recent years, sudden movements of California's
San Andreas Fault have generated large earthquakesin San
Francisco (1989)and southern California (1994), the latter
causing damage totalling 35 billion US$—the costliest nat-
ural disaster in US history. Just a year later, a magnitude 7.2
quake at the western margin of the Pacific plate devastated
the Japanese city of Kobe, killing 6,000 and engendering
economic losses totalling a staggering zoo hillion US$—the
most expensive natural disaster of al time. Four years after
Kobe, the North Anatolian Fault slipped just to the east of
Istanbul, generating asevere quake that flattened the town of
Izmit and neighbouring settlements and took over 17,000
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lives. Large earthquakes can also occur, however, at locations
remote from plate margins, and have been known in north-
ern Europe and the eastern USA, which are not regions of
high seismic risk. The last such intraplate quake devastated
the Bhuj region of India's Gujarat state in January 2001,
completely destroying 400,000 buildingsand killing perhaps
as many as 100,000 people. There is a truism uttered by
earthquake engineers: it is buildings not earthquakes that kill
people. Without question thisisthe case, and both damage to
property and loss of life could be drastically reduced if
appropriate building codeswere both applied and enforced.
Earthquakes, however, also prove lethal through the trigger-
ing of landslides as a result of ground shaking, and by the
formation of tsunamis. The latter are generated when a
quake instantaneously jerks upwards— perhaps by just a
metre or v—a large area of the seabed, causing the dis-
placed water above to hurtle outwards as a series of waves.
When these enter shallowwater they build in height— some-
times to 20 metres or more— and crash into coastal zones
with extreme force. In 1998, Sissano and neighbouring vil-
lages on the north coast of Papua New Guinea were wiped
out and 3,000 of their inhabitants drowned or battered to
death by a 17-metre-high tsunamis that struck within minutes
of an offshore earthquake.

Estimates of the number of active volcanoesvary, but there
are at least 1,500 and possibly over 3,000. Every year around
50 volcanoes erupt, some of which—like Kilauea on Hawaii
or Stromboli in Italy —are almost constantly active. Others,
however, may have been quiet for centuriesor in some cases
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millennia and these tend to be the most destructive. The
most violent volcanoes occur at destructive plate margins,
where one plate is consuming another. Their outbursts rarely
produce quiet flows of red lava and are more likely to blast
enormous columns of ash and debris 20 kilometres or more
into the atmosphere. Carried by the wind over huge areas,
volcanic ash can be extremely disruptive, making travel dif-
ficult, damaging crops, poisoning livestock, and contaminat-
ing water supplies. Just 30 centimetres or so of wet ash is
sufficient to cause roof s to collapse while the fine component
of dry ash can cause respiratory problemsand illnesses such
as slicosis. Close to an erupting volcano the depth of
accumulated ash can total several metres, sufficient to bury
single-storey structures. Thiswasthe fate of much of the town
of Rabaul on theisland of New Britain (PapuaNew Guinea),
during the 1994 eruptions of its twin volcanoes Vulcan and
Tavurvur. For yearsfollowing the 1991 eruption of Pinatubo
in the Philippines, thick deposits of volcanic debris provided
a source for mudflows whenever a tropical cyclone passed
overhead and dumped itsload of rain. Almost a decade later,
mud pouring off the volcano was still clogging rivers, inun-
dating towns and agricultural land, and damaging fisheries
and coral reefs. Somewhat surprisingly, mudflowsalso consti-
tute one of the biggest killers at active volcanoes. In 1985 a
small eruption through theice and snow fields of Columbia’'s
Nevado del Ruiz volcano unleashed a torrent of mud out of
al proportion to the size of the eruption, which poured
down the valleysdraining the volcano and buried the town of
Armero and 23,000 of itsinhabitants.
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6 Ruinsof St Pierre (Martinique) after 1902 eruption: only two inhabi-
tants of St Pierre survived the onslaught of the Mont Pelée volcano

Even scarier and more destructive than vol canic mudflows
are pyroclastic flows or glowing avalanches. These hurricane-
force blasts of incandescent gas, molten lavafragments, and
blocks and boulders sometimes as large as houses have the
power to obliterate everythingin their paths. In 1902, in the
worst volcanic disaster of the twentieth century, pyroclastic
flowsfrom the Mont Pelée volcano on the Caribbeanisland of
Martinique annihilated the town of St Pierre aseffectively asa
nuclear bomb, withinafew minutes leaving only two survivors
out of a population of 29,000. The threat from volcanoes
does not end there: chunks of rock collapsing from their
flanks can trigger huge tsunamis, while noxious fumes can
and havelocally killed thousandsand their livestock. Vol canic
gases carried into the stratosphere, and from there around
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the planet, have modified the climate and led to miserable
weather, crop failures, and health problemshalf aworld away.
On the grandest scale, volcanic super-eruptions have the
potential to affect usall, through plunging the planet into a
frigid volcanic winter and devastating harvestsworldwide.

Of all geological hazards, landslides are perhaps the most
underestimated, probably because they are often triggered
by some other hazard, such as an earthquake or deluge, and
the resulting damage and loss of life is therefore subsumed
within the tally of the primary event. Nevertheless, landslides
can be highly destructive, both in isolation and in numbers.
In 1556, a huge earthquake struck the Chinese province of
Shensi, shaking the ground so vigorously that the roofs of
countless cave dwellings collapsed, incarcerating (according
to Imperial records) over 800,000 people. In 1970, another
quake caused the entire peak of the Nevados Huascaran
mountain in the Peruvian Andes to fall on the towns below,
wiping out 18,000 peoplein justfour minutesand erasing all
signs of their existence from the face of the Earth. Heavy
rainfall too can be particularly effective at triggering land-
slides, and when in 1998 Hurricane Mitch dumped over 30
centimetres of rain on Central America, it mobilized over
a million landslides in Honduras alone, blocking roads,
burying farmland, and destroying communities.

The final—and perhaps greatest — threat to life and limb
comes not from within the Earth but from without. Although
the near constant bombardment of our planet by large
chunks of space debris ended billennia ago, the threat from
asteroids and cometsremainsreal and is treated increasingly
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seriously. Even as| write, the UK government hasannounced
funding for a new research centre dedicated to the study of
the impact threat and its consequences. Recent estimates
suggest that around a thousand asteroids with diameters of
a1 kilometre or more have orbits around the Sun that cross
the Earth's, making collision possible at some point in the
future: 2 kilometre is the impactor diameter threshold for
initiating a cogric winter, due to dust lifted into the strato-
sphere blocking out solar radiation, for wiping out a quarter
or so of the human population, and for causing general
mayhem worldwide. The reviva of interest in the impact
threat hasarisen asaresult of twoimportant scientific events
during the last decade: first, the identification of a large
impact crater at Chicxulub, off Mexico's Yucatan Peninsula,
which has now been established as the 'smoking gun'
responsible, ultimately, for global genocide at the end of
the Cretaceous period: second, the eye-opening collisions
in 1994 of the fragments of Comet Shoemaker-Levy with
Jupiter. Images flashed around theworld of resulting impact
scars larger than our own planet were disconcerting to say
the least and begged the question in many quarters--what if
that were the Earth?

Natural hazardsand us
If you were not already aware of the scale of the everyday

threat from nature then | hope, by now, to have
engendered a healthy respect for the destructive potential
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of the hazards that many of our fellow inhabitants of planet
Earth have to face aimost on a daily basis. The reinsurance
company Munich Re., who, for obviousreasons, have a con-
siderable interest in this sort of thing, estimate that up to 15
million people were killed by natural hazards in the last
millennium, and over 3.5 million in the last century alone.
At the end of the second millennium AD, the cost to the
global economy reached unprecedented levels, and in 1999
storms and floods in Europe, India, and South East Asia,
together with severe earthquakesin Turkey and Taiwan and
devastating landslides in Venezuela, contributed to a death
toll of 75,000 and economic losses totalling 100 billion
USs$.

Thelast three decades of the twentieth century each saw a
billion or so people suffer due to natural disasters. Unhap-
pily, there is little sign that hazard impacts on society have
diminished asa consequence of improvementsin forecasting
and hazard mitigation, and the outcome of the battle against
nature's dark side remainsfar from a foregone conclusion.
While we now know far more about natural hazards, the
mechanisms that drive them, and their sometimes awful con-
sequences, any benefits accruing from this knowledge have
been at least partly negated by the increased vulnerability of
large sections of the Earth's population. This has arisen pri-
marily as a result of the rapid rise in the size of the world's
population, which doubled between 1960 and 2000. The
bulk of thisrise has occurred in poor developing countries,
many of which are particularly susceptible to a whole spec-
trum of natural hazards. Furthermore, the struggle for
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Lebensraum has ensured that marginal land, such as steep
hillsides, flood plains, and coastal zones, has become increas-
ingly utilized for farming and habitation. Such terrains are
clearly high risk and can expect to succumb on a more fre-
quent basis to, respectively, landsliding, flooding, storm
surges, and tsunamis.

Another major factor in raising vulnerability in recent
years has been the move towards urbanization in the most
hazard-prone regions of the developing world. Within just a
few years, and for the first time ever, more people will live in
urban environmentsthan in the countryside, many crammed
into poorly sited and badly constructed megacitieswith popu-
lations in excess of 8 million people. Forty years ago New
York and London topped the league table of cities, with
populations, respectively, of 12 and 8.7 million. In 2015,
however, cities such as Mumbai (formerly Bombay, India),
Dhaka (Bangladesh), Karachi (Pakistan), and Mexico City
will be firmly ensconced in the top ten (Table 1): gigantic
sprawling agglomerations of humanity with populations
approaching or exceeding 20 million, and extremely vulner-
able to storm, flood, and quake. A staggering 96 per cent of
al deaths arising from natural hazards and environmental
degradation occur in developing countries and there is cur-
rently no prospect of thisfalling. Indeed, the picture looksas
if it mightwell deteriorate even further. With so many people
shoehorned into ramshackle and dangerously exposed cities
it can only be a matter of time before we see the first of a
series of true mega disasters, with death tolls exceeding one
million.
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Table 1 Thepredicted ten most populouscitiesin theworld
in 2015

City Population

1.Tokyo

2. Mumbai

3. Lagos

4. Sao Paulo
5. Dhaka

6. Karachi

7. Mexico City
8. Shanghai

9. New York
10. Calcutta

Source: Munich Reinsurance 1999

The picture | have painted is certainly bleak, but the
reality may be even worse. Future rises in population and
vulnerability will take place against a background of dra-
matic climate change, the like of which the planet has not
experienced for maybe 10,000 years. The jury remains out
on the precise hazard implications of the rapid warming
expected over the next hundred years, but rises in sea
level that may exceed 80 centimetres are forecast in the
most recent (2001) report of the IPCC (Intergovernmental
Panel on Climate Change). This will certainly increase
the incidence and impact of storm surges and tsunamis
and—in places--raise the level of coastal erosion. Other
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consequences of a temperature rise that could reach 6
degrees Celsius by the end of the century may include
more extreme meteorological events such as hurricanes,
tornadoes, and floods, greater numbers of landslides in
mountainous terrain, and, eventually, even more volcanic
eruptions (see next chapter).

So istheworld aswe know it about to end and, if so, how?
A century from now will we be gasping for water in an
increasingly roasting world or huddling around a few burn-
ing sticks, struggling to keep at bay the bitter cold of a cosmic
winter?In the next chapter Iwill delvealittle further into the
possibilities.

Factsto contemplate

e During its earliest history, the Earth was covered in a
magma ocean with temperatures--at 5,000 degrees
Celsius— comparable with the surfaces of some of the
cooler stars.

e Our planet's great tectonic plates move at about the
same rate that our fingernails grow.

e Around 1,400 earthquakesrock the planet every day.

e There may be 3,000 or more active or potentially active
volcanoes, about 50 of which erupt every year.

e The tropics are battered every year by 40 or more hur-
ricanes, typhoons, and cyclones.

¢ In 1556 a single earthquake in the Shensi province of
Chinaisestimated to have killed 800,000 people.
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e At least 15 million deaths in the last millennium are
attributed to natural hazards.
e 96 per cent of all deaths from natural hazards and

environmental degradation now occur in developing
countries.
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Debate-ewhat debate?

lobal warming is about much more than hotter
summers, winter floods, and farting cows. There is
absolutely no question that the Earth iswarming up

fast, and few climate scientists would argue with this. The
dispute lies in whether or not the warming we are now
experiencing simply reflects a natural turnabout in the
recent global temperature trend or results from the pollut-
ingimpact of human activitiessince the industrial revolution
realy began to take hold. What | find extraordinarily
irresponsibleisthat this dispute continues to be presented, at
least in some circles, as a battle between two similarly sized
and equally convincing schoolsof scientific thought, whenin
fact thisis far from the case. Forecasting climate change is
extremely difficult, which explains why models for future
temperature rise and sea-level change are constantly under-
going revision, but the evidence is now irrefutable: human
activities aredriving the current period of planetary warming.
Notwithstanding a few maverick scientists, oil company
representatives, and the president of theworld's greatest pol-
luter, the overwhelming consensusamongst those who have a
grasp of the facts is that without a reduction in greenhouse
gas emissions things are going to get very bad indeed.
Amazingly, this prospect is still played down and intention-
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dly hidden behind a veil of obfuscation by some, most
recently by the—in my opinion— self-deluded Danish statis-
tician, Blom Lomburg. In his recently published and widely
savaged book, The Skeptical Environmentalist, Lomburg deni-
grates global warming and its future impact, while at the
same time, through highly selective references to scientific
research, coming to the conclusion that al isright with the
world. Just in case you have come across thiswork and been
lulled by itsfriendly, do-nothing message into afalse sense of
security, let me bring you back to readlity, if | may, with afew
pertinent facts.

During the past 70 years, the Earth has been hotter than at
any other time in thelast millennium, and the warming has
accelerated dramatically in just the past few decades. No
doubt everyone has at least one older relative who is con-
stantly harking back — through a rose-tinted haze—to a time
when summers were hotter and the skies bluer. Meteoro-
logical records show, however, that this is simply a case of
selective memory, and in fact 15 of the hottest 16 years on
record have occurred since 1980, with the late 1990s seeing
the warmest years of all across the planet as a whole. The
Earth isnow warmer than it has been for over go per cent of
its 4.6 billion year history, and by the end of the twenty-first
century our planet may see higher temperatures than at any
timefor the last 150,000years.

The rising temperature trend we are seeing now is not
simply a climatic blip or hiccup, nor can it be explained
entirely, as some would still have it, by variationsin the out-
put of the Sun, although this clearly does have a significant
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effect on the climate. Rather, it isa consequence of two cen-
turies of pollution, which is now enclosing the Earth in an
insulating blanket of carbon dioxide, methane, nitrous
oxide, and other greenhouse gases. Since the late eighteenth
century our race has been engaged in a gigantic planetary
trial, the final outcome of which we can still only guess at.
Unfortunately for us the experiment has now entered a run-
away phase, which, due toitsinherent inertia, we cannot stop
but only slow down. Even if we were to stabilize greenhouse
gas emissions today, both temperatures and sea levelswould
continue to rise for many hundreds of years. The big ques-
tion of our time is—do we have the resolve to do even this or
will we run from the problem and let the devil take the
hindmost? Let's head for the laboratory and see how things
are progressing.

The p a t global warming experiment

We know from studies of polar ice coresthat before the hiss
of steam and grinding of metal on metal that heralded the
arrival of the industrial world, the concentrations of green-
house gases in the atmosphere had been pretty much con-
stant since the glaciers retreated at the end of the last Ice
Age. Since pre-industrial times, however, carbon dioxide
levelsin the atmosphere have risen by 30 per cent, alongside
sharp increases in other greenhouse gases, in particular
methane and nitrous oxide. Atmospheric concentrations
of carbon dioxide levelsare now higher than they have been
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for at least 420,000Yyears and may not have been exceeded
during the past 20 millionyears. The rate of increase in the
gas has also been quite unprecedented, and was greater in
the last hundred years than at any time in at least the previ-
ous 20,000. Being concoctions of the twentieth century,
other polluting gases such as chlorofluorocarbons and
hydrofluorocarbons were not even present in the atmos-
phere a couple of centuries ago. As these gases have accumu-
lated in the Earth's atmosphere so they have, quite literally,
caused it to act in the manner of agreenhouse, allowing heat
from the Sun in but hindering its escape back out into space.
In fact, our atmosphere has operated in this way for billions
of years, moderating temperature wings and extremes, but
our pollution is now strongly enhancing this greenhouse
effect, with the result that the Earth has been progressively
warming up for most of the last hundred years.

Because the climate machine is so complex, however, no
single influence can be taken in isolation and many other
factors affect global temperatures. Not least of these is the
output of the Sun, which isaso variable over time, and which
must be taken into account before allocating a rising tem-
perature trend purely to the accumulation of man-made
greenhouse gases. The Sun follows a regular 11-year pattern
of activity, known as the sunspot cyde, during which time its
output varies by about o.1 per cent. Solar output also
changes over longer periods, ranging from hundredsto tens
of thousands of years, and these can play a significant rolein
cooling or warming the planet and—in recent centuries—in
modifying or masking the effect of anthropogenically
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derived gases. As| will addressin more detail in Chapter 4,
volcanic eruptions can also have a significant effect on the
Earth's climate. Although the detailed picture is somewhat
more complex, large explosive eruptions inject massive vol-
umes of sulphur dioxide and other sulphur gases into the
stratosphere, which have a broadly cooling effect through
reducing thelevel of solar radiation reaching the Earth's sur-
face. Significant, if short-lived, reductionsin global temper-
atures followed the eruptions of both EI Chichion (Mexico)
in 1982 and Pinatubo (Philippines) in 1991. Sometimes vol-
canoes and the Sun combine to bring about longer-lasting
episodes of climate change. For example, a combination of
reduced solar output and elevated volcanic activity has been
implicatedin the medieval cold snap known by climate scien-
tists as the Little Ice Age. This lasted from about 1450 AD to
perhaps the end of the nineteenth century and saw frost fairs
on the Thames and bitter wintersin many parts of theworld.
Attempting to pin down the true variation in global tem-
peratures over the past thousand years is difficult, not least
because recordsprior to thelast couple of hundred yearsare
far from reliable. A further complication arises from the fact
thatwhile one part of theworld might be heating up, another
might be cooling down. One argument that is still used by
opponents of anthropogenic warming is that the world
underwent a pronounced cooling between 1946 and 1975,
thereby invalidating the idea that elevated levels of green-
house gases must automatically result in global warming.
More detailed examination of the record for this period
reveals, however, that although much of the northern
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hemisphere cooled noticeably, the reversewasthe casein the
southern hemisphere, which warmed appreciably. In fact,
although there was a small overall temperature fall at this
time, thisis now being attributed to a masking of the warm-
ing effect by sul phur gases emitted by volcanic eruptionsand
by heavy industries at the time unfettered by clean air laws.
Notwithstanding this blip, instrumental records show that
temperatures have been following an inexorably upward
path since such records began in 1861. The record also
shows that the 1990swas the warmest decade since the mid-
nineteenth century and 1998the warmest year on record.

If our great experiment was designed specifically to heat
up the planet then based upon the results to date it seems
that we can pat one another on the back at ajob well done
and sit back and relax as the experiment grinds away of its
own accord, racking up the heat and clocking up an ever
increasing list of unexpected consequences. But of course,
thiswasnot the intention of the experiment at all. Indeed, it
is only in recent decades that the polluting effect of human
activities on the global environment has been thought of in
these terms. The great experiment has never been anything
other than aside effect of our race's constant thirst for more;
more growth, more goods, more wealth. Now that it has
become apparent that we have been messing, admittedly
involuntarily, with the natural functioning of the Earth we
have no choice but to close the experiment down. Continu-
ing political procrastinations and the muddying of the
scientific waters by vested interest groups antagonistic to
proposals to mitigate global warming has ensured that the
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Kyoto Protocol iswell and truly dead. Even had it been rati-
fied and achieved itsgoal of a’5.2 per cent reduction (below
1990 levels) in greenhouse gas emissions by 2008-12, this
would have had little impact on the rate of continued warm-
ing. For any real impact to be made on the rate of warming,
reductions in emissions of the order of 60 per cent are
needed now.

Rather like trying to turn around a supertanker, the enor-
mousinertia that hasalready built up in the systemwould still
mean that, even if wecame to our sensesand made dramatic
cuts in emissions within the next few years, both tempera-
tures and sea levels would continue to rise for centuries to
come. |t seemsinevitable, therefore, that weare going to face
dramatic changes to our environment— somefor the better,
but most not. What is certain is that our children and their
descendants are going tofind the Earth avery different place.

Hothouse Earth

The world of 2100 AD will not only be far warmer but will
aso be characterized by extremes of weather that will ensure,
at the very least, a far more uncomfortable life for billions.
Already, the wildly fluctuating weather patterns that are held
by many to be a consequence of global warming, combined
with increasedvulnerability in the developingworld, are lead-
ing to a dramatic rise in the numbers of meteorological dis-
asters. In its 2001 World Disasters Report, the International
Federation of Red Cross and Red Crescent Societies reveals
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that the annual numbers of disasters due to storms, floods,
landslides, and droughts have climbed from around 200
before 1996to almost 400 in thefirst year of the millennium.
Few think that the situation will get better and the chances
are that thingswill get progressively worse.

Increasingly, those occupying low-lying coastal regionswill
be hit by rising sea levels and heavier rainfall that will mean
that lethal floods become the norm rather than the excep-
tion. In contrast, more and more people will starve as annual
rainsfail year after year and huge regions of Africa and Asia
fall within the grip of drought and consequent famine. It aso
looksasif the Earth will become awindier place, with warmer
seas triggering more and bigger storms, particularly in the
tropics. | will return to the manifold hazard implications of
global warming later, but let's ook now at the latest predic-
tions for temperature rise over the next 100 years. After al,
thisis the critical element that will drive the huge changes to
our environment in this century and beyond.

Earlier this year the Intergovernmental Panel on Climate
Change, or IPCC, published its Third Assessment Report on
global warming; three massive tomes totalling over 2,600
pages. The IPCC was established in 1988 by the UN
Environmental Programme and the World Meteorological
Organization, with a remit to provide an authoritative con-
sensus of scientific opinion on climate change using the best
available expertise. The important word here is consensus.
Over 1,000 scientistswere involved in either the writing of
thereport or the reviewing of its content, leaving little doubt
of itsvalidity except in the minds of theirrationally sceptical,
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the eternally optimistic, or the downright Machiavellian. If
the content of the third IPCC report could be summed upin
afew words, they would probably be 'Did we say in our 1995
report that thingswould be bad?Well, we were wrong. They
are going to be much worse than that.'

Let'slook at what the panel saysabout rising temperatures.
Over the course of thelast century, global temperatures rose
by 0.6 degrees Celsius. By 2100, the IPCC worst case scenario
predicts that temperatures will be almost 6 degrees Celsius
higher than they are now, and even the average prediction
would see usroasting as a consequence of a 4 degree Celsius
rise. If this does not sound much, consider that just 4 or 5
degrees Celsius mean the difference between full Ice Age
conditions and our current climate. The transition between
the two involved huge changes in the Earth's environment,
not only in the climate and weather but also in vegetation
and animal life.

There is every reason to expect that as the post-glacial
temperature rise doubles again we will experience equally
dramatic changes. This time, however, there are two import-
ant differences. First, the Earth has to feed, clothe, and sup-
port 6 billion or more souls, rather than a few million, and
secondly today's comparable temperature rise is taking place
over the course of just a hundred years rather than thou-
sands. Many of the consequences of such a dramatic rise in
global temperaturesare obvious, but otherslessso. The polar
regions and mountainous areas with permanent snow and
ice are already suffering, and warming will continue to exact
a severe toll here. Over the last | 00 years there has been a
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massive retreat of mountain glaciersall over theworld, while
since the 1950sthe Arctic ice has started to thin dramatically
with the result that the North Pole wasice free last summer.
Furthermore, the extent of Arctic seaicein spring and sum-
mer is 10-15 per cent smaller than it was 40 years ago, while
ice on lakes and rivers at higher altitudes in the northern
hemisphere now melts in spring two weeks earlier than a
century ago. Northern hemisphere spring snow cover is
already 10 per cent down on the 1966-86 mean and IPCC
predictions suggest that polar and mountainous regions of
the hemisphere could be 8 degrees Celsiuswarmer by 2100.
In 1999, the concentration of carbon dioxide in the atmos-
phere was 367 parts per million (ppm). Even if, at some
future time, we managed to stabilize the concentration at
450 ppm, temperatures would continue to rise, albeit more
slowly, beyond the year 2300.

Dramatically increasing the rate of melting of snow and ice
means rising sea levels. tide gauge data indicate that global
sea levels rose by between 10and 20 centimetres during the
twentieth century, and this rise is expected to escalate dras-
ticaly in the coming hundred years, with sealevels predicted
to be 40 centimetresand perhaps over 80 centimetres higher
by 2100. Most of the recent and predicted rise comes from
the thermal expansion of the oceans as they warm up or by
the addition of water from the rapidly melting mountain gla-
ciers. Failure to cut back on greenhouse emissions, however,
may lead in future to catastrophic melting of the Greenland
and Antarctic ice sheets, resulting in terrible consequences
for coastal areas. Worst case scenarios in the IPCC report
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GLOBAL WARMING

forecast the near elimination of the Greenland Ice Shest,
generating a 6-metre risein sealevel by the year 3000. The
great West Antarctic | ce Sheet appears at present to be more
stable, but severe warming over the next few millenniacould
result in its permanent disintegration and loss. Should the
Greenland Ice Sheet melt fully, then virtualy all the world's
major coastal cities will find themselves under water. Even
without this, however, the effects of rising sea levd in the
next hundred years will be devastating for low-lying coun-
tries. For example, a 1-metre rise would see the Mddivesin
the Indian Ocean under water, while a combination of rising

11 Devastating floods, such as those which affected Mozambique in

2000, are likely to become more frequent as the Earth continues to
warm
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sealevel and sinking of the land surface are forecast to result
ina 1.8-metrerise in Bangladesh in just 50 years or so. This
will see the loss of a huge 16 per cent of the land surface,
which supports 13 per cent of the population.

Coastal flooding will also be enhanced by storm surges,
with the numbers affected predicted to rise by up to 200
million people by 2080. Because the oceans are so slow to
respond to change, the problem of sea-level rise isnot going
to go away for a very long time. Even if we stabilized green-
house gasesin the atmosphere at current concentrations, sea
level would continue to rise for a thousand years or more.

It has become fashionable to blame every weather-related
natural disaster on global warming. While it isnot possible to
say that a specific storm or flood is due to warming, there is
accumulating evidence for ever greater numbers of extreme
weather events. Extreme precipitation events have increased
by up to 4 per cent at high and mid-latitudes during the
second half of the twentieth century, and more rainstorms,
floods, and windstormsare forecast. Current climatic charac-
teristics are likely to be enhanced, so regions that are already
wet will get wetter and those that are dry will suffer from
prolonged and sustained drought. Northern Europe and the
UK will therefore face more floods, while the North African
deserts begin to creep towards southern Europe, and Aus-
tralia begins to bake beneath a blazing sun. The Atlantic's
'hurricane alley' islikely to get much busier in the next half-
century, and predictions made in summer 2001 in the
journal Science point to more strong hurricanes battering the
Caribbean islands and the south-eastern and Gulf coasts of
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the USA. So far few are prepared to stick their necks out and
sy that this is definitely the result of global warming.
However, as a rise in sea surface temperatures has been
proposed as the driving mechanism for these more powerful
storms, it would seem to be a reasonable link to make; global
warming meanswarmer seas, which in turn are likely to give
us more and bigger storms. As the tropical Atlantic has
warmed over the past five years so the rate of hurricane for-
mation has doubled. At the same time, the stormsare getting
stronger, with a 250 per cent increase in storms with sus-
tained wind speeds exceeding 175 kilometres an hour. With
increased warming of the oceans expected to continue
throughout the twenty-first century, prospects for the
inhabitantsof hurricane aley look far from rosy. Wherewind
leads, so waves often follow, and evidence is now coming to
light of bigger and more powerful waves. Around the western
and southern coasts of the UK, average wave heights— about
3 metres--have risen by over a metre compared to three
decades ago, while the height of the largest waves has
increased by an alarming 3 metres, to 10 metres. Although
not yet attributed directly to global warming, the increased
wave heights reflect changesin the weather patterns of the
North Atlantic that in turn can be linked to the reorganiza-
tion of our planet's weather system as it continues to warm.
More coastal erosion is aready taking its toll along many
sections of the UK's most exposed coastlines; a situation
which islikely to get much worse and which will undoubtedly
be exacerbated by rising sealevelsand storms.

It also looks as if global warming is leading to more
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12 Hurricane Andrew caused severe destruction in south Miami in 1992. More and bigger hurri
canescould be on the way
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frequent El Nirio events; the second largest climatic 'signal’
after the seasons. An El Nino involves a weakening of the
westward-blowing trade windsand the resulting migration of
warm surface waters from the west to the eastern Pacific,
devastating local fisheries and seriously disrupting the
world's climate. The World Meteorological Organization has
just announced that another El Nino will bewith usin 2002,
bringing heavy rains to the western USA and central and
southern America and drought to parts of Africa and Asia
Thefrequency of this particularly insidious phenomenon has
risen from once every six years during the seventeenth cen-
tury to once every 22 years since the 1970s and
global warming is being held up asthe culprit.

Asthe Earth continuesto heat up, it looksasif itwon't only
be the seas and the skies that become increasingly agitated:
the planet's crust will asojoinin. Already warmer tempera-
tures in mountainous regions such as the Alps and the Pyr-
enees are causing the permafrost to melt at higher altitudes,
threatening villages, towns, and ski resorts with more fre-
quent and more destructive landslides. As the melting ice
weakens the mountains, Switzerland is already experiencing
more rockfalls, landslides, and mudflows, but things could
get much worse. Whole mountainsides, consisting of billions
of tonnesof rock, could collapse, burying entire communities
under massive piles of rubble. Over the last 100-150 years
the tops of mountains in western Europe have warmed by
one or two degrees Celsius and this may be accelerating. In
the mountains above the Swiss ski resort of St Moritz, for
example, the temperature hasrisen by half a degree Celsius
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in justthelast 15 years. Continued warmingat this rate could
destabilize mountain tops right across the planet, making life
both difficult and dangerous for the inhabitants of high
mountain terrain. A colleague of mine, Dr Simon Day, has
even proposed that increasing rainfall on ocean island vol-
canoes may trigger gigantic landslides capable of sending
huge tsunamis across the Pacific or Atlantic Oceans, but
more about thisin Chapter 4.

Clearly then, a major consequence of global warming will
be afar more hazardous world, few of whose inhabitantswill
escape scot-free. Already, things are getting rapidly worse,
particularly along low-lying coasts and islands. In the 1990s
over 40 per cent of Solomon Islanderswere either killed or
impinged upon by storm and flood. Other low-lying south-
west Pacific island states such as Tonga and Micronesia are
aso faring badly. Over the same period ain 12 people in
Australiaand ain zoo in the USA were hit by natural dis-
asters, and in the UK ain 2,000. But thisisjust the start. In
thefirst year of the new millennium, over zoo million people
were affected by natural disasters— mostly flood, storm, and
drought — an amazing ain 30 of the planet's population, and
global warming has not really got going yet. Without doubt,
all of uswill be forced to embrace natural hazards as a nor-
mal, if unwelcome, part of our livesin the decades to come.
Furthermore, the consequences of global warming stretch
far beyond making the Earth more prone to natural cata
strophes. Other dramatic andwidespread changesare on the
way that will have an equally drastic impact on all our lives.
National economies will be knocked sidewaysand the fabric

Page 54



of our global society will begin to come apart at the seams,
as agriculture, water supplies, wildlife, and human health
become increasingly embattled.

A few countrieswill be able to adapt to some extent but the
speed of change is certain to be so rapid as to make this all
but impossible for the most vulnerable countries in Asia,
Africa, and elsewherein the devel opingworld. Against a back-
ground of soaring populations, falling incomes, and increas-
ing pollution, there isno question that the impact of global
warmingwill be terrible. One of the greatest problemswill be
a desperate shortage of water. Even today, 1.7 billion people
—a third of the world's population—live in countries where
supplies of potable water are inadequate, and thisfigure will
top 5 billion injust 25years, triggeringwater conflicts across
much of Asiaand Africa. Alongside this, crop yieldsare fore-
cast to fall in tropical, subtropical, and many mid-latitude
regions, leading to the expansion of deserts, food shortages,
and famine. The struggle for food and water will lead to eco-
nomic migration on a gigantic scale, dwarfing anything seen
today, bringing instability and conflict to many parts of the
world.

In Europe and Asia trees come into leaf in spring a week
earlier than just 20 years ago and autumn arrives 10 days
later than it did. While this may seem beneficial, it will also
encourage new pests to move into temperate zones from
which they have previoudy been absent. Termites have
already established a base in the southern UK where, in
places, temperatures are now high enough for malarial mos-
quitoes to survive and breed. In the tropics there will be an
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enormous increase in the number of people at risk from
insect-borne diseases, especially malaria and dengue fever,
while the paucity of drinkable water will ensure that cholera
continues to make huge inroadsinto the numbers of young,
old, and infirm. In urban areas, a combination of roasting
summersand increased pollution will also begin to take their
toll on health, particularly—once agan—in poor com-
munitieswhere air-conditioning is out of the question. With
land temperaturesacross all continentsdue torise by up to 8
degrees Celsius by the end of the century, temperate and
tropical forests, which currently help to absorb greenhouse
gases, will start to die back, taking with them thousands of
animal species unable to adapt to the new conditions. And
not just the forests: grasslands, wetlands, coral reefs and
atolls, mangrove swamps, and sensitive polar and al pine eco-
systemswill all struggle to survive and adapt, and many will
fail to do so. Even our leisure activitieswill be affected. Not
only will southern Europe become too dry for cereal crops,
but it will also be too hot—in the summer months at least-
for sun seekers. Prospects for the winter sports industry also
look bleak, with most mountain glaciers likely to have van-
ished by the end of the century, and snowfall much reduced.
From a biodiversity point of view—as well asa tourist industry
one— probably the worst recent forecast is that all the great
reefs will be dead and gone within 50 years, some of the
greatest natural wonders of the world obliterated by warmer
seas just so that some of us can continue to live, or strive for,
lives of conspicuous consumption.

Everything | have talked about so far is either already
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happening or has been predicted by powerful computer-
driven climate models that are constantly being upgraded in
attempts to forecast better what global warming holds in
store for us. We must aways be prepared, however, to expect
the unexpected; drastic consequences that so far have been
regarded as possible but not likely, or othersthat have simply
not been thought of. I n the next chapter | will address one of
these issuesin more detail: the possibility of an island of cold
in northwest Europe set amidst an overheated world. Here,
though, | want to raise another frightening possibility — that
large sea-level changes due to global warming might trigger
more volcanic eruptions, earthquakes, and giant landslides.
Sounds crazy? Evidence from the past suggests that it might
well be possible. When sealevel swere rising rapidly following
the end of thelast Ice Age 10,000 yearsago, theweight of the
water on continental marginsappears to have had a dramatic
effect, causing volcanoes to erupt, active faults to move, and
huge landslides to collapse from continental shelf regions.
Theaveragerate of sea-leve rise during post-glacial timeswas
—at around 7 millimetres a year—just about comparable
with the rise we would see should the Greenland Ice Sheet
eventually succumb to global warming.

The problem is that we don't know how big or how fast a
rise isneeded to see these effects happening again, although,
interestingly, the Pavlov volcanoin Alaskaisinduced to erupt
in winter when low-pressure weather systems passing over
raise sea level by just a few tens of centimetres. Perhaps
then, we face not just a warm but a fiery future. There
are other worries too. The accumulation of gases from the
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decomposition of organic detritus leads to the formation of
what are called gas hydratesin marine sediments. These are
methane solids that ook rather like water ice, whose physical
state is very sensitive to changes in temperature. A warming
of just one degree Celsius may cause rapid dissociation of the
solid into a gaseous state, exertingincreased pressure on the
enclosing sediments and potentially leading to the destabil-
ization and collapse of a huge sediment mass. This mechan-
ism has been put forward for triggering the Storegga Sides-
a series of gigantic submarine landslides off the coast of
southern Norway —as the Earth continued to warm up 7,000
years ago. The collapses sent huge tsunamis pouring across
northeast Scotland, leaving sandy deposits within the thick
layers of boggy peat. If global warming really gets going and
continues unhindered for the next few centuries then it
looksasif thingsmay start to get very excitingindeed.

The good, the bad, and the downright mad

No one on the planet is going to escape the effects of global
warming, and for billions the resulting environmental
deterioration is going to make life considerably more dif-
ficult. It istoo late now to put the clock back, but we can at
least attempt to alleviate the worst impacts of warming. The
question is, will we ever be able to achieve a worthwhile
international consensus that allows us to do this with any
degree of effectiveness? The Kyoto Protocol gave us some
hope in 1997, with its goal of a 5.2 per cent reduction of
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greenhouse gas emissions (below 1990levels) by 200s-12,
but following the failure of the USA to ratify the agreement
we are back to square one. | nfact, we are even worse off than
this. Without US ratification, emissions from all the indus-
trial countries put together could rise by about 1 2 per cent by
2008-12, Which is even higher than the 'business as usual’
predictions. In terms of greenhouse gas emissions, thingsare
getting steadily worse not better. It is difficult to see how this
situation can improve until the United Statecthe world's
greatest polluter, emitting aquarter of all greenhousegasec
together with its almost equally profligate partnersin crime,
Australia and Canada, can be persuaded to join the rest of
theinternational community in trying to tackle the problem.
Personally, | suspect that the only persuasion that will stand
any chance of working will be the persistent pounding of
eastern US cities by hurricanes or perhaps a decade-long
droughtin Australia.

The more global warming continues to grab the limelight,
so the more we hear from what | will call the ‘techno-fix ten-
dency'. Some of their proposals for mitigating warming are
wild and wacky, such as placing giant reflectorsin space to
divert solar radiation or, even more fantastically — and heaven
forbid— diverting a comet or two past the Earth, using their
gravity to wing the planet out into an orbit further from the
Sun. Others are seriously thought-out scientific options that
we may well have to utilize at some point in the futureif the
situation gets really out of hand. The latter include ways of
using the oceans as a dumping ground for atmospheric car-
bon dioxide, either by physically discarding it in the deep
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ocean via pipeline and tanker, or by seeding the ocean with
iron to encourage the growth of marine micro-organisms
that extract carbon dioxide from the atmosphere. Pilot
experiments have shown that both methods can work, but to
operate on alarge enough scale to make any difference they
would be hugely expensive and require a concerted inter-
national effort that is difficult to foresee unless the current
position becomes untenable. Furthermore, convincing pub-
lic opinion that we need to mess about with the oceans in
order to repair the damage we have wrought in the atmos-
pherewould be a considerable PR coup.

There is no doubt that if we are to have any impact on
global warmingwe will al have to change our lifestyles, mov-
ing away from a disposable society and towards one that
promotes and rewards the most effective and efficient use of
available energy and resources. Tackling global warming is
inextricably linked with the widespread adoption of sustain-
able development. Global warming will bring to an end the
world aswe have known it through dramatic changes to our
environment, but if the situation is not to continue to slide it
must also provide theincentive and impetusfor changing the
way we live. In the devel oped world we have no choice but to
cut fuel consumption, invest in renewable energy sources,
recycle on an immensely greater scale, and produce locally as
much as possible rather than flying fruit and vegetables half-
way around the planet. Much as | can understand their
resistance, governments of developing countries must not
follow thewasteful route to industrialization that Europeand
North America have taken, for the simple and logical reason
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that if they don't, they—and their people—will be the ones
who suffer most. In particular, the developing world has to
embrace renewable energy sources and recycling now, and
theworld's economic powers have a duty to support them on
this path. Despite the gloom after the collapse of the Kyoto
Protocol, there is an alternative plan to reduce greenhouse
gasemissionson the table that mightjust start things moving
on the longroad to stabilization and even reduction. Called
Contraction & Convergence, or simply C&C, the new way for-
ward was thought up by London's Global Commons Insti-
tute. Thisingenious plan is based upon two principles. First,
that greenhouse gas emissions must be reduced and, sec-
ond, that the means by which this is accomplished must be
fair to all. C&C therefore proposes reducing emissions on a
per capita basis. International agreement will determine by
how much emissions must contract each year, and then per-
mits to emit will be allocated to all countries on the basis of
their populations. The emission permits would be tradable
so that countries such as the USA and Australia that could
not manage within their allocations could buy extra ones
from populous developing countries with a surplus. This
remarkably simple scheme has not yet entered the limelight,
but it does have many powerful supporters in the UN,
Europe, and China, and even amongst developing countries
and US senators. It is now inevitable that we and our des-
cendants are going to face a long and hard struggle as our
temperate world draws to a close and we enter the time of
hothouse Earth. Perhaps, however, C&C can help to make
the transition alittle less desperate.
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Fadste fret over

By the end of this century the Earth is predicted to be
hotter than at any time in the past 150,000 years.

By 2100, global temperatures are forecast to rise by up
to 8 degrees Celsius over land, with sea levels up to 88
centimetres higher.

Carbon dioxide concentrationsin the atmosphere may
be higher than at any timein the last 20 million years.
In the year 2000, 1in 30 of theworld's population were
affected by natural disasters.

By 2025, 5 billion people will live in countries with
inadequate water supplies.

Within 50 yearsall theworld's great reefswill have been
wiped out by higher sea temperatures.

The winter sports industry is unlikely to survive to 2100
initscurrent form.

If the Greenland Ice Sheet melts, all the world's coastal
cities will be drowned, from New York to London to

Sydney.
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ne of the main reasons for a growing disillusion-

ent with science amongst the general publicisthe

perception that scientists are aways arguing with

one another and constantly changing their minds. It is no
use explaining that this is how science progresses, through
battles between competing theses until the accumulation of
evidence ensures that one triumphs and becomes an
accepted paradigm. People want scientists to agree, to pres-
ent a united front, and to tell them what is true and what is
not. They want this because it makes life that much easier
and gives them that much less to worry about. If you are
concerned about your career or your marriage you don't
want to think about whether GM crops are good or bad, or
whether you have to eat your beef on the bone or off, or
whether your children's children are going to fry or freeze.
Here once again, however, the scientific consensus at least
appears to have done another U-turn over the last couple of
decades. Aswe saw in the last chapter, all but the most maver-
ick of climatologists now accept that the Earth iswarming up
rapidly and that our polluting activities are the cause. As
recently as the 1980s, however, the big question in climato-
logical circles waswhen can we expect the next |ce Age? So
what has changed?Well, actually, not much. As| will explain
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shortly, the glaciers are still due to advance once again and
we should expect our planet to be plunged into bitter cold
within the next few thousand years. What has changed, how-
ever, is the recognition that anthropogenic warming and its
associated climatic impact may have arole to play at a critical
time of natural transition when our interglacial world is due
to give itself over to ice and snow for tens of thousands of
years. Problematically, however, researchers are not quite
sure what this role will be, and although, intuitively, you
might expect global warming to delay or even fend off
entirely the next Ice Age, some scientists have suggested that
the ongoing dramatic rise in temperatures may actually
accel erate the onset of the next big freeze. Even if the latter is
shown not to be the case, we still have a problem. Knowing
that a new age of ice is on the way should we not be trying
actively to keep our planet warm? Should we not welcome
global warming with open arms?|n other words, we are cur-
rently faced with a stark choice that isonly rarely voiced dur-
ing the great global warming debate. How do we wish our
familiar, contemporary world to end—by fire or by ice?

How tofreeze a planet

During the Earth's early history the surface boiled with lava
oceansand explodingvolcanoes, and although temperatures
fell dramatically as prevailing geological processes moder-
ated, our planet has been bathed in warmth for most of its
4.6 billion year history. Occasionally, however, a fortuitous

Page 68



combination of circumstances has heralded the formation of
enormous ice sheets that have transformed a balmy paradise
into a freezing hell. Artists impressions and television
documentaries have ensured that most of usare familiar with
the last great Ice Age, when mammoths roamed the tundra
and our pelt-covered ancestors struggled to eke out an exist-
ence from afrozen world. Only recently, however, have stud-
ies of ice-related rock formations around the world brought
to light afar more ancient and much more terrible period of
refrigeration; a time when our planet was little more than a
frozen snowball hurtling through space. L ong, long ago, dur-
ing a geological episode that is becoming increasingly and
appropriately referred to as the Cryogenian (after cryogenfor
freezing mixture), the Earth found itself at a critical thresh-
old in its history. It had cooled substantially since its forma-
tion over three and a half billion years earlier and now the
problemwaskeeping itself warm. At thistime, between about
800 and 600 million years ago, the Sun wasweaker and the
Earth wasbathed in some6 per cent lesssolar radiation than
it is now. Furthermore, the concentrations of greenhouse
gases that are now heating up our planet— primarily carbon
dioxide and methane— were not sufficiently high to hold
back the bitter cold of space. Huge ice sheets rapidly formed
and pushed towards the equator from both poles, encasing
the Earth in a carapace of ice a kilometre thick. As the blind-
ingwhite shell reflected solar radiation back into space, tem-
peratures fell to -50 degrees Celsius and prospects for an
eternity of ice seemed strong. But something must have
happened to break the ice, asit were, otherwise | would not
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be here today to tell you about it; and in fact it seems that
these 'snowball’ conditions may have developed up to six
times, succumbing each time to a return of warmer climes.

Just how the Earth managed to escape the clutches of the
ice no oneis quite certain, but it looks as if volcanoes might
have been the saviours. After millions or even tens of millions
of years of bitter cold, the enormous volumes of carbon
dioxide pumped out by erupting volcanoes seem to have
generated a sufficiently large greenhouse effect towarm the
atmosphere and melt the ice. Extraordinarily, life came
through this particularly traumatic period of Earth history
bruised and battered but raring to go, and hard on the heels
of Snowball Earth's final fling came the great explosion of
biodiversity that marked the start of the Cambrian period
565 million years ago. Compared to the great freezes of the
Cryogenian our most recent Quaternary ice ages come across
as rather small beer. Nevertheless, although they affected
smaller areas of the Earth's surface, these latest bouts of cold
were crucial because they coincided with the appearance and
evolution of our distant ancestors. Furthermore, they may yet
have arole to play in the future of our race.

Duringrecent Earth history the Sun's output has been sig-
nificantly higher than during the Cryogenian and the level of
carbon dioxide and other greenhouse gases has also been
higher. Why then, at the end of the Miocene period about 10
million years ago, did glaciers once again begin to form and
advance across parts of the northern hemisphere? And more
importantly, why, around 3 million years ago, did the south-
ward march of the ice intensify? This remains a particularly
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14 Snowball Earth: artist's impression of an ice-covered planet. During
the Earth's early history, ice advanced from the polesto transform the
planet into a great snowball

Page 71



hot topic in the fields of Quaternary science and environ-
mental change and a detailed analysis of competing theories
is beyond the scope of this book. Sufficeit to say that explan-
ations for the twenty or so ice ages that have gripped the
Earth during the last 2 million years include disruption of
the planet's atmospheric circulation due to uplift of the great
Himalayan mountain belt, and the drastic modification of
the global system of ocean currents by the emergence of the
Panama lsthmus.

Although one or both of these spectacular geophysical
events may have contributed to a picture of increasing cold,
the ice was already on the move, and we need to look else-
where for the true underlying cause. What, in other words,
turnsice ages on, and—just asimportantly — what turns them
off! Thisproblem hasintrigued scientists for many yearsand
the solution was first put forward by the Scottish geologist
James Croll aslong ago as 1864 and expanded upon by the
Serbian scientist Milutin Milankovitch in the 1930s. The
Croll-Milankovitch astronomical theory of the ice ages proposes
that long-term variationsin the geometry of the Earth's orbit
and rotation are the fundamental causes of the blooming
and dying of the Quaternary ice ages. I n order for anice age
to get going, the astronomical theory requires that summers
at high latitudesin the northern hemisphere are sufficiently
cool to alow the preservation of winter snows. As more and
more snow and ice accumulatesyear on year, so the reflectiv-
ity or albedo of the surfaceisincreased, causing summer sun-
shine to have even lessimpact and accel erating the growth of
ice sheetsand glaciers. But how are the northern hemisphere
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summers cooled down in the first place? This iswhere the
astronomy comesin. Cooler summers at high latitudes result
from areduction in the amount of solar radiation falling on
the surface, and thisin turn depends upon both changesin
the tilt of the Earth's axis andvariations in its orbit about the
Sun.

If the Earth's axiswas not tilted then wewould not experi-
ence the seasons. During the northern hemisphere summer,
for example, the North Pole is tilted towards the Sun, allow-
ing more direct solar radiation to reach the surface in the
northern hemisphere and raising the temperatures. In con-
trast, during thewinter, the North Poleistilted avay from the
Sun and the long, bamy days of summer are replaced by
the cold and dark of a northern hemisphere winter. Now the
southern hemisphere receives more direct sunlight with
the result that those down under bask in warmth while the
north shivers beneath gloomy skies. Although the tilt of
the Earth's axis averages about 23.5 degrees, it is not con-
stant. Like a spinning top, the Earth wobbles— or precesses--
about itsaxis of rotation over a period of between 23,000 and
26,000 years. Furthermore, thiswobble causes the amount of
tilt to vary between 22 and 25 degrees over a period of
41,000years. At times of least tilt, winters are actually milder,
but more importantly, high latitudes receive less direct solar
radiation and become cooler, making the survival of winter
snows and the growth of ice sheets easier. On top of thisthere
isanother so-called astronomical forczngmechanism that con-
tributes to the onset of ice age conditions. Like all planetary
bodies, the Earth follows an elliptical rather than a circular
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path around the Sun, whose shape varies according to cycles
of between 100,000 and 400,000 years. At the moment the
Earth's closest approach to the Sun occursinJanuary, when
the North Pole is pointing away from the Sun, resulting in
dightly colder northern hemisphere winters. Just 11,000
years ago, however, this closest approach— or perihelion
occurred in July, giving a small temperature boost to
northern hemisphere summers.

Before thisgetstoo complicatedlet me try and draw things
together. Regular and predictable cycles—known as Milan-
kovitch Cycles--arerecognized in the behaviour of the Earth's
tilt and its orbit over periods of thousands to hundreds of
thousands of years, and these cycles control the amount of
solar radiation reaching the Earth's surface and thereforeits
temperature. At times, a number of cyclesmay coincide so as
to depresssummer temperaturesat high latitudesto adegree
sufficient to alow the accumulation of winter snows. On its
own this could not result in the huge ice sheets that have
dominated the northern hemisphere for much of the last few
million years, but as the area covered by snow and ice grows,
so more and more sunlight is reflected back into space,
accelerating the cooling process. This—in essence—is how
ice ages start. Conversely, at other times, the various cycles
cancel one another out, the planetwarms asaresult, and the
ice sheetsretreat to their polar fastnesses.

Although Milankovitch and later researchers who have
addressed the issue have been able to explain the mechanics
of the ice ages and their periodicity, they have been less
successful in deciding why these icy episodes appeared on
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In the meantime, on the basis that there is at least a fair
chance that we will have to face them again at some timein
the future, let's examine what conditions were like in the
depths of the last Ice Age. As temperatures started to fall
around 120,000 years ago, so more and more of the
planet's water found itself locked up in mountain glaciers,
polar sea ice, and expanding continental ice sheets in the
northern hemisphere, with the result that sea level began
to fall dramatically. Ice wept southwards towards the equa-
tor on at least four occasions over this period, with the
peak of ice cover being reached a mere 15,000-20,000
years ago.

At this time sea level wasa good 120 metres or so below
what it is now—about the height of a 40-storey building—
exposing new land bridges between continents and permit-
ting the migration of both animalsand our distant ancestors.
One of these land bridges developed across the Bering
Straits, allowing people from Asia to crossinto North Amer-
ica, from which, eventually, they colonized the New World.
Just 600 generationsago, then, the north of our planet wasin
the steely grip of full glaciation with a third of all land
covered by ice and 5 per cent of the world's oceans frozen.
Compared to today, the environment at the height of the last
Ice Age was desperately hostile, with mean temperatures 4
degrees Celsius lower than today but far lower at high lati-
tudesin the north. In the UK, temperatureswere reduced by
between 15and 20 degrees Celsius, transforming the coun-
try into afrozen wasteland with great sheets of ice reaching as
far south asthe River Thamesand beyond. Some of the most
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inhospitable conditions were, however, to be found in North
America, where temperatures over huge areas were 5
degrees Celsius lower than today and ice fields kilometres
thick ensured that life was largely impossible. Remarkably,
however, just as it seemed asif theworld might be returning
to the 'snowball' state of the Cryogenian, asurprising change
took place. The planet started to warm rapidly, melting the
great ice sheets at a rate far quicker than it took them to
form. Meltwater poured into gigantic lakes at the margins of
theicefields, which, in turn, emptied into the oceans, raising
sea level and inundating land exposed just a few thousand
years earlier. By 12,000 years ago, sea level was rising far
more rapidly than even the most pessimistic forecastsfor the
next century, possibly by as much as 10 metres or so in a
couple of centuries, and al the time the climate was becom-
ing warmer and warmer —well, almost all the time that is.
Thejourney from the depths of ice age to the current balmy
interglacial wasa rather bumpy one, and on more than one
occasion the ice made a concerted attempt to reclaim centre
stage. Around 11,000 years ago, for example, the rapid
retreat of the ice was stopped in its tracks as a new blast of
cold initiated a thousand-year-long freeze, known as the
Y ounger Dryasto distinguish it from an earlier and lesssevere
cold phase called the Older Dryas. No one is certain what
caused this sudden cold snhap but one suggestion is that the
culprit was a huge discharge of fresh water from long-gone
Lake Agassiz, one of the gigantic glacial meltwater lakes that
had accumulated in North America. The catastrophic empty-
ing of this lake into the St Lawrence, and thence into the
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17 lce covered huge areas of the Northern Hemisphere land masses
during thelast Ice Age
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North Atlantic, may have disrupted currents carrying warmer
watersinto polar regions, alowing the climate at higher lati-
tudes to cool and ice to form once again. TheY ounger Dryas
and similar post-lce Age cold snaps teach us a number of
important lessons that we would do well to remember as our
own world undergoes dramatic climate change. First, the
witch from warm to cold and vice versa can occur extraord-
inarily rapidly — within decades— and second, the disruption
of ocean currents can have serious and far-reaching con-
sequencesfor climate change. Someworrying implications of
thelatter 1 will addressin more detail later in this chapter.

Charles Dickens, White Christmases, and the Little lce Age

It seems likely that almost everyone who has read this far is
familiar with the lce Age, but what about the Little Ice Age?
This is the term used by climatologists to describe a cold
period that lasted from at least 1450-and possibly 1200-
until between 1850 and the start of the twentieth century.
Over this period, glaciersadvanced rapidly, engulfing al pine
villages, and seaice in the North Atlantic severely disrupted
the fishing industries of Iceland and Scandinavia. Eskimos
are alleged to have paddled as far south as Scotland, while
the once thriving Viking community in Greenlandwas cut off
and never heard from again.

Annual mean temperatures in England during the late
seventeenth century were ailmost one degree Celsius lower
than for the period 1920--60, |leading to bitter, icy wintersin
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which ‘frost fair' carnivals were held regularly on a frozen
River Thames and snowfall was common. T he snowy winters
described in many of the works of Charles Dickens may well
be a reflection of this colder climatic phase, and they have
certainly done much to nurture our constant expectation
of —and wish for—an old-fashioned 'white Christmas'.

Just what was the cause of the Little Ice Age remains a
matter of intense debate. Clearly, however, as most of the
cold snap occurred prior to the industrial revolution there
can be no question of human activities having played a role.
Despite this, it isvital that we understand the LittlelceAgein
the context of global warming, if for no other reason than if
we don't appreciate the natural variations of our planet's
recent climate it iswell nigh impossible to unravel the effects
arising from human activities. I n fact, the Little Ice Age was
not the only significant departurefrom the climatic norm—if
there is such a thing—in historical times. Immediately prior
to this cold snap, Europe, at least, was revelling in the so-
called Medieval Warm Period. This time of climate amelior-
ation, between about 1000 and 1300 AD, saw grapes grown
in England 300 milesfurther north than at present, while the
Norse settlersof Greenland were able to graze their livestock
in areas that are now buried beneath ice. The emergence of
theworld from the Little |ce Age towards the end of the last
century, coincident with the acceleration of industrialization
on aglobal scale, has contributed in no small way to current
arguments on the causes of contemporary warming.

As| noted in the last chapter, the overwhelming scientific
consensus views global warming as being anthropogenic in
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nature, but some still hold out for an entirely natural cause;
seeing the current warming in terms of the planet coming
out of the Little Ice Age and entering another warm period
analogous to the Medieval Warm Period. Although the avail-
able evidence irresistibly supportsa human cause rather than
a purely natural warming, there can be no question that the
impact of human activities is superimposed upon a natural
variability that in the recent past has resulted in significant
climate change. But what is the cause?One of the most likely
culprits is the Sun, whose output continues to vary on time
scales ranging from 100 to 10,000 years. For example, the
two coldest phases within the Little Ice Age corresponded
closely with two periods of apparently reduced solar activity;
the Sporer Minimum between 1400 and 1510AD and the
Maunder Minimum from 1645 to 1715. During these
periods, virtually no sunspots were visible and auroras were
almost non-existent, suggesting a fal in the rate of bom-
bardment of the Earth by solar radiation. While solar physi-
cists estimate that the Sun during the Maunder Minimum
may have been just a quarter of one per cent dimmer than it
is today, this mighthave been sufficient to cause the observed
cooling. Other factors may also have made a contribution,
however, and a recent theory has given elevated levels of
explosive volcanic activity at the time—including the great
1815 eruption of Indonesia's Tambora volcano—at least a
supporting role in the Little Ice Age cooling. As | will discuss
further in the next chapter, large volcanic explosions are par-
ticularly effective at injecting substantial volumes of sulphur
dioxide and other sulphur gasesinto the stratosphere— that
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18 During the Little Ice Age winters were often cold enough for ice
fairs on the River Thames

part of the atmosphere above 10 kilometres or so. Here they
mix with atmospheric water vapour to form a fine mist of
sulphuric acid that cuts out a proportion of incoming solar
radiation and leads to a cooling of the troposphere (the
lower atmosphere) and surface.

Avery Britishice age

The more we learn about past climate change, the more it
becomes apparent that dramatic variations can occur with
extraordinary rapidity. The return—possibly within a few
decades—from increasingly clement conditions to the bitter
cold of the Younger Dryas, 11,000 years ago, demonstrates
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this, as does the similarly rapid transition from the Medieval
Warm Period to the Little Ice Age. Equally disturbing is the
tendency for the climate to flip suddenly from one extreme
to another when it is under particular stress, as it is at the
moment from anthropogenic warming. This once again
raisesthe question | posed at the beginning of this chapter-
is there any way that current global warming can actually
bringareturn to colder conditions?While thiswould seem to
be counter-intuitive, there is increasing evidence that this
may well happen— at least as far as the UK and northwest
Europe are concerned. The only reason why it is possible for
tropical palms to thrive in western Ireland and southwest
England is because the Gulf Stream carries northwardswarm
water from the Caribbean. As a result, the UK and Ireland
are substantially warmer than comparable latitudes in east-
ern Canada, which have to put up with sub-Arctic conditions.
But what would happen if the supply of warm water from the
south were shut down? It is highly likely that the British
climate— and perhaps that of much of northwest Europe-
would become bitterly cold, and some have suggested it
could even rival that of Svalbard (formerly Spitsbergen), the
ice-shrouded islands off east Greenland where the polar bear
isking.

One of the ways of weakening or shutting down the Gulf
Stream is by short-circuiting it through releasing huge quan-
tities of cold fresh water into the North Atlantic, and thisis
just what is predicted by a number of different climate
models developed to ook at the impact of global warmingin
this century and beyond. If greenhouse gas emissionsdouble
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over the next 70 years then the warming currents could well
weaken by up to 30 per cent. Even worse, under a'business as
usual' scenario, greenhouse gas emissionswill quadruple by
the end of the century, leading— according to one model-
to a complete shutdown of the supply of warm water to the
northeast Atlantic by the middle of the next century.

Inlittle more than half a century, then, theseasaround the
UK could be significantly cooler, altering prevailing weather
patternsand bringing colder conditions to the region. While
the rest of the world roasts, the UK and northwest Europe
could conceivably start to slide into afreeze very much more
bitter than the Little Ice Age. And this might be just the start.
The knock-on effects of changes to the ocean circulation in
the North Atlantic may spread, overwhelming the current
warming and bringing areturn of the ice across the northern
hemisphere. In conclusion, then, let's take a look at pro-
spects for the return of the Ice Age and the role mankind
may already be playing in itsreappearance.

Out o the frying paninto the fridge

In terms of the Milankovitch Cycles, our planet is already
primed for the end of the current interglacial and areturn to
full Ice Age conditions. Some believe that al that isneeded is
a trigger; a sudden shock to the system that will knock the
climate out of equilibrium and set it wobbling before it col-
lapsesinto an altogether lessfriendly state. It is questionable
whether global warming can provide a shock of the
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appropriate magnitude, but new research is leading to
increasing concern that the legacy of warming today may be
freezing tomorrow. Once again, the key seems to lie in the
ocean circulation system of the North Atlantic, which
appears to be closely bound up with past witchesfrom warm
to cold episodes and vice versa. The Gulf Stream that most
people are familiar with is actually only one part of a system
of currents known by avariety of names, of which the Atlantic
Overturning Circulationis probably the most revealing. As the
warm waters of the Gulf Stream head northwards they cool
and consequently become more dense. As a result, by the
time they have reached the Arctic Ocean they have sunk to
form a cold, deep-ocean current that headssouth once more
to join the wider system of ocean currents known as the
Global Conveyor.

It now looks as if operation of the Atlantic Overturning
Circulation is seriously disrupted whenever cold conditions
grip the northern hemisphere. During the Younger Dryas,
for example, the circulation appears to have been severely
reduced, lowering north European temperatures by as much
as 10degrees Celsius. Recent evidence on ocean temperat-
ures and salinities, gleaned from studies of the shells of tiny
marine organisms known as foraminifera, also points to a
much weaker Gulf Stream at the height of the last Ice Age
some 20,000 years ago. Then, it seems, the Gulf Stream had
only two-thirds of its current strength, suggesting that the
entire circulation system was comparably weakened. The
question is, did this weakening have a role to play in the
triggering of thelast Ice Age, or wasit merely a consequence?
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No one redly knows, but there is a general feeling that a
weakening of the circulation results in much colder condi-
tionsin the northern hemisphere and that such aweakening
appears to be associated with largeinfluxes of cold water into
the North Atlantic. Due to melting of Arctic sea ice and the
Greenland Ice Cap, thisisjust what is predicted to happenin
the next few centuries.

During the Y ounger Dryas, 11,000 yearsago, the release of
huge quantities of water from glacial lakes resulted only in a
short-lived cold snap of a thousand years or so. Then, how-
ever, the Earth was at a point in the pattern of Milankovitch
Cycleswhen temperatures were on the way up. Now, we are
poised at the transition between the present interglacial and
the next Ice Age, and without the polluting effects of human
activities temperatures could be expected to be on the way
down. It is not unreasonable to at least consider, then, that
the influx of cold, fresh water into the Arctic Ocean may
trigger not just a brief period of cold in northwest Europe,
but a new Ice Age affecting the entire northern hemisphere.
And we may not have too long to wait. In the 1990s,US
climate modellers Ronald Stouffer and Alex Hall ran a com-
prehensive computer model of the Earth's climate system for
almost a decade to find out what it had in store for usin the
next few millennia. What they discovered was seriously dis-
turbing. The model predicts that, in around 3,000 years
time, intensewesterly winds over Greenlandwill help to push
large quantities of fresh Arctic water into the North Atlantic.
Because of its low density, this bitterly cold water will remain
at the surface, cooling the air above, and creating a low-
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pressure weather system that will reinforce the westward
gales through a positive feedback mechanism. The effect is
forecast to cool the North Atlantic by up to 3 degrees Celsius
and also to weaken the Atlantic Overturning Circulation,
bringing colder conditions to northwest Europe. In the
model, the chilly scenario only persistsfor 40years or so, but
the authors are concerned that if global warming promotes
the melting of Greenland ice on a grand scale, this added
input of cold water might amplify a brief regional cooling
into a widespread and persistent freeze. Even more worry-
ingly, the first signs of the coming chill may already have
been detected, with recent measurements revealing that an
important current running south between Scotland and the
Faeroe Islands has slowed by around 20 per cent in the past
50 years. Could this be thefirst evidence of the breakdown of
the Atlantic Overturning Circulation and the slow but steady
deterioration of the climate into bitter cold?

One of the best means of illustrating just what a bad time
thisisfor usto be experimentingwith the global climateisby
comparing the temperature profile of this interglacial with
that of the last. It is rather sobering to see that the natural
temperature trend is already downwards, and in fact thisfall
has been going on for several thousand years. At the
moment, it looks as if the downward trend is being reversed
by anthropogenic warming, and without greenhouse gas
emissions the world would be around 3 degrees colder in
around 8,000 years time—well on its way to the next Ice
Age. Although fending off the chill at the moment, however,
the impact of global warming on the Atlantic Overturning
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30"W 0 50'N
19 Warm water from the tropics heads towards the pole to be replaced
by cold Arcticwaters heading south

Circulation might well ultimately accelerate the arrival of the
next lce Age.

By now | hope to have convinced you that it is at least
feasible for the current global warming to trigger colder
conditions, and that this may be the result of the continued
and unmitigated emission of greenhouse gases. So what
happens if the world comes to its senses and we cut back
significantly on the amount of carbon dioxide and other
gases that we pump into the atmosphere?Well, you have seen
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20 Comparisonsof temperaturesin thisinterglacial period and the last
suggest that we are already well on the way to the next ice age

the graphs—theicewill get us anyway. It issmply just a mat-
ter of whether we want to take the icy plunge on its own or
spend some time baking in the saunafirst. Whichever choice
we make, there is no denying that life for our descendants
will become increasingly hard, should theice return. Lifein
Europe, North America, Russig, and central and eastern Asa
will be pretty much impossible, engendering massmigrations
southwards accompanied undoubtedly by bloody warsfought
over livingspace and resources. The climate of Ice Age Earth
issmply not suited to sustaining a population totalling 8-10
billion, or thereabouts, and widespread famine alongside
avil strifeis certain to lead to a severe culling of the human
population. Thereisno question that our racewill survive, as
itdid thelast time that theiceleft its polar fastnesses, but it is
likely to be but a pale shadow of itsformer salf.
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Faasto fretover

¢ Between 800 and 600 million years ago, the Earth wasa
frozen snowball covered with ice a kilometre or more
thick.

¢ Just 600 human generations have passed since the end
of the last Ice Age.

e At the height of last Ice Age, temperatures in the UK
were 15-20 degrees Celsius lower than they are now,
and over much of North America, more than 25 degrees
Celsiuslower.

¢ Sea levels have risen by over 120 metres since the ice
started to retreat around 18,000 years ago.

e Unmitigated greenhouse gas emissions may lead to a
shutting off of the Atlantic Overturning Circulation
within a century and a half.

e An Atlantic current flowing between Scotland and the
Faeroe Islands hasweakened by 20 per cent in the last
50 years.

e Without greenhouse gas emissions, the world could be 3
degreesCelsius colder in 8,000 years.
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Hell on Earth

‘magine the worst possible vision of hell. The vile stench
of sulphurous gas pervading aworld of darkness broken
.only by a dull red glow on a distant, invisible horizon.
Heavy, grey ash pours from above like snow, clogging the
eyes, nose, and ears as swiftly asyou can remove it. Choking
and retching you ram your fingersintoyour mouth to try and
gouge out the ashy, gritty slime that forces its way in with
every struggling breath, but to no avail. Suddenly a blinding
flash reveals the nightmare landscape of Tolkien's Mordor-
all familiar features blotted out and buried by ash accumulat-
ing at half a metrean hour. Atitanic crash of thunder heralds
the return of the darkness and the onset of a truly biblical
deluge. Within seconds the ashy drifts are transformed into
rushing torrents of mud that almost sweep your feet from
under you. As the falling rain and ash combine, you are bat-
tered by pellets of mud that begin to weigh you down under a
sticky, ever-thickening carapace of Vulcan's ordure. There is
no sign that the Sun ever bathed the landscape initswarming
rays, but it isfar from cold. In fact, your body is dowly roast-
ingin the stifling heat of nature's own oven, your sweat suck-
ing you dry as it drains from every pore to mix with the
muddy rivulets covering every inch of your skin.
Some of the half abillion inhabitants of the danger zones
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around the world's 500 or so historically active volcanoes
don't need to use their imagination. They have already
experienced hell. Show the above description to survivors
from the 1991 eruption of Pinatubo (Philippines) or the
twin eruptions of Vulcan and Tavurvur at Rabaul (PapuaNew
Guinea) three years later, and they will nod their heads and
sy 'l have been there!" However awful it might sound to
those of uswho live far from the slopes of an erupting vol-
cano, there is nothing unusual about the above scene. But
what if it was enacted 1,500 kilometres from the eruption?
Then it really would be something very special, because it
would mean that the Earth was being rent by one of nature's
greatest killers—a volcanic super-eruption. These gigantic
blasts dwarf even the greatest eruptions of recent times, and
in comparison the cataclysmic detonation that blew Krakatoa
(Indonesia) apart in 1883, killing around 36,000 of the
inhabitants of Java and Sumatra, pales into insignificance.
Even the titanic blast that tore the Greek island of Thera to
pieces one and a half millennia before the birth of Christ
(thereby engineering the demise of the Minoan civilization
and launching the enduring legend of Atlantis) would be
little more than a firecracker alongside such an Earth-
shattering event.

Fortunately for us, super-eruptions are far from common,
and it is estimated that throughout the last two million years
of Earth history, there have been perhaps two such blasts
every hundred millennia. While natural phenomena never
stick rigorously to a timetable, it is nevertheless dlightly
disconcerting— given this frequency —that the last such
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21 Ashfrom the erupting Tavurvur volcano continuestofall across the
town of Rabaul in New Britain (Papua New Guinea)
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cataclysm occurred a good 73,500 yearsago. The redly scary
thing, however, is that, unlike 'normal’ volcanic blasts, there
isno possibility of avoiding the devastating consequences of a
volcanic super-eruption. Those of us tucked away in the most
geologically friendly countries will still find our cosy world
turned upside down by the next super-eruption, even if it
occursin a distant land on the other side of the planet. This
is because of the severeimpact it will have on the climate, the
ash and gas gjected high into the atmosphere dramatically
reducing the solar radiation reaching the surface and trig-
gering a freezing volcanicwinterworldwide.

Before examining the truly terrifying consequences of the
next volcanic winter, let me take a more detailed look at the
scale of volcanic super-eruptions, compared with the
common-or-garden variety of volcanic blast. A number of
scales have been devised in recent years to alow the sizes of
volcanic events to be compared. One of the earliest and most
commonly quoted is the Volcanic Explosvity Index or VEI
devised by volcanologists Chris Newhall and Steve Self in
1982, primarily to allow estimation and comparison of the
magnitudes and intensities of historical eruptions. Eruption
magnituderefers to the mass of material erupted, while erup-
tion intensity is a measure of the rate at which material is
expelled. The index is logarithmic (like the better-known
Richter Scale for earthquakes) which means that each point
on the scale representsan eruption ten timeslarger than the
oneimmediately below. ThusaVEI 5isten timeslarger than
a4,aVEl 6 ahundred timeslarger, and a VEI 7 a thousand
timeslarger. At the bottom of the index, the gentle effusions
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of lava that characterize most eruptions of Kilauea and
Mauna Loa on Hawaii score a measly o, while mildly explo-
sive eruptions that release sufficient ash to perhaps cover
London or New York in alight dustingwould register at 1.0r
2. To avolcanologist, however, things don't redly start to get
exciting until higher values are reached. VEI 3 and 4 erup-
tions are described, respectively, as 'moderate’ and 'large'.
This translates into blasts big enough to cause local devasta-
tion, sending columns of ash up to 20 kilometres into the
atmosphere and burying the surrounding landscape under
piles of volcanic debris a metre or more deep. In 1994, the
town of Rabaul in New Britain (PapuaNew Guinea) was des-
troyed by an eruption of thissize, and a few years later—in
1997 — Plymouth, the capital of the Caribbean island of
Montserrat, suffered the same fate. Eruptions that scorea 5
on the scale, such as the much-televised 1980 blast of Mount
St Helens (Washington State, USA) typically cause mayhem
on aregional scale, while VEI 6 eruptions can be regionally
devastating and the effects long-lasting. The 1991 Pinatubo
eruption in the Philippineswas probably the largest eruption
of the twentieth century, gjecting sufficient ash and debristo
bury central London to the depth of a kilometre and making
hundreds of thousands homeless. For years afterwards,
mudflows continued to pour down the flanks of the once-
again dormant volcano, clogging rivers, burying farmland,
and flooding townsand cities. For the last VEI 7 eruption we
have to go back almost two centuriesto 1815— theyear of the
battle of Waterloo. As the armies of Wellington and Napo-
leon jostled for position across Europe, on the distant
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Indonesian island of Sumbawa, the long-dormant volcano
Tambora ripped itself apart in a gargantuan eruption that
may have been the largest since the end of the Ice Age
10,000 yearsago. Sir Stamford Raffles, the then British Lieu-
tenant Governor of Java, reported a series of titanic deton-
ationsloud enough to be heard in Sumatra 1,600 kilometres
away. When the eruption ended, after 34 days, it left 12,000
dead. In the ensuing months, however, a further 80,000
Indonesians succumbed to famine and disease as they strug-
gled to find food and uncontaminated water across the ash-
ravaged landscape.

Utterly devastating though the Tambora event no doubt
was to the people of Indonesia, its direct effects were none-
theless confined to one part of South East Asia. Indirectly,
however, much of the world was to suffer the consequences
of this huge blast. Along with some 50 cubic kilometres of
ash, the climactic explosions of the Tambora eruption also
lofted around zoo million tonnes of sulphur-rich gasesinto
the stratosphere, within which high-altitude winds swiftly
spread them across the planet. The gases combined readily
with water in the atmosphere to form 150 million tonnes of
sulphuric acid aerosols—tiny particles of liquid that are very
effective at blocking out solar radiation. Within months the
northern hemisphere climate began to deteriorate and tem-
peratures fell to such a degree that 1816 became known as
the 'year without a summer." Global temperatures are esti-
mated to havefallen by around 0.7 degrees Celsius--perhaps
aseventh of the drop required to plunge the planet into full
ice age— causing summer frosts, snows, and torrential rains.
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The miserable weather conditions may have set just the right
mood for Mary Shelley's vivid imagination to spawn its most
famous offspring, Frankenstein, while the spectacular ash and
gas-laden sunsets are said to have inspired some of J. M. W.
Turner's most brilliant works.

Certainly the weather conditions in Europe and North
America during 1816 were awful, but could a volcanic erup-
tion in afar-off part of theworld really change the climate so
much as to cause a breakdownin society and end theworld as
we know it? Evidence from the past suggests that there is no
doubt that it can. Far back in the geological record— during
the Ordovician period some 450 million years ago—an
enormous volcanic explosion in what is now North America
gjected sufficient ash and pyroclastic flows that, if it hap-
pened today, it would obliterate everything over an area of at
least a million square kilometres. This is broadly the size of
Egypt or four times the area of the UK. In addition the
amount of gasand debris pumpedinto the atmosphere must
have been phenomenal. A little nearer our time, just 2 mil-
lion years ago, a mighty eruption at Y ellowstonein Wyoming
was violent enough to leave behind a gigantic crater (or cal-
dera) up to 80 kilometres across, and pump out ash that fell
across 16 states. Another huge eruption occurred at Yel-
lowstone around 1.2 million years ago and yet another just
650,000 years ago. If this last cataclysm occurred today it
would leave the United States and its economy in tattersand
the global climate in dire straits.

The eruption scoured the surrounding countryside with
hurricane-force blasts of molten magma and incandescent
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gases—known as pyroclastic flows—with avolume sufficient to
cover the entire USA to a depth of 8 centimetres. Ash fell as
far afield assites that are now occupied by the citiesof Bl Paso
(Texas) and Los Angeles (California), and Y dlowstone ash
from this eruption is even picked up in deep-sea geological
cores from the Caribbean seabed. Although no eruptions
have been recorded at Y ellowstonefor 70,000 years, the hot
springs, spectacular geysers, and bubbling mud pools pro-
vide testimony that hot magma still resides not far beneath
the surface. This is further supported by the numerous
earthquakes that regularly shake the region and the periodic
swelling and subsiding of the land surface. No one knows

22 Hot springs, bubbling mudpools, and spectacular geysers tetify to
magma lurking not far beneath the surface of Yelowstone Park in
Wyoming, USA
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when—or even if—Ydlowstone will experience another
devastating super-eruption. It isalittle worrying, however, to
note that these huge blasts seem to occur every 650,000 years
or so. Perhapsthen, we are due another any time now?

Itwould be easy to sit back and say —that's all very well, but
these horrific eventstook place deep within the mists of time.
Surely they can't happen today? Thinking along these lines
would be a very big mistake. I n 186 AD a massive eruption at
New Zealand's Lake Taupo ejected pyroclastic flows that dev-
astated a substantial portion of the North Island. 73,500
years ago— considerably older but still well within the time
span of modern humanity — perhaps the greatest volcanic
explosion ever tore a hole 100 kilometres across at Toba in
northern Sumatra. This huge caldera, which is now lake
filled, isvery much a tourist attraction, but there is evidence
of a much more sinister legacy. The eruption of Toba may
have comewithin ahair’s breadth of making the human race
extinct. Estimates of the size of the blast vary, but thereisno
question that— along with the Y ellowstone eruptions—Toba
qualifies as a VEI 8 super-eruption. It was thought that the
total amount of debrisejected during the eruption wasof the
order of 3,000 cubic kilometres, sufficient to cover virtualy
thewhole of Indiawith alayer of ash one metre thick. Recent
evidence from deep-sea geological cores suggests, however,
that the eruption might have lasted longer than previously
thought and gjected considerably more debris, perhapsup to
6,000 cubic kilometres. Almost unbelievably, this would be
enough to bury the entire United States to a depth of two-
thirds of a metre.
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Any of our ancestors living on Sumatra at the time would
without question have been obliterated. For the human race
as a whole to suffer the threat of extinction, though, the
effects of the eruption would have to have been severe across
the whole planet, and this they seem to have been. Along
with the huge quantities of ash, the Toba blast may have
poured out enough sulphur gases to create up to 5,000 mil-
lion tonnes of sulphuric acid aerosols in the stratosphere.
Thiswould have been sufficient to cut theamount of sunlight
reaching the surface by go per cent, leading to global dark-
ness and bitter cold. Temperaturesin tropical regions may
have rapidly fallen by up to 15 degrees Celsius, wiping out
the sensitive tropical vegetation, while over the planet as a
whole the temperature drop is likely to have been around
5 or 6 degrees Celsius, broadly the equivalent of plunging
the planet into full ice age conditions within just a few
months. Temperature records from Greenland ice cores
suggest that the eruption wasfollowed by at least six years of
such volcanic winter conditions, which were in turn followed
by a thousand-year cold 'snap’. Soon afterwards the planet
entered the last Ice Age, and there is some speculation that
in this respect, the cooling effect of the Toba eruption may
have been the final straw, tipping an already cooling Earth
from an interglacial into a glacial phase from which it only
fully emerged around 10,000 years ago.

What then of our unfortunate ancestors: could this period
of volcanic darkness and cold really have brought them to
their knees? It certainly seems possible. Studies of human
DNA contained in the sub-cellular structures known as mito-
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2g The gigantic eruption of Toba 73,500 yearsago excavated a crater
100 kilometreslong and plunged the world into the depths of volcanic
winter

chondriareveal thatweare al much too smilar —geneticaly
speaking—to have evolved continuously and without
impediment for hundreds of thousands of years. The only
way to explain this extraordinary similarity is to invoke the
occurrence of periodic population bottlenecks during which
time the number of human beings wes, for one reason or
another, slashed and the gene pool dramatically reduced in
sze. At the end of the bottleneck, al individualsin the rap-
idly expanding population carry the inherited characteristics
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petual darkness and cold for years. Photosynthesis would
dow to almost nothing, destroying the food sources of both
humans and the animals they fed upon. As the volcanic win-
ter drew on, our ancestors simply starved to death leaving
fewer and fewer of their number, perhapsin areas sheltered
for geographical or climatological reasonsfrom the worst of
the catastrophe. It has been suggested that for 2o millennia
or so there may have been only afew thousand individuals on
the entire planet. Thisis just about as close to extinction asa
speciesis likely to get and still bounce back, and—if true—
must have placed our ancestorsin as vulnerable a position
as today's White Rhinos or Giant Pandas. Against all oddsit
seems that the dregs of our race managed to struggle
through both the aftermath of Toba and the succeeding Ice
Age, bringing our numbers up to the current 6 billion.
Could afuture super-eruption wipe out the human race?It
ishighly unlikely that any eruption would be of sufficient size
to completely obliterate today's teeming billions, but it is
perfectly possible that our global technological society would
not survive intact. Before the fall of the Berlin Wall, many
national governments were quite prepared to plan for the
terrible possibility of all-out nuclear war. With the threat now
largely dissipated, however, there has been little enthusiasm
for maintaininga civil defence plan to address the threat of a
global geophysical catastrophe. In the absence of such for-
ward thinking, theimpact of a future super-eruption islikely
to be appalling. With even developed countries such as the
United States, the UK, Germany, and Australia having suf-
ficient stores to feed their populationsfor amonth or two at
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most, how would they cope with perhaps another six years
without the possibility of replenishment? In the world's
poorer countries, where famine and starvation are never far
away, the situationwould be magnified a thousand times, and
death would come swiftly and terribly. From London to
Lagos the law of thejungle would quite likely prevail asindi-
viduals and families fought for sustenance and survival.
When the skies finaly cleared and the Sun's initially feeble
rays brought the first breath of warmth to the frozen Earth,
maybe a quarter of the current population would have died
through famine, disease, and civil strife.

Bearingin mind that over o millennia have elapsed since
the Toba cataclysm it would be no surprise, statistically speak-
ing, if another super-eruption struck within the next hun-
dred years. But where? Restless calderas, which are constantly
welling and shaking, are clear candidates, and both Yel-
lowstone and Tobabelongin this category. Large volumes of
magma still reside beneath these sleeping giants that may
well be released in future cataclysms. It islikely, however, that
the warning signs of these giants awakening— large earth-
gquakes and severe welling of the surface—will continue for
decades or even centuries before they finaly let loose. As
neither volcano is displaying such ominous behaviour at the
moment we need not lose too much sleep over the immi-
nence of a super-eruption at either Toba or Yellowstone.
Only a tiny percentage of the Earth's 1,500 or so active
volcanoes are currently, however, being monitored. Further-
more, the next super-eruption may blast itself to the surface
at a point where no volcano currently exists. Perhaps even as
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| write this some gigantic mass of magma that has been
accumulating deep under the remote southern Andes may
be priming itself to tear the crust apart— and our familiar
world with it.

The super-eruptions | have talked about so far have all
been cataclysmically explosive affairs. There is, however,
another much less common species. One that—every few
tens of millions of yearcerupts even greater volumes of
magma, but with relatively little violence. Flood basalt erup-
tionsinvolve the effusion of gigantic volumes of low-viscosty
lava that spread out over huge areas. These spectacular out-
pourings have been identified all over theworld, including
India, southern Africa, the northwest United States, and
northwest Scotland, but the greatest breached the surface
nearly 250 million years ago in northern Siberia. Estimates
vary, butit looksasif thelavaserupted by this unprecedented
event covered over 25 million square kilometrecan area
three times that of the United States.

Several similar outpourings have occurred throughout the
Earth's long history and have been correlated with mass
extinctions. Before the Siberian outburst, for example, the
Earth of the Permian period teemed with life. During the
succeeding Triassic period, however, when the great flows
had cooled and solidified, fully g5 per cent of all species had
vanished from the face of the planet. A similar mass extinc-
tion 65 million years ago, at the end of the Cretaceous
period, has been linked to the huge Deccan Trap flood basalt
eruption in northwestern India. Asl will addressin the next
chapter, however, there isincontrovertible evidence that the
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Earth wasstruck at thistime by a comet or asteroid, and many
scientists now believe that this was the primary cause of the
extinction of the dinosaurs and numerous other species at
the end of the Cretaceous. Nevertheless, the Deccan lavas
may also have had arole to play, pumping out gigantic quan-
titiesof carbon dioxide that may haveled to severe greenhouse
warming and the demise of organisms that were unable to
adapt quickly enough. As our polluting society continues to
do the same, perhapswe should take this as a salutary warn-
ing of what the future might hold for us, our world, and life
upon it.

Awatery grave

Although by no means the largest volcanic event of the twen-
tieth century, the spectacular 1980 eruption of Mount St
Helens, in Washington State (USA), was certainly the most
filmed. Perhaps because it occurred in the world's most
media-attuned country, the explosions as the volcano blew
itself apart were almost drowned out by the whir of cameras
and the scribbling of journalists' pencils. From a scientific
point of view, however, the eruption wasawatershed, because
it drew attention to a style of eruption that had previously
attracted little interest from volcanologists. Most eruptions
involve the gjection of volcanic debris from a central vent,
but the climactic eruption of Mount St Helens was quite dif-
ferent. Lava and debris from the previous eruption—all of
120 Yyears earlier— had blocked the central conduit ensuring
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that the fresh magmarising into the volcano could not easly
escape. Instead it forced its way into the volcano's north
flank, causing it to swdl like a giant carbuncle. By mid-May
the carbuncle wes ¢ kilometres across and 100 metres high,
and very unstable. Just after 8.30 in the morning on 18 May,
a moderate earthquake beneath the volcano caused it to
shrug off the bulge, which within seconds broke up and

25 The climatic eruption of Mount St. Helens (Washington State,
USA) wastriggered by the collapse of the north flank of the volcano
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crashed down the flank of Mount St Helens as a gigantic
landslide. With this huge weight removed from the under-
lying magma, the gases contained therein decompressed
explosively, blasting northwards with sufficient force to flat-
ten fully grown fir trees up to zo kilkometres away and
obliterating, in all, over 600 square kilometres of forest. The
landslide material rapidly mixed with river and lake water
forming raging mudflows that poured down the river valleys
draining the volcano, while pyroclastic flows tore down the
flanks and ash fell asfar afield as Montana 1,000 kilometres
away.

The Mount St Helens blast killed 57 people and was a
disaster for the region, but its scientific importance lies
squarely initselucidation of the mechanism known as volcano
lateral collapse. Most of us view volcanoes as static sentinels:
bastions of strength and rigidity that are unmoving and
unmovable. In fact, however, they are dynamic structuresthat
are constantly shifting and changing. Far from being strong
they are often rotten to the core; little more than unstable
piles of ash and lava rubble looking for an excuse to fal
apart. The numerous studies that followed the Mount St
Helens eruption revealed that collapse of the flanksand the
formation of giant landslidesisa normal part of thelifecycle
of many volcanoes, and probably occurs somewhere on the
planet around half a dozen times a century. Furthermore,
they showed that the Mount St Helens landslide was tiny
compared to the greatest known volcano collapses--with a
volume of less than a cubic kilometre compared with over
1,000 cubic kilometres for the prodigious chunks of rock
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that have, in prehistoric times, sloughed off the Hawaiian
I'sland vol canoes.

At thisstage you might be asking yourself, sowhat?Surely a
hunk of rock—however large—falling off a volcano can't
have a global impact— can it?Well it probably can, provided
that the collapse occurs into the ocean. In 17g2, arelatively
small landslide flowed down the side of Japan's Unzen vol-
cano and into the sea. The water displaced formed tsunamis
tens of metres high that scoured the surrounding coastline,
killing over 14,000 inhabitantsin the small fishing villages
that lined the shore.Just over a century later, in 1888, part of
the Ritter Island volcano off theisland of New Britain (Papua
New Guinea) fell into the sea, generating tsunamis up to 15
metres high that crashed into settlements on neighbouring
coastlinestaking over 3,000 lives. Clearly, the combination of
avolcanic landslide and a large mass of water isalethal one,
but—you are no doubt thinking—how can it affect the vast
majority of the Earth's populationwho livefar from an active
volcano? The answer lies partly in the size of the largest col-
lapses and partly in the scale of the tsunamis they generate.

Underwater images of the seabed surrounding the Hawai-
ian Islands shows that they are surrounded by huge aprons of
debris shed from their volcanoes over tens of millions of
years. Within this great jumbled mass of volcanic cast-offs,
nearly 7o individual giant landslides have been identified,
somewith volumes in excess of 1,000 cubic kilometres. The
last massive collapse in the Hawaiian Islands occurred just
over 100,000 years ago from the flanks of the Mauna Loa
volcano on the Big Island. Giant tsunamis resulting from
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entry of this huge mass of rock into the Pacific Ocean have
been held responsible for carrying coral-reef debris to an
altitude of over 300 metresabove sea level on the neighbour-
ing island of Lanai — three-quarters of the height of Chica-
go's Sears Tower. Deposits of a similar age, which may be
tsunamis-related, have also been recognized 15 metresabove
sealevel and 7,000 kilometresaway on the southern coast of
New South Walesin Australia. While the nature and proven-
ance of both deposits is still debated, the scale of the waves
generated appears to be redlistic, and computer models
developed to simulate the emplacement of giant volcanic
landslides into the ocean come up with similar sized
tsunamis.

It seems, then, as if major collapses at ocean island vol-
canoes are perfectly capable of producing waves that are
locally hundreds of metres high and remain tens of metres
high even when they hit land half an ocean away. The next
collapse in the Hawaiian Islandsislikely, therefore, to gener-
ate a series of giant tsunamis that will devastate the entire
Pacific Rim, including many of theworld's great citiesin the
United States, Canada, Japan, and China. I n deep water, tsu-
namis travel with velocities comparable to aJumbo Jet, so
barely 12 hourswill elapse before the towering waves crash
with the force of countless atomic bombs onto the coastlines
of North Americaand eastern Asia.

Nor isthe problem confined solely to the Pacific. Scientific
cruises around the Canary Islands, together with detailed
geological surveys on land, have revealed a picture very simi-
lar to that painted for Hawaii. Huge masses ofjumbled rock
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stretchingfor hundreds of kilometresacross the seabed, and
gigantic cliff-bounded collapse scars on land, testify to enor-
mous prehistoric collapses from the islands of Tenerife and
El Hierro. Of more immediate concern, it looks asif a new
giant landslide has recently become activated on the west-
ernmost Canary Island of LaPalma, and is primed and ready
to go. During the eruption beforelast, in 1949, much of the
western flank of the island's steep and rapidly growing vol-
cano—the Cumbre Vieja— dropped 4 metres towards the
North Atlantic and then stopped. Some UK and US scientists
believe that this gigantic chunk of volcanic rock—with an
estimated volume of a few hundred cubic kilometres, just
about double the size of the UK’s Ile of Man—is now
detached from the main body of the volcano and will eventu-
aly crash enmasseinto the sea. The problem at the moment is
that we don't have a clue when thiswill happen. It will prob-
ably be soon— geologically speaking— but whether it will be
next year or in 10,000 yearswe simply don't know. Measure-
ments undertaken during the late 19gos using the satellite
Global Positioning System proved somewhat inconclusive but
suggested that the landslide might still be creeping dowly
seawards, perhaps at only a centimetre a year or even less.
Even if thisis the case, however, the rock mass isunlikely to
complete its journey into the North Atlantic without the
trigger of a new eruption.

What is certain is that at some point in the future the west
flank of the CumbreVigaon La Palma will collapse, and the
resulting tsunamiswill ravage the entire Atlantic rim. Steven
Ward of the University of California at Santa Cruz and Simon
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26 Thewest flank of LaPalmas Cumbre Vieja volcano ison the move
and will eventually collapse into the North Atlantic

Day of University College London's Benfield Greig Hazard
Research Centre created quite astir recently when they pub-
lished a scientific paper that modelled the future collapse of
the Cumbre Vigaand the passage of the resulting tsunamis
across the Atlantic. Within two minutes of the landslide
entering the sea, Ward and Day show, an initial dome of
water an almost unbelievable goo metres high will have been
generated, although its height will rapidly diminish. Over the
next 45 minutes a series of gigantic waves up to 100 metres
high will pound theshoresof the Canary Islands, obliterating
the densely inhabited coastal strips, before crashing onto the
African mainland. As the waves head further north they
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27 The collapse of the Cumbre Vieja will generate enormous tsunamis
that will batter Africa, Furope, and the Americas. Wave-crest heightsare
indicated by positive numbers and troughs by negative numbers (all
heights in metres). The map shows the position of the waves one hour

after collapse
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will start to break down, but Spain and the UK will still be
battered by tsunamis up to 7 metres high. Meanwhile, to the
west of LaPalma, agreat train of prodigiouswaveswill streak
towards the Americas. Barely six hours after the landslide,
waves tens of metres high will inundate the north coast of
Brazil, and a few hourslater pour across the low-lying islands
of the Caribbean and impact all down the east coast of the
United States. Focusing effects in bays, estuaries, and har-
bours may increase wave heights to 50 metres or more as
Boston, New York, Baltimore, Washington, and Miami bear
the full brunt of Vulcan and Neptune's combined assault.
The destructive power of these skyscraper-high waves cannot
be underestimated. Unlike the wind-driven waves that crash
every day onto beaches around the world, and which have
wavelengths (wavecrest towave crest) of afew tensof metres,
tsunamis have wavelengths that are typicaly hundreds of
kilometres long. This means that once a tsunami hits the coast
as a towering, solid wall of water, it just keeps coming—
perhaps for ten or fifteen minutes or more— before taking
the same length of time to withdraw. Under such a terrible
onslaught al life and all but the most sturdily built structures
will be obliterated.

Without considerable forward planning it is unlikely that
the nine hours it will take for the waves to reach the North
American coastline will permit effective, large-scale evacu-
ation, and the death toll is certain to run into millions if
not tens of millions. Furthermore, the impact on the US
economy will be close to terminal, with the insurance indus-
try wiped out at a stroke and global economic meltdown
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following swiftly on its heels. In this way, a relatively minor
geophysical event at a remote Atlantic volcano will affect
everyone on the planet. Like volcanic super-eruptions, these
giant tsunamis constitute perfectly normal, albeit infrequent,
natural phenomena. At some point in the future one will
certainly wreak havoc in the Atlantic or Pacific Basins, but
when?T he frequency of collapses on the Hawaiian volcanoes
has variously been estimated to be between 25,000 and
100,000 years, but if giant landslides at all volcanic islands
are considered, it may be that a major collapse event occurs
every ten millennia or so. On a geological timescale thisis
very frequent indeed and should provide us with serious
cause for concern. Even moreworryingly, therate of collapse
may not be constant and the current episode of global warm-
ing engendered by human activities may in fact bring for-
ward the timing of the next collapse. My own research team
haslinked increased incidences of past volcano collapse with
periods of changing sea level, while others have suggested
that a warmer and wetter climate might result in greater
numbers of largevolcanic landslides. Given that sealevelsare
forecast to continue to rise for the foreseeable future, while
studies of past climate change show that a warmer planet
resultsin heavier rainfall on many of the world's largest vol-
canic island chains, perhaps we should all be thinking of
moving inland and uphill, or at least of investing in a good-
quality wet suit.

Page 119



Thecity waitingtod e

It isextraordinarily difficult to get acrossto someonewho has
never experienced it the sheer, mind-numbing terror of
being caught in a major earthquake. Even in California,
where the population is constantly bombarded with informa-
tion about what to do in the event of a quake, coherent,
sensible thought ceases when the ground starts to tremble.
Following the Loma Prieta quake that struck northern
Californiain 1989, a survey by the United States Geological
Survey revealed that only 13 per cent of the population of
Santa Cruz sought immediate protection, while close to 7o
per cent either froze or ran outside. Thisisaperennial prob-
lem with earthquakes; however well educated the people,
when the ground starts bucking like a bronco and the fur-
niture starts to hurl itself across the room, blind instinct
takes over and tells them to 'get the hell out of there’.
Unfortunately, this serves only to increase the death toll as
terrified homeowners rushing screaming into the street
provide essy targets for falling masonry and other debris
crashing down from above. What they should be doing is
diving beneath the nearest piece of heavy furniture or
sheltering beneath the lintel of a convenient doorway.
Earthquakes are immensely destructive, mainly because
most citiesin regions of high seismic risk are dominated by
buildings that are simply not built well enough to withstand
the severe ground shaking of a major quake. Modern con-
struction methods in California follow stringent building
codes that ensure they can withstand earthquakes that would
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be devastating el sewhere, and this policy has borne consider-
able fruit by dramatically limiting death, injury, and damage
during major quakesin the last 15 years. Even so, the North-
ridge earthquake that struck southern California in 1994 is
credited with losses totalling 35 billion US$, largely accruing
from damage to older structures. Other earthquake-prone
countries also have in place building codes designed to min-
imize damage due to ground shaking, but often these codes
are simply not enforced. The terrible legacy of such alack of
commitment by government and local authorities became all
too apparent when a magnitude #.4 quake struck the Izmit
region of Turkey in 1ggg, obliterating 150,000 buildingsand
taking over 17,000 lives. Many apartment blocks ssmply par-
caked; successive floors collapsing to form a pile of concrete
slabs beneath which opportunitiesfor survival were minimal.
More recently, in January 2001, a severe earthquake shook
the Bhuj region of Gujarat state in northwestern India, flat-
tening 400,000 homes and killing perhaps 100,000 people.
Many of the deaths resulted from the traditional construc-
tion methods used in the region, which involved the building
of homeswith enormously thick wallsmade of great boulders
held together loosely with mud or cement, beneath heavy
stone roofs. When the ground started to shake these build-
ings offered little resistance, collapsing readily to crush those
inside.

During thelast millennium, earthquakeswere responsible
for the deaths of at least 8 million people. Terrifying as this
sounds, the rapid growth of megacities in regions of high
seismic risk is set to ensure that this figure is surpassed,
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maybe in just the next few centuries, and some seismologists
are already warning of the potential, in the near future, for a
single large quake to take 3 million lives. If the unfortunate
target were Karachi or Mexico City then, although the catas-
trophe would have appalling consequences for the host
countries, the global impact would be minimal and would
barely impinge upon the lives of most of the world's popula-
tion. On the other hand, if ground zero were to be the Japa-
nese capital, Tokyo, then the story would be very different.
Projections to 2015 suggest that by this time the Tokyo-
Y okohama conurbation will be the greatest urban concen-
tration on the planet, with a population a shade under 29

28 Buildings, not earthquakes, kill people. 100,000 poorly constructed
buildings succumbed to severe ground shaking during the 2001
Guijarat earthquake in India
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million. The city islocated in one of the most quake-prone
parts of the planet, where the Pacific and Philippine plates to
the east plunge beneath the giant Eurasian plate, and was
obliterated by a massive earthquake less than 80 years ago.
While things have been ominously quiet since, it can't be
long now before another huge quake devastates one of the
world's great industrial powerhouses. When it does, the eco-
nomic shock waveswill hurtle out across the planet, bringing
country after country to its knees. In order to provide an
impression of the fate awaiting the Japanese capital, let me
take you on a trip back to one of the great disasters of the
twentieth century, the terrible event the Japanese call the
Great Kanto Earthquake.

September 1st, 1929, dawned like any other day for the
inhabitants of Tokyo and Y okohama, but for many it would
be their last. The quake struck just before noon, when the
cafés and beer hallswere packed with hungry workersand as
familiessat down at home to their midday meal. A low, deep
rumbling grew rapidly to a monstrous roar as a fault below
Sagami Bay ripped itself apart and sent shock waves tearing
northwards towards the twin cities, crashing first into Yoko-
hama and then—a bare 40 seconds later —into the heart of
the capital itself. The quake registered a massive 8.3 on the
Richter Scale, and so severe was the ground shaking that it
was impossible even to stand. Within seconds, thousands of
buildings, many with the traditional wooden wallsand heavy
tiled roofs, collapsed into heaps of rubble, bringing sudden
oblivion to those inside. The great cacophony of grinding
rock and falling buildings eventually gave way to the quieter
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but equally terrifying crackling of flames as fires started by
thousands of overturned stoves began to devour the wood
out of which many of the buildings were constructed.
Whipped up by a brisk wind, a million small fires swiftly
merged to form unstoppable walls of flame that marched
across the ruins. Shocked men, women, and children
cowered before them in open spaces, but to no avail. The
firestorms roasted them aive. In one area of waste ground
40,000 were immolated by the conflagration, so packed
together that their charcoaled bodies were found still
upright. The fires continued to consume what remained of
the cities for two days and nights, before finaly burning
themselves out to reveal a post-apocalyptic scene of utter
devastation. The true total will never be known but up to
200,000 people may have lost their livesin the quake itself
and thefiresthat followed. The cost to theJapanese economy
was phenomenal — around o billion US$ at today's prices—
and acombination of the quake and the Great Depression six
years later led to economic collapse and severe hardship.
Some have even suggested that these circumstances, asin the
GermanWeimar Republic, helped stoke thefiresof national-
ism and the rise of the military, leading to conquest, imperi-
alism, and ultimately war.

In the early years of the new millennium, the twin cities of
Tokyo and Yokohama again await their fate, only this time it
will befar, far worse, both for Japan and therest of theworld.
Now the industrial and commercial might of the region con-
stitutes one of the major hubs of the world market, with
spokes reaching out to the far corners of the Earth, helping
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to bind together a global economic machine uponwhich the
wealth of al nations now depends. When Tokyo falls, so will
Japan, and the rest will follow — but when? Strains have now
been accumulating in the rock beneath and around the
capital for 78 years and, apart from a relatively small—
magnitude 5.9 —quake in 1992, the region has been seismic-
dly silent. Both the government and the population know,
however, that this can't last and money is being poured into
constructing earthquake-proof buildings, improving educa-
tion and emergency planning, and even trying to predict the
precise timing of the next 'big one'. So far, however, the
accurate prediction of earthquakes has proved to be out of
reach, and prospects for a breakthrough in the near future
are slim. Furthermore, a substantial proportion of the older
building stock remainsvulnerable, and an estimated one mil-
lion wooden buildings continue to provide an excellent
potential source of fuel for the post-quake fires. Just seven
years ago, 6,000 people died in the Kobe earthquake, 400
kilometres south of Tokyo, which can be viewed perhaps asa
mini version of the catastrophe awaiting the capital. At Kobe
serious fire damage contributed significantly to the overall
destruction and to the huge economic losses of zoo billion
US$, and it was clear that emergency preparedness and
response were far from effective, and certainly well below the
rest of theworld's expectations, given the general perception
of Japanese society as a model of efficiency. For one reason
or another, the authorities were simply unable to cope with
the chaotic aftermath of the event. Planswere notin place to
ensure transport of emergency supplies and equipment to
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where they were needed, once roadswere blocked by debris
and railways out of commission, and many of the city's hun-
dreds of thousands of homelessreceived little or no help for
several days after the quake. It isfair to say that some at least
of the problems encountered at Kobe reflect the hierarchical
structure of Japanese society, which stifles independent
decision making and action and hinders rapid response in
emergency situations. Without significant changes it is dif-
ficult to see how any earthquake emergency plan for the
Tokyo region could function effectively within the strait-
jacket imposed by such a deeply ingrained and restrictive
social etiquette.

The geological setting of Tokyo and Yokohama iscomplex,
with three of the Earth's great tectonic plates converging
here. The enormous strains associated with the relative
movements of these plates are periodicaly relieved by sud-
den displacements along local faults, which in turn lead to
destructive earthquakes. In fact, there are so many active
faults in the vicinity that the region is at risk from major
quakes occurring at four different locations, all of which are
thought by seismologists to be overdue or at least imminent.
Some 75 kilometres south of Tokyo and Yokchama, close to
the city of Odawara, seismologists expect a magnitude 6.57
quake to strike at any moment. Although causing serious
damage locally, and moderate damage in the twin cities, this
isunlikely to hit the capitalwith the force of the 1923 quake.
Similarly, another so-called Tokai earthquake is imminent
beneath Suruga Bay, 150 kilometresto the southwest. Scien-
tistsforecast that thiswill be a huge, magnitude 8 event that

Page 128



will undoubtedly batter the coastal city of Shozuoka, but will
probably again be too far from the capital to have a serious
impact. Far more worrying are two other expected quakes
that pose a much greater threat to the Tokyo region, and
which are awaited with much trepidation. Scientists predict
that a quake as large as magnitude 7 could strike at any
time— directly beneath the capital. This event, known locally
as a chokka-gata quake, will cause severe damage in the cap-
ital, although Yokohama islikely to be less badly hit. Worst of
all, arepeat of the 1g29 Great Kanto Earthquake itself isonly
thought to be a few decades away. Thisis likely to take the
form of a massive magnitude 8 event resulting from the tear-
ing open of afault beneath Sagami Bay to the south. Aswas
the case almost 80 years ago, the shock waveswill race north-
wards, rolling first into Y okohama and barely half a minute
later into Tokyo itself.

The national government still maintains that its scientists
will detect in advance the warning signs that the 'big one' is
on its way. Such faith in science isboth rare and touching but
in this case entirely misplaced. Retrospectively, it has been
noted that some earthquakes have been preceded by fallsin
the water levels in wells and boreholes, and in elevated con-
centrations of radioactive radon gas issuing from the rock,
but this is not aways observed. Furthermore, such changes
can occur without a following quake, making them notori-
oudly unreliable for prediction purposes. A group of Greek
scientists claim that they can detect electrical signalsin the
crust prior to an earthquake, but there is no convincing
evidence for this and the method is derided by most
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seismologists. On the other hand, there does appear to be
something in the idea that animals, birds, and fish behave
strangely before a quake, and the Japanese are actually
undertaking seriousresearch to find out if catfish—amongst
other organisms—can help them forecast the next big one.
The problem here is that no one knows how animals can
detect a quake before it happens, although it has been sug-
gested that strain in the rocks generates electrical chargesin
fur and feathers, and perhaps even scales, that trigger small
electric shocks, making the animals understandably restless
and irritable. But this begs the question, how do you decide
whether, for example, apigis behaving strangely?

In the absence of an alert from a precognizant catfish, it is
likely then, that the next great quake will strike the Tokyo
region with no warning whatsoever. Recently constructed
buildingswill fare reasonably well, but many older properties
will crumble. Notwithstanding an automatic gas shut-off
device that isfitted to some buildings, exploding fuel tanks,
fractured gas mains, and oil and chemical spillswill ensure
no shortage of firestofeed on a million wooden buildings. As
in 1924, huge conflagrationsare expected to cause at least as
much destruction as the quake itself, and to inflate the death
toll hugely, which some suggest could easily top the 200,000
of the Great Kanto quake. While it is difficult to estimate in
advance the economic losses resulting from the next big one,
amodelling company that services the insurance industry has
come up with the extraordinary figure of 7 trillion USS$.
Thiswould make the cost of the next Tokyo quake 35 times
greater than Kobe, so far the most expensive natural disaster
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ever, and 200 timesmore than California's 1994 Northridge
gquake— the costliest natural catastrophe in US history.

Theimpact on theJapanese economy is widely expected to
be shattering.Japan isenormously centralized, and the Tokyo
region hosts not only the national government but also the
stock market and 7o per cent of the headquarters of the
country’s—and the world's—largest companies. Currently,
the GDP of the region iscomparable to that of the entire UK,
and despite itscurrent economic woes, it islikely that this will
be substantially larger when the big one eventually strikes. In
order to rebuild and regenerate it is highly likely that the
Japanese will have to disinvest from abroad on a massive
scale, dumping government bonds in Europe and the States,
selling foreign assets, and shutting down overseasfactories. It
is well within the realms of possibility that as country after
country findsitself fighting to copewith the swift unravelling
of the global economy, a recession deeper than anything
since the 1gzos would soon set in. Neither would it be any
great surprise to find unemployment reaching staggering
proportions and the political and social fabric of many states
starting to pull apart. No one knows how long a post-Tokyo
quake depression would last—it could be years or even
decades—nor just how bad it would be. Equally importantly,
how long dowe have towait until such a speculative scenario
is played out for real? The frightening consensus amongst
seismologistsis 30 years—at best.

Despite occasionally being depicted in the mediaas ‘Disas-
terman’, | would hate you to regard me purely asa harbinger
of doom, and close the book at this point with a feeling of
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hopelessness about the future. Yes the Earth is geologically
very dangerous, and the more geologistsstudy our planet the
more potentially serious the tectonic threat to the survival of
our civilization appears to be. On the other hand, we are
learning all the time; collecting data that can be utilized to
counter or at least mitigate the impact of the next super-
eruption or gigantic tsunamis. Eventually, it probably will be
possible to predict earthquakeswith some accuracy and pre-
cision, and certainly within a century it islikely that nowhere
on the planet will a volcanic island become unstable or a
huge new batch of magmaswell the surfacewithout our satel-
lites spotting them well in advance of catastrophe. On an
almost daily basis Earth scientists are tackling some of the
greatest threats to our society and incrementally they are get-
ting to gripswith them. At the very least, the next time our
planet shudders on a grand scale we will be far better pre-
pared than our distant ancestors, who faced the might of
Tobawith incomprehension and sheer terror.

Fedsioe fret over

e On average there are two volcanic super-eruptions every
100 millennia.

¢ Following the Tobasuper-eruption 74,500 years ago, the
world would have been held in the grip of volcanic win-
ter for at least six years.

¢ |In the aftermath of Toba the human population may
have been reduced to just afew thousand individuals.
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* In 1949 agigantic landslide on thewestern flank of the
Cumbre Viga volcano on La Palma (Canary Islands)
dropped 4 metres over night.

e When the Cumbre Viga collapses into the sea, the
coastal cities of the eastern USA will be battered by
tsunamis up to so metreshigh.

e The next great Tokyo earthquake is expected to cause
damage totalling at least 7 trillion US$ and may trigger a
global economic collapse.
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The Threat from Space

Asteroid and Comet Impacts
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The astronomical event of the century

'n 199 a discovery by thelate and greatly lamented plan-
etary scientist Eugene Shoemaker — along with his wife
. Carolyn and colleague David Levy—was to change for
ever our perception of the Earth as a safe and cosy haven
insulated from the whizzes and bangs of a violent and capri-
cious universe. The Shoemaker team had spotted 21 huge
chunksof rock that had once been part of a comet torn apart
by the enormous gravitational field of the planet Jupiter —a
giant sphere mainly made up of hydrogen and helium gas
that is large enough to contain over 1,900 Earths. Instead of
orbiting the Sun, like most comets, however, this one had
been captured by Jupiter's gravity and the rocky fragments
now orbited the King of Planets itself. AsJupiter already had
alarge retinue of moons, the addition of a few more would
have been mildly interesting, if not surprising. What was
extraordinary, however, wasthat these new 'moons’ were very
much ephemeral. The following year they would end their
lives by crashing into the surface of Jupiter, providing scien-
tists on Earth with a grandstand view of just what happens
when a planet isstruck by large hunks of space debris.
On 16July 1994 — appropriately the =5 anniversary of the
launch of Apollo 13, the first manned lunar landing
mission—thefirst fragment of Comet Shoemaker-Levy struck
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the planet, sending up a gigantic plume of gas and debris
and blasting outwards a rapidly expanding shock wave. As
fragment after fragment hammered into the planet, spec-
tacular imageswere gathered by the Hubbl e Space Telescope
in Earth orbit and by the unmanned Galileoprobe on itsway
toJupiter. Two daysafter theinitial impact, a chunk of rock 4
kilometres across and rather unromantically named frag-
ment G smashed into the planetwith theforce of 100 million
million tonnes of TNT —roughly the equivalent of eight &il-
lion Hiroshima-sized atomic bombs. The flash generated by
the collision was so brilliant that many infra-red telescopes
trained on the event were temporarily blinded. The glare
soon faded, however, to reveal an enormous dark impact scar
wider than the Earth. Inevitably, everyone who saw this awe-
some image had the same thought. What would have hap-
pened if fragment G had struck the Earth instead of Jupiter?

Almost overnight our planet seemed a much more vulner-
able place and the hold of our race upon it that much more
tenuous. Suddenly both scientists and the public, and even
politicians, began to take the threat from space seriously.
Two Hollywood blockbuster films fed growing interest in
impact events by showing—with various degrees of scientific
rigour —what we might al be in for if a comet or asteroid
headed our way.

In 1996, just two years after theJupiter impacts, an inter-
national body known as the Spaceguard Foundation was
formed, with the dedicated aims of promoting the search for
potentially dangerous asteroids and comets and raising the
general level of awareness of the impact threat. In the United
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States, NASA and the Department of Defence began, albeit at
alow level, to fund Spaceguard-related projects and the UK
government established a task force to examine the risk of
asteroids and comets hitting the Earth. All of asudden every-
one wanted to know what the chances were of the Earth being

31 The spectacular impact of one of the fragments of Comet
Shoemaker-Levy impacts onJupiter in 1994
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struck at some point in the future and what effect such a
collision would have on our planet and our race. The answer
to thefirst question iseasy: the chancesare 100 per cent. The
Earth has been bombarded by space debris throughout its
long history, and although such collisions are now far less
common than they were billions of yearsago, our planet will
be struck again. The vital question is—when? And as regards
how bad thiswill be for the human race: that dependslargely
upon how big a chunk of rock hits us.

The cosmic sandstorm

To get a better idea of how frequently the Earth islikely to be
hit, we need to find out how many rocks are hurtling around
our solar system and, in particular, how many of these come
close enough to the Earth to start us worrying. Although a
vast amount of debriswaswept up by the embryonic planets
during the early solar system, countless dregs remain, ran-
ging upwards in sizefrom tiny specksafew millimetres across
to gigantic rocks, such as the minor planet Ceres, over a
1,000 kilometres in diameter. Like someone battling
through a desert sandstorm, the Earth is constantly bom-
barded in the course of itsjourney through the solar system.
Fortunately for us, most of the billions of colliding fragments
are tiny and flash into oblivion as soon as they come into
contact with our planet's atmospheric shield. Every now and
again, however, the Earth collideswith something larger.

A fragment of debris the size of a pea burns up in the
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Earth's atmosphere every five minutes, while a soccer-ball
sized lump will light up the sky with its death throes around
once a month. Larger objects may run the gauntlet of the
atmosphere and reach the surface, but thisisrare and only
happens a few times a year. Perhaps once or twice a century,
the Earth collides with a rock in the jo—go metre size
range— an object large enough to obliterate a city if it scores
a direct hit. The last well-documented impact of this size
occurred as recently as 1908 — ofwhich more later.

While the entire solar system teems with debris, from a
hazard point of view we are only realy interested in those
fragments that threaten to end their existence through colli-
sion with our planet. The majority of these Earth-threatening
objects are rocky asteroids that have orbits around the Sun
that intersect the Earth's. The true numbers of these Earth-
Crossing Asteroids (ECAs) are impossible to determine, but
current estimates are pretty frightening.

Inall, up to zo million pieces of rock over 10 metresacross
may be hurtling across our planet's path during itsjourney
around the Sun. Up to 100,000 of these are thought to be
over 100 metresin diameter — big enough to obliterate Lon-
don or New York given a direct hit—and maybe 20,000 are
half a kilometre across, sufficient to wipe out asmall country
if they strike land, or generate devastating tsunamis if they
impact in the ocean. Fewer in number, but enormously more
destructive if they hit, are those asteroids 1 kilometre or
more in diameter. One kilometre iswidely recognized as the
critical size threshold at or above which a collision would
have devastating consequences on a global scale. Although
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barely equivalent in diameter to ten soccer pitcheslaid end
to end, such is the tremendous level of kinetic energy —or
energy of motion—involved in the collision that an object of
thissizestrikingland would leave a crater 2o kilometresor so
across and loft sufficient pulverized debris into the atmos-
phere to block out the Sun's raysand plunge the Earth into a
freezing cosmicwinter for years.

A range of estimates have been published for the number
of Earth-Crossing Asteroidsin the 1 kilometre and above size
range, with the most recent suggesting there are somewhere
between 500 and 1,100. Over gz20 of these have now been
identified and their orbits projected forward in time to see if
they pose athreat to the Earth in the medium term, and the
search continues to find them dl —a task that will take at | east
a couple more decades. Once this has been accomplished,
and assuming that one doesnot have our name onit, we can
sleep a little safer in our beds. The problem does not,
unfortunately, end there. We still have the comets to worry
about.

Cometsare enormous masses of rock and ice that can be up
to 100 kilometres or more across. In contrast to the near-
circular orbits of the asteroids, most comets follow strongly
elliptical paths that carry them from the freezing outposts of
the outer solar system, or beyond, in close to the Sun and
then out again. I n the depths of space, cometsare enigmatic
objects and not easy to spot. As they enter the inner solar
system, however, they undergo a remarkable transformation
assunlight starts to evaporate gas and dust particlesfrom the
central nucleus to form a spectacular tail that can stretch
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32 Orbitsof known Earth-crossing Asteroids provide a clear picture of
just how crowded the space around our planet reallyis. The orbitsof 1.
Mercury 2. Venus 3. Earth 4. Mars are also shown
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across space for 100 million kilometres or more. The stun-
ning apparition of a comet's tail waslong regarded as a por-
tent of doom and disaster, and in away thisisnot toofar from
the mark. Comets have typical velocities of 5o—7o kilometres
a second—a hundred times faster than Concorde, and
around three times that of the Earth-Crossing Asteroids. Asa
result, a collision between a comet and the Earth is hugely
more energetic and therefore tremendously more
destructive.

Another problem with cometsisthat, unlike their asteroid
cousins, their orbital parametersare often poorly known and
therefore difficult to project into the future to see if they
pose any threat. Halley's Comet, undoubtedly the most fam-
ous of al, follows an orbit around the Sun that takes only
76 years to complete. Consequently, it has been observed
dozens of times over thousands of years and its orbit iswell
enough known to make it possible to calculate its path far
into the future. Thisshows that, at least until gooo AD, Hal-
ley's Comet will not even come close to threatening the
Earth. Other comets, however, follow parabolic orbits that
take them on immeasurably long journeys far beyond the
limits of the solar system. Some of these may have been
observed once or twice by our distant ancestors, but others
may be making their first ever visit to the inner solar system.
In these circumstances, there has been no opportunity to
predict their orbitson the basis of earlier visitations, and our
first view of one of these objects heading our way may provide
us with just six months respite before an unavoidable and
calamitous collision. Furthermore, because such comets have
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been confined to deep space, they are huge— perhaps 100
kilometres or more across. This is because they have not
suffered attrition from the solar wind, the hurricane of solar
particles that evaporates parts of a comet to produce the
characteristic tail, asit forgesitsway through theinner solar
svstem.

When worlds collide

It hasbeen something of astruggle over the last few centuries
for exponents of the theory to convince both scientists and
the public that the millions of craters that pockmark the face
of the Moon are the result not of volcanic explosions but of
collisions with objects from space. As long ago as the early
nineteenth century, the German natural philosopher Baron
Franz von Paula Gruithuisen's declaration that the lunar
craters were a consequence of ‘a cosmic bombardment in
past ages was treated with contempt by 'serious’ scientists.
(Nodoubt hisfurther claims to have uncovered evidence for
the existence of humans and animals on the surface of the
Moon had a little to do with this.) At the other end of the
nineteenth century, the US geologist Grove Karl Gilbert
tried to simulatein the laboratory the formation of thelunar
craters by firing objects into powder or mud. Gilbert was
perplexed, however, by the observation that only objects
fired vertically produced circular craterslike those that cover
thelunar surface. In light of this, W. M. Smart proclaimed, in
1927, that the craters of the Moon could not be caused by
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impacts because 'there is no a griori reason why meteors should
always fall vertically'. It was only after observing the effects of
the billions of tonnes of bombsdropped in the Second World
War that it began to dawn on geologists that given a violent
enough explosion, acircular crater would alwaysbeformed—
whatever the angle of the trajectory. In other words, the tre-
mendous explosion generated when an object hit the Moon
virtually aways resulted in a circular crater. Remarkably, it
took another quarter of a century for the impact origin of
lunar craters to gain widespread acceptance, and even today
one or two maverick scientists still support a volcanic origin
in theface of overpowering evidence to the contrary. Getting
any new paradigm accepted in science isa battle, and geology
is no exception. Just as the proponents of the revolutionary
theory of plate tectonics had initialy to fight hard against
reactionary forces, so those scientists who claimed that the
Earth, aswell asthe Moon, had also taken a battering found
the going difficult.

As long ago as 1gog, Benjamin Tilghman proposed that
Arizona's famous Barringer Crater (also now known as
Meteor Crater) was the result of 'the impact of a meteor of
enormousand hitherto unprecedented size'. Thissuggestion
failed to convince, however, because a quarter of a century of
excavation by Tilghman and his engineer colleague D. M.
Barringer failed to find the impactor itself. We now know
that this had been essentially vaporized by the enormous
heat generated by the collision, but at the time the absence
of a 'smoking gun' simply lent credence to those who sug-
gested an alternative mechanism of formation.
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Until well after the end of the Second World War, many
Earth scientists suffered an extraordinary failure of the
imagination, accepting an impact origin for the lunar
craters but grabbing at any straw in order not to support an
impact origin for crater structureson the surface of our own
planet. Given that, due to the Earth's much greater size and
stronger gravity field, it must have been struck perhaps 30
times more frequently than its nearest neighbour, this
denial is even more extraordinary. Perhaps not entirely sur-
prising, however, when we consider that the enormously
dynamic nature of our planet isfar from suited to the pre-
servation of impact craters, particularly those of any great
age. Because of plate tectonics, and in particular the process
of subduction, through which the basaltic oceanic plates
are continuously being consumed within the Earth's hot
interior, some two-thirds of the Earth's surface is only a few
hundred million years old. Bearing in mind that the most
intense phase of bombardment occurred during the first
few billion years of our planet's history, then evidence for
this can now only be found in the ancient hearts of the
granite continents that are immune to the subduction pro-
cess. Because they have succumbed to erosion and weather-
ing, perhaps for aeons, these cratersare notoriously difficult
to spot. Also, the oldest rocks, which are likely to support
the most craters, are in remote areas such as Siberia, north-
ern Canada, and Australia, and some craters are so big that
their true form can only be seen from space. Today, satel-
lites have helped in the identification of over 165 impact
craters al over the world, and the idea that the Earth is
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susceptible to bombardment from space is now as accepted
asplate tectonics.

Controversy has certainly not gone away, however, and
argument continues amongst the scientific community, par-
ticularly about the frequency and regularity of impactsand—
probably of most interest to the layman— about the effects of
the next large impact on our civilization. The question of
frequency is far from straightforward and serious disagree-
ment exists between schools of thought that, on the one
hand, support a constant flux of impactorsand, on the other,
advocate so-called impact clugtering. Notwithstanding the very
heavy bombardment of the Earth's early history, followers of
impact uniformitarianism support a strike rate that is uniform
and invariable. Thisis at variance with rival groups of scien-
tistswho are promoting an alternative theory of coherent catas-
trophism, within which the Earth, for one reason or another,
periodically comes under attack from increased numbers of
asteroids or comets.

If we are realistically to assess the threat of future impacts
to our civilization, then clearly it is vital that we resolve as
soon as we can whether the number of collisions continues
at its current rate or whether we have a nasty shock in store
somewhere down theline. If theformer provesto be correct,
we can expect business as usual, meaning a collision with a
ro-metre potential city-destroyer every 5o years or so, a half-
kilometre small-country obliterator every ten millennia, and
a 1-kilometre global impact event every 100,000 t0 899,000
years— depending on whose figures you accept. Fortunately
for us, gigantic extinction levd events (ELEs), such as that
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caused by the 10-kilometre monster that ended the reign of
the dinosaurs 65 million years ago, appear to happen every
5o to 100 million years, so the chances of one striking the
Earth soon are tiny. Based upon the above impactor strike
rates, proponents of the threat from asteroids and comets
come up with probabilities of dying due to an impact that
really make one think. If you were able to construct a time
machine and hurtled forwards to the year 1,000,2002 where
you sought out and consulted the Centre for Planetary
Records you would come up with a fascinating fact. The
number of people killed in air (and no doubt space) crashes
during the intervening million years— probably between 1
and 1.5 billion—would be less than those killed by impact
events, which could total 3 billion or more, assuming two or
three collisionswith 1-kilometre objects. What this amounts
toisthat duringyour lifetime your chance of dying due toan
asteroid or comet impact could be twice as great as being
killed in an air crash; a pretty sobering thought if ever there
was one. Looked at another way, if you gamble, your chance
of being killed during an asteroid or comet strike is750 times
more likely than winning the UK lottery. Maybe this scares
the wits out of you, but the true situation may actualy be
worse. If the coherent catastrophists are correct then there
are certain periodsin the Earth's history when our planet, or
perhaps even our entire solar system, travels through a
region of space containing substantially more debris than
normal, resulting in a significant increase in impact events
on al scales.

A number of theories lay the blame for this periodic
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increase in Earth-threatening space debris on the episodic
disruption of the so-called Oort Cloud, agreat spherical cloud
of comets that envelops the entire solar system far beyond
the orbit of Pluto. Typicdly, cometsin the cloud travel along
such huge orbits, which take some a quarter of the way to the
nearest star, that they rarely visit the inner solar system, and
then only in ones and twos. However, if some external influ-
ence were to interfere with the cloud, so the thinking goes,
hundreds or thousands could have their orbits changed
encouraging them to plunge Sunwards, greatly raising the
threat of collision with the planets—including our own. A
number of suggestions have been put forward for how the

34 The Barringer Crater (also known as Meteor Crater) in Arizona is
the legacy of a collision with asmall asteroid 50,000 yearsago
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Oort Cloud might be periodically disrupted, including due
to the passage through the cloud of the mythical and much
sought after planet X, which some scientists think may be
orbiting far beyond frozen Pluto, or to a dark and distant
stellar companion of our own Sun.

An alternative and intriguing theory, known as the Shiva
hypothesis after the Hindu god of destruction and renewal,
has been vigorously promoted by Mike Rampinc of New York
University and his colleagues, who believe that the great
extinctions recognized in the Earth's geological record are
the result of major impact events that happen pretty regu-
larly every 26-30 million years. Rampino and his colleagues
link this to the orbit of our solar system—including the
Earth— about the centre of our Milky Way galaxy, an orbit
that moves up and down in a wavelike motion. Every 30
million years or so, this undulating path takes the Sun and its
offspring through the plane of our disc-like galaxy, when the
gravitational pull from the huge mass of stars at the galaxy's
core provides an extratug. This, say the Rampino school, is
sufficient to disturb the orbits of the Oort Cloud cometsto an
extent sufficient to send an influx of new comets into the
heart of the solar system, dramatically raising the frequency
of largeimpactson the Earth. It is just afew million years now
since our system last plunged through the galactic plane—
could a phalanx of comets be heading for us at this very
moment? By the time we find out it might very well be too
late.

The Shiva hypothesis calls for a periodicity operating on
truly geological timescales, and for this reason is rarely
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addressed in discussions of the immediate threat from
impact events. Much more relevant to considerations of
our own safety and survivadl—and that of our immediate
descendants—is a proposal by UK astronomersVictor Clube
and Bill Napier that the Earth isstruck by clusters of objects
every few thousand years, and that our planet took a serious
pounding as recently as the Bronze Age—just 4,000 years
ago. To find out what might cause such a worryingly recent
bombardment we need to return to the Oort Cloud in deep-
est space. Leaving aside disturbance of the cloud due to the
passage of the solar system around the galaxy, normality sees
a new comet from the cloud every now and again falling in
towards the inner solar system—maybe as frequently as every
20,000 years. The newcomer is rapidly ‘captured’ and torn
apart by the strong gravitational fields of either the Sun or
Jupiter, forming a ring of debris spread out along its orbit,
but concentrated particularly around the position of the ori-
ginal comet itself. A large comet, broken up in thisway, can
'seed’ the inner solar system with perhaps a million 1-
kilometre sized lumps of rock, dramatically increasing the
numbers of Earth-threatening objects, and significantly rais-
ing the chances of our planet being hit. Clube, Napier, and
others of this particular coherent catastrophist school pro-
pose that the last giant comet from the Oort Cloud entered
our solar system towards the end of the last Ice Age—a mere
10,000 Years or so ago— breaking up to form amass of debris
known as the Taurid Complex. Every December the Earth
passes through part of this debris stream, resulting in the
sometimes spectacular light show put on by the Taurid
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meteor storm, as small rocky fragments and gravel-sized
stones burn up in the upper atmosphere. These innocuous
bits and pieces only represent the tail end of the Taurid
Complex, however, the heart of which contains a 5-kilometre
wide Earth-crossing comet known as Encke and at least 40
accompanying asteroids any one of which would create
global havoc if it struck our planet.

Thedistribution of debrisalong the Taurid Complex orbit
about the Sun israther like that of runnersin a 10,000-metre
race; while the mgjority are clustered together in a pack, the
rest are dotted here and therearound the track. Most years—
according to the coherent catastrophists— the Earth's orbit
crosses that of the Taurid Complex at a point where there is
little debris, resulting in a pre-Christmas spectacle and little
else. Every 2,500—g,000 years or so, the Earth passes through
the equivalent of the runners' pack—and finds itself on the
receiving end of a volley of rocky chunks perhaps up to
200—g00 Metresacross. Benny Peiser, asocia anthropologist
at Liverpool'sJohn Moores University, thinks that just such a
bombardment around 4,000 yearsago led to the fal of many
early civilizations during the third millennium BC. He and
othershave interpreted contemporary accountsin terms of a
succession of impacts, too small to have a global impact but
quite sufficient to cause mayhem in the ancient worlds,
largely through generating destructive atmospheric shock
waves, earthquakes, tsunamis, and wildfires. Many urban
centresin Europe, Africa, and Asiaappear to have collapsed
almost simultaneously around 2g50 BC, and records abound
of flood, fire, quake, and general chaos. These sometimes
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fanciful accounts are, of course, open to alternative inter-
pretation, and hard evidence for bombardment from space
around this time remains elusive. Having said this, seven
impact cratersin Australia, Estonia, and Argentinahave been
allocated ages of 4,000-5,000 years and the search goes on
for others. Even more difficult to defend are propositions by
some that the collapse of the Roman Empireand the onset of
the Dark Ages may somehow have been triggered by
increased numbers of impacts when the Earth last passed
through the dense part of the Taurid Complex between 400
and 600 AD. Hard evidence for these isweak and periods of
deteriorated climate attributed to impacts around this time
can equallywell be explained by large volcanic explosions. In
recent years there has, in fact, been a worrying tendency
amongst archaeologists, anthropologists, and historians to
attempt to explain every historical eventin termsaof a natural
catastrophe of some sort — whether asteroid impact, volcanic
eruption, or earthquake— many on the basis of the flimsiest
of evidence. Asthe aim of thisvolumeisto shed light on how
natural catastrophes can affect us al, | would be foolish to
argue that past civilizations have not suffered many times at
the hands of nature. Attributing everything from the English
Civil War and the French Revolution to the fall of Rome and
the westward march of Genghis Khan to natural disasters
only serves, however, to devalue the potentially cataclysmic
effects of natural hazards and to trivialize the role of nature
in shaping the course of civilization.
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How would you like to die?

If supporters of the Taurid Complex model are to be
believed, and | should say now that their views remain very
much in the minority amongst advocates of the impact
threat, then we may have only another thousand years or so
before a series of blinding flashes and crashing sonic booms
heralds the arrival of the next batch of fragmented comet.
Alternatively, we could face oblivion tomorrow or have to
wait 50,000 years before a city is obliterated or the world
plunged into cosmic winter beneath a cloud of pulverized
rock. But whenever the skies next fall, how will it affect us?
This will depend upon three things: (i) size of the object, (ii)
how quickly it is travelling, and (iii) whether it hits the land
or the ocean. Everything else being equal, the larger the
impactor the more devastating and widespread will be its
effects. To reiterate, a body in the 50-100-metre size range
carries enough destructive power to wipe out amajor city or a
small European country or US state. The level and extent of
associated devastation will increase progressively with larger
impactors until the critical 1 kilometre size is reached. In
addition to causing appalling destruction on a regional or
sub-continental scale, the arrival of an object of this size will
affect the entire planet through engendering a period of
dramatic cooling and reduced plant growth. For impactors
larger than 1 kilometre the effects on the planet's ecosystems
become progressively more severe until mass extinctions
wipe out a significant percentage of all species. The 10-
kilometre object that struck the Earth off the Mexican coast
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at the end of the Cretaceous period, 65 million yearsago, not
only finished off the dinosaurs but aso two-thirds of all spe-
cies living at the time. Even more disturbingly, there is evi-
dence of a major impact event at the end of the Permian
period some 250 million yearsago that left fewer than 10 per
cent of speciesalive. In all, at least 7 out of 25 major extinc-
tionsin the geological record have been linkedwith evidence
for large impacts, although as | mentioned in the previous
chapter there is a school of thought that plays down the
environmental effects of impact events and prefers to impli-
cate huge outpourings of basalt lavain the great extinctions
of the past.

The destructive potential of a chunk of rock hurtling into
the Earth is directly related to the kinetic energy it carries,
and this reflects not only the size of the object but also the
velocity of the collision. Because they travel substantially
faster, therefore, impacts by so-called longeriod comets,
whose orbits carry them far out into interstellar space, cause
more destruction than either Earth-Crossing Asteroids or
local comets that follow orbits confined to the heart of the
solar system. Both the nature and scale of devastation also
depends upon whether the impactor hits the land or the
sea. Two-thirds of our planet's surface is covered by water,
so dtatistically this is where the majority of asteroids and
comets strike. In such cases, the amount of pulverized rock
hurled into the atmosphere might be reduced, compared to
aland collision. However, thissmall benefit islikely to be at
least partly countered by the formation of giant tsunamis
capable of wreaking havoc across an entire ocean basin.
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Furthermore, the gigantic quantities of water and salt
injected into the atmosphere may severely affect the climate
and even temporarily damage the ozone layer. Most of the
evidence for the environmental effects of impacts comes
from studies of just two events, one small and the other
€enormous.

At the low end of the scale, in 1go8 asmall asteroid, esti-
mated at around po metres across, penetrated the Earth's
atmosphere and exploded less than 10 kilometresabove the
surface of Siberiain a region known as Tunguska. This huge
blast, which expended roughly the energy equivalent of 800
Hiroshima atomic bombs, was heard over an area four times
thesize of the UK and flattened over 2,000 square kilometres
of full-grown forest. The blast registered on seismographs
thousands of kilometres distant and the atmospheric shock
wave was picked up by barographs time and again as it trav-
elled three times around the planet before dissipating. The
gasand dust generated by the explosion led to exceptionally
bright night skies over Europe, sufficient— according to
one contemporary report— to allow cricket to be played in
L ondon after midnight. Because of itsinaccessibility, the first
Russian expedition did not reach Tunguska until a quarter of
a century later, when Leonid Kulik and his team were per-
plexed by the absence of the huge crater they were expect-
ing. Instead they found a circular patch of badly charred and
flattened trees 60 kilometresacross, caused by the airburst as
the rock disintegrated explosively due to the huge stresses
caused by entry into the atmosphere. As the region was
sparsely inhabited, casualties due to the impact were small,
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35 Trees flattened by the explosion in the atmosphere of a small
asteroid over Tunguska (Siberia) in 1908

with perhaps a few killed and up to 20 injured, although
reports are understandably sketchy. Four hours later, how-
ever, and the Earth would have rotated sufficiently to bring
the great city of St Petersburg into the asteroid's range and
the result would have been catastrophic.

The Tunguska events pale into insignificance when com-
pared to what happened off the coast of Mexico's Yucatan
Peninsula 65 million yearsearlier. Here a 10-kilometre aster-
oid or comet—its exact nature is uncertain— crashed into
the sea and changed our world forever. Within micro-
seconds, an unimaginable explosion released as much
energy as billions of Hiroshima bombs detonated simul-
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taneousdly, creating a titanic fireball hotter than the Sun that
vaporized the ocean and excavated a crater 180 kilometres
across in the crust beneath. Shock waves blasted upwards,
tearing the atmosphere apart and expelling over a hundred
trillion tonnes of molten rock into space, later to fall across
the globe. Almost immediately an area bigger than Europe
would have been flattened and scoured of virtualy al life,
while massive earthquakes rocked the planet. The atmos-
phere would have howled and screamed as Aypercanes five
timesmore powerful than the strongest hurricane ripped the
landscape apart, joining forces with huge tsunamis to batter
coastlines many thousandsof kilometres distant.

Even worse was to follow. As the rock blasted into space
began to rain down across the entire planet so the heat gen-
erated by its re-entry into the atmosphere irradiated the sur-
face, roasting animals alive as effectively asan oven grill, and
starting great conflagrations that laid waste the world's for-
ests and grasslands and turned fully a quarter of all living
material to ashes. Even once the atmosphere and oceans had
settled down, the crust had stopped shuddering, and the
bombardment of debris from space had ceased, more was to
come. In the following weeks, smoke and dust in the atmos-
phere blotted out the Sun and brought temperatures plun-
ging by as much as 15 degrees Celsius. I n the growing gloom
and bitter cold the surviving plant life wilted and died while
those herbivorous dinosaurs that remained dowly starved.
Life in the oceans fared little better as poisons from the
global wildfires and acid rain from the huge quantities of
sulphur injected into the atmosphere from rocks at the site
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of the impact poured into the oceans, wiping out three-
quarters of all marine life. After years of freezing conditions
the gloom following the so-called Chicxulub impact would
eventualy have lifted, only to revea a terrible Sun blazing
through the tatters of an ozone layer torn apart by the

36 A reconstruction of the 65 million-year-old Chicxulub impact

crater, now buried beneath younger rocks off Mexico's Yucatan
Peninsula
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chemical action of nitrous oxides concocted in the impact
fireball: an ultraviolet spring hard on the heels of the cosmic
winter that fried many of the remaining species struggling
precariously to hang on to life. So enormously was the nat-
ural balance of the Earth upset that according to some it
might have taken hundreds of thousands of years for the
post-Chicxulub Earth to return to what passes for normal.
When it did the age of the great reptiles was finaly over,
leaving the field to the primitive mammals—our distant
ancestors— and opening an evolutionary trail that culmin-
ated in the rise and rise of the human race. But could we go
the sameway?To assessthe chances, let melook alittle more
closely at the destructive power of an impact event.

At Tunguska, destruction of the forests resulted partly
from the great heat generated by the explosion, but mainly
from the blast wave that literally pushed the trees over and
flattened them against the ground. The strength of this blast
wave depends upon what is called the peak overpressure, that is
the difference between ambient pressure and the pressure of
the blastwave. In order to cause severe destruction thisneeds
to exceed 4 pounds per square inch, an overpressure that
results in wind speeds that are over twice the force of those
found in a typica hurricane. Even though tiny compared
with, say, the land area of London, the enormous overpres-
suresgenerated by aso-metre object explodinglow overhead
would cause damage comparable with the detonation of a
very large nuclear device, obliterating almost everything
within the city's orbital motorway. Increase the size of the
impactor and things get very much worse. An asteroid just
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250 metres acrosswould be sufficiently massive to penetrate
the atmosphere; blasting a crater 5 kilometres across and
devastating an area of around 10,000 square kilometres—
thatisabout the size of the English county of Kent. Raise the
size of the asteroid again, to 650 metres, and the area of
devastation increases to 100,000 square kilometres— about
the size of the USstate of South Carolina.

Terrible as this all sounds, however, even this would be
insufficient to affect the entire planet. In order to do this, an
impactor has to be at least 1 kilometre across, if it is one of
the speedier comets, or 1.5 kilometresin diameter if it isone
of the slower asteroids. A collision with one of these objects
would generate a blast equivalent to 100,000 milliontonnes of
TNT, which would obliterate an arearoo kilometresacrosc
say the size of England— and kill perhaps tens of millions of
people, depending upon thelocation of the impact.

Thereal problemsfor therest of theworld would start soon
after asdust in the atmosphere began to darken the skiesand
reduce the level of sunlight reaching the Earth's surface. By
comparison with the huge Chicxulub impact it is certain that
thiswould result in a dramatic lowering of global temperat-
uresbut there isno consensus on just how bad thiswould be.
The chances are, however, that an impact of this size would
result in appalling weather conditions and crop failures at
|least assevereas those of the ‘Year WithoutaSummer’, which
followed the 1815 eruption of Indonesia's Tamboravolcano.
Asmentioned in the last chapter, with even developed coun-
triesholding sufficientfood tofeed their populationsfor only
a month or so, large-scale crop failures across the planet
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in the 1—1.5 kilometre size range. Anything bigger and
photosynthesis stops completely. Once this happens the issue
is not how many people will die but whether the human race
will survive. One estimate proposes that the impact of an
objectjust 4 kilometresacrosswill inject sufficient quantities
of dust and debrisinto the atmosphere to reduce light levels
below those required for photosynthesis.

Because we still don't know how many threatening objects
there are out there nor whether they come in bursts, it is
almost impossible to say when the Earth will be struck by an
asteroid or comet that will bring to an end the world aswe
know it. Impact events on the scale of the Chicxulub
dinosaur-killer only occur every severa tens of millions of
years, so in any single year the chances of such an impact are
tiny. Any optimism is, however, tempered by the fact that—
should the Shiva hypothesis be true— the next swarm of Oort
Cloud comets could even now be speeding towards the inner
solar system. Failing this, we may have only another thousand
years towait until the return of the dense part of the Taurid
Complex and another asteroidal assault. Even if it turns out
that there is no coherence in the timing of impact events,
there isstatistically no reason why we cannot be hit next year
by an undiscovered Earth-Crossing Asteroid or by a long-
period comet that has never before visited the inner solar
system. Small impactors on the Tunguska scale struck Brazil
in 1931 and Greenland in 1gg7, and will continue to pound
the Earth every few decades. Because their destructive foot-
print is tiny compared to the surface area of the Earth, how-
ever, it would be very bad luck if one of these hit an urban
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area, and most will fall in the sea. Although this might seem a
good thing, a larger object striking the ocean would be very
bad news indeed. A soo-metre rock landing in the Pacific
Basin, for example, would generate gigantic tsunamis that
would obliterate just about every coastal city in the hemi-
spherewithin 20 hours or so. The chances of this happening
are actually quite high— about 1 per cent in the next 100
years—and the death toll could well top half a billion.
Estimates of the frequencies of impactsin the 1 kilometre
size bracket range from 100,000 t0 g33,000 years, but the
youngest impact crater produced by an object of thissizeis
almost amillion years old. Of course, there could have been
several large impacts since, which either occurred in the sea
or have not yet been located on land. Fair enough you might
say, the threat is clearly out there, but is there anything on
the horizon? Actually, there is. Some 13 asteroids— mostly
quite small —could feasibly collide with the Earth before
2100. Redligtically, however, thisisnot very likely as the prob-
abilities involved are not much greater than 1 in 10,000—
although bear in mind that these are pretty good odds. If this
was the probability ofwinning the lottery then my local agent
would be getting considerably more of my business. There is
another enigmatic object out there, however. Of the 40 or so
Near Earth Asteroids spotted last year, one— designated
20005Gg 44—locked at first asif it might actually hit us. The
object issmall, in the 100 metre sizerange, and its orbit isso
similar to the earth that some have suggested it may be a
booster rocket that sped one of the Apollo spacecraft on
its way to the Moon. Whether hunk of rock or lump of
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impactor originally scraped into category 1, events meriting
careful monitoring. Let's hope that many years el apse before
we encounter the first category 10 event— defined as 'a cer-
tain collision with global consequences'. Given sufficient
warning we might be able to nudge an asteroid out of the
Earth's way but due to its size, high velocity, and sudden
appearance, we could do little about a new comet headingin
our direction.

Fadstioe fret over

¢ Perhaps 1,000 or more asteroids a kilometre or greater
in diameter regularly crossthe Earth's orbit and about a
third of these will end their lives by colliding with our
planet.

e Collisionwitha1-1.5-kilometre impactor could result in
the deaths of a quarter of theworld's population.

¢ We may get just six months warning of a future comet
impact.

¢ Anasteroid large enough to destroy London, New York,
or Parisstrikes the planet a couple of timesa century.

e Ancientimpacts may have wiped out up to go per cent of
al life on Earth.

e Thereisa1 per cent chance of a yoo-metre object hit-
ting the Pacific Ocean in the next 100 years.

e According to some, we only have to wait another thou-
sand yearsor so before our planet begins to take another
pounding from space
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Epilogue

Now ¢’s been ten thousand years
Man haseried a bellion tears
For what he never knew
Now man'’s resgn @ through

In the year 2 52 5 Zager & Evans

arming, the imminence of the next Ice Age, or the

timing of a future super-eruption or asteroid impact

can engender fleeting concern. Consideration en masse of the
future threats to our planet and our race is quite capable,
however, of contributing to bouts of severe depression. Let
me summarize our current position. We are now well into
a cycle of warming that is certain to lead to dramatic
geophysical, social, and economic changes during the
next hundred years that will impinge— probably largely
detrimentally — on everyone. At the same time our planet is
teetering on the edge of the next Ice Age, whose start global
warming might actually bring forward, but which islikely to
arrive within the next several thousand years even without
our help. Asteroids sufficiently large to wipe out a quarter of
the human race continue to hurtle across the Earth's orbit
undetected, while who knows when we will detect the next
great comet coming our way. There are now so many of us

p/nderi ngin isolation upon the consequences of global
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that the next giant tsunamis or volcanic super-eruption can-
not fail to result in millions of deaths and the enormous
disruption of our so-called advanced global society. So inter-
connected is our social and economic framework that just a
single quake inJapan could lead to global economic disaster.
There are other trends too that will ensure an end to the
world as we know it, and within this century. Although the
world's population is still rising, the rate started to slow in
1968 and numbers will peak at around g billion—half as
great again as today —in about =o070. After that they will
begin to fall and will be down to 8.4 billionjust 30years later.
Welcome as this trend is, its legacy will be an ageing popula-
tion and a so-called 'grey' future. By the end of the century
an extraordinary o per cent or so of peopleinJapan and
western Europe will be 60 or older, and a full third of the
planet's populationwill be over thisage. In aworldwhere the
elderly hold increasing sway over the young, some believe
that intergenerational conflicts may come to dominate the
political scene.

Not only will the future of our descendants be greyer, it will
aso be dull and barren. In one of the greatest mass extinc-
tions ever, our activities are currently wiping out between
3,000 and 30,000 species a year, from an estimated total of
just 10 million. Up to one-third of flowering plants could be
at risk, while between 25 and 50 per cent of all animal species
could disappear before the chimesring in the new century
on 1January 2100. Asmore and more speciesare obliterated
their places will quickly be taken by the pests, weeds, and
diseases that live cheek-by-jowl with the human race. I nstead
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of aworld of gorillas, pandas, birds of paradise, and corals,
our descendants will have to make dowith rats, cockroaches,
thistles, and nettles. Furthermore, biodiversity is such a fra
gile thing— tenderly and incrementally reared by evolution—
thatit may take 5 million years or morefor it to restore itself.
In the meantime, we will have committed an estimated 5o0
trillion of our descendants to life on a dull and—in terms of
variety —largely lifeless planet. Just as importantly, we are
actually playing God with evolution itself and the entire
future prospects of life on Earth. By wiping out the bulk of
species that exist today, we are destroying much of evolu-
tion's raw material and severely limiting the planet's ability to
generate the species of the future. For millions of species
throughout geological time the end of the world has already
come, and our activitiesare ensuring that the same fate will
shortly face many of the life forms with which we currently
share our planet.

The picture | am painting of the future, then, just seemsto
get worse and worse. An ageing population, perhaps lacking
the dynamism and innovation of the past, battling with cli-
mate change and its consequences and ensuing economic,
political, and social upheaval, and struggling— maybe too
late—to right the environmental wrongs wrought by their
ancestors— us. Somehow, against this background Brandon
Carter's 'doom soon' scenario doesnot sound so far-fetched.
Others too have come to the conclusion that things must
come to a dramatic head soon. AndersJohansen and Didier
Sornette of the University of California, for example, have
recently predicted— on the basis of trendsin population and
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economic and financial indices—that some sort of abrupt
witch to a new ‘regime" will occur in o years or so, the
nature of which remains to be seen, but which is unlikely to
be pleasant.

Probably the only piece of good news that can be taken
away from my brief look at the end of theworld as we know it
is that although this is going to happen— and soon—the
survival of our race seems to be assured, for now at least.
Leaving aside the possibility of a major comet or asteroid
impact on ascale of the dinosaur-killer 65 million yearsago—
which only happen every few hundred million years—it is
highly unlikely that anything else is going to wipe out every
single last one of us—all 6 billion plus—in the foreseeable
future. Even the replacement of the world with which we
have become so familiar with one of sweltering heat or bitter
cold might not seem as scary for those of our descendants
likely to bein the thick of things. After all, we are a remark-
ably adaptabl e species, and can change to match new circum-
stances with some aplomb. Familiar ‘worlds' have certainly
ended many times before, as no doubt a centenarian born
and raised while Queen Victoria sat on the throne of the
United Kingdom, and who lived to see man land on the
moon, would testify. The danger is, however, that the world
of our children and those that follow will be a world of
struggle and strife with little prospect of, and perhaps little
enthusiasm for, progress as the Victorians viewed it. Indeed,
it would not be entirely surprising if, at some future time, as
the great coastal cities sink beneath the waves or below
sheets of ice, the general consensus did not hold that there
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had been quite enough progress thank you—a least for a
while.

While | have tried in these pages to extrapolate current
trendsand ideas to tease out and examine somewhat depress-
ing scenariosfor the future of our planet and our race, | am
sure that, to some extent at least, you would be justified in
accusing me of afailure of the imagination. After al, | have
rarely looked ahead beyond a few tens of thousands of years,
and yet our Sunwill still be bathing our planetinitslife-giving
warmth for another 5 billion years or more. Who knows,
over that incomprehensible length of time, what Homo sap:i-
ens and the species that evolve from uswill do and become.
Our speciesand those that follow may be knocked back time
and time again in the short term, but provided we learn to
nurture our environment rather than exploitit, both here on
Earth— before the Sun eventually swallows it up—and later,
perhaps, in the solar system and the galaxy and beyond, then
we have the time to do and be almost anything. Maybe now is
theright time to start.
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Great Kanto Earthquake (1g23)
1255
Great Storm (southern England
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greenhouse gases
C& C62
effect on warm ocean currents
84-5
globalwarmingand 3g, 37-8,
30740, 41, 44, 47, 50, 55,
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Kyoto Protocol 44, 58—, 62
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icesheets 47, 49, 57,87, 88
impactors 16x
Gmithuisen, Franz von Paula
145
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Gujarat, India 19
Gulf of Mexico 18
Gulf Stream 84, 86
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global warming 55-6
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volcanic gases 25
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Hollywood films 138
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Hubble Space Telescope 138
human race 7, 162, 170
Hurricane Andrew (1gg2) 18, 52
Hurricane Mitch {1gg8) =23
hurricanes 15, 18, 25, 50, 51,
160
hydrofluorocarbons 38
hypercanes 160

lce 47, 40, 53, 69, 87-8
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last 6g, 77, 104, 153
Little 8o—3
next 67-90, 169
impact events
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craters 26, 1456, 147-8
effect of 156-65
Torino Scale 166-8
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earthquakes 1g, 22, 121
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volcanic activity 10g, 110
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Indonesia 11, 82, g6, 100, 163
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Japan 11, 170
earthquakes 20, 122-31
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volcanic activity 115

Java 86, 100
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Didier 171
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Kyoto Protocol 44, 58—, 62

LaPalma {Canary Islands)
115-18
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Lake Agassiz 78,80

Lake Taupo (New Zealand) 103
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large searlevel changes 5+
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112-19
lava 23, 24, 68, gg, 100-10
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Ledlie John viii
Levy, David 137
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Lomburg, Blom 36
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long-period comets 157, 165
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magma 8, 11, 14, 101, 102
11— 12
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malaria 55, 56
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mammals 162
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mantle g-10, 10, 11, 14
mantle plume 13
marine organisms 86
Martinique 24

mass extinctions ix—x, Xii, 8, 170
dinosaurs 110, 150, 150-63
early civilizations 154
impact events 152, 156—7
Tobaemption 103—7

Mauna Loa, Hawaii gg, 113

Maunder Minimum 82

Medieval Warm Period 81, 84

megacities 28-9, 121—2

meltwater 78
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methane 37, 39, 58, 6g

Mexico 26, 40, 154, 15553

Mexico City 28, 2g, 122

Miami 18, 52

Micronesia (Pacific Ocean) 54

Mid-Ocean Ridge system 13, 14

migration
economic s
land bridges 47
south to escape Ice Age go

Milankovitch, Milutin 72

Milankovitch Cycles 74, 76, 85,

87

Milky Way 152

minerals g-10

Minoan civilization 96

Miocene period ~o

Mississippi River 16

Missouri River 15
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44—5. see alroearthquakes;
floods; impact events;
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87, 100
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nuclear war 107

nuclear winter 106
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86—
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impact events 154, 166
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113
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Sagami Bay,Japan 123, 129
San Andreas Fault, California 10,
20
Santa Cruz, California 120
satellites 147
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activity g7
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Shiva hypothesis 152-3, 165
shock waves 158, 160
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137
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Smart, W.M. 145
SNIOW 44, 53, 72, 81
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153—%, 160
Spaceguard Foundation 138
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Stouffer, Ronald and Hall, Alex
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sulphur dioxide 41, 82
sulphur gases 43, g5, 100, 104
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152,155
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asteroids 141
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165
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temperature fals 386, 42-3, 44.
6g—70
cosmicwinter 26, 142, 156,
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ice ages 75-83, 77-8
ocean currents 86-9
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temperature rises
accelerate next Ice Age 68
IPCCreport on 45-9
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sea 51
Tenerife 115
Tennessee 20
termites g5
Thames, River 41, 477, 81, 83
Thera eruption, Greece 96
thunderstorms =0
Tilghman, Benjamin 146
Toba (Sumatra) 108—4, 106, 108
Tokai earthquake 128
Tokyo-Y okohamaconurbation,
Japan 122-31
Tonga (PacificOcean) 54
Torino Scale 167
tornadoes 14, 18, 20
tourism 56
Triassic period 109
tropical cyclones 15, 23
troposphere 83
tsunamis 4, 15, 21, 22, 28, 155,
170
impact events 166
submarine landslides causing
58
volcano lateral collapse 24, 54,
118-19
Tunguska asteroid, Siberia 158-¢g
Turkey 10, 20, 27, 121
Turner, J. M.W. 101

20005G344 (Near Earth
Asteroid) 166-8
typhoons 15

ultraviolet spring 162
uniformitarianism 148
United Kingdom
coastal erosion 1
flooding 16
Gulf Stream 84-5
research into asteroid impact
26, 139
winter storms 18
United States
earthquakes zo, 120, 131
greenhouse gasemissions rg
hurricanes g2
Meteor Crater 146, 151
potential giant tsunami 118
river floods 15
San Andreas Fault, California
10
Spaceguard projects 159
tornadoes 18, 20
tropical storms 18
volcanic activity 22, 57, gg,
101—3, 110—3
Unzen volcano,Japan 11§
urbanization 28-9

vegetation 56, 104, 107, 170
Chicxulub impact 160
impact event 158, 159, 165
Mount St Helen's 112

VEI (VolcanicExplosivity Index)
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volcanoes 3, 5, 6, 22-3 WaVES 51, see alse tsunamis
ash =3 West Antarctic Ice Sheet 49
climate 41 wind 18, 45
ending Ice Age %o cyclones 15, 23
flood basalt eruptions hurricanes 15, 18, 25, fo, 61,
10g-10 160
large searlevel changes g4 speeds 162
lateral collapse 110-19g storms 16, 18, 1g
Little IceAge 82 tornadoes 18, 20
plate margins 11—14 winter sports 56
pvrolastic flows 24 winter storms 18
super-eruptions xi—xii, 4, 25, World Disasters Report {2001)
gh—10G, 170 44
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11518 83—y, 86, 87
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