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FOREWORD

Barrie Pittock has been a leading researcher of
considerable standing worldwide on various
aspects of climate change. The quality and content
of research carried out by him has established a
benchmark that sets the standard for several of his
peers and provides a model for young researchers.

In this book he has provided a comprehensive
analysis of various aspects of climate change, which
he begins by examining the physical and biological
aspects of climate change and a detailed analysis of
the science of the climate system. The book assumes
great topical interest for the reader because of several
questions that the author has posed and attempted
to answer, such as the recent heatwave that took
place in Paris in the summer of 2003, the frequency
of closure of the Thames barrier, and the melting of
glaciers which affects not only parts of Europe but
even the high mountain glaciers in the Himalayas.

A study of paleoclimate is an important
component of present-day climate change research,
and the book goes through a lucid and useful
assessment of the evidence that is available to us
today in understanding and quantifying the nature
and extent of climate change in the past. Also
presented in considerable detail are projections of
climate change in the future including a discussion
of the emissions scenarios developed and used by
the IPCC and projections obtained from it as well as
from other sources.

DR RAJENDRA K PACHAURI

An extremely eloquent statement is conveyed in
the title of Chapter 4, which states ‘Uncertainty is
inevitable, but risk is certain’. This really is the key
message in this book particularly as it goes on to
describe the impacts of climate change, the
seriousness with which these should be considered
and the imperative need for adaptation. In Chapter 8
a comprehensive and detailed assessment is
provided on several mitigation actions. The volume
ends by making a logical transition into political
issues that have national as well as international
dimensions.

For sheer breadth and comprehensiveness of
coverage, Barrie Pittock’s book fills a unique void
in the literature in this field. Coming as it does from
an author who knows the scientific and technical
complexities of the whole subject, this book should
be seen as a valuable reference for scientists and
policymakers alike.

In my view, which is shared by a growing body
of concerned citizens worldwide, climate change is
a challenge faced by the global community that will
require unprecedented resolve and increasing
ingenuity to tackle in the years ahead. Efforts to be
made would need to be based on knowledge and
informed assessment of the future. Barrie Pittock’s
book provides information and analysis that will
greatly assist and guide decision makers on what
needs to be done.

Director-General, The Energy and Resources Institute, India and
Chairman, Intergovernmental Panel on Climate Change

2005






ACKNOWLEDGEMENTS

This book is the result of many years working on
climate change, nearly all based in CSIRO
Atmospheric Research (now part of CSIRO Marine
and Atmospheric Research) in Australia and
especially with the Intergovernmental Panel on
Climate Change (IPCC). I therefore thank many
colleagues in CSIRO and many others from numerous
countries whom I met through IPCC or other forums.
My views have been influenced by their collective
research and arguments, as well as my own research,
and I owe them all a debt of gratitude.

A book such as this inevitably draws from and
builds on the work that has gone before it. Since
subtle changes in wording can easily lead to
misinterpretation in this field, some content in this
book has been carefully paraphrased from, or
closely follows the original sources to ensure
accuracy. Some sections in the present book are
drawn from the following: parts of the IPCC Reports,
especially the Fourth Assessment Report in 2007; a
book that I edited for the Australian Greenhouse
Office (AGO) in 2003 Climate Change: An Australian
Guide to the Science and Potential Impacts; and a paper
I wrote for the journal Climatic Change in 2002 “What
we know and don’t know about climate change:
reflections on the IPCC TAR’ (Climatic Change vol.
53, pp- 393-411). This applies particularly to parts of
Chapter 3 on projecting the future, Chapter 5 on
projected climate changes, Chapter 6 on impacts
and Chapter 7 on adaptation concepts. I thank the
AGO, the IPCC and Springer (publishers of Climatic
Change) for permission to use some common
wording. I have endeavoured to acknowledge all
sources in the text, captions or endnotes, however, if
any have been overlooked I apologise to the original
authors and/or publishers.

The following Figures come from other sources,
who granted permission to use them, for which
I am grateful. Some have been modified, and the
original sources are not responsible for any changes.

These are: Figures 1, 7, 10, 15, 16, 17, and 28 (all
unchanged) from IPCC; Figure 4 from UK
Environment Agency; Figure 5 from INVS, France;
Figure 9 from David Etheridge, CSIRO; Figures 13,
14, and 26 from Roger Jones, CSIRO; Figure 18 from
US NASA; Figure 19, 20, and 21 from the US
National Snow and Ice Data Center; Figure 23 from
T. Coleman, Insurance Group Australia; Figure 28
from the Water Corporation, Western Australia;
Figure 30 from Dr. Jim Hansen, NASA Goddard
Institute for Space Science; Figure 31 from Martin
Dix of CSIRO and courtesy of the modelling groups,
the Programme for Climate Model Diagnosis and
Intercomparison Project phase 3 (CMIP3) of the
World Climate Research Programme; Figure 33
from CSIRO Climate Impacts Group and
Government of New South Wales; Figure 34 from
Greg Bourne, now at WWF Australia; Figure 35
from the Murray-Darling Basin Commission; and
Figure 36 from Kathy Mclnnes, CSIRO and
Chalapan Kaluwin, AMSAT, Fiji.

Particular people I want to thank are:

From CSIRO: Tom Beer, Willem Bouma, Peter K
Campbell, John Church, Kevin Hennessy, Paul
Holper, Roger Jones, Kathy McInnes, Simon Torok,
Penny Whetton, and John Wright. Also Rachel
Anning (UK Environment Agency), Martin Beniston
(Universite de Fribourg, Switzerland), Andre Berger
(Université Catholique de Louvain, Belgium), Greg
Bourne (WWEF, Australia), Mark Diesendorf
(University of NSW), Pascal Empereur-Bissonnet
(INVS, France), Andrew Glikson (ANU), James
Hansen (NASA GISS), Dale Hess (BoM and CSIRO,
Australia), William Howard (U. Tasmania), Murari
Lal (Climate, Energy and Sustainable Development
Analyis Centre, India), Keith Lovegrove (ANU);
Mark Maslin (U. College London, UK),
Mike MacCracken (Climate Institute, Washington),
Tony McMichael (ANU, Australia), Bettina Menne



xii CLIMATE CHANGE: THE SCIENCE, IMPACTS AND SOLUTIONS

(WHO, Italy), Neville Nicholls (BoM, Australia),
Martin Parry (Jackson Institute, UK), Jamie Pittock
(WWF and ANU, Australia), Thomas W. Pogge
(Columbia University, USA), Alan Robock (Rutgers
University), Brian Sadler (IOCI, Australia), David
Spratt (Carbon Equity, Australia), Philip Sutton
(Greenleap Strategic Insitute, Australia), and
Christopher Thomas (NSW GH Office, Australia).
Probably I have omitted some people who helped,
and apologise to them for my oversight.

Special thanks goes to Graeme Pearman and
Greg Ayers, successive Chiefs of CSIRO Atmos-
pheric Research and CMAR, for my position as a

Post-Retirement Fellow, and more recently as an
Honorary Fellow. Special thanks also to Paul Durack
and Roger Jones for help with Figures, and to John
Manger, Ann Crabb (first edition), Tracey Millen
and colleagues at CSIRO Publishing. Their insightful
and helpful editing comments and discussions have
greatly improved the book.

The views expressed in this work are my own
and do not necessarily represent the views of
CSIRO, the AGO, the IPCC or other parties.

Finally, I want to thank my partner Diana Pittock,
for her support and forbearance during the writing
and extensive revision of this book.



INTRODUCTION

Human-induced climate change is a huge, highly
topical and rapidly changing subject. New books,
reports and scientific papers on the subject are
appearing with amazing frequency. It is tempting
to say that if they were all piled in a heap and buried
underground the amount of carbon so sequestered
would solve the problem. But seriously, there is a
need to justify yet another book on the subject.
This book is a substantial update of my Climate
Change: Turning Up the Heat (2005). That book
was meant as a serious discussion of the science,
implications and policy questions arising, addressed
to an educated non-specialist audience. It presented
both sides of many arguments, rather than adopting
a racy and simplified advocacy position. It was, in
the words of some friends, a ‘solid read’. It found a
niche as a tertiary textbook in many multi-
disciplinary courses, where its objectivity and
comprehensiveness were appreciated.
Developments since 2005, in the science, the
observations and the politics of climate change are so
substantial that they warrant major changes to both
the content and tone of the book. Hence the new title
Climate Change: The Science, Impacts and Solutions.
The urgency of the climate change challenge is
now far more apparent than in 2005, with new
observations showing that on many fronts climate
change and its impacts are occurring faster than
expected. There is a growing probability that we are
approaching or have already passed one or more
‘tipping points’ that may lead to irreversible trends.
This is now well documented, but there is a need for
a concise and accurate summary of the evidence
and its implications for individual and joint action.
The message is not new, but a growing sense of
urgency is needed, and clarity about the choices
and opportunities is essential. It is also essential to
convey the need for continual updating, and to
provide the means to do so via relevant regular
publications, learned journals and websites.

Back in 1972 I wrote a paper entitled ‘How
important are climatic changes?’ It concluded that
human dependence on a stable climate might be
more critical than was generally believed. This
dependence, I argued, is readily seen in the
relationship between rainfall patterns and patterns
of land and water use, including use for industrial
and urban purposes. The paper argued that the
severity of the economic adjustments required by a
change in climate depend on the relation between
the existing economy and its climatic environment,
and the rapidity of climate change.

My first projections of possible future patterns of
climate change were published in 1980, based on
the early findings of relatively crude computer
models of climate, combined with a look at the
contrasts between individual warm and cold years,
paleo-climatic reconstructions of earlier warm
epochs, and some theoretical arguments.

In 1988 I founded the Climate Impact Group in
CSIRO in Australia. This group sought to bridge the
gap between climate modellers, with their projections
of climate change and sea-level rise, and people
interested in the potential effects on crops, water
resources, coastal zones and other parts of the
natural and social systems and environment. Despite
reservations from some colleagues who wanted
greater certainty before going public on scientific
findings that identify risk, the Climate Impact Group
approach of publicly quantifying risk won wide
respect. This culminated in the award in 1999 of an
Australian Public Service Medal, and in 2003 of the
Sherman Eureka Prize for Environmental Research,
one of Australia’s most prestigious national awards
for environmental science.

The object of the CSIRO Climate Impact Group’s
endeavours was never to make exact predictions of
what will happen, because we recognised that there
are inevitable uncertainties about both the science
and socio-economic conditions resulting from
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human behaviour. Rather, we sought to provide the
best possible advice as to what might happen, its
impacts on society, and on the consequences of
various policy choices, so that decision-makers
could make informed risk assessments and choices
that would influence future outcomes.

These days, writing, or even updating a book on
a ‘hot topic” like climate change is a bit of a wild
ride. Lots of things keep happening during the
process. This includes the US Presidential election
of November 2008, the international economic
crisis, and the wild fluctuations in the price of oil.
The implications of such events remain to be played
out, and are merely touched on in this book. Several
other major developments have stood out in the
case of this book and are dealt with more fully.

The Intergovernmental Panel on Climate Change
(IPCC) report in 2007 strongly confirmed that
climate change due to human activities is happening
and that its consequences are likely to be serious.
Further, it broadly confirmed the findings of the UK
Stern Review that the consequences of climate
change under business-as-usual scenarios are likely
to be far more expensive than efforts to limit climate
change by reducing greenhouse gas emissions. It
also pointed out that stabilising concentrations of
carbon dioxide equivalent (treating all greenhouse
gases as if they were carbon dioxide) at 450 ppm
still leaves a more than 50% chance of global
warmings greater than 2°C relative to preindustrial
conditions, and possibly as high as 3°C.

We are thus forced to consider whether in order
to avoid dangerous climate change we must keep
greenhouse gas concentrations well below 450 ppm
carbon dioxide equivalent. This is a ‘big ask’, as
concentrations of carbon dioxide alone are already
in 2008 about 380 ppm and rising at an increasing
rate, recently about 2 ppm each year. This highlights
the urgency of reducing greenhouse gas emissions
far below present levels in the next decade, rather
than several decades down the track. Indeed, IPCC
suggests that to stabilise greenhouse gas
concentrations at less than 450 ppm may require us
to take carbon dioxide out of the atmosphere after it
has overshot this target.

Further pointers towards urgency have arisen
from the well-documented observations in the
last two years of more rapid climate change, and of
the kicking in of positive feedback (amplifying)
processes that lead to an acceleration of global
warming and sea-level rise. Carbon dioxide
concentrations, global warming and sea-level rise
are all tracking near the upper end of the range of
uncertainty in the 2007 IPCC report.

Arctic sea ice is melting more rapidly than
projected in the IPCC report, and reached a
startlingly low minimum extent in September 2007.
Moreover, permafrost is melting, floating ice shelves
have rapidly disintegrated by processes not
previously considered, forests are burning more
frequently, droughts in mid-latitudes are getting
worse, and so it goes.

All this leads to the possibility of apocalyptic
outcomes, with associated gloom and doom: multi-
metre sea-level rise displacing millions of people,
regional water shortages and mass starvation,
conflict and economic disaster. Faced with such
possibilities, three broad psychological reactions
are likely: nihilism (it’s all hopeless so let’s enjoy
ourselves while we can), fundamentalism (falling
back on some rigid set of beliefs such as that God,
or the free market, will save us), or activism in the
belief that we can still deal with the problem if we
apply ourselves with a sufficient sense of urgency.

I tend to favour the third approach, in the belief
that human beings are intelligent creatures and that
with ingenuity and commitment we can achieve the
seemingly unachievable, as happened in the Second
World War and the Space Race. There is also still a
lot of uncertainty, and the situation may not be quite
as bad as we may fear, so let’s give it a good try.

A few contrarians continue to raise the same
tired objections that some particular observations
or details are in doubt. They continue to accuse
climate modellers of neglecting well-recognised
mechanisms like solar variability or water vapour
effects, which have long been included in climate
modelling. They refuse to look at the balance of
evidence as presented in the IPCC reports, and
prefer to seize on the odd observation that might



not fit, or some alternative theory, without applying
the same scepticism to their favoured ‘fact’ or
theory. Others set out a false dichotomy between
combating climate change and other global
problems, or propagate scare stories about the cost
of reducing emissions.

Responsible decision-makers must follow a risk
management strategy, and look at the balance of
evidence, the full range of uncertainty, and put
climate change in the context of other global
problems, which in general exacerbate each other.
I favour the advice and examples of the social and
technological optimists and entrepreneurs who
argue and demonstrate that we can rapidly develop
a prosperous future with low greenhouse gas
emissions if we put our minds to it. That way we can
improve living standards both in the industrialised
and developing countries, while minimising the
risks and costs of climate change damage. Necessity,
as the saying goes, is the mother of invention. We are
not short of inventions that might conserve energy
and reduce greenhouse gas emissions. What is
needed is a commitment to developing these into
large-scale production and application, with the
implicit opportunity for new more energy-efficient
and sustainable technologies. Efficiency, that is,
using less energy, can be profitable, and the large-
scale application of renewable energy technologies
can reduce their cost until they are competitive.

While acknowledged uncertainties mean we are
dealing with risks rather than certainties, the risks
will increase over coming decades if we do not act.
If we sit back and say to ourselves that the risks are
too small to worry about, or too costly to prevent,
they are likely to catch up with us all too soon. We,
as consumers, business people and members of the
public can turn things around by our choices and
especially by making our opinions known. We do
not have to wait for national governments to act, or
for laws and taxes to compel us. Individual and
group choices, initiatives, ingenuity, innovation and
action can achieve wonders.

However, our individual and corporate actions
would be far more more effective if we could
persuade governments to recognise the urgency
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and act now to really push for a reduction in
greenhouse emissions this decade. Climate change,
abrupt or not, is a real risk. It is also a challenge
and an opportunity for innovative thinking and
action. With a bit of luck and a lot of skill, we can
transform the challenge of climate change into a
positive opportunity. Reducing greenhouse gas
emissions will also help avoid other environmental
damages and promote sustainable development
and greater equity between peoples and countries.

Public opinion and government attitudes are
changing rapidly, even in countries whose
governments have been slow to commit to urgent
action on climate change. One of the stand-out
reluctant countries, my very own Australia, has
recently committed itself, after a change of
government, to the Kyoto Protocol and the new
negotiation process for more stringent emissions
reductions in the future. New information is being
absorbed and stronger advocacy is convincing
people it is time to act. The ‘former next President
of the United States’, Al Gore, has been influential
with his film and book An Inconvenient Truth.
Hurricane Katrina in August 2005 convinced people
that even rich countries like the United States are
vulnerable to climate disasters, and numerous
books advocating action, such as those by George
Monbiot, Mark Lynas and Tim Flannery have
appeared and sold well.

Above all, IPCC has been forthright, if still
guarded, in its statements. Along with Al Gore and
many other activists, the IPCC 2007 report has
stirred the world to action, as was recognised by the
awarding of the Nobel Peace Prize to Al Gore and
the IPCC in 2007.

However, even the IPCC is inevitably behind the
times, as its 2007 report only assessed new material
up to about May 2006. Much new information has
become available since then, and I have attempted
to summarise it in what follows. This book is meant
to continue the process of developing and informing
an intelligent approach to meeting the challenge of
climate change and seizing the opportunity to help
create a better and more sustainable world where
other global problems can also be addressed. It is
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intended to answer, in readily understood terms,
frequently asked questions about climate change,
such as:

e Whatis the relationship between natural climate
variations and human-induced climate change?

¢ What are the major concerns regarding climate
change?

* Why are there arguments about the reality of
climate change, and its policy implications?

* Howdoesclimatechangerelatetoother problems
like population growth, poverty, pollution and
land degradation?

¢ How urgent is the problem? What can we do
about it, and how much will it cost?

This book is meant, in a concise and
understandable manner, to sort fact from fiction. It
recognises that uncertainties are inevitable, and sets
climate change in a framework of assessing climate
risk alongside all the other human problems about
which we have imperfect knowledge. It should help
readers to choose a sensible course between the
head-in-the-sand reaction of some contrarians and
the doom-and-gloom view of some alarmists. It
builds on the scientific base of the well-tested and
accepted reports of the Intergovernmental Panel on
Climate Change, putting the findings in the context
of other human concerns.

We must look beyond the doom and gloom.
Projections of rapid climate change with severe
consequences are a prophecy, not in the sense that
they are bound to come true, but in the sense of a
prophetic warning that if we continue on our
present course these are the logical consequences.
Modern scientific “prophets of doom” follow in the
tradition of the Old Testament prophets. The Biblical
prophets were not preaching damnation, but
appealing for a change of direction, so that
damnation could be avoided. Similarly, climate
scientists who warn about potentially dangerous
climate change hope that such forebodings will
motivate people to act to avoid the danger.

Hope lies not only in science, but in going
beyond the science to grapple with the policy
questions and the moral imperatives that the
scientific projections throw into stark relief. In this
book I go some way down this road, making direct
links between the science and the consequences,
which are important for policy. If this encourages
you to address the issues, to make your own
assessment of the risk, and to act accordingly, this
book will have achieved its purpose.

Now a few words to the serious student of
climate change on how to use this book.

First, it covers a huge range of subjects and
disciplines from physics, chemistry and the other
‘hard” and social sciences, to politics and policy. My
original expertise was in physics (with a side
interest in anthropology), so I have been forced to
learn about the other subjects from books, papers
and especially from websites and talking to people.
Climate change is an overarching topic, and the
reality is that everything is connected to everything
else (for example see Chapter 9), so policy-relevance
requires an enquiring and open mind.

Second, there is a set of endnotes at the end of
each chapter. These not only document what is said
(often including opposing points of view),
but supply pointers to more information, and
especially to websites or ongoing publications
where you can update what is in the book. Frankly,
nobody can be expected to keep up to date in detail
on every aspect of climate change science and
policy. The number of scientific papers on the
subject has grown exponentially over the last
decade. One of my colleagues estimates that if every
relevant scientific publication since the IPCC 2007
report is referenced in the next edition in three or
four years’ time, it would require about a thousand
pages just to list all the references. I have selected
websites and learned journals in my endnotes that
will enable you to keep up where you can, but even
that is not complete — I have obviously missed or
selected from a larger number of relevant references.
But web searches these days are amazingly efficient
at finding what you need to know. Use them well



and with good judgement as to the reliability and
possible biases of the source.

Finally, I want to dedicate this book to my
grandchildren, Jenny, Ella, Kyan and Gem, whose
future is at stake, along with that of all future
generations. It is for them that we must meet the
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challenge of climate change. If the urgency is as
great as I fear it is, it is us and our children, alive
today, who will have to deal with the consequences.
We can have a positive influence on our children’s
future.






1

Climate change matters

Today, global climate change is a fact. The climate has changed visibly, tangibly, measurably.
An additional increase in average temperatures is not only possible, but very probable, while
human intervention in the natural climate system plays an important, if not decisive role.

BruNO PorrO, CHIEr Risk OFFICER, Swiss REINSURANCE, 2002.!

Climate change is a major concern in relation to the minerals sector and sustainable
development. It is, potentially, one of the greatest of all threats to the environment, to

biodiversity and ultimately to our quality of life.

FACING THE FUTURE, MINING MINERALS AND SUSTAINABLE DEVELOPMENT AUSTRALIA, 2002 .2

We, the human species, are confronting a planetary emergency — a threat to the survival of
our civilization that is gathering ominous and destructive potential even as we gather here.
But there is hopeful news as well: we have the ability to solve this crisis and avoid the worst
— though not all — of its consequences, if we act boldly, decisively and quickly.

AL Gore, Noser Peace Prize LEcTUre, 10 DecemBer 2007.3

Climate is critical to the world as we know it. The
landscape, and the plants and animals in it, are all
determined to a large extent by climate acting over
long intervals of time. Over geological time, climate
has helped to shape mountains, build up the soil,
determine the nature of the rivers, and build flood
plains and deltas. At least until the advent of
irrigation and industrialisation, climate determined
food supplies and where human beings could live.

Today, with modern technology, humans can live
in places where it was impossible before. This is
achieved by the provision of buildings and complex
infrastructure tuned to the existing climate, such as
urban and rural water supplies, drainage, bridges,
roads and other communications. These involve

huge investments of time and money. Trade,
particularly of food and fibre for manufactured
goods, has also been strongly influenced by climate.
Roads, buildings and towns are designed taking
local climate into consideration. Design rules, both
formal and informal, zoning and safety standards
are developed to cope not just with average climate
but also with climatic extremes such as floods and
droughts. If the climate changes, human society
must adapt by changing its designs, rules and
infrastructure — often at great expense, especially
for retrofitting existing infrastructure.

In broad terms, ‘climate” is the typical range of
weather, including its variability, experienced at a
particular place. It is often expressed statistically, in
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terms of averages over a season or number of years,
of temperature or rainfall and sometimes in terms of
other variables such as wind, humidity, and so on.
Variability is an important factor. ‘Climate variability”
is variability in the average weather behaviour at a
particular location from one year to another, or one
decade to another. Changes in the behaviour of the
weather over longer time scales, such as one century
to another, are usually referred to as ‘climate change’.

Conventionally, 30-year intervals have been
used for calculating averages and estimating
weather variability. However, natural climate varies
on time scales from year-to-year, through decade-
to-decade to longer-term fluctuations over centuries
and millennia.

Extreme weather events are part of climate.
Their impact is reflected in the design of human
settlements and activities (such as farming) so as to
be able to survive floods, droughts, severe storms
and other weather-related stresses or catastrophes.
Because climate can vary from decade to decade,
reliable averages of the frequency and magnitudes
of extreme events require weather observations
over longer periods than the conventional 30 years.
Engineers design infrastructure (buildings, bridges,
dams, drains, etc.) to cope with extreme weather
events that occur on average only once in every 50,
100 or 1000 years. The more serious the consequence
of design failure under extreme weather conditions,
the longer the time interval considered, for example
for a large dam as opposed to a street drain.

Turning up the heat
Climate has changed greatly over geological
timescales, as we shall see in Chapter 2. But what is
of immediate concern is that climate has shown an
almost unprecedented rapid global warming trend
in the last few decades.

Since the start of reliable observations in the
nineteenth century, scientists from weather services
and research laboratories in many countries have
examined local, regional and global average surface
air and water temperatures, on land, from ships
and more recently from orbiting satellites.

The World Meteorological Organization, which
coordinates weather services around the globe, has
declared that 2005 and 1998 were the two warmest
years on record, since reliable weather records
began in 1861, and just warmer than 2003. The
decade of 1998-2007 was the warmest on record.
Twelve of the last 13 years (1995-2007), with the
exception of 1996, rank amongst the 12 warmest
years since reliable records began in 1850. Since the
start of the twentieth century the global average
surface temperature has risen by 0.74 + 0.18°C, and
the linear warming trend over the last 50 years,
around 0.13 £ 0.3°C per decade, is nearly twice that
for the last 100 years.*

Note that when scientists give such estimates
they usually include a range of uncertainty, which
in the former case above is +0.18°C. Thus the
increase could be as low as 0.56°C or as high as
0.92°C. In this case the uncertainties allow for
possible inaccuracies in individual measurements,
and how well the average from the limited number
of individual measurement stations represents the
average from all locations.

Indirect evidence from tree rings, ice cores,
boreholes, and other climate-sensitive indicators
(see Chapter 2) indicates that, despite a lesser warm
interval round 1000 AD (the so-called ‘Medieval
Warm Period’) the warmth of the last half century is
unusual in at least the previous 1300 years.
Moreover, the last time the polar regions were
significantly warmer than the present for an
extended period (some 125000 years ago),
reductions in polar ice volume led to global sea
levels 4 to 6 m above the present. Variations of the
Earth’s surface temperature since 1850, along with
global average sea level from 1870 and northern
hemisphere snow cover since the 1920s, are shown
in Figure 1.

Based on such observations, the Intergove-
rnmental Panel on Climate Change (IPCC) in 2007
concluded that ‘warming of the climate system is
unequivocal, as is now evident from observations
of increases in global average air and ocean
temperatures, widespread melting of snow and ice,
and rising global average sea level’.
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Figure 1: Observed changes in (a) global average surface temperature, (b) global average sea level and (c) northern hemisphere
snow cover, from the start of good measurements. This is Figure SPM-3 from the IPCC 2007 Working Group | report (used with

permission from IPCC).

Three things are notable about these IPCC
conclusions. First, it shows that a warming of at
least 0.56°C almost certainly occurred. Second, the
most likely value of 0.74°C, while it may appear to
be small, is already a sizeable fraction of the global
warming of about 5°C that took place from the
last glaciation around 20000 years ago to the
present interglacial period (which commenced
some 10000 years ago). Prehistoric global warming
led to a complete transformation of the Earth’s
surface, with the disappearance of massive ice
sheets, and continent-wide changes in vegetation
cover, regional extinctions and a sea-level rise of
about 120 metres.

Most importantly, the average rate of warming
at the end of the last glaciation was about 5°C in
some 10 000 years, or 0.05°C per century, while the
observed rate of warming in the last 50 years is 1.3°C
per century and the estimated rate over the next
100 years could be more than 5°C per century, which
is 100 times as fast as during the last deglaciation.
Such rapid rates of warming would make adaptation
by natural and human systems extremely difficult
or impossible (see Chapters 2 and 7).

Some critics have questioned the IPCC’s
estimated warming figures on the following main
grounds. First, there are questions of uncertainties
due to changes in instruments. Instrumental changes
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include changes in the housing of thermometers
(‘meteorological screens’) which affect the ventilation
and radiant heat reaching the thermometers, and
changes in ships’ observations from measuring the
temperature of water obtained from buckets
dropped over the side of ships to measurements of
the temperature of sea water pumped in to cool the
ships” engines. These changes are well recognised
by scientists and have been allowed for. They
contribute to the estimate of uncertainty.

Second, there are concerns that estimates are
biased by observations from stations where local
warming is caused by the growth of cities (an effect
known as ‘“urban heat islands’).

The heat island effect is due to the heat absorbed
or given out by buildings and roads (especially at
night). However, this effect works both ways on
observed trends. In many large cities, observing
sites, which were originally near city centres (and
thus subject to warming as the cities grew) were
replaced by observing sites at airports outside the
cities. This led to a temporary observed cooling
until urbanisation reached as far as the airports.
Observations from sites affected by urban heat
islands have, in general, been either corrected for
this effect or excluded from the averages. A recent
study of temperature trends on windy nights versus
all nights shows similar warming trends, even
though wind disperses locally generated heat and
greatly reduces any heat island effect.

One of the strengths of the surface observations is
that those from land surface meteorological stations
tend to agree well with nearby ship observations,
despite different sources of possible errors. Average
sea surface temperatures show similar trends to
land-based observations for the same regions.
Airborne
radio-sondes at near-ground levels also tend to
support the land-based observational trends.

Another issue often raised is the apparent
difference between the trends in temperature
found in surface observations and those from
satellites, which began in 1979. The satellite
observations straightforward, as
corrections are needed for instrumental changes

observations from balloon-borne

are not

and satellite orbital variations. Moreover, they
record average air temperatures over the lowest
several kilometres of the atmosphere (including
the lower stratosphere at mid- to high-latitudes)
rather than surface air temperatures, so they do
not measure the same thing as surface
observations. Recent corrections to the satellite
and radiosonde estimates to take account of
these problems have removed the discrepancies
and confirm that surface and tropospheric (lower
atmospheric) warming are occurring.

All the above criticisms of the temperature
records have been addressed explicitly in successive
IPCC reports and can now be dismissed.® Legitimate
estimates of uncertainty are given in the IPCC
assessments.

Supporting evidence for recent global warming
comes from many different regions and types of
phenomena. For example, there is now ample
evidence of retreat of alpine and continental glaciers
in response to the twentieth century warming (there
are exceptions in some mid- to high-latitude coastal
locations where snowfall has increased).” This
retreat has accelerated in the last couple of decades
as the rate of global warming has increased. Figure 2
shows dramatic evidence of this for the Trient
Glacier in the Valais region of southern Switzerland.
The surviving glacier is in the upper centre,
extending right to the skyline. Measured retreat of
the terminus of the glacier since 1986-87 is roughly
500 metres by 2000 and another 200 metres by 2003.
Early twentieth-century terminal and lateral
moraines (where rock and earth are dumped at the
end or sides of the glacier by the flowing and
receding ice) are evident, free of trees, indicating
recent ice retreat, and the present terminus of the
glacier is slumped, indicating rapid melting.?
Similar pictures, often paired with earlier ones, are
available for many glaciers worldwide.’

Changes in other aspects of climate, broadly
consistent with global warming, have also occurred
over the last century. These include decreases of
about 10% in snow cover as observed by satellites
since the 1960s (see Figure 1c), and a large decrease
in spring and summer sea-ice since the 1950s in the



northern hemisphere. The latter reached a record
low in 2007, and the melt rate is much faster than
projected in the 2007 IPCC report. Warming has
also been rapid near the Antarctic Peninsula,
although not around most of mainland Antarctica.

Observed melting of permafrost is documented,
especially for Alaska, by the US Arctic Research
Commission in its Permafrost Task Force Report in 2003,
and around the Arctic by the Arctic Climate Impact
Assessment (ACIA) in 2004 and kept up to date by
the annual National Oceanic Atmospheric
Administration (NOAA) ‘Report Card” on the state of
the Arctic. Observed changes in the Arctic and their
implications are summarised in Box 1 from ACIA."

According to the NOAA Arctic ‘Report Card’, a
decrease in sea-ice extent in the Arctic summer of
40% since the 1980s is consistent with an increase in
spring and, to a lesser extent, summer temperatures
at high northern latitudes. Trends in summer
(September) and winter (March) sea ice extent from
1979 to 2007 are 11.3 and 2.8% per decade,
respectively." Antarctic sea-ice extent has fluctuated
in recent decades but remained fairly stable, apart
from the area around the Antarctic Peninsula where
rapid regional warming has led to sea-ice retreat
and the disintegration of several large
semi-permanent ice shelves attached to the
mainland (see Chapter 5, Figure 21 below).

Other changes include rapid recession of the ice
cap on Mt Kilimanjaro in Kenya and other tropical
glaciers in Africa, New Guinea and South America,
as well as glaciers in Canada, the United States and
China. Permafrost is melting in Siberia (where it
has caused problems with roads, pipelines and
buildings) and in the European Alps (where it has
threatened the stability of some mountain peaks
and cable car stations due to repeated melting and
freezing of water in crevices in the rocks, forcing
them apart). Catastrophic release of water dammed
behind the terminal moraines of retreating glaciers
in high valleys is of increasing concern in parts of
the Himalayas, notably Bhutan and Nepal,
according to a United Nations Environment
Program report. All of these phenomena have
accelerated in recent decades.” '
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Measurements of the Southern Patagonian ice
sheet in South America indicate rapid melting, with
the rate of melting estimated from gravity
measurements by satellite as 27.9 £ 11 cubic km per
year from 2002 to 2006. This is equivalent to nearly
1 mm per decade rise in global average sea level.”

Global warming has led to thermal expansion of
the ocean waters as well as melting of mountain
glaciers. John Church, from CSIRO in Australia,
and colleagues recently compared model
calculations of regional sea-level rise with
observations from tide gauge and satellite altimeter
records. They concluded that the best estimate of
average sea-level rise globally for the period 1950 to
2000 is about 1.8 to 1.9 = 0.2 mm per year (that is
just under 10 cm), and that sea-level rise is greatest
(about 3 mm per year or 30 cm per century) in the
eastern equatorial Pacific and western equatorial
Indian Ocean. Observed rates of rise are smallest
(about 1 mm per year) in the western equatorial
Pacific and eastern Indian Ocean, particularly the
north-west coast of Australia. Regional variations
are weaker for much of the rest of the global oceans,
and are due to different rates of warming in different
parts of the oceans, and changes in winds, currents
and atmospheric pressure.'

Recent observations indicate that the global rate
of sea-level rise increased to about 3 mm per year in
the period 1993 to 2008. This could be in part a
natural fluctuation, including effects of major
volcanic dust clouds reducing surface warming in
some years. However, it could also be a result of an
increasing contribution from the melting of the
Greenland and Antarctic ice sheets, as has been
observed locally. The total twentieth-century rise is
estimated to be 17 £ 5 cm. This has no doubt
contributed to coastal erosion in many regions, but
in most cases the sea-level rise impact was not
enough to be identified as such, due to other more
localised factors such as variations in storminess
and the construction of sea walls and other
structures. James Hansen argues that the acceleration
will increase rapidly due to increasing contributions
from the major ice sheets, leading to up to several
metres sea-level rise by 2100."
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BOX 1: KEY FINDINGS OF THE ARCTIC CLIMATE IMPACT ASSESSMENT

1. The Arctic climate is now warming rapidly and much larger changes are expected.
2. Arctic warming and its consequences have worldwide implications.

3. Arctic vegetation zones are projected to shift, bringing wide-ranging impacts.

4. Animal species’ diversity, ranges and distribution will change.

5. Many coastal communities and facilities face increasing exposure to storms.

6. Reduced sea ice is very likely to increase marine transport and access to resources.
7. Thawing ground will disrupt transportation, buildings, and other infrastructure.

8. Indigenous communities are facing major economic and cultural impacts.

9. Elevated ultraviolet radiation levels [a combined effect of global warming and stratospheric ozone depletion]
will affect people, plants, and animals.

10. Multiple influences interact to cause impacts to people and ecosystems.

melting
terminus

”

recent terminal moraine

Figure 2: The Trient Glacier near Forclaz in the Valais region of southern Switzerland in 2000. Rapid retreat has occurred during
the latter part of the twentieth century. (Photograph by AB Pittock.)



Evidence for a strengthening of the global
hydrological cycle, in which more rapid evaporation
takes place in low latitudes, and more rain and
snowfall occurs at high latitudes, comes from
observations of salinity increases in the tropical and
sub-tropical surface waters of the Atlantic Ocean
over the last 50 years. This is accompanied by a
freshening of surface waters in the high latitudes of
the North and South Atlantic. Estimates indicate
that net evaporation rates over the tropical Atlantic
must have increased by 5-10% over the past four
decades, with an accelerated trend since 1990.'¢

Other regional changes are also evident in
rainfall, cloud cover and extreme temperature
events, but due to large natural variability these are
not yet quite so well established. Migration
polewards of the mid-latitude storms tracks
associated with the so-called ‘annular modes’ is
leading to greater aridity in some mid-latitude
regions and increased precipitation at high
latitudes.”” However, regional climate properties
often vary on timescales of several decades. These
are difficult to distinguish from longer-term changes
without records longer than those presently
available in some regions.

Why is the present rapid warming
happening?

Scientists believe the rapid warming in the last
several decades is due mostly to human-induced
changes to the atmosphere, on top of some natural
variations. Climate change induced by human
activity may occur due to changes in the
composition of the Earth’s atmosphere from waste
gases due to industry, farm animals and land
clearing, or changes in the land surface reflectivity
caused by land clearing, cropping and irrigation.
These gases include several, such as carbon
dioxide, methane and oxides of nitrogen, that can
absorb heat radiation (long-wave or infra-red
radiation) from the Sun or the Earth. When
warmed by the Sun or the Earth they give off heat
radiation both upwards into space and downwards
to the Earth. These gases are called greenhouse
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gases and act like a thick blanket surrounding the
Earth. In effect, the Earth’s surface has to warm
up to give off as much energy as heat radiation as
is being absorbed from the incident sunlight
(which includes visible, ultraviolet and infra-red
radiation). Soot particles from fires can also lead
to local surface warming by absorbing sunlight,
but reflective particles, such as those formed from
sulfurous fumes (sulfate aerosols) can lead to local
cooling by preventing sunlight reaching the
Earth’s surface.

Natural greenhouse gases include carbon
dioxide, methane and water vapour. These help to
keep Earth some 33°C warmer than if there were no
greenhouse gases and clouds in the atmosphere.

Human activities have increased the con-
centrations of several greenhouse gases in the
atmosphere, leading to what is termed the ‘enhanced
greenhouse effect’. These gases include carbon
dioxide, methane and several other artificial
chemicals. The Kyoto Protocol, set up to begin the
task of reducing greenhouse gas emissions (see
Chapter 11), includes a package or ‘basket” of six
main gases to be regulated. Besides carbon dioxide
(CO,) and methane (CH,), these are nitrous oxide
(N,O), hydrofluorocarbons (HFCs), perfluorocarbons
(PFCs) and sulfur hexafluoride (SF,).

Anthropogenic, or human-caused increases in
carbon dioxide, come mainly from the burning of
fossil fuels such as coal, oil and natural gas, the
destruction of forests and carbon-rich soil and
the manufacture of cement from limestone. The
concentration of carbon dioxide before major land
clearing and industrialisation in the eighteenth
century was about 265 parts per million (ppm).
Methane comes from decaying vegetable matter in
rice paddies, digestive processes in sheep and cattle,
burning and decay of biological matter and from
fossil fuel production. HFCs are manufactured
gases once widely used in refrigerants and other
industries, but which are largely being phased out
of use because of their potential to destroy
atmospheric ozone. PFCs and SF, are industrial
gases used in the electronic and electrical industries,
fire fighting, solvents and other industries.
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Water vapour concentrations in the atmosphere
are closely controlled by the surface temperature.
These can act as an amplifier of warming due to
increases in other greenhouse gases or indeed
warming due to Earth’s orbital variations. Similarly
clouds can act as an amplifier by absorbing heat
radiation, or as a reducer of warming by reflecting
incoming sunlight. The net result of clouds on the
Earth’s temperature depends on their height,
latitude and droplet size.

Amplifying effects are called positive feedbacks
(as in electronic circuitry). Loss of snow cover due
to warming is another positive feedback, as it leads
to greater absorption of sunlight at the Earth’s
surface and thus more warming. On the time-scale
of the glacial-interglacial cycles of thousands of
years, carbon dioxide concentrations in the
atmosphere also act as a positive feedback, with
the initial warming effect coming from variations
in the Earth’s orbit around the Sun. The
amplification comes from warmer oceans giving
off dissolved carbon dioxide, and thus increasing
the natural warming via the greenhouse effect (see
Chapter 2).

As early as the nineteenth century some scientists
noted that increased emissions of carbon dioxide
might lead to global warming (see Chapter 11).
Present estimates of future climate change are based
on projections of future emissions of greenhouse
gases and resulting concentrations of these gases in
the atmosphere. These estimates also depend on
factors such as the sensitivity of global climate to
increases in greenhouse gas concentrations; the
simultaneous warming or cooling effects of natural
climate fluctuations; and changes in dust and other
particles in the atmosphere from volcanoes, dust
storms and industry. Such projections are discussed
in more detail in Chapter 3 and Chapter 5.

Given that climate has changed during the
twentieth century, the key question is how much of
this is due to human-induced increased greenhouse
gas emissions, and how much to other more natural
causes. This has great relevance to policy because, if
the changes are due to human activity, they are
likely to continue and even accelerate unless we

change human behaviour and reduce our emissions
of greenhouse gases.'

The IPCC Fourth Assessment Report in 2007
concluded:

* Global atmospheric concentrations of carbon
dioxide, methane and nitrous oxide have
increased markedly as a result of human
activities since 1750 ... The global increases in
carbon dioxide concentration are due primarily
to fossil fuel use and land use change, while
those of methane and nitrous oxide are
primarily due to agriculture.

* The understanding of anthropogenic warming
and cooling influences on climate has improved
since the [Third Assessment Report in 2001],
leading to very high confidence [at least 90%] that
the global average net effect of human activities
since 1750 has been one of warming with a
radiative forcing of +1.6 [+0.6 to +2.4] W m™.

An important verification of expected impacts of
increased greenhouse gases on climate comes from
a study by James Hansen and colleagues. They
calculated the energy imbalance at the surface
due to increased greenhouse gas concentrations in
the atmosphere and compared this with precise
measurements of increasing heat content of the
oceans over the past decade. This study highlighted
the importance of the delay in ocean warming,
which implies future warming, sea-level rise and
ice sheet disintegration.'®

A paper by William Ruddiman of the University
of Virginia, in 2003, raises the possibility that human
influence on the climate has been significant since
well before the Industrial Revolution due to the
cutting down of primeval forests to make way for
agriculture, and irrigated rice farming in Asia.
Ruddiman claims that the Earth’s orbital changes
should have led to a decline in carbon dioxide and
methane concentrations in the atmosphere from
8000 years ago. Instead there was a rise of 100 parts
per billion in methane concentrations, and of 20 to
25 ppm in carbon dioxide by the start of the
industrial era. He calculates that this has led to the



Earth being 0.8°C warmer than if humans had not
been active, an effect hidden because it has cancelled
out a natural cooling due to orbital variations."

Simulations of the response to natural forcings
alone (that is, natural changes causing the climate
to change), such as variability in energy from the
Sun and the effects of volcanic dust, do not explain
the warming experienced in the second half of
the twentieth century. However, they may have
contributed to the observed warming in the previous
50 years (see Chapter 2). The sulfate aerosol effect
would have caused cooling over the last half
century, although by how much is uncertain. This
cooling effect has become less since the 1980s as
sulfur emissions have been reduced in North
America and Europe in order to reduce urban
pollution and acid rain.

The best agreement between model simulations
of climate and observations over the last 140 years
has been found when all the above human-induced
and natural forcing factors are combined. These
results show that the factors included are sufficient
to explain the observed changes, but do not exclude
the possibility of other minor factors contributing.”

Furthermore, it is very likely that the twentieth
century warming has contributed significantly to
the observed sea-level rise of some 10 to 20 cm,
through the expansion of sea water as it gets
warmer, and widespread melting of land-based ice.
Observed sea-level rise and model estimates are in
agreement, within the uncertainties, with a lack of
significant acceleration of sea-level rise detected
during most of the twentieth century. The lack of an
observed acceleration up to the 1990s is due to long
time lags in warming the deep oceans, but there is
evidence of an acceleration in the last decade
probably due to rapidly increasing contributions
from melting of land-based ice in Alaska, Patagonia
and Greenland.™

Studies by US scientists of twentieth century
drying trends in the Mediterranean and African
monsoon regions suggest that the observed
warming trend in the Indian Ocean, which is related
to the enhanced greenhouse effect, is the most
important feature driving these dryings, through
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its dynamic effects on atmospheric circulation.
Another study shows a tendency for more severe
droughtsin Australia, related to higher temperatures
and increased surface evaporation. Both studies see
tentative attribution of drying trends to the
enhanced greenhouse effect, and are pointers to
future regional climate changes.*!

A deepening and polewards shift of the belts of
low atmospheric pressure surrounding each pole,
known technically as an increase in the northern
and southern ‘annular modes’ of the atmospheric
circulation, has been observed in the last several
decades. It is also found in model simulations of
climate with increasing greenhouse gas concentra-
tions. However, the observed shift is greater than
the simulated projections. Model simulations have
now at least partially resolved this difference by
including the effect of reductions in ozone in the
upper atmosphere, which have occurred especially
in the high latitude winter, since the 1970s (see
Chapter 9). Both enhanced greenhouse gases and
ozone reductions in the upper atmosphere increase
the equator-to-pole temperature difference, leading
to a strengthening of the westerly winds at high
latitudes. These changes help explain decreasing
rainfall in southern Australia, and a stronger North
Atlantic Oscillation, which affects storm tracks and
climate in Europe."”

Climate models suggest a possible slowdown of
the overturning circulation in the North Atlantic
that is driven by vertical differences in temperature
and salinity (known as the ‘thermo-haline
circulation’). Such a change could result from
surface warming, increased rainfall and runoff at
high latitudes, and reduced sea-ice formation.”
The reality of a slowdown of the thermo-haline
circulation is supported by some recent observations
from several areas, as well as paleo-climatic
evidence that it has occurred before (see Chapter 2).%
This could lead to rapid climate changes in the
North Atlantic region, and has prompted the setting
up of a monitoring and research program called the
Rapid Climate Change Programme (RAPID) by
the UK Natural Environment Research Council and
the US National Science Foundation. The aim is to
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improve the ability to quantify the chances and
magnitude of future rapid climate change.* Its
main focus is the Atlantic Ocean’s circulation,
including the possibility of a slow-down in the Gulf
Stream, relative cooling in Western Europe and a
reduction in the Atlantic Ocean’s ability to absorb
carbon dioxide from the atmosphere.

The importance of delayed climate
responses

Delayed climate responses to greenhouse gas
emissions require early action. At present there is a
large imbalance between present and past emissions
of carbon dioxide into the atmosphere and their
slow removal into the deep ocean. Even if we
stopped emitting greenhouse gases tomorrow, the
increase in atmospheric concentration of carbon
dioxide as a result of the burning of fossil fuels and
destruction of forests since the industrial revolution
would persist for centuries. This is due to the slow
rate at which carbon dioxide already in the
atmosphere, surface ocean waters and the biosphere
(plants, animals and soil biota) can be reabsorbed
into the large reservoirs (called ‘sinks”) on the ocean
floor and in the solid earth. It is as if we are pouring

a large amount of water into three connected bowls,
from which there is only one small outlet drain.

This is illustrated schematically in Figure 3. The
relative magnitude and rapidity of carbon dioxide
flows are indicated approximately by the width of
the arrows. Fossil fuel emissions of carbon dioxide
into the atmosphere (large upwards arrow) reach
equilibrium with carbon in the land and soil biota
and in the shallow oceans (‘CO, exchange’ arrows)
in only one to ten years. Carbon dioxide is only
slowly removed into the deep ocean, taking
hundreds to thousands of years (‘natural CO,
removal’).

Rapid exchanges take place between the
biosphere (plants, animals and soil) and the
atmosphere, but due to limitations of climate and
soil fertility, the biosphere cannot expand enough to
take up the huge increase in carbon dioxide from
fossil carbon. Most of the former fossil carbon stays
as carbon dioxide in the atmosphere, where it
changes the climate, or is absorbed into the surface
layers of the oceans, where it changes the chemistry
of the oceans. The portion that stays in the
atmosphere is known as the “airborne fraction” and
is currently about 50% of all emitted carbon dioxide.
The fraction dissolved in the ocean is limited by the

Atmosphere

CO;, exchange
||
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Geological formations

removal
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Deep oceans

Figure 3: Flows between carbon reservoirs. This schematic diagram illustrates the present imbalance between emissions of carbon
dioxide into the atmosphere, soil and land biota and shallow oceans, and its eventual removal into the deep oceans.



solubility of carbon dioxide in the surface waters of
the oceans and the rate of downward penetration of
the carbon dioxide. Thus, the airborne fraction will
increase, as the upper oceans get warmer, because
warmer water can hold less dissolved carbon
dioxide, and there will also be less mixing of the
warmer water into the relatively cold deep oceans.
The resulting atmospheric carbon dioxide
concentration will remain for centuries near the
highest levels reached, since natural processes can
only return carbon to its natural sinks in the deep
oceans over many centuries.

More or less permanent natural sinks for carbon
include carbon-rich detritus from marine organisms,
mainly microscopic algae and plankton, but also
from larger creatures, which fall to the ocean floor.
Carbon is also transported to the oceans by rivers
and wind-borne organic particles, and some of
this also ends up on the ocean floor in sediment
layers. Carbon is also stored in plants and the soil on
land, but this can be returned to the atmosphere
rapidly by fire or decomposition. The possibility of
increasing sinks artificially is discussed in Chapter 8,
which deals with mitigation.

Emissions of carbon dioxide from the burning of
fossil fuels (oil, coal and natural gas) and
deforestation will have to be reduced eventually by
more than 80% globally relative to present emissions
to stop concentrations increasing in the atmosphere
(Chapter 8). This will take several decades to
achieve without disrupting human society. The
more we delay reducing greenhouse gas emissions,
the larger the inevitable magnitude of climate change
will be, and the more drastic will be the reductions in
emissions needed later to avoid dangerous levels of
climate change. To use the water-into-bowls analogy
again, it is as if we wanted to stop the water rising
above a certain level, but were slow to reduce the
rate at which we kept adding water — the slower we
are to reduce the input, the more drastically we will
need to reduce it later.

Carbon dioxide concentrations in the atmosphere
will stabilise only when the rate of emissions is
reduced to the rate of deposition or sequestration
into the deep oceans (or, as represented in Figure 3,
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not until the left-hand emissions arrow and the
lower-right removal arrow become the same size).
Alternatively, there is the possibility of artificially
increasing the rate of sequestration of carbon or
carbon dioxide into the deep ocean or into
subterranean storages (artificially widening the
downwards arrow) or even of long-lasting charcoal
(‘biochar’) into the soil. Artificial sequestration into
the oceans is controversial, while subterranean
sequestration is less controversial and is already
happening in some cases (Chapter 8). Balancing the
inflows and outflows of carbon dioxide into the
atmosphere will take many decades or even
centuries.

Furthermore, because of the slow mixing and
overturning of the oceans, surface temperatures
will continue to rise slowly for centuries, even after
concentrations of carbon dioxide in the atmosphere
have stabilised, and the deep oceans will continue
to warm. This will lead to continuing thermal
expansion, and thus rising sea levels, for centuries
after stabilisation of greenhouse gas concentrations.
Our children and grandchildren will be seeing the
inevitable results of our continuing greenhouse gas
emissions long after we have gone.

Recent developments suggesting that Greenland
and even the West Antarctic Ice Sheet may be
destabilised by even 2°C global warming (see
Chapter 3) makes matters even worse, with
multimetre rises in sea level possible. This suggests
that stabilised concentrations of greenhouse gases
may in fact have to be reduced, that is, that we may
go through a peak concentration of greenhouse
gases in the atmosphere and then have to reduce
them. This is termed an ‘overshoot scenario” and
would require that emissions be reduced to zero or
even become negative later this century. That is,
carbon dioxide and other greenhouse gases may
have to be removed from the atmosphere.?

The 2007 IPCC report discusses the possibility of
such overshoot emissions scenarios. They would
require that carbon dioxide be removed through
some process that naturally or artificially takes
carbon dioxide out of the atmosphere, most likely
via growing plants or algae, which may or may not
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BOX 2: DELAYED CLIMATE SYSTEM RESPONSES MATTER

Slow or delayed responses are widespread (but not universal) characteristics of the interacting climate, ecological,

and socio-economic systems. This means that some impacts of human-induced climate change may be slow to

become apparent, and some could be irreversible if climate change is not limited in both rate and magnitude before

crossing thresholds at which critical changes may occur. The positions of such thresholds are poorly known.

Several important policy-relevant considerations follow from these delayed response effects:

e Stabilisation of the climate and climate-impacted systems will only be achieved long after human-induced

emissions of greenhouse gases have been reduced.

Stabilisation at any level of greenhouse gas concentrations requires ultimate reduction of global net emissions
to a small fraction of current emissions. It will likely take centuries to reduce carbon dioxide concentrations
much below the highest levels reached unless active steps are taken to remove carbon dioxide from the
atmosphere (see Chapter 8).

Social and economic time scales for change are not fixed. They can be changed by policies, and by choices
made by individuals, or by reaching critical thresholds where change may become rapid and traumatic (for
example, emergency programs, policy revolutions, technological breakthroughs, famine or war).

Higher rates of warming and multiple stresses increase the likelihood of crossing critical thresholds of change
in climatic, ecological, and socio-economic systems (see Chapter 6).

Delays and uncertainty in the climate, ecological, and socio-economic systems mean that safety margins should
be considered in setting strategies, targets and timetables for avoiding dangerous levels of climate change.

Inevitable delays in slowing down climate change make some adaptation essential, and affect the optimal mix
of adaptation and mitigation strategies.

Slow responses in the climate system, and the possibility of reaching critical thresholds in the interacting
climate, ecological and socio-economic systems, make anticipatory adaptation and mitigation actions
desirable. Delayed reductions in emissions in the near-term will likely lead to an ‘overshoot’ scenario, with a
need for faster reductions and removal of greenhouse gases from the atmosphere at a later time, probably at
greater cost.

Source: Mainly updated from IPCC 2001 Synthesis Report, pp. 87-96.

be used for fuel and the carbon or carbon dioxide
somehow removed from the climate system by
storage or sequestration. Pyrolysis of biomass and
the sequestration of the resulting biochar is one
possibility.*® These possibilities are discussed in
Chapter 8.

Observed impacts®

While the 0.74°C increase in global average surface
temperature since the beginning of the twentieth
century may seem small, observational evidence
indicates that climate changes have already affected
a variety of physical and biological systems. As well



as shrinkage of glaciers and thawing of permafrost
mentioned above, examples of observed changes
linked to climate include: shifts in ice freeze and
break-up dates on rivers and lakes; increases in
rainfall and rainfall intensity in most mid- and high
latitudes of the northern hemisphere; lengthening
of growing seasons; and earlier dates of flowering
of trees, emergence of insects, and egg-laying in
birds. Statistically significant associations between
changes in regional climate and observed changes
in physical and biological systems have been
documented in freshwater, terrestrial and marine
environments on all continents.

The 2007 IPCC report from Working Group II
found that of more than 29 000 sets of observations
of physical and biological systems, reported in 75
studies, more than 89% showed significant change
consistent with the direction of change expected as
a response to warming. Further, it found that the
spatial agreement between regions of significant
warming across the globe and the location of
observed changes in systems was consistent with
global warming rather than local variability.

In general, warming effects on biological systems
include average range shifts polewards of around
5 to 10 km per decade, and events in spring
occurring two or three days earlier per decade.
Plants and animals will also move to higher
elevations. Such movements are limited in many
places by coastlines, limited height of mountains or
alienation of land due to clearing or other human
interference. This particularly affects many
biological reserves set up to protect rare and
endangered species.

Several modelling studies that linked responses
in some physical and biological systems with
climate changes found that the best fit with the
observations occurred when both natural and
enhanced greenhouse forcings were included.

The IPCC also reported that warming has
already affected agricultural and forestry
management (earlier spring plantings and changes
to forest fire and pest occurrences). There are also
early indications of impacts on mountain settlements
from melting glaciers, and on drier conditions in
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Sahelian and southern Africa. Sea-level rise and
human development are also affecting coastal
wetlands and mangroves.

IPCC Working Group I has also reported that
increasing carbon dioxide concentrations in the
atmosphere has led the oceans to become more
acidic, with an average decrease in pH of 0.1 units
since 1750.% Continuation of this trend is expected
to adversely affect many oceanic species that grow
shells including coral and many shellfish.

Satellite observations point to longer growing
seasons, with earlier ‘greening’ of vegetation in
spring. This may increase total growth if water and
nutrients are not limiting, but could also lead to
problems with differences in seasonal timing
between some species and others on which they
rely for food or other services like pollination.
Hotter and drier summers may also cause losses of
vegetation due to heat stress and fire.”

Attribution of changes in crop production is
complex, with climate change being only one factor
along with changes in crop varieties, application of
fertilisers, effects of pollutants such as ozone and
nitrogen fallout, and direct effects of increasing
carbon dioxide concentrations affecting water use
efficiency and photosynthesis. Nevertheless, at least
two papers claim to have detected yield trends due
to climate change in Australia and the United
States.*

Attributing observed changes to climate
change is complicated by possible multiple
causes. This is strikingly illustrated by the
increasing use of the Thames Barrier in the UK, a
moveable gate-like structure designed to control
flooding in the lower Thames River, which
became operational in 1983. The number of times
the Thames Barrier has been closed each year
since 1983 is shown in Figure 4 by the black
columns; theoretical closures from 1930 based on
tidal and river flow data are denoted by the grey
columns. The increase in the frequency of closure
since 1983 could readily be taken as evidence of
rising sea level or storminess. However, these
closures could be occurring due to a combination
of several effects, including relative sea-level rise
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Figure 4: Has climate change increased the frequency of closure of the Thames Barrier? (Figure courtesy of Environment

Agency, UK.)

(part of which may be due to land subsidence),
increased storminess and changing operational
procedures.”!

According to a review of this data in 2003, the
barrier is now sometimes used to retain water in the
Thames River at low tide during drought, as well as
to reduce the risk of flooding from the sea at high
tide. Increased relative sea-level rise and increased
storminess are both likely, at least in part, to be due
to the enhanced greenhouse effect, and increased
drought may also be related to climate change, but
sorting out the relative importance of these possible
causes requires a more detailed analysis.

Another recent example of a climate impact that
is at least a forerunner of what may be expected
with continued global warming is the series of
extreme high temperatures experienced in Europe
during the northern summer of 2003. Maximum
temperatures were up to 5°C above the long-term
averages for the same dates between 1961 and 1990,
and the French Health Ministry reported 14 802
more deaths in August than would be expected on
the basis of recent summers. Thousands more
excess deaths were reported in Germany, Spain
and the UK. Drought conditions, low river flows
and wild fires were widespread across Europe
during this period. The World Monitoring Glaciers

Service in Zurich reported an average loss of
ice in Alpine glaciers in Europe equivalent to a
5 to 10% reduction of the total volume of all Alpine
glaciers.*

Daily maximum and minimum temperatures in
Paris at the height of the heatwave, with the
corresponding deaths recorded in major Parisian
hospitals are shown in Figure 5. The line with
triangles shows daily maximum temperatures, and
the line with squares shows daily minimum
temperatures (scale on right). Vertical bars are the
daily number of deaths recorded in Paris (scale on
left). Maximum deaths occur near the end of the
heatwave on 13 August. The excess death rate was
due largely to the aged and infirm in non
airconditioned apartments. A longer-term warming
might lead to adaptations such as the installation of
airconditioners, but this would be costly and
energy-intensive. This European heatwave was
chosen as a case study by the 2007 IPCC in its
Working Group II report.

Martin Beniston and Henry Diaz cite the 2003
heatwave in Europe as an example of what to expect
in future warmer summers, while Gerry Meehl of
NCAR (USA) and colleague show that more frequent
and intense heatwaves are to be expected, especially
in Europe and North America, in the second half of
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Figure 5: Deaths during the heatwave in Paris, July-August 2003. (Figure courtesy of Institut de Veille Sanitaire, InVS, France, per

Pascal Empereur-Bissonnet.)

the twenty-first century. Peter Stott of the UK
Meteorological Office and others estimate that
human influence has at least doubled the risk of a
heatwave in Europe exceeding the magnitude of
that in 2003 and that the likelihood of such events
may increase 100-fold over the next 40 years.®

Such changes will also likely affect the global
carbon balance, with more frequent heat stress and
fires reducing carbon uptake in forests, and even
leading to net inputs of carbon dioxide into the
atmosphere, as has been observed during the hot
summer of 2003 in Europe.”

Trends in human vulnerability

It is often argued that as human societies become
richer and more technologically advanced, they
become less dependent on nature and more able to
adapt to climatic change. Poorer societies are likely
to be more adversely affected by climate change
than richer ones, so the capacity of a society to adapt,
it is said, will inevitably increase with economic
development. In terms of the number of deaths from
weather and climatic disasters, such as storms, floods
and droughts, this appears to be borne out by
common observations and statistics. However, the
same statistics show that monetary damages from

such disasters are greater in many richer developed
countries, and that, irrespective of climate change,
there is a rising trend in such damages.

Even in rich countries, there are trends towards
greater exposure to weather and climatic hazards,
such as flooding by rivers and along low-lying
coasts, drought, hail and windstorms. Examples
include the increasing population and investments
along the hurricane-prone Atlantic Coast of the
United States, and the cyclone-prone coasts of
northern Australia. These developments lead to
greater potential economic losses. Reductions in
loss of life are only achieved through large
expenditures, for example on cyclone-proof
buildings, early warning systems, evacuation, and
rescue services.

Evidence that human societies are becoming
more vulnerable to climate-related disasters comes
from the observed rapid increase in damages from
climatic hazards in the last several decades of the
twentieth century.

Some vulnerable cities, even in developed
countries such as the United States and Australia,
are at present unprepared for direct hits by major
tropical storms, even without climate change. This
is despite warnings of possible disaster, as in the
case of New Orleans with hurricane Katrina in
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August 2005. Several studies had warned of New
Orleans’ vulnerability, but recommendations were
not acted on, largely due to their cost. The New
Orleans losses illustrate the particular vulnerability
of the poor, even in rich countries.”

Trends that make matters worse (‘counter-
adaptive’ trends) are widely in evidence. These
include population growth in general, increases in
per capita consumption of water and energy,
preferential growth in climatically hazardous areas,
increased barriers to migration of people and
natural ecosystems, the spread of new monoculture
crop cultivars, and increasing reliance on limited
technological fixes. The last include flood levee
banks and sea walls, which encourage investment
in hazard zones as they provide protection from
small hazards, but fail when larger hazards occur.
This was evident in the case of the major floods in
the upper Mississippi Valley in the United States in
1993, when major levees were breached causing
millions of dollars damage. Reversing such counter-
adaptive trends is not easy.*

Evidence of increasing vulnerability comes from
the observed rapid increase in damages from
climatic hazards in the last several decades of the
twentieth century.* Table 1 summarises some of
the evidence up to the late 1990s. Data up to 2006,
from the World Disasters Report 2007, shows that the
number of reported disasters increased by a further
60% from 1987-96 to 1997-2006.

While part of this increase in the number of
weather-related disasters and damages may have
been due to an increase in the frequency of climatic
hazards, this has not been clearly established. Most

of the increase is attributable to better reporting of
smaller disasters and increased exposure of
populations and investments in locations subject to
climatic hazards, such as low-lying coastal zones,
riverine floodplains, and areas subject to tropical
cyclones and storm surges. The much more rapid
increase in the number of reported weather-related
disasters as opposed to non-weather-related
disasters, such as earthquakes and tsunamis, hints
atanincrease in weather-related disaster occurrence,
but this could be in part due to the smaller spatial
scale of some weather-related disasters. The 2007
IPCC report suggests that the actual increase due to
climate change is around 2% per year (some 22% per
decade), but that the greater part of the total increase
is due to increasing vulnerability.

The Mississippi flood example suggests societal
changes may in some cases have more influence on
vulnerability and resilience to climatic variability
and extremes than climate change, and that they
either compound or reduce the effects of climate
change. Much more attention needs to be paid to
such questions, which have strong policy implications
through the identification of developmental trends
that may make exposure, adaptive capacity and
mitigation potential better or worse.

Climate change adds to the impact of these
counter-adaptive societal trends.

Projections of future climate change

In 2001 the IPCC developed a set of climate change
projections, based on plausible scenarios for future
greenhouse gas emissions (the so-called SRES

TABLE 1: Increase in disasters since 1960. Comparison, decade by decade, of the number and costs (US$ billion) of catastrophic
weather-related and non-weather-related events since the 1960s. Note the marked increase in weather-related disasters and their
costs, but only a small increase in non-weather related disasters. Data comes from the International Federation of Red Cross and

Red Crescent Societies annual World Disasters Report 2004.

1960-69 1970-79 1980-89 1990-99 Ratio 90s/60s
Number of weather-related disasters 16 29 44 72 4.5
Number of non weather-related disasters 11 18 19 17 1.5
Economic losses 50.8 74.5 118.4 399.0 7.9
Insured losses 6.7 10.8 21.6 91.9 13.6




scenarios developed in 2000). These were based on
‘story lines” about future development affecting
greenhouse gas emissions, as an update on earlier
scenarios used in 1992 and 1996 (see Chapter 3
for details). Using models of the carbon cycle, that
is, of how carbon is moved around between the
atmosphere, the biosphere, the soil and the oceans,
the IPCC estimated thatby the year 2100, atmospheric
carbon dioxide concentrations would range in total
anywhere from 490 to 1260 ppm. Such concentrations
are 75 to 350% higher than the pre-industrial estimate
of 280 ppm in 1750. Carbon dioxide concentrations
in late 2007 were already about 382 ppm, or 36%
above the pre-industrial value and continue to
increase at 2 to 3% per annum.

These projected concentrations of carbon dioxide
in the 2001 IPCC report led to estimates that by 2100
average global surface temperatures are likely to be
between 1.4 and 5.8°C warmer than in the IPCC
baseline year of 1990 (see Chapter 5). The IPCC did
not say what the probabilities of the various
increases were within this range because estimates
of probability are difficult and depend on how
society changes its use of fossil fuels in the future.
The IPCC also estimated sea-level rise by 2100 to be
in the range of 9 to 88 cm, mostly from thermal
expansion of the oceans as they warm up and
melting of mountain glaciers.

For the 2007 report IPCC chose not to use the
whole set of SRES scenarios in detailed model
calculations, due to the demand on computing
resources, but instead used three of the five main
scenarios, not including the AIFI or fossil fuel
intensive scenario. This was omitted arguably because
of criticism that the A1FI scenario was too high. In
fact, emissions have since 1990 been following at or
above the A1FI levels. Fortunately IPCC did also
calculate, using simplified models, the climatic effect
of this higher scenario (see Chapter 5).

The 2007 IPCC report found, for the full range of
SRES emissions scenarios, that global warming by
2100 would be in the range 1.1 to 6.4°C, relative to
1980-99 averages. Estimates of sea-level rise were
given as 18 to 59 cm, but with the caveat that this
omitted uncertainties in climate-carbon cycle
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feedbacks and in ‘the full effects of changes in ice
sheet flow’. The report suggests that an additional
10-20 cm of sea-level rise could occur due to
increases in ice sheet flow, and that ‘larger values
cannot be excluded’. Accelerations in outflow from
Greenland and parts of Antarctica since the IPCC
report was drafted suggest that indeed sea-level
rise could be well above the upper estimates in the
IPCC report by 2100.

The projected warming in the twenty-first
century is likely to be between two and 10 times as
large as the observed warming in the twentieth
century, and larger than any since the large and
abrupt Younger Dryas event 11000 years ago (see
Chapter 2). Projected temperatures would be much
warmer than during the so-called Medieval Warm
Period, which was most evident in the North
Atlantic region around 800 to 1300 AD. Warming as
large and rapid as that projected for the twenty-first
century might be expected to create severe problems
for natural ecosystems and human societies. Indeed
evidence from past climate changes of similar
magnitude point to major impacts, which, if humans
had been present in numbers like today, would
have been disastrous.

Potential increases in sea level remain very
uncertain, but could well be above the upper end of
the 2007 IPCC estimates. An increasing number of
scientists now agree with James Hansen in arguing
that sea-level rise could be well in excess of a metre
by 2100 (see Chapter 5), with potentially disastrous
consequences for many coastal communities and
resources.'s

Facing the challenge

Scientific research in the latter half of the twentieth
century led many climate scientists to alert
governments to the issue of climate change. This
was done individually and through conferences
and policy statements. This led to the setting up of
the Intergovernmental Panel on Climate Change to
provide policy-relevant scientific advice, and it led
to discussion in the United Nations General
Assembly (see chapter 11).
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The General Assembly called for a United
Nations Framework Convention on Climate
Change (UNFCCC) in 1990. The Convention was
finally adopted in New York in May 1992, and was
opened for signatures at the Intergovernmental
Conference on Sustainable Development, held in
Rio de Janeiro in 1992. Framework conventions are
general agreements that leave the details of
implementation to be worked out later via a series
of protocols, legal devices or agreements to be
adopted by the countries that signed the
Convention. Up to late 2007, 193 countries have
ratified the UNFCCC.

The objective of the UNFCCC is stated in Article
2 to be:

... the stabilisation of greenhouse gas
concentrations in the atmosphere at a level that
would prevent dangerous anthropogenic
interference with the climate system. Such a level
should be achieved within a timeframe sufficient
to allow ecosystems to adapt naturally to climate
change, to ensure that food production is not
threatened, and to enable economic development
to proceed in a sustainable manner.”’

The UNFCCC contains no binding commitments
on emissions levels, but it does lay down some
general principles and objectives to shape future
negotiations on these commitments. These include
that:

* Developed countries (most members of the
Organisation for Economic Cooperation and
Development (OECD)) plus former communist
states undergoing transition to a market
economy, collectively known as ‘Annex I’
countries, should take the lead with abatement
measures.

* The climatic and economic vulnerabilities of
developing countries should be recognised.

e Abatement, or emissions reductions, should be
consistent with sustainable development and
not infringe the goals of an open and supportive
international economy.

These provisions, and negotiations towards their
implementation, have led to much argument
between the countries that are parties to the
Convention (and who meet as the ‘Conference of
Parties’, or COP), especially over the contents and
implementation of the Kyoto Protocol adopted in
1997. The Kyoto Protocol is a first agreement to start
the process of reducing greenhouse gas emissions,
with very modest targets set for reductions in
Annex I countries averaging 5.2% relative to 1990
emissions, to be achieved by 2008-12. These
arguments have been compounded by uncertainties
as to the actual risk from climate change, and the
costs of impacts and abatement measures. There has
also been a clash of various national and corporate
interests, ideological positions, and economic
advantages. As at 12 December 2007, 176 countries
had ratified the Protocol, with those agreeing to an
emissions reduction target accounting for some
63.7% of world emissions. Australia agreed to ratify
the Protocol following a change of government in
November 2007. The one major country refusing to
ratify the Protocol as of late 2008 is the United
States.? These political matters are discussed more
fully in Chapters 10 and 11.

Conclusion
This discussion strongly suggests that climate
change is happening, and is projected to increase
due to the ongoing and increasing release of
greenhouse gases into the atmosphere. The main
greenhouse gas (other than water vapour) is carbon
dioxide, and its concentration in the atmosphere
has increased from the pre-industrial value of about
280 ppm to some 382 ppm in 2008. It will take
centuries to reduce this concentration, and possibly
more than a century even to stop it increasing.
Meanwhile this increase in greenhouse gases has
already had impacts on the climate, and on natural
ecosystems and human societies, and has committed
us to further climate change due to the lags in the
climate system.

The impacts of climate change will become more
serious as global warming continues over the coming



decades, with an increasing risk of drastic changes to
the climate system. Whether this is disastrous will
depend on how rapidly greenhouse gas emissions
can be reduced and at what level greenhouse gas
concentrations can be stabilised. As we shall see in
Chapters 6 and 8, greenhouse gas concentrations
may in fact need to be reduced below some
potentially dangerous level reached in the next
decade or two if we are to avoid highly damaging
impacts. Our capacity to adapt is limited and
adaptation is costly, so it is imperative that humans
reduce their emissions of greenhouse gases as soon
as possible to limit the rate and magnitude of climate
change. Globally, practically all countries have
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already agreed that there is a problem and, despite
differences, through the UNFCCC and other channels
they are trying to work towards a solution.

In the following chapters we look in more detail
at the complexities of climate change and its
potential impacts. We will also examine potential
policy responses, namely adaptation and mitigation,
in the context of other environmental and
developmental problems and the varying interests
of different countries. My own position is that,
despite some costs, there are realistic and mutually
beneficial solutions, which can be reached with
some effort and cooperation. Our task is to see that
this happens, and that it starts now.
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Learning from the past’

Time present and time past
Are both perhaps present in time future.
And time future contained in time past.

TS Euor (1888-1965), FOUR QUARTETS.

We recommend that scientists from many disciplines be encouraged to undertake systematic
studies of past climates, particularly of climates in epochs when the Arctic Ocean was free

of ice ...

REPORT OF THE STUDY OF MAN’S IMPACT ON CLIMATE, MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 1971.

Given all the fuss about climate change, it is impor-
tant that we understand the Earth’s climate and how
it works. We base this knowledge on two things:

* knowledge of how the climate has behaved in
the past, and

¢ our ability to explain past climate changes.

If we can explain the past, we can build
conceptual and then detailed computer models.
These will enable us to make predictions about
future climate changes, given the likelihood of
future changes in those factors which drive the
climate system. As a general rule, if something
happened once, the system is such that it could
happen again, given similar preconditions. But
we only truly understand the system if we can
explain what happened before. If we have that
understanding, we have some ability to predict
what may happen from now on, especially if we see
similar preconditions occurring.

Life has existed on the Earth for 3.5 thousand
million years, so potentially we have a very long
record to examine for climatic behaviour, although
itis only since the start of the Cenozoic period, about
65 million years ago, that we have a useful climatic
record. This record plus theories based on the laws
of physics, chemistry and mathematics can tell us
what sort of things influence climate. Ideally this
helps us to develop a ‘model’ of the climate system,
that is, how the solid earth, water, atmosphere and
biosphere interact with the energy from the Sun
to produce climate. Such a model may be merely
a set of qualitative ideas, or a set of quantitative
mathematical representations of those ideas, which
can be used to make calculations on a computer.

Once we have such a model of the climate
system, detailed knowledge of past conditions and
climatic behaviour enables us to test how well the
model works. Such testing can be done by looking
at episodes of climatic change in the distant past, or
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by looking at what has happened over the last
century or so, for which we have much more
detailed observations.

Accordingly, we can use two main types of
climatic data for analysing past climatic variations:

e Direct or instrumental measurements. These
generally started up to about 200 years ago
with the advent of modern instruments
such as thermometers, rain gauges and
anemometers, and were discussed in Chapter 1.
They provide a fairly accurate record, but the
record is too short to sample the whole range
of climate changes that have occurred before
and may occur again.

* ‘Proxy’ or indirect data. Such data can provide
a much longer time perspective, and are
obtained from natural or human archives that
in some way record past climate variations.
Proxy data includes written records of
harvests, or properties of artefacts or
substances that have been influenced by
climate in the past. Notable examples are

geological formations such as glacial moraines
(soil and rocks left behind by retreating
glaciers), the annual growth rings in trees,
layers of sediment deposited on the beds of
lakes or oceans, or the radioactive isotopes

of various chemical elements deposited in ice
cores, tree rings or sediments. Proxy data is
vitally important to our understanding of past
climatic variations and changes, so it merits
further explanation.

Proxy data: clues from the past

Dramatic evidence of past climates comes from
landscape features such as U-shaped valleys (see
Figure 6) and large and small lakes dammed behind
glacial moraines. These are evidence that glaciers
and ice caps once covered far more of the Earth’s
surface than today. The Great Lakes in North
America are a striking example: they were formed
at the southern edge of huge ice caps covering
Canada and the northern parts of what is now the
United States. When we map such features and

Figure 6: The glacial valley above Lautenbrunnen, Switzerland, in 1999. This characteristically U-shaped valley was carved out by
a large glacier during the last glacial period some 20000 years ago. The glacier, visible in the distance, has now receded many
kilometres up the valley in response to a global average warming of only some 4 or 5°C in the last 20000 to 10000 years. The
glacier is retreating further now due to warming in the twentieth century. This is dramatic evidence of past natural climatic change
and of the potential impacts of future climate changes that may be due to human influence. (Photograph by AB Pittock.)



make inferences about climate from them, we are
using ‘proxy’ evidence or data to make scientific
deductions about past or paleo-climates (‘paleo-’
means old or ancient).

There are many types of proxy data used by
climatologists (Table 2), and they are often used in
combination to build up a reliable picture of the
past.? Each has its merits and limitations. The
interpretations made from them depend on
sometimes complex models or understandings of
what caused the proxy data and under
what conditions. For example, glaciers result from
snow that has accumulated in higher elevations
compacting into ice and gradually flowing
downwards along valleys, until it reaches lower
elevations evaporates.
Relationships between the length of a glacier and
the temperature and snowfall can be deduced from
observations, or from first principles from the
mathematical relationships between snowfall,
depth of ice or snow, volume, evaporation, melting,

where it melts or

TABLE 2: Proxy indicators of climate-related variables?
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bottom friction, elasticity of the ice, and so on. This
can all be put in a mathematical model and the
changes with time calculated on a computer.

Proxy data must be calibrated against
instrumental data for a meaningful climate
interpretation to be made, and they vary in usefulness
according to how closely related they are to climate,
and how well the dates can be determined. The
dating and time resolution (the ability to separate
adjacent time intervals) is especially important
where attempts are made to look at spatial patterns
of change, or to see whether one event preceded
another, as may be necessary to help establish cause
and effect.

Dating of glaciers can be done from fragments of
plant material in the terminal moraines, or found
under where the glacier was after it has receded
again. Such dates can come from radioactive carbon
concentrations, since short-lived isotopes such as
“C (formed in the atmosphere by cosmic rays
striking air molecules) gradually disappear after

Climate-related information
Indicator Property measured Time resolution Time span obtained
Tree rings Width, density, isotopic ratios, trace | Annual Centuries to | Temperature, rainfall, fire
elements millennia
Lake and bog sediments | Deposition rates, species Annual Millennia Rainfall, atmospheric water
assemblages from shells and pollen, balance, vegetation type, fire
macrofossils, charcoal
Coral growth rings Density, isotope ratios, fluorescence | Annual Centuries Temperature, salinity, river
outflows
Ice cores Isotopes, fractional melting, annual | Annual Millennia Temperature, snow
layer thickness, dust grain size, gas accumulation rate, windiness,
bubbles gas concentrations
Ocean sediment cores Species assemblages from shells Usually multi-decadal | Millennia Sea temperatures, salinity,
and pollens, deposition rates, or centuries acidity, ice volumes and sea
isotopic ratios, air-borne dust, level, river outflows, aridity,
pollen land vegetation
Boreholes Temperature profile Decades Centuries Surface air temperature
Old groundwater Isotopes, noble gases Centuries Millennia Temperature
Glacial moraines Maximum glacier length Decades Centuries to | Temperature and precipitation
millennia
Sand dunes Orientation, grain size Centuries Millennia Wind direction and speed,
aridity
Coastal landforms Ledges, former beach lines, debris | Decades to centuries | Decades to Former sea-level, tropical
lines millennia cyclones
Documentary evidence Reports of extremes, harvests, dates | Annual Centuries to | Temperature, precipitation
of break-up of river or lake ice millennia
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the plant material dies. Dates from radiocarbon are
useful for material up to about 50000 years old, but
only accurate to within a few per cent of the age
from the present. Dating for much older material
comes from other isotopes with longer decay times.
An example is Uranium isotope 238, which decays
to Uranium 234, and which in turn decays to
Thorium 230. Ratios of #°Th to **U can be used for
dating back millions of years. Time resolution with
these methods is coarse.

Estimates of spatial patterns of decadal, annual
or seasonal climate variations in past centuries,
however, must rely on proxy evidence having finer
time resolution. That is, it needs to resolve annual
or seasonal variations. This evidence includes the
width or density of annual growth rings in trees;
layer thickness and particle size in annual layers
in sediment cores from the bottom of lakes or
oceans; the isotopic composition, chemistry and
thickness of annual layers in ice cores; isotopes
from coral growth layers; and scattered historical
information from human documentation of things
like crop yields, floods, frosts and the break-up of
frozen rivers.

Annual growth rings in trees are a good example.
These can often be counted back from the present
using samples from many different trees of
overlapping age. In some cases, for example, with
Oak in Western Europe, Kauri in New Zealand, and
Bristlecone Pine in the western United States, this
record can be taken back thousands of years. Similar
dating is possible from annual layers of silt in lakes,
although in longer time series from the floor of the
ocean where sediment layers may be disturbed by
burrowing creatures, radioactive dating is necessary.
Sediment records may go back many thousands or
millions of years using much longer-lived isotopes
than “C.

The record of the ice ages

By studying many different proxy data records
from places around the globe scientists have found
evidence of global-scale climate changes. Climate
has varied from times known loosely as ‘ice ages’

or ‘glacial periods’, when huge ice sheets covered
large areas that are now ice-free, to periods like
now when ice sheets are largely confined to
Antarctica, Greenland and the floating Arctic sea
ice. Records indicate that climate changes occurred
over the last two million years in a rather regular
cyclic manner, with glacial periods lasting roughly
100000 years, and warmer interglacial periods
occurring in between. The latter lasted much
shorter time intervals of around 10000 years
(see Figure 7). These climatic fluctuations were
accompanied by large variations in global average
sea level, of up to about 120 metres, and resulted
in dramatic changes in vegetation cover, lakes,
rivers and wetlands, and the distribution of plants
and animals.

Huge areas of the continental shelves were
exposed during the glacial periods, joining Alaska to
Siberia, the Australian mainland to New Guinea and
Tasmania, Britain and Ireland to Western Europe, and
many South-East Asian islands to the Asian mainland.
At the end of the last glaciation some 18000 years
ago, the ice sheets melted over Canada, northern
Europe and elsewhere, and the Greenland and
Antarctic ice sheets contracted. This again flooded
the above areas of the continental shelves, taking
thousands of years to do so.

Smaller changes in relative sea levels are still
occurring regionally due to the continental plates
slowly rebounding and flexing. This happens
because of the removal of the weight of the ice
sheets from the continental interiors and the
increased weight of sea water along the continental
margins. Thus much of Scandinavia is still rising
relative to the sea, while parts of the east coast of
the United States are gradually subsiding. Sea-
level changes are thus not uniform, and estimates
of actual global average sea-level rise must come
from combining measurements from many parts
of the world.

Life survived, and indeed flourished, despite
these huge climatically forced variations in the
environment, but many individual species of
plants and animals became extinct, and others had
to migrate large distances to more congenial
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Figure 7: Climate variations over the last 400 thousand years. The top graph shows percentage variations in tree pollen amount,
excluding pine tree species. High percentages correspond to warm climates. The lower three curves show estimated sea surface
temperatures in the North Atlantic, equatorial Indian Ocean and the South Atlantic, based on deep-sea cores. Variations between
glacial and interglacial periods were large in high latitude regions, but much less in low latitudes. Variability was much greater
in the North Atlantic region. (Graphs are from Figure 2.23 in the IPCC 2001 WGl report.)

regions. The latter included our human ancestors,
who skirted around ice sheets to migrate from
Asia to North America, and crossed small straits to
migrate from South-East Asia to Australia. Rising
sea levels between 20000 and 10000 years ago
forced people to move from land that is now under
the Black Sea, and many to move inland from
coastal plains in North America, Europe and
Australasia. Such mass migrations would be much
more difficult now, with six billion people and

rigid national boundaries, than at the end of the
last ice age when the Earth was only sparsely
populated by humans.?

The causes of past climate change

There are many contributory causes of past climate
change, including continental drift, variations in
the Earth’s orbit around the Sun, changes in solar
output, volcanic emissions, cosmic collisions and
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particulate matter in the atmosphere, commonly
referred to as “aerosols’. Natural greenhouse gases,
which absorb heat radiation, also played a part.

Variations in the Earth’s orbit*
The remarkable history of more or less regular
fluctuations in the Earth’s climate, as evidenced by
the sea-level and temperature records over the last
two million years, suggests a strong periodic
influence on the climate. The series of periodicities,
or regular variations, associated with the Earth’s
orbit around the Sun is the obvious candidate for
this, since the periods involved are similar. These
orbital characteristics are shown schematically in
Figure 8.

During the course of a year, the Earth moves in
a slightly elliptical orbit around the Sun, which is
at present at a distance of about 147.1 million km at
its point of closest approach (‘perihelion’, P), and
152.1 million km at its furthest distance (“aphelion’,
A). This causes the solar radiation reaching the
Earth to vary by about 3.5% above or below the
average ‘solar constant’” during each year. At present
the strongest radiation reaches the earth in January,
during the southern hemisphere summer.
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But the long axis (A-P in Figure 8) of the elliptical
orbit also revolves slowly around the Sun. It
completes one revolution after an irregular interval
that averages 96 600 years and so the time of year at
which the Earth is closest to the Sun changes very
gradually with that timescale. To complicate
matters, the eccentricity of the orbit (the degree to
which it departs from being circular) varies as the
orbit revolves in space, with the same period of
about 96000 years.

Also, the Earth’s axis of rotation is not upright
(‘normal’) with respect to the plane of its orbit
(called the ‘ecliptic’). This spin axis wobbles like
that of a spinning top, so that it marks out a cone in
space completing one revolution in about 26 000
years, a phenomenon known as the precession of
the equinoxes. Because the precession is in the
opposite direction to the rotation of the Earth in its
orbit, the perihelion recurs at the same time of the
year after a period of less than 26 000 years, about
20600 years. The tilt of the Earth’s axis of rotation,
and the Earth’s annual journey around the Sun,
means that first the northern hemisphere, and six
months later the southern hemisphere, is more full-
on to the Sun and receives more solar energy,
causing the progression of the seasons.
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Figure 8: Geometry of the Sun-Earth system. This figure illustrates the origin of changes in solar radiation reaching the Earth at
particular latitudes and seasons associated with variations in the Earth’s orbit around the Sun. (P = perihelion, A = aphelion.)



Finally, the tilt of the Earth’s axis of rotation from
the normal to the ecliptic (known as the obliquity of
the ecliptic) itself varies, undergoing a slow
oscillation, with a period of about 40000 years,
between 24°36” and 21°59’. At present the angle is
23°27" and decreasing. This is why the Tropics of
Cancer and Capricorn (where the Sun is overhead
in mid-summer) are at about 23°27" north and
south, respectively.

How do these astronomical periodicities help to
explain the glacial-interglacial record? That question
occurred to the Serbian climatologist Milutin
Milankovitch in the 1930s. Milankovitch theorised
that variations in solar energy received over the
northern continents at about 65°N due to these
orbital variations, particularly in the northern
summer, would have driven the growth and decay
of the continental ice sheets. He argued that a span of
cool summers, caused by relatively large Earth-Sun
distances, would result in winter snow accumulating
from year to year as it failed to completely melt,
whereas warm summers would cause winter snow
to melt and glaciers and ice sheets to recede. In 1938
Milankovitch published tables of how solar radiation
varied with time at key latitudes, notably 65°N.
These tables have been recalculated more accurately
since, and the original theory seems to hold true.

On the much longer time scales (hundreds of
millions of years) associated with large tectonic
changes like continental drift and uplift, changes
in the distribution of land and sea and in elevation
of the continents play a large part in climate, and vary
the effect of the astronomical cycles. Milankovitch’s
focus on 65°N was reasonable because during the
Pleistocene and Holocene epochs (the last two
million years) large continental areas where snow
could accumulate existed at these latitudes.

With the advent of more powerful computers and
mathematical techniques, the association between
the astronomical cycles and the climatic record has
been refined. Hays and others in 1976 demonstrated
excellent time correspondence between the cycle of
the eccentricity of the orbit at about 96000 years and
the main observed glacial-interglacial cycle. About
half the total variation in the climatic record is
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contained in the periodicity due to eccentricity, with
some 25% due to the obliquity cycle (about 40000
years) and 10% due to precession.

Role of greenhouse gases in amplifying

climate changes

Computer models of climate can now be used to
calculate quantitatively the effects of the various
drivers of climatic change. Use of climate models
shows that variations in solar energy at the Earth
associated with the astronomical cycles cannot by
themselves explain the relative strength of the
observed periodicities in the climatic record.
According to these models the effects of the orbital
eccentricity cycle must have been amplified or
enhanced by some other factor. That additional
factor has now been identified as variations in the
greenhouse gas concentrations present in the
atmosphere. Most notable are the concentrations
of carbon dioxide and methane, both of which are
stored in large quantities in peat, tundra and ocean
sediments during colder climates, and are released
into the atmosphere in warmer climates. Any
warming due to orbital changes results in more
carbon dioxide and methane being released into
the atmosphere, leading to greater warming.

This explanation is supported by paleo-evidence
for varying concentrations of these gases in the
atmosphere, notably from measured concentrations
in gas bubbles stored in ice cores from Antarctica
and Greenland (see Figure 9). Recent work by
William Ruddiman at the University of Virginia
confirms the Milankovitch theory and the crucial
role of amplification by methane and carbon dioxide
variations.®

Comparing modelled changes over the
astronomical cycles with observed paleo-climatic
changes enables an independent estimate to be
made of the sensitivity of the climate to changes
in greenhouse gas concentrations. This suggests a
climate sensitivity (global warming for a stabilised
doubling of carbon dioxide concentrations) in
the upper part of the range adopted by the
Intergovernmental Panel on Climate Change (IPCC)
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Figure 9: Ice core drilled from Antarctica. This core from Law Dome in East Antarctica is shallow and only about 50 years old. Ice
layers formed from refrozen melt water during summer months alternate with winter snow layers. Water isotopes are measured
and used as proxies of temperature. Incorporated impurities from marine emissions, volcanic eruptions, atmospheric chemistry
and so on provide information on conditions in the past. When the ice becomes deeper and denser, the air inclusions are sealed
off and represent samples of the past atmosphere from which past concentrations of carbon dioxide and methane can be
measured. (Photo courtesy of David Etheridge, CSIRO Atmospheric Research.)

in its 2007 report, which remains 1.5 to 4.5°C (with
some qualifications).®

The results relating to the Milankovitch cycles
provide strong support for the role of greenhouse
gases in changing past climate, and confirm that
any changes to greenhouse gas concentrations in
this century are very likely to affect future climate.

However, some sceptics have claimed that because
in parts of some paleo-climatic records temperature
variations precede changes in greenhouse gas
concentrations, this means that greenhouse gases
merely respond to climate change. In fact, orbital
variations initiated some past global warming and
this led to the release of more greenhouse gases,
which caused more global warming.

Variations in solar output

The basic source of all energy for driving the climate
system on Earth is radiation from the Sun. Thus any
variations in solar output would drive changes in
the climate. There is a long history of claims to have
detected effects of solar variations on surface
weather and climate, but many of these claims have
been based on poor statistics (as I demonstrated
in critical reviews of the scientific literature some

30 years ago). It is only in recent decades that
accurate measurements of solar variations have
been made. These have been used to extrapolate
estimates of variations in solar radiation back in
time using correlations with sunspot numbers,
which have been observed since the 1700s.”

The IPCC in its Fourth Assessment Report in 2007
discusses recent estimates of the increase in solar
radiation since the ‘Maunder Minimum’” in the
sixteenth century of about 1 Watt per square metre,
or approximately 0.1% of the total irradiance (or
solar constant). Various suggestions have been
made as to how such a small change may be
amplified in the atmosphere, for example by effects
on ozone or clouds. The effect on ozone has been
modelled, and is taken into account, while the other
mechanisms remain highly speculative.®

Climate models have been run with various
types of forcing including changes in greenhouse
gases, volcanic particles, ozone, solar variations
and the effects of air pollution particles. When used
to simulate the observed temperature variations
over the twentieth century, the climate models tend
to give a better reproduction of the observations if
they do include solar variations. This is especially
so for the first half of the twentieth century, when



solar radiation was increasing and increases in
greenhouse gases were relatively small. However,
solar radiation did not increase much during the
second half of the twentieth century, but both
temperature and greenhouse gases did.

All reconstructions of solar radiation changes
over the twentieth century due to solar variability
indicate that it was only about 20 to 25% of the
total change in radiation at the Earth’s surface. The
bulk of the changes in radiation were due to
increased greenhouse gases. Changes in solar
radiation cannot explain the rapid global warming
in the 1980s and 1990s, and future warming is
likely to be increasingly dominated by increases in
greenhouse gases, unless substantial greenhouse
gas emission reductions are achieved in the next
few decades.

Volcanoes, cosmic collisions and aerosols

After Mt Tambora in Indonesia exploded in 1815,
the northern hemisphere experienced what became
known as the ‘year without a summer” in 1816. This
inspired Lord Byron to write his poem Darkness,
which included the lines:

I had a dream, which was not all a dream.

The bright sun was extinguish’d, and the stars
Did wander darkling in the eternal space,
Rayless, and pathless, and the icy earth

Swung blind and blackening in the moonless air ...

While Byron’s poem rather exaggerated the
situation, there were many crop failures in the
summer of 1816.

A recent major explosive volcanic eruption was
Mt Pinatubo in the Philippines in 1991. Such
eruptions inject large quantities of dust particles
and reactive gases (mainly sulfur dioxide and
hydrogen sulfide) into the lower and upper
atmosphere. If the particles and sulfurous gases
remain in the troposphere (the well-mixed lower
atmosphere where clouds and rain occur), they can
be washed out in a matter of days to weeks, and so
have little climatic effect. However, if the dust and
reactive gases enter the more stable region of the
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stratosphere, which is free from water clouds and
precipitation, the dust and gases can remain for
longer periods. The heavier large particles still fall
out due to gravity, but finer particles, mostly
formed in the atmosphere by chemical reactions
between gases, may stay in the stratosphere for
many years.

The most long-lasting effects come from small
sulfate particles that form in the stratosphere due to
reactions between the sulfurous gases and ozone.
These generally remain in the stratosphere until the
lower stratospheric air is exchanged with the
troposphere, when they can be washed out. This
can take several years for the larger ones, and the
finest particles can remain in the middle and upper
stratosphere for decades.

Observations suggest that for the few years
following a major explosive volcanic eruption
regional effects on climate occur, with warming in
the stratosphere and cooling at the surface, due to
the particles absorbing some sunlight and reflecting
more back into space. Regional surface cooling of
about 1°C has been observed, along with warming
in the stratosphere by a few degrees. Both these
effects are well reproduced by recent climate
models. Effects are greatly reduced by the second
year after such eruptions, and are quite minor after
several years. So unless there are a series of major
eruptions in quick succession, no major climatic
effects are to be expected. Projections of future
climate changes usually have an implicit reservation
that volcanic eruptions may provide a temporary
interruption to any warming trend.

Collisions of Earth with a major meteor or asteroid
could be far more disastrous, and there is geological
evidence for such events in the past. None having
major effects has been recorded in human history.
However in the 1980s, they did provide some
inspiration and an analogy in considerations of the
possible climatic effects of a nuclear war (via the release
of large clouds of smoke from burning cities) — an
effect known as ‘nuclear winter’.” Major cosmic
collisions are far less likely than major volcanic
eruptions in the next few centuries, and are ignored
in current climatic projections.
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More relevant to current projections are the
presence of large quantities of small particles in the
lower atmosphere commonly referred to as “aerosols’.
These arise mainly from the emission of sulfurous
gases and soot particles, from the burning of fossil
fuels, as well as more natural dust particles from arid
windy surfaces. All of these particles have only short
lifetimes in the lower atmosphere before they fall out
or are washed out. However, they are quickly
replaced as more fossil fuels are burnt, or by wind
erosion in arid areas.'

Measurements from the ground and satellites
indicate the large presence of such particles
regionally, and that they have significant effects on
regional climate. Aerosols directly absorb or reflect
incoming solar energy, and also absorb some
outgoing heat radiation. Absorption of solar
energy will cause local heating in the lower
atmosphere, which may in turn heat the surface.
Thus soot particles add to global warming.
Absorption by particles of heat radiation from the
surface also tends to heat the surface. However,
reflection of incoming solar radiation has a cooling
effect at the surface. This is thought to have
dominated in recent decades, leading to some
polluted regions downwind of major industrial
areas experiencing less warming than would have
otherwise occurred.

A recent dramatic example of how aerosols
affect the daily temperature cycle was observed
in the United States when commercial aircraft
were grounded following the terrorist attack on
11 September 2001. As reported in Nature on
8 August 2002, this led to fewer vapour trails from
aircraft, with a statistically significant increase in
the difference between daily maximum and
minimum temperatures.

There are also indirect effects of aerosols on
clouds, first suggested by Sean Twomey of the
University of Arizona in 1977, that is, a reduction in
cloud droplet size due to the particles acting as
condensation nuclei. This increases the reflectivity
of the clouds, and decreases precipitation efficiency,
which increases cloud water content and cloud
lifetime, leading to further surface cooling."

Recent excitement about so-called ‘global
dimming’ (for example a paper by G Stanhill in
Weather, January 2005, and various media reports) is
in fact a rediscovery and measurement of these effects
of aerosols, which have long been held responsible in
part for the cooling experienced in the northern
hemisphere in the 1950s and 1960s."* The direct effects
of aerosols have been included in most recent global
climate model simulations, and some simulations
have also included estimates of the indirect effects.

Aerosol amounts due to industrial activity are
now decreasing in some regions, especially in
Europe and North America, due to efforts to clean
up emissions of sulfurous gases because of acid
rain and urban pollution effects. Thus, while
greenhouse gas emissions continue to increase, the
particles that were having a cooling effect are
decreasing, leading to a greater dominance of
increased greenhouse warming on the observed
climate. This is part of the explanation for the
increased rate of global average warming in the last
two decades. When aerosol effects are added to
global climate model simulations, they better
account for the temperature variations observed
over the twentieth century. They also seem to have
had effects on atmospheric circulation and rainfall,
largely due to their effects on the monsoons."

Past records from sedimentary layers offshore of
the continents (notably China, north Africa and
Australia), and in ice cores from Greenland and
Antarctica, indicate that increases in wind-blown
dust have occurred in previous more arid climates.
Depending on the size and radiation absorptive
qualities of these particles, they may have locally
contributed to warming or cooling. They certainly
testify to the ability of climate change to alter the
frequency and severity of dust storms and soil erosion
through changes in land cover and windiness.

Rapid climate changes in the past'

Despite the slowly varying nature of the
astronomical variations, the paleo-climatic record
is replete with examples of surprisingly rapid
climatic changes. The extreme rapidity of some of



these changes has only become apparent in recent
decades as improved analysis, sampling and dating
techniques have enabled changes to be observed on
time scales of years to decades rather than centuries
and millennia. Older analyses had smoothed out
very rapid changes that can now be seen clearly.
Richard Alley, Chair of the Committee on Abrupt
Climate Change of the US National Research Council
(NRC), wrote in the preface to its 2002 report:

Large, abrupt climate changes have repeatedly
affected much or all of the earth, locally reaching
as much as 10°C change in 10 years. Available
evidence suggests that abrupt climate changes
are not only possible but likely in the future,
potentially with large impacts on ecosystems and
societies.

Alley is not talking about abrupt external causes
of change such as large meteor impacts or nuclear
war, but rather abrupt climate changes that can
occur when variables that are gradually changing
push the Earth system across some threshold of
instability. He likens this to how the slowly
increasing pressure of a finger can flip a light switch
from off to on. Gradual changes in the Earth’s orbit,
or drifting of the continents, can switch the Earth to
anew and very different climatic state. When orbital
changes and rising greenhouse gas concentrations
warmed the Earth after the last glaciation, paleo-
records show that the smooth changes were
punctuated by abrupt global or regional coolings
and warmings, wettings and dryings.

It should be added that such a switch cannot
readily be turned off again, due to large delays or
inertia in the climate system: it is more like one of
those sensor switches used for lighting, which can
be turned on by some sudden movement but only
turn themselves off in their own good time.

The best known of these large and abrupt past
changes was the Younger Dryas event, indicated,
along with two other lesser events, by the shading
in Figure 10. The Younger Dryas was a sudden
interruption of a gradual global warming after the
end of the last glaciation, and began about 12800
years ago. This sudden return to a cold global
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climate lasted for 1200 years, and was followed
by a very rapid warming of about 8°C in 10
years, taking the climate to interglacial conditions
not much different from today. Proxy data for
the Younger Dryas event is especially prominent in
the ice core records from Greenland (top curve),
where there is evidence of cooling, reduced snow
accumulation, and changes in windiness and dust
accumulation. Within about 30 years of the final
warming, atmospheric methane concentration rose
about 50%, reflecting changes in wetlands in both
the tropics and high latitudes.

Evidence for a similar late-glacial reversal comes
from ice cores on Baffin Island in Canada, and
glaciers in Peru and Bolivia, and this is probably
also the Younger Dryas. However in Antarctica the
evidence is mixed, with records from Byrd showing
relative warmth at the time of the cold conditions in
Greenland.

Pollen evidence for changes in vegetation,
however, provides a wider geographical coverage.
During the Younger Dryas cooling occurred
throughout Europe, from Norway to Spain and
Italy, with the strongest effects near the western
coast. Average July temperatures in Norway were
7-9°C lower than today, and as much as 8°C lower
than today in Spain. Evidence also comes from
North America that the Younger Dryas had
significant effects there. Fossil pollens show that in
the southern New England region of the United
States July temperatures were 3-4°C cooler and in
the eastern maritime provinces of Canada they were
6-7°C cooler. Evidence of somewhat weaker effects
is also found in the US Midwest, coastal British
Columbia and Alaska, Costa Rica and Guatemala.
In the southern hemisphere evidence is more
confusing, with some cooling, but some areas where
warming may have occurred, and others where no
effects are found in the records. Glaciers advanced
during the Younger Dryas in many European
regions, notably in Norway, Finland and Scotland,
and also in Canada, Wyoming in the US and
Ecuador. Ice retreated in Peru, probably due to
reduced precipitation, but the Franz Joseph Glacier
advanced in New Zealand.
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Figure 10: Records of climatic variations from the height of the last glaciation until the present. This includes three rapid climate
change events (shaded), namely the Younger Dryas, the Antarctic Cold Reversal and the 8.2 thousand years before present event.

(Source: IPCC 20014, Figure 2.24, used with permission.)

Marine sediment cores from the North Atlantic
during the Younger Dryas show an increased
abundance of polar planktonic species, which
suggests that the formation of deep water, by the
sinking of surface water, was reduced in the region.
Other oceanic evidence supports this and provides
evidence for the origin of the Younger Dryas event
in the waters of the North Atlantic. Marine records
from many other parts of the world, including the

Caribbean, the North Pacific, the Indian Ocean and
the Arabian Sea point to a global scale phenomenon,
although some regions show little effect.

Despite the need for more data, the picture
emerges of the Younger Dryas as cold, dry and
windy in many regions at least of the northern
hemisphere. However, there are locally wetter
regions, possibly associated with changes in the
tracks of storms. At the same time, the far South



Atlantic, the southern Indian Ocean and Antarctica
were relatively warm. Changes were largest around
the North Atlantic, and appear to have been
associated with reduced deep water formation and
related changes in ocean circulation. Deep water
formation results from the sinking of cold, high
salinity and thus more dense surface waters. Slowing
or cessation of deep water formation was due to
warming or freshening of the surface waters.

Events similar in size, rate and extent to the
Younger Dryas event occurred some 24 times during
the 110000 year record derived from the ice cores of
central Greenland. They all show gradual cooling
from a warm interval, then more abrupt cooling, a
cold interval, and finally an abrupt warming. The
warm times have been termed Dansgaard /Oeschger
events, and the sequences Dansgaard/Oeschger
oscillations. The colder phases were marked by
increased rafting by icebergs of glacial debris (rocks
and dirt scraped up by glaciers) into colder, fresher
surface water, and by a reduction in the strength of
North Atlantic deep water formation. Changes in
material such as dust and methane from outside
Greenland, trapped in the ice cores, demonstrate that
these events affected large areas of the Earth
simultaneously.

Despite only gradual changes in driving forces,
these observed rapid climate changes appear to have
occurred because the drivers reached some sort of
tipping point or threshold at which climate flips into
a new state. Such mechanisms suggest that similar
rapid climate changes could happen again, even
when driven by only gradual increases in greenhouse
gases. We will return to the significance of these past
events for climate change risk in the twenty-first
century and beyond in Chapter 5, which deals with
what climate changes are likely, and in Chapter 6, on
climate change impacts.

The last 10000 years

Climatic changes since the Younger Dryas event
more than 10000 years ago have generally been
much smaller in amplitude, but nevertheless
sometimes rapid, with sudden increases in the
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frequency and severity of extreme events such as
droughts and floods. Even these relatively small
changes evidently had large impacts on ecosystems
and human societies, although usually at a regional
rather than global scale.

In relation to human impacts, it is sometimes
difficult to pin down exactly what was cause and
what was effect, due to variations in factors other
than climate. Population pressures, diseases, wars,
economic forces, technological changes and
resource substitutions can all affect human societies
in ways that may or may not be related to climate.
However, in some cases the climatic influence is clear
and well documented. A case in point is the settlement
of Greenland by the Vikings in the twelfth century
during what is known as the Medieval Warm Period,
and the abandonment of these settlements during
the fifteenth century as conditions in the North
Atlantic region became cooler, agriculture became
more marginal, sea ice extended and the settlements
became more isolated.

The extent to which human history has been
influenced by climate has been long debated by
historians and climatologists.”® The US historian-
geographer Huntington in 1915 famously advocated
a form of climatic determinism, that is, that climate
determined human racial differences and levels of
civilisation.'* Carpenter and Lamb in the 1960s argue
for the influence of climate on Greek civilisation, and
Le Roy Ladurie, in his seminal book in 1971, for a
wider influence especially on European history.”
Dansgaard and colleagues in 1975 argued for a strong
influence on Norse culture, especially in regard to
the settlement of Iceland and Greenland, and Singh
in 1971 for a determining climatic impact on the
civilisation of the Indus valley in north-west India,
which collapsed following droughts in the eighteenth
century BC." Climatic fluctuations are also argued to
have influenced the migrations of peoples in the
South Pacific, including the settlement of New
Zealand by the Maori peoples around 800 AD." The
Zhou Dynasty in China was affected by increasing
aridity around 1150 AD.

Climatic fluctuations such as extended drought
are thought to have played a major part in the
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abandonment of American Indian settlements in
the south-western United States around 1090 AD,
and again in the thirteenth century AD,*' and the
fall of the Mayan civilisation in Central America
around 850 AD.? Extensive analysis of tree ring
data, lake levels and sand dunes in the Great
Plains of the United States indicates that over the
last 2000 years extended drought conditions
comparable with, or more severe than, that of
the 1930s dust bowl occurred on several occasions.
It was concluded that if such large-scale droughts
were to occur in future they would have a
significant impact on North American society, with
a reduction in water supply, crop failure, rangeland
stress, suspension of recreational and tourist activity
and heat-related deaths.”

Large areas of the African and European
continents underwent massive changes in their
vegetation cover and ecosystems in the early and
mid-Holocene periods, some ten to five thousand
years ago. This must have had enormous impacts on
the lives of the scattered human inhabitants at those
times, forcing large-scale population movements or
population losses.

In Africa, the Sahara went from a largely grassy
area, populated by hunter—gathering peoples who
left artefacts and records of the animals they hunted
in rock paintings, to desert rather suddenly around
6000 years ago. Evidence for this is found in lake
sediments and estimated levels, and in marine and
land pollen records. This change is thought to be
related to the Earth’s orbital variations and an
amplification of the effect of changing solar
radiation by the interaction of the vegetation with
climate, possibly passing some critical threshold.
This sudden drying may have spurred migration
into the Nile Valley and the start of the Egyptian
civilisation. Climate models have partly simulated
these rapid climate changes, although results differ
from one model to another.**

And in East Africa, lake levels and salinity
fluctuations in Lake Naivasha (Kenya) indicate that
the era from 1000 to 1270 AD (during the Medieval
Warm Period in Europe) was significantly drier
than today, while the era 1270-1850 AD was

relatively wet (corresponding at least in part to the
cool period in Europe known as the Little Ice Age).
Moreover, three shorter periods of drought, in
1390-1420, 1560-1625 and 1760-1840 correspond to
periods of political unrest and large-scale migration,
according to oral traditions, with periods of
prosperity in between.

Evidence for a Little Ice Age and a Medieval
Warm Period is fairly widespread across Europe
and parts of North America, to a lesser extent
elsewhere in the northern hemisphere, and much
less evident in the southern hemisphere. Pollen and
charcoal analyses from sediments in parts of the
north-western United States, and from Yellowstone
National Park and central Idaho point to greater
tire frequency during the Medieval Warm Period,
and lesser fire frequency during the Little Ice Age.
However, in Alberta, Canada, the same sort of
analyses point to the opposite tendency. This local
effect has been related to declining groundwater
levels at one site in Alberta, leading to a change
from fire-prone shrub Birch trees to less fire-prone
Aspen.”

Records of prehistoric tropical cyclones occur in
the form of ridges of coral rubble, sand, shell and
pumice; erosional terraces in raised gravel beaches;
barrier washover deposits; and various other
sediments. Such records for a number of sites
around the world suggest that the frequency and
possibly the intensity of tropical cyclones have
varied in the past. However, the number of events
analysed is small and statistical significance is
therefore not great.

Changes in sea level since the end of the last
glaciation are dominated by the slow but massive rise
of some 120 metres due to the melting of the huge
continental ice sheets in the northern hemisphere
between about 20000 and 8000 years ago. This was
not entirely regular, but was punctuated by pauses
and sudden rises of a few metres due to temporary
glacial re-advances and sudden outbursts of melt-
water stored by huge glacial dams or surges in glacial
motion and iceberg formation.

Sea-level changes in the last 8000 years® or so
has tended to be small and regional, with rises in



some regions and relative falls in others, mainly
due to earth movements and rebound of the
continental plates. The majority of the Earth’s
coastlines are at present subject to relative sea-level
rise and erosion. Local consolidation of sediments,
either due to slow natural adjustments, earthquakes,
or withdrawal of groundwater, oil or natural
gas, has contributed to coastal problems.” Notable
is the loss of some ancient cities around the
Mediterranean coast, such as ancient Alexandria,
Menouthis and Heraklion in Egypt, and others
around Greece, Italy and Turkey. Growing sub-
sidence problems also exist in other cities such as
Bangkok, London and Venice, and in the Chesapeake
Bay region in the United States. These problems
would be accentuated by any systematic sea-level
rise due to the enhanced greenhouse effect, especially
if sea-level rise accelerates, as now seems likely.
There is also clear evidence that melting of ice
caps has led to the underlying land slowly rising as
the weight of ice was removed. This is called “glacial
rebound’, and as well as causing local sea-level falls
(with compensating rises elsewhere as the water is
displaced), it adds stress to tectonic faultlines,
leading to local increases in earthquake activity.®
As regards proxy evidence for temperature
variations, we saw in Chapter 1 that the proxy
record over the last 1300 years suggests that the
twentieth century saw the largest temperature rise,
at least in the northern hemisphere, with the
sharpest rise occurring since the 1970s. The original
claim for a “hockey stick” like temperature record
over the last 1000 years, implicit in the results of
Michael Mann and others was challenged by Soon
and Baliunas in a paper in 2003 claiming that:
‘Across the world, many records reveal that the
twentieth century is probably not the warmest nor
a uniquely extreme climatic period of the last
millennium.” However, this is very misleading,
since the paper does not compare estimates of past
global or hemispheric average temperatures with
those of the twentieth century, but merely non-
synchronous (that is, not occurring region by region
at the same time) and unquantified temperature
(and rainfall) “anomalies’ in each local record. Local
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anomalies can occur for many reasons, and often
cancel out across larger regions, so the number of
occurrences of short warm periods in long records
from many different regions is not comparable to
hemispheric average warming such as has occurred
in the twentieth century.®

More recent re-analyses of the temperature
record show more variability over the last 1300
years, but continued to find an unprecedented
warming in the second half of the twentieth century.
This warming has continued into the twenty-first
century, with the last decade being the warmest on
record. Moreover, as pointed out by Tim Osborn
and Keith Briffa of the Climatic Research Unit in the
UK, the larger estimated temperature variations in
the 1000-year record suggest a greater climate
sensitivity to small changes in forcing factors and
this would also apply to greenhouse gases.* This is
consistent with the claims for human influences
over this period, via changes in land cover, made by
William Ruddiman.

Ruddiman suggests that the cool period before
the Medieval Warm Period, and the Little Ice Age
after it, may both have been due to bubonic plague-
induced depopulation in western Asia and Europe,
which led to regrowth of forest on abandoned
farmlands. This theory has caused wide discussion
in the scientific community. If true, it suggests high
climate sensitivity to relatively small changes in
greenhouse gas concentrations and that humans
are capable of achieving these changes. Moreover, it
means that while past human activity may have
helped to avoid prolonged conditions like the Little
Ice Age by widespread land clearing, projected
increases in greenhouse gas concentrations at a rate
at least ten times faster than our ancestors achieved
means that we will see much larger warmings in
the twenty-first century and beyond.

Conclusions from the past record

Past climatic changes are relevant because they
demonstrate what is possible in the natural climate
system when forces occur such as volcanic eruptions
or variations in the Earth’s orbit around the Sun.
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Orbital variations act slowly, on time scales of
thousands of years, while volcanic eruptions act in a
matter of days or weeks. Now we are forcing changes
on the climate system due to large greenhouse gas
emissions on a time scale of decades to a century.
These are equivalent to changes which occurred
previously over thousands of years. Therefore we
might well expect similar impacts on natural systems
to those which occurred in the past over thousands of
years, but telescoped into a much faster time frame,
leading to rapid and possibly catastrophic changes.

Climate change has occurred naturally in the
past due to internal fluctuations in the climate
system consisting of the atmosphere (air, water
vapour, constituent gases, clouds and particles), the
hydrosphere (oceans, lakes, rivers and groundwater),
and the cryosphere (continental ice sheets, mountain
glaciers, sea ice and surface snow cover). External
changes such as volcanic eruptions, variations in
the Sun’s output and the Earth’s orbital variations,
and changes in the solid Earth (continental drift,
mountain building, erosion and siltation) have also
driven changes in climate.

At the end of the last glaciation, average global
warming occurred at a rate of about 1°C or less per
thousand years, although there were short periods
during which warming was much faster. The last of
these was at the end of the so-called Younger Dryas
reversal, about 11 500 years ago. Since then, and
certainly since the dawn of civilisation, rates of
warming have never exceeded about 0.5°C per
century (0.05°C per decade) for periods of more
than a few decades.

Our interest in the past is not only in what sorts
of climate changes can happen, but also in what
sort of impacts they had on natural systems such as
plants, animals and landscapes. However, in
interpreting paleo-climate induced changes we
must think carefully about rates of change rates of
adaptation, and changed circumstances as regards
human populations and societies.

Pollen records show that in response to warming
after the end of the last glaciation around 15000 to
10000 years ago, forests migrated at rates of, at
most, tens of metres per century. Over the next

century we can expect climate to change so rapidly
that forests would need to migrate at rates of
hundreds of kilometres per century to remain in
their optimal climatic zones. This is clearly unlikely.
What is far more likely is that forests that no longer
are located in their correct climatic zones will die
from heat stress, drought, disease and fire.
Similarly, many crops will no longer yield well in
their present locations, and will have to be re-
located hundreds of kilometres away to provide
equivalent climate conditions. But most often the
crops will be on different soils, on land owned by
other people, and even in different countries.
Dislocations to society will therefore be large, far
larger than was the case for the small numbers of
hunter—gatherers who existed tens of thousands of
years ago.

Paleo-climatic analogies to our present
predicament confuse many people. They argue that
if large climate changes occurred before, and
humans and other species survived, then life, and
even humans, can survive today, so there is not
much to be concerned about. This fails to consider
the different time scales, the very different place of
humanity in the ecosystems then compared to now,
and the many restrictions that exist today which
limit our ability to adapt to such large and rapid
changes. These include national boundaries, mass
reliance on relatively few crops for food, and other
environmental stresses caused by some six billion
people. Human beings and their societies may well
be threatened, not with extinction, but with severe
disruption, and possibly catastrophic economic and
social effects. This is especially so if we happen to
cross a threshold which leads to rapid climate
change of a magnitude and speed unparalleled
since the Younger Dryas event, and one which
cannot be quickly reversed.

The upshot of all these studies is that climate
change of the magnitude we are expecting in the
next 100 years and beyond has happened before,
although usually at a much slower rate and from a
cooler starting point. Projected changes in climate
by 2100 are comparable to those from the last
glaciation (20000 years ago) to the present, which
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led to large rises in sea level, massive changes in  others from forests to desert. Today we face similar
plant and animal numbers and distribution, and change, but much faster, and from a base climate
changes in the land-sea borders. Some places  which is already as warm as any experienced since
changed from tundra to temperate forests, and = human societies began.
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Projecting the future

Foresight provides the ability to influence the future rather than to predict it.

RICHARD FREEMAN.

As we know, there are known knowns. There are things we know we know. We also know
there are known unknowns. That is to say we know there are some things we do not know.
But there are also unknown unknowns, the ones we don't know we don't know.

DoNALD RumsFeLD, US SECRETARY OF DEFENSE, NEWS BRIEFING 12 FEBRUARY 2002.

The scenarios point to both risks and opportunities in the future. Of particular significance
are the risks of crossing thresholds, the potential of reaching turning points in the
relationship between people and the environment, and the need to account for interlinkages

in pursuing a more sustainable path.

The need for, and nature of, foresight
While I am not a fan of Donald Rumsfeld, I think
the quote above from one of his news briefings drew
some rather unfair lambasting. It summarises, if one
concentrates on its meaning and applies it to climate
change, some important aspects of the science of
climate change as well as defence policy questions.
That is, there is a whole range of aspects of climate
change, with some much more certain than others.
There are also uncertainties and possibilities we are
aware of, and may even be able to quantify in terms
of risk. But, there is also a possibility that there are
things about climate that we simply do not know,
and which may totally surprise us.

The Intergovernmental Panel on Climate Change
(IPCC) was formed to provide foresight in relation
to the possible human impacts on climate, with a

GLoBsAL ENVIRONMENTAL OuTLook 4, UNEP 2007.

view to helping governments formulate wiser policy
options and decisions in relation to climate change.
Foresight is the act or power of seeing into the future,
a perception gained by looking forward, and care or
provision for the future. It is an everyday occurrence.
Prudent people use foresight to decide or plan their
actions so as to improve their future prospects. In
this spirit governments around the world have
recognised that human societies, through their use
of resources and waste products are capable of
changing the environment, including the climate.
Foresight requires some estimate of future
conditions. In the case of climate change this includes
projections of future emissions of greenhouse gases
and particulates into the atmosphere, consequent
concentrations of these pollutants in the atmosphere,
and their effects on the climate. In addition, so as to
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understand how serious this might be, estimates are
also needed of the consequences for society in terms
of potential impacts on areas such as agriculture,
water supply, health and building safety and
comfort. This is complicated by the fact that impacts
depend not just on the stresses applied by climate,
but also on the strength and adaptability of society.
This requires an understanding of how changes in
society will affect its capacity to absorb or adapt to
climatic stress.

There are other complicating factors in any
attempt to project the future, namely non-linearities
and thresholds. Non-linearities are when steady
inputs to a system cause unsteady outputs. For
example, steady effort to push a bicycle up a steady
hill gives easily predictable progress, but if the slope
changes, and especially if the top of the hill is
reached, rapid changes in the bicycle’s progress can
occur. Similarly, if a flood is rising results are
predictable until it reaches the top of a levee bank,
when overtopping may erode the levee, causing
it to collapse, and a consequent disaster. Simple
extrapolation is not good enough. Predictions of
what will happen must take such irregularities and
thresholds in the system into account. We will
discuss this further in the context of climate change
in Chapter 5.

There are, as viewed from the present, many
possible futures. How we foresee the future
possibilities, and the conscious or unconscious
choices we make that will influence development of
society, will help determine which of the possible
futures will actually occur. The purpose, from a
policy perspective, is not to predict which of the
possible futures will occur, but rather to inform us
so that we might choose which one we would prefer
and attempt to bring to reality.

Predictions, scenarios and projections

People are often confused by various terms used
to characterise future climate changes, namely
‘predictions’, ‘scenarios’ and “projections’. A prediction
is a statement that something will happen in the
future, based on known conditions at the time the

prediction is made, and assumptions as to the
physical or other processes that will lead to change.
Such predictions are seldom certain because present
conditions are often not known precisely, and the
processes affecting the future are not perfectly
understood. Predictions are thus best expressed
with probabilities attached. Daily weather forecasts
are ‘predictions’ in this sense — they are predictions
of what the weather will be like, but have
uncertainties due to inexact observations and
weather models. They are often expressed in
probabilistic terms, such as “There is a 60% chance
of rain tomorrow’.

A scenario is a plausible description of some
future state, with no statement of probability. It is
used to enable people to explore the question “What
if such and such were to happen?” Scenarios are
often used in literature to stretch the imagination,
and increasingly in businesses and government to
help to develop a range of strategies or contingency
plans to cope with possible changes in business or
other conditions. Scenarios are alternative pictures
of how the future might develop. They are used to
assess consequences, and thus to provide a basis for
policies that might influence future developments,
or enable businesses or governments to cope with
the future situation if and when it occurs. Examples
might include businesses planning for various
possible future developments like a new competitor,
a fire, or a failure of the electricity supply. No one
knows when or if these contingencies or scenarios
may happen, but the business needs plans in place
to ensure survival if they do happen.

Projections are sets of future conditions, or
consequences, based on explicit assumptions, such
as scenarios. For example, in the case of a business
faced with loss of production due to a fire, how
much production would be lost, how soon can it be
recovered, and how will it affect contracts and the
solvency of the company? Even for a given scenario
or set of assumptions, projections introduce further
uncertainties due to the use of inexact rules or
‘models” connecting the scenario conditions to the
projected outcomes. Thus, a climate model can
project the future climate based on a given scenario



for future greenhouse gas emissions, and a crop
model may project how this would affect yield.
Such projections are conditional on the scenario and
the models used.

A key issue in projecting the future on the basis
of a scenario is the plausibility of the scenario. If a
scenario is not plausible it is not worth worrying
about in setting policy, but if it is plausible we may
need to take its possibility into account. Scenario
plausibility has several elements: that the scenario
must be logically, physically, biologically, and
historically possible.

Plausible scenarios are useful for asking “What
if ...” questions, and thus for helping to make policy
choices that may influence which of the ‘what ifs’
actually comes to pass. In the climate change
context they are useful for influencing policy
regarding the need to reduce greenhouse gas
emissions. If reducing greenhouse gas emissions is
costly, the urgency and extent of such reductions
depends not just on the possibility of a scenario,
but also on its probability. The probability of
projections based on given scenarios is therefore a
legitimate issue.?

Even in the absence of estimated probabilities,
scenarios are also of use in relation to adaptation
policy (that is, how to cope with unavoidable climate
change) in that they suggest what conditions we
might need to adapt to in future. Scenarios help us
to anticipate what sort of adaptations might be
needed, and to identify the need for increased
resilience (capacity to bounce back) and adaptive
capacity (capacity to adapt to change). However, in
order to answer specific planning questions like
‘How large should the spillway of a new dam at
location x be in order to cope with the maximum
possible flood at thatlocation in 2070?” it is necessary
to know more than that a given change in rainfall is
possible. Rather, the probability of such a change
needs to be known, since expensive engineering
design needs to be based on cost-effective risk
minimisation.

Climate change projections based on high-
emission scenarios for greenhouse gases may,
hopefully, be seen in retrospect as self-denying
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prophecies: if high emissions demonstrably lead to
disastrous impacts, they may well be avoided
through policy settings aimed at lowering emissions.
This would be the logical outcome of a proper and
well-informed risk-management strategy.

The emissions scenarios used by the IPCC
In order to provide policy-relevant advice on the
consequences of human-induced climate change in
the twenty-first century, the IPCC commissioned a
range of scenarios of greenhouse gas and sulfate
aerosol emissions up to the year 2100. These
emission scenarios were developed by a panel of
authors, with wide consultation, and an open
process of review and comment by experts and
governments, followed by subsequent revisions.
The scenarios were reported in the ‘Special report
on emissions scenarios’ (SRES), published in 2000.
They were intended to feed into projections of
climate change in the Third Assessment Report in
2001, and to enable a discussion of the potential
impacts, adaptations and vulnerability of sectors,
regions and countries.?

Future emissions are the product of complex
interacting systems driven by population change,
socio-economic development, and technological
change. All of which are highly uncertain, especially
when extended as far as the year 2100.

The original 40 SRES scenarios were based on
four different ‘storylines” of internally consistent
developments across different driving forces
(see Box 3), and multiple modelling approaches.
This led to a reduced total of 35 scenarios containing
data on all gases required to force climate models.
Resulting accumulated emissions by 2100, expressed
in units of thousands of millions of tonnes of carbon
equivalent (Gtc) range from a low of 770 Gtc to
approximately 2540 Gtc. This range compares with
previous IPCC projections from 1992 and 1995
(based on what is known as the IS92 scenarios),
which range from 770 to 2140 Gtc, so the upper end
of the SRES projected range was greater than before.
Accumulated emissions are an important indicator
of eventual climatic effects because the effective
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BOX 3: THE SRES EMISSIONS SCENARIOS

A1. The AT storyline and group of related scenarios describe a future world of very rapid economic growth,
global population that peaks in mid-century and declines thereafter, and the rapid introduction of new and more
efficient technologies. Major underlying themes are convergence among regions, capacity building and increased
cultural and social interactions, with a substantial reduction in regional differences in per capita income. The A1
group scenario is split into three groups that describe alternative directions of technological change in the energy
system. The three A1 groups are distinguished by their technological emphasis: fossil intensive (ATFI), non-fossil
energy sources (A1T), or a balance across all sources (A1B) (where balanced is defined as not relying too heavily
on one particular energy source, on the assumption that similar improvement rates apply to all energy supply
and end-use technologies).

A2. The A2 storyline and group of scenarios describe a very heterogeneous world. The underlying theme is self-
reliance and preservation of local identities. Fertility patterns across regions converge very slowly, which results
in continuously increasing population. Economic development is primarily oriented to particular regions and per
capita economic growth and technological change more fragmented and slower than other storylines.

B1. The B1 storyline and group of scenarios describe a convergent world with the same global population that
peaks in mid-century and declines thereafter, as in the A1 storyline but with rapid change in economic structures
toward a service and information economy, with reductions in material intensity and the introduction of clean and
resource-efficient technologies. The emphasis is on global solutions to economic, social and environmental
sustainability, including improved equity, but without additional climate initiatives.

B2. The B2 storyline and group of scenarios describe a world in which the emphasis is on local solutions to
economic, social and environmental sustainability. It is a world with continuously increasing global population,
at a rate lower than A2, intermediate levels of economic development, and less rapid and more diverse
technological change than in the AT and B1 storylines. While the scenario is also oriented toward environmental
protection and social equity, it focuses on local and regional levels.

Source: IPCC 2001 Working Group |, Box 4 of Technical Summary.

lifetime of carbon dioxide in the atmosphere is so
long that this figure largely determines eventual
carbon dioxide concentrations and the resulting
global warming.

Corresponding projected carbon dioxide
concentrations for the illustrative scenarios in the
year 2100 range from 540 to 970 ppm, that is,
roughly 2 to 3.5 times pre-industrial levels. As the
scenarios only went to 2100 and concentrations had
not stabilised by then, stabilised concentrations are
likely to be well in excess of these numbers.

The SRES scenarios include estimated emissions
of carbon dioxide, methane, nitrous oxide and
sulfur dioxide. Generally, the SRES emission
scenarios contain higher upper limits on carbon
dioxide emissions, but lower emissions of sulfur
dioxide than the previous IS92 scenarios. The
higher upper limit carbon dioxide emissions
would increase the upper limits of global warming
due to increased infra-red absorption, but a large
part of the increase in warming relative to earlier
scenarios comes from the lower sulfur dioxide



emissions, which lead to reduced regional cooling
by sulfate aerosols in highly industrialised regions
such as Europe, the United States and southern
and eastern Asia.

Explicit policy options to reduce greenhouse
emissions, such as might be adopted under the
United Nations Framework Convention on Climate
Change (UNFCCC), were excluded from the SRES
scenarios. However, other socio-economic and
technological trends considered by the SRES lead in
some cases to considerable reductions in greenhouse
gas and/or sulfur emissions. These scenarios were
all characterised by the SRES as “plausible’, but no
further estimates of probability were attached, and
indeed estimates of probability would be difficult
to derive with any confidence. They are clearly not
predictions, and do not have equal probability of
occurrence in the real world.

Some critics, mainly statistical economists, argued
on technical grounds, related to how currency
exchange rates between countries are calculated, that
the high emissions scenarios were unrealistic.
However, carbon dioxide emissions are related, in the
final analysis, simply to population, energy use per
capita and carbon dioxide emissions per unit energy.
Thus the use of different exchange rates in measuring
gross domestic product makes no difference to
calculated emissions in each individual country.
Whether or not it makes any difference globally
depends on how the national figures are combined to
get global ones, that is, whether the addition is done
before or after emissions are calculated. National
emissions depend on national energy use and the
carbon per unit energy, not on how the national
economy is measured.*

In any case, the critics miss the real point, which
is that the SRES scenarios are not predictions, but
merely a plausible range of emissions, used to
bound discussion of climate change impacts.
Moreover, the climate models used to produce the
projections of climate change that underlie the IPCC
assessment are developed and validated separately
from the emissions scenarios. Any re-assessment of
the range of the SRES scenarios may affect the upper
and/or lower bounds of the projected climate
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change over the next 100 years, but are most unlikely
to alter the main conclusions that significant climate
change is likely to occur, with significant impacts.
The SRES emissions projections were drawn from
the published literature, and consistent with it,
including several more recent studies that used
more sophisticated models than were available at
the time the SRES scenarios were developed.

The IPCC 2007 report adopts the SRES scenarios
(see Chapter 10.2 of WGI) but does not model in
detail the outcomes of the AIFI or fossil fuel
intensive scenarios. Although no explanation is
given for this omission, it is evidently in part a
response to the criticism of A1FI as an “extreme’ or
unrealistic scenario.

However, estimates and measurements of
greenhouse gas emissions and carbon dioxide
concentrations in the atmosphere, documented by
Stefan Rahmstorf and others in 2007, show that
since 1990 (the starting date for the SRES scenarios)
emissions and concentrations have been at or above
the highest of the SRES scenarios, the A1FI or fossil
fuel intensive scenario. Indeed, global average
temperatures and sea-level rise have also risen
faster since 1990 than that calculated on the basis of
all but the highest of the SRES senarios.” Mike
Raupach of CSIRO, Australia, notes (personal
communication) that the 50-year average growth
rate for carbon dioxide emissions to 2050 under the
A1FI scenario is 2.4% per annum, whereas the
observed growth rate from 2000 to 2006 was 3.3%
per annum.

As a number of papers have shown, the reasons
for this are several. They include faster rates of
growth of the economies of developing countries,
especially China and India, than many economists
thought possible. There has also been a reversal in
the downward trend in emissions per unit economic
growth (‘carbon intensity’) since 2000, and an
increase in the fraction of emissions that stay in the
atmosphere (the ‘airborne fraction’) due to decreases
in the natural carbon sinks. Peter Sheehan of
Victoria University in Melbourne, Australia,
estimates that, with unchanged policies, global coal
use will rise by nearly 60% over the decade to 2010
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and that global emissions of carbon dioxide from
fossil fuel combustion are likely to nearly double
their 2000 level by 2020. This exceeds the IPCC
fossil fuel intensive scenario.” The global economic
crisis of 2008 may change this picture.

Emissions of chemicals, mainly sulfur dioxide
and hydrogen sulfide from the burning of fossil
fuels, lead to the formation of sulfate aerosols,
which have a localised cooling effect and also
cause urban air pollution and acid rain. Historically,
such emissions have been concentrated in the large
industrial regions of the United States, Europe and
southern and eastern Asia. The resulting localised
cooling has counteracted or masked some of the
warming due to increasing greenhouse gas
concentrations in and immediately downwind
of these regions. However, it has been relatively
easy to reduce these aerosol-forming emissions
by the use of low-sulfur fuels and scrubbing of
the combustion fumes. This is well under way in
the United States and Europe, but not to the same
extent in southern and eastern Asia. SRES scenarios
project continuing reductions in aerosols in North
America and Europe, and also in Asia in coming
decades.

The result of these changes in sulfur emissions
and aerosol levels is that the masking effect
on enhanced greenhouse warming is rapidly
disappearing over North America and Europe, as
seen in recent record warmth in these regions. A
similar effect is expected to occur later over Asia,
and is one reason for a projected increase in the rate
of global warming. This is one reason why the
resulting projected global warming in the IPCC
2001 and 2007 reports are larger than in the Second
Assessment Report in 1995, when a less rapid
reduction in sulfur emissions was expected.

Several other factors that may impact on
projections have not been taken into account in the
SRES scenarios, as is evident from the discussion
above regarding the A1FI scenario, which must
now be considered moderate rather than extreme
unless emissions reduction policies areimplemented.
Other factors include the emission of carbon black
particles, largely from open fires such as wildfires,

land clearing and burning of stubble. Such emissions
have short lifetimes in the atmosphere, but
seasonally they can be large and may have
significant regional surface warming effects. Any
increase in wildfires may increase this effect.

Another factor is the effect of land clearing,
farming and irrigation on absorption or reflection
of sunlight at the land surface. Again, this varies
regionally, but is in general only important in
limited areas of the continents. Its main effect is
on local surface heating and the effect of this on
cumulus convection, although this can have
downwind effects on the weather if the area
concerned is large. Climate model calculations have
found that this effect may be important where large
forest areas are being cleared, such as in the Amazon
Basin, and ideally it should be included in climate
change simulations. Land clearing can in general be
reversed in most areas, and indeed some farmlands
in developed countries have recently reverted to
forests. Scenarios of land-use change are being
developed in consultation with the IPCC.

Irrigation also affects surface climate via the
cooling effect of evaporation, and also by injecting
moisture into the atmosphere. But again, the areas
are relatively small, especially in comparison with
the area of the oceans, so they have little effect on
large area and global water budgets. Climatic effects
of irrigation are essentially local. Moreover, while
evaporation has a local cooling effect, it results in
latent heat being transported elsewhere in the
atmosphere, and it is released as sensible heat (that
is, heat felt as a higher temperature) where
condensation occurs.

The IPCC 2007 report considers the effects of
climate change on the global carbon cycle that lead
to the land biosphere and the oceans both taking up
less carbon dioxide than if these effects are ignored.
For the A2 emissions scenario in the middle of the
SRES range the feedback of climate change on the
carbon cycle leads to an additional 20 to 220 parts
per million of carbon dioxide in the atmosphere by
2100 depending on the model. This means that
global warming will be greater than with the
standard simulations for a given emissions scenario,



and that greater emissions reduction are required to
achieve the same stabilisation level of carbon
dioxide in the atmosphere.

It also discusses the effect of acidification of the
oceans by increasing carbon dioxide and that this
will probably reduce the capacity of the oceans to
absorb carbon dioxide, as will a slowdown in
vertical mixing in the oceans as the surface warms
faster than the deep water. These latter effects have
not yet been fully quantified.®

Projections of socio-economic futures
Animportant consideration in estimating potential
impacts of climate change is the future exposure of
populations, human systems and ecosystems to
climatically induced stresses, and the capacity of
those so exposed to adapt to the stresses. With the
notable exception of the UK Fast Track project, this
has been largely neglected, with only the most
general comments on likely changes in exposure
and the capacity of societies to absorb or adapt to
climate changes.” For example, sea-level rise and
storm surges are likely to cause more damage
in particular low-lying coastal zones where
populations and investments are tending to
increase most rapidly. Wealth versus poverty also
affects adaptive capacity, for example, the capacity
to pay for adequate protective sea walls or levees
for protection against floods, as in New Orleans in
2005.

As stated by Edward Parsons and colleagues in
reference to the 2001 US National Assessment of
Potential Consequences of Climate Variability and
Change, constructing socio-economic scenarios for
impact assessment is more complex and challenging
than constructing scenarios of future emissions.®
Emissions scenarios require only a few national-
level characteristics such as population, economic
growth, total energy use, and carbon emissions per
unit economic output. However, socio-economic
determinants of vulnerability and adaptation to
climate change can be very localised, may not be
obvious, and interact strongly with other factors
such as social organisation and technological
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progress. Local vulnerability may be linked with
international competition and commodity prices,
which in turn may be affected by changes
elsewhere.

Ideally, socio-economic scenarios used to
estimate future emissions of greenhouse gases
should be used at the local or regional scale as the
basis for consistent estimates of exposure and
adaptive capacity. The SRES scenarios contain such
data at a broad regional level, for example in
13 world regions for scenarios Al, Bl and A2 and
11 regions for scenario B2, although these data have
not been widely used in impact studies. It is
complicated, however, by the fact that different
global socio-economic scenarios may lead to
similar magnitudes of climate change globally and
regionally but with different regional exposures
and adaptive capacities.

The global SRES socio-economic scenarios have
been reduced to a national scale by Stuart Gaffin for
the United States and Wolfgang Lutz for Austria.
Additionally, the UK Fast Track project went on to
produce finer resolution data at a sub-national scale
in order to estimate and map global impacts of
climate change on a number of industrial and
societal sectors. However, downscaling was often
based on assumed uniform behaviour across each
nation. Generally, the socio-economic data have not
been provided at the space scales appropriate to
specific regions that may be at risk, for example,
estimates of vulnerability and adaptability to
sea-level rise on rapidly developing coastal strips in
the south-eastern US, south-eastern China or north-
eastern Australia.

In the case of coastal exposure to sea-level rise
and storm surges, existing trends make it reasonable
to assume greater growth rates in population and
investment in coastal areas than in national
averages. This affects not only the exposure, but
also the rate of localised sea-level rise, since greater
coastal populations tend to withdraw more ground
water, leading to greater local subsidence.

Scenarios of future population changes are well
documented by both the United Nations and the
International Institute of Applied Systems Analysis
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(ITASA), although the UN studies tend to be broad
scale. They were downscaled to the national level by
ITASA. There is a convenient discussion entitled “The
end of world population growth” by Wolfgang Lutz
of IIASA, which suggests that global population is
likely to peak in the twenty-first century, with early
declines in many developed countries, but continued
growth mainly in the poorest countries of Africa and
southern Asia until later in the century. Joel Cohen of
Rockefeller University also projects population
trends until 2050, and emphasises the importance of
migration from the poorer to the richer countries.’
Migration is discussed again in Chapters 6 and 10,
where we consider the potential impacts of climate
change, and especially sea-level rise, on migration
for economic and environmental reasons.

The United Nations Environment Programme
has published a series of Global Environment
Outlooks. The latest, published in 2007, looks at
environmental change and related policies and
provides an outlook up to 2050. It takes four
contrasting socio-economic scenarios:

e markets first, in which most of the world
adopts the values and expectations prevailing
in today’s industrialised countries,

¢ policy first, where decisive initiatives are taken
by governments trying to reach specific social
and environmental goals,

* security first, in which there is a world of
striking disparities, where inequality and
conflict prevail, and

* sustainability first, in which a new environment
and development paradigm emerges in
response to the challenge of sustainability."’

As might be expected, the effect in relation to
greenhouse gas emissions is that the first and third
scenarios, lacking effective environmental policies,
lead to significant increases in greenhouse gases by
2050. The policy first scenario leads to actual
reductions in emissions starting around 2030, while
the sustainability first scenario leads to a decline by
the mid-2020s. Different environmental outcomes

in other areas will also clearly affect societal capacity
to adapt. But in all four scenarios atmospheric
carbon dioxide concentrations are still increasing
and sea-level rise is still accelerating in 2050. Thus
one of the most significant lessons drawn from the
scenario exercise by the authors is that much of the
environmental change that will occur over the next
several decades has already been set in motion by
past and current actions. Nevertheless, the authors
conclude that: ‘the scenarios clearly illustrate that
the future that will unfold in the long-term will be
very dependent on the decisions individuals and
society make today’.

Some idea of future exposure and adaptive
capacity could be based on various scenarios of
regional population growth and socio-economic
conditions contained in various foresighting studies
already undertaken. Nevertheless, the broad
storylines of the global SRES scenarios need to be
borne in mind when assessing likely exposure and
adaptive capacity at the local level.

It may be more relevant for many local or
national studies, to use local scenarios for socio-
economic development in that country. These may
capture some of the relevant detail about internal
shifts in growth patterns, and community
dependence on local industries, which may be
affected by technological change or global
commodity prices. Some of these local scenarios
also have policy relevance, although their
consistency with global scenarios is problematic.
This may not be critical, however, since any global
scenario, such as the SRES scenarios, will not apply
uniformly in regard to socio-economic changes, so
that local departures from the broad-scale scenarios
may not greatly affect global emissions and resulting
climate changes.

For example, two closely related reports for the
Australian Business Foundation aimed “to identify
alternative, plausible scenarios for the future of
business in Australia” and explored four alternative
scenarios styled ‘Sound the Retreat’, ‘Brave Old
World’, ‘First Global Nation” and “‘Green is Gold’.
The last dealt explicitly with global environmental
concerns."



Another study, commissioned by the Business
Council of Australia, was called “Population Futures’,
Australian Academy of Technological Sciences and
Engineering (2001). This aimed to assess the
environmental constraints to population growth in
Australia, out to 2050, and to assess technological,
behavioural, pricing and settlement planning
interventions that might be used to manage
population-related environmental issues. Its focus
was more on what impact an increased population
might have on the environment, rather than on what
influence environmental problems, such as climate
change, might have on the human population.

An ongoing Australian study by the Resources
Futures Program of CSIRO Sustainable Ecosystems
has an integrated approach where interactions
between the environment and population are
simulated. This study aims essentially at providing
insight into options for Australia’s population,
technology, resources and environment to 2050 with
an emphasis on sustainability. It looks at the
consequences of low, medium and high population
growth rates, and explores the consequences for
people, urbaninfrastructure, the natural environment,
energy, water and a range of other issues.”> Amongst
the conclusions of their 2002 report ‘Future dilemmas’
was a need to recognise that:

¢ Australia’s social, economic and physical
systems are linked over very long time scales,

¢ short-term decisions have long-term
consequences, and

¢ there is inbuilt inertia in our institutional
systems, requiring time for change to take
effect.

These conclusions apply in many places besides
Australia, and are themes reflected in the various
IPCC Assessment Reports. They suggest that any
realistic assessment of the overall impacts of climate
change on any local or national community, and of
its capacity to cope with or adapt to climate change,
will need to integrate studies of socio-economic
futures with climate change studies. They are all
part of an interconnected future.

PROJECTING THE FUTURE 51

To date very few international climate impacts
studies have taken different possible socio-economic
futures into account although alternative socio-
economic scenarios are central to the IPCC SRES
emissions scenarios. These and other issues are
discussed in the 2007 IPCC report, WGII, Chapter
2.4.6 and are a key to realisticimpacts and adaptation
studies.

Forecasting the weather

Foresight is routinely used in regard to the weather,
and affects many of our day-to-day decisions. It is
therefore useful to compare the basis for weather
forecasting with that for climate projections, in
order to understand both what they have in
common and what the differences are.

Weather forecasting used to be based on
experience with past situations, which developed
into changed weather patterns that experts could
either remember or look up from past records. This
was called ‘analogue forecasting’, that is using the
past as an analogue for the future. During and after
the Second World War, things started to change
with the use of growing theoretical understanding
of how weather disturbances grow, move and
decay. Quantitative calculations of how the
atmosphere changes were pioneered by Lewis Fry
Richardson, an English Quaker schoolteacher and
scientist who, by hand, calculated solutions to the
governing equations of motion and continuity of
matter to produce the first numerical weather
forecast. His work, done in the trenches as an
ambulance worker in the First World War, was
published in 1922.

However, Richardson’s calculation was not very
accurate, and application of his methods had to
wait for the development of large electronic
computers. John von Neumann and Jules Charney
took up the challenge at Princeton University just
after the Second World War, using one of the first
electronic computers. The first computer-based
weather forecasts were issued in 1955.

It quickly became apparent that the skill of
numerical weather forecasting decreases rapidly
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with time into the future. Mathematical theory,
developed by Edward Lorenz of Massachusetts
Institute of Technology demonstrated that the
accuracy of forecasts declines due to the growth of
errors present in the initial input data. Known as
‘chaos theory’, this shows that small differences in
initial conditions, such as those that arise from
imperfect observations of the present weather, lead
to larger and larger errors with time. Lorenz used
the analogy of a pinball machine to explain what
happens.™

In a pinball machine, a rolling ball hits a post (or
pin) and bounces off in a straight line until it strikes
a second pin, then a third and so on. Lorenz
considered that if the ball, in its initial motion, ran
over a small piece of dust it would be slightly
deflected, striking the pin at a slightly different
angle. After several such strikes the ball would be
travelling in a sufficiently different direction to
miss a pin that it would have hit in the no-dust
case, so that the predictability of which pins it
would strike later on would rapidly decrease. The
predictability is critically dependent on knowing
exactly what path the ball takes in its first encounter,
and the more accurately that is known the more
strikes could be accurately predicted. However, if
the experiment were repeated many times, an
average path could be found, and it would be
possible to say how probable it was that the ball
would strike a particular pin. Thus it would not be
possible to predict with complete confidence which
pin would be hit, but from repeated observations
the probabilities of striking various pins could be
determined.

Weather forecasting is a similar type of initial
value problem, that is, one in which the eventual
outcome depends on how accurately the initial
conditions are known. Any error in specifying the
initial conditions is amplified (that is, made larger)
and eventually leads to a breakdown in predictability
of the exact outcome, although it may result in the
ability to predict the probability of various outcomes,
that is, to predict the statistics of the weather. Lorenz
and others showed that the limit of predictability of
particular weather is about three weeks.

Progress towards improved weather forecasts is
partly due to better observations of initial conditions,
and more accurate calculations that minimise any
rounding-off errors. Thus numerical weather models
calculate properties of the atmosphere to many
decimal places to slow down the propagation of
errors. Repeated model calculations of the same
situation with imperceptibly different initial
conditions can also provide multiple forecasts, with
the average usually being more reliable than a single
forecast. This is known as ‘ensemble forecasting’.

Other improvements in weather forecasting
have come from the incorporation of heat and
moisture exchange between the atmosphere and
the oceans, assisted by satellite observations of sea-
surface temperatures. The fact that the skill of
numerical weather prediction has improved over
the years is testimony to improved observations of
initial conditions (including satellite observations),
the growing understanding of how the atmosphere
and oceans combine to produce weather, and to
how this is incorporated into computer models."

Why climate projections are different
Numerical prediction of climate is a different
problem, even though it starts with the same
equations governing atmospheric motion and
continuity of matter (the amount of air and water in
the atmosphere). There are two main differences:

e First, climate projections are not about
predicting the exact weather at any time in the
future, but rather about projecting the statistics
(average behaviour and variability) of the future
weather. This reduces the relevance of short-
term chaotic behaviour in the atmosphere.

* Second, because climate projections are about
the statistics of weather many months, years or
even centuries into the future, much slower
influences on the weather or climate must be
taken into account, and indeed tend to
dominate the picture.

Thus the propagation of errors in initial
conditions is not important, but rather the



knowledge of slower internal variations in the
climate system, and so-called ‘boundary conditions’
and how they may change. Slower internal
variations include exchanges of heat, salt and
chemicals such as carbon dioxide with the deep
ocean, and the growth and decay of ice sheets and
glaciers. Figure 11 shows some of the components
that are included in the internal part of a climate
model. Others, not shown, include interactive soil
and vegetation, atmospheric chemistry, and cloud
interactions with particles (aerosols).'¢

External factors include changes in atmospheric
and land surface properties, variations in the orbit of
the Earth around the Sun, solar variability and
volcanic eruptions (which put gases and particles into
the atmosphere). Some of these external factors can be
specified as inputs or boundary conditions to the
climate models, rather than calculated. However, they
can be calculated internally in an enlarged climate
system, if they can be predicted and the equations can
be added to the model. As computers become bigger,
faster and cheaper, more and more that used to be
external to the climate models cannow be incorporated
into the models and thus predicted rather than given
as external boundary conditions.
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How good are climate models?
Two or three decades ago most climate models
considered the oceans to be external and used
prescribed sea-surface temperatures at the bottom
of the atmosphere. Results were conditional on the
assumed sea-surface temperatures. Today, faster
computers enable nearly all climate models to have
an interactive ocean, and indeed ocean currents and
deep water temperatures are calculated. Historically,
the scientific literature is full of papers describing
simulations of climate using models of varying
complexity and detail, and it is important in reading
these papers to understand just what is calculated
and what is given as assumed input. It is also
important not to rely on outdated assessments of the
skill of climate models, which tends to occur in the
critiques of climate modelling by some who question
climate change. Citing out-of-date assessments of
climate models ignores recent improvements in
modelling and shows a lack of appreciation of how
much work has gone into improving their accuracy.
A range of different types of climate models are
available, and various names or abbreviations are
used to indicate differences in their complexity. For
example, there are very simple ‘energy balance
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Figure 11: Some internal components of a climate model. Some of these components can be changed by external forces (such
as variations in the Earth’s orbit around the Sun or in solar radiation) or changes in the composition and radiative properties of
the atmosphere (such as the addition of more greenhouse gases or particles of dust). (After John Mitchell, UK Meteorological

Office, 2003.)"7
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models” which calculate only the incoming and
outgoing energy into the climate system to
determine the Earth’s global average surface
temperature, or that in latitude bands. These ignore
lots of internal processes and do not give outputs
useful at particular locations on Earth, but they are
quick and cheap to use and are often used to study
a wide range of conditions.

Next there are ‘atmospheric general circulation
models” or AGCMs. These calculate what goes on
in the atmosphere, including changes to cloud cover
and properties, but have prescribed or given sea-
surface temperatures. Thus, they do not allow for
changes in the ocean climate (currents, and
temperature and salinity with location and depth).

Today nearly all climate models used for climate
projections have fully interactive oceans. These
are called ‘coupled atmosphere-ocean general
circulation models” or AOGCMs, and usually
include calculations of sea-ice cover. Even so, there
are still many external components of the climate
system that are only gradually being internalised
into climate models, even where these components
act on and are changed by the climate. These
components include glaciers, continental ice sheets,
and surface properties, such as surface roughness
and reflectivity that are determined by vegetation.

Climate models have been tested and improved
quite systematically over time. There are many
ways of doing this. One is to closely compare
simulated present climates with observations.
Climate modellers often judge models by how well
they do in reproducing observations, but until
recently this has mainly been by testing outputs
from models against observations for simple
variables such as surface temperature and rainfall.
However, this process can be circular in that climate
models, with all their simplifications (for example
in how they represent complex processes like
cumulus convection, sea-ice distribution or air-sea
exchange of heat and moisture) can be adjusted, or
‘tuned’, to give the right answers, sometimes by
making compensating errors. Such errors might
then lead to serious differences from reality in some
other variable not included in the tests. Comparing

simulated outputs for many more variables, some
of which were not used to tune the models, now
checks this.

Other tests used include how well the climate
models simulate variations in climate over the daily
cycle, for example daily maximum and minimum
temperatures, or depth of the well-mixed surface
layer of the atmosphere. Changes in average cloud
cover and rainfall with time of day are other more
sophisticated variables that are sometimes tested.

Related tests involve calculating in the models
variables that can be compared with satellite
observations, such as cloud cover and energy
radiated back to space from the top of the
atmosphere. Until recently many climate models
have not done very well on some of these tests, but
they are improving.'®

To test longer time-scale variations, tests are
made of how well climate models simulate the
annual cycle of the seasons. Different test locations
from those the model builders may have looked at
when building their models are often used. For
example, how well does an Australian climate
model perform over Europe, or a European model
perform over Africa?

A popular test is to use a climate model with
observed boundary layer conditions, for example
sea-surface temperatures in an atmospheric global
climate model, to simulate year-to-year variations
such as a year with a strong monsoon over India
versus a year with a weak monsoon. Similarly, tests
are made of how well a climate model reproduces
the natural variations in a complex weather pattern
such as the El Nino-Southern Oscillation (ENSO),
which is important in year-to-year variations in
climate. ENSO is a variation in oceanic and
atmospheric circulation, mainly across the tropical
Pacific Ocean, but has effects in many other parts of
the world. Getting ENSO right is an important test,
and it is only recently that some AOGCMs have
done well with this test.

At even longer time scales, tests can be made as
to how well climate models can reproduce paleo-
climatic variations. This is only possible where
changes in external conditions can be well specified,



such as changes in solar energy input, atmospheric
composition, land-sea distribution and surface
properties. It is also necessary to have lots of paleo-
evidence for climate patterns at the time being
simulated to see if the climate models reproduce it
well. This is a tall order, but nevertheless paleo-
modelling is useful as a test of climate models, and
also helps us to understand and test theories of
what causes climate fluctuations and what is
possible.

In order to provide climate change projections
relevant to many local and regional climate change
impacts, climate models need to provide output at
finer and finer spatial scales. That is, where global
climate models a decade back only gave output
data on climate changes at distances several
hundred kilometres apart, for many purposes the
need is for data at locations only a few tens of
kilometres apart. The limitation was essentially
computer capacity, since the number of calculations
increases roughly by a factor of eight for every
halving of the distance between data points.

There are three ways in which this finer spatial
resolution can be achieved:

* running global climate models at finer and finer
spatial scales,

* statistical downscaling, which uses observed
relationships between large-scale weather
variables and local weather, and

e running local or regional climate models driven
by output from global models.

Rapid improvements in computer speed and
capacity have enabled global climate models to be
run at finer and finer spatial resolutions. Some models
now routinely produce output at spatial scales as
fine as 100 or even 50 kilometres, although this still
cannot be done for many different scenarios. There
has also been a technical development using
variable spatial resolution in global models,
whereby it is possible to run a global model with
coarse resolution over most of the globe, but fine
resolution over an area of interest. This latter option
is fine if you only want detailed information about
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one region, for example if you are in a national
laboratory modelling for information relevant to
one region, such as the UK or Japan. However,
while it is important to get detailed information for
your own region, many countries will also want to
know what may happen in detail in other parts of
the world, at least for broad policy reasons, and
maybe even for telling what the impacts of climate
change may be on trade partners and competitors.

The need for truly global simulations at fine
spatial scales thus remains important. Japan has
recognised this and has built the Earth Simulator
supercomputer capable of modelling the climate at
fine scales for the whole globe. It contains the
equivalent of many hundreds of ordinary
supercomputers (circa 2004), and currently is
running a climate model with 100 levels and a
horizontal resolution of 10 kilometres, compared to
most AOGCMs that have a resolution of around
100 or more kilometres."

The second way of getting finer spatial detail for
particular locations is to use statistical relationships
between the observed large-scale climate patterns
and local climate to derive estimates of local
changes from model-simulated large-scale changes.
This is called statistical downscaling, and requires a
lot of detailed climate observations for the region of
interest. It is also important that the statistical
relationships between the large-scale changes and
local change will be valid under conditions of
climate change as opposed to present observed
climate variability. That is not the case with all
large-scale variables and must be tested.

The third method for obtaining detailed local
output is to use a local or regional fine-scale climate
model driven by the output of a global coarse-
resolution model. The easy way to do this is to use
output from the global model at the boundaries of
the regional model domain to determine the model
values at the boundaries of the regional model, and
force the regional model to adjust its values inside
the boundaries to be consistent with this. This is
termed ‘one-way nesting’.

However, local changes within the region may
in reality force changes at a larger scale, for example
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if the region includes a large lake from which the
atmosphere may pick up additional moisture. To
account for this possibility, ideally the output from
the regional model should be fed back into the
global model and thus modify the large-scale
climate. This is termed ‘two-way nesting’. Many
climate-modelling groups have performed one-way
nesting, but two-way nesting is less common, and
has revealed sometimes-significant differences in
results for the same region.

The performance of fine spatial resolution
modelling has also been carefully tested by
comparing different models over the same regions,
and by trying to reproduce particular historical
situations using regional models forced at their
boundaries by observations. Results have been
mixed, and in general it is conceded that regional
detail is not as reliable as the large-scale output.
This applies particularly to rainfall patterns,
although regional detail is necessary especially
for rainfall because it can vary greatly over
small distances due to topography and land-sea
boundaries.”

Overall, model performance and verification is
complex, but is being actively tested and
improved. Climate models provide projections
that are far more sophisticated and reliable than
simple extrapolations from observed climate
trends. They are far more reliable than handwaving
arguments about future climate made by some
sceptics that are often made on the basis of simple
extrapolations or correlations. Moreover, the IPCC
and other bodies studying climate change have
taken the uncertainties into account. These
uncertainties are being progressively decreased
to provide more reliable and policy-relevant
information.

The IPCC 2001 report summarises its conclusions
regarding the state of coupled atmosphere—ocean
climate models as follows:

Coupled models have evolved and improved
significantly since [1995]. In general, they
provide credible simulations of climate, at least
down to sub-continental scales and over temporal

scales from seasonal to decadal. The varying sets
of strengths and weaknesses that models display
lead us to conclude that no single model can be
considered ‘best’ and it is important to utilise
results from a range of coupled models. We
consider coupled models, as a class, to be suitable
tools to provide useful projections of future
climates.

A whole chapter of the 2007 IPCC report (WGII,
Chapter 8) is devoted to climate models and their
evaluation and expounds on their strengths and
weaknesses.

The state of climate projections

Projecting the future is an everyday procedure for
providing insight into what may happen. It forms
the basis of many decisions about what to do. In
relation to climate it is made more difficult by the
complexity of the climate system, the long time
scales and the possible human influences on climate
through future human behaviour.

Projecting future climate is not just a matter of
extrapolating from recent trends, but of using
computer models that take many different processes
into account. While climate models are based on
weather prediction models, they involve longer
time scales and include slower processes. They are
not dependent on getting the detailed initial
conditions correct. The performance of modern
climate models is tested in many ways and they are
rapidly becoming more reliable.

Prediction of human behaviour, and thus of
future greenhouse gas emissions, is probably less
reliable than predicting climate on the basis of a
particular scenario of human behaviour. Therefore
any climate projections based on climate models is
conditional on scenarios of human behaviour. The
SRES scenarios for future greenhouse gas emissions,
used by the IPCC in its 2001 and 2007 reports, cover
awiderange of possibilities, which was not influenced
by climate policy. What is more relevant for climate
policy are projections for a range of policy-driven
scenarios. These will be discussed later in this book.
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Uncertainty is inevitable, but risk is certain

... it would be wrong to completely ignore possible developments simply because they are
regarded as not very probable — or not sufficiently probable to justify an examination of their
possible consequences. Probability itself should not be the criterion for deciding whether or
not to prepare ourselves for an event, but only for how we prepare ourselves.

Swiss REINSURANCE COMPANY, OprPORTUNITIES AND Risks OF CLIMATE CHANGE, 2002.

Where there are threats of serious or irreversible damage, lack of full scientific certainty shall
not be used as a reason for postponing cost-effective measures to prevent environmental

degradation.

THE PRECAUTIONARY PRINCIPLE, AS STATED IN THE RI0 DECLARATION AT THE EARTH SUMMIT, JUNE 1992.

Despite uncertainties, decisions

have to be made

Many years ago, when I supervised first year
physics students at Melbourne University, we used
to give them a steel ball and a micrometer to
measure its diameter. We asked them to measure it
ten times and see what values they got. Many of
them were surprised to find that the answers were
not all the same, for example, 53.1, 52.8, 53.2, 52.9,
53.1, 53.5, 53.0, 52.9, 53.2, and 53.3 mm. Why did
they get such a range of answers to a simple
measurement of a clear physical quantity? And
what then was the actual diameter? Well there
are several reasons for a range of answers, for
example, no ball is exactly spherical, it changes
its diameter as it expands or contracts due to
changes in temperature, and the measurement
depends on how hard the micrometer is tightened.
The “actual diameter” cannot be known exactly: the

measurements range from 52.8 to 53.5, the average
is 53.1, and the ‘standard error’ (root mean square
deviation from the average) is about 0.14. The exact
numbers will depend on who did the measurements,
under what conditions they did them, and on the
number of measurements made.

As this example illustrates, contrary to a widely
held belief, no measurement of a continuous
quantity is absolutely exact.

Moreover, nothing is absolutely certain in
science. It is common in the physical sciences to say
that somethingis ‘true’, ‘certain’ or ‘well-established’
if the evidence suggests that there is less than a
5% chance (1 in 20) of it being wrong. If you want to
be even more cautious, you might insist on less than
a 1% chance (1 in 100), or even a 0.1% chance (1 in
1000). Such a low probability of being wrong applies
to such common expectations as the Sun rising
tomorrow morning, something that would only fail
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if something extreme like a cosmic collision were to
happen. It also applies to many practical engineering
matters, that is, matters of applied science, like the
design of a bridge or dam to ensure that it will not
collapse. Here the design standard is set to ensure
that there is only a very small chance of failure,
because failure would be catastrophic.

However, even in the case of engineering design
there is a choice of safety level or risk level, which
may depend on expected frequency and duration
of use, expense and urgency — for example lesser
safety levels may be legitimately applied to
a temporary bridge built in wartime than for a
permanent structure in peacetime. Such choices are
a matter of circumstance, purpose and values.

There are many circumstances where a less
exacting standard of certainty is sufficient to find a
proposition, prediction or theory useful. For example,
we find weather forecasts useful even if the chances
of their being wrong are ten per cent (1 in 10) or even
33% (1 in 3). This is because, in most cases, the
consequences of being wrong are not disastrous, for
example if we would only get wet if we did not take
an umbrella. Given that we know that weather
forecasts are not entirely accurate, we might hedge
our bets and take an umbrella anyway:.

Even where losses may be incurred if a forecast is
wrong, we will gain on average by acting repeatedly
on imperfect forecasts, if they have some skill, than
by ignoring them. For instance, if forecasts are
wrong one time in three, we may still gain on
average by acting many times on them, because we
will have acted correctly two times in every three.
This might apply, for instance, to a farmer acting on
seasonal rainfall forecasts as he or she decides how
much to plant: good harvests two years in three may
well make up for a crop failure one year in three.

How we react to uncertainty depends on what is
hanging on the results. For example, forecasts of
tropical cyclone landings on the coast are serious —
if we are prudent we take precautions even if we
are only near the possible path of a tropical cyclone,
because we know that there is a margin for error in
the predictions. In such cases, we take precautions
because we know that, even if the exact prediction

is that it will miss us, the exact prediction is
uncertain. Even a small chance of a disaster makes
it worthwhile to take precautions.

In a more extreme case, most of us prudently
insure our house against loss by fire, even though
we believe that it is very unlikely that our house
will burn down. We know that the total loss of our
house would be disastrous, and the premium we
pay the insurance company is relatively small, so
we insure against the low probability of a fire.
Whether we insure depends on the relative size of
the premium versus the size of the potential loss, as
well as on the probability of a fire.

When it comes to so-called ‘laws’ about, or
predictions of human behaviour (as opposed to the
behaviour of the physical world), uncertainty is
usually much greater. This applies in many of the
social sciences, for example economics. Economic
forecasts are made based on various theories (often
just simple extrapolations) of human behaviour and
various assumptions. These assumptions may not
hold in the future as human behaviour may change
or be influenced by factors not considered.

As the case of insurance demonstrates,
uncertainty does not prevent decisions being made.
Indeed, in any practical situation passive or active
decisions are inevitably made all the time, despite
uncertainty. We either decide to take out insurance,
or we decide (perhaps unconsciously) not to do so.
Investors and policy-makers make decisions every
day despite uncertainties — they assess probabilities
and risks and then make decisions, because without
these decisions nothing would be done.

Uncertainty in climate change projections

In any estimates of future climate change there are a
number of sources of uncertainty. Some of these
arise from the science itself, and some from
uncertainty about future human behaviour —
especially future emissions of greenhouse gases. As
it happens, these two major sources of uncertainty
each account for about half the total uncertainty.
This is fortunate, since it means that, despite the
total uncertainty, different assumptions about future



human behaviour can be used to test the effect of
such behaviour on climate. This can give us useful
information about what sort of human behaviour is
desirable to avoid the worst possible climate changes.
In other words, it is useful for developing policy.

In the case of future climate impacts, there are a
number of different assumptions, and a number of
models of different parts of the climate system.
These range from models of human society leading
to future greenhouse gas emissions (socio-economic
models), through models of how much of the emitted
greenhouse gases stay in the atmosphere (carbon
cycle models), to their effects on global climate
(climate models), local or regional climatic changes
(downscaling models), and eventually to the effects
of climate change on biological and human systems
(sectoral impact models). Sectoral impact models
must also consider the adaptive capacity of society,
which will change with time and also lead to
uncertainty. Uncertainties at each stage in this chain
of reasoning lead to what some authors have called
a ‘cascade of uncertainty’, as shown in Figure 12.!

There is a long list of uncertainties relating to
possible future climate change and its impacts. To start
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with the causes of climate change, we need to know
future greenhouse gas emissions, and any other effects
such as emissions leading to more particles in the
atmosphere, or natural climatic variability and change.
Human emissions will depend on world population
growth, the rate of growth in energy use per person,
the mix of energy sources (for example coal and oil
versus sun and wind) and energy efficiency (that is,
emissions per unit energy produced, and economic
production per unit energy used), rates of deforestation
or reforestation, and industrial emissions such as the
manufacture of steel or fertiliser. Most of these factors
are a product of human behaviour, which may change
with attitudes to quality of life and wealth. Many
depend on rates of technological change, including
research and development, and rates of penetration or
adoption of new technologies. Nearly all of these
factors can be influenced by policy, which may depend
on the understanding policy-makers have of the
consequences of alternative policies.

Other uncertainties relating to the causes of
climate change include natural climate fluctuations
due to internal processes in the climate system (for
example changes in vegetation or deep ocean
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Figure 12: The ‘cascade of uncertainty’. Schematic representation of the growth of the range of uncertainties in the chain of
reasoning associated with climate change and its potential impacts. New uncertainties at each step expand the total range of
uncertainty at the previous step. However, the individual ranges are not additive since the extremes will become progressively
less likely as different ranges of uncertainty are combined. (After Henderson-Sellers, 1993; Jones, 2000.)
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circulation), or natural external forces operating on
the climate system (including periodic variations in
the Earth’s orbit around the Sun, variations in solar
energy output, and volcanic eruptions). There are
possible further effects on climate due to human
activities such as land clearing, irrigation, and
atmospheric pollution (for example, carbon black
from fires or increased dust from desertification).

There are also uncertainties about how much of
the emissions into the atmosphere stay there. This
requires modelling of the chemical processes in the
atmosphere for methane and nitrous oxide, and
modelling of removal processes for particulates such
as washout or gravitational settling over the oceans
and land surfaces. Removal processes for the main
greenhouse gas, carbon dioxide, largely depend on
biological interactions, the temperature-dependent
solubility of carbon dioxide in water (it is more
soluble in colder water) and rates of overturning of
the surface waters of the ocean. Growth rates of
vegetation and plankton, the effects of forest fires,
and interactions between climate itself and the rates
of all these processes are all factors.

Given the emissions and how much stays in the
atmosphere, climate models are needed to calculate
what effect the changed concentrations of
greenhouse gases will have on the climate. While
these models are based on the well-established
laws of motion, atmospheric radiation, and
thermodynamics (transfer of heat), there are many
uncertainties. Some of the main areas of concern are
the behaviour of clouds that absorb and reflect both
heat and light radiation, interactions at the land and
ocean surfaces, and the effect of small spatial scale
and very rapid processes in the atmosphere that are
not well modelled. These include rainfall variations
in regions of varying topography (mountains and
coastlines), and extreme events such as heavy rain,
tropical cyclones, thunderstorms, peak winds and
hail. Confidence in the simulation of these sorts of
events in global climate models is low. It is higher,
however, in models that calculate what is happening
on finer spatial scales, especially in finer scale
regional models, which can be driven by the global
models at their boundaries.

Then there are the uncertainties in models that
calculate the impacts of climate change, for example
on crop production, river flow, flooding, coastal
storm surges, and damage costs. How well do crop
models treat the effects of different soils, of
increasing atmospheric concentrations of carbon
dioxide on plant growth, and of pests and diseases?
Costing is a vexed question (discussed in Chapters
6,7 and 8), that includes assessment of the costs and
benefits of various adaptations to climate change
and of measures to reduce emissions.

The first rule in assessing uncertainty, and
particularly arguments based on results of
assessments, is that we should understand what
uncertainties have been taken into account and
what assumptions have been made. This applies
especially in areas where ranges of uncertainty are
often not given, such as estimates of the costs of
climate change impacts or of mitigation or
adaptation measures. Too often results of such
assessments seem to be biased, intentionally or
not, towards the outcomes wanted by special
interests that commission or fund the studies. This
often takes the form of choices as to what is included,
what scenarios are used, what values are assumed,
and what alternatives are considered.

For example, in considering the cost of climate
change impacts, possible adverse impacts of extreme
events or economic gains from reduced frost
frequencies may be ignored. Similarly, in estimating
the costs of emissions reductions, adverse impacts
on carbon intensive industries may be considered
but not the economic benefits from energy efficiency
or the growth in renewable energy industries.

The important thing with all these uncertainties
is that we should be aware of them and take them
into account, both in our own estimates and in
assessing those of others. We should examine
assessments to see how clearly (or ‘transparently’)
they state assumptions and uncertainties. Further,
we should not regard results as of no use at all if
they have large uncertainties attached to them —
after all, admitted uncertainty implies a degree of
understanding and honesty, and such results still
limit the possibilities. Moreover, the most likely



results are probably somewhere near the middle of
the range of uncertainty, unless the study is biased
by its assumptions. Some knowledge is better than
none, provided we use it wisely in full awareness of
its limitations. Obviously, where uncertainties are
large we should try to reduce them, but in the mean
time we need to make the best of what we have to
guide both adaptation and mitigation policy.

When it comes to estimating how uncertain
projections of future climate change and climate
change impacts may be, we need to distinguish
between two types of uncertainty. One is the
uncertainty about something that can be measured
repeatedly. This can in principle be reduced by
taking more measurements: the best answer is
likely to be the average derived from the most
measurements and is in most cases the most frequent
answer. Statisticians call this a “frequentist’” problem.
The example at the start of this chapter, of measuring
the diameter of a steel ball, illustrates this.

The other sort of uncertainty arises when there
cannot be repeated measurements. This is usually
because we are dealing with some prediction of the
future based on a theory or model, often with
assumptions about future behaviour or influences.
Future climate cannot be measured now, and there
will only be one future climate. Here uncertainty
can be estimated by calculating the effects of different
assumptions in the input data, the theory and the
models. In this case we need to use additional
knowledge about the assumptions and models, such
as how uncertain they are, and then explore the
range of results arising from the range of plausible
assumptions or models. Estimation of uncertainty of
future climate or its impacts requires us to look at
the results of all the possible combinations of
assumptions, which may number in the thousands.
This sort of uncertainty estimate requires complex
computations. It is known as ‘Bayesian statistics’
after the eighteenth century Reverend Thomas
Bayes, who first suggested the method, but did not
have a computer to carry out the calculations.?

People working on climate impacts, including
the scientists and policy advisors associated with
the Intergovernmental Panel on Climate Change

UNCERTAINTY IS INEVITABLE, BUT RISK IS CERTAIN 63

(IPCC), have only recently started to come to grips
with this complex problem, and there was a new
emphasis on quantifying uncertainty in the IPCC’s
Third Assessment Report in 2001 and the Fourth report
in 2007. Thus, many of the estimates of uncertainty
given in this book are preliminary, and may not
cover the full range of uncertainty in some cases. In
particular, there may be unexpected developments
and ‘surprises’, which may well lead to larger, or to
smaller, climate changes and impacts.

Indeed, new observations, especially in the last
few years, suggest that some key uncertainties may
be larger than previously thought, especially in the
direction of more rapid climate change and sea-
level rise. These are discussed in Chapter 5.

Genuine scepticism about over-confident
predictions is to be applauded. A good example is
a book that at first glance might be thought to
rubbish climate models — Useless Arithmetic: Why
Environmental Scientists Can’t Predict the Future,
(Columbia University Press, 2007). However, as Fred
Pearce notes in a review in New Scientist, the book in
fact commends the authors of the IPCC for ‘painfully
long discussions about errors, uncertainties and
missing data’. Pearce notes that the book trashes
more models for complacency than for predicting
disaster. In my view, this book advocates just what I
am advocating: the use of models well-informed by
observations and updated as new information comes
in — and with a full recognition of uncertainty.?

From polarisation to probability and risk

People respond in different ways to uncertainty.
Sometimes they get confused and see it as a reason
for concluding that they know nothing useful on the
subject, and therefore see no reason to act. This is
especially the case if action to deal with a potential
risk would have up front costs. This is the position
taken by many who challenge the reality or
seriousness of human-induced climate change. These
people in denial tend to focus on the uncertainties,
particularly at the low end of the range of possibilities,
rather than on what is known. Some (but not all)
may have a vested interest (financial or ideological)
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in doing nothing, and use the uncertainty as an
excuse for delaying meaningful action.

In other situations, however, people may
conclude that although there is uncertainty, it is
worth taking a gamble and doing something even if
the odds are only marginally favourable. We all do
this to a certain extent. Farmers do this as part of
their everyday coping with the uncertainties of the
weather. Some people even gamble when the odds
are stacked against them, as in gambling casinos or
lotteries. In other cases, people may decide that
even a small chance of a damaging outcome makes
it worthwhile to take some form of insurance, even
at some expense.

How we react to uncertainty depends in large
part on how well we understand the odds, and on
what is at stake. Consider a weather forecast of a
30% chance of rain in a rather large district (typically
100 km by 100 km). What that usually means is a
30% chance that it will rain somewhere in the district
(but not necessarily at our particular location) some
time in the next 24 hours. If all that is at issue is
whether we should walk the dog we may accept the
risk and go anyway. But if we were thinking of
pouring a large slab of concrete that might be ruined
by heavy rain and cost us thousands of dollars, we
may well hesitate to do it. We would want to know
what sort of rain was expected, and certainly look
into providing covers to go over the slab.

So we need to understand what the uncertainty
means for our particular situation, and to weigh the
possible consequences of either taking the risk or
avoiding it. It is not only the probability that
matters, but also the consequences.

Consider a simple example of a climate change
prediction, such as that which arose from a study
of future climate change impacts on the Macquarie
River in New South Wales, Australia. Here the
projected rainfall changes in all four seasons
spanned a range from increase to decrease, with
slightly more chance of an increase in summer and
a stronger chance of a decrease in winter. To the
uninformed or the sceptic this might well signal
that the change could be zero, so there is nothing
to worry about. Two things argue against this

superficial conclusion, first the real probability of
negative changes in rainfall, and second the
combined effects of rainfall changes and warming
on water supply and demand. In this case the
projected rainfall change by 2070 in winter (which
is the wettest season, with most runoff into the
rivers) ranged from a decrease of 25% to an
increase of 8%. While this still spans zero, it means
that the most likely change is a decrease of around
8%, with about a 50% chance that the decrease will
be more than 8% (the middle of the range of
uncertainty). Moreover, the warming was projected
to be between 1.0 and 6.0°C by 2070, which would
increase evaporative losses of water, thereby
reducing runoff and increasing water consumption
by crops and towns in the valley. Using runoff
models, the projected change in runoff into the
main water storage dam was in fact between no
change (zero) and a decrease of 35% by 2070, which
means a 50% chance of water supply decreasing
by more than 17%. It is this figure that needs to be
considered in calculating what is at stake in the
Macquarie River basin for irrigation farmers, town
water supply, and the economy of the region. So
an apparently very uncertain projection of rainfall
change translates, when all things are considered,
into a result that has important implications for
planning and policy.*

To put this in more general terms, what matters
is not the probability of a particular numerical
outcome coming to pass, which is usually quite
small, but the cumulative probability of getting a
range of outcomes that is of practical importance. It
is not a matter of the accuracy of a particular
prediction, but of the probability of a range of
outcomes with serious consequences. This is usually
expressed as a risk assessment, where risk is
understood as the probability of an outcome
multiplied by its consequences. Thus a likely
outcome having large consequences is a large risk,
while a small probability of a low-consequence
outcome is a small risk. A high probability of a small
but non-negligible effect may also be worth worrying
about, as would be a low, but not-negligible
probability of a very serious effect.



In the case of climate change, natural and human
systems have been forced by past natural climate
variability to evolve or adapt so that most of the time
they operate within a ‘comfortable’ range in which
they operate well. Sometimes systems exist outside
that range in climatic conditions in which they
survive, but not well. This is sometimes called the
‘coping’ range. Occasionally, natural and human
systems experience extreme climatic events that are
damaging, sometimes fatally. These events are called
‘natural disasters’” and include droughts, floods,
storm surges and wildfires. Climate change moves
the average climate so that comfortable conditions
become less common, and extreme events, which
can be defined as those falling outside the previous
coping range, become more common or of greater
severity. What is of concern in climate change is
therefore the risk associated with changes that take
us more frequently into more extreme conditions
that are damaging or disastrous. What we are
concerned about is the probability of changes that
push us over the threshold into these extremes.

Figure 13 illustrates how normal climate varia-
bility, with no climate change, covers a range of
values that may be favourable for a given activity,
but sometimes goes outside that range to cause loss
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or other problems. Even if we cannot say when
exactly the threshold will be exceeded, we can
estimate, from a long record of observations of the
variable, how frequently on average the threshold
is exceeded. This enables us to calculate the risk to
our enterprise and what sort of precautions we
need to take to survive that risk.

The case of climate change is shown in Figure 14.
Here an unchanging climate is shown at the left,
and a changing climate at the right. Again, the
coping range and thresholds for vulnerability are
shown by the horizontal lines. In the upper graph
we see how climate change can cause the variable
(such as rainfall) to rapidly increase the frequency
with which it exceeds the threshold for vulnerability,
and thus the risk to the enterprise. The lower graph
includes an extension of the coping range due to
improving our ability to cope (called ‘adaptation’),
which reduces the vulnerability to climate change
and thus the risk.

Fortunately, the probability of exceeding a
particular impact threshold of, say, temperature or
rainfall at some time in the future can be determined
more confidently than the probability that the
temperature or rainfall will have a particular value
at that time.
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Figure 13: The concept of exceeding a threshold. This schematic illustrates at lower left a coping range under an unchanging but
variable climate for a variable such as rainfall (with time increasing towards the right), and an output such as profit from a crop
(upper right). Vulnerability is assumed not to change over time. The upper time series and chart shows a relationship between
climate and profit and loss. The lower time series and chart shows the same time series divided into a coping range using critical
thresholds to separate the coping range from a state of vulnerability. The bell-shaped curve in the lower right-hand side is the
probability distribution for the variable having a particular value. The upper critical threshold might represent the onset of
dangerous flooding, while the lower threshold might represent the onset of drought. Darker shading represents more severe

consequences. (Figure courtesy of RN Jones, CSIRO.)
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Figure 14: The effect of climate change on vulnerability. Illustrates the coping range for a variable such as rainfall, showing how
climate change can rapidly lead to exceeding the threshold for vulnerability more frequently (upper curve), and how adaptation
to change can reduce that vulnerability (lower curve). (Figure courtesy of RN Jones, CSIRO.)

To understand why this is so, we need to know
what a probability distribution is, and what it looks
like. This is the way in which the probability of a
particular variable having a particular value varies
with the value of the variable. For instance, the
temperature at some place x at some time y could be
anywhere between 5.0°C and 10.0°C, with a very
small chance (say less than one in 20) of it being
either less than 5.0°C or greater than 10.0°C, but a
large chance of it being between those two values,
and probably greatest of being about 7.5°C. The
probability is usually assumed to vary according to
a ‘normal distribution’, in which case the distribution
graph is bell-shaped and we can assign probabilities
of the variable lying in any given range, with the
most likely being the middle value (see lower right
of Figure 13). But not all variables follow a normal
distribution (particularly ones like daily rainfall that
can have positive values or be zero, but never a
negative value). An assumption that a variable is
normally distributed is convenient because it allows
us to apply simple statistics to its behaviour, but it is
not always appropriate.

Assigning a normal distribution to a variable is an
assumption, and if we really have no idea what the
probability distribution looks like, apart from its
limiting values, a more conservative (that is,

cautious) assumption is to assume that any value
within the range has an equal probability. Arguably
that is what the IPCC report in 2001 did by failing to
discuss different probabilities for different scenarios
of future carbon dioxide emissions, and of resulting
global warming estimates. An assumption of equal
probability gives a much greater probability to the
extremes of the range than in a normal distribution.
(As it happens, the most extreme of the SRES
scenarios, the A1FI scenario, now looks closest to
what has happened so far since 1990 — the start of
the SRES scenarios — but IPCC in its 2007 report
actually de-emphasised the AI1FI scenario,
presumably because it thought it least likely.)

In the above example, if we assume the variable
is normally distributed, and the threshold is 7.5°C,
then we find the probability of exceeding this
threshold is 50%. If we make the very different
assumption of a flat or equal probability distribution
over the range, then, although the probability of the
temperature being exactly 7.5°C is much smaller,
the probability of the temperature exceeding this
value is still 50%. This is because the probability of
exceeding a threshold integrates (or adds up) all the
values below the threshold.

Such a result is even more robust when we
consider the result of combining two or more ranges



of uncertainty. This is because the probability of
exceeding a particular threshold is the result of a
number of different individual probability distributions
for a number of different variables all of which
contribute to the uncertainty. While any one of these
probability distributions may be difficult to quantify,
the probability distribution of the combination is
often less uncertain, and in general more likely to be
peaked, and for combinations of more variables
becomes in general closer to being normally
distributed. This is because when any two probability
distributions are combined, the probability of
combining extreme values of the two variables to
produce a new extreme of the combination is less
than the probability of multiple combinations of the
two variables leading to the same intermediate
value of the product.

What this means in practice is that the probability
distribution of any variable influenced by multiple
uncertainties is likely to be bell shaped, with the
most likely value near the middle of the combined
uncertainty range, and the cumulative probability
of exceeding the mid-range value is likely to be
around 50%. While this is a good rule of thumb,
there are exceptions, especially where the combined
variable (for example, runoff in a river) cannot be
negative. In the latter case, the probability
distribution is likely to be skewed, with more small
values and a few large values.

Estimating risk

The IPCC, in its successive reports has been
reluctant to attach probabilities to particular
magnitudes of warmings within the large range of
1.4 to 5.8°C (in the 2001 report) and 1.1 to 6.4°C (in
the 2007 report) that it estimated for the year 2100.
This was due to the great difficulty of assigning
probabilities to the relevant population, socio-
economic and technological factors that would
determine greenhouse gas emissions decades
ahead. This difficulty was accentuated by the likely
influence of future policies on these factors that
determine emissions. Moreover, multiple scenarios
of the future are useful to decision-makers, even
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without likelihoods, if they help decision-makers
choose between policies that may lead to desirable
or undesirable outcomes.

Nevertheless, the lack of probability estimates
presents problems in developing policy for reducing
greenhouse gas emissions and in planning for
adaptation to climate changes. Decision-makers
need to base decisions on some risk assessment
both in mitigation and adaptation policies, since
such policies involve costs. Clearly, as the rapid rise
in carbon dioxide emissions since 1990 has shown,
estimates need to be re-assessed as new information
comes to hand. What was once considered unlikely
may become more likely as events or scientific
understanding progress.

The United Nations Framework Convention on
Climate Change (UNFCCC) states that the central
objective must be to avoid concentrations of
greenhouse gases that may lead to ‘dangerous
interference with the climate system’. Therefore,
developing appropriate mitigation policy requires
an understanding not only of the impacts of any
given concentration of greenhouse gases in the
atmosphere (which has a range of uncertainty), but
also of the likelihood of reaching a critical level of
greenhouse gas concentrations (a dangerous
threshold) at some time in the future. The urgency
and severity of any mitigation measures needed to
avoid reaching a critical threshold depends on the
risk (probability multiplied by consequence) of
what may happen if such measures are not taken.

Similarly, appropriate adaptation policy is
related to the rate and magnitude of climate change
that affects design parameters or critical thresholds
for particular infrastructure (buildings, dams,
drains, sea walls, etc.) and activities (farming, water
supply, etc.). For example, engineers designing a
dam required to last 100 years or more need to
know the likely maximum flood flows for which a
spillway will need to cope to avoid possible collapse
of the dam. Engineers and planners require similar
estimates for the height of bridges, size of drains, or
setbacks from rivers or coastlines subject to possible
flooding or coastal storms. It is relatively easy to
establish the sensitivity of systems to climate
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change, and to suggest measures for increasing
adaptability and resilience, such as higher bridges,
larger spillways and stronger buildings. But the
extent and urgency of the measures that should be
taken depends on the probability of a given change
and its consequences. Such measures incur costs, so
a risk assessment is needed.

Risk cannot be managed or treated efficiently
unless it is properly assessed. This requires an
estimate of both the probability of an event
occurring and an assessment of its consequences.
The risk of exceeding some critical level of
consequences (defined by collective global value
judgements in the case of the UNFCCC) is central
to deciding the urgency and extent of reduction
in global greenhouse gas emissions (that is,
mitigation) that is needed. Once a global emissions
reduction target is agreed, there will then be a need
to decide on national or other local targets on an
equitable basis. That involves negotiation, possible
compromises and further uncertainty.

Some scientists have argued that it is too difficult
to assign probabilities to future climate change.
However, Steve Schneider of Stanford University
has argued that, in the absence of better expert
advice, decision-makers will make their own formal
or informal estimates of probability, and that this is
worse than using informed estimates provided by
relevant experts.” That such probability estimates
for global warming are possible is illustrated by a
number of estimates in the scientific literature,
although they get varying answers.® Most find
single-peaked probability distributions (that is, a
single most probable outcome), but a study by
Gritsevskyi and Nakicenovik of the International
Institute of Applied Systems Analysis found a
double-peaked distribution (that is, two very
different but more or less equally likely outcomes).”
They attributed this to a split in technological
development pathways towards either a low-carbon
emissions technology or a high-carbon emissions
technology, rather than some mixture of the two.
This suggests that an early and deliberate choice of
emissions technology pathways may be crucial to
future outcomes.

Although probability estimates are needed, and
in principle possible, methods for deriving
probabilities require further development and cannot
be said to be well-established at present. In fact, a
risk management approach requires not an
assessment of the probability of a particular emission
amount or global warming at some future time, but
rather, as Roger Jones of CSIRO (Australia) has
pointed out, an estimate of the likelihood of exceeding
an identified critical impact threshold. This integrates
the probabilities from the greatest or upper limit
warming down to some critical level, and is much
less dependent on the underlying assumptions.®

However, the relatively low but not negligible
probability of large or catastrophic changes,
sometimes called ‘surprises’, must also be
considered, since these may contribute appreciably
to the overall risk. Indeed, even if such catastrophic
changes occur many decades or even centuries
into the future, they may dominate any risk
assessment because of their very high costs (see
discussion in Chapter 6). The importance of these
potentially high-risk events means that high
priority must be placed on better understanding
them, especially their likelihood, potential impacts,
and any precursors that may enable them to be
detected in advance and avoided. Those who
argue that the risk from climate change is small
often ignore these uncertainties on the high-impact
end of the range of possibilities. High impact
outcomes may not be simply marginal, as is
assumed in most cost-benefit analyses, but could
result in the failure of the whole system, for
example, not simply higher food prices, but mass
starvation and community breakdown.

Instead of discounting future costs to negligible
amounts in today’s terms, future costs may increase
due to growth in populations and investments at
risk, and possible negative inflation. Future costs
may also ‘blow out’ if catastrophic change occurs
that causes system failure rather than just marginal
losses.”

It is interesting to note that a joint US-European
project called ‘RAPID’ is now focusing on one
possibly catastrophic possibility, a slow-down of



certain North Atlantic currents including the Gulf
Stream, which could have large regional effects on
climate in Europe and elsewhere. Early detection of
any change is seen as a high priority."

If probabilities are not attached to possible
climate change impacts, the present wide range of
IPCC projected warmings suggests that engineers
and planners, as they adapt design standards and
zoning to climate change, will need, for the time
being, to foster resilience and adaptive capacity.
They will need to hedge their bets, and delay
investment decisions, or gamble on whether
humanity will go down high or low emissions
development pathways."

However, probabilities would allow proper risk
assessments and the costs and benefits of specific
adaptation policies to be calculated. This is a high
priority for further research to assist in policy
development.? It implies a somewhat different
approach, involving dealing with uncertainty by a
strategy that emphasises flexibility and changes
with the circumstances.” Probability estimates need
to be updated as new observations of changes and
processes come in, even if the processes have not
yet been included in climate models. Thus
observations pointing to processes leading to
accelerated outflow from or melting of the Greenland
and Antarctic ice sheets should lead to revised
estimates of the probability of rapid sea-level rise.

Uncertainty and the role of sceptics
Genuine questioning and scepticism in science is
good: it is one of the ways that science progresses,
leading to the critical examination of assumptions and
conclusions, and eventually the substitution of newer
and more reliable theories for older ones that are less
robust. This is the scientific method of hypothesis
testing and development of new paradigms. However
challengers need to do three things:

1. apply their critical faculties to both sides of an
argument,

2. admit uncertainties that may work for or
against any particular proposition,
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3. accept that risk management may require
appropriate policy responses despite
uncertainty.

It is a safe generalisation that in a world of many
uncertainties, one test of whether a scientist, or
scientific challenger, is open to all the evidence and
therefore unprejudiced is whether they say ‘on the
one hand this, and on the other hand that’. While
such admissions of uncertainty are often used to
put down scientists, genuine scientists seldom
make statements without some qualification or
caveat because there are usually at least two sides
to any complex argument. People who admit to
only one side are usually either biased or taking a
‘devil’s advocate’ role.

Some genuine sceptics (often academic scientists)
take the ‘devil’s advocate” position to stimulate
debate and test propositions. This is bolstered by one
traditional academic view of science as a process
leading to a body of tested propositions or theories
that can be regarded as ‘truths’ (at least until
subsequently disproved). This view, in statistical
terms, traditionally requires that a proposition be
established at the 95 or 99% probability level (that is,
95 or 99 chances out of 100 that it is true, respectively)
before it can be regarded as established. On this basis
one or two pieces of contrary evidence is usually
enough to discredit a proposition. Such a view
protects the limited body of ‘truth’ from any
falsehood, but may end up denying as unproven
many propositions that might be true. For example,
if a proposition has been shown to have an 80%
chance of being true, this view would reject it as
unproven, when in fact it may well be true and could
have serious consequences.

This academic view of science takes little account
of the relative consequences of whether a proposition
is true or false, and fails to acknowledge that
decisions on practical matters may require us to act
despite uncertainty. If this view were adopted
in daily life we would seldom insure against
accidents because they are not certain to happen to
us. It ignores the concept of risk, that is, that in
making practical decisions we weigh the probability
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of an event against its consequences. Policy-relevant
or applied scientific advice must take account of
risk even when it is less than 95% certain.

Another problem with this view that ‘it must be
proven beyond reasonable doubt’ is that in practical
matters outside the laboratory it is often difficult to
find counter-evidence of a proposition that is any
more certain than each individual line of evidence
for the proposition. We cannot then automatically
use a single apparently inconsistent ‘observation” or
published paper to ‘disprove’ a proposition: we need
to test the contrary line of evidence at least as
rigorously as the supporting evidence, and decide
on a balance of evidence, considering all the
uncertainties. For example, if we have ten sets of
observations pointing to global warming (land
temperatures, ocean temperatures, sea ice, glaciers,
snow covet, plant flowering dates, bird distributions,
dates of river ice break-up, bore hole temperatures,
melting permafrost), and one which does not (some
satellite data), do we simply conclude that the 10 sets
are wrong, or do we look critically at the reliability of
all the evidence and decide which is more likely?

The devil’s advocate position is legitimate in a
purely scientific debate, where there is plenty of
time for contending arguments to be put and an
eventual decision reached by the scientific
community as a whole. However, where critical
policy issues or urgent decisions are at stake,
responsible scientists will give balanced advice,
admitting and taking into account uncertainties on
both sides of any debate.

In the current debate about the reality, seriousness
and urgency of climate change, governments,
through the IPCC, requested a pro tem consensus
position, based on the balance of evidence. The
conclusions from the IPCC have always been subject
to uncertainty, always subject to revision, and as the
science has progressed the conclusions have been
expressed more and more explicitly in terms of
estimated ranges and probabilities.

A number of people have emerged who deny
there is significant human-induced global warming
and treat science like a debate in which they
apparently see their job as to selectively use any

possible argument against a proposition to which
they are opposed for non-scientific reasons, instead
of looking at the balance of evidence. In adversarial
politics, where “point-scoring’ is common, and often
accepted as legitimate, such selective use of evidence
is often condoned, even if its source is dubious and
its veracity in doubt. However, in a debate affecting
world affairs, economies and human welfare,
debate should be responsibly directed at finding
the balance of evidence, the testing of all
statements, and the free admittance of all doubts
and uncertainties, whether they favour a particular
proposition or not. In this context, one-sided
challengers should more accurately be labelled
‘contrarians’ rather than sceptics, since they are
sceptical of one position but do not also question the
contrary."

Examining the projection of global warming by
2100 in the range of 1.1 to 6.4°C, made by the IPCC
in its Fourth Assessment Report in 2007, a genuine
sceptic may well say that the range of uncertainty
hasbeen underestimated. But what some contrarians
argue is that the warming may be (or is definitely)
less than 1.1°C because of some selected uncertainty.
How often do you hear these same contrarians
argue that due to uncertainty it might equally well
be greater than 6.4°C?

An Australian mathematician, Ian Enting, has
described the common sceptics’ arguments in a
book called Twisted: The Distorted Mathematics of
Greenhouse Denial *® Enting argues that the sceptics’
arguments preclude them from being taken as a
valid alternative view of the science because of
distortion of the data, inconsistencies between
arguments, and discrepancies between what
individuals commonly tell the media and what the
same individuals say when subject to greater
scrutiny. He characterises much of the sceptics’
behaviour as public relations, and quotes Richard
Feynman, the American Nobel Prize winner, as
saying ... reality must take precedence over public
relations, for nature cannot be fooled’. Reality, in
the form of recent observations, indeed tells us that
climate change is happening, and doing so faster
than even the IPCC has predicted.



It is invidious to ascribe motives to particular
individuals, and in most cases I will not do that
here. However, we can think of a number of possible
underlying positions or interests, related to the
enhanced greenhouse effect and its impacts, which
may motivate or explain the positions held and
arguments used by some contrarians.

One such prejudice comes from people, often
scientists in disciplines other than climatology, who
are not convinced of the value of predictive
modelling in the physical and mathematical
sciences. Sometimes such people think of a ‘model’
as merely a theoretical framework to explain a set
of observations, rather than a set of well-tested
mathematical non-linear equations that can be used
to project behaviour of physical and chemical
systems forward in time. Such people may be
deeply suspicious of any claim to use a ‘model” to
predict future behaviour, even of a purely physical
phenomenon, however simple or complex. The fact
is, of course, that such predictive models do exist
and are used routinely for many practical purposes
such as daily weather forecasting, predicting the
tides, and predicting the motions of the planets.
Climate projections are just more complex, and
admittedly more uncertain, than some of these
examples. Climatologists are well aware and open
about the uncertainties. If climatologists are doing
their job well, they build their models carefully, test
the model’s components and overall performance,
and carefully estimate their reliability and possible
errors. This is part of a climatologist’s job
description.

Another question raised by some contrarians
comes from those familiar with the geological and
other paleo-evidence of past natural changes in
climate, which clearly were large, and not the result
of human influence. These contrarians say that if
such changes happened naturally in the past, why
should any changes occurring now be due to human
influence? Or else they argue that, since life survived
such changes in the past, it will survive similar
changes in the future, so why worry about it?
However, while natural climate change has
happened before and can happen again, this does
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not rule out the simultaneous occurrence of human-
induced climate change. Moreover, human-induced
climate change may be more immediate and rapid
than past changes, and it would happen at a time
when there are an unprecedented six billion human
beings alive on Earth. Considering the consequences
to such a human population if it had existed during
the last glacial cycle should dispel any equanimity
about the consequences of imminent rapid climate
change.

Another class of contrarian is those who are
driven by economic and political judgements. A
case in point is the best-selling book The Skeptical
Environmentalist by the Danish statistician Bjern
Lomberg, whose reasoning is quite explicit.
Lomberg takes the position that many environmental
issues have been exaggerated and proceeds
selectively to produce statistics pointing to
environmental improvements in recent decades
(many the result of agitation by the environmental
movement). Considering the enhanced greenhouse
effect, Lomberg, while tending to downplay the
risks from climate change, concedes that it is a
reality. His argument is not that human-induced
climate change is not happening, but rather that it
is manageable, and that reducing greenhouse gas
emissions would be prohibitively expensive.!¢

Lomberg in his more recent book Cool It, aimed
specifically at concern about climate change, again
claims that the impacts of climate change will be
negligible and easily dealt with, and that emissions
reductions are not urgent and will be enormously
costly.”” These claims are not true, as is evident later
in this book. His claims are value-judgements
based on discounting the more severe possible
impacts, technological optimism regarding our
adaptive capacity, and technological pessimism
regarding our ability to reduce greenhouse gas
emissions at low cost. His arguments have been
roundly debunked on the Grist website and
elsewhere.

An open letter by a large group of sceptics (many
without relevant expertise) addressed to the
Secretary-General of the United Nations at the Bali
Climate Change Conference in December 2007
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made sweeping assertions that recent observed
climate changes are entirely natural, cannot be
stopped, and that the cost of measures to reduce
emissions would be prohibitive. They advocated that
money should instead be spent on building resilience
to climate change. Once again, they clearly either did
not read, or took little notice of and completely
dismissed the detailed studies reported in the 2007
IPCC report. Many of their claims are confounded
later in this book.'

Some of the more extreme contrarians have
characterised ‘environmentalism” as a new religion
or ideology, or as some new form of totalitarianism.
Variously, such contrarians may hold beliefs about
‘environmentalists” whom they see as wishing to
halt “progress’ or ‘development” for ideological
reasons. They tend to ascribe ulterior motives to
proponents with a genuine concern about human-
induced climate change, and do not accept the
need to consider the supporting evidence on its
merits. It is true that some environmental alarmists
do highlight as fact extreme disaster scenarios
that may be uncertain to occur (and thus these
alarmists suffer from some of the same selective
characteristics as contrarians). However, this does
not excuse the selective denial by contrarians of
more likely possibilities. Moreover, recent evidence
suggests that some of the scenarios for climate
change once thought ‘extreme’ (even by me) are
not as unlikely as scientists thought just a few
years ago (see Chapter 5). So-called ‘extreme’
environmentalism is often a matter of a low
tolerance of even small probabilities of large
adverse impacts. It is in such cases a value
judgement about risk tolerance.

Other contrarians are deeply suspicious of the
motives and integrity of climate scientists. Allied
with this is often a deep suspicion of international
climate science as too much influenced by funding
and government (despite there being no consensus
amongst governments on many matters related to
climate change). They especially suspect the IPCC
as deeply biased and flawed and accuse it of
censoring or doctoring its reports. This is quite
contrary to the rigorous open reviews and other

procedures adopted by the IPCC to safeguard
against bias, and the fact that its reports have to
be approved by a whole range of governments
with many different views and interests. This view
also ignores the endorsement of the science by
the independent academies of science of all the
G8 countries (UK, France, Russia, Germany, US,
Japan, Italy and Canada) along with those of Brazil,
China and India. In a statement published in June
2005 these academies said ‘The scientific
understanding of climate change is now sufficiently
clear to justify nations taking prompt action” (See
http:/ /www.royalsociety.org).

Beyond all these possible motivations for
contrarian prejudice are those who have a real or
perceived economic interest in denying that human-
induced climate change is a reality. Some of these
genuinely believe the enhanced greenhouse effect is
not so, while others fail to see any urgency and seek
to delay action for their own (and possibly others’)
economic benefit."

Occasionally individual contrarians are accused
of arguing the way they do purely for their own
economic benefit, in order to receive payments from
fossil fuel industries or other interests and lobbies
such as politically conservative think tanks. In
many individual cases I know, it seems to me that
such contrarians do not seek out payments; rather,
such economic or political lobby groups seek out
contrarians and pay to promote their contrarian
views through grants, paid tours, publications,
testimonies and so forth. These sponsored
contrarians may in a sense be hired guns, but they
were often contrarians, or even genuine sceptics,
tirst, and are usually genuine in their beliefs. This
makes them more convincing through their
sincerity, but no more correct.

The economic self-interest argument is often
used against those scientists who believe there is a
real problem of human-induced climate change,
namely that scientists say these things because it
gets them grants or pays their salaries. This is the
charge of lack of integrity and ascribing of ulterior
motives to do bad science that most offends the
contrarians when applied to them. In the case of the



climatologists engaged in the science it is an ironic
argument for scientists in countries such as the
United States and Australia, where governments in
the recent past have not always welcomed explicit
policy-related conclusions and recommendations
that question government inaction.?

The public perception of the debate over climate
change has been shaped by the media’s common
adherence to a doctrine of ‘balanced reporting’.
This tends to give equal space to the considered
judgements of the scientific community, expressed
in peer-reviewed publications such as the IPCC
reports, and the often completely un-refereed
opinions or advocacy of a contrarian minority.
Although this is changing in some cases, there has
been a media tendency for giving equal space to
unequal scientific arguments, which often
misrepresents the balance of evidence and plays
into the hands of vested interests opposed to any
real action to limit climate change.”!

Peer review is the process in which scientists
normally submit their research findings to a journal,
which sends the draft paper out to be assessed for
competence, significance and originality by
independent experts in the relevant field. These
experts do not necessarily agree with the
conclusions, but if they agree that the arguments
and conclusions are worthy of consideration, then
the paper is published. The peer review system
means that statements based on such papers tend to
be more reliable than other kinds of statements or
claims. Claims made by politicians, newspaper
columnists, special interest think tanks and
campaign groups are not normally subject to such
independent quality review beforehand, but are
often given equal weight in media reports.

Peer review is not perfect and does not guarantee
correctness. It is just the first stage: a hypothesis or
argument that survives this first test is still subject
to further testing by other scientists. However, peer-
reviewed papers and reports can be considered to
be more than an opinion, and should not be lightly
dismissed in favour of untested opinions. An
awareness of the peer-review system and the
sources of information can help the media, the
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public and decision-makers to distinguish between
arguments derived from well-based scientific
judgements and those arising from un-checked
personal opinions.?

Application of the ‘Precautionary Principle’
In summary, uncertainty in regard to the rate and
magnitude of climate change, and in relation to its
effects, operates in both directions: it can mean that
effects may be less than the current best estimates,
or more. This raises the problem, common to most
human endeavours, of how to make decisions in
the face of uncertainty. The problem is even more
acute, in the case of climate change, because
decisions made now may determine consequences
many decades into the future.

Clearly there are a number of strategies, which
are used consciously or unconsciously in everyday
life. Essentially these amount to weighing the
potential consequences in terms of the probabilities
and what is at stake (that is, in formal terms, we
do a risk assessment). If the consequences of a
particular course of action may be disastrous, we
tend to avoid that eventuality by cautious action,
taking out some form of insurance, or working to
prevent the worst potential consequences from
occurring. And if we believe that we can reduce the
uncertainty by seeking better information we tend
to delay the decisions or take a bet each way until
we become better informed. This is called hedging
our bets.” We may make a tentative or pro tem
decision, to avoid the worst happening, and then
review the decision in the light of developments.
This is called adaptive decision-making. The whole
process is one of risk management.'?

The Precautionary Principle, as included in the
Rio Declaration at the Earth Summit in June 1992,
and assented to by representatives of most of the
nations of the world, states

Where there are threats of serious or irreversible
damage, lack of full scientific certainty shall not
be used as a reason for postponing cost-effective
measures to prevent environmental degradation.
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This principle has been incorporated into many
environmental agreements and regulatory regimes,
including Article 3 of the UNFCCC, where it is
expressed as:

The parties should take precautionary measures
to anticipate, prevent or minimize the causes of
climate change and mitigate against its adverse
affects. Where there are threats of serious or
irreversible damage, lack of full certainty should
not be used as a reason for postponing such
measures, taking into account that policies and
measures to deal with climate change should be
cost-effective so as to ensure global benefits at the
lowest possible cost.

This is the type of reasoning that, in a broader
context, has long governed engineering design,
safety regulations, the insurance industry, and
indeed foreign policy and military planning. It is
normal to consider worst case scenarios and to
consider what action is appropriate either to avoid
such scenarios coming to fruition, or to deal with
them if they do occur.

Uncertainty should be seen, not as a reason for
inaction on climate change, but as a reason for
proceeding cautiously, with a readiness to adapt
policies to changing insights and circumstances, as
we continue to conduct what the Toronto Conference
on climate change in 1988 called an uncontrolled
global experiment.

This leads to two key questions: what counts as
serious environmental damage that should be
avoided, and what measures are justified as
reasonable and cost-effective responses? The answers
to these questions are really what successive IPCC
reports, and the UNFCCC are all about: they are
complex and multi-faceted, combining scientific
information and human values.” Differing human
values and different self-interests will inevitably lead
to controversy, debate, and the exercise of political
power in deciding what action is actually taken by
governments, businesses and ordinary people.

In what follows, this book will explore the above
questions, with a view to suggesting what a creative
and adaptive policy response might entail, and how
we might help it along.
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What climate changes are likely?

In terms of key environmental parameters, the Earth system has recently moved well outside
the range of natural variability exhibited over at least the last half million years. The nature
of changes now occurring simultaneously in the Earth System, their magnitude and rates of
change are unprecedented and unsustainable.

PauL CRUTZEN (NOBEL LAUREATE) AND WiILL STEFFEN (INTERNATIONAL GEOSPHERE-BIOSPHERE
PROGRAMME, ExecuTivE DIReCTOR), 2003."

The Earth’s climate is now clearly out of balance and is warming ... Evidence from most
oceans and all continents except Antarctica shows warming attributable to human activities.
Recent changes in many physical and biological systems are linked with this regional climate
change. A sustained effort, involving many AGU members and summarized in the 2007
assessments of the Intergovernmental Panel on Climate Change, continues to improve our
scientific understanding of the climate.

AMERICAN GEOPHYSICAL UNION, REVISED POSITION STATEMENT, DECEMBER 2007 .2

Although the consequences of global climate change may seem to be the stuff of Hollywood — some
imagined, dystopian future — the melting ice of the Arctic, the spreading deserts of Africa, and the
swamping of lowlying lands are all too real. We already live in an ‘age of consequences’, one that

will increasingly be defined by the intersection of climate change and the security of nations.

THE AGE OF CONSEQUENCES, CENTER FOR A NEW AMERICAN SECURITY, 2007.3

Human-induced climate change is only an issue if it
is large enough and rapid enough to create real
problems for natural ecosystems and for human
societies. In this and the following chapter we will
look at the magnitude and rate of climate change,
including sea-level rise and changes in extreme
events, that are likely to result from human-induced
emissions of greenhouse gases, and at what the
effects might be on nature and society.

Given the acknowledged uncertainties, the
Intergovernmental Panel on Climate Change (IPCC)

has tried in successive reports to state what it was
confident about, and what was more or less likely or
possible, but still rather uncertain. The statement from
the American Geophysical Union — the professional
association of American geophysical scientists — does
the same in a very summary form. The IPCC, in its
reports in 2001 and 2007 extended this process to a
treatment of possible sudden or irreversible changes
in the climate system which might be catastrophic,
but about which we know relatively little regarding
likelihood, timing, magnitude and impacts.
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Complete surprises are possible. A prime
example is the sudden appearance of the ‘ozone
hole’, which first occurred without warning over
Antarctica during the 1970s in the southern
hemisphere’s spring. The ozone hole appeared far
more rapidly and is far more long lasting than
anyone anticipated in the early 1970s. At that time
scientists like me were worrying about possible
gradual destruction of ozone in the upper
atmosphere. We were taken by surprise when it
happened in a few years over Antarctica, far from
the sources of the chemicals thought to be
threatening the ozone layer. ‘Repairing’ the ozone
hole is likely to take the best part of a century,
despite strong international agreements on doing
so (see Chapter 9 for a more detailed discussion of
the ozone problem). And it could have been far
worse. As Paul Crutzen stated, on receipt of the
Nobel Prize for his work on ozone:

... if the chemical industry had developed
organobromine compounds [which contain bromine]
instead of the CFCs [which contain chlorine]

... then without any preparedness, we would have
been faced with a catastrophic ozone hole
everywhere and in all seasons during the 1970s ...
Noting that nobody had given any thought to the
atmospheric consequences of the release of CI or

Br [chlorine or bromine] before 1974, I can only
conclude that mankind has been extremely lucky.*

As I write this in 2008 we are in a much stronger
position in regard to climate change in that it has
been anticipated in general terms, we have been
warned, and we already have an international
convention in place to deal with it. However, we are
still being surprised by the unforeseen rapidity of
some developments, such as the rapid retreat of
Arctic sea ice in the last few years, and the necessary
sense of urgency is still not universally accepted.

Projected climate changes

The magnitude of eventual climate change depends
to a first approximation on the accumulated
emissions. On the basis of the Special Report on

Emissions Scenarios (SRES)® discussed in Chapter 3,
the projected accumulated emissions by 2100,
expressed in units of thousands of millions of
tonnes of carbon equivalent (Gtc), range from a
low of 770 Gtc with the B1 scenario to approximately
2540 Gtc with the ATFI (or fossil fuel intensive)
scenario. This range compares with the earlier
IPCC IS92 projections ranging from 770 to 2140
Gtc, so the upper end of the range is now greater
than before. Corresponding projected carbon
dioxide concentrations by 2100 range from 540 to
970 parts per million (ppm). While the A2 emissions
scenario reaches the same high rate of emissions by
2100 as the A1FI (see Figure 16, left-hand panel), it
does so more gradually and thus has lower
accumulated emissions and results in less global
warming by 2100. This is important in terms of the
impression created by the 2007 IPCC report because
the latter, in its Figure SPM-5 of WGI (right-hand
panel of Figure 16) does not show a graph of the
warming resulting from the A1FI scenario, although
it was shown in the corresponding Figure in the
IPCC 2001 report, which is reproduced here as
Figures 15. As discussed in Chapter 3, the A1FI
scenario is the closest to what has actually happened
since 1990.

Note Figure 16 (right-hand panel) shows only
three of the SRES scenarios, A2, A1B and B1, as well
as one where the concentrations of all greenhouse
gases were held fixed at 2000 levels (to show the
commitment to warming from past emissions).
Although the choice of SRES scenarios to be
modelled in detail was made ostensively merely to
limit the number of simulations, it had the effect of
eliminating the one with the greatest warming
impact by 2100. However, ranges of warmings by
2100 for all SRES marker scenarios are given in the
sidebars at the right of the Figure, and in the
tabulated results which are summarised below in
Table 3.

This chapter describes projected changes in
climate based on both these SRES ‘transient
scenarios’ (which are not driven by climate policies)
and ‘stabilisation scenarios’ that assume policies
leading to a levelling off of greenhouse gas
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Figure 15: Global average temperature projections for six illustrative SRES scenarios, as depicted in the 2001 IPCC report. The
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Figure 16: Left Panel: Global greenhouse gas emissions (in CO,-equivalent) in the absence of climate policies for the six illustrative
SRES marker scenarios (solid lines) and the 80th percentile range of recent scenarios published post-SRES (dark grey shaded area).
Dashed lines show the full range of post-SRES scenarios. Right Panel: Solid lines are multi-model global averages of surface
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1980-1999. This is Figure SPM-5 of the IPCC 2007 Synthesis Report (reproduced with permission from IPCC).
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concentrations at various values. Many different
stabilisation scenarios have appeared in the
literature since the 2001 IPCC report, and these are
summarised in Working Group III, Chapter 3.3.5, of
the 2007 IPCC report. Likely climate changes
projected on the basis of all these scenarios include
surface warming, changes to rain and snowfall,
increased evaporation, changes to the magnitude
and frequency of extreme events such as droughts
and floods, rises in sea level, and the possibilities of
abrupt changes and large-scale changes of the
climate system such as ocean currents or the melting
of ice sheets.

The policy-relevant questions are how rapidly
such effects will occur, their magnitude, and how
well we would be able to adapt to them. If we cannot
adapt at reasonable cost we will need to avoid such
scenarios by reducing greenhouse gas emissions.

Surface warming

The IPCC’s 2001 report projects global average
surface temperature increases ranging from
1.4 to 5.8°C by 2100 (see Figure 15) for non-climate-
policy SRES scenarios, compared to the earlier
IPCCIS92 range of 1.5 to 3.5°C. The corresponding
range from the 2007 IPCC report is 1.1 to 6.4°C.
This latest projected rate of warming is roughly
two to 10 times that observed during the twentieth
century, which was about 0.6°C. The rate is much
faster than the average warming at the end of the
last glaciation. The greater warming at the high
end of the range, compared to that in the 1S92
range is due to both greater carbon dioxide
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emissions in the high emissions scenarios and less
sulfur emissions.

About half the range of uncertainty in projected
warming is due to the choice of scenarios, which in
reality can be influenced by policy developments,
and half to the uncertainty for a given scenario,
which is due to scientific uncertainties. The latter
essentially concerns the sensitivity of climate to a
given increase in carbon dioxide concentrations.
This scientific uncertainty is a high priority for
further research and is greatly affected by various
positive (amplifying) or negative (stabilising or
damping) ‘feedback’ effects including cloud cover,
possible reductions in oceanic and biospheric
uptake of carbon, and changes in surface properties
such as snow and ice cover, and vegetation. The
rate and magnitude of such feedbacks is the subject
of much current research and observation, with the
IPCC stating in its 2007 report that the climate
sensitivity is likely to be in the range 1.5 to 4.5°C,
but that it could be considerably higher.

The estimated transient warmings for the SRES
scenarios in the 2007 IPCC report are summarised
in Table 3. “Transient” warmings are reached at a
certain date, while the climate system is still
undergoing change, as opposed to ‘equilibrium’
warmings that are those reached at a time when the
climate system has stopped changing and settled
down into a new, stable state.

Note that in Figures 15 and 16 and in Table 3,
there is a large uncertainty range for each scenario,
due mainly to the uncertainty in the sensitivity of
climate to specified increases in greenhouse gases.

TABLE 3: Projected global average surface warming at 2090-99 relative to 1980-99 for various transient scenarios of greenhouse

gas emissions. After IPCC 2007, WGl Table SPM-3

Scenario Best estimate (°C) Likely range (°C)
Constant year 2000 concentrations 0.6 0.3-0.9
SRES B1 1.8 1.1-2.9
SRES A1T 2.4 1.4-3.8
SRES B2 2.4 1.4-3.8
SRES A1B 2.8 1.7-4.4
SRES A2 3.4 2.0-5.4
SRES ATFI 4.0 2.4-6.4




Estimates are based on the IPCC 2007 hierarchy of
climate models of varying degrees of complexity,
with a range of different climate sensitivities.

It is significant that there is relatively little
difference in transient warmings by 2050 for the
various emissions scenarios, with warmings only
diverging rapidly in the latter half of the century.
This is due to the relatively small difference in
cumulative emissions by 2050 implied by the
different emissions pathways and the slow response
of the climate system, which is still catching up to
the effects of earlier emissions. The warming at 2050
is largely determined by changes already in the
pipeline due to past emissions, but changes in
emissions in the next few decades will make a big
difference to warmings by 2100.

It is worth adding, for the sake of those who
might be influenced by the occasional cooler year to
doubt global warming, that in the next decade
interannual variability of the climate system, such
as that associated with El Nino, fluctuations in the
ocean circulation, and anomalies in ocean heat
content, can still lead to some years that are slightly
cooler than the recent average. Indeed, some British
climatologists have developed an improved method
of predicting climate over the next decade that takes
account of the internal variations as well as the
long-term trend. They suggest that climate will
continue to warm, with at least half of the years
after 2009 predicted to exceed the warmest year
currently on record.®

Natural interannual variability of global sea
surface temperature is largely due to varying heat
exchange between the atmosphere and the ocean.
This is mainly due to the El Nifio—La Nifa cycle, with
El Nifio years tending to be warmer due to reduced
upwelling of cold water in the eastern tropical Pacific.
Atmospheric and oceanic circulation changes due to
global warming also affect the heat exchange with
the deep ocean, especially in the Southern Ocean
around 50-60 degrees south. In addition, increased
heat energy at the surface due to increasing
greenhouse gases is being partially absorbed as latent
heat, leading to the rapid melting of Arctic sea ice,
mountain glaciers and parts of major ice sheets. This
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must be slowing the increase in sensible heat (that
reflected in temperature rises). Surface temperature is
thus likely to rise faster once the ice is melted.’”

Stabilisation emissions scenarios and their
resultant global warmings are more relevant to
policy than the SRES transient scenarios, since they
describe outcomes based on various prescribed
emissions reduction programs, such as may be
introduced to reduce the magnitude of future climate
change. Concern about climate change has already
led to limited national and international policies that
have reduced emissions slightly relative to what
they might have been otherwise. And growing
concern about climate change will likely lead to
greater policy-induced reductions in emissions in
the near future, even though recent emissions have
in fact been at or above the rate in the SRES fossil
fuel-intensive scenario AI1FI. Comparison of
outcomes under various equilibrium warming
scenarios gives some idea of the effect on climate of
various emissions reduction programs and targets.

The eventual stabilised global warmings from
stabilised emissions are reported in the 2007 IPCC
report and are summarised in Table 4.° They are
given for various groupings or categories of scenarios,
stabilising at carbon dioxide concentrations in ranges
from 350400 ppm (category I) to 660-790 ppm in
category VI (column 2). These correspond to larger
ranges of carbon dioxide-equivalent (column 3),
where other greenhouse gases and aerosols are
included as the equivalent amount of carbon
dioxide. Column 4 shows the year at which CO,
emissions must peak, or reach a maximum, if the
scenario is to stabilise at the desired value, while
column 5 shows the percentage change in carbon
dioxide emissions necessary by 2050 if this is to be
achieved. Column 6 shows the eventual global
average warming above pre-industrial temperatures
for each category of emission scenario. I have left
out the eventual sea-level rise estimates, since those
in the IPCC report leave out the effects of ice sheet
melting and disintegration, which will clearly
dominate over thermal expansion of the oceans on a
time scale of centuries. (We will return to sea-level
rise below, see Table 6.)
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TABLE 4: Characteristics and results of various categories of greenhouse gas concentration stabilisation scenarios

CO, concentration CO,-equivalent Change in Eventual warming
Emissions scenario at stabilisation concentration at Peak year for emissions needed above pre-industrial
category (ppm) stabilisation (ppm) emissions by 2050 (%) °C)
| 350 to 400 445 to 490 2000 to 2015 -85 to =50 20to2.4
Il 400 to 440 490 to 535 2000 to 2020 —60 to =30 24t02.8
1 440 to 485 535 to 590 2010 to 2030 -30to +5 2.8t03.2
\% 485 to 570 590to 710 2020 to 2060 +10 to +60 3.2t04.0
\% 570 to 660 710 to 855 2050 to 2080 +25 to +85 4.0to 4.9
\ 660 to 790 855 to 1130 2060 to 2090 +90 to +140 4910 6.1

In 2005 the CO, concentration was already
379 ppm, while the CO,-equivalent concentration
was slightly less at 375 ppm, due to the negative
(cooling) effect of aerosols. (The importance of the
aerosol effect is declining as greenhouse gases are
long-lived and thus cumulative in the atmosphere,
whereas aerosols are rapidly removed from the
atmosphere and thus not cumulative.) Note that the
warmings given in column 6 are for an assumed
climate sensitivity of 3.0°C, whereas the full range
of sensitivities is 1.5 to 4.5°C or greater (see
Figure 28).° We will return to that in our discussion
of stabilisation targets in Chapter 8.

Regional warmings™

While average global warming is of importance,
most interest is in regional impacts, for which more
detailed estimates of regional warming are
required. Fortunately, there is broad agreement on
the patterns of warming around the globe in
various climate models. Warming in continental
interiors and in the high latitudes of the northern
hemisphere is expected to be greatest with less
expected over the oceans and windward coastlines.
Indeed high northern latitudes may warm at
several times the rate of the global average, and
continental interiors up to twice as fast as the
surrounding oceans (see Figure 17, left side). The
least warming is expected over the Southern Ocean
due to its large capacity to transport surface heat
into the deep ocean, and possibly in the North
Atlantic region, depending on the behaviour of
the ocean circulation (see later). Warming may be
greater in the eastern tropical Pacific than in the
west, which may lead to a more EI-Nifo-like

average condition (although year-to-year variability
around that average may increase).

After stabilisation of greenhouse gas concen-
trations in the atmosphere, warming will continue for
centuries, especially in the Southern Ocean region,
leading to ongoing regional climate change in the
vicinity, especially in Australia and New Zealand, and
possibly in southern Africa, Argentina and Chile.

Precipitation and evaporation™

Global average precipitation (rain or snowfall) and
evaporation are projected by climate models to
increase by about 1 to 9% by 2100, depending on
which scenario and climate model is used. However,
projected precipitation changes vary more from region
to region, with increases over mid- to high-latitudes in
both hemispheres (see Figure 17, middle). Decreases
are projected in subtropical and lower mid-latitudes,
notably Central America, the Caribbean and the
south-western United States, Southern Europe, North
Africa and the Middle East, and in the western mid-
latitude regions of the southern continents. This is
generally associated with the polewards migration of
the mid-latitude westerlies associated with a
strengthening of the northern and southern “annular
modes’ of circulation and the related changes in
surface pressure patterns (Figure 17, right side)."
Surface pressure tends to increase at mid-latitudes
and decrease at high latitudes.

Decreases in annual average precipitation in the
subtropical and mid-latitudes are up to 20% in the
climate models by 2100 for the A1B scenario, which
is mid-range. Even more rapid changes have been
observed, and this is in part explained by the
additional effect of decreases in stratospheric ozone,
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Figure 17: Changes projected for the period 2080-2099 relative to 1980-1999, averaged from several climate models for the
mid-range SRES emissions scenario A1B. Changes are for the northern winter (top) and northern summer (bottom), for temperature
(°C, at left), precipitation (mm per day, centre), and sea level pressure (hPa or mBar, right). This is IPCC 2007 WGI Figure 10.9

(used with permission). This and other IPCC-based figures can be seen in colour at http://www.ipcc.ch.

which adds to the polewards movement of the
westerlies, especially in the southern hemisphere.
Precipitation increases are projected in the tropical
regions, notably over the oceans and tropical East
Africa, extreme Southern Asia, and at high northern
latitudes including northern Europe, again of up to
20% for mid-range emissions scenarios by 2100.
However, Frank Wentz and colleagues point out
that while climate models and satellite observations
both indicate that total water content of the
atmosphere will increase at around 7% for each °C
rise in global surface temperature, the models
predict a slower rate of increase in global
precipitation and evaporation, that is, that the
water cycle speeds up, but not as fast as total
water content, possibly due to a slower increase in
evaporation due to lower wind speeds. They report
that recent satellite observations indicate that
precipitation has in fact increased at the same rate
as atmospheric water content. Xuebin Zhang and
colleagues in a study to detect human influence on
twentieth century precipitation trends also find that
precipitation has changed faster than the climate
models have predicted. If these two papers are

correct it has profound implications for potential
impacts on agriculture and water supplies, the
severity of droughts, and for flood frequencies and
other extremes."

One Australian sceptic has claimed that this
accelerated evaporation would cool the surface and
thus reduce global warming. This is nonsense.
Increased evaporation means that increased latent
heat is absorbed into the atmosphere, and
transported, mainly polewards, to where the water
vapour would condense, releasing the latent heat.
Thus a stronger hydrologic cycle would accelerate
heat transport polewards, causing greater warming
at high latitudes. The climate models already
capture this process. It would simply be stronger if
Wentz and colleagues are correct.

In any case, a study by Pall and others found that
extreme precipitation increases, both in observations
of daily precipitation and in models, in proportion to
the large increase in available atmospheric moisture,
rather than at the slower rate indicated for increases
in average rainfall in the same models."*

Precipitation changes will vary greatly on finer
spatial scales due to topographic and coastal effects.
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These changes are best simulated using regional
climate models, but agreement is sometimes poor
between models. Changes in rainfall intensity and
seasonality are expected, but these changes are
quite uncertain in many areas. Higher temperatures
will mean that more precipitation will fall as rain
rather than snow, changing the seasonality of river
flows in many snow-fed catchments such as those
in the western United States, northern Europe, and
those fed by runoff from the Andes in South
America, and the mountains of central Asia (notably
India, Pakistan and China).

There has been an observed strengthening and
polewards movement of the atmospheric low-
pressure belts around the North and South Poles
during the late twentieth century. This is simulated
in climate models that include the effects of enhanced
greenhouse gases and stratospheric ozone depletion
(see Figure 17, right side). This effect is expected to
continue through the twenty-first century, with any
lessening of the ozone depletion effect being more
than made up for by strengthening of the greenhouse
effect. Storm belts will also shift, and the North
Atlantic Oscillation may stay in a more positive
mode, affecting climate over Europe. These
circulation changes help explain the modelled and
observed regional precipitation changes. In the
southern hemisphere the increase in north-south

temperature differences due to the lag in warming
in the Southern Ocean will reverse after stabilisation
of greenhouse gas concentrations as the Southern
Ocean continues to warm. This may lead to a partial
reversal of precipitation changes associated with the
shift southward of the westerlies.

Extreme events

According to the IPCC 2007 report, it is likely that
changes in some extreme events were observed during
the twentieth century (Table 5 below), however, there
is some uncertainty due to limited data. More changes
in extreme events are likely in the twenty-first century.
Daily maximum and minimum temperatures, and the
number of hot days are very likely to increase, with
fewer cold and frosty days. In general there will be a
reduced diurnal temperature range (the difference
between daily maximum and minimum temperatures).
The heat or discomfort index is very likely to increase
in most tropical and mid-latitude areas. More intense
precipitation events are very likely over many areas
(causing more frequent flooding), and increased
summer drying is likely over mid-latitude continental
interiors, with an increased risk of drought. The
intensity of tropical cyclone winds and peak rainfalls is
likely to increase. Extra-tropical storms (low pressure
systems) are also likely to be more intense, and follow
higher latitude paths. Greater extremes of flood and

TABLE 5: Changes in extreme events. IPCC 2007 report estimates of confidence in observed changes during the twentieth century,
and projected changes in the twenty-first century, for extreme weather and climate events

Confidence in projected
Confidence in observed changes changes (during the
Changes in phenomenon (post-1960) twenty-first century)
Higher maximum temperatures and more hot days over nearly all Very likely Virtually certain
land areas
Higher minimum temperatures, fewer cold days and frost days over Very likely Virtually certain
nearly all land areas
Reduced diurnal temperature range over most land areas Very likely Virtually certain
Intense precipitation events, (frequency or proportion of total rainfall) Likely Very likely
Increased risk of drought in mid-latitude continental areas Likely Likely
Increase in tropical cyclone peak wind intensities and rainfall, with Likely in some regions Likely
lower central pressures
Extreme extra-tropical storms: increased frequency/intensity and Likely Likely
polewards shift
Coastal storm surges and flooding more severe (due to both higher Very likely due to sea-level rise Virtually certain
mean sea level and more intense storms) last century




drought are likely with the El Nifo-Southern
Oscillation cycle (El Nifio and La Nifa), which is
expected to continue. An increased frequency of
extreme high sea level due to storm surges is likely.
These changes are summarised in Table 5."

In general, any increase in the average of a
climate variable such as temperature or rainfall
tends to have an exaggerated effect on less frequent
extremes associated with normal climate variability,
such as very cold or hot days. The increase in
average reduces the frequency of occurrence of
extremes on the low side and increases their
frequency on the high side. Changes in variability
can also occur, which may strengthen or weaken
the changes in extremes.

This is supported by a review of the paleo-
records of natural floods, which found the
magnitude and frequency of floods are highly
sensitive to even modest changes of climate
equivalent to or smaller than those expected from
global warming in the twenty-first century. The
review suggested that times of rapid climate change
have a tendency to be associated with more frequent
occurrences of large and extreme floods. Consistent
with this, a study of great flood events in 29 river
basins around the world shows an increase in
frequency since 1953. Using climate models, the
study found that the frequency of such large floods
will increase further during the twenty-first century,
by a factor of two to eight.'®

Recent high spatial resolution climate modelling
studies found that an increase in intense precipitation
is very likely in many parts of Europe, despite a
possible reduction in summer rainfall over a large
part of the continent.”” Along with increases in total
rainfall in northern Europe, this means that severe
flooding is likely to become more frequent, especially
in winter, despite a general tendency towards
drier summers. This will be exacerbated by more
precipitation falling as rain rather than as snow.
The proportion of total precipitation derived from
extreme and heavy events will continue to increase
relative to that from light to moderate events.

Some recent analyses of pan evaporation
observations (that is, measurements of rates of
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evaporation from a water surface in an open pan)
suggest that pan evaporation, and by inference
solar radiation reaching the Earth’s surface,
decreased in many areas from the 1960s through to
the 1980s. This may have been due to increasing
aerosol pollution, particularly in the northern
hemisphere, or to changes in cloud amounts. It has
been suggested that these decreasing trends
challenge climate change projections that indicate
increases in potential evaporation in many areas.'®

Against this, pan evaporation is not the same as
actual evaporation, which can show an opposite
trend. Moreover, pan evaporation has increased in
some areas since the 1980s, and there is evidence that
solar radiation in these areas is also increasing, most
likely due to decreasing aerosols." In any case, recent
climate model calculations do take account of the
direct effects on evaporation of atmospheric aerosols,
and some models even include the indirect effects
via aerosol-induced changes to cloud properties
(see Chapter 2). The fact that total global rainfall has
increased, especially at high latitudes, and that high
latitude ocean surface waters have become fresher,”
suggests that the global hydrological cycle has in
fact sped up at least as fast, if not faster, than the
climate models suggest.

A recent study by Cai and Cowan underlines the
importance of warming in amplifying the effect of
rainfall deficiencies. Drought is often defined in
terms of cumulative rainfall deficits relative to the
average in a given region. But drought is better
defined in policy-relevant terms by soil moisture
deficit or decreases in runoff, which are a combination
of rainfall deficit and actual evaporative losses. Cai
and Cowan show that for the extensive Murray-
Darling Basin in Australia, the record from 1950 to
2006 shows that, after removing the effect of rainfall
variations, a rise in average temperature of 1°C leads
to an approximate 15% reduction in annual inflow.
Thus actual warming makes droughts, even for the
same rainfall deficiency, much more severe.”

Large floods and widespread droughts are
commonly due to one or other extreme of naturally
occurring variations in circulation patterns
including the North Atlantic Oscillation (NAO) and
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the El Nino-Southern Oscillation (ENSO). The
NAO consists of fluctuating pressure differences
between the Icelandic low pressure region and the
Azores high pressure region in the North Atlantic.
ENSO is a coupled atmosphere-ocean phenomenon
across the tropical Pacific involving sea-surface
temperature and atmospheric pressure fluctuations.
These phenomena also influence other important
climatic events such as the favoured tracks of storms
in the North Atlantic and the location of tropical
cyclones in the Pacific. Both phenomena also have
long-distance or teleconnections to weather and
climate elsewhere. How global warming affects
these circulation patterns is very important, as it
will have strong implications for storm tracks and
rainfall patterns in both hemispheres.”

A progressive shift in the NAO towards its more
positive phase has been observed since 1950, and
has been associated with a slow warming of the
tropical oceans. This is supported by an analysis of
observed and modelled trends in global sea-level
pressure patterns, which points to a human
influence, with a polewards shift in mid- to high-
latitude pressure patterns.

Future behaviour of ENSO is of critical
importance to many countries affected by ENSO-
related rainfall variations and storm frequency. The
relationship between ENSO and rainfall has varied
with time over Australia, both in the historical
record and in the longer record from coral cores in
the Great Barrier Reef. However, paleo-climatic
data suggest that ENSO has been a feature of global
climate through past warm periods. Different global
climate model simulations for a warmer world
show differing results, with many showing a more
El Nifo-like average condition, but others showing
little change. Observations and models tend to
suggest that the east-west sea surface temperature
and the pressure contrast across the tropical Pacific
on average decreases with global warming, leading
to a more El Nifio-like average state, but that ENSO
variability continues around that changed average
condition. ENSO extremes may well be associated
with more extreme floods and droughts due to the
intensification of the hydrological cycle.

The situation with projections of tropical cyclone
behaviour is mixed. Evidence to date suggests that
that there will likely be more intense tropical
cyclones with higher rainfall peak intensities. There
could also be substantial changes in the region of
formation if there are changes in ENSO. While the
number of intense cyclones may increase, there is a
suggestion that the total numbers globally may
decrease. So far there is no evidence for a substantial
increase in polewards movement of tropical cyclones,
either in observations or model projections.”

A category of extratropical cyclones known as
explosively developing cyclones, which includes
some mid-latitude east coast low pressure systems,
can cause severe flooding due to heavy rainfall,
storm surges and high winds. Some modelling
results suggest that east coast lows might intensify
with higher sea surface temperatures. A statistically
significant increase in explosively developing
cyclones in the southern hemisphere has been
detected from 1979 to 1999.

More generally, extratropical cyclones are
expected to increase in intensity but decrease in
number, and storm tracks are moving polewards
with increased global warming. There is also a
suggestion that peak wave heights will increase as
a result of the more intense storms.*

Global warming could also influence another
class of extreme event that was not considered by
the IPCC in its 2007 report, namely earthquakes.”
Of course earthquakes occur irrespective of climate
change. They occur when one part of the Earth’s
crust moves against another, and can trigger
tsunamis or tidal waves if they occur under the sea.

Shifts in weight on an area of the Earth’s crust,
due for example to the filling of large dams, can
cause small local earthquakes. Such shifts in weight
have occurred in the past due to the melting of
glaciers and ice sheets. The weight of glaciers and
ice sheets depresses the Earth’s crust under them,
and their removal leads to the underlying crust
slowly rising. This glacial rebound is still occurring
in many areas close to the former ice sheets that
covered much of Fennoscandia and North America
some 20000 years ago. There is good evidence that



regional earthquake fault instability increased at
the end of the last glaciation.

Further melting of mountain glaciers and
remnant ice sheets due to global warming over
parts of Canada, Patagonia, Alaska and of course
Greenland and Antarctica could lead to further land
movements, triggering localised earthquakes. There
is a large element of random or chaotic behaviour
in earthquake occurrence, and skill in forecasting
them is very limited. Nevertheless, it is arguable
that the frequency of at least small earthquakes
might increase as glaciers and ice sheets melt, and
also perhaps as a result of rising global sea level.
Sea-level rise would increase the load on the
continental shelves, even far from the melting ice.
How significant this is, and the time scale on which
seismic effects might occur, remains to be determined,
but the consequences could be significant.

For many extreme events, fine-scale processes
may also play a major role, which so far has not been
fully explored. Diffenbaugh and others show for the
United States that fine-scale topography including
coastal effects and rain shadows, snow cover and
surface moisture variations can feed back onto the
intensity of extreme temperatures and rainfalls.

The frequency and severity of other extreme
climate-related events, some not discussed by the
IPCC because of their small scale and a lack of
studies, are also likely to be affected by climate
change. These include the occurrence of flash
flooding, severe thunderstorms and hail, landslides,
extreme sea-level events and wildfires. Some of these
will be discussed further in Chapter 6 on impacts.
One recent study with a high-resolution model over
the United States suggests up to 100% increases in
severe thunderstorms in some regions by 2100.”

Sea-level rise?®
Sea-level rise is obviously important, given that a
rapidly increasing number of people live in low-
lying coastal areas and there is massive investment
in infrastructure, including cities, ports, refineries,
power stations and tourist resorts.

Projections of global sea-level rise by the IPCC in
2001 ranged from 9 to 88 cm by 2100, but in the 2007
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report the upfront ‘model-based” estimate was 18 to
59 cm. This range includes thermal expansion of the
oceans and meltwater from mountain glaciers and a
contribution due to increased ice flow from Greenland
and Antarctica ‘at the rates observed for 1993-2003,
but these flow rates could increase or decrease in the
future’. The report expressly states that the estimates
do not include uncertainties in the climate-carbon
cycle feedback ‘nor do they include the full effects of
changes in ice sheet flow because a basis in published
literature is lacking’. It goes on to suggest that ‘if this
contribution were to grow linearly with global
average temperature, the upper ranges of sea-level
rise for SRES scenarios ... would increase by 0.1 to
0.2m’. It adds that ‘larger values cannot be excluded,
but understanding of these effects is too limited to
assess their likelihood or to provide best estimates or
an upper bound for sea-level rise’.

If greenhouse gas concentrations were stabilised
(even at present levels), the 2007 IPCC report notes
that sea-level rise would continue for hundreds of
years, due to the slow but continuing warming of the
deep oceans and the contraction of the Greenland ice
sheet. It points out that future temperatures in
Greenland may well reach levels comparable to those
inferred for the last interglacial period 125 000 years
ago, when polar land-based ice was much reduced
and sea level was 4 to 6 metres above the present.
While the report implies that this may take several
centuries, it notes that processes suggested by recent
observations but not at present included in ice sheet
models ‘could increase the vulnerability of the ice
sheets to warming, increasing future sea-level rise’.

Since the cut-off date in 2006 for new work to be
considered for the 2007 IPCC report many new
observations and papers have appeared relevant to
global sea-level rise estimates. The vast majority of
these suggest that sea-level rise is likely to occur
faster than projected in the IPCC report in 2007.

A new estimate by Rahmstorf in 2007, based
on a constant relationship between observed
decade-by-decade twentieth century rates of
sea-level rise and global warming relative to pre-
industrial times, shows that the sea-level rise by
2100 should be in the range of 50 to 140 cm,
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TABLE 6: Various projections of global average sea-level rise (SLR) by 2001 from the 2001 and 2007 IPCC reports and some more

recent estimates

Case Warming to 2100 (°C) Sea-level rise to 2100 (cm)
IPCC (2001) full range 1.4t05.8 9 to 88 (allows for ice sheet dynamics)
IPCC (2007) B1 (low case) 1.1t02.9 18 to 38 (dynamics caveat only)
IPCC (2007) A1FI (high case) 2410 6.4 26 to 59 (dynamics caveat only)
Rahmstorf (2007) 1.4t05.8 50 to 140 (linear relation of SLR to warming)

Jim Hansen, NOAA (2007)

Up to 5 m (exponential relation of SLR to warming)

depending on the rate of global warming.”
However, if the rate of sea-level rise were to increase
faster than global warming due to positive feedback
processes, as argued by Hansen in 2005, 2007 and
Rignot in 2008, sea-level rise by 2100 could be
several metres. Rignot states that: ‘Depending on
how fast global temperature rises, sea level may or
may not be driven up by 1-3 m (about 3-10 ft) by
2100. So, there is no reason to panic at this point,
but also no basis for providing reassurance.”® These
more recent estimates are included in Table 6,
which compares them with the IPCC projections.
The Greenland Ice Sheet is at a generally lower
latitude than Antarctica and has widespread
marginal surface melting in summer.* The area of
surface melting has rapidly increased in recent
years, notably since 2002, as is shown in Figure 18.
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NASA researcher Scott Luthcke commented in 2007:
‘In the 1990s, the ice was very close to balance, with
gains at about the same level as losses. That situation
has now changed significantly.” Penetration of this
meltwater through moulins (crevasses and tunnels
in the ice) to the lower boundary of the ice is thought
to have lubricated the flow of ice over the bedrock
and led to accelerated glacier flow rates. Melting of
tidewater glaciers (glaciers the lower reaches of
which float or are grounded below sea level) from
the bottom, pushing back the grounding line, may
also be contributing to acceleration of flow.*

Outlet glaciers have accelerated rapidly in recent
years, with Rignot and Kanagaratnam reporting
from satellite radar interferometry that widespread
acceleration occurred south of 66°N between
1996 and 2000, expanding to 70°N in 2005. Accelerated
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Figure 18: Trend in depth of ice over Greenland between 2003 and 2005, in cm of water equivalent per year. There are large areas
of mass loss of up to 20 cm or more per year over much of southern Greenland, and also further north in lower elevation areas.
There is a much smaller area of mass gain in the highest area of the ice plateau in the north-central region. (Image from the NASA

Earth Observatory.)



discharge in the west and, particularly, in the east
more than doubled the outflow from 90 to 220 cubic
kilometres per year. Thomas and others in 2006,
using laser altimeter measurements, report that net
mass loss from Greenland more than doubled
between 1993/4-1998/9 and 1998 /9-2004.%

These observational results indicate mass losses
considerably faster than were modelled by
glaciologists using models that did not take account
of the recently identified mechanisms of meltwater
lubrication and tidewater glacier undercutting.
Indeed, Hansen in 2005% suggests that various other
positive feedbacks may come into play as the ice
sheet slumps, most notably that more precipitation
on the ice sheet interior will fall in summer as rain
rather than snow, thereby accelerating the effect of
surface melting and bottom lubrication. At present,
asisshownin Figure 18, marginal areas are slumping,
but the high plateau is still accumulating mass. The
latter may change in the future.®

Simulations and paleo-climatic data indicate
that Greenland and Antarctica together contributed
several metres to sea-level rise 130 000 to 127 000
years ago, at a time when global temperatures were
about the same as presently projected for 2100.
Overpeck and others in 2006 conclude that peak
rates of sea-level rise may well exceed 1 metre per
century, and that this may be strongly related to
warming of the upper 200 m of the ocean producing
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rapid thinning of ice shelves (and tidewater glacier
outlets) from below. Glikson in a 2008 paper argues,
on the basis of paleo-analogues from past rapid
climate changes, including the Dansgaard-
Oeschinger glacial cycles during the last glaciation,
that sea level rose by around 5 m per 1°C global
warming, and that this has occurred on century
time scales in the past.”

Further evidence that positive feedbacks in
the Arctic have commenced comes from satellite
observations of rapid decreases in Arctic sea ice
extent.*® Data from the US National Snow and Ice
Data Center (NSIDC, 2007) indicates that the sea
ice extent on 10 September 2007 was at a record
low of 4.24 million square kilometres (see
Figure 19). This is more than a million square
kilometres below the previous minimum in 2005.
Thus the Arctic Ocean has lost a mirror roughly
the size of Texas and New Mexico combined,
meaning that much more solar energy is being
absorbed by the ocean. This will lead to further
decreases in sea ice, further undercutting of
tidewater glaciers in Greenland, and possibly
greater summer surface melting of the Greenland
ice sheet, causing a further acceleration of sea-level
rise. Indeed, precipitation over coastal Greenland
in summer will increasingly fall as rain rather
than snow, adding to the surface melting and
acceleration of the outlet glaciers.

Figure 19: Arctic sea ice extent (white) in September 2007 (left) compared to the previous minimum in September 2005 (right). The thin
line represents the median extent in the period 1979-2000. The area of the September 2007 ice minimum (for the whole of September)
was 4.28 million square km, compared to the previous record low extent of 5.57 million square km in September 2005. This is
equivalent to losing a reflector of sunlight of area approximately 1000 km 1300 km. (Credit: National Snow and Ice Data Center, press

release 1 October 2007, see http://www.nsidc.org.)
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Figure 20: The September ice extent in the Arctic from 1979 to 2007. The rate of decline is now about 10% per decade, but
appears to be accelerating. It is now much faster than was projected by climate models using the SRES scenarios. (Credit:
National Snow and Ice Data Center press release, 1 October 2007. See http://www.nsidc.org.)

The trend in Arctic sea ice extent since 1979 is shown
in Figure 20. The recent decreasing trend is much faster
and outside the range of projections from the various
climate models. IPCC 2007 estimates would see
summer ice gone by late this century, but more recent
extrapolations from the observed record suggest it
could happen in the next one or two decades. Decrease
in sea ice extent has been accompanied by more
extensive percentage loss of ice thickness, making
further losses in extent more likely. Extrapolation is
tricky because there are clearly regional effects, notably,
the rapid loss in 2007 had its immediate cause in rapid
warming on the Pacific side and rapid transpolar drift
of ice from the Siberian coast towards the North
Atlantic. However, whatever the regional variations,
the fact is that decreased sea ice extent means more
absorption of solar radiation and greater warming.

Antarctica’s contribution to sea-level changes is
particularly uncertain, with the possibility of surprises.”
Floating ice shelves, notably the Wordie and Larsen A
and B shelves, broke up very rapidly during the 1990s
and early 2000s following regional warming of about
2.5°C over the previous 50 years. The 1600 square
kilometres of Larsen A suddenly disintegrated in 39

days during 1994-95, and the 3245 square kilometres
of Larsen B in only 41 days in 2002 (Figure 21).

The rapid regional warming around the Antarctic
Peninsula was not well predicted by older global
climate models. However, modelling by Michiel
van den Broeke and colleagues suggests an
explanation.* They used a high-resolution (55 km
spacing) regional atmospheric climate model driven
by observed conditions at the boundary to compare
years with a strong and a weak circumpolar vortex
(upper atmospheric circulation around the pole).
Results showed a change in the surface winds such
that it was much warmer over the Weddell Sea and
the adjacent Antarctic Peninsula when there was a
stronger circumpolar vortex. The trend towards
such conditions since the 1970s has been discussed
earlier in this chapter.

The very rapid disintegration of the Wordie and
Larsen ice shelves was unexpected. Their break-up
was likely due in part to basal melting, but its
immediate cause was a large extent of summer
meltwater pools (visible in the top frame of Figure 21)
penetrating into crevasses created by ice movement,
causing major fractures in the shelves. Some of the
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Figure 21: Satellite images of the break-up of the Larsen B ice shelf in 2002. The Larsen B ice shelf as it appeared on 31 January
2002 (top) and on 5 March 2002 (bottom). Dark areas on the ice shelf on 31 January are meltwater pools. These rapidly drained
into crevasses that opened up causing disintegration of the ice shelf as seen on 5 March. Note the more chunky icebergs in the
lower right of the frame that are the result of normal iceberg calving from the nearby Filchner-Ronne ice shelf. Some thin cloud

also appears in the bottom image. (Images provided by the US National Snow and Ice Data Center, University of Colorado and
NASA’'s MODIS sensors.)
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narrow ice shelf fragments (often up to 200 metres
thick) may have speeded the break-up by tipping
over, releasing energy that sent shock waves through
the ice shelf. These narrow shelf fragments are visible
in the bottom frame of Figure 21.%*

The break-up of the ice shelves has been followed,
in the case of the Larsen Ice Shelves, by an acceleration
and active surging of a number of former contributory
glaciers which are already making a small but
significant contribution to sea-level rise. This has led
to the confirmation of an earlier theory in 1978 by
John Mercer of Ohio State University that ice shelves
tend to hold back outlet glaciers.*’

The rapid disintegration of the Wordie and
Larsen ice shelves is causing a rethink as to the
stability of the West Antarctic Ice Sheet (WAIS),
which, if it were to totally disintegrate, would add
some 6 metres to global average sea level. The Ross
and Filchner-Ronne ice shelves, which apparently
stabilise the WAIS, are not immediately threatened,
although Randy Showstack from EOS magazine
reports that only a few degrees warming may be
needed to threaten the Ross Ice Shelf, the largest in
Antarctica. Widespread surface melting has been
reported on the Ross Ice Shelf during warm summer
episodes. MJM Williams of the Danish Center for
Earth System Science and colleagues suggest that
the Amery Ice Shelf off East Antarctica (the third
largest embayed ice shelf in Antarctica) may be
threatened by a 3°C regional warming. Increases in
basal melt rates under the ice shelves due to ocean
warming and changing circulation beneath the ice
shelves may be responsible.

Satellite radar measurements show that, in the
Amundsen Sea sector of West Antarctica the small
fringing ice shelves have already thinned by up to
5.5 metres per year during the last decade or so. In
this region, in late February 2008, the Wilkins Ice Shelf
started to disintegrate. Further breakup occurred in
May of 2008, during the winter half year, which is
extraordinary. The thinning or breakup of the ice
shelves, presumably due to warmer ocean currents, is
accompanied by thinning and acceleration of their
tributary glaciers, notably the Pine Island Glacier.
These outlet glaciers drain a region thought to be the

most vulnerable part of the West Antarctic Ice Sheet,
because it is grounded below sea level. Recent
aircraft and satellite observations show that local
glaciers are discharging about 250 cubic kilometres
of ice each year to the ocean, almost 60% more than
is accumulating in their catchment areas, and at a
faster rate than in the 1990s. Collapse of this region
would raise global sea level by about 1 metre.*!

Later this century, as the global warming trend
continues, warming could affect the much larger
Filchner-Ronne and Ross ice shelves, which could
lead to the disintegration of the rest of the WAIS,
with eventually several more metres of sea-level
rise, although the speed of such a disintegration is
highly uncertain.

Another potentially destabilising feature of
Antarctica is the existence of an extensive network of
freshwater lakes and streams under the ice sheet.
These have recently been revealed by the rise and fall
of scores of patches on the surface of the ice sheet.
While the volumes of water are small in themselves
they seem to affect the flow rates in the overlying ice
streams that eventually discharge into the oceans.
Also, Corr and Vaughan have reported evidence of
volcanic activity in the West Antarctic region, but do
not see this as explaining the general thinning of the
ice shelves nor the acceleration of the outlet glaciers.*

The Patagonian icefields in South America have
been observed to be losing volume in recent
decades, with estimates based on the retreat of the
largest 63 outlet glaciers increasing from a rate of
0.042 + 0.002 mm per year in equivalent sea level,
averaged from 1969 to 2000, to 0.105 £ 0.011 mm per
year in the period 1995 to 2000. The latter is a rate of
about 42 cubic km of ice per year, and 1 mm per
decade rise in sea level. The Alaskan glaciers, which
are five times larger, contribute about 3 mm per
decade to global sea-level rise.*

Sea-level changes will not be uniform across the
world. According to the 2007 IPCC report the
models show qualitative agreement that the range
of regional variation in sea-level change over the
coming century is about +30 to 40% of the global
average. This is due to different rates of regional
penetration of warming into the deep oceans (and



thus of thermal expansion of the water column),
changes in atmospheric pressure and surface winds,
ocean currents and salinity. Despite differences in
detail between models, there is agreement that sea-
level rise will be greatest in the Arctic (due to
freshening) and least south of 60°S (due to circulation
changes and low thermal expansion). There is also a
belt of higher sea-level rise around 40 to 50°S.**
Further, highly localised land movements, both
isostatic (the slow flexing of continental plates as the
weight of ice sheets, sediments and water changes)
and tectonic (earthquakes and other plate
movements) will continue through the twenty-first
century, causing local variations about the global
average sea-level rise. It can be expected that by
2100, many regions currently experiencing relative
sea-level fall will instead have a rising relative sea
level as the increasing volume of the oceans due to
climate change begins to dominate over local effects.
Additionally, extreme high water levels due to storm
surges will occur with increasing frequency as a
result of average sea-level rise. Their frequency may
be further increased if storms become more frequent
or severe as a result of climate change. Moreover,
changes in wave energy and direction associated
with changes in storm tracks and intensity, will
change rates and locations of coastal erosion.* For
all these reasons, projections of local sea-level rise
related changes need to be quite location-specific.

Thresholds and abrupt

or irreversible changes

Complex systems do not always vary in a smooth
fashion that enables easy extrapolation. This is the
case for climate, where sudden changes in regime
can occur over wide areas, and are apparently
associated with some shift in the circulation pattern.
Abrupt changes in ecosystems have also been
observed. The mathematical theory of such regime
changes is still being developed.*

Past large-scale abrupt changes in the climate
system have already been discussed in Chapter 2.
Such abrupt changes also occur regionally, for
example in rainfall. For example summer half-year
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rainfall increased over large parts of eastern
Australia around 1945, largely reversing a decrease
in the 1890s, while there was a sudden decrease in
rainfall in the south-west of Western Australia
around 1967-72, which has not reversed since. Such
abrupt changes have also been found in climate
model simulations. They arise due to the existence
of multiple quasi-equilibrium states in complex
systems and the transitions between them.*

For example Katrin Meissner and colleagues
found in their climate model that on time scales of
thousands of years it had two different responses
depending on the assumed CO, concentrations. For
concentrations less than 400 ppm they found a
steady state, but for concentrations above 440 ppm
they found the climate system oscillated between
two very different states, ones with or without
exchange of water with the deep Southern Ocean,
with a rapid change between them.*®

Such abrupt changes may or may not be
predictable, as they occur as part of natural climate
variability on a time scale of decades, often due to
the accumulation of random or chaotic events
(stochastic processes). It is a bit like the ‘random
walk’ of an inebriated person that may or may not
lead that person into walking over a cliff. Abrupt
changes may also be brought on by some uniform
but gradual changes that slowly move the climate
to some critical point or threshold where it flips to
another regime. Such thresholds may not be
anticipated, or, even if they are anticipated, not fully
understood. This problem is even more acute when
we consider the possibility of rapid and irreversible
changes to the climate system, which have been
termed ‘large-scale singular events’.

Large-scale singular events, or ‘discontinuities’
are an especially important category of abrupt or
threshold events because of their large potential
impacts. For the first time, the IPCC report in
2001 emphasised the potential importance of
plausible abrupt or irreversible Earth system events.
Although uncertain, and in some cases taking a
century or more to come about, such events might
have such large impacts globally that their possibility
becomes an important part of any risk analysis.
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In its 2007 report the IPCC explains that:

... if [a] system contains more than one equilibrium
state, transitions to structurally different states are
possible. Upon the crossing of a tipping point
(bifurcation point), the evolution of the system is
no longer controlled by the time scale of the forcing,
but rather determined by its internal dynamics,
which can be either faster than the forcing, or
significantly slower. Only the former case would be
termed “abrupt climate change’, but the latter is of
equal importance. For the long-term evolution of a
climate variable one must distinguish between
reversible and irreversible changes. The notion of
‘climate surprises’ refers to abrupt transitions or
temporary or permanent transitions to different
states in parts of the climate system ...*

Examples of abrupt or irreversible climate
change given by IPCC in 2007 include:

¢ the slowdown or cessation of the Atlantic
Meridional Circulation or MOC (otherwise
known as the Thermo-Haline Circulation or
THC),

¢ the rapid disappearance of Arctic sea ice,

¢ rapid loss or disappearance of mountain
glaciers or ice caps,

* increased melting or collapse of the Greenland
or West Antarctic ice sheets,

¢ large-scale vegetation change such as
desertification as in the Sahel or the Amazon, or
vegetation and soils turning into sources rather
than sinks of carbon, and

* abrupt changes or irreversible trends in large-
scale atmosphere and ocean circulation patterns
such as the El Nino—Southern Oscillation (ENSO),
the North Atlantic Oscillation, and the Arctic and
Antarctic oscillations (or Annular Modes).

In 2002 the US National Research Council issued
a major report entitled Abrupt Climate Change:
Inevitable Surprises that provides a comprehensive
treatment of abrupt climate change. This has been

summarised by Richard Alley and colleagues, who
state that ‘it is conceivable that human forcing of
climate change is increasing the probability of large,
abrupt events. Were such an event to recur, the
economic and ecological impacts could be large and
potentially serious.” They go on to say: ‘Slowing the
rate of human forcing of the climate system may
delay or even avoid crossing the thresholds [that
would lead to abrupt climate change].™

The timing and probability of occurrence of
large-scale discontinuities is difficult to determine
because these events are triggered by complex
interactions between components of the climate
system. Large or sudden impacts could lag behind
the triggering mechanisms by decades or centuries.
These triggers are sensitive to the magnitude and
rate of climate change so that large global warmings
have a greater potential to lead to large-scale
discontinuities in the climate system.>

Timothy Lenton and others, drawing on an
international workshop held in 2005, the pertinent
literature and an expert elicitation, have identified
and described a list of ‘tipping elements’ in the
Earth’s climate system. They define these as
‘subsystems of the Earth system that are at least
subcontinental in scale and can be switched — under
certain circumstances — into a qualitatively different
state by small perturbations’. They define the
‘tipping point” as ‘the corresponding critical point
— in forcing and a feature of the system — at which
the future state of the system is qualitatively
altered’. Table 7 is a much abridged and modified
version of their table of policy-relevant tipping
points (ones that people care about enough to affect
policy), their properties and potential impacts.*

Surface waters in the North Atlantic Ocean
presently become colder and more saline as they
travel north-east in the Gulf Stream. This leads to
convective overturning (sinking) of the surface
waters, which helps drive the currents. The slow-
down or complete cessation of convective
overturning of the waters of the North Atlantic
could arise due to several causes. These include
surface warming due to the enhanced greenhouse
effect, and lower salinity of surface waters due to
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TABLE 7: Selected tipping points, their properties and impacts, based on TM Lenton and others, PNAS 105, pp. 1786-93

(2008).>2

Tipping element and
property

Controlling
parameter(s)

Tipping point: global
warming relative to
1980-1999 (°C)

Transition time scale

Key impacts

Arctic summer sea-ice
area

Local warming, ocean
heat transport

0.5t02

Rapid (&ecade)

Greater warming, changed
ecosystems, navigable ocean

Greenland Ice Sheet Local air temperature | 1 to 2 Slow (centuries) Sea-level rise -7 m

volume

West Antarctic Ice Sheet Local air and water 3to5 Slow (centuries) Sea-level rise 5 m

volume temperatures

Atlantic Thermo-haline Freshwater input to 3to5 Gradual (century) Regional cooling, southward shift
Circulation, overturning Arctic/North Atlantic of Intertropical Convergence Zone
rate (ITCZ)

El Nino-Southern Depth and sharpness 3to6 Gradual (century) More extreme droughts and floods
Oscillation (ENSO), of thermocline in East in affected regions

amplitude Tropical Pacific

Indian summer monsoon | Albedo over India N/A Rapid (# year) Drought, decreased carrying
rainfall capacity

Sahara/Sahel and West Precipitation 3to5 Rapid (decade) Increased carrying capacity

Africa monsoon,

vegetation increase

Amazon rainforest, Precipitation and 3to4 Gradual (550 years) Decreased rainfall, biodiversity
decrease length of dry season loss

Boreal forest, tree fraction | Local temperature 7 Gradual (550 years) Biome switch

Antarctic bottom water Precipitation and Not clear Gradual (Zentury) Ocean circulation, carbon storage
formation evaporation

Tundra, tree fraction Growing degree days | Not clear Gradual (Zentury) More warming (via albedo), biome

switch

Permafrost volume

Local temperature

Poorly determined,
but low start

Gradual (<century)

Methane and CO, release, biome
switch, increased warming

formation

Marine methane hydrates | Temperature and Not known Millennia Increased global warming

volume pressure of sediment

Ocean anoxia Phosphorus input, Not clear Many millennia Mass extinction of marine life
stagnation

Decrease in Arctic ozone | Stratospheric cloud Not clear Rapid (dyear) Increased surface ultraviolet

radiation
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increased rainfall at high latitudes and influxes of
freshwater from rivers, melting glaciers and partial
melting of the Greenland Ice Sheet. Already, large-
scale salinity changes have been observed in the
world’s oceans, especially the Atlantic. Over the last
50 years, there has been an increase in surface
salinity in tropical and subtropical waters and a
freshening of the high latitude North and South
Atlantic surface waters. This is clear evidence of
strengthening of the hydrological cycle, with
increased evaporation at low latitudes and increased
precipitation at high latitudes. A continuation of this
trend could trigger a cessation of overturning.

Also, around Antarctica the main cause of
convective overturning of the surface ocean is the
freezing of seawater, which leads to a rejection of
salt, and thus to dense highly saline water that
sinks. Global warming would lead to a reduction in
sea-ice formation, and thus reduced overturning
there as well. However, this might be counteracted
to some extent by increased westerly winds as the
sub-polar westerlies are pushed further south and
the Antarctic Circumpolar Current strengthens.

Evidence for the plausibility and impacts of such
events comes from past events recorded in the
paleo-record of climate and sea level, and from
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computer modelling both of past and possible
future events. There is also increasing observational
evidence suggesting that such processes may
already be under way. Besides direct impact on
surface climate, reduced overturning of the oceans
would reduce oceanic uptake of carbon dioxide,
and thus further increase the carbon dioxide
concentration in the atmosphere.

Melting of the Greenland Ice Sheet and/or
disintegration of the WAIS, both of which could be
triggered very soon (if not already) by global
warming, would likely take centuries to complete,
but are potentially irreversible. These events are
inevitable if carbon dioxide concentrations are
allowed to reach two to three times pre-industrial
values and could result from much smaller increases
in greenhouse gases. The process could only be
reversed if carbon dioxide were to be taken out of the
atmosphere in such large quantities as to substantially
reduce the carbon dioxide concentration and thus
reverse global warming. Failing this, the Greenland
and West Antarctic ice sheets would each contribute
several metres to global mean sea level over the next
several centuries. As discussed above in relation to
sea level, the time scales for disintegration of the
WAIS and the Greenland Ice Sheet are still under
debate and there is some chance that they may occur
more rapidly. Rapid melting of the Greenland Ice
Sheet could also affect ocean circulation by freshening
the North Atlantic and Arctic oceans more rapidly
than otherwise and thus helping to slow or stop
convective overturning.

Several mechanisms exist which could lead to an
acceleration of global warming via positive feedbacks
(amplification mechanisms) associated with the
carbon cycle, a process known as ‘runaway carbon
dynamics’. One is destabilisation of the huge
methane reserves stored in crystalline structures
(hydrates) on the seabed of the continental shelves
and slopes, and in permafrost regions on land.
Estimates of the amount of carbon stored in gas
(mainly methane) hydrates vary widely from more
than 10 000 Gt to more recent estimates of about
1000+ Gt. Even the lower estimates are comparable
with other known carbon stores and with the amount

in the atmosphere. This compares with the present
annual release of greenhouse gases, mainly from the
burning of fossil fuels, of some 8-9 Gt of carbon per
year. Methane is some 21 times as effective as carbon
dioxide as a greenhouse gas, so even a modest
leakage into the atmosphere from gas hydrates could
greatly accelerate global warming.>

Warming of permafrost, which is already widely
observed across the Arctic region, could lead to
local, but in total, massive releases of methane from
gas hydrates on land. In Arctic coastal areas sea ice
is receding and increased wave action is already
accelerating erosion of erstwhile frozen shorelines.
Melting of permafrost and loss of structural integrity
of hydrate deposits will increase slope failures,
landslides and avalanches and threaten human
infrastructure such as buildings, roads and
pipelines. The effect of the thawing of permafrost
on greenhouse gas emissions in particular locations
is unclear. It will likely depend on the moisture
status of the organic matter after thawing. Dry
organic-rich soils tend to release more carbon
dioxide and less methane, whereas moist conditions
favour methane-making microbes, but also peat
accumulation, which stores carbon. Projected
increasing rainfall in high latitudes would favour
wet conditions. Some methane released from
hydrates will be absorbed and broken down before
it reaches the surface, both in permafrost regions on
land and in ocean floor hydrate deposits. On land,
since methane is much more effective as a
greenhouse gas, and much of the thawed permafrost
will be wet, the net effect is likely to increase global
warming.®

On the continental shelves and slopes warming
of seawater at intermediate depths may melt gas
hydrate deposits and cause massive slumping of
sediments, not only releasing lots of methane, but
possibly creating tidal waves or tsunamis. There is
evidence that such a process may have occurred
some 7000 years ago off the coast of Norway, where
the Storegga slide, which was the size of Wales,
apparently produced a 20 metre tsunami that may
have wiped out Neolithic communities in north-east
Scotland. However, the hydrate deposits would



tend to be stabilised by the increasing pressure
caused by sea-level rise (depending on the local sea
water temperature profile). Calculations suggest
that at present rates of warming the pressure effect
may win, but if warming accelerates and sea-level
rise is dominated by thermal expansion, deposits
may be destabilised. Regional differences in this
balance between warming of bottom water and
pressure at depth may lead to destabilisation in
some areas. This may be particularly evident on
time scales of centuries as ice melts from Greenland
and parts of Antarctica, causing the adjacent
continental slope to rise due to loss of the weight of
ice (“isostatic rebound’). Isostatic rebound after the
last glaciation is still occurring in parts of Scotland,
Norway and Sweden, where relative sea-level fall is
occurring, reducing bottom water pressure.

In a 2002 review, Euan Nisbet of the University of
London concluded that the case is open for a major
methane release in the twenty-first century, possibly
from a large pool of free methane gas trapped below a
hydrate deposit. He points to the possibility of large
riverine floods, brought about by a more intense
hydrological cycle, depositing large amounts of
sediment that could destabilise hydrates through
slippage in sediment deposits on continental slopes.”

Other possible feedbacks on the carbon cycle
include decreased efficiency of the oceanic and
terrestrial biospheric sinks of carbon due to global
warming. Oceanic feedbacks include increasing
stability and reduced overturning of the surface
layers of the oceans (leading to reduced uptake of
carbon dioxide from the atmosphere), and reduced
solubility of carbon dioxide in warmer waters. This
is complicated by observed and anticipated
circulation changes especially in the Southern Ocean
and North Atlantic. In addition, increasing acidity of
the oceans due to higher carbon dioxide
concentrations would affect many oceanic organisms
in complex ways, possibly also reducing the
biological uptake of carbon dioxide in the oceans.*®

The terrestrial biosphere, which presently acts as
a sink of carbon dioxide, could become a source by
2050. Carbon dioxide sinks vary due to changes in
ocean circulation associated with ENSO and
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subduction of surface waters into the deep ocean,
carbon dioxide fertilisation of terrestrial forests, and
temperature and rainfall effects on terrestrial plant
growth. The main reason for the expected change of
the terrestrial biosphere from a sink to a source by
2050 is increased respiration and decay of the
increased biomass and soil carbon at higher
temperatures. Two different climate models with
interacting carbon cycles indicate that global
warmings could be increased by one or more degrees
by 2100 due to these interactions. Increasing fire
frequencies and intensities may also cause faster
increases of atmospheric carbon dioxide. Widespread
forest and peat fires were observed to contribute
significantly to carbon dioxide increases in 1994/95
and 1997/98 when large biomass burning took place
in tropical and boreal regions. These and other
observations suggest that biomass feedbacks may be
occurring earlier than in the climate models.”

Other, possibly lesser, but still widespread climate
changes are possible. For example, the IPCC 2007
report discusses the possibilities of major changes in
the behaviour of the continental monsoons, ENSO
and other patterns of climate variability. These are
complex, for example, the monsoons will be intensified
in general by increased land-sea temperature
contrasts as the land warms up faster than the oceans.
Moreover warmer air can hold more moisture and
this may cause greater rainfall intensities. On the
other hand, atmospheric particulates (aerosols) may
have a cooling effect over land.*

Several recent studies have identified the
importance of large-scale singular events in global
estimates of risk, and in cost/benefit analyses as to
the optimal timing of mitigation action to reduce
the risk of such events. The possibility of such
events increases the overall risk of dangerous
impacts of climate change, making early action to
reduce climate change more pressing.*'

Scenarios in a nutshell

In summary, the full range of IPCC SRES emissions
scenarios would lead to a wide range of global
warmings (1.1 to 6.4°C) and sea-level rise (18 to 59 cm



98 CLIMATE CHANGE: THE SCIENCE, IMPACTS AND SOLUTIONS

according to IPCC 2007, but more likely 1 metre and
up to several metres) by 2100. About half the range in
global average warming is due to the range of
emissions scenarios and half to uncertainties in the
science, mainly in the climate sensitivity. This leaves
alot of room for choice of emission reduction policies
leading to lower emissions, and thus less climate
change. Emissions policies that aim at stabilising
greenhouse gas concentrations in the atmosphere
anywhere below 1000ppm of carbon dioxide-
equivalent would lead to smaller warmings than
those resulting from the higher SRES scenarios.
However, to limit global warming to less than 2 or
3°C would require much lower greenhouse gas
emissions. We will discuss desirable targets for
emission reductions in Chapter 8.

Changed frequencies and intensities of extreme
weather events are likely with global warming,
including more hot days, fewer cold nights, greater
more droughts in mid-latitude
continental areas, more intense rain events, and

heat stress,

increased intensity and rainfall from tropical
cyclones or hurricanes.

Increasing evidence from observations suggests
that a number of positive feedback processes are
possible and may already be in operation. These
include:

* permafrost melting and related changes in
albedo,

* biomass feedbacks due to heat stress on plants,
fire and other phenomena,

* rapid decrease in Arctic sea ice, allowing much
greater absorption of solar radiation,

¢ atmospheric and ocean circulation changes that
may reinforce adverse changes in the carbon
cycle and ice sheet stability,

* rapid changes in Antarctica including loss of
marginal ice shelves and acceleration of outlet
glaciers,

* rapid changes in Greenland, with increased
surface melting and acceleration of outlet glaciers,

* freshening and warming of the Arctic Ocean and
far North Atlantic, that could slow down or stop
the Meridional Overturning Circulation, with
widespread regional consequences.

These and related phenomena can all interact to
accelerate and reinforce climate change, as is
illustrated in Figure 22. ‘Global dimming’ is the
term used to describe the effect of particulate
pollution (aerosols) in decreasing solar radiation
incident at the Earth’s surface. Since the 1970s this
dimming effect has tended to decrease, largely as a
result of decreases in sulfur emissions in North
America and Europe.

Possibilities thus exist for sudden rapid and long-
term (possibly irreversible) changes in global-scale
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Figure 22: Links between various elements of the climate system, illustrating how changes in any one can interact with others to

produce positive or negative feedback effects.



climate-related systems, including more rapid sea-
level rise due to more rapid disintegration and
melting of the Greenland and West Antarctic ice
sheets, major changes to the circulation of the oceans
with regional climate impacts (especially in regions
bordering the North Atlantic), and accelerated
release of methane and carbon dioxide into the
atmosphere which would lead to greater global
warming for the same greenhouse gas emissions.®
The IPCC in 2007 stated that the climate
sensitivity (equilibrium warming for a doubling of
CO, concentration) could be ‘substantially higher’
than the upper limit of the range it has adopted,
which is 2.0 to 4.5°C. This raises the possibility of

ENDNOTES
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climate changes greater than those projected in the
2007 report, largely as a result of the processes
shown in Figure 22. This implies a much greater
chance of more severe climate changes and impacts,
some of which could be catastrophic.

Even the projected global warmings reported by
IPCC in 2007 lead to climate-related changes that
would have major impacts on human and natural
systems, as we shall see in the next chapter. This
means that the stakes are high, and suggests there is
a need for reducing greenhouse gas emissions so
we can follow lower and safer emission pathways.
How this might be achieved is a subject taken up
later in this book.
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no. 137, London; Maslin and others, Geology, 26, pp. 1107-10 (1998); and Maslin and others in Geology, 32, pp. 53-6
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to reflectivity or albedo changes.
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and co-authors, Tellus, 55B, pp. 692-700 (2003). See also Francey and colleagues, Nature, 373, pp. 326-30 (1995) and
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6
Impacts: why be concerned?

Humanity is conducting an unintended, uncontrolled, globally pervasive experiment whose
ultimate consequences could be second only to a global nuclear war. The Earth’s atmosphere

is being changed at an unprecedented rate by pollutants resulting from human activities,
inefficient and wasteful fossil fuel use and the effects of rapid population growth in many
regions. These changes represent a major threat to international security and are already
having harmful consequences over many parts of the globe.

INTERNATIONAL CONFERENCE ON THE CHANGING ATMOSPHERE: IMPLICATIONS FOR (GLOBAL SECURITY,

TorONTO, JUNE 1988.

Developments in mainstream scientific opinion on the relationship between emissions
accumulations and climate outcomes, and the Review'’s own work on future ‘business as
usual’ global emissions, suggest that the world is moving towards high risks of dangerous
climate change more rapidly than has generally been understood.

Ross GARNAUT, INTERIM REPORT, GARNAUT CLIMATE CHANGE REviEw, FEBRUARY 2008."

The key question for policy-makers (including you
the reader) is whether projected climate changes
due to greenhouse gas emissions are likely to
lead to unacceptable impacts on human and
natural systems. The United Nations Framework
Convention on Climate Change seeks to avoid
‘dangerous interference to the climate system’, so
we should ask whether what is projected would be
dangerous.? If so, we must try to avoid it by
adopting appropriate policies.

In 1988, despite having rather primitive
climate models at their disposal, scientists at a
major conference in Toronto reached the rather
startling conclusion (quoted above) that human-
induced climate change is a major threat to

international security. Today we have much
more advanced climate models and improved
understanding of the effects of climate change on
human and natural systems. Successive reports
from the Intergovernmental Panel on Climate
Change (IPCC) have largely confirmed the 1988
statement by providing much more detail and a
better basis.

However, our understanding is still far from
complete, and both climate and the systems that are
affected are extremely complex. New observations
and research findings add, almost weekly, to a
growing sense of concern that impacts are already
being felt above the background ‘noise” of natural
climate variability, and that far greater impacts lie
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in store. (Serious students of climate change will
follow links and do web searches related to news
stories to get the most reliable scientific and other
analysis on these new developments.)?

Climate change impacts are complex in that
they can be both direct and indirect. For example,
more rain may lead directly to either greater or
smaller crop yields, depending on factors such as
the type of crop, the soil and the present climate.
Indirect effects could include changes in supply
and demand as a result of these larger or smaller
yields, both regionally and globally, and the
resulting changes in commodity prices, the
profitability of farming, and the affordability of
food and effects on human health. Moreover,
impacts can often be made more favourable by
changing strategies so as to minimise losses and
maximise gains. This is called adaptation, and is
the subject of Chapter 7. In the present chapter we
will mainly consider direct impacts of climate
change, with some allowance for the more likely
adaptations and some comments on indirect effects.
But it is difficult to anticipate all potential
adaptations, since many will derive from research
and development yet to be done and will largely be
inspired by the perceived needs as climate
changes.

Direct impacts, adaptation and indirect effects
are largely conditioned by the nature of the relevant
human society, including its institutions, how well
informed people are, and how readily they can
adapt. These characteristics of society will change
with time through population and economic
growth or decline, new technologies and changing
institutional arrangements. Another important
factor, which has not been adequately studied, is
the rate of change of climate, not just the magnitude
of change. This is particularly important because
rapid change requires rapid adaptation, and a
subsequent need to change capital investments (for
example in irrigation or flood control systems,
building design, or port facilities), which will tend
to be more expensive and not always possible.

Studies of specific local impacts of climate
changes have been conducted by hundreds of

research groups, many from organisations
concerned with such matters as seasonal crop
forecasts, water supply and coastal protection.?
These groups have found that climate change and
sea-level rise of the magnitude and rates suggested
would greatly affect many natural systems like
forests, rivers and wildlife, as well as human
activities and society.

Examples include:

* changes in natural productivity and biodiversity,
with an increased rate of extinctions,

* decreases in cereal crop yields in most tropical
and sub-tropical countries, and in temperate
countries for large warmings,

* increased water shortages in many water-scarce
regions due to regional decreases in
precipitation, increased evaporation and loss of
glaciers and seasonal snow storages,

¢ adverse economic effects in many developing
countries for even small warmings, and for
developed countries for larger warmings,

¢ tens of millions of people on small islands and
low-lying coastal areas at severe risk of
flooding from sea-level rise and storm surges,

e increased threats to human health,

* increased inequities between poor and richer
countries,

* increased risk of abrupt and irreversible climate
changes.

Studies have been based in part on observations
of past variations in climate and their effects on
crop yields, river flow, flood and drought frequency
and so on. Some projections of future effects have
thus been based on extrapolations from past
experience, while others have used mathematical
models of known behaviour of systems to estimate
future effects. For example, crop productivity
models that simulate how plants grow and develop
fruit or grain, and that take into account soil



moisture, temperature, soil nutrients and carbon
dioxide in the air, are used to predict crop yields.
These are the same models used for seasonal
forecasts, but with climate change inputs. Similarly,
simple causal models can predict river flows by
calculating how much rain falls in a river catchment,
how much evaporates, how much penetrates into
the soil and how much runs off.

When such models are used to calculate the
present yields or river flows we say they are used to
perform ‘control simulations’. We can check how
good such models are by comparing the control
results with observations, especially for seasonal or
year-to-year variability and observed variations.
The models are then run with changes in climate
according to some possible future, and a new
climate change simulation result is produced. The
difference between this and the control is the
estimated effect of the assumed climate change.

Climate change impacts — reasons

for concern

Many studies of impacts for various regions,
industrial sectors, times in the future, and scenarios
were summarised in the IPCC reports in 2001 and
2007. However, it was difficult to compare and
summarise these quantitatively, especially for the
full range of climate changes due to various
emissions scenarios, since most studies were based
on a limited number of scenarios, and nearly all
were based on transient warming rather than
stabilised conditions. The IPCC, however, in its 2001
report did summarise the impacts qualitatively
under five categories or ‘reasons for concern’, which
may be considered separately.” They are not all
expressed in economic terms, since many impacts
involve factors such as species loss or poor health
that cannot readily be expressed in monetary terms.

The selected reasons for concern were:

* Risks to unique and threatened systems: natural
systems are vulnerable to climate change,
especially where migration to higher elevations
or higher latitudes is not possible or too slow,
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and increasing numbers will be irreversibly
damaged as global warming increases.
Ecosystems on mountains, small islands and
polewards-facing coasts are especially vulnerable.

Risks from extreme climate events: changes in the
frequency and severity of extreme events are
expected, and will likely be a major cause of
damages to ecosystems, crops, and society. This
is demonstrated by the observed rise in
damages from extreme climatic events in recent
decades both in terms of monetary losses and
of lives lost. Whether or not the rise in damages
to date is due to changes in extremes or to
increased populations or assets in dangerous
locations, the increase in damages shows
increasing vulnerability. Clearly damages will
increase further with greater climate change.

Distribution of impacts: impacts of climate change
will not be distributed equally over the globe.
Adverse impacts are likely to be greater and to
occur earlier in low-latitude developing
countries than in mid- and high-latitude
developed countries. This is mainly because
low-latitude countries are near or above
optimum temperatures for many crops and
activities already. Such countries are also less
able to adapt both because more heat-tolerant
species and cultivars are less available and these
countries tend to have less adaptive capacity.

As warming increases with time even the more
developed countries will experience adverse
effects, but the poorer countries will remain
more seriously affected. Thus inequality
between countries will be made worse.
Inequalities in impacts will also apply within
countries between the poor and the rich, and
between vulnerable and less vulnerable regions.

Aggregate impacts: the consensus is that globally
the total of all the market impacts (those that
can be quantified in terms of money) may be
small positive or negative (1 or 2% of GDP) at
small global warmings (less than 2 or 3°C), but
will become increasingly negative at greater
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warmings. The majority of people are expected
to be worse off even at small warmings. Such
impacts are poorly quantified and additional
measures are necessary as many impacts cannot
be expressed objectively in monetary terms.

* Risks from future large-scale discontinuities:
While not well understood, there is a strong
possibility that large-scale and possibly
irreversible changes in Earth systems will result
in large impacts at regional and global scales.
Changes to the global-scale ocean circulation
and the El Nifio-Southern Oscillation (ENSO)
are possible in the twenty-first century, and
other changes may occur, possibly made
inevitable by climate change this century. For
example, rapid melting of the Greenland and
West Antarctic ice sheets could occur (and may
have started already), leading to several metres
rise in sea level over one or more centuries.

The 2007 IPCC Working Group II report also
discussed impacts in terms of the reasons for
concern and ‘key vulnerabilities” (Chapter 19), as
well as by sector (Chapters 3 to 8) and region
(Chapters 9 to 16). Joel B Smith and other IPCC
authors argue in a forthcoming paper that these

concerns are more serious than was believed in
2001.5

Thresholds and abrupt changes

Before we discuss the reasons for concern in more
detail, it is worth looking at a group of phenomena
that cuts across them — the pervasive influence of
what are termed ‘non-linear effects’, thresholds and
abrupt changes. We discussed them briefly in the
previous chapter on what climate changes to expect,
but they apply even more to impacts. They are
effects that cannot be anticipated by simple
extrapolation from recent experience.

For example if we are pushing a cart up a slope,
then we expect that a further push will lead to a
similar movement as the last push. This is true if
the slope is steady, but if we reach the top of a hill,
all of a sudden the next push may lead to the cart

taking off down the hill. This is a non-linear effect.
We have reached a point or threshold, in this case
the top of the hill, where conditions (properties of
the system) change rapidly. An even more abrupt
and irreversible change would occur if our cart
reached a cliff top and went over. Climate change
confronts us with many potential thresholds and
possibly some rather large cliffs.®

Threshold events signal a distinct change in
conditions. These may be due to direct physical
limits or barriers, or to exceeding a level or
benchmark nominated by society or economics.
Climatic thresholds include frost, snow or monsoon
onset. Biophysical thresholds represent a distinct
change in conditions, such as the drying of a
wetland, the cessation of flow in a river, flood, or
breeding events. Behavioural thresholds are set by
benchmarking a level of performance such as crop
yield per hectare or net income. Operational
thresholds might include sustainable herd size for
grazing grasslands, design standards for buildings
or drain sizes, heights of levee banks, the size of
dam spillways or simply the difference between a
profit and a loss. Movements of variables across
thresholds can have much larger consequences than
similar magnitude movements that stay below the
thresholds. They may take us into a region where
drastic, unacceptable or dangerous change occurs
in the functioning of a system.

An interesting example is set by the damage to
buildings caused by wind gusts. Australian
insurance figures indicate damage rises dramatically
for peak wind gusts in excess of 50 knots, or
25 metres per second (Figure 23). This is a very
important threshold, since wind damage is one of
the major economic impacts of climatic extremes,
which may change in frequency or intensity with
global warming according to how frequently and
by how much the threshold is exceeded. In the
period 1995-2002, the average cost of windstorm
damage in the US from hurricanes, tornados and
severe thunderstorms was about US$5 billion
annually.”

Abrupt changes also occur in ecological systems.®
Studies of lakes, coral reefs, oceans, forests and arid
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Figure 23: Wind speed threshold for damages. Insurance Australia Group building claims costs versus peak wind gust speeds
show a disproportionate increase in costs when wind speeds exceed 50 knots (about 25 metres per second). A 25% increase in
gust wind speed above this threshold causes a 550% increase in building damages. This is partly due to the ‘snowballing’ effect
of flying debris. (Diagram after T Coleman, IAG, 2002, with permission.) (1 knot _0.5 metres per second.)

lands have all shown that smooth change can be
interrupted by sudden shifts to some contrasting
state. Such sudden changes in system behaviour
often arise from an element of the system reaching a
limit or threshold at which instability sets in, and the
system moves into a new stable state. One frequently
observed example is the change of a lake from a well-
mixed system to one that is stably stratified, with the
subsequent development of surface algal blooms
and anoxic conditions at depth. When a system is
close to such a threshold, even quite small random
events or trends can force the system into a different
state. In more mathematical terms, it may take the
form of a switch from a negative to a positive
feedback. According to Scheffer and colleagues,
distance from a threshold of this sort is a measure of
system resilience or ability to cope with small
variations in conditions.

Abrupt changes, and exceeding thresholds, can
occur in many climate change impact situations,
ranging from water stress in an individual plant,
through the topping of flood levee banks, to
economic crises or forced migration due to rapid
sea-level rise. The potential for such events lies
behind many of the impacts within each category of

reasons for concern identified in the IPCC 2001
report. These categories are discussed below.

Risks to unique and threatened systems
Some of these impacts have already been observed
over the last several decades, for example changes
in the ranges for some already threatened species
of plants, animals and birds, retreat of glaciers,
shorter duration of river-, lake- and sea-ice and
melting of permafrost. However, as we saw in
Chapter 1, attribution of such observed changes to
the rather minor global warming of the last century
is often difficult in individual cases because of
other possible causes, but made more convincing
by their widespread and varied nature. The IPCC
in its 2007 report concluded that there is now good
evidence that recent warming is already strongly
affecting natural biological systems, both on land
and in the seas. This includes changes in abundance
of species, with some local disappearances,
polewards shifts in species, stress on coral reefs,
and growing acidity of the oceans, which is
expected to have adverse effects on many key
species.’
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TABLE 8: Some threatened and unique entities

Category

Entities

Comments

Water bodies

Closed lakes, especially small ones, but including
Caspian and Aral Seas, and Lakes Balkash
(Kazakhstan), Chad (Africa), Titicaca (South America)
and Great Salt Lake (USA). Other lakes also affected,

Fine balance between inflow and evaporation in
closed lakes, and in some others with large areas and
small outflows. Impacts on fisheries, local climate, etc.

especially the African and American Great Lakes

mangroves, fire-prone species

Glaciers Tropical glaciers most sensitive, but many small Impacts on related ecosystems, tourism, seasonal
glaciers will disappear water supply and hydropower
Ecosystems Alpine ecosystems, coastal wetlands, Cape Floral Ecosystems bound by altitude, coasts or land use

Kingdom and succulent Karoo (Africa), coral reefs,

change most vulnerable. Increased fire risk
widespread. Many coastal wetlands and mangroves
cannot retreat inland due to topography or
development

Coastal settlements and
communities

North Sea coast (Europe); US east and Gulf Coast;
many low-lying islands and populous coasts of higher
islands; mega-deltas including Bangladesh; coastal
cities of China, Indonesia, Africa, Nile delta.

Sea-level rise and changed wave climates, storm
surges and erosion will greatly alter coasts.
Adaptations expensive and problematic (sea access,
drainage, etc.). Could displace many people

Indigenous communities

coastal areas

Inuit/Arctic settlements and lifestyle. American Indian
and Australian Aboriginal communities in arid or

Traditional hunting and food gathering threatened.
Reduced water supplies, coastal flooding and erosion

The real question is how projected climate
changes, which are much larger than those of
the twentieth century, will impact on physical
and biological systems. Table 8 lists some of the
threatened and unique entities identified in the
IPCC 2001 and 2007 reports.

Closed lakes are particularly vulnerable to
increased evaporation from higher temperatures,
as are lakes with outlets that are small compared
with total evaporation from their surfaces. Many of
these lakes have shown large fluctuations in the
past, and some (most notably the Aral Sea, Lake
Chad and the Great Salt Lake) have been affected
greatly by withdrawal of water from tributary
rivers for irrigation. Only large increases in
precipitation in their catchments, and/or reduced
withdrawals or river diversions will save them
from shrinking further in a globally warming
world. "

Tropical glaciers in Asia, Africa and Latin
America, as well as New Guinea (where they mostly
disappeared during the twentieth century) are most
sensitive to global warming because they tend to be
marginal and suffer little year-to-year variation in
temperature. Their loss will mean a loss of cold-
loving species of plants and animals, as well as
changes to melt-fed rivers affecting riverine species.

Accelerated melting will cause floods in many
upper reaches of rivers especially in spring and
summer, until the glaciers have disappeared, when
lack of meltwater will cause serious water shortages
especially in summer and autumn. Similar effects
are expected in temperate glaciers and glacier-fed
rivers, which are important for irrigation and water
supply in many countries including the western
United States, parts of China, India, Pakistan,
Europe and Latin America."

Vulnerable ecosystems are those unable to
migrate due to altitude limits, coasts on the colder
boundaries (for example, coastal South Africa and
the south-west of Australia), or where natural
ecosystems are no longer possible beyond present
boundaries due to land clearing or other
development. Others at risk include species that
cannot migrate fast enough to keep up with climate
change, or species that cannot adapt when they lose
the combination of temperature and precipitation
necessary for their survival. Many species that rely
on each other for food or shelter will be lost as some
species die out due to climate changes, leaving
dependent species bereft of support. Increased
summer aridity will increase fire risk and severity
in many locations, leading to repeated fires that will
change ecosystems.



Freshwater and mangrove coastal areas will
be threatened by sea-level rise, erosion and
saline intrusion, often with little opportunity to
retreat inland due to steeper topography or
human imposed boundaries such as farms, roads
or embankments.

Coral reefs are at particular risk. They are
widespread in warm tropical waters and provide
large economic benefits from tourism, fisheries and
coastal protection. They are already subject to damage
from non-climatic problems such as over-fishing,
mining and pollution. Increasingly they are also
threatened by coral bleaching and death from warmer
water, slower growth rates due to increased ocean
acidity from higher carbon dioxide concentrations,
and in some cases by rapid sea-level rise.

Coral bleaching is a threshold phenomenon, with
onset of bleaching at a critical temperature that varies
from one location to another, due to different species
composition and adaptation. Adaptation is thought
to be slow compared to projected rates of warming,
and repeated bleaching may lead to widespread
death of particular types of corals, with more
affected as temperatures increase. Bleaching
episodes have already occurred with increasing
frequency worldwide, associated with peaks in the
ENSO cycle superimposed on a slow background
warming. Increased coral calcification rates at higher
temperatures are likely to be outweighed by deaths
due to bleaching and reductions in calcification due
to increasing acidification from higher dissolved
CO, concentrations. Box 4 summarises issues relating
to coral reefs.'

The Australian Great Barrier Reef is the world’s
largest continuous reef system, a storehouse of marine
biodiversity and breeding ground for seabirds
and marine vertebrates. A 2005 report by Access
Economics estimated the tourism associated with
the Reef generated more than US$4 billion in 2004/5
and provided over 60000 equivalent full-time jobs.

Coastal settlements will also be threatened by
sea-level rise, often exacerbated by subsidence due
to groundwater or oil and gas withdrawal from
underlying strata. Where this occurs in heavily
built-up areas in rich countries protection by
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building sea walls is possible, but often at great
financial and amenity costs. In poorer countries, or
for small settlements, such defences may be
uneconomic or impossible. Many millions of people
will be involved in developing countries, leading
to their displacement within countries and
pressure for cross-border migration in some cases.
Populations of low-lying countries and islands will
be particularly seriously affected, losing not only
their homes but in many cases traditional ways of
life, ancestral connections, and even community
and national identity or sovereignty."

Sea-level rise is associated with a range of effects
that are far more complex and threatening than
simply retreat to the corresponding higher altitude
contour line. Changed wave climates (direction and
wave energy) and extreme events (storm surges
and sometimes simultaneous high riverine runoff)
will cause temporary or permanent flooding, and
coastal erosion. Erosion will occur preferentially on
sandy beaches and barrier dunes, or soft rock cliffs,
with changes in along-shore sediment drift leading
to accelerated erosion where sediment supply is cut
off, such as in the lee of headlands, breakwaters and
groynes, and preferential deposition in inlets, and
against groynes, breakwaters and headlands. Effects
will be particularly marked where there are coastal
wetlands and estuaries.

Many of the world’s sandy shorelines have
retreated in the last century, from a combination of
factors of which mean sea-level rise was one. In
vulnerable locations erosion rates have been metres
per year. Anecdotal evidence abounds of missing
house blocks and collapsed soft rock cliffs. The
highly simplified Brunn rule suggests a rate of
recession on long sandy beaches of some 50 to 200
times the rate of local relative sea-level rise. In less
idealised situations this can be much larger, with
erosion of protective dunes and infilling of inlets.
This means that, with projected sea-level rise of the
order of a metre by 2100, many coastlines will
change substantially and a great deal of costly
infrastructure, and coastal ecosystems, threatened.

Adaptation to sea-level rise will be expensive,
and in many situations difficult due to poverty or
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BOX 4: THREATS TO CORAL REEFS

Recent reports'? indicate that coral reefs are valuable resources that are severely threatened by global warming

and other stresses. Key points are:

e Coral reefs are unique and valuable ecosystems, and provide major services to humanity including fisheries,
gene pools, coastal protection and a tourism industry worth billions of US dollars.

e Coral reefs are already declining due to over-fishing, mining and pollution.

e Outbreaks of coral bleaching have increased in frequency and magnitude over the last 30 years and are tightly

linked to increasing water temperatures.

* Projected increase in temperatures will cause more frequent and intense coral bleaching unless adaptation is

rapid.

e Increasingly frequent bleaching will mean more and more coral reefs will die.

* Increases in atmospheric carbon dioxide concentrations will increase acidity of oceans, slow calcification

rates (growth) and make coral more fragile.

e Sea-level rise may invigorate growth of some shallow reef species, but drown others.

e Adaptation to global warming will be slow, incomplete and leave different devalued reefs.

e Migration to higher latitudes is unlikely due to lack of suitable substrata and the rapidity of warming.

e Coral reefs are global canaries warning of major changes to ecosystems.

e Management policies including protected areas, no-take zones and reduced pollution can prolong reef
survival, but early and major reduction in emissions of greenhouse gases is necessary to prevent ongoing

major damage to reefs.

administrative and other obstacles. Further, some
protective measures such as rock walls or levees
may fail during extreme events, exposing whole
communities to flooding as in New Orleans in
2005. With progressive sea-level rise at rates
presently uncertain, planning such protective
structures or zoning new coastal development is
problematic.’s

Small indigenous communities will also be
threatened, not only from sea-level rise in coastal

communities, but in some cases from loss of water
supplies due to increased aridity, or loss of food
supplies as native species are lost due to climate
change. Indigenous Arctic peoples will have to cope
with loss of sea ice for hunting and fishing, changed
migration routes of animals, coastal erosion due to
wave action on ice-free coasts, loss of permafrost,
and changes in the abundance of traditional food
sources on land and in the water. Australian
Aboriginal communities are also threatened by



sea-level rise, changing indigenous food supplies
and health impacts.’® Generally, there will be
risks from pests and diseases, especially vector-
borne, respiratory or other infectious diseases,
as traditional food supplies are threatened,
lifestyles change, and water supplies for hygienic
purposes are in some cases reduced.

Risks from extreme climate events

Extreme climatic events occur naturally in an
unchanging but variable climate, virtually by
definition. It is difficult to predict their individual
occurrences more than a few days ahead, and to a
first approximation their occurrence can be
considered to be random. Nevertheless, we can
develop statistics for their occurrence from
observations of the recent past, and use these to
state probabilities and risk of occurrence of a
particular type and magnitude of extreme.

As discussed in Chapter 5, especially in Table 5,
it is now widely accepted that many extreme
events such as heatwaves, heavy rain events,
floods and droughts will increase in frequency and
magnitude in many regions with global warming,
while others, notably cold days and frosts, will
decrease. Tropical cyclones, and likely other large
storms, will increase in severity, and perhaps
change in frequency and preferred locations. Other
types of extremes, such as thunderstorms, hail,
and high winds may also change, although present
knowledge is limited. As certain circulation
systems such as ENSO and the North Atlantic
Oscillation (NAO) may also change, regional
climatic events associated with them, such as
preferred tropical cyclone locations and mid-
latitude storm tracks may change as well.

Such changes will have widespread impacts.
Most climatic impacts arise from extreme weather
events or climatic variables that exceed some critical
level or threshold and thus affect the performance
or behaviour of some physical or biological system.
Physical, biological and indeed human systems in
general have evolved, or are designed, to cope with
a certain range of variations in the weather, based
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on past variability. However, when weather
variables fall outside those limits, the affected
system under-performs or fails.

In human systems we implicitly or explicitly
plan and design systems and infrastructure to
cope with the established range of climate
variability, based on past experience. To help in
developing design criteria, engineers routinely
estimate the average time between floods or high
winds of a particular magnitude (the ‘return
period’) at particular locations. This applies, for
example, to the design capacities of spillways,
drains and bridges, the heights of levee banks and
the strength of buildings. Similarly planners
consider return periods of floods or coastal storm
surges, in zoning and locating urban developments,
and in setbacks from rivers or coasts. Return
period estimates are normally based on recent
instrumental records, where necessary augmented
by statistical or physical modelling or data from
neighbouring locations. Typically drains are
designed to cope with a 25-year return period
flood, small bridges maybe 100-year and large
dams maybe a 10 000-year flood. The safety margin
allowed for in design is related to the cost of a
failure. However, climate change means that these
statistics will change. Thus a central problem in
planning for climate change, and estimating
possible impacts, is how the statistics of extreme
events are likely to change.

Similar problems arise in non-engineering
applications such as the future effectiveness,
economic performance or viability of activities or
investments affected by the weather, such as
farming, ski resorts, or health services.

William Easterling of Pennsylvania State
University and colleagues in a review in 2000 point
out that some apparently gradual biological changes
are linked to responses to extreme weather and
climate events. Sequences of extreme events, such
as repeated floods or droughts, can compound
damage and lead to irreversible change. For
example, drought-affected forests are particularly
prone to wildfire, and then to soil erosion arising
from heavy drought-breaking rain. This in turn can
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cause siltation in rivers, sometimes filling deep
waterholes that are refuges for aquatic life during
low flow in rivers."”

A number of studies have found that a large part
of the observed increase in deaths and financial
losses from extreme events in recent decades is due
to population growth and demographic shifts into
hazardous locations. This means that many societies
are becoming more vulnerable to extreme events —
in other words, societies often display counter-
adaptive behaviour.'

Nevertheless, small changes in average climate
have a disproportionately large effect on the
frequency of extreme events. This is because of
the nature of frequency distributions (how
frequency changes with magnitude). Extremes
occur at the low frequency ‘tails” of these frequency
distributions. Frequencies in these tails change
very rapidly as the frequency distribution moves
up or down with the average. Moreover, variability
can change, and this also rapidly changes the
frequency of extremes. This is particularly important
for high rainfall events, as global warming increases
the moisture holding capacity of the atmosphere,
and thus preferentially increases the likelihood of
high intensity rainfall. Thus in many regions what
was a 1-in-100 year flood in the twentieth century
may well become a 1-in-25 year flood by late in the
twenty-first century.

The impact of extremes often increases very
rapidly with the magnitude of the extreme, as seen
with wind speed in Figure 23. This is particularly
true for flood damages, because the force of flowing
water increases rapidly with velocity and depth,
and damages increase very rapidly once flood
depth exceeds zoning levels and thus the floods
reach buildings not designed to withstand floods.
Moreover, once a flood is large enough to damage
a single building, debris washed downstream can
act as a battering ram to damage other buildings.
Wind damage has a similar ‘snowballing’ effect.
Again, once floods breach levee banks a great
increase in damages results. Box 5 summarises a
UK Government report on future flooding in
England and Wales."”

Similar non-linear or disproportional increases
in damages follow from coastal storm surges that
exceed planning levels. This can occur due to
average sea-level rise, and also from increases in
the intensity of storms. In the case of tropical
cyclones, the projected decrease in central pressure
and increased wind speeds will both add to the
increase in storm surge height, with additional
stress from wind-driven waves and riverine
flooding. The latter will be exacerbated by increased
rainfall rates.

An example from calculations of the 1-in-100 year
storm surge heights at Cairns, Australia, illustrates
the problem. Under present conditions the 1-in-100
year flood height is 2.3 metres, but allowing for a
small (10 hectopascal or mbar) decrease in average
central pressure, possible by mid-century, the 1-in-100
year event becomes 2.6 metres, and with a 10 to
40 centimetre average sea-level rise becomes 2.7 to
3.0 metres. This leads to a potential area of inundation
of 71 square kilometres, compared to about 32 square
kilometres at present. The area presently liable to
flooding is mainly wetlands, but the additional
nearly 40 square kilometres would be mainly in the
built-up urban area, including downtown Cairns.
This makes no allowance for increased storm runoff
that would make matters worse.”

Another problem with extreme events is that the
impacts are often compounded by repeated events.
Thus many systems may survive a single extreme
flood or drought, but not repeated floods or
droughts in quick succession. A long interval
between extremes may allow time for recovery,
both of natural systems and of human systems. But
if an economy is set back by large damages and
disruption by one extreme event, for example a
tropical cyclone, a second one shortly after might
well overwhelm the capacity of the society to
recover, causing far more economic disruption and
suffering than the first. Even in rich countries, two
or more successive extreme events may force losses
or complete failure on a farming enterprise. Farmers
can be bankrupted and have to abandon their farms,
unless they have disaster insurance. In poorer
countries successions of disasters can set back
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BOX 5: FUTURE FLOODING IN ENGLAND AND WALES"

In 2004 the UK Government released a report on future flooding in England and Wales. It addressed the question:
how might the risks of flooding and coastal erosion change in the UK over the next 100 years? Over 200 billion
pounds worth of assets are at risk, along with disruptions to transport and power. The report emphasised the long
lead times involved to influence future risk since:

e Large engineering works have long gestation times and long lifetimes.

e |t could take decades for changes in planning policies to take effect.

e The time delay inherent in the atmosphere and oceans means that action to reduce risk from climate change
must be taken now.

e Four different socio-economic scenarios were used, termed:
— World Markets (global interdependence and high emissions),
— Global Sustainability (global interdependence with low emissions),
— National Enterprise (national autonomy and medium to high emissions), and
— Local Stewardship (national/local autonomy with medium to low emissions).

e Some key findings are:

— If flood-management and expenditures were unchanged, annual losses would increase under all scenarios
by 2080, by less than 1 billion pounds under the Local Stewardship scenario to around 27 billion pounds
under the World Markets scenario.

— Besides flooding from rivers and coasts, towns and cities would be subject to localised flooding caused by
sewer and drainage systems overwhelmed by local downpours. Damages could be huge but are not yet
quantified.

— The number of people at risk would more than double by 2080.

— Dirivers of future flood risk include climate change, urbanisation, environmental regulations, rural land
management, increasing national wealth and social impacts. Climate change has a high impact in all
scenarios, with sea-level rise increasing the risk of coastal flooding four to 10 times, and precipitation
changes increasing risk two to four times.

— An integrated portfolio of responses could reduce the risk of river and coastal flooding from the worst
scenario of 20 billion pounds annual damage down to around 2 billion pounds (still double the present
damages).
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economic development, for example in Bangladesh
and Mozambique.

Disaster insurance often comes in the form of
government-funded relief, but increasingly
governments are designing relief schemes to only
cope with ‘exceptional circumstances’, sometimes
defined as a 1-in-20 year event. If climate change
means that these events start to occur more
frequently, governments will need to rethink
the definition of exceptional circumstances, and
ask whether restructuring the industry is better
than continuing aid.

In other cases, private insurance companies
provide disaster insurance. Many of these
companies are already considering whether they
need to increase their premiums, reduce their cover
in the face of an increasing frequency of insurance
claims, or to adopt more stringent rules as to what
is insurable. Major insurance and reinsurance
companies have been amongst business leaders in
advocating policies to mitigate climate change.”

The role of extremes in agriculture and natural
systems is complex. Ecosystem type, and even crop
productivity, is often related in studies to average
climate conditions. However, often this is a proxy
for the effects of extremes, since in an unchanging
climate the magnitude and frequency of extremes is
related to that of the averages. In fact, the causal
relationship is usually with the magnitude and
frequency of such extremes as frost season, aridity
and extreme high temperatures at particular stages
in plant growth. Many crops, for instance, do badly
in waterlogged soils (very wet conditions) and also
under severe water stress (very dry conditions).
Moreover, crop yields are often dependent on
temperatures and soil moisture at flowering or
grain filling times in the growth cycle, with
extremely high temperatures reducing fertility and
thus grain yield.”> See Box 6.

Fire occurrence is the product of several variables,
and of background conditions as well as extremes. It
is a function of precipitation and temperature over a
long interval of time, usually in excess of a single
season, which determines both fuel density and its
dryness. But fire outbreak also requires ignition

(usually from lightning or human agency), high
temperatures and winds, and low humidity on the
day, if the fire is to spread. Proxy evidence of fire
occurrences under past climates (see Chapter 2) and
projected fire indices for future climate scenarios
suggest that fire frequency and severity will
likely increase in many regions under enhanced
greenhouse conditions. Occasional fires can be
beneficial in many ecosystems, thinning undergrowth
and allowing regeneration. But too frequent fires
can destroy seedlings and prevent regeneration,
leading to the replacement of one species by another
more fire-resistant one. This process can change
mature forests to savannah or grassland.

Increased fire frequency and intensity will have
a number of effects including, the changing of
ecosystems, damage to buildings and infrastructure,
loss of human lives, and threatening the survival of
long-term carbon storage in the biosphere (forests
and soil carbon). The latter means that increased
fire may contribute to a magnification of the
enhanced greenhouse effect by undoing the
sequestering of carbon in plants and the soil that
presently occurs in well-managed land ecosystems. If
the huge boreal forests of the northern hemisphere
continents and the vast peat deposits in the present
tundra and some tropical areas (for example,
Kalimantan in Indonesia) are burnt, fire may have a
disastrous effect by accelerating climate change.”

Distribution of impacts**
The impact of global warming will not be distributed
evenly amongst people, countries and regions.
Some individuals, sectors, systems and regions will
be less adversely affected, and might even gain in
the short run. Others will suffer losses even with
small levels of global warming. This pattern of
gains and losses will vary with time. Increasing
losses are projected as warming increases, but the
incentive for early action may be less in countries
that see early gains.

The regional chapters in the 2007 IPCC WGII
report document in detail the very different ranges
of impacts in different parts of the globe, with



people in Africa, the Arctic, small islands and low-
lying coastal areas most obviously the worst affected
by rapid climate change and sea-level rise. Some of
these regional or national impacts are discussed in
Chapter 11 below.

In the broadest of general terms, there are two
main reasons for the uneven distribution of impacts.
One is present climate or location, and the other is
relative wealth and level of economic and
technological development.

Countries such as the Philippines, Guyana and
Nigeria, which are at low latitudes with high
average surface temperatures are more likely to be
early losers, along with low-lying countries such as
Bangladesh and Kiribati, which are subject to
flooding by sea-level rise. Warm tropical countries
have less opportunity to gain by temperature
increases because they are already warm enough at
all times of the year, and are less able to import
plant and animal genetic resources from other
regions to replace existing plants and animals which
cannot adjust to even higher temperatures. The
main issues for these countries are human survival
and economic development.

On the other hand, mid- and high-latitude
countries such as the United States and Russia may
gain in the early stages of global warming from
longer growing seasons, the opportunity to grow
more heat-tolerant plants and crops, shorter shipping
routes via the Arctic Ocean, and potential exploitation
of Arctic oil and gas. This advantage, however, may
be negated by water supply problems in mid-
latitudes, the spread of tropical pests and diseases,
heat stress in summer, and other problems. And as
warming continues, even mid-latitude countries
may run out of options for heat-tolerance. High-
latitude countries may also find that, despite some
early gains with greater warming, that gains turn to
losses, due to the melting of permafrost, the death of
many boreal forests, which may be burnt by wildfires
along with peatlands, and increased flooding. There
is also the possibility of sudden and irreversible
effects causing marked regional climate changes and
accelerated warming or sea-level rise. Key issues for
these countries are equity and morality in the short
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term and guarding against harm to themselves in the
long term (see discussion in Chapter 10 below).

The second reason commonly advanced for an
uneven distribution of impacts is the greater
capacity of richer and more technologically advanced
countries to adapt to climate change. This is because
these countries can more readily afford the
expense of investment in emergency preparedness,
adaptations such as sea walls, plant breeding, and
other research and development. Rich countries can
also better afford to compensate losers within their
own countries, with rehousing of displaced people,
retraining and disaster relief.

In general, in today’s climate, extreme climatic
events such as floods, droughts and storm surges
cause far more deaths in poor countries than in
rich ones. This is because in rich countries the
affected population is more likely to be warned of
disasters, can be evacuated, fed and clothed, and
has access to better health services. This ability to
avoid casualties in rich countries is likely to
continue as climate change hits home, although it
may cost more.

Nevertheless, contrary to the emphasis on lives
lost, damages in monetary terms from climatic
disasters tend to be much higher, and to be
increasing more rapidly, in rich countries than in
poor ones. This is because there is much more
financial investment in development, especially in
disaster-prone coastal areas, in the rich countries,
with a marked trend for populations to increase
more rapidly in exposed areas. This is often
exacerbated by protective measures against climatic
disasters that are adequate for moderate but not for
large extreme events (for example, New Orleans in
2005). Such measures encourage development and
thus increase exposure to major disasters in disaster-
prone areas.

Overall, however, there is little doubt that global
warming will increase the inequity between the rich
developed countries and the poorer developing
ones. Economic studies that have attempted to
quantify the cost of climate change impacts by region
have come up with estimates of percentage change
in present GDP for modest warmings (1 to 2.5°C).
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BOX 6: IMPACTS ON FOOD PRODUCTION AND SECURITY?

The impacts of climate change on food production, prices and numbers at risk of hunger depend on a number
of factors. These include regional climate change, biological effects of increasing atmospheric carbon dioxide,
changes in floods, droughts and other extreme events, existing agricultural systems, adaptive capacity, changes
in population, economic growth and technological innovation. A number of studies cited in the [IPCC 2007 WGlI
report used the SRES family of scenarios of greenhouse gas emissions and socio-economic change.

Key studies used a linked system of climate scenarios, agricultural models, and national, regional and global
economic models. Adaptation was generally at the farm level, such as changes in planting dates, fertiliser
applications and irrigation, and at the regional level via new cultivars and irrigation systems. Economic adjustments
included changes in national and regional investment in agriculture, crop switching, and price responses.

Results reported by Martin Parry and others in 2004 for four illustrative SRES scenarios (ATFI, A2, B1 and B2)
showed small percentage gains (3 to 8%) in average crop yields in developed countries by 2080, but decreases
in developing countries of 1 to 7%. This increased the inequity, measured by changes in yield, by between 7 and
10%. The authors state that: ‘While global production appears stable, regional differences in crop production are
likely to grow stronger through time, leading to significant polarisation of effects, with substantial increases in
prices and risk of hunger among the poorer nations, especially under scenarios of greater inequality (ATFI and
A2)". Cereal price increases by 2080 under most scenarios were between 8 and 20%. Clearly, as the developed
countries have a far smaller population than the developing countries, the majority of people will be worse off.

Parry and others state that their results are highly dependent on the benefits from increased CO, concentrations
as measured in experiments, which are uncertain in the real world, and on effects of pests and diseases, which
have not been estimated. Their results are for climate change scenarios simulated with only one climate model,
that from the Hadley Centre in the UK. Other climate models would give different results, especially because of
differing projected rainfall changes in particular decades.

Several more recent studies as reported by IPCC in 2007 do not show results for the A1FI scenario and therefore
have a lower range of impacts (even though the ATFI scenario is closest to recent trends).

New conclusions reported by IPCC in 2007 include that:

e increases in frequency of extremes may lower crop yields beyond the impacts of average climate change,

e impacts of climate change on irrigation water requirements may be large [as also are changes in irrigation
water supplyl,

e stabilisation of CO, concentrations through reduced emissions reduces damage to crop production in the long
term, despite loss of the physiological benefits of higher CO, concentrations,

e the effects of trade lowers regional and global impacts, and

e the magnitude of climate impacts will be small compared to that from different socio-economic development
paths; sub-Saharan Africa is likely to surpass Asia as the most food-insecure region.

None of these studies seem to have considered the potentially adverse effects on food supplies and prices of
using croplands for biofuel production.?®



They found around zero to a few per cent gains in
Europe and North America, and losses of around four
per cent in Africa. While these estimates have many
shortcomings (see below), they do suggest increasing
inequity. As warmings by 2100 are projected by the
IPCC in 2007 to be in the range of 1.8 to 6.4°C, and
damages are expected to increase rapidly with
warmings greater than about 2°C, these estimates of
uneven damages are a cause for concern.

Uppermost in many people’s minds is the
moral concern over increased inequity. This is
given strong emphasis in international bodies.
However, inequity between countries is clearly not
of great practical concern in many rich countries, if
the evidence of small and declining aid programs
from some rich countries is anything to go by.
There are, however, other more practical reasons
why growing inequity between nations should be
of concern to the rich, and which might lead to a
genuine commitment to reduce inequity, rather
than lip service to the ideal (see Chapter 10).

Aggregate impacts”

A number of studies have attempted to estimate
the overall global cost of climate change impacts.
These are beset by a number of problems that have
only been partly overcome. Difficulties include:

¢ choosing appropriate measures of impacts,
since many costs such as loss of species or lives
cannot be put objectively in monetary terms,

¢ the need to overcome knowledge gaps and
uncertainties to provide a complete picture, for
instance in the understanding of the effects of
changes in extreme events,

* forecasting changes in exposure to climate
change, which is affected by economic growth
and population change,

* anticipating adaptative capacity given its
dependence on wealth and technology,

* problems in aggregating across different
countries with different standards of living, and
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* allowing for the passage of time in monetary
costing (the so-called ‘discount rate” or value of
future consumption relative to today’s value).

Agricultural and coastal impacts have been
fairly well quantified (although with large
remaining uncertainties), as has health to some
extent (although it is controversial). Estimates of
the cost of the loss of species and ecosystems are
very uncertain. More generally, different studies get
different results. This is partly due to whether they
factor in the effects of extreme events and possible
disasters, and how optimistically they estimate
technological innovation and the capacity to adapt.
Cross-links between water resources and
agriculture, and the costs of learning and delays in
adaptation, have not been adequately taken into
account. Costs associated with exceeding critical
impact thresholds, which may cause rapid increases,
are usually neglected, but may dominate costs at
larger warmings. Effects of rates of climate change
have not been included in most studies, although it
is clear that costs will be greater for rapid rates of
change because adaptation will be more difficult
and costly. Costs of non-market impacts such as
health or species loss are subjective and perhaps
best expressed in non-monetary terms.

Results to date suggest that the majority of
people may be negatively affected at average
global warmings of 1 to 2°C, although the net
aggregate monetary impact may be slightly
positive due to the dominance of rich countries in
monetary terms. At higher levels of warming,
estimated monetary impacts generally become
negative, and studies allowing for disastrous
possibilities can reach high negative outcomes,
such as about 10% or more loss of world GDP for
6°C warming, as cited in the review by British
government economist Sir Nicholas Stern.

The Stern Review has been widely influential
but has also been attacked by sceptics as poorly
based and value-laden. This is in part due to his
choice of estimates of damages, which were at the
large end of the range of published estimates
because he favoured those that took account of
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extreme events. Stern also took seriously impacts
out to 2100 that many economists discount as if
they were marginal costs that could be ignored as
too far into the future, or because they do not believe
that ‘business-as-usual’ economic growth could
produce such large emission scenarios and thus
large impacts. The Stern Review estimates are not
inconsistent with those in the IPCC 2007 report,
which were largely arrived at independently and
by different methods.”

Estimates of aggregate costs will only be realistic
when more is known about the potential for future
large-scale discontinuities in the climate system (see
below) and full account is taken of potential changes
in extreme events and consequent risk.

Waking the sleeping giants®

As discussed in Chapter 5, projected climate
changes during the present century and beyond
have the potential to initiate future large-scale and
possibly irreversible changes in various Earth
systems, resulting in impacts at continental or
global scales. Fred Pearce in New Scientist (12
February 2005) aptly referred to these possibilities
as ‘waking the sleeping giants’. They are suggested
by some model simulations, by past historical and
paleo-records and by some recent observations (see
Chapters 2 and 5). Their likelihood within the next
100 years is in most cases considered to be low,
although more scientists are now arguing that more
rapid changes are possible. Gradual but ongoing
climatic changes set in train in the next several
decades may make some of these large-scale
discontinuities inevitable in the following centuries
as thresholds for discontinuities are reached, with
possibly huge impacts on natural and human
systems.

Some of these possibilities have been identified
in the previous chapter (see Table 7). The risk of
such events is at present poorly quantified, both as
to their likelihood in this or later centuries and the
magnitude of their impacts on natural and human
systems. In view of the plausibility of very large
impacts, the mechanisms and preconditions for

such events should be intensively studied, both via
computer modelling, and by close study of
analogous past historical and paleo-events.
Modelling and paleo-analysis must extend not only
to the basic physical events but also to their global
and regional impacts including changes in rainfall,
aridity, flooding, and impacts on ecosystems and
cropping potential.

Studies of past episodes of rapid climate change
such as the Younger Dryas event deserve special
attention, with a focus not only on mechanisms but
also on regional impacts. Attention should also be
paid to records and modelling of more regional
non-linearities and discontinuities. There is much
evidence to suggest that past climatic fluctuations
have not been smooth, but rather have often
involved rapid changes from one circulation regime
to another.

Some scientists who are familiar with these past
large variations in climate react by saying that if
such changes happened before due to natural
causes and life survived, what is there to worry
about now? However, human populations at the
time of the last deglaciation were relatively small,
and people could migrate more or less freely to
more suitable regions. That would be very difficult
now, with more than six billion people, national
borders and immigration restrictions.

Thus, despite the fact that the potential human
consequences of each of these possible large-scale
discontinuities have not been fully explored, it is
worth looking briefly at the scope of the possible
impacts.

Effects of a breakdown in the ocean circulation
Slow-down or cessation of the convective
overturning in the North Atlantic (see Chapter 5)
and around Antarctica would cause regional
cooling, as well as connected changes elsewhere in
the world. This overturning powers what has been
described as the oceanic ‘conveyor belt’, which
redistributes heat around the globe. North of 24°N
the Gulf Stream presently conveys roughly a million
gigawatts of energy northwards from the tropics,
warming much of Europe by 5 to 10°C. Without



deep-water formation, the Gulf Stream runs further
south without releasing so much heat.

Partial or slow reductions in the North Atlantic
overturning would lead to only small relative
cooling in the Western European region, and this is
likely also in parts of North America, as polewards
heat transport is reduced. Such slow changes could
be outweighed by general global warming, such
that temperatures in Western Europe and parts of
North America would not fall below the present.
However, altered temperature differences with
neighbouring regions would lead to changes in
storm tracks, variability and severe weather events.
The impacts of such events have not yet been
quantified.

A study by Michael Vellinga and Richard Wood
with the UK Hadley Centre climate model® suggests
that weakening of the overturning in the North
Atlantic may also lead to large shifts in precipitation
in the tropics due to shifts in the thermal equator.
Using an ecosystem model, they find that weakening
of the oceanic circulation causes worldwide changes
in ecosystem structure and function, including
expansions of desert in the north of South America,
West Africa and Australia, but reductions in desert
in North America. These changes far from the North
Atlantic are mainly due to precipitation changes,
and have strong implications for food production.
They are still quite uncertain, but point to wide
implications, well beyond Western Europe.

If complete cessation of overturning were to
happen this century, which is unlikely but not
completely impossible, it might lead to colder
temperatures in the North Atlantic region than at
present, with greater warming elsewhere. A return
to regionally cooler conditions in Europe and North
America would have disastrous impacts on food
production, health, economics and ecosystems.
This could be worse than at the time of the Little
Ice Age because of far larger human populations,
and the greater inter-connectedness of global
economies. Even if there were no direct climate
change impacts elsewhere, if the economies of
Europe and North America were to catch a cold,
others would sneeze.
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Most global climate models that have been run
for such scenarios have only projected complete
cessation of overturning for carbon dioxide
concentrations exceeding twice pre-industrial levels,
and at a point in time well beyond 2100, when the
whole world would be considerably warmer than
now. However, these computer simulations have not
in general taken account of simultaneous forcing
from decreased overturning around Antarctica, nor
of accelerated melting of the Greenland ice sheet, as
discussed in Chapter 5. The recent dramatic loss of
Arctic sea ice and acceleration of melting and outflow
from Greenland, both far faster than modelled,
means that further surprises could be in store.

Modelling suggests that any such shutdown of
the ocean circulation may be long-lasting relative to
human lifetimes. Moreover, the paleo-climatic
analogy of the Younger Dryas and similar events
near the end of the last glaciation is only partial. At
that time the Earth’s orbital changes favoured a
‘quick’ recovery (which occurred after 1200 years),
whereas there is no such force for recovery operating
this time. We are thus not just talking about a short-
term disaster from which the world might recover,
but one that might last for millennia.

In a paper entitled ‘Abrupt climate change:
should we be worried?” (2003) Robert B Gagosian,
President and Director of the illustrious Woods
Hole Oceanographic Institute in Massachusetts,
USA, states that two scenarios are useful to
contemplate:™!

Scenario 1: Conveyor slows down within next two
decades. This could quickly and markedly cool the
North Atlantic region, causing disruptions in global
economic activity. These disruptions may be
exacerbated because the climate changes occur in a
direction opposite to what is commonly expected, and
they occur at a pace that makes adaptation difficult.

Scenario 2: Conveyor slows down a century from now.
In this case, cooling in the North Atlantic region may
partially or totally offset the major effects of global
warming in this region. Thus, the climate of the
North Atlantic region may rapidly return to one
that more resembles today’s — even as other parts
of the world, particularly less-developed regions,
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experience the unmitigated brunt of global warming.
If the Conveyor subsequently turns up again, the
‘deferred” warming may be delivered in a decade.

Clearly the consequences of either of Gagosian’s
scenarios are serious, although the first is the more
alarming because of its rapid onset. The report to
the US Pentagon by Peter Schwart and Doug
Randall, widely reported in the media in 2004,
seems to have taken the first scenario as its starting
point, ‘as an alternative to the scenarios of gradual
climate warming that are so common’. While the
resulting geo-political scenario has been widely
criticised as sensationalist and even irresponsible, it
seems to me that as a worst-case scenario it fulfils a
purpose for the Pentagon, whose business is to
plan for unlikely but not impossible scenarios.
Schwart and Randall suggest that such an abrupt
climate change scenario would lead to food
shortages, decreased water supplies in key regions,
and disruption to energy supplies, with likely
downstream risks for US national security,
including border management, global conflict
and economic malaise.* Such topics are taken up
under ‘Security implications” below.

A paper presented by Michael Schlesinger of the
University of Illinois, and colleagues at a conference
on ‘Avoiding Dangerous Climate Change’ in
England in 2005, states, on the basis of their
simplified climate and economic modelling, that in
the absence of an emissions reduction policy, there
is a 50% chance of a collapse of the North Atlantic
circulation by 2205. Even with the implementation
of an immediate carbon tax of US$100 per tonne of
carbon to reduce emissions, they calculate that the
chance may still exceed 25%.%

The effects of a slowdown or cessation of Antarctic
deep-water formation have been investigated by
Australian oceanographers Richard Matear and Tony
Hirst.** Using a simulation up to 2100, and later multi-
century climate change simulations from the CSIRO
climate model, they projected the impact on marine
biogeochemical cycles. The key results were:

¢ reductions in the global oceanic uptake of
carbon dioxide by about 14% by 2100,

¢ reductions in dissolved oxygen levels in the
ocean interior over several centuries, causing
expansion of an anoxic region in the mid-water
of the eastern equatorial Pacific, and

* reductions in nutrient concentrations in the
upper ocean, causing an expansion of regions
that are nutrient limited and reducing
biological production in the upper ocean, thus
affecting fisheries.

Rapid sea-level rise from melting ice sheets

The ideas discussed in Chapter 5 regarding
possible rapid melting of the Greenland and West
Antarctic ice sheets suggest that sea-level rise may
be more rapid than suggested by the IPCC 2007
range of 18 to 59 cm by 2100.

While the time scale for complete disintegration
of the Greenland and West Antarctic ice sheets
under these faster scenarios is still uncertain, the
above ideas suggest that sea-level rises of the order
of one or more metres in the twenty-first century,
and more in the following centuries are possible.
Only the broadest of estimates have been made of
what impacts such large sea-level rises would have
economically and on the numbers of people
displaced. Martin Parry of the Jackson
Environmental Institute, University of East Anglia,
and others estimate that for the more modest sea-
level rises expected by 2100 under the IPCC 2001
report scenarios, 50 to 100 million people may be
subject to coastal flooding.*> Greater sea-level rises
could vastly inflate that figure. Such estimates
depend greatly on what assumptions are made
about population growth in the coastal zone, and
the affordability and effectiveness of adaptation
measures such as sea walls.

Apart from the huge economic costs of such
coastal flooding, accommodating the huge numbers
of people forced to leave the present coastal zones
would be a major social and political issue. The
internal disruption in many populous developing
countries such as China, Indonesia, Bangladesh,
Egypt and Nigeria would be enormous, with the
likelihood of internal conflicts, poverty and disease.
A number of low-lying island countries may be



made uninhabitable, forcing migration, loss of
national sovereignty and cultural identity and
bringing demands for compensation. Cross-border
migrations would be an issue in many regions.

The 2007 IPCC report has a cross-chapter case
study on megadeltas.®*® A sample of 40 deltas
globally, including all the large megadeltas, are
inhabited by nearly 300 million people, with an
average population density of 500 people per square
km, notably in the Nile delta and Bangladesh. Many
large and expanding cities are located in these
deltas. One study indicates that more than one
million people would be directly affected by 2050 in
four megadeltas, in Bangladesh, Egypt, Nigeria and
Vietnam. Much of the expected damage is due to
sediment loss from dams and coastal erosion, but
sea-level rise would greatly exacerbate the
problems.

Even in developed countries, the cost and loss
of amenity from sea walls and other defences, and
accommodating and compensating people
displaced from the coastal zones and cities would
cause enormous economic and social strain. Large
regions that are low-lying and in some cases
already subsiding will be threatened, for example
parts of eastern England, the Low Countries of
Western Europe, Venice and other parts of the
Adpriatic coast, Florida, parts of the Gulf Coast, the
Chesapeake Bay region and much of the Atlantic
coast in the US, and parts of coastal cities in
Australia. Loss of coastal wetland habitats
would be sweeping, and many coastal coral
reefs such as the Great Barrier Reef off Australia
would be effectively drowned, exposing coasts to
full wave energy, enhanced erosion and storm
surges. Many local thresholds for impacts would
be exceeded, as natural barriers and sea walls
would be progressively overtopped. Erosion and
re-alignment of coasts would be far greater and
more complex than is suggested by simply
translating the coast inland according to the
existing contours. The threat of sea-level rise is
already impacting on coastal development in many
parts of the world, from Bangladesh, England and
the US to Australia. In Australia the Insurance
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Australia Group has urged the federal government
to adopt various adaptation measures including
coastal land value insurance, while a state planning
authority has rejected proposed development plans
because of ‘foreseeable risk of inundation’.*”

At what level of global warming rapid melting
and ice sheet disintegration processes will get under
way is not clear, but once started they are likely to
be unstoppable. Recent observations suggest it
could be quite soon, if not already with us. Rapid
sea-level rise could continue until both Greenland
and the WAIS are more or less completely melted,
leaving the world with a sea-level rise of up to 10 to
12 metres lasting for millennia. This would be quite
a legacy for our descendants.

Runaway carbon dynamics?®

As discussed in Chapter 5, runaway carbon
dynamics (rapid increases in carbon dioxide
concentrations in the atmosphere due to positive
feedbacks) would lead to an acceleration in global
warming. It includes the likely reversal of the land-
based carbon sinks in plants and soil, which today
absorb carbon from the atmosphere, especially due
to increasing plant growth caused by the fertilising
effect of higher concentrations of carbon dioxide in
the atmosphere. The role of the oceans in taking up
carbon is complex. With warmer water dissolving
less CO,, warmer surface water tends to make for
less overturning and thus less downwards transport
of CO,. However, stronger winds especially in the
Southern Ocean may bring to the surface colder
water that has higher CO, concentrations due to
biochemistry, and which then outgasses.*

Other contributors to an acceleration in global
warming include more frequent forest fires, the
thawing of permafrost (which allows the decay of
peat stored in the Arctic tundra), and the release of
methane stored in ice-like hydrate crystals on the
ocean floor (see Chapter 5).

These effects add up to a more rapid increase
in greenhouse gas concentration in the
atmosphere, adding to the enhanced greenhouse
effect, accelerating global warming and leading
to a greater and more rapid onset of all climate
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impacts. Exactly how rapid this process will be,
and how far it will go is not yet understood,
but once it gets under way it may be difficult
to stop. Such an acceleration of global warming
is equivalent to a greater climate sensitivity,
and means that to stabilise greenhouse gas
concentrations and global warming at any particular
‘safe’ level will require greater reductions in
greenhouse gas emissions.

Security implications

The Pentagon report referred to above, by Schwart
and Randall was greeted with some scepticism as
an extreme and sensational document. However,
several other studies of potential climate change
impacts on national and international security have
appeared since 2004. These include an Australian
study Heating Up the Planet: Climate Change and
Security that recommended that government
agencies should ‘examine the policy connections
between climate change and national security
[including] food, water, energy, health and
environmental vulnerabilities, disaster planning
and unregulated population movements’ and
‘factor climate wild cards into their security
calculations and alternative futures planning and
“think the unthinkable””.*

In an even stronger and more detailed report,
the US Center for Strategic and International Studies
concluded that ‘climate change will aggravate
existing international crises and problems’,
including large-scale migrations of people due to
rising temperatures and sea level. It went on to state
that: ‘The scale of the potential consequences
associated with climate change — particularly in
more dire and distant scenarios — made it difficult
to grasp the extent and magnitude of the possible
changes ahead”.*!

The Chief Scientific Advisor to the UK Minister
of Defence stated in 2007 that: “The MoD regards
climate change as a key strategic factor affecting
societal stresses and the responses of communities
and nations to those stresses. Consequently we
have a pressing need for the best available advice
on future climate change and, based on these

predictions, assessments of the impacts of those
changes on human societies at the regional and
local scale’.*?

The awarding of the Nobel Peace Prize to Al
Gore and the IPCC in 2007 indicated some
recognition that there are indeed international
security issues involved, although most conflicts
are the result of multiple stresses of which climate
change may be only one.”” Recent developments
such as the territorial claims by Russia in the Arctic,
presumably in anticipation of easier access to
resources on the Arctic seafloor as sea ice cover
is reduced, and the incipient dispute over
international navigation rights in the North-West
Passage, which Canada regards as within its
territorial waters, are current examples of climate-
related issues.*

Stabilisation of greenhouse gas
concentrations®

All the five ‘reasons for concern’ about global
warming increase in severity with the amount of
warming. The big question for climate change
policy is at what degree of warming does this
become unacceptable or ‘dangerous’, and therefore
what concentration of greenhouse gases in the
atmosphere should be considered the upper limit?
This will determine what emissions reduction
strategies must be put into place.

Clearly, the projected rate and magnitude of
warming and sea-level rise can be lessened by
reducing greenhouse gas emissions, and the earlier
and greater the emissions reductions, the smaller
and slower the projected warming and sea-level
rise would be. There remains a range of uncertainty,
however, in the amount of warming that would
result from any particular stabilised greenhouse
gas concentration.

As stated above, the 2007 IPCC report gives the
best estimate of climate sensitivity as 3.0°C, with a
likely range from 2.0 to 4.5°C. Based on this range
of sensitivities, the eventual warming due to various
stabilised equivalent CO, concentrations are given
in Table 9.
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TABLE 9: Eventual warming (°C) above pre-industrial for various equilibrium concentrations of greenhouse gases in ppm
CO,-equivalent, for the best guess and likely range of climate sensitivities. Based on Table 10.8 in the 2007 IPCC report WGI.
Note that concentration of CO, (only) is above 384 ppm and rising on average by about 2 ppm each year

Equilibrium concentration in ppm Warming for best guess climate sensitivity of | Warming range for likely sensitivity range of
CO,-equivalent 3.0°C 2.0-4.5°C
350 1.0 0.6to 1.4
450 2.1 1.4t03.1
550 2.9 19to4.4
650 3.6 241t05.5
750 4.3 2.8t06.4
1000 5.5 3.71t0 8.3
1200 6.3 421t09.4

Such warmings need to be considered in the
light of the tipping points for the onset of massive
changes in the climate system, listed in Table 7, and
the uncertainties related to those. Note that the
tipping points are given relative to 1980-1999, so
they should be increased by about 0.7°C to be
relative to pre-industrial temperatures as in Table 9.
Comparison of possible warmings with estimates
of tipping points suggests a real possibility that
even for 450 ppm CO,-equivalent the first few
tipping points in Table 7 may be exceeded. This is
even more likely if recent observations in fact point
to faster global warming and sea ice melt, and more
accelerated outlet glaciers, than were considered
likely in the 2007 IPCC report (which was based on
earlier literature). We will return to this result in
Chapter 8 on mitigation.

Commenting on this possibility, the 2007 IPCC
report states that: ‘Risk analyses given in some
recent studies suggest that there is no longer high
confidence that certain large-scale events (for
example, deglaciation of major ice sheets) can be
avoided, given historical climate change and the
inertia of the climate system’.

Clearly, reducing emissions of greenhouse gases
to stabilise their concentrations would delay and
reduce damages caused by climate change. But if
this is to include keeping below critical thresholds
for various biophysical systems and possible major
changes to the climate system the reduction targets
may have to be very strict. Indeed, if the tipping
points that may occur at lower warmings are to be

avoided it may be necessary to follow a so-called
‘overshoot’ scenario where concentrations rise to a
peak in excess of the long-term stabilisation value
and are then reduced. This could only be achieved
by taking greenhouse gases out of the atmosphere,
for example by creating biomass energy and
sequestering the CO, produced, or generating
‘biochar’ (see Chapter 8). Such overshoot scenarios,
for a given stabilisation level, would result in some
increase in medium-term impacts and especially in
greater sea-level rise on a time-scale of several
centuries.

Stabilisation of concentrations of greenhouse
gases could take a century or more, and stabilisation
of warming, and especially of sea-level rise and ice
sheet melting, will take many centuries. Any policy
on reducing greenhouse gas emissions needs to
take account of potential impacts and the benefits
of avoiding them centuries into the future. This is
especially the case since potential impacts at high
warmings could well be catastrophic rather than
marginal, and therefore should not be discounted
as is commonly done for marginal costs.

Apart from the question of avoiding potentially
disastrous large-scale discontinuities in the climate
system (the fifth of the five ‘reasons for concern’
originally spelt out in the 2001 IPCC report),
stabilisation scenarios if followed would certainly
reduce the seriousness of the first four reasons for
concern. Thus risks to unique and threatened
systems, and from extreme climate events, the
unequal distribution of impacts, and aggregate
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impacts would all be reduced by reducing emissions
by some mitigation policy.

The Fourth Assessment Report of the IPCC in
2007 illustrates this with a number of detailed charts
and tables that show the increasing onset of impacts
and damages for each additional degree of warming.
Interpretation in relation to impacts after
stabilisation is complicated by questions of the rates
of change and of adaptive capacity a century or
more into the future, but the conclusions are more
straightforward for the twenty-first century
transient path prior to stabilisation.*

Despite some early attempts to quantify these
effects, for example, in the UK study of global
effects, published in 2004, results must remain
qualitative since there are so many complications
and uncertainties.”” Perhaps the most important of
these is the effect of different socio-economic
development scenarios on adaptive capacity and
exposure, and thus on the realised impacts.

Socio-economic scenarios are of course
interactive with the scenarios for emissions which
depend on population and economic growth, and
technological development and lifestyles. Any
adoption of policies to reduce emissions will
naturally also influence these other factors, and
indeed may only be achievable by adopting
policies on them, for example limiting population
growth, changing lifestyles and favouring new
low-carbon emitting technologies. Indeed,
economic development in lesser-developed
countries, using low emission technologies, is vital
to increasing future adaptive capacity in these
countries. Some of these links will be explored in
Chapter 8 on mitigation, Chapter 9 on climate
change in context, and in the later chapters related
to policy options.

It should be added that, due to the inertia in the
climate system, emissions reductions now would
have little effect on impacts until several decades
hence, after which they would make significant
differences. This time lag effect is critical. It means
that reducing impacts later in the century, or in
following centuries, requires early emission
reductions, unless far greater reliance is to be placed

on negative emission technologies later to pull back
from a dangerous level of greenhouse gas
concentrations. The latter option would place a huge
burden on future generations.

Growing reasons for concern
Despite acknowledged uncertainties, it is clear from
this review of the potential impacts of climate
change that there are substantial reasons for concern,
which increase with global warming. Risks to
unique and threatened systems and from extreme
climate events are expected to increase. Global
aggregate impacts measured in monetary terms are
expected to turn negative at around 2 to 3°C
warming relative to pre-industrial levels, although
most people will be negatively affected at lesser
warmings. Impacts will hit hardest at poorer
countries, thereby increasing international inequity.
Moreover, there is growing concern that the risk
of substantial and potentially catastrophic changes
in the climate system, which may be unstoppable
once they commence, will rise greatly for larger
warmings. This may well dominate any risk
assessment, and set low limits for increased
concentrations of greenhouse gases if such
potentially dangerous changes are to be avoided.
Warmings of only about 2 to 3°C above pre-industrial
levels may set largely irreversible changes to the
climate system in motion, and this may not become
apparent until it is too late to avoid the consequences.
There is a chance of such warmings even for quite
low concentrations of greenhouse gases, less than
450 ppm CO,-equivalent, if climate sensitivity is in
the upper part of the likely range of uncertainty.
We may be able to adapt to small changes in
climate, but in some cases even this may be costly
or have unwelcome side effects. We examine the
capacity to adapt in Chapter 7, and the costs,
benefits and means of reducing the rate and
magnitude of climate change in Chapter 8. The
message for now is that the projected climate
changes are large enough and rapid enough to
cause some pretty big problems which we need to
take very seriously indeed.
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ENDNOTES

1.

10.

11.

12.

The Garnaut Review in Australia has been called the Australian version of the Stern Review. It was set up by the
various Australian state governments before the November 2007 federal election and will report to the Rudd Federal
Government on what policy options should be adopted to deal with climate change, nationally and internationally.
This quote is from its interim report in February 2008. See http:/ /www.garnautreview.org.au.

. The objective of the UNFCCC can be found in Article 2 of the Convention at http:/ /www.unfccc.int.

. For relevant web links to new developments try the ongoing organisational websites given in the relevant endnotes,

or current issues of relevant learned journals. Many news services such as the BBC or specialised websites of
relevant organisations enable you to register to be alerted to new material relevant to your interest.

. The myriad local and regional studies have been referenced in the voluminous reports from the Intergovernmental

Panel on Climate Change in successive reviews. See http:/ /www.ipcc.ch.

. The best explanation of the five IPCC reasons for concern will be found in Chapter 19 of the IPCC 2001 report,

WGII, pp. 913-67, especially p. 917. See also IPCC 2007, WGII, pp. 73-6 and 795-7, and a paper by JB Smith and
others, ‘Dangerous climate change: an update on the IPCC reasons for concern’, Proceeding of the National Academy
of Sciences, accepted 2008.

. One example is observed sudden changes in Australian rainfall and flood frequencies. These are documented by

Franks and Kuczera in Water Resources Research, 38, article no. 1062 (2002), and in climate model output by Yonetani
and Gordon in Journal of Climate, 14, pp. 1765-79 (2001). See also Vives and Jones, CSIRO Technical Paper no. 73,
CSIRO Marine and Atmospheric Research (2005).

. Figure 23, showing a threshold for wind damage, is from T Coleman, ‘The impact of climate change on insurance

against catastrophes’, Proceedings of the Living with Climate Change Conference, Canberra, 19 December (2002).
See: http:/ /www.iag.com.au/pub/iag/results/presentations.shtml.

. In ecosystems see Scheffer and others in Nature, 413, pp. 591-6 (2001), and in lakes see Trends in Ecology and Evolution,

8, pp. 275-9 (1993). For behavioural or operational thresholds see Jones in Climate Research, 13, pp. 89-100 (2000).

. For risks to unique and threatened species, see IPCC 2007 report, WGII, Chapter 19.3.7, pp. 795-6.

Past and projected future changes in lake levels are discussed in the IPCC 2007 report, WGII, Chapters 1.3.2 and
3.4.1 as well as in the regional chapters. The Caspian Sea is variously projected to drop between 0.5 and 9 m by
2100.

An extensive review of the literature on glacial melt in the Himalaya region of Nepal, India and China identifies
many natural systems at risk as well as human systems including hydropower, a