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The 2007 Assessment of the Intergovernmental Panel on Climate Change
drew two substantially new conclusions which have had a marked effect on
policymakers. The first was that current climate change is ‘unequivocal’ and
is due largely to emissions of greenhouse gases resulting from human activity.
The second was that the effects of this observed global warming can
now be detected on every continent in the form of altered hydrology and
biology. The positive response by policymakers was due not only to the
higher levels of certainty surrounding the issue, but that empirically observed
evidence now supported the simulation modelling of the future that had gen-
erally characterised the previous three IPCC assessments. Now, the policy-
makers could say, we are beginning to see come true just what the scientists
had been predicting.

The concreteness of that case is examined in great detail in this book. Its
chapters on the various processes that may affect the world’s climate and on
the detected changes in atmospheric, ocean and terrestrial (especially
biological) systems serve to unfold this scientific narrative for the reader.
But the book’s strength lies in this not just being a summary of the IPCC
because many of its authors were not involved extensively in the 2007 assess-
ment, and thus they are able both to evaluate afresh the nature of the evidence
and to bring new perspectives to bear on the issue.

As the editor says in his Introduction, if there ever was doubt about
climate change then this should be dispelled in this book. I would add that
if there ever was a case to be made for action, then this case has been made
here in this volume and others like it which has followed the IPCC 2007
assessment. It is clear that stringent and immediate action is needed to curb
greenhouse emissions and that we also need to start, now, on building our
capacity to adapt to climate change impacts. It will take both massive mitiga-
tion and adaptation to meet the challenge of climate change.

Martin Parry

Visiting Professor,

Centre for Environmental Policy,

Imperial College London

Co-Chair Working Group Il Assessment on Impacts,
Adaptation and Vulnerability,

Intergovernmental Panel on Climate Change 2007
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\_ Preface

Despite the many signs of global warming, global dimming, and changes to
the climate, there are still many people who will not accept that something
very ominous is taking place. This book is a very positive contribution to
the problem. Professor Letcher is to be congratulated for inspiring so many
world class experts into compiling such a wide reaching volume aimed at
assessing and accounting for our changing climate. The book on climate
change answers the basic questions: what can possibly cause global warming
and climate change; and what evidence do we have that such changes are
taking place?

The first five chapters focus on the possible causes of climate change with
the first salvo being fired by Richard Tuckett who has put forward an eloquent
chapter on the possible effects of anthropogenic greenhouse gases on the cli-
mate. Although we cannot prove conclusively that there is a cause-and-effect
correlation between rising global temperature and atmospheric carbon dioxide
concentration, the correlation over the past 100 years is very convincing.

To put the whole idea of climate change in perspective, there is a chapter
on a Geological History of Climate Change. In this chapter Jan Zalasiewicz
and Mark Williams traces the climate of the Earth over the past billion years.
One really needs to understand the past in order to assess the present and
indeed to attempt to predict the future consequences of climate change.

The remaining 19 chapters focus on a variety of global changes brought
about by climate change. These include detailed scientific observations on
weather patterns, plants and plant pathogens, lichens, bird, insect and animal
ecology, sea temperature and ocean currents, rising sea levels and coastal
erosion, and ice sheets. The chapter by Geoff Dixon on the impact of climate
change on crop production is highly relevant, particularly in the developing
world.

The evidence from the book that global warming and all the resultant
changes, is due to human activity makes one appreciate just how fragile
our environment is as we spin round the sun and move through space with
our galaxy and all the other galaxies. Life was created on earth in an environ-
ment with more or less fixed physical properties which include: the level of
radiation from the sun; the degree of shielding of the sun’s radiation by the
atmospheric gases; the level of the Earth’s internal heat; and above all, the
properties of the atmosphere such as pressure, temperature and gaseous com-
position. The Earth and its atmosphere form a very fragile system, which is in
equilibrium with the life forms it supports. These conditions have developed

XV



XVi Preface

over billions of years and any disturbance of this equilibrium could spell dis-
aster to life on earth. The rapid rise of the world’s human population, together
with the need for more energy, protein rich food, and greater wealth, has led
us to a situation in which this equilibrium is now being seriously threatened.

This is not the first time that life on Earth has been responsible for altering
the composition of the atmosphere. About 2.45 billion years ago enormous
numbers of cyanobacteria began changing the composition of the atmosphere
by producing oxygen and hence ozone, and together with later plant life,
photosynthetically produced most of the oxygen we now have in our atmo-
sphere. This change led to the demise of many life forms which were unable
to live or adapt to an atmosphere rich in oxygen.

Climate Change can be considered as a sequel to Professor Letcher’s
recent book Future Energy (published in 2008, also by Elsevier). Our quest
for more energy is strongly linked to the problems of climate change and
the bottom line is that we must reduce our dependency on fossil fuels and
move to more sustainable and cleaner forms of energy which do not produce
carbon dioxide. Both books pose huge questions which this and future genera-
tions must focus on.

As the main causes of global warming and climate change are largely
chemical in nature it is right that the International Union of Pure and Applied
Chemistry should take a lead in highlighting the problem with the hope of
directing and influencing governments and world leaders to take a stand in
reducing the burning of fossil fuels and the manufacture of other greenhouse
gases. [IUPAC has supported Professor Letcher’s work and the production of
the book is indeed a Project done through its Chemistry and the Environment
Division (V1). Climate Change confirms IUPAC’s commitment, as a leading
scientific union, to pure and applied science.

This book supports the work done by the Intergovernmental Panel on
Climate Change and presents experimental evidence for both the cause of
the problem and the problem itself, with little attempt at computer modelling
and predicting possible future scenarios. The evidence in this book should
alert an anxious population of what is happening and the next step is to close
ranks and change our ways. Climate Change with its 25 chapters is an excel-
lent source book and will be an important guide for all who wish to know the
truth of global warming, global dimming and climate change.

The conclusions to be derived from this book make it abundantly clear that
we are challenged to significantly reduce the greenhouse gas emissions from
human activity. This is not an easy task especially with our rapidly increasing
population and the need for more energy to fuel our growing economies and
associated wealth generating projects. Our future and that of our grandchil-
dren will be severely compromised unless we take heed and act now. I believe
this book is a shining light in the drive to educate the public in what is really
taking place in the world of climate change and will be a beacon for many
years to come.



Preface Xvii

I warmly thank Professor Letcher and his team for making such a phenom-
enal contribution to one of our greatest challenges. Climate change is a crisis
which affects all living species. We have only one globe; let us all care for it.

Professor Piet Steyn

Past President of the International Union of Pure and Applied Chemistry
Department of Chemistry and Polymer Science

Stellenbosch University

Stellenbosch
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\Introduction

The phrases CLIMATE CHANGE and GLOBAL WARMING and more
recently GLOBAL COOLING are now part of our lives and rarely does a
day go by without a mention in the press or on the radio of the possible causes
of climate change and its consequences. Climate change has come upon us
in a relatively short space of time and is accelerating with alarming speed.
It is perhaps the most serious problem that the civilized world has had to
face. It is the subject of major international co-operation through the Inter-
governmental Panel on Climate Change (IPCC) which was set up in 1988
by the World Meteorological Organization and the United Nations Environ-
ment Programme. The IPCC has reported its findings in 1990, 1996, 2001
and 2007. The intention of this book is not to compete with the IPCC reports
but to offer support through a different approach. This book does not focus on
predicting the outcomes of climate change but presents both the facts relating
to the possible causes of climate change and the evidence that climate and
global changes are taking place.

In spite of all the publicity and coverage and indeed in the face of real evi-
dence, there are many dissenting voices who either do not accept that climate
change is taking place or that anthropogenic gases and compounds, such as
carbon dioxide, are responsible for the major effect. One of the aims of this
book is to counteract these comments and to present the evidence for climate
change, in an unemotional, non-political, readable and scientific manner.

The book is divided into 25 chapters, each one written by an expert in the
field. Five chapters have been devoted to answering the questions surrounding
possible causes of climate change and the role being played by anthropogenic
gases, compounds and particles. The five include solar effects, space weather,
volcanic activity, variations in the earth’s orbit, the role of cosmic radiation
and the effect of changes in atmospheric carbon dioxide, nitrogen oxides,
water vapour and man made gases such as freons.

To put climate change into perspective, there is a chapter on the geological
history of the earth’s climate. There is evidence of slow changes in climate,
taking place over millions of years, and also of abrupt reorientations of the
Earth’s climate, the latter perhaps foreshadowing the way climate is respond-
ing to the present human activity.

If there ever was doubt about whether global and climate changes are tak-
ing place or not, then the last section of nineteen chapters should put pay to
such thinking. These chapters give expert interpretations of the changes taking
place in diverse areas such as weather patterns; bird, mammal and insect ecol-
ogy; sea life and marine biodiversity; the inter-tidal zone; impacts on food

XXiii



XXiv Introduction

supply; sea level rising; sea temperature rising; ocean current and ocean acid-
ification; glacial and polar cap melting; plants, lichen, and plant pathogens
and coastline degradation.

Little or no attempt has been made to present climate models or to predict
climate changes in the future. This book focuses more on the experimental
observational and presents the reader with the likelihood, through statistically
significant evidence, of a climate changing future.

An aim of the book is to have all the scientific details of possible causes
and scientific evidence for climate change written by experts in a language
accessible by all, brought together in one volume. In this way comparisons
can be made and issues put into perspective. The book will benefit both the
non-specialist and the serious student. Each chapter begins with an Introduc-
tion and finishes with a Conclusion, written in lay-person’s language and each
chapter contains references to all the relevant and latest scientific publica-
tions. In this way the book will be of great benefit to students and researchers
in each of the topics as well as making an excellent source and textbook for
University and College courses in ‘Climate Change’.

The International Union of Pure and Applied Chemistry supports the book,
through its ‘Chemistry and the Environmental’ Division, and the IUPAC logo
appears on the front cover. The IUPAC’s adherence to the International Sys-
tem of Quantities is reflected in the book with the use of SI units where ever
possible. One will, for example, notice that the symbols for ‘hour’, ‘day’ and
‘year’ are ‘h’, ‘d’ and ‘a’ respectively.

In spite of its title, the book does include indicators of global change such as
‘ocean acidification’ which, like climate change, is a result of excess carbon
dioxide in the atmosphere.

The book is a scientific presentation of the facts surrounding climate
change and no attempt has been made to offer solutions to climate change
although the basic nature of the problem is obvious: the burning of oil, coal
and gas is causing a significant rise in atmospheric carbon dioxide, water
vapour, nitrogen oxides and also particulate matter. In this respect, climate
change and our future energy are closely intertwined and this book will, I
am sure, have a strong influence on deciding our future energy options.

“CLIMATE CHANGE: observed impacts on Planet Earth” is written not
only for students and researchers and their professors, but for decision makers
in government and in industry, journalists and editors, corporate leaders and
all interested people who wish for a balanced, scientific and honest look at
this major problem facing us in the 21st century.

I wish to thank all the authors for contributing chapters and for their many
suggestions and discussions — all of which have helped to improve the book
and its format. Special thanks must go to Professor Martin Attrill and to
Dr Carol Turley for their suggestions, confidence and advice and to my wife,
Dr. Valerie Letcher, for her help and support.

Trevor M Letcher
Stratton on the Fosse
1 November 2008
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The Role of Atmospheric Gases
in Global Warming

Richard P. Tuckett
School of Chemistry, University of Birmingham, Edgbaston, Birmingham B15 2TT,
United Kingdom

\
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Effects Acknowledgements
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4. The Lifetime of a Greenhouse
Gas in the Earth’s Atmosphere
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1. INTRODUCTION

If the general public in the developed world is confused about what the green-
house effect is, what the important greenhouse gases are, and whether green-
house gases really are the predominant cause of the recent rise in temperature
of the earth’s atmosphere, it is hardly surprising. Nowadays, statements by
one scientist are often immediately refuted by another, and both tend to state
their claims with almost religious fervour. Furthermore, politicians and the
media have not helped. It is only 14 a (years) ago that the newly appointed
Secretary of State for the Environment in the United Kingdom made the car-
dinal sin of confusing the greenhouse effect with ozone depletion by saying
they had the same scientific causes. (In retrospect, John Gummer was closer
to the truth than he realised, in that one class of chemicals, the chlorofluoro-
carbons (CFCs), are both the principal cause of ozone depletion and are major
greenhouse gases, but these two facts are scientifically unrelated.) Further-
more, to many, even in the respectable parts of the media, ‘greenhouse gases’
are two dirty words. In fact, nothing could be further from the truth, in that
there has always been a greenhouse effect operative in the earth’s atmosphere.

Climate Change: Observed Impacts on Planet Earth
Copyright © 2009 by Elsevier B.V. All rights of reproduction in any form reserved. 3



@ Possible Causes of Climate Change

Without it we would inhabit a very cold planet, and not exist in the hospitable
temperature of 290-300 K.

The purpose of this opening chapter of this book is to explain in simple
terms what the greenhouse effect is, what its origins are and what the proper-
ties of greenhouse gases are. I will restrict this chapter to an explanation of the
physical chemistry of greenhouse gases and the greenhouse effect, and not
delve too much into the politics of ‘what should or should not be done’. How-
ever, one simple message to convey at the onset is that the greenhouse effect is
not just about concentration levels of carbon dioxide (CO,), and it is too simplis-
tic to believe that all our problems will be solved, if we can reduce CO, concen-
trations by x% in y years. Shine [1] has also commented many times that there is
much more to the greenhouse effect than carbon dioxide levels.

2. ORIGIN OF THE GREENHOUSE EFFECT: ‘PRIMARY” AND
‘SECONDARY’ EFFECTS

The earth is a planet in dynamic equilibrium, in that it continually absorbs and
emits electromagnetic radiation. It receives ultra-violet and visible radiation
from the sun, it emits infra-red radiation and energy balance says that ‘energy
in’ must equal ‘energy out’ for the temperature of the planet to be constant.
This equality can be used to determine what the average temperature of the
planet should be. Both the sun and the earth are black-body emitters of elec-
tromagnetic radiation. That is, they are masses capable of emitting and
absorbing all frequencies (or wavelengths) of electromagnetic radiation uni-
formly. The distribution curve of emitted energy per unit time per unit area
versus wavelength for a black body was worked out by Planck in the first part
of the twentieth century, and is shown pictorially in Fig. 1. Without mathe-
matical detail, two points are relevant. First, the total energy emitted per unit
time integrated over all wavelengths is proportional to (7/K)*. Second, the
wavelength of the maximum in the emission distribution curve varies
inversely with (T/K), that is, Ap.x O (T/K)~'. These are Stefan’s and Wien’s

- ~—— peak at

2 ~10um

(0]

c

(0]

°

2

WA

w

0.1 05 1 5 10 50 100

Wavelength/um

FIGURE 1 Black-body emission curves from the sun (7 ~ 5780 K) and the earth (7 ~ 290 K),
showing the operation of Wien’s Law that A,.x o (1/T). The two graphs are not to scale.



The Role of Atmospheric Gases in Global Warming

Laws, respectively. Comparing the black-body curves of the sun and the earth,
the sun emits UV/visible radiation with a peak at ca. 500 nm characteristic of
Teun = 5780 K. The temperature of the earth is a factor of 20 lower, so the
earth’s black-body emission curve peaks at a wavelength which is 20 times
longer or ca. 10 um. Thus the earth emits infra-red radiation with a range of
wavelengths spanning ca. 4-50 um, with the majority of the emission being
in the range 5-25 pm (or 4002000 cm ).

The solar flux energy intercepted per second by the earth’s surface from
the sun’s emission can be written as F’ S(I—A)TEReZ , Where F is the solar flux
constant outside the Earth’s atmosphere (1368 J~sfl'm72), R. is the radius of
the Earth (6.38 x 10° m), and A is the earth’s albedo, corresponding to the
reduction of incoming solar flux by absorption and scattering of radiation
by aerosol particles (average value 0.28). The infra-red energy emitted per
second from the earth’s surface is 4TcR62sTe4, where s is Stefan’s constant
(5.67 x 1078 Js " m 2K %) and 4nR.” is the surface area of the earth. At
equilibrium, the temperature of the earth, T, can be written as:

T[S0 " 1)

Using the data above yields a value for T, of ca. 256 K. Mercifully, the average
temperature of the earth is not a Siberian —17 °C, otherwise life would be a very
unpleasant experience for the majority of humans on this planet. The reason why
our planet has a hospitable higher average value of ca. 290 K is the greenhouse
effect. For thousands of years, absorption of some of the emitted infra-red radi-
ation by molecules in the earth’s atmosphere (mostly CO,, Oz and H,O) has
trapped this radiation from escaping out of the earth’s atmosphere (just as a gar-
den greenhouse operates), some is re-radiated back towards the earth’s surface,
thereby causing an elevation in the temperature of the surface of the earth. Thus,
it is the greenhouse effect that has maintained our planet at this average temper-
ature, and for this fact we should all be very grateful! This phenomenon is often
called the ‘primary’ greenhouse effect. It is, therefore, a myth to portray all
aspects of the greenhouse effect as bad news; it is the reverse that is true.

Evidence for the presence of greenhouse gases absorbing infra-red radiation in
the atmosphere comes from satellite data. Figure 2 shows data collected by the
Nimbus 4 satellite circum-navigating the earth at an altitude outside the earth’s
troposphere (0 < altitude, & < 10 km) and stratosphere (10 < & < 50 km). The
infra-red emission spectrum in the range 625 pm escaping from earth represents
a black-body emitter with a temperature of ca. 290 K, with absorptions (i.e., dips)
between 12 and 17 pm, around 9.6 um, and 4 < 8 um. These wavelengths corre-
spond to infra-red absorption bands of CO,, O3 and H,O, respectively, three atmo-
spheric gases that have contributed to the primary greenhouse effect.

Of course, the argument that the primary greenhouse gases have maintained
our planet at a constant temperature of ca. 290 K pre-supposes that their
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FIGURE 2 Infra-red emission spectrum escaping to space as observed by the Nimbus 4 satellite
outside the earth’s atmosphere. Absorptions due to CO, between 12 and 7 um, O3 (around 9.6
pm) and H,O (4 < 8 pum) are shown. (With permission from Dickinson and Clark (eds.),
Carbon dioxide Review, OUP, 1982.)

concentrations have remained approximately constant over very long periods of
time. This has not happened with CO, and, to a lesser extent, with O3 over the
260 a (years) since the start of the Industrial Revolution, ca. 1750, and it is
changes in the concentrations of these and newer greenhouse gases that have
caused a ‘secondary’ greenhouse effect to occur over this time window, leading
to the temperature rises that we are all experiencing today. That, at least, is the
main argument of the proponents of the ‘greenhouse gases, mostly CO,, equals
global warming’ school of thought. There is no doubt that the concentration of
CO, in our atmosphere has risen from ca. 280 parts per million by volume
(ppmv) to current levels of ca. 380 ppmv over the last 260 a. (1 ppmv is equiva-
lent to a number density of 2.46 x 10'* molecules-cm > for a pressure of 1 bar
and a temperature of 298 K.) It is also not in doubt that the average temperature
of our planet has risen by ca. 0.5-0.8 K over this same time window (Fig. 3).
What has not been proven is that there is a cause-and-effect correlation between
these two facts, the main problem being that there is not sufficient structure or
resolution with time in either the CO, concentration or the temperature data.
Even more recent data of the last 100 a (Fig. 4), where the correlation seems
to be better established will not convince the sceptic. That said, as demonstrated
most clearly by the recent IPCC2007 report [2], the consensus of world scien-
tists, and certainly physical scientists, is that a strong correlation does exist.
By contrast, an excellent example in atmospheric science of sufficient
resolution being present to confirm a correlation between two sets of data
occurred in 1989; the concentrations of O and the ClO free radical in the strato-
sphere were shown to have a strong anti-correlation effect when data were
collected by an aircraft as a function of latitude in the Antarctic (Fig. 5) [3].
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Temperature Variation [compared with
1961-1990 average, in degrees Celsius]
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FIGURE 3 The average temperature of the earth and the concentration level of CO, in the
earth’s atmosphere during the last 1000 a. (With permission from www.env.gov.bc.ca/
air/climate/indicat/images/appendnhtemp.gif and www.env.gov.bc.ca/air/climate/indicat/images/
appendCO2.gif)
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FIGURE 4 The average temperature of the earth and the concentration level of CO, in the
earth’s atmosphere during the ‘recent’ history of the last 100 a. (With permission from the web
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FIGURE 5 Clear anti-correlation between the concentrations of ozone, O3, and the chlorine
monoxide radical, ClO®, in the stratosphere above the Antarctic during their Spring season of
1987. (With permission from Anderson et al., J. Geophys. Res. D. 94 (1989) 11465.)

There was not only the general observation that a decrease of O3 concentration
correlated with an increase in C1O concentration, but also the resolution was suf-
ficient to show that at certain latitudes dips in O3 concentration corresponded
exactly with rises in ClO concentration. Even the most doubting scientist could
accept that the decrease in O; concentration in the Antarctic Spring was related
somehow to the increase in ClO concentration, and this result led to an under-
standing over the next 10—15 a of the heterogeneous chemistry of chlorine-
containing compounds on polar stratospheric clouds. Unfortunately, such good
resolution is not present in the data (e.g., Figs. 3 and 4) for the ‘CO, versus T”
global warming argument, leading to the multitude of theories that are now in
the public domain.

I accept that it would be very surprising if there was not some relationship
between such rapid increases in CO, concentration and the temperature of the
planet, nevertheless there are two aspects of Fig. 3 that remain unanswered by
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proponents of such a simple theory. First, the data suggest that the tempera-
ture of the earth actually decreased between 1750 and ca. 1920 whilst the
CO,; concentration increased from 280 to ca. 310 ppm over this time window.
Second, the drop in temperature around 1480 AD in the ‘little ice age’ is not
mirrored by a similar drop in CO, concentration. All that said, however, the
apparent ‘agreement’ between rises of both CO, levels and T, over the last
50 a is very striking. The most likely explanation surely is that there are a
multitude of effects, one of which is the concentrations of greenhouse gases
in the atmosphere, contributing to the temperature of the planet. At certain
times of history, these effects are ‘in phase’ (as now), at other times they
may have been in ‘anti-phase’ and working against each other.

3. THE PHYSICAL CHEMISTRY PROPERTIES
OF GREENHOUSE GASES

The fundamental physical property of a greenhouse gas is that it must absorb
infra-red radiation via one or more of its vibrational modes in the infra-red
range of 5-25 pm. Furthermore, since the primary greenhouse gases of
CO,, O3 and H,O absorb in the range 12-17 pm (or 590-830 cmfl),
9.6 pm (1040 cm™") and A < 8 pm (>1250 cm™"), an effective secondary
greenhouse gas is one which absorbs infra-red radiation strongly outside these
ranges of wavelengths (or wavenumbers). A molecular vibrational mode is
only infra-red active if the motion of the atoms generates a dipole moment.
That is, du/dQ # 0, where p is an instantaneous dipole moment and Q a dis-
placement coordinate representing the vibration of interest. It is worth stating
the obvious straightaway, that N, and O, which constitute 99% of the earth’s
atmosphere do not absorb infra-red radiation, their sole vibrational mode
is infra-red inactive, so they play no part in the greenhouse effect and
global warming. It is only trace gases in the atmosphere (Table 1) such as
CO, (0.038%), CH4 (0.0002%), O3 (3 x 1076%) and CFCs such as CF,Cl,
(5 x 107°%) which contribute to the greenhouse effect. Put another way,
the earth’s atmosphere is particularly fragile if only 1% of the molecules pres-
ent can have such a major effect on humans living on the planet. Furthermore,
the most important molecular trace gas, CO,, absorbs via its v, bending vibra-
tional mode at 667 cm™ ' or 15.0 um, which coincidentally is very close to the
peak of the earth’s black-body curve; the spectroscopic properties of CO, have
not been particularly kind to the environment! Thus, infra-red spectroscopy of
gas-phase molecules, in particular at what wavelengths and how strongly a mol-
ecule absorbs such radiation, will clearly be important properties to determine
how effective a trace pollutant will be to the greenhouse effect.

The second property of interest is the lifetime of the pollutant in the earth’s
atmosphere: the longer the lifetime, the greater contribution a greenhouse gas
will make to global warming. The main removal processes in the troposphere
and stratosphere are reactions with OH free radicals and electronically excited
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TABLE 1 Main constituents of ground-level clean air in the earth’s h
atmosphere

Molecule Mole fraction ppmv? (2008) ppmv (1748)
N, 0.78 or 78% 780 900 780 900

0, 0.21 or 21% 209 400 209 400
H,O 0.03 (100% humidity, 298 K) 31 000 31000

H,O 0.01 (50% humidity, 298 K) 16 000 16 000

Ar 0.01 or 1% 9300 9300

CO, 3.8 x 107* or 0.038% 379 280

Ne 1.8 x 107° or 0.002% 18 18

CHy 1.77 x 107° or 0.0002% 1.77 0.72

N,O 3.2 x 1077 or 0.00003% 0.32 0.27

0,° 3.4 x 1078 or 0.000003% 0.034 0.025

All CFCs© 8.7 x 107" 0r 8.7 x 107%% 0.0009 0
AILHCFCs? 1.9 x 107%0r 1.9 x 107%% 0.0002 0

All PFCs® 8.3 x 107" or 8.3 x 107°% 0.00008 0

All HFCs' 6.1 x 107" or 6.1 x 107°% 0.00006 0

3parts per million by volume. 1 ppmv is equivalent to a number density of 2.46 x 10"
molecules-cm™> for a pressure of 1 bar and a temperature of 298 K.

bthe concentration level of Os is very difficult to determine because it is poorly mixed in the
troposphere. It shows large variation with both region and altitude.

chlorofluorocarbons (e.g., CF,Cly).

dhydrochlorofluorocarbons (e.g., CHCIF,).

®perfluorocarbons (e.g., CF4, CyFs, SFsCF;, SFs).

*hydrofluorocarbons (e.g., CH5CFs).

/

oxygen atoms, O* ('D), and photodissociation in the range 200-300 nm (in the
stratosphere) or 300—500 nm (in the troposphere). Thus, the reaction kinetics of
pollutant gases with OH and O* ('D) and their photochemical properties in the
UV/visible will yield important parameters to determine their effectiveness as
greenhouse gases. All these data are incorportated into a dimensionless number,
the global warming potential (GWP) or greenhouse potential (GHP) of a green-
house gas. All values are calibrated with respect to CO, whose GWP value is 1.
A molecule with a large GWP is one with strong infra-red absorption in the win-
dows where the primary greenhouse gases such as CO,, etc., do not absorb, long
lifetimes, and concentrations rising rapidly due to human presence on the planet.
GWP values of some of the most important secondary greenhouse gases are
given in the bottom row of Table 2. Note that CO, has the lowest GWP value
of the seven greenhouse gases shown.



TABLE 2 Examples of greenhouse gases and their contribution to global warming [2,20]

CF2CI2
Greenhouse gas CO, O3 CH, N,O [all CFCs] SFg SF;CF3
Concentration 379 0.034° 1.77 0.32 0.0005 56x107% 1.2x1077
(2008)/ppmv [0.0009]
AConcentration 99 0.009° 1.05 0.05 0.0005 56x107° 1.2x1077
(1748—2008)/ppmv (0.0009]
Radiative efficiency, 1.68 x 107> 333 x 1072 459 x 107* 341 x 10 0.32 0.52 0.60
a,/W-m %ppbv ™" [0.18-0.32]
Total radiative forcing /W:m™2  1.66 ca. 0.30° 0.48 0.16 0.17 [0.27] 29%x107°  72x107°
Contribution from long-lived 63 (57) (10) 18 (16) 6 (5) 6 [10] (6 [9]) 0.1 (0.1) 0.003
greenhouse gases excluding (0.003)
ozone to overall greenhouse
effect/%
Lifetime, t%a ca. 50—200"  ca. days— 12 120 100 [45—1700] 3200 800

weeks?

Global warming potential 1 —h 25 298 10900 22 800 17 700
(100 a projection) [6130—14 400]

“reference [20].

bdue to change in concentration of long-lived greenhouse gas from the pre-Industrial era to the present time.

“an estimated positive radiative forcing of 0.35 W-m™2 in the troposphere is partially cancelled by a negative forcing of 0.05 W:m™? in the stratosphere [2].
Yassumes the latest value for the total radiative forcing of 2.63 + 0.26 W-m~2 [2].

The values in brackets show the percentage contributions when the estimated radiative forcing for ozone is included in the value for the total radiative forcing.
€assumes a single-exponential decay for removal of greenhouse gas from the atmosphere.

CO, does not show a single-exponential decay [4].

803 is poorly mixed in the troposphere, so a single value for the lifetime is difficult to estimate. It is removed by the reaction, OH + O3—HO, + O,. Its
concentration shows large variations both with region and altitude.

h"GWP values are generally not applied to short-lived pollutants in the atmosphere, due to serious inhomogeneous changes in their concentration.
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Information in the previous two paragraphs is described in qualitative and
descriptive terms. However, all the data can be quantified, and a mathematical
description is now presented. The term that characterises the infra-red absorp-
tion properties of a greenhouse gas is the radiative efficiency, a,. It measures
the strength of the absorption bands of the greenhouse gas, x, integrated over
the infra-red black-body region of ca. 400—2000 cm . It is a (per molecule)
microscopic property and is usually expressed in units of W-m %ppbv—'. If
this value is multiplied by the change in concentration of pollutant over a
defined time window, usually the 260 a from the start of the Industrial Revo-
lution to the current day, the macroscopic radiative forcing in units of W-m ™2
is obtained. (Clearly, a pollutant whose concentration has not changed over
this long time window will have a macroscopic radiative forcing of zero.)
One may then compare the radiative forcing of different pollutant molecules
over this time window, showing the current contribution of different green-
house gases to the total greenhouse effect. Thus, the [IPCC 2007 report [2] quotes
the radiative forcing for CO, and CH, in 2005 as 1.66 and 0.48 W-m 2, respec-
tively, out of a total for long-lived greenhouse gases of 2.63 W-m 2. These two
molecules, therefore, contribute 81% in total (63% and 18%, individually) to the
global warming effect. Effectively, the radiative forcing value gives a current-
day estimate of how serious a greenhouse gas is to the environment, using
concentration data from the past.

The overall effect in the future of one molecule of pollutant on the earth’s
climate is described by its GWP (or GHP) value. It measures the radiative
forcing, A,, of a pulse emission of the greenhouse gas over a defined time
period, ¢, usually 100 a, relative to the time-integrated radiative forcing of a
pulse emission of an equal mass of CO,:

T (2)
[ ACOz (t) dt

The GWP value therefore informs how important one molecule of pollutant x
is to global warming via the greenhouse effect compared to one molecule of
CO,, which is defined to have a GWP value of unity. It is an attempt to proj-
ect into the future how serious the presence of a long-lived greenhouse gas
will be in the atmosphere. (Thus, when the media state that CH, is 25 times
as serious as CO, for global warming, what they are saying is that the GWP
value of CHy, looking 100 a into the future, is 25; one molecule of CHy
is expected to cause 25 times as much ‘damage’ as one molecule of CO,.)
For most greenhouse gases, the radiative forcing following an emission at
t = 0, takes a simple exponential form:

AL(f) = Ao.x exp (1) (3)

Tx
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where 7, is the lifetime for removal of species x from the atmosphere. For
CO,, a single-exponential decay is not appropriate since the lifetime ranges
from 50 to 200 a, and we can write:

by + Z b; exp (j)] (4)

where the response function, the bracket in the right-hand side of Eq. (4), is
derived from more complete carbon cycles. Values for b; (i = 0—4) and t;
(i = 1-4) have been given by Shine et al. [4]. It is important to note that the
radiative forcing, A,, in Egs. (2)—(4) has units of W-m_z-kg_l. For this reason,
it is given a different symbol to the microscopic radiative efficiency, a,, with
units of W-m~*ppbv~'. Conversion between the two units is simple [4]. The
time integral of the large bracket on the right-hand side of Eq. (4), defined
Kco,, has dimensions of time, and takes values of 13.4 and 45.7 a for a time
period of 20 and 100 a, respectively, the values of ¢ for which GWP values are
most often quoted. Within the approximation that the greenhouse gas, x, fol-
lows a single-exponential time decay in the atmosphere, it is then possible
to parameterise Eq. (2) to give an exact analytical expression for the GWP
of x over a time period #:

GWPX (I) N[VVCO2 Ao x Ty —t
= — |1 —exp|— (5)
GV\/PCO2 (t) MWX ao,CO, KCOZ Ty

Aco, (1) = Ao co,

In this simple form, the GWP only incorporates values for the radiative effi-
ciency of greenhouse gases x and CO,, a,, . and a, co,; the molecular weights
of x and CO,; the lifetime of x in the atmosphere, 7,; the time period into the
future over which the effect of the pollutant is determined; and the constant
Kco, which can easily be determined for any value of ¢. Thus the GWP value
scales with both the lifetime and the microscopic radiative forcing of the
greenhouse gas, but it remains a microscopic property of one molecule of
the pollutant. The recent rate of increase in concentration of a pollutant
(e.g., the rise in concentration per annum over the last decade), one of the fac-
tors of most concern to policymakers, does not contribute directly to the GWP
value. This and other factors [4] have caused criticism of the use of GWPs in
policy formulation.

Data for seven greenhouse gases are shown in Table 2. CO, and O3 con-
stitute naturally occurring greenhouse gases whose concentration levels
ideally would have remained constant at pre-industrial revolution levels.
Although H,O vapour is the most abundant greenhouse gas in the atmo-
sphere, it is neither long-lived nor well mixed: concentrations range 0-3%
(i.e., 0-30 000 ppmv) over the planet, and the average lifetime is only a few
days. Its average global concentration has not changed significantly in the
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last 260 a, and it therefore has zero radiative forcing. CH4 and N,O constitute
naturally occurring greenhouse gases with larger a, values than that of CO,.
The CH4 concentration, although small, has increased by ca. 150% since
pre-industrial times. After CO,, it is the second most important greenhouse
gas, and its current total radiative forcing is ca. 29% that of CO,. N,O concen-
tration has increased only by ca. 16% over this same time period. It has the
fourth highest total radiative forcing of all the naturally occurring greenhouse
gases, following CO,, CH4 and Oj3. Dichlorofluoromethane, CF,Cl,, is one of
the most common of CFCs. These are man-made chemicals that have grown
in concentration from zero in pre-industrial times to a current total concentra-
tion of 0.9 ppbv (1 ppbv is equivalent to 1 part per 10° (billion) by volume,
or a number density of 2.46 x 10" molecules-cm > at 1 bar pressure and a
temperature of 298 K). Their concentration is now decreasing due to the
1987 Montreal and later International Protocols, introduced to halt strato-
spheric ozone destruction and (ironically) nothing to do with global warming!
SF¢ and SFsCF; are two long-lived halocarbons with currently very low con-
centration levels, but with high annual percentage increases and exceptionally
long lifetimes in the atmosphere. They have very high a, and GWP values,
essentially because of their large number of strong infra-red-active vibrational
modes and their long lifetimes.

It is noted that CO, and CH,4 have the lowest GWP values of all greenhouse
gases. Why, then, is there such concern about levels of CO, in the atmosphere,
and with the possible exception of CH, no other greenhouse gas is hardly ever
mentioned in the media? The answer is that the overall contribution of a pollut-
ant to the greenhouse effect, present and future, involves a convolution of its
concentration with the GWP value. Thus CO, and CH, currently contribute most
to the greenhouse effect (third bottom row of Table 2) simply due to their high
change in atmospheric concentration since the Industrial Revolution; note, how-
ever, that the a, and GWP values of both gases are relatively low. Indeed, the
v, bending mode of CO, at 15.0 pm, which is the vibrational mode most respon-
sible for greenhouse activity in CO,, is close to saturation. By contrast, SFsCF;
is a perfluorocarbon molecule with the highest microscopic radiative forcing of
any known greenhouse gas (earning it the title ‘super’ greenhouse gas [5,0]),
even higher than that of SF¢. SFg is an anthropogenic chemical used extensively
as a dielectric insulator in high-voltage industrial applications, and the variations
of concentration levels of SF¢ and SF5CF5 with time in the last 50 a have tracked
each other very closely [7]. The GWP of these two molecules is very high, SFq
being slightly higher because of its atmospheric lifetime, ca. 3200 a [8], is about
four times greater than that of SFsCF;. However, the contribution of these two
molecules to the overall greenhouse effect is still very small because their
atmospheric concentrations, despite rising rapidly at the rate of ca. 6-7% per
annum, are still very low, at the level of parts per 10'? (trillion) by volume; 1
pptv is equivalent to a number density of 2.46 x 10’ molecules-cm > at 1 bar
and 298 K).
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In conclusion, the macroscopic properties of greenhouse gases, such as
their method of production, their concentration and their annual rate of
increase or decrease, are mainly controlled by environmental and sociological
factors, such as industrial and agricultural methods, and ultimately population
levels on the planet. The microscopic properties of these compounds, how-
ever, are controlled by factors that undergraduates world-wide learn about
in science degree courses: infra-red spectroscopy, reaction kinetics and
photochemistry. Data from such lab-based studies determine values for two
of the most important parameters for determining the effectiveness of a green-
house gas: the microscopic radiative efficiency, a,, and the atmospheric
lifetime, 7.

4. THE LIFETIME OF A GREENHOUSE GAS IN THE
EARTH’S ATMOSPHERE

The microscopic radiative efficiency of a greenhouse gas is determined by
measuring absolute absorption coefficients for infra-red-active vibrations in
the range ca. 4002000 cm ™' and integrating over this region of the electro-
magnetic spectrum. Its meaning is unambiguous. The lifetime, however, is a
term that can mean different things to different scientists, according to their
discipline. It is, therefore, pertinent to describe exactly what is meant by the
lifetime of a greenhouse gas (penultimate row of Table 2), and how these
values are determined.

To a physical chemist, the lifetime generally means the inverse of the
pseudo-first-order rate constant of the dominant chemical or photolytic pro-
cess that removes the pollutant from the atmosphere. Using CH, as an exam-
ple, it is removed in the troposphere via oxidation by the OH free radical,
OH + CH4; — H,O + CHj. The rate coefficient for this reaction at 298 K is
6.4 x 107" cm’-molecules '-s~' [9], so the lifetime is approximately equal
to (kaog[OH]) ~'. Assuming the tropospheric OH concentration to be 0.05 pptv
or 1.2 x 10° molecules-cm > [2], the lifetime of CHy is calculated to be ca. 4
a. This is within a factor of three of the accepted value of 12 a (Table 2). The dif-
ference arises because CH, is not emitted uniformly from the earth’s surface, a
finite time is needed to transport CH, via convection and diffusion into the
troposphere, and oxidation occurs at different altitudes in the troposphere
where the OH concentration varies from its average value of 1.2 x 10°
molecules-cm . We can regard this as an example of a two-step kinetic process,

A—-B—-C (6)

with first-order rate constants k; and k. The first step, A — B, represents the
transport of the pollutant into the atmosphere, whilst the second step, B — C,
represents the chemical or photolytic process (e.g., reaction with an OH radi-
cal in the troposphere) that removes the pollutant from the atmosphere. In
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general, the overall rate of the process (whose inverse is called the lifetime)
will be a function of both k; and k,, but its value will be dominated by the
slower of the two steps. Thus, in calculating the lifetime of CH, simply by
determining (kzgg[OH])il, we are assuming that the first step, transport into
the region of the atmosphere where chemical reactions occurs, is infinitely
fast compared to the removal process.

The exceptionally long-lived greenhouse gases in Tables 1 and 2 (e.g.,
SF¢, CF,, SFsCF3) behave in the opposite sense. Now, the slow, rate-
determining process is the first step, that is, transport of the greenhouse
gas from the surface of the earth into the region of the atmosphere where
chemical removal occurs. The chemical or photolytic processes that ulti-
mately remove SFg, etc., will have very little influence on the lifetime, that
is, k; < ky in Eq. (6). These molecules do not react with OH or O* (lD) to
any significant extent, and are not photolysed by visible or UV radiation in
the troposphere or stratosphere. They therefore rise higher into the meso-
sphere (2 > 60 km) where the dominant processes that can remove pollu-
tants are electron attachment and vacuum-UV photodissociation at the
Lyman-o wavelength of 121.6 nm [6]. We can define a chemical lifetime,
Tchemical, 10T such species as:

Tehemical = [kele™] + 0121.6/121.6P1216) " (7)

k. is the electron attachment rate coefficient, G151 is the absorption cross-
section at this wavelength, [e”] is the average number density of electrons
in the mesosphere, J1,; ¢ is the mesospheric solar flux and @, ¢ the quantum
yield for dissociation at 121.6 nm. Often, the photolysis term is much smaller
than the electron-attachment term, and the second term of the squared bracket
in Eq. (7) is ignored. It is important to appreciate that the value of Tcpemical 1S @
function of position, particularly altitude, in the atmosphere. In the tropo-
sphere, Tcpemical Will be infinite because both the concentration of electrons
and J,; ¢ are effectively zero, but in the mesosphere T¢pemicar Will be much
less. However, multiplication of k. for SF, etc., by a typical electron density
in the mesosphere, ca. 10* cm 3 [10], yields a chemical lifetime which is far
too small and bears no relation to the true atmospheric lifetime, simply
because most of the SFg, etc., does not reside in the mesosphere.

One may, therefore, ask where the quoted lifetimes for SFs, CF; and
SF5sCF3 of 3200, 50 000 and 800 a, respectively, come from [8,11]. The life-
times of such long-lived greenhouse gas can only be obtained from globally
averaged loss frequencies. The psuedo-first-order destruction rate coefficient
for each region of the atmosphere is weighted according to the number of
molecules of compound in that region,

kiVin;
<k> global — % (8)
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where i is a region, k; is the pseudo-first-order removal rate coefficient for
region i, V; is the volume of region i, and n; is the number density of the
greenhouse gas under study in region i. The lifetime is then the inverse of
(k) elobal- The averaging process thus needs input from a 2- or 3-dimensional
model of the atmosphere in order to supply values for n;. This is essentially
a meteorological, and not a chemical problem. It may explain why meteorol-
ogists and physical chemists sometimes have different interpretations of what
the lifetime of a greenhouse gas actually means.

Many such studies have been made for SF¢ [8,12,13], and differences in
the kinetic model (k;) and the atmospheric distributions (n;) from different
climate or transport models account for the variety of atmospheric lifetimes
that have been reported. The importance of both these factors has also been
explored by Hall and Waugh [14]. Their results show that because the fraction
of the total number of SF¢ molecules in the mesosphere is very small, the
global atmospheric lifetime given by Eq. (8) is very much longer than the
mesospheric, chemical lifetime given by Eq. (7). Thus, they quote that if
the mesospheric loss frequency is 9 x 107% s™!, corresponding to a local life-
time of 129 d (days), then the global lifetime ranges between 1425 and 1975 a,
according to which climate or transport model is used.

5. GENERAL COMMENTS ON LONG-LIVED
GREENHOUSE GASES

In 1994, Ravishankara and Lovejoy wrote that the release of any long-lived
species into the atmosphere should be viewed with great concern [15]. They
noted that the CFCs, with relatively ‘short’ lifetimes of ca. 100 a, have had
a disastrous effect over a relatively short period of time, ca. 30-50 a, on the
ozone layer in the stratosphere that protects humans from harmful UV
radiation. However, following implementation of international treaties (e.g.,
Montreal, 1987 [16]) it is now expected that the ozone layer will recover
within 50-100 a [17]. At present, there are no known undesired chemical
effects of low concentrations of perfluorocarbons such as CF, and SFg in
the atmosphere. However, their rapidly increasing concentrations (ca. 7%
per annum for SF) and their exceptionally long lifetimes (thousands, not
hundreds of years) means that life on earth may not be able to adapt to any
changes these gases may cause in the future. They suggested that all such
long-lived molecules should be considered guilty, unless proven otherwise.
If SFq is perceived potentially to be the major problem of this family of mole-
cules, inert, dielectric gases with lower GWP values could be used as substi-
tutes for SF¢ in industrial applications; ring-based perfluorocarbons, such as
cyclic-C4Fg and cyclic-CsFg are possibilities [18]. However, the simplest, pos-
sibly naive, suggestion is that humans should not put up into the atmosphere
any more pollutants than are absolutely necessary. The worldwide debate just
starting, probably 50 a too late, is what constitutes ‘absolutely necessary’.
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6. CONCLUSION

In this chapter, I have only sought to explain the physical properties of green-
house gases, and what are the factors that determine their effectiveness as pol-
lutant gases that can cause global warming. I have not attempted to describe
the natural or anthropogenic sources of these greenhouse gases, and why their
concentrations have increased since the pre-Industrial era; this will be covered
by other chapters in this book.

CO, and CH, currently contribute ca. 81% of the total radiative forcing of
long-lived greenhouse gases (Table 2), but it is too simplistic to say that control
of CO, levels will be the complete solution, as is often implied by politicians and
the media. It is certainly true that concentration levels of CO, in the earth’s
atmosphere are a very serious cause for concern, and many countries are now
putting in place targets and policies to reduce them. It is my personal belief that
CO, levels in the atmosphere correlate strongly with lifestyle of many of the
population, and with serious effort, especially in the developed world, huge
reductions are possible. The challenge will be to effect policies to reduce signif-
icantly the concentration of CO, without seriously decreasing the standard of
living of the population and negating all the benefits that technology has brought
us in the last 50-100 a. I give two examples for possible policy change. First,
I query whether the huge expansion in air travel within any one country at the
expense of slower methods of transports (e.g., trains) is really worth all the
social and economic benefits that are claimed. The price to be paid, of course,
is hugely enhanced CO, emissions. Second, I query whether the benefits of
24 h shopping 7 days a week are really worth the extra CO, emissions that result
from keeping shops open continuously. Would our standard of living drop
significantly if shops opened for much fewer hours? Most of Switzerland closes
at 4.00 p.m. on a Saturday for the rest of the weekend, yet this country is very
close to the top of all international league tables for wealth creation, standard
of living and levels of well-being/happiness.

CH,4 levels, however, in my opinion pose just as serious a threat to our
planet as CO, simply because they will be much harder to reduce. Whilst it
is surprising and remains unclear why the total radiative forcing of methane,
0.48 W~m72, has remained unchanged over the last decade [2], a major com-
ponent of methane emissions correlates strongly with the number of animal
livestock which itself is dependent on the population of the planet.
Controlling, let alone reducing world-wide population levels over the short
period of time that is apparently available to ‘save the planet’ (ca. 2040 a)
[19] is a major task. Surely, this could and should be the major policy direc-
tive of the United Nations over the next few decades.
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1. INTRODUCTION

The flux density and wavelength of electro-magnetic radiation emitted from a
body depend on its temperature. On the earth’s surface the wavebands that
contain the most energy, and are therefore of prime interest in the context
of climate influences, are those emitted by the sun and the earth. The calcula-
tion of spectral distributions from Planck’s law using their approximate tem-
peratures of 5800 and 300 K, for sun and earth, shows that 97% of the energy
of solar and >99% of that of terrestrial radiation fall within the wavebands of
0.29-3 and 3-100 pum, respectively. Those wavebands are referred to as short
wave (or solar) and long wave (or terrestrial) radiation [1]. The problem with
the current ubiquitous, steady increase in atmospheric carbon dioxide concen-
tration stems not from its direct influence on climate, but rather from its
absorption of radiation in the long wave band, which decreases long wave
radiative losses from the earth. Since its absorption in the solar spectrum is
small, CO, has a negligible influence on the earth’s solar radiation balance.

Global radiation (£, ) is the total solar radiation falling on a horizontal sur-
face at the earth’s surface, that is, at the bottom of the atmosphere (BOA). Pre-
cise wide-spread measurements of £, | began in the early twentieth century and
although it was first assumed that no multi-annual trends in this quantity
occurred, by the 1970s there was evidence of significant decreases at some sites.
As the evidence for large multi-decadal trends in E,| grew, the relationship
between decreasing solar radiation (or global dimming) and wide spread
decreasing pan evaporation was noticed. The energetic similarity of these
changes led to scientific recognition that changes in E,| were playing a signifi-
cant role in climate change. Previous assumptions that other parts of the earth’s
radiation balance were unchanging, have subsequently come under scrutiny.

This paper provides some background material on solar radiation and
reviews some of the work done on the changing E,| and its influences on
earth’s climate.

2. SOLAR RADIATION AND ITS MEASUREMENT

2.1. Top (TOA) and Bottom (BOA) of the Atmosphere Solar
Radiation and Atmospheric Transmission

Several of the quantities encountered when studying the earth’s short wave
radiation balance are easily computed. Understanding these relationships
can give the quantitatively minded reader more confidence about solar radia-
tion and its trends.

Black-body radiation is described by the Stefan—Boltzman equation, that is,

B =oT"

where B is radiant flux density emitted from a black body of temperature T,
and o is the Stefan-Bolzmann constant, 5.67 x 10 W:m %K *. Taking the
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sun’s average surface temperature to be 5800 K, calculating solar output for a
sphere of solar radius, 6.96 x 10® m, and irradiating a large sphere whose
radius is the earth-sun distance, or one astronomical unit (1.5 x 10'' m),
the radiant flux density reaching a surface normal to the sun’s rays on the earth
before it is influenced by the atmosphere, that is, the extra-terrestrial
‘solar constant’, is 1380 W-m 2, which is very close to the currently accepted
value of 1366 W-m 2 [2]. The latter varies during the year by about 3.3% due
to eccentricity of the earth’s orbit. As long as the solar surface temperature
and composition doesn’t change, the yearly average will be constant. In fact,
the solar constant has varied by much less than 1% over the past few centuries
[3,4]. The ratio of the area of a sphere to that of a circle of the same radius is
4, so the mean solar radiant energy reaching the TOA is 342 W-m 2.

TOA (or extra-terrestrial) solar radiation on a plane parallel to the surface
varies with the solar zenith angle, that is, the angle between the vertical and
the solar vector. Calculation of solar angles and TOA solar radiation is straight-
forward and given elsewhere [1,5-7]. TOA values are used to compare with
BOA measurements in order to determine atmospheric absorption of radiation,
for example, atmospheric transmission and turbidity and aerosol optical depth.

2.2. Earth’s Albedo and Net TOA Solar Radiation

The earth’s planetary albedo depends mostly on cloudiness, but also on land use.
There is no scientific theory to indicate that the planetary albedo has been and
will remain constant, and a change of 1% in its value can have a large impact
on the earth’s climate system [8]. Accurate measurements of the albedo began
in the 1980s. Satellite observations made continuously during the past twenty
years indicate that it is relatively constant at 29 & 2% [9,10]. These measure-
ments are close to previous estimates of 30 [11] and 31% [12]. However, ana-
lyses of earthshine measurements suggest that it may have changed by as much
as 5% during the past 15 a [13—15]. The earthshine measurements have met with
some criticism [9], but they are based on sound theory. In the future, if additional
sites are added to the earthshine observation network, these measurements may
gain more acceptance and the differences between the earthshine and satellite
measurements will have to be resolved. Taking the current earth albedo to be
29%, the net solar input into the planet is about 243 W-m 2 [16].

2.3. BOA Radiation

From this brief discussion of TOA solar radiation balance we jump to the sit-
uation at the surface below the atmosphere where the solar radiation balance
is confounded by atmospheric transmissivity and surface albedo. The former
depends mostly on cloudiness and cloud properties, but also on dust and other
aerosols. The latter, which has a small influence on downward radiation,
depends on surface properties, which are influenced by land use and climate.
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As solar radiation traverses the atmosphere it is absorbed and reflected by
gases and non-gaseous particles [17]. Ozone is responsible for absorption of
most of the UV radiation, that is, the solar radiation at wavelengths below
0.29 pm; at larger wavelengths oxygen and ozone absorption is negligible.
Water vapour is a significant absorber in the infra-red portion of the solar spec-
trum above 0.7 pm. Carbon dioxide absorption of solar radiation is negligible.
Aerosols can scatter and reflect some of the radiation back to space. Clouds
can reflect most of the radiation back to space. Radiation reflected from the
earth’s surface can be re-reflected back, and so surface albedo can influence
the downward flux. Thus, BOA solar radiation is much less than that at
TOA, and is commonly divided into two fluxes: direct radiation coming from
a 2.5-5° angle centred in the direction of the sun, and diffuse radiation arriving
from the rest of the sky hemisphere above the observer. The total of these two,
that is, global radiation (E,|), is the total solar energy available at the surface.

2.4. Measurement of Surface Radiation

Total short wave ‘solar’ radiant flux density on a horizontal surface on the
earth’s surface (BOA), that is, global radiation, E, |, is measured with a pyran-
ometer. First class pyranometers measure the temperature difference between
an exposed optically black surface and either a white surface (in the older instru-
ments) or the lower non-exposed surface using a thermopile. In order to exclude
thermal radiation and advection of heat from the surroundings the black surface
is covered with two quartz glass domes which transmit radiation between 200
and 4500 nm wavelength, and a temperature correction circuit is incorporated
into the instrument. Another type of ‘pyranometer’ in common use, due to its
lower cost, is based on a selenium cell which upon illumination causes an elec-
trical current to flow. The sensor is covered with appropriate filters to measure
solar radiation, but the maximum wavelength measured is 1100 nm, so total
solar radiation is determined indirectly by assuming that the ratio of the full
spectrum to that below 1100 nm is constant. In most outdoor conditions the
assumption is good enough for many applications, for example, calculation of
crop water requirements, but the non-thermopile pyranometers are not accept-
able for first class meteorological measurement.

Frequent cleaning of the dome and yearly calibration of sensors is necessary
in order to ensure the reliability of measurements. These and other constraints
have led to sparse measurement networks producing reliable data for solar radi-
ation as compared to those measuring air temperature. Most of the networks
began to operate during the International Geophysical Year, 1957-1958.

A second widely used surface measure which has been of interest is sun-
shine duration (SSD), or the amount of time that direct solar radiation exceeds
a threshold of 120 W-m 2, corresponding approximately to direct irradiance
at 3° solar elevation under clear sky conditions [1]. This measure has been
shown to be highly correlated with global radiation, both on a single day basis
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as well as for yearly totals [18,19]. Instruments measuring SSD came into use
in the nineteenth century, and some of their history has been recently
reviewed [20]. Many measurement series dating back to the nineteenth cen-
tury are available in various forms, and analysis of these has enabled a rough
view of variations in solar radiation for more than a century (e.g. [21,22]).

In addition to surface measurements, satellite based sensors have been
monitoring earth radiance in different wavebands for more than two decades.
Algorithms have been developed to use these measurements to calculate solar
radiation at the surface. These measurements have the advantage of spatial
averaging over an area several orders of magnitude larger than the few square
centimetres measured by the surface based sensors, and the ongoing efforts to
improve the reliability and accuracy of the satellite measurements has led to
their increased acceptance.

2.5. Comparing E;| from Different Sites

When comparing sites it is convenient to consider annual totals of E,|, since
seasonal variations can be large and vary greatly areally. However, E,| varies
with altitude and latitude. One way to normalize data from different sites is to
determine the transmission of a unit atmosphere, which is similar to turbidity
[6,23]. Yearly means of E,| are converted to atmospheric transmittance, T,
by dividing by integrated yearly extraterrestrial solar irradiance on a horizon-
tal surface (S,) computed for the latitude of the measurements, that is,

JEg Ldt "

Tm =

Transmittance is also an exponential function of the optical thickness of the
atmosphere k, and the vertical non-dimensional air mass, m, such that

T = exp(—km)

or
k= —In(t,)/m (2)

For a unit air mass (m = 1) Eqn (2) yields
11 = exp(—k) = exp(In(z,,)/m) (3)

Values of 7;, which expresses the yearly average transmittance of a unit atmo-
sphere at the site, are computed for each yearly mean of E, |, where m is com-
puted from site altitude using a simple altimetric relationship like:
—A

4
8200 )

m = exp
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and A is site altitude (m) (after [6]). A second method to normalize data from
different sites is multiple regression of E,| on time and site parameters, where
the influence of altitude is taken as linear, but site latitude (&) is taken as
cos>(P) [23].

2.6. Archives of Surface Solar Radiation Measurements

Solar radiation data measured by the different national weather services and
conforming to WMO standards are collected in various national archives and
are available from national weather services. Much of this data has also been
collected in two archives — the Global Energy Balance Archive (GEBA) in
Zurich, Switzerland [24], and the World Radiation Data Center (WRDC)
archive in St. Petersberg, Russia, which was established by the WMO in 1964.
GEBA has incorporated much of the data from the WRDC archive after strict
quality control filtering, while the WRDC archive should be used with caution.

Data from the US is managed by the National Renewable Energy Labora-
tory’s (NREL) Renewable Resource Data Center (RReDC, at website: www.
nrel.gov/rredc). Although solar radiation has been measured in the US for
about 75 a, first class long term data is available for only few of the stations
in their network.

The World Radiation Monitoring Center (WRMC, http://www.bsrn.awi.
de/) archives data from the Baseline Surface Radiation Network (BSRN,
[25]), which is a small number of stations (currently about 40) in contrasting
climatic zones, covering a latitude range from 80°N to 90°S, where solar and
atmospheric radiation is measured with instruments of the highest available
accuracy and with high time resolution (1-3 min). The BSRN program began
in the late 1990s and is based on voluntary participation of organizations mea-
suring radiation in different countries.

3. TRENDS IN SURFACE SOLAR RADIATION OR GLOBAL
DIMMING AND BRIGHTENING

Significant multi-year trends in E,| during the first decades that measurements
were made were reported by a few scientists during the twentieth century. Many
of these decreasing trends, called ‘global dimming’ [23], were in excess of 1%
per decade. They were viewed with considerable scepticism by the scientific
community. The reasons for this scepticism are important because they reflect
on the way current science is carried out. Here are some possibilities:

a. Previous texts, which were accepted as foundations of climate science,
assumed that earth’s solar radiation budget was constant on the short term
time scale (i.e. hundreds of years [26]), although changes in solar activity
and the solar constant were included as possible drivers for long term (i.e.
10°-107 a) climate changes (see Ref. [27] for a review of climate change
theories up to the mid 1960s).
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b. Climate change science has been dominated by the influence of the ubiq-
uitous and steadily increasing atmospheric greenhouse gases, and espe-
cially CO,. A large effort has been made to establish that this change is
large enough to warrant worldwide political action. The magnitude of
‘global dimming’ was clearly of the same order of magnitude as the green-
house gas influence. If large changes were occurring un-noticed to the sci-
entific community, how good was our understanding of climate and
climate change? That question may have been viewed as a threat to the
attempts to harness political action and the unprecedented funding that cli-
mate change science was receiving [28].

c. Climate change science has focused on TOA influences (e.g. TOA radia-
tive forcing) and assumed that the distribution of energy within the system
is less important.

d. Solar radiation is highly variable spatially and temporally and this high
variability has hampered integration of worldwide trends. This is in sharp
contrast with greenhouse gases which mix well in the atmosphere and
whose rate of increase can be discerned within a few years.

3.1. Global Dimming Reports in the Twentieth Century

Suraqui et al. [29] reported ‘severe changes over the years in solar radiation’ and
issued a call for ‘a careful study of incoming radiation at different places through-
out the world ... to determine the exact kind, order of magnitude and their
causes . ..". The ‘severe changes’ referred to emerged from the measurements at
the site of the Smithsonian Institution’s former solar radiation monitoring station
on Mt. St. Katherine in the southern Sinai peninsula (28°31'N, 33°56'E, 2643 m
altitude). Measurements using modern radiometers as well as some of the original
instruments employed between 1933 and 1937 showed a 12% loss in global
radiation during the intervening four decade interval.

Atsumu Ohmura, whose background was in glaciology, and who headed
the GEBA archive [24], reported at a conference that solar radiation was
decreasing at many sites where it was being measured. His colleagues, who
were highly sceptical of his findings, discouraged him from pursuing this,
and the report was published (or temporarily buried) in a little known confer-
ence proceedings [30]. Russak [31] reported decreasing trends of 0.2-0.6
W.-m%a"* for a few stations in northern Europe. Gerald Stanhill, who used
solar radiation measurements for determining evaporation and crop water
use in arid environments, was intrigued by the decreasing trends in solar radi-
ation that he found in radiation records. Stanhill and Moreshet [32] analyzed
data from 45 stations for the years 1958, 1965, 1975 and 1985, and found a
statistically significant average worldwide decrease of E,| totalling 5.3%
(or 0.34 W-m%a~?) from 1958 to 1985. Decreasing trends of the same order
of magnitude were found for sites in Australia [33], Japan [34], the arctic [35],
Antarctica [36], Israel [37] and Ireland [38]. The largest decrease, found
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in Hong Kong, was 1.8 W-m~%a 2, that is, a decrease in excess of 1% per year

[39]. Other groups reported dimming for China [40], the former Soviet Union
[41] and Germany [42,43]. Reductions in solar radiation were larger for urban
industrial sites, but even at sites remote from pollution E,| was usually
decreasing at a rapid rate.

Gilgen et al. [44] reviewed trends found in the GEBA archive. Their
paper, entitled ‘Means and trends of short wave irradiance at the surface esti-
mated from GEBA Data’, included analyses of accuracy and biases, and
trends in E,| for different regions of the world. The final sentence of the
abstract noted that ‘on most continents, shortwave irradiance decreases signif-
icantly in large regions, and significant positive trends are observed only in
four small regions’.

Stanhill and Cohen [23] tabulated the negative trends for different sites
around the world. Of the 30 stations where detailed analyses of trends had
been published, at 28 Egl had decreased and only at two, Dublin, Ireland
and Griffith, Australia, had E, | increased (by 0.56 and 0.76 W-m72~a72, respec-
tively). They also analysed solar radiation records from the geophysical year,
1958, and the years 1965, 1975, 1985 and 1992. These records were from
between 145 (1958) and 303 (1992) stations whose measurements conformed
to WMO standards. Average transmittance of a unit atmosphere for the north-
ern hemisphere was 0.52 in 1957 and declined steadily to 0.44 in 1992 while
that for the southern hemisphere averaged 0.57 until 1985 and declined
between 1985 and 1992 to 0.52. A spline fit to the latitudinal distribution of
E,| showed that the decrease during the 34 a period had been especially large
in the industrialized region of the northern hemisphere with a centre at ~35°N
and a width of ~20°. This feature and an analysis of the various possible rea-
sons for the dimming phenomenon, led to the conclusion that particulate aero-
sols, and especially those from anthropogenic sources, were the cause of the
changes. Similar conclusions were drawn at about the same time by Liepert
and Lohmann [45].

Many subsequent studies have highlighted similar trends based on data
collected from the mid twentieth century and onwards. Trends for individual
sites are highly variable, and for some places and some parts of the world
no change or increases in solar radiation have been found.

3.2. From Dimming to Brightening

Recent studies [46,47] have found evidence for a reversal in the negative
trends in solar radiation, which, for many sites changed to positive trends in
the late 1980s and early 1990s. The data sets analysed were from the GEBA
archive [46] and, for the first time, long term trends in satellite data from 1983
to 2001 [47]. However, there is an inconsistency between the two studies,
since the satellite data show brightening over the oceans and no trend over
the land surfaces while the surface GEBA and BSRN measurements are



The Role of Widespread Surface Solar Radiation Trends

mostly land based and show clear brightening during this period. The reversal
in the trend is thought to be related to the decreases in air pollution in Europe
and other parts of the western world following legislation that limited air pol-
lution. The positive trend has not led to a full recovery in E,| and current
levels of solar radiation in most places where dimming took place are still
below the values measured during the 1950s. A selection of widespread trends
reported for E,| is given in Table 2.

A list of the publications on global dimming, brightening and related topics
was compiled by M. Roderick at ANU and is kept more or less up to date. It can
be found on the web at http://www.rsbs.anu.edu.au/ResearchGroups/EBG/
index.php. Several international meetings have been held to discuss these topics
(Table 1).

TABLE 1 International meetings held on changing surface solar radiation
and related changes in evaporation
Organizing
Organization
and event Date Session title Location Reference
AGU/CGU 17-18 May Magnitude and Causes ~ Montreal, [91]
joint assembly 2004 of Decreasing Surface ~ Canada

Solar Radiation
Australian 22-23 Pan evaporation: An Canberra, [92]
Academy of November example of the Australia
Science 2004 detection and
International attribution of trends in
workshop climate variables
EGU general 15-20 April Surface Radiation Vienna,
assembly 2007 Budget, Radiative Austria

Forcings and Climate

Change
AGU fall 10-14 Pan Evaporation San
meeting December Trends: Observations, Francisco,

2007 Interpretations, and CA, USA

the Ecohydrological

Implications
Israel Science 10-14 Global dimming and Ein Gedi, [93]
Foundation February brightening Israel
international 2008
workshop
EGU general 13-18 April Surface Radiation Vienna,
assembly 2008 Budget, Radiative Austria

Forcings and Climate

Change

- /
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TABLE 2 Selected estimates of widespread trends in surface solar radiation
from surface measurements and satellite-based estimates. Based on
Ref. [94]
Surface
Energy trend
per decade/
Study Time period (Wm™2) Comments
[23] From mid- -3 Trend analysis of about 30 sites of various
1950s to 1992 lengths, and data from five years from
1957 to 1992 for >145 stations
[95] 1960-1990 -2 Trend analysis of GEBA and US NREL
data sets from 1960 to 1990
[44] From mid- -3 Statistics of the GEBA data set based on
1950s to 1990 about 300 sites of various length
[51] From mid- -1.6 Analysis of GEBA data to constrain the
1950s to 1990 “urbanization” effect. Separation of
sparsely populated sites (<0.1 million
inhabitants) and
—4.1 populated sites (>0.1 million
inhabitants)
[96] 1977-1990 -2 Trend analysis of five records of the
GMD data set from remote sites from
South Pole to Barrow, Alaska
[46] 1993-2004 4.7 Trend analysis of 18 BSRN records
[46] 1985-2005 2.2 Decadal change between (1985-1995)
and (1995-2005) based on 320 GEBA
sites
Satellite
[47] 1983-2001 1.6 Global. University of Maryland algorithm
with ISCCP Clouds — Global average
2.4 Ocean surfaces
-0.5 Land surfaces
[97] 1984-2000 2.4 Global. ISCCP Clouds with own RT
model
[58] 1984-2000 0.4 Global (ISCCP FD)
1 Ocean (ISCCP FD)
=1 Land (ISCCP FD)
Notes: GMD - Global monitoring division of NOAA, ISCCP FD - International Satellite Cloud
Climatology Project result data sets.
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3.3. Eg| Prior to the 1950s

Little is known about E,| prior to the 1950s and since temperature changes
then are well documented, such information could be valuable for understand-
ing the influences of E,| on climate. Stanhill and Cohen [18,19] used SSD
data as proxies for E,| based on recent simultaneous measurements of both
measures, in order to deduce trends of E,| from 1891 to 1987 for the US
and from 1890 to 2004 for Japan. SSD was found to be well correlated with
E,| and therefore can serve as a proxy. The data from the US and Japan were
from 106 and 65 stations with at least 70 and 35 a of data each, respectively.
In the US mean SSD increased from 1891 to the 1930s and then decreased
until the mid-1940s. In Japan a similar increase was observed from 1900 to
the mid-1940s. This was followed by a decline until the late 1950s. Palle
and Butler [22] found a decrease in SSD for four stations in Ireland for the
period from 1890 to the 1940s. Sanchez-Lorenzo et al. [48] analysed SSD
for the Iberian Peninsula for 1931-2004 and found a dimming trend from
the 1950s to the early 1980s followed by brightening, but the early data
(1931-1950) showed no clear trend. Thus, it is possible to obtain estimates
of E,| for the first half of the twentieth century and many SSD data sets exist,
but more work is needed to understand this period.

3.4. Regional Changes

The areal extent of the changes in global radiation and their global impact has
been the subject of much debate and some investigation. Significant rates of
dimming and brightening have been observed at many sites remote from
major sources of air pollution, for example the polar regions [35,36], and
the largest trends have been observed in heavily polluted regions (e.g. Hong
Kong [39], India [49] and China [50]), suggesting a significant relationship
between pollution rates and global radiation trends. Alpert et al. [51] found that
dimming from the 1950s to the 1980s averaged 0.41 W-m>-a~ 2 for highly popu-
lated sites while for sparsely populated sites, that is, populations <0.1 x 10°
dimming was only 0.16 W-m~%.a~2. In equatorial locations with low popula-
tion density there were slightly increasing trends. Since most of the globe is
sparsely populated this implies that the spatially averaged changes in E,|
are significant, but smaller than those obtained by averaging the data, which
may be biased toward population centres. However, to date no model has been
developed to integrate population density and its influence on E,| with the
worldwide grid of E,| in order to update the estimates of dimming and bright-
ening, and current estimates revolve around those given in Table 2. Trends
observed from satellites are for wide regions ([47]; Table 2) and it is encour-
aging that those trends are similar to those computed by averaging data from
surface stations.
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3.5. Cloud Trends and their Influence on E;|

Changes in cloudiness during parts of the dimming and brightening periods
were studied by Joel Norris [52]. The data was from both surface data sets and
satellite observations. The surface set, which was divided into 10° x 10° cells,
was from the Extended Edited Cloud Report Archive (EECRA), and included
ground based cloud observations from land stations (1971-1996) and ship
reports (1952-1997). These showed that zonal mean upper-level cloud cover
at low and middle latitudes decreased by 1.5%-sky-cover between 1971 and
1996 over land and by about 1%-sky-cover between 1951 and 1997 over
ocean. The upper level data were closely related to satellite (ISCCP) estimates
for an overlapping period. Estimates of the cloud cover influence on solar
radiation showed that between 1952 and 1997 over mid-latitude oceans cloud
changes decreased E,| by about 1 W-m?, and over northern mid-latitude land
areas cloud changes increased E,| slightly. For low-latitude land and ocean
regions cloud changes increased E,| from the 1980s to the mid-1990s. These
changes in cloudiness are relatively small, and although they probably played
a significant part in global dimming and brightening, they could not be con-
sidered to be major players. Similar conclusions, that is, that cloud trend influ-
ences on short wave radiative forcing could not account for most of the global
dimming and brightening, were made by Norris and Wild [53], who sub-
tracted the estimated cloud cover influence on solar radiation from surface
E,| data in the GEBA archive and found that dimming and brightening trends
in the residual E,| were unchanged.

4. THE CAUSES OF DIMMING AND BRIGHTENING

Dimming and brightening are related to aerosol loading of the atmosphere and
the influences of aerosols on atmospheric transmittance. The influence of nat-
ural aerosols from volcanic eruptions can be seen in the sharp declines in E,|
for the year or two following the eruptions of El Chichon in 1983 and Pina-
tubo in 1991 [54]. Stanhill and Cohen [23] reviewed the possible causes for
dimming in the context of a simplified expression:

Eg | = Eqexp[—(tr 4+ Tg + Tw + Ta + 7c) | (5)

where E,| is estimated from the extraterrestrial irradiance at the top of the
atmosphere, E,, modified by a chain of five transmissivities t© which quantify
the solar scattering and absorbing properties of the different components of
the atmosphere. These include t,, representing Rayleigh scattering; 7,, perma-
nent gas absorption; 1, absorption by water vapour; and 7, and 7., the absorp-
tion and scattering by the aerosols and cloud components, respectively. The
only factor whose known changes and influence on global radiation are large
enough to cause changes of the magnitude observed is aerosol loading. Aero-
sol influences on radiation include direct effects, that is, absorption, reflection
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and scattering of radiation by aerosols, and indirect effects, referring to aero-
sol mediated changes in cloud albedo (the Twomey effect), rain suppression
(the Albrecht effect), and cloud lifetime. The large changes in E,| can be
pinned to some extent on anthropogenic pollution, as suggested by the large
dimming in urban mega-cities and the industrialised zone of the Northern
Hemisphere. The connection between dimming and aerosols has been clearly
demonstrated (e.g. [55]), and known changes in aerosol loading of the atmo-
sphere are well correlated with the transition from dimming to brightening in
the 1980s [56].

Prior to the twenty-first century scientists studying aerosols had suspected
that aerosol influences on climate were far larger than was being acknowl-
edged and Satheesh and Ramanathan [57] demonstrated the large radiative
forcing that can be caused by aerosols. As the evidence for worldwide dim-
ming of a magnitude of several percent has mounted scientists who were
studying aerosol influences have begun to implement the full extent of aerosol
influences in models of earth’s climate (e.g. [58,59]).

5. THE INFLUENCE OF SOLAR RADIATION CHANGES
(DIMMING AND BRIGHTENING) ON CLIMATE

5.1. The Evaporation Conundrum

Potential evaporation rates in many places in the world decreased during the
second half of the twentieth century. As with solar radiation measurements,
a major client for these measurements is the agricultural community, where
evaporation rates are used to determine irrigation scheduling and application
rates. Measurement of evaporation is usually done with an evaporimeter of
the evaporation pan type, for example, the US class-A pan and Russian
GGI-3000 pan [60]. Specifications of pan size, deployment and exposure
are given in the previous reference. Networks of pans have been established
in many parts of the world.

Evaporation of water requires large quantities of energy. Therefore, one
model of evaporation is the energy budget of the evaporating surface, that is,

Ry=JE+C+G and JE=R,—C—G (6)

where R, is net radiation absorbed by the surface, / is the latent heat of vapor-
isation, E is the evaporative flux, C is convective heat transfer with the envi-
ronment and G is surface heat flux and/or energy storage. For annual totals,
heat flux and energy storage can usually be ignored and evaporation depends
only on net radiation and convection.

Evaporation from a wet surface (i.e. potential evaporation) can also be
viewed as a diffusion process where water vapour is transported from the sur-
face to the surrounding air, that is,
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) ) PCp _

IE = pcyles(Ts) — ea]/(yr) = (ra 1) [es(Ts) — e (7)
where p and c;, are air density and heat capacity, respectively, ey(T;) and e, are
water vapour pressure in air for saturation at surface temperature (7) and
ambient conditions, respectively, and ) is the psychrometric constant. r is
the resistance to vapour transport from the wet surface to the point of interest
in the air where humidity is measured, which in turn can be separated into a
bulk surface resistance (r;) and boundary-layer aerodynamic resistance (r,).
This second description of evaporation emphasises that it is influenced not
only by radiation, but also by aerodynamic parameters like air temperature,
humidity and wind speed, as well as surface parameters like roughness. View-
ing both the energy budget and diffusion models of evaporation together, it is
clear that climate factors determine the partitioning of radiative energy
absorbed by a surface between the energy dissipation processes, that is, evap-
oration and convection.

The two approaches [Eqns (6) and (7)] can be used to solve for evapora-
tion from a wet surface with few assumptions, giving the Penman equation
[61], that is,

A pcp
= — RH_G +—
LAY ey

where T, is air temperature, A is the slope of the relationship between satura-
tion vapour pressure and temperature, and " is a bulk psychrometric constant
which depends on surface properties. The expression (ey(T,)—e,) is the air
vapour pressure deficit (VPD), which is a function of temperature and humid-
ity. Thus, evaporation from a wet surface can be partitioned between radiative
and aerodynamic influences on evaporation, where the radiative term (the left
hand part of the Penman equation) is dominated by solar radiation and the
aerodynamic term (the right hand part) depends on air temperature, humidity
and wind speed. When analysing changes in potential (pan) evaporation
Eqn (8) can help to determine which climatic factor has caused the change.
Widespread reductions in pan evaporation during the second half of the
twentieth century were first reported for the former Soviet Union and much
of the northern hemisphere [62,63]. These reports were considered evidence
of global warming, which was thought to be increasing regional evaporation
but decreasing pan evaporation due to a feedback influence of increasing
regional humidity on local (or pan) potential evaporation [64] (see below).
However, Stanhill and Cohen [23] considered decreasing evaporation to be
evidence for decreasing solar radiation and Cohen et al. [65] showed that in
Israel’s arid conditions the overwhelming influence on evaporation is solar
radiation. A full analysis of environmental factors showed that decreasing solar
radiation was decreasing potential evaporation rates. Qian et al. [50] found a
striking correspondence between decreasing E,| and pan evaporation in China.

AE les(Ta) — ea) (8)
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Two Australian biologists, Roderick and Farquhar [66], analysed world-
wide changes in temperature and humidity and their relationship to evapora-
tion rates. If regional evaporation were increasing and causing local pan
evaporation to decrease then VPD should be decreasing [see Eqn (8)]. How-
ever, there was no evidence that this was occurring worldwide. Daily mini-
mum temperatures are closely related to the daily dew point temperature
and air vapour pressure (e,), since excess humidity precipitates as dew when
the air is coolest in the early morning. Saturation vapour pressure (eg)
increases exponentially with increasing temperature, so if average and mini-
mum temperatures increase at the same rates, VPD will increase and this
should increase evaporation rates. However, worldwide minimum tempera-
tures are increasing much faster than average temperatures and Roderick
and Farquhar reasoned that this might be stabilizing VPD, as observed in cli-
mate data from the US. This implied that the aerodynamic term in the Penman
equation [Eqn (8)] was stable; and if evaporation was decreasing it would
have to be caused by decreasing net radiation, which is dominated by solar
radiation. Roderick and Farquhar continued to develop a rigorous estimate
of the evaporative equivalent to solar radiation. For a first order analysis the
evaporative equivalent of radiative energy is expressed by 4, whose value is
~2.4 MJIkg~" and 1 kg of water will cover a surface area of 1 m? to a depth
of 1 mm. For the region of the FSU where both radiation and evaporation
trends were available, solar radiation, which was in the range of 30004000
MJm 2a~', had declined by ~9% or 315 MJ-m~? in three decades, which
is equivalent to 131 mm of water. This is similar to the average reported evap-
oration reduction during that period, ~111 mm of water. Thus, the reported
reductions in evaporation rates matched those for solar radiation, and the
pan evaporation data set corroborated the reported dimming trends in E,|.
Roderick and Farquhar’s analysis [66] convinced many scientists that dim-
ming was real and was having a significant impact on earth’s climate.

Evaporation at most sites in Australia has decreased significantly during
the period on record, with no signs of recovery during the ‘brightening’ era
[67]. The climate parameters that could be causing this were investigated by
Roderick et al. [68] using a physical model similar to Eqn (8). They found that
the primary cause for the reduction in evaporation in Australia was decreasing
wind speed with some regional contributions from decreasing solar radiation.

The question as to whether changes in pan evaporation are similar or
opposite to changes in regional evaporation involves the ‘complementary’
hypothesis [69], which hypothesises that when regional evaporation changes,
air humidity changes in the same direction, and a feedback occurs which has
an opposite effect on local evaporation. The hypothesis [70] considers the sum
of regional and local (e.g. pan) evaporation to be equal to a constant value,
making them ‘complementary’. For example, in the Tibetian plateau, E,|
and pan evaporation decreased from 1966 to 2003 [71], yet regional evapora-
tion increased [72].
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Since global radiation influences both local and regional evaporation
similarly, when global radiation changes the constant of the complementary
equation may also change. Nevertheless, when significant changes in air tem-
perature occur, especially if accompanied by changes in wind speed, which
have also been noted for many sites, changes in pan evaporation cannot be
taken as unambiguous evidence for dimming, brightening or warming [73].

5.2. Soil Moisture Trends

Another line of evidence for changes in regional evaporation rates has come
from the study of soil moisture data from an extensive network of stations
in the Ukraine where plant available soil moisture for the top 1 m of soil is
determined gravimetrically every 10 days from April to October at 141 sta-
tions from fields with either winter or spring cereals. The data, from 1958
to 2002 [74], shows that soil moisture increased until approximately 1980
and then levelled off. No trends in rainfall were observed for this region while
air temperature increased slightly. As noted above, one of the first reports of
dimming was from this region during the period in question [41]. The
observed changes in soil moisture were opposite to the predictions that global
warming would lead to soil desiccation [75,76]. Thus, Robock and Li [74]
concluded that the changes in soil moisture were evidence of dimming and
its reduction of regional evaporation rates. Subsequent modelling with a
sophisticated land surface model, which included a decreasing trend of solar
radiation along with increasing CO, and global warming, demonstrated simi-
lar increases in soil moisture [77].

5.3. The Hydrological Cycle

Regional evaporation rates are a central part of the hydrological cycle, and so
the question as to whether decreases in pan evaporation indicate decreasing or
increasing regional evaporation is of great importance. An increasing hydro-
logical cycle with increased regional evaporation would lead to increased
rainfall rates. However, it would also increase cloudiness whose feedback
influence would cause a decrease in E,|. As noted above, cloud changes have
been relatively small.

Prior to the twenty-first century, it was assumed that global warming
would enhance evaporation and lead to an enhancement (or spinning up) of
the hydrological cycle. Ramanathan et al. [49] evaluated the influences of
anthropogenic aerosols on solar and thermal radiation balances, atmospheric
temperature profiles and climate. They found that ‘aerosols enhance scattering
and absorption of solar radiation and produce brighter clouds that are less effi-
cient at releasing precipitation. These in turn lead to large reductions in the
amount of solar irradiance reaching Earth’s surface, a corresponding increase
in solar heating of the atmosphere, changes in the atmospheric temperature
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structure, suppression of rainfall, and less efficient removal of pollutants.
Thus, these aerosol effects can lead to a weaker hydrological cycle’. A case
in point is the Indian sub-continent where anthropogenic aerosol ‘brown
clouds’ can reduce E,| by more than 10% and change the regional hydrologi-
cal cycle. In particular, dark aerosols absorb solar radiation and cause
enhanced atmospheric warming and decreased E,|, which decreases surface
temperatures and evaporation rates. Together, these enhance atmospheric sta-
bility and spin down the hydrological cycle [78].

Liepert et al. [79] and Wild et al. [80] also considered that a reduction of
E,| and related reductions in evaporation rates could be ‘spinning down’ the
hydrological cycle. They argued that reductions in surface solar radiation
were only partly offset by enhanced down-welling longwave radiation from
the warmer and moister atmosphere and that the radiative imbalance at the
surface leads to weaker latent and sensible heat fluxes and hence to reductions
in evaporation and precipitation despite global warming. This is in line with
experimental evidence of the influence of aerosols on climate [81].

5.4. Daily Temperature Range (DTR)

E,| is directly related to maximum mid-day temperatures since it heats the
surface. The same factors that reduce E,|, that is, clouds, haze and aerosols,
increase downwelling long-wave radiation at night leading to higher night-
time, or minimum daily temperatures. Therefore, it is no surprise that E,| is
significantly correlated with daily temperature range (DTR, [82]). Various
episodes of temperature changes that correspond to sudden changes in atmo-
spheric aerosol loading have been reported. One dramatic demonstration of
the influence of aerosol on DTR was shown by Travis et al. [83], who studied
climate data for the period of the World Trade Centre tragedy in September
2001. During the three days that air traffic in the US was grounded there were
no atmospheric contrails, leading to increased E,| and an increase of ~1 °C in
DTR. Stanhill and Moreshet [34] found an average 18% increase in E,| dur-
ing Yom Kippur (the Day of Atonement) in Israel, which is a one day Jewish
holiday in the fall when industries close and car use is minimal. Analysis of
data from 19632003 shows that average daily total DTR increased on Yom
Kippur by 0.31 °C (Stanhill and Cohen, unpublished data). Robock and Mass
[84] and Mass and Robock [85] showed that tropospheric aerosol loading
from the 1980 Mt. St. Helens volcanic eruption strongly reduced the diurnal
temperature range for several days in the region with the volcanic dust, and
surface temperature effects under smoke from forest fires was correlated with
a reduction in daytime temperatures [86,87].

Global surface temperatures have been increasing since the beginning of
the industrial era. As noted by Roderick and Farquhar [66] minimum tempera-
tures have been increasing faster than maximum temperatures and thus DTR
has been decreasing. This may also be related to decreasing surface radiation.
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Wild et al. [88] used DTR to analyse the influence of changes in E,| on
global temperatures. They contend that global dimming masked global warm-
ing until the 1980s and that during the global brightening era the accelerating
temperature increases demonstrate the full (unmasked) global warming that is
caused by greenhouse gases.

5.5. Wind Speed and the Monsoon System

Another mechanism for the influence of changes in E,| on climate is sea
warming and its influence on wind speed and the monsoon rain system [89].
Xu et al. [90] showed that wind speeds over China have decreased because
of dimming. This is related to the increased atmospheric stability caused by
aerosol mediated warming of the atmosphere as surface radiation decreases.
Thus, aerosols over China changed the land-ocean temperature contrast,
affecting monsoon winds.

6. CONCLUSIONS

Global radiation E,| decreased significantly (i.e. dimming) from the begin-
ning of widespread measurements in the 1950s to the late 1980s over large
parts of the globe and then partly recovered (i.e. brightening) in many places.
The areal extent of these changes is not certain because of the large spatial
variability, but the mean trends are evident in satellite estimates of global
radiation. The trends are apparently caused by anthropogenic aerosols which
reduce surface short wave radiation directly and indirectly through their influ-
ence on cloud properties. Changes in E,| have played a part in regional and
global changes in DTR (positively correlated) as well as soil moisture (nega-
tively correlated) and potential evaporation rates (positively correlated), but in
some cases potential evaporation has changed due to other factors. Dimming
may have offset global warming between the 1950s and 1980s while the more
recent brightening may have unmasked the full extent of global warming, as
seen in the accelerated temperature increase since the early 1990s.
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1.

INTRODUCTION

There are a number of space phenomena that influence the Earth’s climate
and determined its long-term and short-term changes. These include:

the variability of the Sun’s irradiation flux energy;

the variations of the Earth’s orbital characteristics;

the variable solar activity (with periods of 8—15 a (year), average period of about
11 a), general solar magnetic field (average period of 22 a) together with the
related phenomena of variable solar wind, coronal mass ejections and shocks
in the Heliosphere and modulated galactic cosmic rays (CR) — see Section 2;
the solar CR generated during great solar flares — see Section 2.9;

the precipitation of energetic electrons and protons from the Earth’s mag-
netosphere during magnetic disturbances — see Section 2.10;

the variable Earth’s magnetic field’s influence on CR cutoff rigidity and
changed galactic and solar cosmic ray intensity in the Earth’s atmosphere —
see Section 2.12;
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e the moving of the solar system around the galactic centre and crossing the
Galaxy arms — see Section 3;

e the impacts of the solar system with galactic molecular dust cloud — see
Section 4;

e the impacts of the solar system with interplanetary zodiac dust cloud — see
Section 5;

e asteroid impacts — see Section 7;

e nearby supernova explosions — see Section 8.

The first phenomenon is the subject of Chapter 2 by Shabtai Cohen, and the
second is dealt with by Lucas Lourens in Chapter 5. In this Chapter the other
phenomena are discussed and compared to anthropogenic induced changes.
Details on CR behaviour in the Earth’s atmosphere, magnetosphere and in space
are the subject of recent publications by the author [1-3]. The role of these fac-
tors in our present climate change will be discussed in the final section of this
chapter.

2. SOLAR ACTIVITY, COSMIC RAYS AND CLIMATE CHANGE

2.1. Long-Term Cosmic Ray Intensity Variations and
Climate Change

About 200 a ago the famous astronomer William Herschel [4] suggested that the
price of wheat in England was directly related to the number of sunspots. He
noticed that less rain fell when the number of sunspots was small (Joseph in
the Bible, recognised a similar periodicity in food production in Egypt, about
4000 a ago). The solar activity level is known from direct observations over
the past 450 a, and from data of cosmogenic nuclides (through CR intensity var-
iations) for more than 10 000 a [1,5]. Over this period there is a striking qualita-
tive correlation between cold and warm climate periods and high and low levels
of galactic CR intensity (low and high solar activity). As an example, Fig. 1
shows the change in the concentration of radiocarbon during the last millennium
(a higher concentration of *C corresponds to a higher intensity of galactic CR
and to lower solar activity). It can be seen from Fig. 1 that during 1000—1300
AD the CR intensity was low and solar activity high, which coincided with
the warm medieval period (during this period Vikings settled in Greenland).
After 1300 AD solar activity decreased and CR intensity increased, and a long
cold period followed (the so-called Little Ice Age, which included the Maunder
minimum 1645-1715 AD and lasted until the middle of nineteenth century).

2.2. The Possible Role of Solar Activity and Solar Irradiance
in Climate Change

Friis-Christiansen and Lassen [7,8] found, from 400 a of data, that the filtered
solar activity cycle length is closely connected to variations of the average sur-
face temperature in the northern hemisphere. Labitzke and Van Loon [9]
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FIGURE 1 The change of CR intensity reflected in radiocarbon concentration during the last
millennium. The Maunder minimum refers to the period 1645-1715, when sun spots were rare.
From Ref. [6].

showed, from solar cycle data, that the air temperature increases with increas-
ing levels of solar activity. Swensmark [6] also discussed the problem of the
possible influence of solar activity on the Earth’s climate through changes in
solar irradiance. But the direct satellite measurements of the solar irradiance
during the last two solar cycles showed that the variations during a solar cycle
was only about 0.1%, corresponding to about 0.3 W-m 2. This value is too
small to explain the present observed climate changes [10]). Much bigger
changes during a solar cycle occur in UV radiation (about 10%, which is
important in the formation of the ozone layer). High [11] and Shindell et al.
[12] suggested that the heating of the stratosphere by UV radiation can be
dynamically transported into the troposphere. This effect might be responsible
for small contributions towards 11 and 22 a cycle modulation of climate but
not to the 100 a of climate change that we are presently experiencing.

2.3. Cosmic Rays as an Important Link between Solar Activity
and Climate Change

Many authors have considered the influence of galactic and solar CR on the
Earth’s climate. Cosmic Radiation is the main source of air ionisation below
40-35 km (only near the ground level, lower than 1 km, are radioactive gases
from the soil also important in air ionisation) [1]. The first to suggest a possible
influence of air ionisation by CR on the climate was Ney [13]. Swensmark [6]
noted that the variation in air ionisation caused by CR could potentially influ-
ence the optical transparency of the atmosphere, by either a change in aerosol
formation or influence the transition between the different phases of water.
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Many other authors considered these possibilities [13—22]. The possible statis-
tical connections between the solar activity cycle and the corresponding long-
term CR intensity variations with characteristics of climate change were
considered in Dorman et al. [23-25]. Dorman et al. [26] reconstructed CR
intensity variations over the last 400 a on the basis of solar activity data and
compared the results with radiocarbon and climate change data.

Cosmic radiation plays a key role in the formation of thunderstorms and
lightnings [1]. Many authors [27-32] have considered atmospheric electric field
phenomena as a possible link between solar activity and the Earth’s climate.
Also important in the relationship between CR and climate, is the influence of
long-term changes in the geomagnetic field on CR intensity through the changes
of cutoff rigidity [2]. One can consider the general hierarchical relationship to
be: (solar activity cycles + long-term changes in the geomagnetic field) —
(CR long-term modulation in the Heliosphere + long-term variation of cutoff
rigidity) — (long-term variation of clouds covering + atmospheric electric field
effects) — climate change.

2.4. The Connection between Galactic Cosmic Ray Solar
Cycles and the Earth’s Cloud Coverage

Recent research has shown that the Earth’s cloud coverage (observed by satel-
lites) is strongly influenced by CR intensity [6,18,20-22]. Clouds influence
the irradiative properties of the atmosphere by both cooling through reflection
of incoming short wave solar radiation, and heating through trapping of out-
going long wave radiation (the greenhouse effect). The overall result depends
largely on the height of the clouds. According to Hartmann [33], high opti-
cally thin clouds tend to heat while low optically thick clouds tend to cool
(see Table 1).

From Table 1 it can be seen that low clouds result in a cooling effect of
about 17 W-m ™2, which means that they play an important role in the Earth’s
radiation budget [34-36]). The important issue is that even small changes in
the lower cloud coverage can result in important changes in the radiation bud-
get and hence has a considerable influence on the Earth’s climate (let us
remember that the solar irradiance changes during solar cycles is only about
0.3 W-m ).

Figure 2 shows a comparison of the Earth’s total cloud coverage (from sat-
ellite observations) with CR intensities (from the Climax neutron monitor
(NM)) and solar activity data over 20 a.

From Fig. 2 it can be seen that the correlation of global cloud coverage with
CR intensity is much better than with solar activity. Marsh and Swensmark [21]
came to conclusion that CR intensity relates well with low global cloud cover-
age, but not with high and middle clouds (see Fig. 3).

It is important to note that low clouds lead, as rule, to the cooling of the
atmosphere. It means that with increasing CR intensity and cloud coverage



Possible Causes of Climate Change

TABLE 1 Global annual mean forcing due to various types of clouds,
from the Earth Radiation Budget Experiment (ERBE), according to
Hartmann [33]

Low
High clouds  Middle clouds clouds

Parameter Thin Thick Thin  Thick All Total

Global fraction /(%) 10.1 8.6 10.7 7.3 26.6 63.3

Forcing (relative to clear sky):
Albedo (SW radiation)/(W-m~2) —4.1 —15.6 -3.7 -99 —-20.2 =535
Outgoing LW radiation /(W-m™%) 6.5 8.6 4.8 2.4 3.5 25.8

Net forcing /(W-m~?) 24 -7.0 1.1 -7.5 =16.7 =27.7

The positive forcing increases the net radiation budget of the Earth and leads to a warming;
negative forcing decreases the net radiation and causes a cooling. (Note that the global
fraction implies that 36.7% of the Earth is cloud free.)
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FIGURE 2 Changes in the Earth’s cloud coverage: triangles — from satellite Nimbus 7,
CMATRIX project [37]; squares — from the International Satellite Cloud Climatology Project,
ISCCP [38]; diamonds — from the Defence Meteorological Satellite Program, DMSP [39,40].
Solid curve — CR intensity variation according to Climax NM, normalized to May 1965.
Broken curve — solar radio flux at 10.7 cm. All data are smoothed using twelve months running
mean. From Ref. [6].

(see Fig. 2), we can expect the surface temperature to decrease. It is in good
agreement with the situation shown in Fig. 1 for the last 1000 a, and with
direct measurements of the surface temperature over the last four solar cycles
(see Section 2.5, below).
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heights, H, for: a — high clouds, H > 6.5 km, b — middle clouds, 6.5 km >H > 3.2 km, and ¢ — low
clouds, H < 3.2 km. From Ref. [21].

2.5. The Influence of Cosmic Rays on the Earth’s Temperature

Figure 4 shows a comparison of 11 year moving average Northern Hemisphere
marine and land air temperature anomalies for 1935-1995 with CR intensity
(constructed for Cheltenham/Fredericksburg for 1937-1975 and Yakutsk for
1953-1994, [41]) and Climax NM data, as well as with other parameters (unfil-
tered solar cycle length, sunspot numbers and reconstructed solar irradiance).
From Fig. 4 one can see that the best correlation of global air temperature
is with CR intensity, in accordance with the results described in Sections
2.1-2.4 above. According to Swensmark [6], the comparison of Fig. 4 with
Fig. 2 shows that the increase of air temperature by 0.3 °C corresponds to a
decrease of CR intensity of 3.5% and a decrease of global cloudiness of
3%; this is equivalent to an increase of solar irradiance on the Earth’s surface
of about 1.5 W-m~2 [42] and is about 5 times bigger than the solar cycle
change of solar irradiance, which as we have seen, is only 0.3 W-m ).
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FIGURE 4 Eleven year average Northern hemisphere marine and land air temperature
anomalies, At, (broken curve) compared with: a, unfiltered solar cycle length; b, Eleven year
average CR intensity (thick solid curve — from ion chambers 1937-1994, normalized to 1965,
and thin solid curve — from Climax NM, normalized to ion chambers); c, eleven-year average
of sunspot numbers; and d, decade variation in reconstructed solar irradiance from Ref. [10]
(zero level corresponds to 1367 W-m~?). From Ref. [6].

2.6. Cosmic Ray Influence on Weather during Maunder Minimum

Figure 5 shows the situation in the Maunder minimum (a time when sunspots
were rare) for: solar irradiance [10,43]); concentration of the cosmogenic
isotope 10ge [44] — a measure of CR intensity [1]); and reconstructed air sur-
face temperature for the northern hemisphere [45]).

The solar irradiance is almost constant during the Maunder minimum and
about 0.24% (or about (.82 W-mfz) lower than the present value (see Panel
a in Fig. 5), but CR intensity and air surface temperature vary in a similar
manner — see above sections; with increasing CR intensity there is a
decrease in air surface temperature (see Panels b and c in Fig. 5). The high-
est level of CR intensity was between 1690—1700, which corresponds to the
minimum of air surface temperature [46] and also to the coldest decade
(1690-1700).
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FIGURE 5 Situation in the Maunder minimum: a — reconstructed solar irradiance [9]; b — cosmo-

genic 19Be concentration [44]; ¢ — reconstructed relative change of air surface temperature, At, for
the northern hemisphere [45]. From Swensmark [6].

2.7. The Influence of Long-Term Variations of Cosmic Ray
Intensity on Wheat Prices (Related to Climate Change) in
Medieval England and Modern USA

Herschel’s observations [4] mentioned in Section 2.1, were based on the pub-
lished wheat prices [47], and showed that five prolonged periods of sunspot
numbers correlated with costly wheat. This idea was taken up by the English
economist and logician William Stanley Jevons [48]. He directed his attention
to the wheat prices from 1259 to 1400 and showed that the time intervals
between high prices were close to 10-11 a. This work was later published
by Rogers [49]. The coincidence of these intervals with the period of the
recently discovered 11 year cycle of solar activity led him to suggest that
the solar activity cycle was a ‘synchronisation’ factor in the fluctuations of
wheat prices (Jevons [50]). As a next step, he extrapolated his theory to stock
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markets of the nineteenth century in England and was impressed by a close
coincidence of five stock exchange panics with five minima in solar spot
numbers that preceded these panics. He suggested that both solar and eco-
nomic activities are subjected to a harmonic process with the same constant
period of 11 a. However, the subsequent discovery of the non-harmonic beha-
viour of solar cycles, with periods varying from 8 to 15 a, and the later obser-
vation of lack of coincidence between panics predicted by Jevons [48,50] and
the actual ones, destroyed his argument.

The Rogers [49] database was used by Pustil’nik et al. [51], Pustil’nik and
Yom Din [52] to search for possible influences of solar activity and CR inten-
sity on wheat prices (through climate changes). The graph of wheat prices as a
function of time (Fig. 6) contains two specific features:

1. A transition from ‘low price’ state to ‘high price’ state during 1530-1630,
possibly as a result of access to cheap silver, recently discovered New World.

2. The existence of two populations in the price sample: noise-like variations
with low amplitude bursts and several bursts of large amplitude.

Pustil’nik et al. [51], Pustil’nik and Yom Din [52], analysed the data and
compared the distribution of intervals of price bursts with the distribution of
the intervals between minimums of solar cycles (see Fig. 7).

In their analysis they found that for the sunspot minimum—minimum interval
distribution the estimated parameters are: median 10.7 a; mean 11.02 a; standard
deviation 1.53 a and for the price burst interval distribution, the estimated
parameters are: median 11.0 a; mean 11.14 a; and standard deviation 1.44 a.

The main problem with a comparison between the price and solar activity,
is the absence of the time interval, common to sunspot observation data

Year’s Wheat Prices in the Middle Ages England
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FIGURE 6 Wheat prices in England during 1259-1702 with a price transition at 1530-1630.
From Refs. [51,52].
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FIGURE 7 Histograms of the interval distribution for price bursts for the period, 1249-1702,
and of minimum-minimum intervals of sunspots during 1700-2000. From Refs. [51,52].

(for 1700-2001) and wheat price data (1259-1702). However, the discovery
of a strong correlation between the concentration of '°Be isotopes in Green-
land ice and CR intensity (according to measurements of CR intensity over
the last 60 a [1]) sheds a new light on the problem. In Fig. 8, the wheat prices
for 1600-1702 are shown and compared to 10B¢ data [53]. White marks show
prices, averaged for three-year intervals centred on moments of minimum CR
intensity. Black marks correspond to average prices in three-year intervals for
maximum CR intensities.

As can be seen from Fig. 8, all prices in the neighbourhoods of the seven
maxima of CR intensity (correspond approximately to minima of solar activity)
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FIGURE 8 Systematic differences in wheat prices at moments of minimum and maximum CR
intensity determined according to '°Be data [53]. White diamonds show prices averaged for
three-year intervals centred on moments of minimum CR intensity (maximum solar activity);
black rectangles show prices averaged over three-year intervals centred on moments of maximum
CR intensity (minimum solar activity). White and black triangles show prices at moments of
minimum and maximum CR intensity. From Ref. [52].

are systematically higher than those in the neighbourhood of the seven minima
of CR intensity (maxima of solar activity) in the long-term variation of
CR intensity according to '°Be data [53]. A similar result was obtained by
Pustil’'nik and Yom Din [54] for wheat prices in USA during twentieth century.

2.8. The Connection between lon Generation in the Atmosphere
by Cosmic Rays and Total Surface of Clouds

The time variation of the integral rate of ion generation, g, (approximately propor-
tional to CR intensity) in the middle latitude atmosphere at an altitude between
2 and 5 km was found by Stozhkov et al. [55] for the period January 1984—August
1990 using regular CR balloon measurements. The relative change in ¢, Ag/q,
have been compared with the relative changes of the total surface of clouds over
the Atlantic Ocean, AS/S, and are shown in Fig. 9: the correlation coefficient is
0.91 = 0.04. This result is in good agreement with results described above (see
Panel b in Fig. 4 and Panel c in Fig. 5) and shows that there is a direct correlation
between cloud cover and CR generated ions.

2.9. The Influence of Big Magnetic Storms (Forbush Decreases)
and Solar Cosmic Ray Events on Rainfall

A decrease of atmospheric ionisation leads to a decrease in the concentration
of charge condensation centres. In these periods, a decrease of total cloudiness
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FIGURE 9 The positive relationship between the relative changes of total clouds covering sur-
face over Atlantic Ocean, AS/S, in the period January 1984—August 1990 [19] and the relative
changes of integral rate of ion generation Ag/q in the middle latitude atmosphere in the altitude
interval 2-5 km. From Ref. [55].

and atmosphere turbulence together with an increase in isobaric levels is observed
[56]). As a result, a decrease of rainfall is also expected. Stozhkov et al. [57-59]
and Stozhkov [60] analysed 70 events of Forbush decreases (defined as a rapid
decrease in observed galactic CR intensity, and caused by big geomagnetic
storms) observed in 1956—-1993 and compared these events with rainfall data over
the former USSR. It was found that during the main phase of the Forbush
decrease, the daily rainfall levels decreases by about 17%. Similarly, Todd and
Kniveton [61,62] investigating 32 Forbush decreases events over the period
1983-2000, found reduced cloud cover of 18% [61] and 12% [62].

During big solar CR events, when CR intensity and ionisation in the atmo-
sphere significantly increases, an inverse situation is expected and the increase
in cloudiness leads to an increase in rainfall. A study [57-60] involving 53
events of solar CR enhancements, between 1942-1993, showed a positive
increase of about 13% in the total rainfall over the former USSR.

2.10. The Influence of Geomagnetic Disturbances and Solar
Activity on the Climate through Energetic Particle Precipitation
from Inner Radiation Belt

The relationship between solar and geomagnetic activity and climate para-
meters (cloudiness, temperature, rainfall, etc.) was considered above and is
the subject of much ongoing research. The clearly pronounced relationship
observed at high and middle latitudes, is explained by the decrease of galactic
CR intensity (energies in the range of MeV and GeV) with increasing solar and
geomagnetic activity, and by the appearance of solar CR fluxes ionising the
atmosphere [63]). This mechanism works efficiently at high latitudes, because
CR particles with energy up to 1 GeV penetrate this region more easily due to
its very low cutoff rigidity. Near the equator, in the Brazilian Magnetic
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Anomaly (BMA) region, the main part of galactic and solar CR is shielded by a
geomagnetic field. This field is at an altitude of 200-300 km and contains large
fluxes of energetic protons and electrons trapped in the inner radiation belt.
Significant magnetic disturbances can produce precipitation of these particles
and subsequent ionisation of the atmosphere. The influence of solar-terrestrial
connections on climate in the BMA region was studied by Pugacheva et al.
[64]. Two types of correlations were observed: (1) a significant short and long
time scale correlation between the index of geomagnetic activity Kp and rain-
fall in Sao Paulo State; (2) the correlation-anti-correlation of rainfalls with the
11 and 22 a cycles of solar activity for 1860-1990 in Fortaleza. Figure 10
shows the time relationship between Kp-index and rain in Campinas (23°S,
47°W) and in Ubajara (3°S, 41°W), during 1986. From Fig. 10, it can be
seen that, with a delay of 5-11 days, almost every significant (>3.0) increase
of the Kp-index is accompanied by an increase in rainfall. The effect is most
noticeable at the time of the great geomagnetic storm of 8 February 1986,
when the electron fluxes of inner radiation belt reached the atmosphere
between 18 and 21 February [65]) and the greatest rainfall of the 1986 was
recorded on 19 February. Again, after a series of solar flares, great magnetic
disturbances were registered between 19 and 22 March 1991. On 22 March,
a Sao Paolo station showed the greatest rainfall of the year.

The relationship between long-term variations of annual rainfall at Campi-
nas, the Kp-index and sunspot numbers are shown in Figs. 11 and 12.

Figures 11 and 12 show the double peak structure of rainfall variation
compared to the Kp-index. Only during the 20th solar cycle (1964—-1975),
weakest of the shown 6 cycles, an anti-correlation between rainfalls and sun-
spot numbers is observed in most of Brazil. The Kp — rainfall correlation is
more pronounced in the regions connected with magnetic lines occupied by
trapped particles.
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FIGURE 10 The Kp-index of geomagnetic activity (top panels) and rainfall level (bottom
panels) in Campinas (left panels a) and in Ubajara (right panels b) in 1986. According to
Pugacheva et al. [64].
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FIGURE 11 Long-term variations of rainfalls (Campinas, the bottom panel) in comparison with
variations of solar and geomagnetic activity (the top and middle panels, respectively) for
1940-1965. From Ref. [64].
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In Fortaleza (4°S, 39°W), located in an empty magnetic tube (L = 1.054),
it is the other kind of correlation (see Fig. 13).

From Fig. 13 it can be seen that a correlation exists between sunspot num-
bers and rainfall between 1860—1900 (11th—13th solar cycles) and 1933-1954
(17th and 18th cycles). The anti-correlation was observed during 1900-1933
(cycles 14th—16th) and during 1954—1990 (cycles 19th-21th). As far as sunspot
numbers mainly anti-correlate with the galactic CR flux, an anti-correlation
of sunspot numbers with rainfalls could be interpreted as a correlation of
rainfalls with the CR. The positive and negative phases of the correlation
interchange several times during the long time interval 1860—1990, that was
observed earlier in North America (King [66]). Some climate events have a
22 a periodicity similar to the 22 a solar magnetic cycle. Panel b in Fig. 13
demonstrate 22 a periodicity of 11 a running averaged rainfalls in Fortaleza.
The phenomenon is observed during 5 periods from 1860 to 1990. During
the 11th—16th solar cycles (from 1860 until 1930), the maxima of rainfalls
correspond to the maxima of sunspot numbers of odd solar cycles 11th,
13th, 15th and minima of rainfalls correspond to maxima of even solar
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FIGURE 13 The comparison of yearly sunspot numbers long-term variation (the top panel) with
3 and 11 a running averaged rainfalls (Panels a and b, respectively) in Fortaleza (4°S, 39°W) dur-
ing 1860-1990. From Ref. [64].

cycles 12th, 14th, 16th. During the 17th solar cycle the phase of the 22 a peri-
odicity is changed to the opposite and the sunspot number maxima of odd
cycles 19th and 21st correspond to the minima of rainfall. The effect is not
pronounced (excluding years 1957-1977) in Sao Paolo.

The difference in results obtained in Refs. [60—62, 64] can be easily under-
stood if we take into account the large value of the cutoff rigidity in the BMA
region. This is the reason why the variations in galactic and solar CR intensity
in the BMA region, are not reflected in the ionisation of the air and hence do
not influenced the climate. However, in the BMA region other mechanism of
solar and magnetic activity can influence climatic parameters such as ener-
getic particle precipitation coming from the inner radiation belt.

2.11. On the Possible Influence of Galactic Cosmic
Rays on Formation of Cirrus Hole and Global Warming

According to Ely and Huang [67] and Ely et al. [68], there are expected var-
iations of upper tropospheric ionisation caused by long-term variations of
galactic CR intensity. These variations have resulted in the formation of the
cirrus hole (a strong latitude dependent modulation of cirrus clouds). The
upper tropospheric ionisation is caused, largely, by particles with energy
smaller than 1 GeV but bigger than about 500 MeV. In Fig. 14 is shown the
long-term modulation of the difference between Mt. Washington and Durham
for protons with kinetic energy 650-850 MeV.
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FIGURE 14 The observed 22 a modulation of galactic CR between 1.24 GV and 1.41 GV
rigidity (i.e. protons with kinetic energy between 650-850 MeV, ionising heavily in the layer
200-300 g/cm?). From Ely et al. [68].

Figure 14 clearly shows the 22 a modulation of galactic CR intensity in the
range 650-850 MeV with an amplitude of more than 3%. Variations of upper
tropospheric ionisation do have some influence on the cirrus covering and the
‘cirrus hole’ is expected to correspond to a decrease in CR intensity.

According to Ely et al. [68], the ‘cirrus hole’ was observed in different lat-
itude zones over the whole world between 1962 and 1971, centred at 1966
(see Fig. 15).

Figure 15 gives the cirrus cloud cover data over a 25 a period, for the
whole world, the equatorial zone (30°S—30°N) and the northern zone
(30°N-90°N), showing fractional decreases in cirrus coverage of 7%, 4%
and 17%, respectively.
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FIGURE 15 The ‘cirrus hole’ of the 1960s for: the whole world (the top panel); the equatorial
zone (30°S-30°N; middle panel); the northern zone (bottom panel) From Ely et al. [68].
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The decrease of cirrus covering leads to an increase in heat loss to outer
space (note, that only a 4% change in total cloud cover is equivalent to twice
the present greenhouse effect due to anthropogenic carbon dioxide). The
influence of cirrus hole in the northern latitude zone (30°N-90°N), where
the cirrus covering was reduced by 17%, is expected to be great (this effect
of the cirrus hole is reduced in summer by the increase of lower clouds result-
ing in enhanced insulation) The low temperatures produced from mid to high
latitude significantly increase the pressure of the polar air mass and cause fre-
quent ‘polar break troughs’ at various longitudes in which, for example, cold
air from Canada may go all the way to Florida and freeze the grapefruit [68]).
However, when the cirrus hole is not present, the heat loss from mid to high
latitudes is much less, and the switching of the circulation patterns (Rossby
waves) is much less frequent.

2.12. Description of Long-Term Galactic Cosmic Ray Variation
by both Convection-Diffusion and Drift Mechanisms with
Possibility of Forecasting of Some Part of Climate Change in
Near Future Caused by Cosmic Rays

It was shown in previous Sections that CR may be considered as sufficient
links determined some part of space weather influence on the climate change.
From this point of view it is important to understand mechanisms of galactic
CR long-term variations and on this basis to forecast expected CR intensity in
near future. In Dorman [69-71] it was made on basis of monthly sunspot num-
bers with taking into account time-lag between processes on the Sun and sit-
uation in the interplanetary space as well as the sign of general magnetic field
(see Fig. 16); in Belov et al. [72] — mainly on basis of monthly data of solar
general magnetic field (see Fig. 17). From Fig. 16 follows that in the frame of
used in [69-71] convection-diffusion and drift models can be determined with
very good accuracy expected galactic CR intensity in the past (when monthly
sunspot numbers are known) as well as behaviour of CR intensity in future if
monthly sunspot numbers can be well forecasted. According to Ref. [72], the
same can be made with good accuracy on the basis of monthly data on the
solar general magnetic field (see Fig. 17). Let us note that described above
results obtained in Refs. [69-72] give possibility to forecast some part of
climate change connected with CR.

2.13. Influence of Long-Term Variation of Main Geomagnetic
Field on Global Climate Change through Cosmic Ray Cutoff
Rigidity Variation

The sufficient change of main geomagnetic field leads to change of planetary

distribution of cutoff rigidities R. and to corresponding change of the i-th
component of CR intensity N;(Rc,h,) at some level h, in the Earth’s
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FIGURE 16 Comparison of observed by Climax neutron monitor CR intensity averaging with
moving period eleven month LN(CL11M-OBS) with predicted on the basis of monthly sunspot
numbers from model of convection-diffusion modulation, corrected on drift effects LN(CL11M-
PRED). Correlation coefficient between both curves 0.97. From Dorman [71].
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FIGURE 17 The forecast of galactic CR behaviour based on the predicted values of the global
characteristics of the solar magnetic field, thick line — data of CR intensity observations (Moscow
neutron monitor), thin line — the predicted CR variation up to 2013 based on data of Kitt Peak
Observatory (upper panel) and based on data of Stanford Observatory (bottom panel). From Belov
et al. [72].

atmosphere AN;(R., ho)/Nio = —ARW;(R¢, h,), where W;(R., h,) is the cou-
pling function (see details in Chapter 3 of Ref. [1]). Variations of CR intensity
caused by change of R. are described in detail in Ref. [2], and here we will
demonstrate results of Shea and Smart [73] on R. changing for the last 300
and 400 a (see Fig. 18 and Table 2, correspondingly).
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FIGURE 18 Contours of the change in vertical cutoff rigidity values (in GV) between 1600 and
1900. Full lines reflect positive trend (increasing of cutoff rigidity from 1600 to 1900); dotted
lines reflect negative trend. According to Shea and Smart [73].

TABLE 2 Vertical cutoff rigidities (in GV) for various epochs 1600, 1700,
1800, 1900 and 2000, as well as change from 1900 to 2000 owed to changes
of geomagnetic field. According to Shea and Smart [73]

-

Long. Epoch Epoch Epoch Epoch Epoch  Change
Lat. (E) 2000 1900 1800 1700 1600 1900-2000 Region
55 30 2.30 2.84 2.31 1.49 1.31 —0.54 Europe
50 0 3.36 2.94 2.01 1.33 1.81 +0.42 Europe
50 15 3.52 3.83 2.85 1.69 1.76 —0.31 Europe
40 15 7.22 7.62 5.86 3.98 3.97 —0.40 Europe
45 285 1.45 1.20 1.52 2.36 4.1 +0.25 North
America
40 255 2.55 3.18 4.08 4.88 5.89 —0.63 North
America
20 255 8.67 12.02 14.11 15.05 16.85 —3.35 North
America
20 300 10.01 7.36 9.24  12.31 15.41 +2.65 North
America
50 105 4.25 4.65 5.08 5.79 8.60 —0.40 Asia
40 120 9.25 9.48 10.24 11.28 13.88 —0.23 Asia
35 135 11.79 11.68 12.40 13.13 14.39 +0.11 Japan
—-25 150 8.56 9.75 10.41 11.54 11.35 -1.19 Australia
—35 15 4.40 5.93 8.41 11.29 12.19 —1.53 South
Africa
—35 300 8.94 12.07 13.09 10.84 8.10 —-3.13 South
America
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Table 2 shows that the change of geomagnetic cutoffs, in the period
1600-1900, is not homogeneous: of the 14 selected regions, 5 showed increas-
ing cutoffs with decreasing CR intensity, and 9 regions showed decreasing cut-
offs with increasing CR intensity. From Table 2 it can also be seen that at
present time (from 1900 to 2000) there are sufficient change in cutoff rigidities:
decreasing (with corresponding increasing of CR intensity) in 10 regions, and
increasing (with corresponding decreasing of CR intensity) in 3 regions. These
changes give trend in CR intensity change what we need to take into account
together with CR 11 and 22 a modulation by solar activity, considered in
Section 2.12.

2.14. Atmospheric lonisation by Cosmic Rays: The Altitude
Dependence and Planetary Distribution

The main process in the link between CR and cloudiness is the air ionisation
which triggers chemical processes in the atmosphere. Figure 19 shows experi-
mental data [74] of the galactic CR generation of secondary particles and
absorption at different cutoff rigidities. Figure 20 illustrates the total ionisation
of atmosphere by galactic CR (primary and secondary) as a function of altitude.

The planetary distribution of ionisation at the altitude of 3 km [75], is
shown in Fig. 21 for the year 2000, and its time variation during 1950-2000
is presented in Fig. 22.

H/km

I/cm-2.s-1

FIGURE 19 The absorption, /, curves of CR in the atmosphere at different cutoff rigidities
(numbers at the top in units of GV) as a function of altitude, H. The horizontal bars indicate
the standard deviations. From Ermakov et al. [74].
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FIGURE 20 The ion concentration, n, profiles as a function of altitude, H, for different geomag-
netic cutoff rigidities (numbers at the top are in units of GV). The horizontal bars indicate the
standard deviations. From Ermakov et al. [74].
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FIGURE 21 Planetary distribution of calculated equilibrium galactic CR induced ionisation at
the altitude of 3 km (k = 725 g/cm?) for the year 2000. Contour lines are given as the number
of ion pairs per cm® in steps of 10 cm ™. From Usoskin et al. [75].

2.15. Project ‘Cloud’ as an Important Step in Understanding
the Link between Cosmic Rays and Cloud Formation

The many unanswered questions in understanding the relationship between
CR and cloud formation is being investigated by a special collaboration,
within the framework of European Organization for Nuclear Research,
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FIGURE 22 Calculated time profiles of the annual ionisation, n, at altitude of 3 km (h = 725
g/cm?), induced by galactic CR, for three regions: polar (cutoff rigidity R < 1 GV), mid-latitudes
(R. = 6 GV) and equatorial (R. ~ 15 GV) regions. From Ref. [75].

involving 17 Institutes and Universities [76]. The experiment, which is named
‘CLOUD’, is based on a cloud chamber (which is designed to duplicate the
conditions prevailing in the atmosphere) and ‘CRs’ from CERN Proton Syn-
chrotron. The Project will consider possible links between CR, variable Sun
intensities and the Earth’s climate change (see Fig. 23).

3. THE INFLUENCE ON THE EARTH’S CLIMATE OF THE SOLAR
SYSTEM MOVING AROUND THE GALACTIC CENTRE AND
CROSSING GALAXY ARMS

The influence of space dust on the Earth’s climate has been reviewed [77].
Figure 24 shows the changes of planetary surface temperature for the last
520 Ma according [78]. These data were obtained from the paleoenvironmental
records. During this period the solar system crossed Galaxy arms four times. In
doing so, there were four alternating warming and cooling periods with temper-
ature changes of more than 5 °C.

The amount of matter inside the galactic arms is more than on the outside.
The gravitation influence of this matter attracts the inflow of comets from
Oort’s cloud to solar system [79,80]. It results in an increase in concentration
of interplanetary dust in zodiac cloud and a cooling of the Earth’s climate [81].

4. THE INFLUENCE OF MOLECULAR-DUST GALACTIC
CLOUDS ON THE EARTH’S CLIMATE

The solar system moves relative to interstellar matter with a velocity about
30 km s~ ' and sometimes passes through molecular-dust clouds. During these
periods we can expect a decrease in sea level air temperature. According to



Possible Causes of Climate Change

— = Solar wind modulation
in the heliosphere

: race
fel;';c'mfﬁé atmospheric
ion-induced gases

nucleation

heterogeneous~
nucleation

'dry' growth

tondensablé
vapours

ondensation
nuclei (CN

activation evaporation

ice particles  liquid droplets

Clouds

FIGURE 23 Possible paths of solar modulated CR influence on different processes in the atmo-
sphere leading to the formation of clouds and their influence on climate. From Ref. [76].
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FIGURE 24 Changes of air temperature, Az, near the Earth’s surface for the last 520 Ma accord-
ing to the paleoenvironmental records [78]. From Ref. [77].
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FIGURE 25 Changes of temperature, At, relative to modern epoch (bottom thick curve) and dust
concentration (upper thin curve) over the last 420 000 a [83]. From Ref. [77].

Dorman [82], the prediction of the interaction of a dust-molecular cloud with
the solar system can be performed by measurements of changes in the galactic
CR distribution function. From the past we know that the dust between the
Sun and the Earth has led to decreases of solar irradiation flux resulting
in reduced global planetary temperatures (by 5—7 °C in comparison with the
0.8 °C increase due to the present greenhouse effect). The plasma in a moving
molecular dust cloud contains a frozen-in magnetic field; this moving field
can modify the stationary galactic CR distribution outside the Heliosphere.
The change in the distribution function can be significant, and it should be
possible to identify these changes when the distance between the cloud and
the Sun becomes comparable with the dimension of the cloud. The continuous
observation of the time variation of CR distribution function for many years
should make it possible to determining the direction, geometry and the speed
of the dust-molecular cloud relative to the Sun. Therefore, it should, in future,
be possible to forecast climatic changes caused by this molecular-dust cloud.

Figure 25 shows the temperature changes at the Antarctic station Vostok
(bottom curve), which took place over the last 420 000 a according to Petit
et al. [83]. These data were obtained from isotopic analysis of O and H
extracted from the ice cores at a depth 3300 m. It is seen from Fig. 25 that
during this time the warming and cooling periods changed many times and
that the temperature changes amounted up to 9 °C. Data obtained from isotope
analysis of ice cores in Greenland, which cover the last 100 000 a [79],
confirm the existence of large changes in climate.

5. THE INFLUENCE OF INTERPLANETARY DUST SOURCES
ON THE EARTH’S CLIMATE

According to Ermakov et al. [77], the dust of zodiac cloud is a major con-
tributory factor to climate changes in the past and at the present time. The
proposed mechanism of cosmic dust influence is as follows: dust from
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FIGURE 26 Yearly average values of the global air temperature, 7, near the Earth’s surface for
the period from 1880 to 2005 [81]. Arrows show the dates of the volcano eruptions with the dust
emission to the stratosphere and short times cooling after eruptions. From Ref. [77].

interplanetary space enters the Earth’s atmosphere during the yearly rotation
of the Earth around the Sun. The space dust participates in the processes of
cloud formation. The clouds reflect some part of solar irradiance back to
space. In this way the dust influences climate. The main sources of interplan-
etary dust are comets, asteroids and meteor fluxes. The rate of dust production
is continually changing. The effect of volcanic dust on the Earth’s air temper-
ature is illustrated in Fig. 26 [81]. (Note air temperature can be found at ftp://
ftp.ncdc.noaa.gov/pub/data/anomalies/global_meanT_C.all)

According to Ermakov et al. [77], the spectral analysis of global surface
temperature during 1880-2005 shows the presence of several spectral lines
that can be identified with the periods of meteor fluxes, comets and aster-
oids. The results of analysis have been used [77,84] to predict changes in
climate over the next half-century: the interplanetary dust factor of cooling
in the next few decades will be more important than the warming from
greenhouse effect.

6. SPACE FACTORS AND GLOBAL WARMING

It is now commonly thought of that the current trend of the global warming is
causally related to the accelerating consumption of fossil fuels by the indus-
trial nations. However, it has been suggested that this warming is a result of
a gradual increase of solar and magnetic activity over the last 100 a. Accord-
ing to Pulkkinen et al. [85], as shown in Figs. 27 and 28, the solar and mag-
netic activity has been increasing since the year 1900 with decreases in 1970
and post 1980. Figures 27 and 28, show that that the aa index of geomagnetic
activity, (a measure of the variability of the interplanetary magnetic field,
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FIGURE 27 The geomagnetic activity (index aa) at the minimum of solar activity and the mean
sunspots latitude, from 1840 to 2000. From Ref. [85].
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FIGURE 28 The geomagnetic activity (index aa) at the minimum of solar activity variation of
the global temperature anomaly, Az, from 1840 to 2000. From Ref. [85].

IMF), varies, almost in parallel, with the sunspot activity and with the global
temperature anomaly.

It has been well established that the brightness of the Sun varies in propor-
tion to solar activity. The brightness changes are very small and cannot
explain all of the present global warming. However, the gradual increase
of solar activity over the last hundred years has been accompanied by a grad-
ual decrease of CR intensity in interplanetary space [86]. The direct measure-
ments of CR intensity on the ground by the global network of NM as well as



Possible Causes of Climate Change

regular CR intensity measurements from balloons in the troposphere and
stratosphere over a period of more than 40 a, show that there is a small nega-
tive trend of galactic CR intensity [87]) of about 0.08% per year. Extrapolat-
ing this trend to a 100 a, gives a CR intensity decrease on 8%. From Fig. 2 it
can be seen that the decreasing of CR intensity by 8% will lead to a decrease
of cloud coverage of about 2%. According to Dickinson [14], decreasing
cloud coverage by 2% corresponds to increasing the solar radiation falling
on the Earth by about 0.5%. Using this information, Stozhkov et al. [55] con-
cluded that the observed increase of average planetary ground temperature of
0.4-0.8 °C over the last 100 a, may be a result of this negative trend of CR
intensity. Sakurai [88] came to the same conclusion on the basis of analysing
data of solar activity and CR intensity.

7. THE INFLUENCE OF ASTEROIDS ON THE EARTH’S
CLIMATE

It is well known that asteroids have in the past, struck the Earth with sufficient
force to make major climatic changes (the famous dinosaur-killing mass
extinction at the end of the Cretaceous, which began the Tertiary era, has been
convincingly identified with such an asteroid impact [89], [90]). However, it
is unlikely that our present climate change is due in any way to such events.
Fortunately today, with modern methods of Astronomy, the trajectory of dan-
gerous asteroids can be determined exactly and together with modern rocket
power, could possibly be deflected.

8. THE INFLUENCE OF NEARBY SUPERNOVA ON THE
EARTH’S CLIMATE

It is well known that the Sun is a star of the second generation, in that it was
born together with solar system from Supernova explosion about 5 Ga ago.
From the energetic balance of CR in the Galaxy it follows that the full power
for CR production is about 3 x 10°* W. Now it is commonly accepted that
the Supernova explosions are the main source of galactic CR. At each explo-
sion the average energy transferred to CR is about 10%-10** J. From this
quantity we can determine the expected frequency of Supernova explosions
in our Galaxy and in vicinity of the Sun, and estimate: the probability of
Supernova explosions at different distances from the Sun; the expected UV
radiation flux (destroyer of our ozone layer and hence a significant player
in our Earth’s climate), and the expected CR flux. It has been estimated in
Dorman et al. [91] and Dorman [82] that if such an event does take place,
the levels of CR radiation reaching our Earth could reach levels extremely
dangerous to our civilisation and biosphere. Such an event is unlikely to be
responsible for our present climate changes.
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9. DISCUSSION AND CONCLUSIONS

Many factors from space and from anthropogenic activities can influence the
Earth’s climate. The initial response is that space factors are unlikely to be
responsible for most of our present climate change. However, it is important
that all possible space factors be considered, and from an analysis of past
climate changes, we can identify our present phase and can predict future
climates. During the last several hundred million years the Sun has moved
through the galactic arms several times with resultant climate changes. For
example, considering the effects due to galactic molecular-dust concentrated
in the galactic arms, as given in Fig. 24, we can see that during the past
520 x 10° a, there were four periods with surface temperatures lower than
what we are presently experiencing and four periods with higher tempera-
tures. On the other hand, during the past 420 000 a (Fig. 25) there were four
decreases of temperature (the last one was about 20 00040 000 a ago: the
so-called big ice period), and five increases of temperature, the last of which
happened few thousand years ago. At present the Earth is in a slight cooling
phase (of the order of one degree centigrade over several thousand years.

When considering CR variations as one of the possible causes of long-term
climate change (see Section 2) we need to take into account not only CR mod-
ulation by solar activity but also the change of geomagnetic cutoff rigidities
(see Table 2). It is especially important when we consider climate change
on a scale of between 10 and 10° a: paleomagnetic investigations show that
during the last 3.6 x 10° a the magnetic field of the Earth changed sign nine
times, and the Earth’s magnetic moment changed — sometimes having a value
of only one-fifth of its present value [92] — corresponding to increases of CR
intensity and decreases of the surface temperature.

The effects of space factors on our climate can be divided into two types:

e the ‘gradual’ type, related to changes on time scales ranging from 10® a to
11-22 a, producing effects which could be greater than that produced from
anthropogenic factors, and

e the ‘sudden’ type, coming from Supernova explosions and asteroid
impacts, for example, and which may indeed be catastrophic to our civili-
sation. Volcanic and anthropogenic factors are also in a sense, ‘sudden’
factors in their effect on climate change.

It is necessary to investigate all of the possible ‘sudden’ factors and to
develop methods of forecasting and also for protecting the biosphere and
the Earth’s civilization from big changes in climate and environment. We
cannot completely exclude the possibility that a Supernova explosion, for
example, took place 20 a ago at a distance of say 30 light years away. In this
case its influence on our climate and environment will be felt in 10 a time.
According to Ellis and Schramm [93], in this case, UV radiation would
destroy the Earth’s ozone layer over a period of about 300 a. The recent
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observations of Geminga, PSR J0437-4715, and SN 1987A strengthen the
case for one or more supernova extinctions having taken place during the
Phanerozoic era. In this case a nearby supernova explosion would have
depleted the ozone layer, exposing both marine and terrestrial organisms to
potentially lethal solar UV radiation. In particular, photosynthesising organ-
isms including phytoplankton and reef communities would most likely have
been badly affected.

As Quante [94] noted, clouds play a key role in our climate system. They
strongly modulate the energy budget of the Earth and are a vital factor in the
global water cycle. Furthermore, clouds significantly affect the vertical trans-
port in the atmosphere and determine, in a major way, the redistribution of
trace gases and aerosols through precipitation. In our present-day climate,
on average, clouds cool our planet; the net cloud radiative forcing at the top
of the atmosphere is about —20 W-m 2. Any change in the amount of cloud
or a shift in the vertical distribution of clouds, can lead to considerable
changes in the global energy budget and thus affect climate [94].

Many of the ‘gradual’ types of space factors are linked to cloud formation.
Quante [94] noted that galactic CR [19-22] was an important link between
solar activity and low cloud cover (see Figs. 2 and 3). However, new data
after 1995 shows that the problem is more complicated and the correlation
no longer holds [95]. Kristjansson et al. [96] pointed out that still many details
are missing for a complete analysis, but a cosmic ray modulation of the low
cloud cover seems less likely to be the major factor in our present climate
change, but its role in future climate changes must not be ruled out.

In this Chapter much emphasis has been given to the formation of clouds
and the influence CR plays (through ionisation and influence on chemical
processes in atmosphere) in their formation. This does not imply that CR
is the only factor in their formation; dust, aerosols, precipitation of energetic
particles from radiation belts and greenhouse gases, all play their part. How-
ever, the influence of CR is important and has been demonstrated here
through:

e a direct correlation during one solar cycle (Figs. 2 and 3) and also for
much longer periods,

e the correlation of CR intensity with the planetary surface temperature
(Figs. 1, 4 and 5),

e by the direct relationship between CR intensity and wheat prices in medi-
eval England (Fig. 8),

e by the direct relationship between cloud formation and CR air ionisation
(Fig. 9),

e Dby the relationship between geomagnetic activity and rainfall through
precipitation of energetic particles from radiation belts (Figs. 10-13) and

e by linking CR intensities with the cirrus holes (Figs. 14 and 15).
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The importance of CR cannot be stressed highly enough and it is important
to develop methods for determining, with high accuracy, galactic CR intensity
variations for the past, the present and for the near future.

In this Chapter several attempts have been made to explain the present cli-
mate change (the relatively rapid warming of the Earth discussed in Section 6
for 1937-1994), using space factors:

through 11 a average CR intensities discussed in Section 2.5,

by the increasing geomagnetic activity,

by the decreasing CR intensity (of 8% over the past 100 a) and

by relating the spectral analysis of Ermakov et al. [77] to global tempera-
ture during 1880-2005.

Their results show the presence of several spectral lines that can be iden-
tified with the periods of meteor fluxes, comets and asteroids. On the basis of
this work, Ermakov et al. [77,84] has predicted a cooling of the Earth’s cli-
mate over the next half-century which they believe will be more important
than warming from greenhouse effect.

Finally, it appears that our present climate change (including a rapid
warming of about 0.8 °C over the past 100 a, see Fig. 26) is caused by a col-
lective action of several space factors, volcano activities (with the dust emis-
sion rising to the stratosphere, resulting in short term cooling after eruptions),
as well as by anthropogenic factors with their own cooling and warming con-
tributions. The relation between these contributions will determine the final
outcome. At present the warming effect is stronger than the cooling effect.
It is also very possible that the present dominant influence is anthropogenic
in origin.

From Fig. 25 can be seen that now we are near the maximum global tem-
perature reached over the past 400 000 a, so an additional rapid increase of
even a few degree celsius could lead to an unprecedented and catastrophic sit-
uation. It is necessary that urgent and collective action be taken now by the
main industrial countries and by the UN, to minimise the anthropogenic influ-
ence on our climate before it is too late. On the other hand, in future, if the
natural change of climate results in a cooling of the planet (see Figs. 24
and 25), then special man-made factors, resulting in warming, may have to
be used to compensate.
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1. INTRODUCTION

Volcanic activity is an important natural cause of climate variations because
tracer constituents of volcanic origin impact the atmospheric chemical compo-
sition and optical properties. This study focuses on the recent period of the
Earth’s history and does not consider a cumulative effect of the ancient volca-
nic degassing that formed the core of the Earth’s atmosphere billions of years
ago. At present, a weak volcanic activity results in gas and particle effusions
in the troposphere (lower part of atmosphere), which constitute, on an aver-
age, the larger portion of volcanic mass flux into the atmosphere. However,
the products of tropospheric volcanic emissions are short-lived and contribute
only moderately to the emissions from large anthropogenic and natural tropo-
spheric sources. This study focuses instead on the effects on climate of the
Earth’s explosive volcanism. Strong volcanic eruptions with a volcanic explo-
sivity index (VEI) [1] equal to or greater than 4 could inject volcanic ash and
sulfur-rich gases into the clean lower stratosphere at an altitude about 25-30 km,
increasing their concentration thereby two to three orders of magnitude in

Climate Change: Observed Impacts on Planet Earth
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comparison with the background level. Chemical transformations and gas-
to-particle conversion of volcanic tracers form a volcanic aerosol layer that
remains in the stratosphere for 2-3 years after an eruption, thereby impact-
ing the Earth’s climate because volcanic aerosols cool the surface and the
troposphere by reflecting solar radiation, and warm the lower stratosphere,
absorbing thermal IR and solar near-IR radiation [2]. Figure 1 shows strato-
spheric optical depth for the visible wavelength of 0.55 pm. It roughly char-
acterises the portion of scattered solar light. Three major explosive eruptions
occurred in the second part of the twentieth century, as depicted in Fig. 1:
Agung of 1963, El Chichon of 1982, and Pinatubo of 1991.

Volcanic eruptions, like the Mt. Pinatubo eruption in 1991, with global visi-
ble optical depth maximizing at about 0.15, cause perturbation of the globally
averaged radiative balance at the top of the atmosphere reaching —3 W-m >
and cause a decrease of global surface air temperature by 0.5 K. Radiative
impact of volcanic aerosols also produces changes in atmospheric circulation,
forcing a positive phase of the Arctic Oscillation (AO) and counterintuitive

0.14 4

0.12 4

0.1 A

Optical depth

0.02 -

1950 1955 1960 1965 1970 1975 1980 1985 1990 1995
Time

FIGURE 1 The total global mean normal optical depth 7 of stratospheric aerosols for the Pina-
tubo period for the visible wavelength of 0.55 um as a function of time. It causes attenuation of
direct solar visible light with a factor of exp(—1/cos {), where cos { is a cosine of zenith angle.
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boreal winter warming in middle and high latitudes over Eurasia and North
America [3-8]. In addition, stratospheric aerosols affect stratospheric chemistry
serving as surfaces for heterogeneous reactions liberating anthropogenic chlo-
rine and causing ozone depletion.

It was traditionally believed that volcanic impacts produced mainly short-
term transient climate perturbations. However, the ocean integrates volcanic
radiative cooling, and different components of the ocean respond over a wide
range of time scales. Volcanically induced tropospheric temperature anoma-
lies vanish in about 7 years, while volcanically induced sea ice extent and
volume changes have a relaxation time scale closer to a decade. Volcanically
induced changes in interior ocean temperature, the meridional overturning
circulation (MOC), and steric height, have even longer relaxation times, from
several decades to a century. Because of their various impacts on climate
systems, volcanic eruptions play a role of natural tests, providing an indepen-
dent means of assessing multiple climate feedback mechanisms and climate
sensitivity [7-11].

There are several excellent reviews devoted to volcanic impacts on climate
and weather [12—19]. The present study provides an overview of available
observations of volcanic aerosols and discusses their radiative forcing and
large-scale effects on climate. It focuses on recently discovered forced strato-
sphere—troposphere dynamic interaction and long-term ocean response to
volcanic forcing, and aims to add information to that already presented in
the previous reviews.

2. AEROSOL LOADING, SPATIAL DISTRIBUTION
AND RADIATIVE EFFECT

Volcanic emissions comprised of gases (H,O, CO,, N,, SO,, H,S) and solid
(mostly silicate) particles, that are usually referred to as volcanic ash. Volcanic
ash particles are relatively large, exceeding 2 pm in diameter, and therefore
deposit relatively quickly, that is, within a few weeks. They are responsible
for short-term regional-to-continental perturbations of the Earth’s radiative
balance and meteorological parameters. H,O, CO, and N, are abundant in
the Earth’s atmosphere, so individual volcanic perturbations of their concen-
trations are negligible. But SO, and H,S, which quickly oxidize to SO, if
erupted in the stratosphere, could significantly affect stratospheric chemical
composition and optical properties. SO, gas absorbs UV and IR radiation,
producing very strong localized stratospheric heating [20-22]. However, it
completely disappears in about half a year and the major long-term impact
of volcanic eruptions on climate is due to long-lived sulfate aerosols formed
by oxidizing of SO, with a characteristic conversion time of about 35 days.
Sulfate volcanic aerosols (submicron droplets of highly concentrated sulfuric
acid) are transported globally by the Brewer—Dobson stratospheric circulation
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and eventually fall out in 2-3 years. A significant amount of volcanic aerosols
that penetrate to the troposphere through the tropause folds is washed out in
storm tracks. Aerosols deposited in downward branches of the Brewer—
Dobson circulation in the Polar Regions are preserved in the polar ice sheets,
recording the history of the Earth’s explosive volcanism for thousands of
years [23-25]. However, the atmospheric loadings calculated using volcanic
time series from high-latitude ice records, suffer from uncertainties in obser-
vation data and poor understanding of atmospheric transport and deposition
processes. The global instrumental observations of volcanic aerosols have
been conducted during the last 25 a (years) by a number of remote sensing
platforms. Total Ozone Mapping Spectrometer (TOMS) instrumentation
onboard the Nimbus-7 provided SO, loadings from November 1978 until
6 May 1993 [26]. Prata et al. [27] recently developed a new retrieval technique
to obtain SO, loadings from TOMS data. The Advanced Very High Resolu-
tion Radiometer (AVHRR) provides aerosol optical depth over oceans with
1 km spatial resolution in several visible and near-IR wavebands. However,
column observations are not sufficient to reliably separate tropospheric and
stratospheric aerosols.

The Stratospheric Aerosol and Gas Experiment (SAGE) and Stratospheric
Aerosol Measurement (SAM) projects have provided more than 20 a of verti-
cally resolved stratospheric aerosol spectral extinction, the longest such
record. The 3-D observations are most valuable to understand stratospheric
aerosols transformations and transport. However, there are significant gaps
in the temporal-spatial coverage, for example, the eruption of El Chichdn in
1982 (the second most important in the twentieth century after Mt. Pinatubo)
is not covered by SAGE observations because the SAGE I instrument failed in
1981, and SAGE II was only launched in 1984. Fortunately, instruments
aboard the Stratosphere Mesosphere Explorer (SME) filled the gap of 1982—
1984 in 3-D aerosol observations. The saturation periods when the SAGE
instrument could not see the direct sun light through the dense areas of aerosol
cloud also could be partially reconstructed using lidar and mission observa-
tions [28,29]. It is important to utilize observations from the multiple plat-
forms to improve data coverage, for example, combining SAGE II and
Polar Ozone and Aerosol Measurement (POAM) data could help to fill in
the polar regions. Randall et al. [30,31] have extensively intercompared the
POAM and SAGE data and normalized them, combining them into a consistent
data set.

Cryogenic Limb Array Etalon Spectrometer (CLAES), Improved Strato-
spheric and Mesospheric Sounder (ISAMS) and Halogen Occultation Experi-
ment (HALOE) instruments launched on the Upper Atmosphere Research
Satellite (UARS) provide additional information for the post-Pinatubo period.
These instruments measure the aerosol volume extinction (HALOE) and
volume emission (CLAES, ISAMS) in the near IR and IR bands. These three
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infrared instruments provide better horizontal coverage than SAGE, but do
not penetrate lower than the 100 hPa level. They started operating in Septem-
ber 1991. CLAES and ISAMS stopped working after 20 months. The SAGE
IIT instrument aboard the Russian Meteor III-3M satellite continued the
outstanding SAGE aerosol data record [32,33] from 2001 to 2007. The new
Moderate Resolution Imaging Spectroradiometer (MODIS) and Multiangle
Imaging SpectroRadiometer (MISR) instruments have superior spatial and
spectral resolutions, but mostly focus on the tropospheric aerosols and surface
characteristics, providing column average observations.

Available satellite and ground-based observations were used to construct
volcanic aerosol spatial-temporal distribution and optical properties [2,34-39].
Hansen et al. [37] improved a Goddard Institute for Space Studies (GISS) vol-
canic aerosols data set for 1850-1999, providing zonal mean vertically
resolved aerosol optical depth for visible wavelength and column average
effective radii. Amman et al. [34] developed a similar data set of total aerosol
optical depth based on evaluated atmospheric loadings distributed employing
a seasonally varying diffusion-type parameterisation that could also be used
for paleoclimate applications (if aerosol loadings are available). Amman
et al. [34], however, used a fixed effective radius of 0.42 um for calculating
aerosol optical properties and, in general, provided higher values of optical
depth than in Hansen et al. [37]. Stenchikov et al. [39] used UARS observa-
tions to modified effective radii from Hansen et al. [37] implementing its var-
iations with altitude, especially at the top of the aerosol layer where particles
became very small. They conducted Mie calculations for the entire period
since 1850 and implemented these aerosol characteristics in the new Geophys-
ical Fluid Dynamics Laboratory (GFDL) climate model. The sensitivity calcu-
lations with different effective radii show that total optical depth vary as much
as 20% when effective radius changes are in the reasonable range. The study
of Bauman et al. [35,36] provides a new approach for calculating aerosol opti-
cal characteristics using SAGE and UARS data. Bingen et al. [40,41] have
calculated stratospheric aerosols size distribution parameters using SAGE II
data. A new partly reconstructed and partly hypothesized climate forcing time
series for 500 years, that includes greenhouse gas (GHG) and volcanic effects,
was developed by Robertson et al. [42].

Aerosol optical properties include aerosol optical depth (see Fig. 1), single
scattering albedo (to characterize aerosol absorptivity) and asymmetry param-
eter (to define the directionality of scattering). Using these aerosol radiative
characteristics one can evaluate aerosol radiative effect on climate system —
aerosol radiative forcing at the top of the atmosphere. Figure 2 shows the total
forcing and its short wave (SW) and long wave (LW) components. Increase of
reflected SW radiation ranges from 3 to 5 W-m™ > but is compensated by aero-
sol absorption of outgoing LW radiation, so total maximum cooling of the
system ranges from 2 to 3 W-m 2,
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FIGURE 2 Volcanic aerosol total, short wave (SW) and long wave (LW) radiative forcing
(W-m~?) at the top of the atmosphere for All-Sky conditions. Positive sign of the forcing corre-
sponds to heating of climate system.

3. VOLCANOES AND CLIMATE

The perturbations of the Earth’s radiative balance caused by strong volcanic
eruptions dominate other forcings for 2-3 years. Their effect is seen in the atmo-
sphere for about 5—7 years, and, as was recently discovered, for much longer in
oceans [43—47]. Volcanic perturbations have been used for years as natural
experiments to test models and to study climate sensitivity and feedback
mechanisms. Many of these studies have focused on simulating the aftermath
of the Mt. Pinatubo eruption in the Philippines at 15.1°N, 120.4°E in June
1991, which was both the largest eruption of the twentieth century and the erup-
tion for which the stratospheric aerosol has been best observed [48—54]. During
this eruption about 17 Tg (1 Tg = 10'? g) of SO, were injected into the lower
stratosphere and subsequently converted into sulfate aerosols. There are three
main foci of such studies addressed in the present study: analysis of the simula-
tion of atmospheric temperature and precipitation response; simulation of
the response of the extratropical circulation in the NH winter to season; and,
recently emerged, analysis of volcanic impact on ocean.
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The use of volcanic simulations as tests of model climate feedback and
sensitivity is somewhat hampered by weather and climate fluctuations
because any climate anomalies observed in the aftermath of these eruptions
will also reflect other internally generated variability in the atmosphere—ocean
system (e.g., El Nifio/Southern Oscillation (ENSO), quasi-biennial oscillation
(QBO) or chaotic weather changes). Due to limited observations one has to
use models to better understand the physical processes forced in the climate
system by volcanic impacts. With model simulations, one can perform multi-
ple realizations to clearly isolate the volcanic climate signal, but the real
world data are limited to the single realization during the period since
quasi-global instrumental records have been available.

Models of different complexity were traditionally used to analyse volcanic
climate impacts. Those models might simplify description of atmospheric
and/or ocean processes [55], or mimic radiative effect of volcanic aerosol
by decreasing of solar constant [56]. In the present study, to illustrate mechan-
isms of volcanic impacts on climate, a comprehensive coupled climate model,
CM2.1, is used. Developed at the National Oceanic and Atmospheric Admin-
istration’s (NOAA) Geophysical Fluid Dynamic Laboratory (GFDL), CM2.1
was used in the IPCC AR4 study [44,57]. This model calculates both atmo-
sphere and ocean, and accounts interactively for volcanic aerosol radiative
forcing. It is composed of four component models: atmosphere, land, sea
ice and ocean. The coupling between the component models occurs at 2-h
intervals. The atmospheric model has a grid spacing of 2.5° longitude by
2¢ latitude and 24 vertical levels. The dynamical core is based on the finite
volume scheme of Lin [58]. The model contains a completely updated suite
of model physics compared to the previous GFDL climate model, including
new cloud prediction and boundary layer schemes, and diurnally varying solar
insolation. The radiation code allows for explicit treatment of numerous radia-
tively important trace gases (including tropospheric and stratospheric ozone,
halocarbons, etc.), a variety of natural and anthropogenic aerosols (including
black carbon, organic carbon, tropospheric sulfate aerosols and volcanic aero-
sols), and dust particles. Aerosols in the model do not interact with the cloud
scheme, so that indirect aerosol effects on climate are not considered. The
land model is described in Milly and Shmakin [59]. Surface water is routed
instantaneously to ocean destination points on the basis of specified drainage
basins. The land cover type in the model uses a classification scheme with 10
different land cover types. The ocean model [60,61] has a nominal grid
spacing of 1° in latitude and longitude, with meridional grid spacing decreas-
ing in the tropics to 1/3° near the equator, and uses a tripolar grid to avoid
polar filtering over the Arctic. The model has 50 vertical levels, including
22 levels with 10 m thickness each in the top 220 m. A novel aspect is the
use of a true fresh-water-flux boundary condition. The sea ice model is a
dynamical model with three vertical layers and five ice thickness categories.
It uses the elastic-viscous-plastic theology to calculate ice internal stresses,
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and a modified Semtner three-layer scheme for thermodynamics [62]. The
aerosol optical characteristics were calculated following Stenchikov et al. [2]
using optical depth from Sato et al. [38] and Hansen et al. [37]. The aerosol size
distribution was assumed log-normal with fixed width of 1.8 um [39].

In this study, various volcanic impacts on climate are illustrated using results
from the model experiments and available observations. In each case, twin ensem-
bles of volcano and control runs are conducted, and the response of the climate
system calculated to volcanic forcing as the ensemble mean over the volcano runs
minus the ensemble mean over the control runs. The variability within ensembles
is used to estimate the statistical significance of climate signals.

3.1. Tropospheric Cooling and Stratospheric Warming

The analysis for the Pinatubo case is easier than for other big eruptions
because aerosols were well observed and the climate responses were relatively
well documented. However, Pinatubo erupted in an E!/ Niro year and both vol-
canic and sea surface temperature (SST) effects overlapped at least in the tro-
posphere. ENSO events that occurred near the times of volcanic eruptions
could either mask or enhance the volcanic signal. Adams et al. [63] even
argued that changing atmospheric circulation caused by volcanic eruptions
could cause El Nino. Santer et al. [64] conducted a comprehensive analysis
of the ENSO effect on the modelled and observed global temperature trends.
Shindell et al. [4] addressed the issue of interfering volcanic and ENSO signals
by specific sampling of eruptions so as SST signal will average out in the com-
posite. Yang and Schlesinger [65,66] used Singular Value Decomposition
(SVD) analysis to separate spatial patterns of the ENSO and volcanic signals
in the model simulations and observations. They showed that ENSO signal is
relatively weak over Eurasia but strong over North America contributing about
50% of the responses after the 1991 Mt. Pinatubo eruption.

The ENSO variability issue is addressed in the present study by comparing
simulated and observed responses after extracting the £/ Nirio contribution from
the tropospheric temperature. Santer et al. [64] developed an iterative regression
procedure to separate a volcanic effect from an El Nirio signal using Microwave
Sounding Unit (MSU) brightness temperature observations from the lower tro-
pospheric channel 2LT [67]. The globally averaged synthetic 2LT temperature
for the Pinatubo ensemble runs is calculated using model output and compared
with the response from Santer et al. [64]. The simulated anomaly is calculated
with respect to the mean over the corresponding control segments that have
the same developing E! Niros as in the perturbed runs. It is probably an ideal
way to remove the El Nirio effect from the simulations because the exact El Nirio
signal which would have developed in the model if the volcanic eruption did not
occur is subtracted. This procedure, however, only works well for the initial £/
Nirio when perturbed runs ‘remember’ their oceanic initial conditions. Figure 3
shows a comparison of synthetic ENSO-subtracted anomaly with the observed
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FIGURE 3 The observed Lower Tropospheric MSU 2LT temperature anomaly (K) caused by
the Pinatubo eruption from Santer et al. [64] with ENSO effect removed, and the simulated syn-
thetic 2LT ensemble mean temperature anomaly (K) calculated from the Pinatubo ensemble with
the El Nino 1991 effect removed; shading shows =+ 2¢ ensemble mean variability.

anomaly from Santer et al. [64] with ENSO removed statistically. Shading
shows doubled standard deviation variability for the 10-member ensemble
mean. The observed MSU 2LT anomaly itself has much higher variability
(not shown) because there is only one natural realization. Thus, the simulated
Pinatubo signal in the lower tropospheric temperature reaches —0.7 K it is sta-
tistically significant at 99% confidence level and the difference between
simulated and observed responses is below the variability range. The lower tro-
pospheric temperature anomaly reduces below the noise level in about 7 years,
which corresponds approximately to the thermal response time of the ocean
mixed layer [68].

For the lower stratosphere, a similar comparison was conducted as for the
lower troposphere, but without removing ENSO because its effect in the lower
stratosphere is fairly small. However, the stratospheric response to volcanic
forcing might be affected by the phase of a QBO [7,69]. Figure 4 compares
the simulated synthetic MSU channel 4 temperature for the lower stratosphere
with the MSU 4 observations. The stratospheric warming is produced by aero-
sol IR and near-IR absorption. Ramaswamy et al. [70] discussed that the MSU
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FIGURE 4 The observed MSU 4 Lower Stratospheric temperature anomaly (K) caused by the
Pinatubo eruption, and the simulated synthetic channel 4 ensemble mean temperature anomaly
(K) calculated from the Pinatubo ensemble; shading shows =+ 2¢ ensemble mean variability.

lower stratospheric temperature tends to level in a few years after the Pinatubo
eruption; therefore, we calculate the anomalies in Fig. 4 with respect to the
1994-1999 mean both in the model and in the observation. The yellow
shading shows the £ 20 ensemble mean variability. The simulated signal
compares well with the observation albeit slightly overestimates the strato-
spheric warming in the second year after the eruption. In the real world, the
observed signal could be offset by the easterly phase of QBO in 1992/1993
but not in the model, which lacks QBO. The atmospheric response in the
lower stratosphere follows the volcanic forcing and disappears in 3 years, as
expected, when volcanic radiative forcing vanishes.

3.2. Effect on Hydrological Cycle

Precipitation is more sensitive to variations of Solar SW Radiation than Ther-
mal IR Radiation because SW radiation directly affects the surface energy
budget and links to global precipitation changes through evaporation. There-
fore, one could expect that volcanic aerosols might decrease global
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FIGURE 5 Time evolution of ensemble mean precipitation anomaly (mm-d ') caused by Pina-

tubo eruption averaged over ocean, land, and globally, calculated with respect to a climatological

mean.

precipitation for the period of 2-3 years when volcanic SW radiative forcing
remains significant. This effect was detected in observations [71] and in
model simulations [72,73]. The Pinatubo case-study analysis shows that in
the ensemble mean results the global precipitation anomalies (Fig. 5) could
be seen for almost 5-6 years because ocean cools and SST relaxes for about
7 years and affects the global hydrologic cycle. The precipitation anomalies
over land and over ocean have different dynamics. The land precipitation
drops during the first year because of rapid land radiative cooling. The ocean
cooling and decrease of precipitation over ocean are delayed and reach maxi-
mum values in 3—4 years after the eruption when the sea surface temperature
is coldest. The cold SST tends to shift precipitation over land and the land
precipitation goes up compensating in part the decrease of precipitation over
ocean. Geographically the precipitation anomalies are located in low latitude
monsoon regions and could cause significant disruptions of food production
in those regions with very high population density. It must be emphasized
that ENSO contributes significantly to the observed precipitation anomalies.
When ENSO signal is removed in the model results the amplitude of the pre-
cipitation anomalies significantly decreases although temporal behaviour does
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not change qualitatively. This suggests that in data analysis similar to that
conducted by Trenberth and Dai [71], it is important to evaluate and filter
out the ENSO contribution.

3.3. Volcanic Effect on Atmospheric Circulation

In the 2 years following major eruptions, the NH winter tropospheric circula-
tion has typically been observed to display features characteristic of an anom-
alously positive AO index situation. This has a zonal-mean expression with
low-pressure at high latitudes and a ring of anomalously high pressure in
the mid-latitudes. This basic zonal-mean pattern is modulated by a very strong
regional structure with an intensified high pressure anomaly over the North
Atlantic and Mediterranean sectors called North Atlantic Oscillation (NAO).
Consistent with this are pole-ward shifts in the Atlantic storm track and an
increased flow of warm air to Northern Europe and Asia, where anomalously
high winter surface temperatures are observed [7,8,39]. It seems that only
low-latitude volcanic eruptions could affect the AO/NAO phase and the
AO/NAO remain fairly insensitive to the high-latitude NH eruptions [74].

The mechanisms that govern the climate response to volcanic impacts very
likely play an important role in global climate change [4,39,75]. The northern
polar circulation modes (NAO/AO) experienced significant climate variations
during the recent two decades and also are sensitive to volcanic forcing. The
southern annular mode (SAM similar to AO) shows recently a very significant
climate trend but is not sensitive to volcanic forcing [76]. Supposedly dynam-
ics of the annular mode in the Southern Hemisphere are different than in the
Northern Hemisphere and, to a great extent, are controlled by ocean processes
and stratospheric ozone variations. In the present study, discussion is limited
to NAO/AO.

The most robust effect on atmospheric temperature produced by volcanic
aerosols is in the lower stratosphere. It is known that low-latitude explosive
eruptions produce anomalously warm tropical lower stratospheric conditions
and, in the NH winter, an anomalously cold and intense polar vortex. The
tropical temperature anomalies at 50 hPa (Fig. 6) are a direct response to
the enhanced absorption of terrestrial IR and solar near-IR radiation by the
aerosols. The high-latitude winter perturbations at 50 hPa are a dynamical
response to the strengthening of the polar vortex or polar night jet. This is
due to stronger thermal wind produced by increasing of the equator-to-pole
temperature gradient in the lower stratosphere [6,69,77-81].

The strengthening of the polar jet is amplified by a positive feedback
between the polar NH winter vortex and vertical propagation of planetary
waves. The stronger vortex reflects planetary waves decreasing deceleration
and preserving axial symmetry of the flow. Stenchikov et al. [8] also found
that tropospheric cooling caused by volcanic aerosols can affect storminess
and generation of planetary waves in the troposphere. This tends to decrease
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FIGURE 6 Zonal and ensemble mean stratospheric temperature anomaly (K) at 50 hPa (at about
25 km) calculated with respect to control experiment.

the flux of wave activity and negative angular momentum from the tropo-
sphere into the polar stratosphere, reducing wave drag on the vortex. To show
this, Stenchikov et al. [8] conducted experiments with only solar, mostly
tropospheric and surface cooling (no stratospheric warming). In these experi-
ments, a positive phase of the AO was also produced because aerosol-induced
tropospheric cooling in the subtropics decreases the meridional temperature
gradient in the winter troposphere between 30°N and 60°N. The corresponding
reduction of mean zonal energy and amplitudes of planetary waves in the tropo-
sphere decreases wave activity flux into the lower stratosphere. The resulting
strengthening of the polar vortex forces a positive phase of the AO.

The high-latitude eruptions cannot warm lower stratosphere, and cannot
cool subtropics as much as can low-latitude eruptions. Oman et al. [74] used
GISS Model-E to simulate a climate impact of the 1912 Katmai eruption in
Alaska. They calculated a 20-member ensemble of simulations and found that
the volcanic aerosol cloud spread mostly north of 30 N could not produce a
significant winter warming pattern even if it produced a higher hemispheric
optical depth than that of the Pinatubo eruption in 1991.

Stenchikov et al. [8] also partitioned the dynamic effect of polar strato-
spheric ozone loss, caused by heterogeneous chemistry initiated by volcanic
aerosols in the post-Pinatubo period. They found that ozone depletion caused
a positive phase of the AO in late winter and early spring by cooling the lower
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stratosphere in high latitudes, strengthening the polar night jet and delaying
the final warming.

With respect to the dynamical mechanisms through which perturbations of
the stratospheric annular circulation can influence tropospheric annular
modes, Song and Robinson [82] pointed out that tropospheric westerlies can
be strengthened by changes of planetary wave vertical propagation and/or
reflection within the stratosphere and associated wave—zonal flow interaction
[77,81,83], downward control or the nonlinear effect of baroclinic eddies
[84-87]. All these mechanisms could play a role in shaping tropospheric
dynamic response to volcanic forcing. The diagram in Fig. 7 schematically
shows the processes involved in the AO/NAO sensitivity to volcanic forcing.

The up-to-date climate models formally include all those processes shown
in Fig. 7 but can not produce the observed amplitude of the AO/NAO varia-
bility [39,75]. Shindell et al. [6] reported that the General Circulation Model
(GCM) has to well resolve processes in the middle atmosphere in order to
reproduce stratospheric influence to the troposphere. Stenchikov et al. [39]
composited responses from nine volcanic eruptions using observations and
IPCC AR4 model runs. They showed that all models produce a stronger polar
vortex in the Northern Hemisphere as a response to volcanic forcing but the
dynamic signal penetrated to the troposphere is much weaker in the models
than in observations. Figure 8 shows simulations by different models in the
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FIGURE 7 Schematic diagram depicting how the stratospheric and tropospheric gradient

mechanisms are triggered by volcanic aerosol clouds in the tropical stratosphere. The wave feed-
back mechanism amplifies the response.
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FIGURE 8 Surface winter (DJF) air temperature anomalies (K) composited for nine major vol-
canic eruptions from 1883 until present and averaged for two seasons and all available ensemble
members: IPCC AR4 model simulations (a—g); observations from HadCRUT2v dataset (h).
Hatching shows the areas with at least 90% contfidence level calculated using a two-tailed local
t-test.
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course of the IPCC AR4 study, and observed winter warming from Stenchi-
kov et al. [39] that caused by a pole-ward shift of tropospheric jet and more
intensive transport of heat from ocean to land. The model tends to produce
winter warming but significantly underestimates it.

It should be mentioned that the dynamic response to volcanic forcing
could interact with the QBO that modulates the strength of polar vortex: it
weakens and destabilizes the polar vortex in its easterly phase and makes it
stronger and more stable in its westerly phase. The Mt. Pinatubo eruption of
1991 again provides a unique opportunity to test this interaction because in
the winter of 1991/92 the QBO was in its easterly phase and in the winter
of 1992/93 in its westerly phase. Stenchikov et al. [7] developed a version
of the SKYHI troposphere—stratosphere—mesosphere model that effectively
assimilates observed zonal mean winds in the tropical stratosphere to simulate
a very realistic QBO and performed an ensemble of 24 simulations for the
period 1 June 1991 to 31 May 1993. The model produced a reasonably realis-
tic representation of the positive AO response in boreal winter that is usually
observed after major eruptions. Detailed analysis shows that the aerosol per-
turbations to the tropospheric winter circulation are affected significantly by
the phase of the QBO, with a westerly QBO phase in the lower stratosphere
resulting in an enhancement of the aerosol effect on the AO. Improved quan-
tification of the QBO effect on climate sensitivity helps to better understand
mechanisms of the stratospheric contribution to natural and externally forced
climate variability.

3.4. Volcanic Impact on Ocean Heat Content and Sea Level

The Earth’s oceans comprise almost the entire thermal capacity of the climate
system. Their thermal inertia delays full-scale response of the Earth’s surface
temperature to greenhouse warming [88]. The rate at which heat accumulates
in oceans is an important characteristic of global warming. It is a complex
process that involves slow energy diffusion and large-scale transport in
MOC, as well as faster vertical mixing by seasonal thermo-haline convection
and by wind-driven gyres.

Observations and model simulations show that the ocean warming effect
of the relatively steadily developing anthropogenic forcings is offset by the
sporadic cooling caused by major explosive volcanic eruptions [43,45,46].
Delworth et al. [44] conducted a series of historic runs from 1860 to 2000
in the framework of the IPCC AR4 study using GFDL CM2.1, and partition-
ing contributions of different forcings. Figure 9 shows the ensemble mean
ocean heat content anomalies in the 0-3000 m depth range for a subset
of the runs from Delworth et al. [44], calculated accounting for all the time
varying forcing agents (‘ALL’) and for volcanic and solar forcings only
(‘NATURAL’). However, the solar effect for this period is small compared
to the volcanic effect. The ‘ALL’ compares well with the Levitus et al. [89]
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FIGURE 9 The ensemble mean ocean heat content anomalies in the 0-3000 m ocean layer.
‘ALL’ refers to the ensemble mean calculated with all the time varying forcing agents: well mixed
greenhouse gases, anthropogenic aerosols, stratospheric and tropospheric ozone, land use, solar
irradiance and volcanic aerosols. ‘NATURAL’ refers to the ensemble calculated accounting for
volcanic and solar forcings only. The red and purple circles depict observational estimates based
on, respectively, over 0-3000 m layer [89] and over 0-750 m layer [90]. Constant offsets have
been added to the observed data so that their means were the same as the model data over the
period of overlap. The shaded triangles along the time-axes denote the times of major volcanic
eruptions. The shading shows plus or minus 2-standard deviations of ocean heat content estimated
from a 2000 a control run of the climate model with forcings fixed at the 1860 level.

and Willis et al. [90] observations shown in Fig. 9, and, even better, with the
improved analyses from Carton et al. [91] and Dominigues et al. [92] (not
shown). Both ‘ALL’ and ‘NATURAL’ anomalies are highly statistically sig-
nificant and far exceed the ‘CONTROL’ variability shown by shading. The
cumulative cooling effect of natural forcings reaches 10* J by year 2000,
which is right between the estimates obtained by Church et al. [43] and Gleck-
ler et al. [45] who conducted similar analysis, and offsets about one third of
‘ALL’ minus ‘NATURAL’ ocean warming. The volcanic signal exceeds
two standard deviations of unforced variability throughout the entire run since
the Krakatau eruption in 1883. This result suggests that the observed fre-
quency and strength of the Earth’s explosive volcanism in the nineteenth
and twentieth centuries [1] was sufficient to produce a ‘quasi-permanent’ sig-
nature in the global oceans. Also, ocean warming (cooling) causes expansion
(contraction) of water and therefore affects sea level or, so called, thermo-
steric height. This effect comprises a significant portion of the observed
contemporary sea level rise.
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To better quantify volcanic impact on ocean, Stenchikov et al. [47] calcu-
lated a 10-member ensemble of volcano and control 20-year experiments for
the Pinatubo period 1991-2010. They found that in contrast to the atmo-
spheric temperature responses the ocean heat content and the steric height
remain well above noise level for decades. Figures 10 and 11 show anomalies
of the global ocean heat content and the steric height for the Pinatubo ensem-
bles calculated for the whole-depth ocean and for the upper 300 m layer. The
ocean integrates the surface radiative cooling from the volcanic eruption.
Since the volcanic aerosols and associated cooling persist for about 3 years,
the anomalies in Figs. 10 and 11 reach their maximum value after about this
time when the volcanic radiative forcing vanishes. The maximum heat content
and sea level decrease in our Pinatubo simulation is 5 x 10?2 J and 9 mm,
respectively.

The characteristic time, defined as e-folding time for ocean heat content or
steric height, is about 40-50 a. Assuming that the complete relaxation requires
two to three relaxation times, this might take more than a century, and that
length of time is sufficiently long for another strong eruption to happen.
Therefore, the ‘volcanic’ cold anomaly in the ocean never disappears at the
present frequency of the Earth’s explosive volcanism.
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FIGURE 10 The global and ensemble mean ocean heat content (10°* J) anomaly for 300-m and
whole depth ocean for the Pinatubo ensemble calculated with respect to ensemble control.
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FIGURE 11 The global and ensemble mean thermosteric height anomalies (mm) for 300-m and

whole depth ocean for the Pinatubo ensemble calculated with respect to ensemble control.

3.5. Strengthening of Overturning Circulation

The short-wave cooling from volcanic aerosol results in a cold surface tem-
perature anomaly that develops during the first 3 years until volcanic aerosols
vanish. Cold surface water is gradually transferred into the deeper ocean
layers. A volcanically induced cooling leads to reduced precipitation and river
runoff at high latitudes of the Northern Hemisphere, thereby leading to more
saline (and hence denser) upper ocean conditions in the higher latitudes of the
Northern Hemisphere. Both these factors (colder ocean temperature and
enhanced salinity) destabilise the water column, making them more prone to
ocean convection. The increased ocean convection tends to enhance the
MOC. Further, an enhanced positive phase of the AO also leads to an MOC
increase [93].

As a result, the MOC increases in response to the volcanic forcing (see
Fig. 12). The maximum increase is 1.8 Sverdrups or about 9% (Sv; 1 Sv =
10° m3-s_1). The MOC has inherent decadal time scales of adjustment, and is
thus maximum at some 5-15 a after the volcanic eruptions. An increase in
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FIGURE 12 The 5-year means MOC anomalies (Sv) from the Pinatubo ensemble averaged
zonally over Atlantic basin (a—d) and over the globe (e-h).

MOC also could cause in part the asymmetry of the ocean temperature
response in the high northern and southern latitudes.

The simulations show a tendency for cooling of the deep waters in the
Southern Ocean and warming in the deep waters of the Northern Ocean. This
asymmetry could also be caused in part by the redistribution of ocean salinity,
the forced positive phase of the AO during a few years following a volcanic
eruption, and by a significant increase of sea ice extent and volume in the
Northern Hemisphere.
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3.6. Volcanic Impact on Sea Ice

The effect of volcanic forcing on the sea ice extent in the Northern Hemi-
sphere is of great interest because significant loss of perennial sea ice under
global warming is occurring in the Northern Hemisphere. Therefore, it is very
important to better understand what factors could affect them the most.
Figures 13 and 14 show the anomaly of the northern hemispheric mean annual
maximum and minimum ice extent and mass for the Pinatubo runs. The Max-
imum Sea Ice Extent anomalies reach 0.6 x 10° km? in the Pinatubo run — it
takes at least 5 years to develop. So, sea ice extent responds more strongly not
to the radiative forcing but to ocean temperature and circulation. The sea ice
extent relaxes to zero for a decade. It must be mentioned that both observed
and simulated ice extent anomalies are not statistically significant, though in
simulations they exceed one standard deviation. The minimum ice extent is
more sensitive to radiative cooling and ocean temperature; therefore, its
anomaly is stronger than the anomaly of the maximum ice extent reaching
0.9 x 10°km?. It builds up in 3 years when the strongest ocean cooling develops
and then declines for about 10 years.

161 Max Extent
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1.2 1

0.8 1

0.6 1

Extent/10 km?2

0.4 4

0.2 -

S SN W /S S\ ———
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FIGURE 13 The Northern Hemisphere anomalies of maximum and minimum ice extent
(10° km?) for the Pinatubo ensemble.
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FIGURE 14 The Northern Hemisphere anomalies of maximum and minimum ice mass (10'° kg)
for the Pinatubo ensemble.

4. SUMMARY

Volcanic eruptions force all elements of the climate system, producing long-
term climate signals in ocean. The cumulative volcanic cooling effect at
present offsets about one third of anthropogenic ocean warming [44]. In the
atmosphere, however, volcanic signals are masked by meteorological noise
in about 7 years in the model ensembles and much sooner in the real world.
Radiative forcing produced by explosive volcanic events that have occurred
in historic periods lasts for about 3 years. The volcanically induced tropo-
spheric temperature anomalies reduce below noise for ~7 years. The sea ice
responds on the decadal time scale. Deep ocean temperature, sea level, salin-
ity and MOC have relaxation times of several decades to a century. Volcanic
eruptions produce long-term impacts on the ocean’s subsurface temperature
and steric height that accumulate at the current frequency of explosive volca-
nic events. The vertical distribution of the ocean temperature change signal is
asymmetric at high latitudes. A cooling signal penetrates to depth at high
Southern latitudes, while a warming signal penetrates to depth at high lati-
tudes of the Northern Hemisphere. This asymmetry is caused in part by an
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increase in MOC. The decrease of ocean steric height in our simulations,
caused by the Pinatubo eruption, reaches 9 mm in comparison with 5 mm esti-
mated by Church et al. [43] from observations. The ocean heat content
decreases by 5 x 10%? J. The maximum sea ice extent and ice mass increase
in the Pinatubo runs by 0.5 x 10° km® and 1.0 x 10'° kg, respectively. This
corresponds to 3% and 5% of the model ‘control’ maximum extent and mass
in the Pinatubo runs. The simulated minimum ice extent is more sensitive to
volcanic forcing than the maximum ice extent. The Atlantic MOC strengthens
in the Pinatubo runs very significantly by 1.8 Sv or 9% of its maximum value.
Atmospheric temperature anomalies forced by the Pinatubo eruption in the
troposphere and lower stratosphere are well reproduced by the models. How-
ever, forced AO/NAO responses are underestimated and observed sea level
and ocean heat content anomalies are overestimated by all models. Neverthe-
less, all model results and observations suggest that volcanoes could produce
long-lasting impact on ocean heat content and thermo-steric level that, in fact,
could affect estimates of current climate trends. Quasi-periodic nature of vol-
canic cooling facilitates ocean vertical mixing and might have an important
effect on the thermal structure of the deep ocean. Therefore, it has to be real-
istically implemented in climate models for calculating ‘quasi-equilibrium’
initial conditions, climate reconstructions and for future climate projections.
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1. INTRODUCTION

The climate of the Earth is characterised by trends, aberrations and quasi-
periodic oscillations varying over a broad range of time-scales [1]. The trends
are largely controlled by plate tectonics, and thus tend to change gradually on
a million year (Ma) time scale. Aberrations occur when certain thresholds are
passed and are manifested in the geological record as unusually rapid (less
than a few thousand of years) or extreme changes in climate. The quasi-
periodic oscillations are mostly astronomically paced; they are driven by
astronomical perturbations that affect the Earth’s orbit around the Sun and
the orientation of the Earth’s rotation axis with respect to its orbital plane.
These perturbations are described by three main astronomical cycles:
eccentricity (shape of the Earth’s orbit), precession (date of perihelion) and
obliquity (angle between the equator and orbital plane), which together

/
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determine the spatial and seasonal pattern of insolation received by the Earth,
eventually resulting in climatic oscillations of tens to hundreds of thousands
of years. The expression of these astronomical-induced climate oscillations
is found in geological archives of widely different ages and environments.

Computation of the orbital solution of the Earth is complex because the
Earth’s motion is perturbed by our Moon and all the other planets of the Solar
System. Much of our knowledge of the planetary orbits dates back to the
investigations of Johannes Kepler (1571-1630) and the universal gravitational
theory of Sir Isaac Newton (1643—1727). The first approximate solutions were
established by Lagrange [2,3] and Pontécoulant [4], but it was Louis Agassiz
[5], who formulated a sweeping theory of Ice Ages that triggered the search
for a correlation between large-scale climatic changes and variations of the
Earth’s astronomical parameters. Shortly after, Adhémar [6] proposed that
glaciations originated from the precession of the Earth’s rotation axis that
alters the lengths of the seasons. He suggested that when the lengths of the
winters last longer a glaciation would occur. According to his theory, the
Northern Hemisphere (NH) and the Southern Hemisphere (SH) would be gla-
ciated during the opposing phases of the precession cycle. He evidenced his
idea with the present Antarctic ice sheet and the fact that the NH is essentially
not glaciated.

After the publication of a more precise solution of the Earth by Le Verrier
[71, Croll [8] proposed that the variation of the Earth’s eccentricity was also
an important parameter for understanding past climates through its modula-
tion of precession. He elaborated Adhémar’s idea that winter insolation is crit-
ical for glaciation, but argued that the large continental areas covered with
snow would turn into ice sheets because of a positive ice-albedo feedback.

The first computations of the variations of obliquity due to secular changes
in the motion of the Earth’s orbital plane are due to Pilgrim [9]. His computa-
tions were later used by Milankovitch [10] to establish his mathematical basis
for the theory of the Ice Ages. Since then the understanding of the climate
response to orbital forcing has evolved and is the subject of this chapter. How-
ever, all the necessary elements for the insolation computations were present
in Milankovitch’s work.

2. ASTRONOMICAL PARAMETERS

Bretagnon [11] made an important improvement to the orbital solution by com-
puting terms of second order and third degree in the secular (mean) equations.
His solution was used by Berger [12,13] for the computation of the precession
and insolation quantities for the Earth following Sharav and Boudnikova
[14,15]. Berger’s publications have since been extensively used for paleocli-
mate reconstructions and climate modelling under the acronym Ber78.

Laskar [16—-18] computed in an extensive way the secular equations giving
the mean motion of the whole Solar System. It was clear from his computations
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that the traditional perturbation theory could not be used for the integration of
the secular equations, due to strong divergences that became apparent in the sys-
tem of the inner planets [16]. This difficulty was overcome by switching to a
numerical integration of the secular equations with steps of 0.5 ka. These com-
putations provided a much more accurate solution for the orbital motion of the
Solar System over 10 Ma [18,19].

Extending his integration to 200 Ma, Laskar [20,21] demonstrated that the
orbital motion of the planets, and especially that of the terrestrial planets, is
chaotic, with an exponential divergence corresponding to an increase of the
error by a factor 10 every 10 Ma. It seems, therefore, almost impossible to
obtain a precise astronomical solution for paleoclimate studies over more than
a few tens of millions of years [22].

A comparison between the La90 solution and the first direct numerical
integration of the Solar System by Quinn and coworkers [23] revealed that
the main obliquity and precession periods of the two solutions diverge with
time over the past 3 Ma [24]. In the QTD91 solution, a term was introduced
which describes the change in the speed of rotation of the Earth as a result of
the dissipation of energy by the tides. If the same, present-day value is used
in the La90 solution the discrepancy with QTD91 is almost completely
removed. The resulting La90 solution with tidal dissipation set to the
present-day value is now generally termed as the La93 solution. In this
solution, also a second term can be modified. This term refers to the change
in the dynamical ellipticity of the Earth, which may strongly depend on the
build-up and retreat of large ice caps [25-28] and/or on long-term mantle
convection processes [29]. Similar to the tidal dissipation term, a small
change in the dynamical ellipticity of the Earth will change the main
precession and obliquity frequencies.

The uncertain values of the tidal dissipation and dynamical ellipticity of
the Earth are considered as the most limiting factors to obtain accurate solu-
tions for the precession and obliquity time series of the Earth over a time span
of millions of years, while the orbital part of the La93 solution was considered
to be reliable over 10-20 Ma [24]. At present, there exists only one possible
way to test the extent of change of both parameters in the (geological) past.
This test involves a statistical comparison between the obliquity—precession
interference patterns in the insolation time series and those observed in geo-
logical records [30]. Lourens and coworkers [31] showed for instance by
using a record of climate change from the eastern Mediterranean, that over
the past 3 Ma the decline in the speed of rotation was on average smaller than
the average value obtained for the present day; this is probably a result of the
large ice caps that dominated Earth’s climate from the Late Pliocene to
present.

In 2004, Laskar and coworkers [32] presented a new numerical solution
from —250 to 250 Ma, which has been used for the direct calibration of the
youngest geological period, the Neogene, spanning the last 23 Ma [33], and
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of the early Paleogene [34-36]. Beyond 40—50 Ma the chaotic evolution of the
orbits still prevents a precise determination of the Earth motion. However, the
most regular component of the orbital solution (i.e., the 405 ka period in eccen-
tricity) could still be used over the last 250 Ma or full Mesozoic era.

2.1. Eccentricity

The Earth’s orbit around the Sun is an ellipse. The plane in which the Earth
moves around the Sun is called the Ecliptic of date, Ec, (Fig. 1). The Sun is
roughly located in one of its two foci. The eccentricity (e) of the Earth’s orbit
is defined as:

Va2 — p2

=T a m

where a is the ellipse semi-major axis and b the semi-minor axis. The current
eccentricity is 0.0167 but in the past hundred millions of years eccentricity
has varied from about 0.0669 to almost 0.0001; that is, a near-circular orbit
[32]. For the past 15 Ma, the three most important periods in the series expan-
sion for eccentricity are about 405, 124 and 95 ka (Fig. 2e).

2.2. Precession and Obliquity

The locations along the Earth’s orbit where the Sun is perpendicular to the
equator at noon are called equinoxes (Fig. 1a). Then the night lasts as long
as the day at all latitudes. Today this occurs on 20 March (vernal equinox,
NH spring) and on 23 September (autumnal equinox, NH autumn). The sum-
mer (winter) solstice is defined as the location of the Earth when the Sun
appears directly overhead at noon at its northernmost (southernmost) latitude,
that is, the tropic of Cancer at 23.44°N (Capricorn at 23.44°S), which occurs
on 21 June (22 December).

The Earth’s rotational axis (¢) revolves around the normal (n) to the orbital
plane like a spinning top (1 in Fig. 1). This rotation causes a clockwise movement
of the equinoxes and solstices along the Earth’s orbit, called precession. The
quasi-period of precession is 25 672 a relative to the stars, but because the Earth’s
orbit rotates in a counter clockwise direction with respect to the reference fixed
Ecliptic (Ecy) at Julian date J2000, the net period of precession is about 21.7 ka.
The general precession in longitude ¥ is thus defined by y = A — Q, where Q
is the longitude of the ascending node (), and A the inclination of Ec,
(Fig. 1). The angle between the Earth’s equatorial plane (Eq,, Fig. 1) and
Ec, is the obliquity (¢). The current value for ¢ is 23.44° but it varied from
about 22 to 24.5° during the past 15 Ma with a main period of about 41 ka
(Fig. 2c). In the earlier episodes of Earth’s history, obliquity oscillated at a
much shorter period (i.e., ~29 ka at 500 Ma [37]). This is because the Earth’s
rate of rotation has declined with time due to tidal friction.
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For paleoclimate studies, the usual quantity that relates more to insolation
is the climatic precession index e-sin @, where @ = ® + . ® is the approxi-
mation of the longitude of perihelion of the Earth from the fixed J2000 and @
the resulting longitude of perihelion from the moving vernal equinox
(Fig. 1a). In practice, however, the numerical calculations are done using
the direction in which the Sun is seen from the Earth at the beginning
of the spring, the so-called vernal point y (Fig. 1) as reference. In most cases
the climatic precession index is, therefore, given by e-sin @, where & = @ —
180° [13]. This implies that climatic precession is at a minimum when NH
summer solstice is in perihelion, so that when @ is 270° (or @ is 90°).

The eccentricity term in the climatic precession index is operating as a
modulator of the precession-related insolation changes (Fig. 2b). In case of
a circular orbit (eccentricity is zero), perihelion is undefined and there is no
climatic effect associated with precession, while in case the Earth’s orbit is
strongly elongated the effect of precession on insolation is at a maximum.
The three most important periods of the climatic precession parameter over
the past 15 Ma are about 23.6, 22.3 and 18.9 ka (Fig. 2e). Just as for obliquity,
the periods of precession shorten back in time due to tidal dissipation with
~3—4 ka over the past 500 Ma [37].

2.3. Insolation

If the orbital parameters are known, the insolation for any latitude and at any
time of the year can be computed. The mean annual insolation at the surface
of the Earth depends only on the eccentricity and is represented by the follow-
ing equation [24]:
So

Wan = )
So is called the ‘solar constant’. In fact, the intensity of the Sun varies along
with the number of sunspots. Recent observations have shown that when sun-
spots are numerous (scarce) the solar constant is about 1368 W-m 2 (1365
W-m~2). In literature, the various astronomical computations include values
for Sy ranging from 1350 W-m 2 [24] to 1360 W-m 2 [38]. The variations
in mean annual insolation are very small, as they depend on the square of
the eccentricity, with the largest mean annual insolation values reached during
eccentricity maxima (Fig. 2a). Orbital-induced mean annual insolation
changes are, therefore, not seen as the primary cause of past climate changes.
On the contrary, according to Milankovitch’s theory [10] summer insolation
at high northern latitudes (Fig. 2d) played in particular a crucial role on the
waxing and waning of the ice sheets. The theory states that in case insolation
in summer was not high enough, ice sheets could expand. It is, therefore,
important to compute the daily (or monthly) insolation at any given point
on the Earth.
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Following Berger and Loutre [38], insolation W received on a horizontal
surface at latitude ¢ and a given time (H) during the course of the year (1)
is described by:

W, H) = 5o (%) cos z 3)

where r is the distance to the Sun and z the solar zenith angle (or zenith dis-
tance). The horizontal surface of the position of the observer (o) refers to the
plane perpendicular to the direction of the local gravity, while the zenith is the
point vertically upward (Fig. 1b). The zenith distance z of any point S (i.e., the
position of the Sun seen in the sky from the observer at time H) on the celes-
tial sphere is the angular distance from the zenith measured along the vertical
circle through the given point (Fig. 1b). It varies from O to 180°.

The point S can also be calculated from the angle between the meridian
(great circle through the celestial poles P, and Pj, the zenith and the nadir)
and the secondary great circle through the point and the poles (Fig. 1b). This
angle is called the hour angle H. This gives the following relationship:

cos z = sin ¢ sin 0 + cos ¢ cos 0 cos H 4)

The declination J is the angular distance of point S measured from the equator
on the secondary great circle. The latitude ¢ is the angular distance from the
equator to the zenith measured on the meridian. The declination ¢ is related to
the true longitude 1 of the Earth by:

sin 0 = sin / sin ¢ (5)

Over one year, 4 varies from 0 to 360° while J varies between —¢ and +e¢. The
Earth—Sun distance r is given by the ellipse equation:

1— 2
r= al-e) (6)
14+ecosv
with v being the true anomaly related to the true longitude A of the Earth by:
V=2A—-® (7)

Combining Eqns (4)—(7), Eqn (3) can be rewritten as

(14 e cos (4 —m))*
(iI-ey

W(p,A,H) =Sy (sin ¢ sin /4 sin & + cos ¢ cos J cos H)

(8)
Over one year, ¢ o and e are assumed to be constant. Over a given day
A and O are assumed to be constant, while H varies from O at solar noon to
24 h (0-360°). The long-term behaviour of each factor in Eqn (8) is thus gov-
erned by a different orbital parameter. The obliquity ¢ drives cos z, the preces-
sion @ drives (1 + e cos(A —@))” and the eccentricity e drives (1 — e?)~
Note that the eccentricity appears as (1 — ez)_2 while in the mean annual
insolation it appears as (1 — 32)1/2 (see Eqn (2)).
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To illustrate the influence of precession on insolation, we plotted the
monthly averaged zonal insolation difference between a climatic precession
minimum and maximum situation (Fig. 3a). This comparison shows that high
northern (southern) latitudes receive (dispatch) more than 100 W-m 2 of addi-
tional insolation during summer (~20%) when they occur in perihelion
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FIGURE 3 Monthly incoming differences in W-m ™2 at the top of the atmosphere. (a) Insolation
differences between a minimum (—0.055) and a maximum (+0.058) climatic precession configu-
ration. (b) Insolation differences between a maximum obliquity (Tilt = 24.45°) and a minimum
obliquity (Tilt = 22.08°) configuration with zero eccentricity. (c) As in (b), but now plotted the
annual incoming insolation differences. Solar constant = 1360 W-m™2,
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(aphelion). In contrast, the accompanying NH (SH) winters receive less
(more) insolation. Thus during a precession minimum seasonal contrasts at
the NH increase, whereas they decrease at the SH. In contrast, a change in
obliquity causes a simultaneous shift in seasonal contrasts at both hemispheres
(Fig. 3b). From an obliquity minimum to maximum situation high-latitudes
receive more than 50 W-m ™ of additional insolation during summer, while
winters gain considerable (~15 W-m_z) less insolation.

In contrast to precession, obliquity influences the mean annual insolation
at certain latitude. When obliquity increases, the poles receive more energy
in summer but stay in the polar night during winter. The annual mean insola-
tion, therefore, increases symmetrically at the poles and consequently the
annual insolation must decrease around the equator (Fig. 3c) because the
global annual insolation does not depend on obliquity (Eqn (2)).

3. ORBITAL-INDUCED CLIMATE CHANGE

Since the pioneering work of Cesare Emiliani [39], the stable oxygen isotope
ratio between '°0 and %O (denoted by 3'80) of calcareous (micro) fossil shells
has been extensively studied to improve our understanding of paleoceano-
graphic and paleoclimate changes. He used this ratio to reconstruct glacial—
interglacial variations in sea water temperature over the past 500 ka. His study
gave strong support to the hypothesis of Milankovitch and revolutionised ideas
about the history of the oceans and the role of orbital forcing. Soon afterwards,
Nick Shackleton [40] argued, however, that the isotopic signal was partly
caused by ice volume changes. When ice caps grow, '°O is preferentially stored
on the continents resulting in heavier oxygen isotope values (**0-enriched) of
the ambient sea water in which the calcareous organisms thrive.

Over the past decades, the inventory of high-resolution oxygen isotope records
across the Cenozoic, 0-65 Ma, has grown, because of the greater availability of
high-quality sediment cores. A compilation of these records showed that global
climate cooled over the past 50 Ma with maximum temperature conditions occur-
ring between 50 and 55 Ma [1]. The first permanent ice caps start to occur on Ant-
arctica around the Eocene-Oligocene transition, ~34 Ma. Also recently, extensive
ice-rafted debris, including macroscopic dropstones, were found in the late
Eocene to early Oligocene sediments from the Norwegian-Greenland Sea, indi-
cating already severe glaciations of East Greenland at that time [41]. Orbital-
induced variations in 8'%0 were also detected superimposed on this long-term
trend, but revealed different spectral characteristics pending on the background
climate state. An evaluation of these characteristics with emphasis on icehouse
and greenhouse conditions is given in the following sections.

3.1. Ice Ages

Through the development of radio-isotopic dating methods, power spectra
could be obtained from the oxygen isotope records in the time domain. These
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methods clearly demonstrate that for the past 700 ka, major climate cycles
have followed variations in obliquity and precession, although the dominant
spectral power occurs at ~100 ka [42,43]. Understanding the mechanisms
which control this long-term variability remains an outstanding question in
climate sciences [44]. The most widely adopted explanation is that it origi-
nates from a nonlinear response to the precession forcing [43,45]. Other the-
ories relate the 100 ka glacial rhythm directly to eccentricity [46], but the
insolation changes that may have caused this are probably too small to be
of much climatic relevance (Fig. 2a).

A third category of theories attribute the 100 ka glaciations to an internal
oscillation of the Earth’s ice—atmosphere—ocean climate system [47], which is
nonlinear phase-locked to the external Milankovitch forcing [48,49]. An his-
torically important example of a nonlinear oscillator is the model of Imbrie
and Imbrie [45] which may be written as:

v 1+£b

dt T
where X is the model’s forcing function (i.e., the 65°N summer insolation), Ty,
is a mean time constant of the ice sheet response and b a nonlinearity coeffi-
cient which switches sign depending on whether ice volume is increasing or
decreasing. For the late Pleistocene a T, of 17 ka and b of 0.6 were estimated,
which result in a 4-5 ka lag (ice-sheet response time) for the precession com-
ponents and an 8 ka lag for obliquity [50]. In the latest marine benthic oxygen
isotope stack of Lisiecki and Raymo [51], the same model has been applied.
A plot of the LR04 record for the last 350 000 a is presented as overlay of
the model’s output in Fig. 4a. Evidently, changes in the marine 5'®0 record
lag 65°N summer insolation (Fig. 4d) with a few thousands of years as a result
of the adopted values for T}, and b. The 8'®0 record, however, preserves not
only an ice volume signal, but also a deep-water temperature component,
which should be taken into account for a more accurate estimate of the
3'®0 response to orbital forcing [52].

Using an inverse modelling technique, Bintanja and coworkers [53] sep-
erated the LR04 3'®0 record into an ice volume and a temperature compo-
nent. The ice volume component is expressed in terms of sea level
equivalent (Fig. 4b), while the temperature component is translated into
the annual surface air temperature (7;;) over the continents north of 40°N
(Fig. 4c¢). Clearly, T,;, leads ice volume increases up to a few thousands of
years, because ice sheets will only start to grow (inception) below a certain
temperature threshold (=5 °C), and they can not expand faster than the rate
at which mass is gained through snow accumulation [53]. During deglacia-
tions, surface air temperature and sea-level increase almost in-concurrence,
presumably the result of the rapid melt-down of the large ice sheets, with
sea-level rises of over 1.5 cm-a ! during the major terminations Ti_yyv
(Fig. 4b).

X=V) ©)



114 Possible Causes of Climate Change
LRO4 8180benthic
T Ty Tiia Tuio Ty
24 i : i H-16
& »
5 28 1712 g
>o' 32 i:_og §
L 36 3
S 1o | a {04 £
w Ice model {(T,=15kyr, b=0.6)
4.4 1 - | ] | ' l. I | i o
a Estimated sea level changes '
0 P H3.0 24.5
s 25 1 T 24.0
. - (%]
§ 50 1" £ Fess §
(9]

g 75 3 230 ©
E A5 . T o p D
100 — Q 225
& - Obliquity ‘4 o

125 1 1 I 1 g I L | :l I: 1 I 1 g _-1 .5 22.0
b ) Estimated annual temperatures (>40°N) :
40 : g

€ o0
g
3 40
o
o -80
£

-12.0
k)

-16.0
C

-50.0 560
(% 52.5 QIIE
g’ -55.0 <

| i 480 §
& 575 g
O _60.0} 440 ©
2 L 65° N summer insolation 2

g0, | ) S O | O | Sy 400

0 50 100 150 200 250 300 350

d Age/ka

FIGURE 4 Comparison between orbital cycles and climatic proxy records for the past 350 ka
(late Pleistocene). (a) LR0O4 5'80 benthic stacked record (solid) plotted as overlay to its tuning tar-
get, represented by the outcome (thin line and grey area) of simple ice sheet model [45] including
a mean time constant of the ice sheet response (7,,) of 15 ka and a nonlinearity coefficient (b) of
0.6 and the 65°N summer insolation as input [51]. (b) Reconstructed global sea level (thin line)
and sea level change (solid line) derived from the LR04 5'%0 benthic stacked record and the
use of an inverse modelling technique [53]. On the background (grey) is plotted the obliquity time

series. Major
glaciations. (

terminations (I-IV) are defined by the first increase in sea level at the end of the
c) The modelled surface air temperature deviation from present (mean over the

continents between 40°N and 80°N) [53]. (d) Dome Fuji 6'80iCe (solid) as overlay to the 65°N
summer insolation curve [54].



The Role of Variations of the Earth’s Orbital Characteristics 115

The estimated T,;, component of the marine 8180 record resembles the Ant-
arctic 8'%0;.. record of Dome Fuji [54], although the latter record tend to lead
T.i: in the order of a few thousands of years (Fig. 4d). There are several expla-
nations which may account for the discrepancy between the insolation-induced
response times of T,; and the Antarctic 880, record. First of all, the 8'%0;.
record depends, besides local temperature, on a variety of factors such as sea
water 8'%0 and the temperature of the water vapour source area. A reconstruc-
tion of the §'80;..-derived local temperatures showed for example a slightly
larger response time, of ~2 ka, to the insolation forcing [54].

Another part of the discrepancy may arise from uncertainties in the chron-
ologies of either Dome Fuji or the LR04 8'®0 record. It should be noted that
the LR0O4 3'®0 chronology is not directly constraint by radio-isotopic mea-
surements of the marine cores that were incorporated in the LR04 stack, but
it relies on the correlation between Thorium-230 and Protactinium-231 dated
sea level reconstructions from coral terraces [55-58] and their signature in the
5'%0 record, where no distinction has been made between the temperature and
ice volume contribution of the 8'®0 signal. Although the chronology of the
last glacial cycles is well constraint there are conflicting estimates for the
age of the penultimate and earlier deglaciations, which argue for [59] and
against [60—62] the Milankovitch theory.

The Dome Fuji chronology, on the other hand, is based on tuning of the
0,/N, ratio of the trapped ice to the local variations in summer insolation
(21 December at 77°S). The O,/N, ratio lacks a strong 100 ka response, which
makes this proxy more suitable for tuning than the 8'0,,, record applied pre-
viously by Shackleton [52]. Dating uncertainties in this time scale range from
0.8 to 2.9 ka at the tie points [54]. Given these uncertainties, the increases in
Antarctic temperature and atmospheric carbon dioxide concentration coincide
with the rising phase of NH summer insolation during the last four termina-
tions (Fig. 4d), thereby supporting the Milankovitch theory [54].

The role of obliquity is less highlighted in glacial theories despite the fact
that from about 1 to 3 Ma and also during older geological periods, such as
the Middle Miocene (14—15 Ma), smaller ice sheets varied at an almost metro-
nomic 41 ka rhythm [63-66]. There are several mechanism proposed to explain
the obliquity-dominated climate cycles (Fig. 5a). The most straightforward
possibility is that because high-latitude (annual and summer) insolation
declines with a reduced tilt of the Earth’s axis (Figs. 3b and c), the ice caps
will grow, Earth’s albedo increases, and global mean temperatures decrease
[10]. Another possibility is that during obliquity minima the meridional gradi-
ent of insolation during the summer half-year of both hemispheres increases,
causing an increased moisture transport to the poles and hence the buildup of
large ice caps [67]. Evidently, most periods of maximum sea level lowering
or ice-sheet growth over the past 350 ka occur during obliquity minima
(Fig. 4). In addition, Huybers and Wunsch [68] presented simple stochastic
and deterministic models that describe the timing of the late Pleistocene glacial
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FIGURE 5 Comparison between orbital cycles and climatic proxy records for the late Pliocene
time interval (2.3-2.9 Ma). (a) LR04 830 benthic stacked record (solid) [51] plotted as overlay to
the obliquity time series (thin line and grey area). (b) The 65°N summer insolation curve. (c)
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area). (d) Colour reflectance data of ODP Site 967 (solid). Sapropels (s) are marked by very low
(dark) values.

terminations purely in terms of obliquity forcing, although their findings were
not yet confirmed by for instance the new results of Dome Fuji [54].

To summarise, the development of glacial-independent chronologies has
become one of the major challenges in climate sciences to further unravel



The Role of Variations of the Earth’s Orbital Characteristics 117

the Milankovitch theory of the Ice Ages. These chronologies could provide
new insights to key issues such as the phase relation between climate change
and the atmospheric carbon dioxide concentration, the feedback mechanisms
associated with the buildup of large icecaps, or whether terminations are
caused by internal or external processes.

3.2. Low and Mid-Latitude Climate Changes

The expression of orbital-induced climate oscillations is not restricted to gla-
cial-interglacial variability. Data and models revealed that climate variations
in the low and mid-latitudes are dominated by the precession cycle [69-73].
For instance, high-resolution absolute-dated oxygen isotope records from spe-
leothems of central China have provided insights into the factors that control
the strength of the East Asian Monsoon for the past 224 ka [74]. The record is
dominated by precession cyclicity that is synchronous within dating errors
with NH summer insolation. This supports the idea that on orbital timescales
(sub)tropical monsoons respond dominantly and instantly to changes in NH
summer insolation.

Another example is the cyclic occurrence of sapropels (organic-rich layers)
in the marine sediments of the Mediterranean throughout the last 13 Ma [33,75].
The underlying mechanism that caused their formation gave rise to a conten-
tious debate over the relative importance of anoxia caused by stable stratifica-
tion [76] versus productivity [77]. The stratification hypothesis links the
reduced oxygen conditions of the deep waters during sapropel formation to a
weaker thermohaline circulation caused by lowered surface water density con-
ditions in the eastern Mediterranean. Rossignol-Strick [78] proposed that these
circumstances were triggered by the enhanced discharge of the river Nile during
precession minima (NH summer insolation maxima, Fig. 2) when the strength
of the African monsoon is at a maximum [70]. Climate modelling experiments,
including a regional ocean model for the Mediterranean Sea, revealed however,
that the precession-induced increase in net precipitation over the Mediterranean
Sea itself is of equal or greater importance than the increase in runoff from the
bordering continents [79]. Evidence for enhanced primary productivity has
been gathered by a variety of geochemical and micropaleontological proxy
records [77,80-84]. As possible causes for the enhanced nutrient supply to
the mixed layer has been proposed a reversal in the flow directions of the nutri-
ent-poor surface and nutrient-enriched deep waters, increased runoff, and the
development of a Deep Chlorophyll Maximum (DCM).

To illustrate the different orbital characteristics of low and high-latitude
driven climate signals a comparison is shown between the open ocean LR04
3'®0 record and the sapropel patterns of ODP (Ocean Drilling Program) Site
967 (Eratosthenes Seamount, eastern Mediterranean) for the time interval
between 2.3 and 2.9 Ma are shown in Figs. 5a and d, respectively. Obliquity
dominates the globally recorded high-latitude driven glacial-interglacial
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oscillations, whereas the climatic precession determines the circum-Mediterra-
nean climate variability. The sapropels do not occur during all NH summer
insolation maxima, indicating that their formation is bound to a threshold in
the ocean—climate system. From the same core, changes in the Titanium to Alu-
minum ratio (Ti/Al), however, do show a striking correspondence with 65°N
summer insolation throughout the studied interval, where high (low) Ti/Al
values are interpreted to reflect a relative larger (lower) contribution of wind-
blown (e.g., Sahara dust) versus river-transported (e.g., by the river Nile)
derived terrigenous material [31] (Fig. 5¢). Clearly, changes in northern Afri-
can aridity conditions respond almost linearly to the orbital forcing, that is, con-
taining both an obliquity and a precession signal.

To further unravel the link between the Ti/Al index and northern African
aridity we simulated changes in runoff derived from the northern part of the
African continent using an atmosphere—ocean—vegetation model of
intermediate complexity, CLIMBER-2.3 [85]. The atmospheric model is a
statistical-dynamical model with a resolution of 10° in latitude and ~51° in
longitude. The terrestrial vegetation model, VECODE (VEgetation COntinu-
ous Description), computes the fraction of the potential vegetation (i.e., grass,
trees and bare soil) from the annual sum of positive day-temperatures and the
annual precipitation [86]. These vegetation changes affect the land-surface
albedo and the hydrological cycle. The ocean model [87] computes the zon-
ally averaged temperature, salinity and velocity for three separate basins
(Atlantic, Indian and Pacific oceans). The latitudinal resolution is 2.5° and
the vertical resolution is 20 unequal levels. We have run a transient simulation
for the time-interval between 2.25 and 3.0 Ma in which the only forcing is
variations in insolation induced by the orbital parameters. Boundary condi-
tions like orography, land—sea configuration, ice sheets and concentration of
trace gasses were kept constant at pre-industrial values. As an indicator for
northern African aridity, we extracted the total amount of runoff for the
months June, July and August of the Sahara (20°N-30°N, 11°W—40°E) and
African monsoon (10°N-20°N, 11°W—40°E) grid boxes [88]. This transient
experiment shows that within a precession period runoff fluctuated between 1
and 2.6 mm-d—!, with the lowest values being associated with minima in
65°N summer insolation (Figs. 5b and c). The Ti/Al record and the modelled
runoff shows a very good similarity revealing that the Ti/Al index reflects
northern African aridity.

Spectral analyses of the Ti/Al index and simulated runoff show that Afri-
can runoff is determined by precession and obliquity of which the first dom-
inates the signal. Similar results have been found using several generic
radiation patterns with an AGCM (Atmospheric General Circulation Model)
in permanent July mode [89] or with time slice experiments of orbital
extremes using the intermediate complexity model ECBilt [90]. These experi-
ments show that during precession minimum or obliquity maximum config-
urations the African monsoon intensifies and extends further northwards.
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In, contrast to obliquity, precession also influences the seasonal timing of the
occurrence of the maximum precipitation [90]. The influence of obliquity
could be due to stronger wind from the Atlantic Ocean into southern North
Africa forced by deepening of the convergence zone over southern Asia dur-
ing maximum summer insolation at high latitudes.

As for the origin of Ice Ages and the timing of major terminations, uncer-
tainties exist in our knowledge of the exact phase relation between astronomical
forcing and low-latitude climate changes. Where most model experiments sug-
gest that tropical monsoons respond instantly to changes in NH summer insola-
tion [70,71,88], reconstructions of Indian monsoon variability from the Arabian
Sea have proposed a long response time of up to 8.0 ka after the inferred preces-
sion minimum configuration [91-95]. Also radiometric dates of the youngest
sapropel in the Mediterranean (S1) suggest a time lag of ~3.0 ka between the
last precession minimum at 11.5 ka and the midpoint of the S1 dated at 8.5 ka
[30]. The Chinese speleothem records, on the other hand, support an in-phase
relationship of the East-Asian summer monsoon with NH July insolation
[74]. Several scenarios have been proposed to explain the long phase lag of
the marine records, ranging from the influence of glacial-interglacial variabil-
ity on the monsoon to a SH forcing through latent heat transport [92].

3.3. Greenhouse World

During the late Oligocene and early Miocene (~18-27 Ma), when the Polar
regions were only partially ice-covered, benthic isotope records exhibit,
besides a dominant obliquity component, a strong response to eccentricity
forcing [96]. In the absence of permanent ice caps between 35 and 65 Ma,
the imprint of eccentricity seems even more prominent, although the benthic
isotope records currently available for the early Cenozoic lack adequate reso-
lution to fully characterise obliquity variance [1]. The pronounced eccentricity
imprint can be explained by filtering effects of the precession forcing due to
continental geography and differences in land—sea heating, especially in the
tropics [73]. A variety of processes have been suggested for exporting the sig-
nals to higher latitudes, including changes in ocean and atmospheric circula-
tion, heat-transport, precipitation or the global carbon cycle and pCO2.
Evidence of changes in the carbon cycle are given for instance by the
Oligocene—Miocene carbon isotope (8'°C) records, which exhibit pervasive
large-amplitude 100 and 400 ka oscillations that are highly coherent with
the benthic oxygen isotope records [96,97].

Also during the late Paleocene and early Eocene (~60-50 Ma), eccentric-
ity has significantly modulated the carbon isotope records of the Atlantic and
Pacific oceans [98]. Cramer and coworkers [98] identified several short-lived
8'>C depletions, which they linked to maxima in the Earth’s orbital eccentric-
ity cycle. They linked, however, the much larger Carbon Isotope Excursion
(CIE) that marks the Paleocene/Eocene boundary to a minimum in the
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400 ka eccentricity cycle, thereby excluding orbital-forcing as triggering
mechanism for the Paleocene/Eocene Thermal Maximum (PETM). This is
in contrast to the more recent findings of Lourens and coworkers [34],
showing on basis of the more complete successions from the southern Atlantic
Walvis Ridge depth transect [99] that the PETM and Eocene Thermal Maxi-
mum 2 do correspond to 400 and 100 ka eccentricity maxima. They suggested
that the critical conjunction of short, long and very long eccentricity cycles
and the long-term late Palacocene to early Eocene warming trend may have
favoured the build-up of a significant methane hydrate reservoir before its
release during both hyperthermal events.

Although the proposed orbital control as forcing mechanism of Paleogene
hyperthermal events should be confirmed, it is evident that eccentricity has left
its mark on the global carbon cycle. Moreover, the appearance of this modula-
tion became more visible in the geological archives when the impact of the
obliquity-dominated glacial cycles is at a minimum. Evidence that these long-
term changes in the carbon cycle determined global climate has not yet been
solved. In particular, cross-spectral comparison between the Oligocene—
Miocene 8'%0 and §'°C records revealed a time lag of more than 20 ka in
the 405 ka eccentricity band, suggesting a response rather than a forcing to
global climate change [96]. In addition, the conspicuous absence of the long
eccentricity signal in the Pleistocene glacial cyclicity raised the so-called ‘400
ka problem’ [45]. On the other hand, the covariance between light 3'3C values
and severe dissolution horizons in the deep sea during the greenhouse condi-
tions of the late Paleocene and early Eocene indicate that changes in the carbon
cycle through orbital forcing has had an important impact on ocean acidification
and the position of the lysocline and calcite compensation depth [100].

4. CONCLUSION

The role of orbital forcing in climate change has been unequivocally shown
by their characteristic patterns in sedimentary archives, ice cores and proxy
records. Although our knowledge of orbital forcing is concerned with long-
term natural climate cycles, it is of fundamental importance to assess and
remediate global climate change problems on short-term periods. In particu-
lar, the integration of climate modelling experiments with geological observa-
tions will provide these insights required for a better understanding of climate
change in the past and near future. Considerable challenges will have to be
addressed before the full spectrum of orbital-induced climatic variability has
been unravelled, including the phase behaviour of different parts of the cli-
mate system, feedback mechanisms and the impact on ecosystem dynamics.

From all the evidence, it is most likely that the climate change that we are
currently experiencing is not due to variations of the Earth’s orbital move-
ments. With the fast rising CO, concentrations in the atmosphere, general
orbital theories dealing with the icehouse world conditions will probably not
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account for future predictions. Integrating our knowledge of geological times
when greenhouse gas conditions were those as being predicted, we might be
able to decipher the role of orbital forcing in future climate change scenarios.
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1. INTRODUCTION

Earth’s climate is now changing in response to an array of anthropogenic per-
turbations, notably the release of greenhouse gases; an understanding of the
rate, mode and scale of this change is now of literally vital importance to soci-
ety. There is presently intense study of current and historical (i.e. measured)
changes in both perceived climate drivers and the Earth system response.
Such studies typically lead to climate models that, in linking proposed causes
and effects, are aimed at allowing prediction of climate evolution over an
annual to centennial scale.

However, the Earth system is complex and imperfectly understood, not
least as regards resolving the effect of multiple feedbacks in the system, and
of assessing the scale and importance of leads, lags and thresholds (‘tipping
points’) in climate change. There is thus a need to set modern climate studies
within a realistic context. This is most effectively done by examining the
preserved history of the Earth’s climate. Such study cannot provide precise

Climate Change: Observed Impacts on Planet Earth
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replicas of the unplanned global experiment that is now underway (for the
sum of human actions represents a geological novelty). However, it is
providing an increasingly detailed picture of the nature, scale, rate and causes
of past climate change and of its wider effects, as regards for instance sea
level and biota. Imperfect as it is, it provides an indispensable context for
modern climate studies, not least as a provision of ground truth for computer
models (see below) of former and present climate.

Aspects of climate that are recorded in strata include temperature and sea-
sonality [1,2], humidity/aridity [3], and wind direction and intensity [4]. Clas-
sical palaeoenvironmental indicators such as glacial tills, reef limestones and
desert dune sandstones have in recent years been joined by a plethora of other
proxy indicators. These include many biological (fossilised pollen, insects,
marine algae) and chemical proxies (e.g. Mg/Ca ratio in biogenic carbonates).
Others are isotopic: oxygen isotopes provide information on temperature and
ice volume; carbon isotopes reflect global biomass and inputs (of methane or
carbon dioxide) into the ocean/atmosphere system; strontium and osmium are
proxies for weathering, and the latter, with molybdenum also, for oceanic
oxygenation levels. Other proxies include recalcitrant organic molecules:
long-chain algal-derived alkenones as sea temperature indicators [5] and iso-
renieratane as a specific indicator of photic zone anoxia [6]. These and many
other proxies are listed in Ref. [7]. Levels of greenhouse gases such as carbon
dioxide and methane going back to 800 ka can be measured in ice cores [8].
For older times, (somewhat imprecise) proxies have been used, such as leaf
stomata densities [9,10], palacosol chemistry [11] or boron isotopes [12];
estimates of greenhouse gas concentrations in the atmosphere have also been
arrived at by modelling [13,14].

2. CLIMATE MODELS

Since the 1960s, computer models of climate have been developed that pro-
vide detailed global and regional projections of future climate and reconstruc-
tions of deep time climate. Some of these models are used to simulate
conditions during icehouse climates, for example, of the Late Proterozoic
[15], whilst others simulate warm intervals of global climate, such as during
the Mesozoic greenhouse [16]. The most widely applied computer simulations
of palaeoclimate are general circulation models (GCMs). The increasing com-
plexity of these models has followed the exponential growth in computer
power.

GCMs divide the Earth into a series of grid boxes. Within each of these
grid boxes, variables important for the prediction of climate are calculated,
based upon the laws of thermodynamics and Newton’s laws of motion.
At progressive time steps of the model the reaction between the individual
grid boxes is calculated. GCM simulations rely on establishing key boundary
conditions. These conditions include solar intensity, atmospheric composition
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(e.g. level of greenhouse gases), surface albedo, ocean heat transport, geogra-
phy, orography, vegetation cover and orbital parameters. Whilst solar lumi-
nosity can be estimated with a high degree of confidence for different time
periods, some of the other boundary conditions are much more difficult to
establish, and the magnitude of the problem increases with greater age. Thus,
models of Late Proterozoic climate can establish solar luminosity as 93% of
present, but the geography of Proterozoic palaeocontinents is much more con-
troversial [15]. It depends on geological data, in this example from remnant
magnetism, preserved within rocks and placing the continents in their ancient
position according to the Earth’s magnetic field.

Geological data (e.g. sedimentology, palacontology) are essential to ‘ground
truth’ climate models, to establish whether they are providing a realistic
reconstruction of the ancient world, and also to provide data for calibrating
boundary conditions for the models. Of major importance for GCM palaeo-
climate reconstructions is accurate information about sea surface tempera-
tures (SSTs), as this provides a strong indication of how ocean circulation
was working. The most extensive deep time reconstruction of SSTs is that
of the United States Geological Survey PRISM Group, based on a global
dataset of planktonic foraminifera [17]. This dataset has been used for cali-
brating a range of climate model scenarios for the ‘mid Pliocene warm
period’ and also includes an extensive catalogue of terrestrial data [18]. This
time interval is used for potential comparison with the path of future global
warming [19].

3. LONG-TERM CLIMATE TRENDS

Earth’s known climate history, as decipherable through forensic examination
of sedimentary strata, spans some 3.8 Ga (billion years), to the beginning of
the Archaean (Fig. 1). The previous history, now generally assigned to the
Hadean Eon, is only fragmentarily recorded as occasional ancient mineral
fragments contained within younger rocks — particularly of highly resistant
zircon dated to nearly 4.4 Ga ago [20] and thus stretching back to very nearly
the beginning of the Earth at 4.56 Ga ago [21]. The chemistry of these very
ancient fragments hints at the presence of a hydrosphere even at that early
date, though one almost certainly disrupted by massive meteorite impacts
[22]. Certainly, by the beginning of the Archaean, oceans had developed,
and an atmosphere sufficiently reducing to allow the preservation of detrital
minerals such as pyrite and uraninite that would not survive in the presence
of free oxygen [23].

From then until the present, Earth’s climate has remained within narrow
temperature limits that have allowed the presence of abundant liquid water,
water vapour and variable amounts of water ice, the last of these (when
present) generally accumulating at high latitudes and/or high altitudes. This
is despite widely accepted astrophysical models suggesting that the sun has
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FIGURE 1 Global climate variation at six different timescales. Data adapted from sources
including [7,27,48,71,95,100]. On the left side of the figure, the figure ‘T’ denotes relative
temperature. Note that the line denoting “T” is derived from §'®0 from benthic foraminifera for
the Cenozoic time slices (c—e), but for the intervals with polar ice this line will record a
combination of ice volume and temperature change.

increased its luminosity by some 20% since the early Archaean, and contrasts
sharply with the history of our planetary neighbours: Venus now having a sur-
face temperature of ca. 400 °C with a dense anhydrous atmosphere dominated
by carbon dioxide (representing approximately the amount of carbon that on
Earth is bound up in rock form as carbonates and hydrocarbons); and Mars
with an early history of running surface water (roughly during the Earth’s
Hadean Eon) and subsequently being essentially freeze-dried.
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Hypotheses to explain the Earth’s climate stability (that has allowed inter
alia a continuous lineage of living organisms) have included such as the Gaia
hypothesis [24], in which the totality of the Earth’s biota operate to maintain
optimum conditions for their existence (via feedback mechanisms that involve
such factors as albedo and atmospheric composition). Currently, it is thought
that terrestrial silicate weathering (a largely abiotic mechanism) is an impor-
tant factor in Earthly homeostasis [25]. Thus, as temperatures rise through
an increase in greenhouse gases, increased reaction rates of rainwater
(i.e. dilute carbonic acid) with rock — allied to increased humidity from
enhanced evaporation rates — will cause drawdown of carbon dioxide, thus
lowering temperatures [26]. Similarly, as greenhouse gas levels and tempera-
tures fall, diminished rates of weathering will allow carbon dioxide levels to
rise, and so warm the Earth’s climate. The silicate weathering mechanism
operates on timescales of hundreds of thousands to millions of years, with
greenhouse gas levels having fallen throughout Earth history as the sun’s
luminosity has increased. At shorter timescales, this mechanism may be
over-ridden by other factors, to allow the production of climate states that
are hotter or colder than the long-term average.

4. EARLY CLIMATE HISTORY

At long time scales, Earth’s (post-Hadean) climate history can be broadly
divided into: greenhouse (or hothouse) states, when the Earth’s climate was
generally warm, with little or no polar ice; and icehouse states with substantial
high/mid (and sometimes low latitude) ice masses over land and ocean.
Ability to resolve the duration and timing of these states becomes increasingly
better as the geological record becomes younger, with a gulf, in particular,
between a Phanerozoic record (from 0.542 Ga) that is highly resolved because
of an abundant fossil content and a Precambrian record in which dating and
correlation are based upon sporadic radiometric dates and, increasingly,
chemical and event stratigraphy. Similarly, the Quaternary glaciation is much
better resolved than previous Phanerozoic glaciations.

The earliest reasonable indications of climate in the Archaean hint at a
very warm world (Fig. 1a): silicon and oxygen isotopes in Archaean and early
Proterozoic rocks suggest temperatures of some 50-80 °C, before tempe-
ratures declined to 20-30 °C by 1.5 Ga [27,28]. Most of the post-Hadean
Precambrian seems to have roughly equated to a greenhouse world in general,
and high-carbon dioxide and high-methane atmospheres have both been
suggested as a means of maintaining high temperatures in the face of a faint
early sun [29,30].

There were, though, the striking exceptions of the ‘Snowball Earth’ glacia-
tions (Fig. la). There are possible representatives (certainly glacial if not
‘Snowball’) in the early Proterozoic at ca. 2.5-2.0 Ga [31]. But, they are most
typical of the late Proterozoic within the ‘Cryogenian Period’ (now widely
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used as a geological time period, but not yet properly defined and ratified).
Stratigraphic and palacomagnetic evidence suggests widespread icesheets in
at least two pulses (Sturtian 740-660 Ma ago and Marinoan 660-635 Ma
ago [32] that reached into tropical latitudes, with ice present on all main con-
tinents. Budyko [33] suggested a theoretical basis for a snowball glaciation,
showing that if ice extended to within 30° latitude of the equator, the ice
albedo effect would produce a positive feedback mechanism allowing
ice sheets to grow to the equator. It has been proposed, controversially, that
ice encased the entire globe (the ‘hard snowball’ variant: [34]), preventing
exchange between land/oceans and atmosphere. This has been disputed, with
opponents preferring ‘slush ball’, ‘zipper-rift’ or ‘high tilt’ Earth models [32]
leaving significant areas of ocean ice-free.

Whichever version is nearer the truth, these appear to have been extreme
excursions of the Earth system, with deglaciation being rapid, perhaps ‘cata-
strophic’, and marked by the deposition of unique ‘cap carbonate’ deposits —
dolomites and limestones that, worldwide, immediately overlie the glacial
deposits. Deglaciation mechanisms commonly involve crossing thresholds
in greenhouse gas concentrations. In the ‘hard snowball’ model this takes
the form of volcanic carbon dioxide being prevented from dissolving in
the ocean or reacting with rock (because of their carapace of ice), and hence
building up to levels high enough to cause rapid ice melt, with acid rain
then reacting rapidly with newly exposed bedrock to generate alkalinity that
precipitated as carbonates. In the ‘slush ball’ model, deglaciation hypotheses
include massive release of methane, with at least local isotopic evidence of
methane release accompanied by ice-melt [35]. Perhaps in support of a
‘slush ball’ or alternative glacial hypothesis, some GCMs do not replicate
the conditions in which a ‘hard’ Snowball Earth could develop even with
very low levels of atmospheric carbon dioxide prescribed [15].

5. PHANEROZOIC GLACIATIONS

Phanerozoic time has also been dominated overall by ‘greenhouse’ conditions
[7]. Glaciations during the Phanerozoic were less extreme, neither reaching
the equator nor being associated with post-glacial cap carbonates. Three main
glaciations took place (Fig. 1b): a late Ordovician/early Silurian ‘Early
Palaeozoic Icehouse’ (ca. 455425 Ma) [36], with an end-Ordovician glacial
maximum [37] that collapsed in a rapid deglaciation; a long-lived Permo-
Carboniferous glaciation (ca. 325-270 Ma) [7] with ice covering much of
the palaeocontinent Gondwana (leaving widespread traces in South America
and Africa, then over the South Pole); and the current glaciation, that began
in the southern hemisphere through the Eocene—Oligocene Epoch boundary
interval (ca. 35 Ma) with ice growing on Antarctica [38], and developed into
a full-scale bipolar glaciation around the beginning of the Quaternary Period,
at ca. 2.6 Ma, with the significant expansion of northern hemisphere ice.
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Each of these glaciations took place in different contexts, particularly as
regards the carbon cycle. The Early Palaeozoic Icehouse took place in the
effective absence of either a terrestrial flora or of widespread well-developed
(and hence carbon-rich) soils. Hence, the oceans and marine sediments were
of prime importance in carbon storage, with the intermittent anoxia of those
oceans perhaps playing a key role as thermostat, episodically enhancing
carbon sequestration that led to cooling [36]. In the Carboniferous, the explo-
sive growth and widespread burial of plants on deltaic/coastal plain sediments
(subsequently becoming coal) has long been considered key in driving down
atmospheric carbon dioxide and leading to glaciation [39]. Other mechanisms
have been invoked, such as continental rearrangement to alter patterns of
ocean currents and hence global heat transport [40].

6. THE MESOZOIC-EARLY CENOZOIC GREENHOUSE

These early Phanerozoic switches between greenhouse and icehouse give
invaluable (and increasingly well resolved) information on the mode and rate
of climate change. However, it is the temporal background to, and the devel-
opment of, the current glaciation that offers the most resolved history and the
best clue to causal and controlling mechanisms. This is partly because of a
biota that is closer to the present one and hence more interpretable, but cru-
cially because there is a widespread oceanic record (buried under the present
ocean floors) to accompany that from land and continental seas; Palacozoic
ocean deposits, by contrast, have almost all been obliterated through subduc-
tion, with only rare fragments being preserved by obduction on to destructive
continental margins.

Mesozoic and early Tertiary climate was generally in ‘greenhouse’ mode
with little (but generally some) polar ice, widespread epicontinental seas
and ocean circulation driven by salinity rather than temperature differences
(and hence more sluggish than today’s, with a tendency to anoxia). Within
this broad pattern, there were warmer and colder intervals [7]. Fossil evidence
shows that high latitudes, in particular were considerably warmer during this
interval, with extensive near-polar forests [16].

This interval includes brief (0.1-0.2 Ma) climate ‘spikes’ in which sudden
temperature rises were accompanied by biotic changes and marked changes in
carbon isotopes. These changes suggest massive (thousands of gigatonnes)
transfer of carbon from rock reservoirs to the atmosphere/ocean system with
the consequence of ocean acidification as well as warming [41]. The best-
known of these [42,43] were in the Toarcian Age of the Jurassic Period
(ca. 183 Ma) and at the boundary of the Paleocene and Eocene epochs
(ca. 55 Ma). The most likely mechanism seems to be some initial warming
(perhaps from volcanic carbon dioxide) that triggered large-scale dissociation
of methane hydrates from the sea floor [44], although the baking of coal
basins by igneous intrusions [45] may also be implicated. By whichever
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mechanism, the relevance for contemporary global warming is clear as, while
humankind has not yet released as much carbon (ca. 600 Gt (gigatonnes)), it
has done it much more quickly [46]. Re-equilibration of climate following
the spikes was likely achieved via silicate weathering [26,47].

7. DEVELOPMENT OF THE QUATERNARY ICEHOUSE

The development of the Tertiary/Quaternary icehouse took place as a series of
steps (Fig. 1c), with relatively rapid transitions between one climate state and
the next, strongly suggesting the common operation of thresholds or ‘tipping
points’ [48]. The early Oligocene inception is clearly seen as an isotopic and
Mg/Ca signal, in benthic foraminifera [49], of ocean cooling and de-acidification
[50] linked to the growth of substantial ice on Antarctica. Two mechanisms have
been invoked, that in reality were likely inter-related: the separation of South
America from Antarctica to open the Drake Passage and hence to allow a con-
tinuous circum-Antarctic cold current [51]; and a steep drop in carbon dioxide
levels from about x4 to X2 present-day levels [38].

Subsequent Tertiary history includes Mid Miocene warming, possibly
associated with release of carbon dioxide to the atmosphere via volcanism
or meteorite impact (see Ref. [52] for an overview of possible causes) during
which tundra conditions were developed at high southern latitudes within
1500 km of the South Pole [53], and late mid-Miocene cooling (often termed
the ‘Monterey event’ [54]), which may have been influenced by drawdown of
carbon dioxide from the atmosphere or by changes to ocean heat transport that
triggered ice sheet growth and cooling [55].

The subsequent Pliocene Epoch marks the final phase of ‘late Tertiary’
climate. The Early and Mid Pliocene represent conditions that overall were
somewhat warmer than present, with global ice volumes smaller, and global sur-
face temperatures perhaps 2-3 °C warmer [56]. The last phase of this warmer
world was the ‘mid Pliocene warm period’ some three million years ago [17].
Following this interval, global temperatures decreased, ice volumes increased,
and the amplitude of glacial-interglacial oscillation also increased [57] herald-
ing the intensification of Northern Hemisphere Glaciation (NHG). As the last
interval of warmth, the ‘mid Pliocene warm period’ has received growing atten-
tion as a possible comparison for the path of future global warming [58].

The intensification of NHG that is characteristic of the Quaternary Period
(sensu [59]) was marked by the growth of substantial ice in the northern polar
region [60]. It is associated with ice-rafted debris appearing in North Atlantic
Ocean floor deposits, together with the beginning of substantial loess accumu-
lation in central Europe and China, the drying of Africa to create extensive
savannah areas, and other global phenomena. This event may partly reflect
a further carbon dioxide threshold [61], with strontium isotope evidence of
increased rock weathering, not least from uplift phases of the Himalayas
[62]. However, there is strong evidence to suggest the importance of enhanced
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ice growth rather than simply temperature, with the development of the ‘snow
gun’ hypothesis [63] in which the bringing of a warm moisture-laden ocean
current against a cold north American continent led to increased snow precip-
itation and ice formation on that continent, and hence (via increased albedo
and other feedbacks) to further cooling.

8. ASTRONOMICAL MODULATION OF CLIMATE

Over the last 40 years, an astronomical pacemaker for the Quaternary ‘Ice
Age’ has been established beyond doubt, comprising variations in orbital
eccentricity (‘stretch’), axial tilt and precession (‘wobble’) with dominant per-
iodicities of roughly 100, 40 and 20 ka, respectively [48]. These produced
small variations in the amount and seasonal distribution of sunlight reaching
the Earth that, when amplified by various feedback mechanisms — notably
via variations in atmospheric greenhouse gas concentrations — led to the
well-established pattern of Quaternary glacial/interglacial and stadial/intersta-
dial changes. This mechanism was famously championed in the early twenti-
eth century by Milutin Milankovitch [64], fell out of favour because the
timing of individual glaciations as deduced from the fragmentary terrestrial
record did not seem to fit, and then was triumphantly vindicated by analysis
using oxygen isotopes from fossil foraminifera, that reflected temporal varia-
tions in ambient temperature and ice volume of the more complete ocean
record [65,66].

The exploitation of Milankovitch cycles has subsequently developed in
various directions. It has become a stratigraphic tool for dating and correla-
tion, not only in the Quaternary, but in Tertiary and yet older strata [67],
where a longer, 400 ka, orbital ‘stretch’ cycle is used as a more or less invari-
ant ‘pulse’ that can be exploited stratigraphically and even quasi-formalised
[68]. This in turn has led to the realisation that climate in greenhouse as well
as icehouse times was modulated by astronomical forcing, with variations in
humidity/aridity and biological productivity producing patterns that, although
more subtle than those produced by large ice volume changes, are nonetheless
recognisable.

Also, the detailed expression of Milankovitch cycles has come under
scrutiny. Astronomical calculation can precisely reveal insolation variations
and hence predict the climate patterns that should result. The observed
patterns from the stratal record depart from this in several ways. Firstly, they
typically show a ‘sawtooth’ pattern rather than the predicted temporally sym-
metrical one: thus, individual glacial phases tend to develop slowly but finish
abruptly. Secondly, the periodicity that is expected to be dominant is not
always so, as will be seen below. Thirdly, and particularly in cold phases,
there are marked, higher-frequency ‘sub-Milankovitch’ climate cycles that
have been well-described (also see below) but have not yet had adequate
explanation.
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9. MILANKOVITCH CYCLICITY IN QUATERNARY
(PLEISTOCENE) CLIMATE HISTORY

The Quaternary displays a marked progression of overall climate state that
may be regarded as an intensification of the glacial signature through time.
The early Quaternary is dominated by the 40 ka axial tilt signal. About a mil-
lion years ago, this gave way to dominance by the 100 ka orbital eccentricity
cycle that has persisted to the present (Fig. 1d). This dominance has yet to be
explained satisfactorily, for it would not be predicted from consideration of
calculated insolation patterns over this interval, in which the eccentricity
signal should be small. Suggested explanations have included the evolution
of the ice-sheet/substrate system to resonate (i.e. most easily grow and decay)
to a 100 ka periodicity [69,70]; these explanations are tentative, for detailed
models linking ice volume to insolation remain elusive [71]. The dominance
by eccentricity has been accompanied by colder glacial maxima and warmer
interglacial peaks, and it is this interval that has seen the greatest advances
of ice, and in general represents the ‘ice ages’ of vernacular usage.

The past million years includes a detailed record of atmospheric composi-
tion as well as temperature, in the form of the ice core data extracted from
Greenland and Antarctica (with some ice core data of shorter duration from
mountain glacier ice elsewhere) [72]. The longest current record is from
Antarctica, extending to ca. 800 ka [73,74] and planned drilling is aimed at
extending the record to beyond a million years ago, and so into the ‘forty
kiloyear world’. The Greenland record goes back to little more than 130 ka,
and so just into the last interglacial phase; but it is of high-resolution, because
of a greater rate of snowfall, and is of great value in also allowing detailed
comparison with the southern hemisphere, given the different climate beha-
viour of the hemispheres at short time scales (discussed below).

The combination of atmospheric composition records with climate proxy
records (through hydrogen and oxygen isotope data, dust concentrations and
so on) is extremely powerful (indeed, unique in the geological record); but,
it is not precisely calibrated because ice data directly relates to deposition,
while the gas data relates to the time of final closure of air bubbles in the
ice, some distance down in the snow pack. The uncertainty that stems from
this is small but important, because the correlation of carbon dioxide and
methane levels with temperature is so close that questions of cause-and-effect
have arisen. The consensus now is that astronomically driven insolation
thresholds lead to small temperature rises, leading to carbon dioxide/methane
increases that then strongly amplify the temperature rises [72].

The glacial-to-interglacial difference seen in the ice core records is about
100 ppm (from ca. 180 to ca. 280 ppm pCO,, respectively), representing several
hundred gigatonnes of carbon that must be stored somewhere during glacial
phases. Terrestrial storage via increased plant growth is unlikely, given the
diminution of vegetated land during glacials, though storage in carbon-rich
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permafrost soils (‘yedoma’) has been mooted [75]. Ocean storage is generally
considered more likely, and it is tempting to link this with the enhanced dust
supply noted in the ice core records, that would fertilise open ocean waters
and enhance carbon drawdown via increased plankton growth. However, ocean
sediment records of barium (a proxy for plankton productivity) do not generally
show increases during glacial phases. One means of combining low plankton
productivity and increased trapping of carbon dioxide is to have a more stratified
glacial ocean, limiting nutrient supply from below because of a stronger surface
water ‘lid’ and also storing more dissolved carbon dioxide at depth [76]. There is
evidence for such a model in the form of glacial-phase benthic foraminifer tests
containing excess ‘old’ (i.e. radiocarbon-poor) carbon [77].

10. QUATERNARY SUB-MILANKOVITCH CYCLICITY

Examination of high-resolution Quaternary records suggests significant
climate variability that takes place on a sub-Milankovitch scale, a variability
that is particularly marked in the cold phases that make up the bulk of the
record (Fig. le). Thus, the cold phase that separates the present interglacial
and the preceding (Eemian) one comprises not only five precession cycles, but
also 26 well-marked temperature oscillations, termed Dansgaard—Oeschger
(D-O) cycles. These are most clearly expressed in the northern hemisphere,
where they comprise rapid warming (of 8-16 °C over Greenland) followed
by slower cooling [78], to produce what are essentially a succession of inter-
stadial and stadial units that average some 1470 a in duration [79]. The D-O
cycles may be grouped into larger Bond cycles, terminated by intermittent
(every several 1000 years) Heinrich events [80]: iceberg ‘armadas’ released
from the Laurentide and Scandinavian ice sheets marking episodes of partial
collapse (Fig. le). The Heinrich events led to distinctive gravel-rich layers
within sea floor sediments (brought in from melting icebergs), metre-scale
rises in global sea level and rapid northern hemisphere cooling. The D-O
cycles have one-to-one counterparts in the southern hemisphere, but more
muted ones (about 1-3 °C in Antarctica) that are in partial antiphase
(Fig. 1), being offset from the northern D-O events by about 90° (northern
cold coinciding with southern warming) rather than in ‘see-saw’ fashion
[81,82]. The causal mechanisms of the D-O cycles and related phenomena
remain unclear, having been ascribed to changes in solar luminosity [83]
and also to ‘binge-purge’ cycles of the great ice sheets [84].

The transition into the current Holocene interglacial was complex: thus,
glacial conditions in the northern hemisphere were terminated at ca. 14.5 ka,
with rapid deglaciation ushering in the millennial-scale Allergd warm phase,
itself terminated by rapid cooling into the Younger Dryas cold interval, also
lasting about a thousand years. This finished abruptly at 11.8 ka, when tem-
peratures in the northern hemisphere rose by ca. 5 °C in about a decade,
ushering in the warm and relatively stable conditions of the Holocene.
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The reversal into the Younger Dryas has been ascribed to a major melt-
water flood from the Laurentide ice-sheet into the north Atlantic, putting a
low-salinity ‘lid’ on the north Atlantic, hence stopping the formation of the
cold dense (high-salinity) North Atlantic Deep Water current and its ultimate
return flow, the north Atlantic Drift (‘Gulf Stream’); eventual re-start of this
oceanic circulation pattern brought warmth once more back to the region.
As with the D-O cycles, correlation with the southern hemisphere was com-
plex, partly out-of-phase, and it is debated whether the climate changes were
driven from the north or the south [85,86].

11. THE HOLOCENE

The Holocene is simply the latest of the many interglacial phases of the
Quaternary; it is now longer than the preceding three interglacials by some
2000-3000 a [73], but only one-third of the length of the preceding one,
OIS 11 [87], that lasted one-and-a-half, rather than half a precession cycle;
it is still unclear to which style of interglacial the Holocene ‘naturally’
belongs to on astronomical grounds (and thus what its ‘natural’ duration might
be). Its duration to date has also been linked with the slow rise in atmospheric
carbon dioxide levels from 260 to 280 ppm, ascribed (controversially) to
pre-industrial forest clearance by humans [88].

To date, though, other than a brief northern-hemisphere cooling event at
8.2 ka (also ascribed to a meltwater pulse from the decaying ice-sheets:
[89], the Holocene has seen remarkable stability of temperature and sea level,
even when compared with other interglacials. Climate variation within it
includes subdued, millennial-scale temperature oscillations of 1 °C or so,
examples being the ‘Medieval warm period’ and succeeding ‘Little Ice
Age’, with sea level variations of perhaps 1 or 1-2 m [90]. As with the
D-O cycles, their cause is obscure. Other shorter-period variations include
the ENSO/EI Nino events and the North Atlantic Oscillation (NAO) (of a
few years periodicity each); as with the millennial scale variations, these have
far-reaching global impacts on such factors as regional rainfall patterns via
a series of global teleconnections [91].

12. CLIMATE OF THE ANTHROPOCENE

About two centuries ago, human population rose above a billion (it is now
over six billion). Widespread industrialisation, powered by fossil fuels, also
started then and continues to this day — indeed, is currently accelerating
[92,93]. The sum total of physical, chemical and biological changes asso-
ciated with this has led to the concept of the Anthropocene, a geological inter-
val dominated by human activity [94]; if considered as a formal stratigraphic
unit at an Epoch level [95], it follows that the Holocene has terminated.
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Climate drivers of the Anthropocene are already well outside Holocene
norms, for instance in: the marked increase in greenhouse gas levels (now higher
than in pre-industrial times by the amount separating glacial and interglacial
phases of the past, the change being considerably more rapid than either
glacial-to-interglacial changes [96] or those associated with, say, the Toarcian
event [46]; the changing nature of carbon sinks associated with land-use
changes; and, as we write, the diminishing albedo associated with rapidly
waning Arctic sea ice. The current greenhouse warming is acting on an already
warm phase, and hence is bringing in a novel environmental state. The long-
term effect, if median predictions of the Inter-Governmental Panel on Climate
Change [97] come to pass, may resemble the brief ‘super-interglacial’ suggested
by Broecker [98], the normal Quaternary Milankovitch cyclical climate changes
subsequently resuming. Alternatively, modelled changes to the long-term
carbon balance, together with threshold effects, suggest perturbation to at least
several glacial cycles [99]. In whichever scenario (but particularly in the latter),
the effects of the current warming will have geologically long-lasting effects.

13. CONCLUSIONS

The history of Earth’s climate system, as deduced from forensic examination
of strata, has shown a general very long-term stability, which has probably
been maintained by a complex interaction between the biosphere, atmosphere,
hydrosphere, cryosphere and lithosphere. Superimposed on this overall stabil-
ity has been a variety of climate perturbations on timescales ranging from
multi-million year to sub-decadal, inferred to have been driven, amongst
others, by variations in palacogeography, greenhouse gas concentrations,
astronomically forced insolation and inter-regional heat transport. Current
anthropogenic changes to the Earth system, particularly as regards changes
to the carbon cycle, are geologically significant. Their effects may likely
include the onset of climate conditions of broadly pre-Quaternary style such
as those of the ‘mid-Pliocene warm period’, with higher temperatures (partic-
ularly at high latitudes), substantially reduced polar ice cover, and modified
precipitation and biotic patterns.
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1. INTRODUCTION

The strength, direction, and steadiness of the prevailing winds are crucial for
climate. Winds associated with the atmospheric circulation lead to transports of
heat and moisture from remote areas and thereby modify the local characteristics
of climate in important ways. Specific names, such as extratropical Westerlies,
tropical Trades, and equatorial Doldrums remind us of the significance of winds
for the climate of a region and for the human societies living in it.

The purpose of this chapter is to discuss changes in the structure of the
atmospheric circulation and its associated winds that have taken place during
recent decades. These changes are best described as poleward displacements
of major wind and pressure systems throughout the global three-dimensional

Climate Change: Observed Impacts on Planet Earth
Copyright © 2009 by Elsevier B.V. All rights of reproduction in any form reserved. 145



146 Indicators of Climate and Global Change

atmosphere. The associated trends are important indicators of climate change
and are likely to have profound influences on ecosystems and societies.

This review is focused on two important examples of such change: first,
tropical circulation change related to a poleward expansion of the Hadley cell
(HC) and second, extratropical circulation change, as manifested by a pole-
ward shift of the zone of high westerly winds in the midlatitudes, also known
as an enhanced positive phase of the annular modes (AMs). Although both
changes are associated with similar poleward displacements, it still remains
to be seen whether the two phenomena are directly connected.

As with most aspects of climate change, the circulation changes that
occurred over the past are still relatively subtle, making it difficult to distin-
guish them from naturally occurring variations. The difficulty of reliably
monitoring the global circulation is an additional complication. Long-term
records of the atmosphere exist at few locations only, and most regions of
the Earth are not observed. The problem of sparse observations can be partly
overcome by utilizing meteorological reanalyses, which represent a combina-
tion of numerical weather predictions and available observations. In the pres-
ent context, however, reanalyses are only of limited use, since changes in the
mix of used observations over time create spurious trends in the data [1].

Because of the difficulty in observing the atmospheric circulation and its
long-term trends, this review will not only rely on observation-based evidence
but also include findings from general circulation models (GCMs). GCMs are
certainly not perfect representations of the real system, but they are extremely
valuable in situations where observations alone are not giving sufficient infor-
mation. For example, they allow producing consistent time series of virtually
any length, location, and quantity. GCMs can be used to perform actual experi-
ments of the Earth’s climate system in its full complexity, an undertaking that
would be impossible in a laboratory setting. This makes GCMs indispensable
research tools, in particular for the search for human influences on climate.

The most intriguing challenges regarding the atmospheric circulation
and climate change are to understand what the nature of this change is, what
the consequences for surface climate are, and what the underlying causes
and mechanisms are. At the beginning of this review, we will develop some
basic understanding of the nature of the atmospheric circulation to provide
necessary information for the remainder of this chapter. Next, I will give an
overview of observation and model-based evidence of past circulation
change. This discussion will primarily focus on the tropical widening
phenomenon. I will continue by presenting some of the mechanisms that
have been put forward in the literature to explain the widening. Later, I will
clarify the relationship to other important forms of climate change and in
particular to extratropical circulation change. I will conclude by summari-
zing some outstanding research questions and by highlighting possible
impacts of atmospheric circulation change on other components of the
global climate system.
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2. THE GENERAL CIRCULATION OF THE ATMOSPHERE

The general circulation of the atmosphere describes the global three-dimen-
sional structure of atmospheric winds. Halley [2] was probably the first to
realize that the sphericity of the Earth and the resulting spatially non-uniform
distribution of solar heating are the basic drivers behind this circulation. The
tropics absorb about twice the solar energy that the higher latitudes absorb,
creating a meridional gradient in temperature and potential energy. Some of
the potential energy is converted into kinetic energy [3], which is manifested
as wind. The winds are then deflected under the influence of the rotating
Earth, creating the complicated flow patterns of the general circulation.

Atmospheric flow leads to systematic transports and conversions of energy
within the Earth climate system. The different forms of energy involved are
sensible heat, latent heat, potential energy, and kinetic energy. Typically,
the energy transports are directed against spatial gradients, thus reducing the
contrasts between geographical regions. For example, the winds transport
warm air from the tropics to the extratropics and cold air in the opposite direc-
tion, decreasing the temperature contrasts between low and high latitudes.
Similarly, the general circulation redistributes water from the oceans to the
continents and supplies land surfaces with life-bringing precipitation. In other
words, the atmospheric circulation exerts a moderating influence on climate
and reduces the extremes in weather elements. The atmospheric winds also
help drive the oceans, which in turn redistribute heat from low to high lati-
tudes, nutrients from the ocean interior to the surface, and carbon from the
atmosphere to the ocean. Because of its important role in redistributing pro-
perties within the climate system the general circulation has also been dubbed
the “great communicator” [4].

The distinction into tropical and extratropical regimes is fundamental for
the Earth atmosphere. In the extratropics, large-scale motions are governed
by quasi-geostrophic theory, a simple framework related to the near perfect
balance between the pressure gradient force and the Coriolis force. The extra-
tropical circulation is dominated by cyclones, which are also called storms,
eddies, or simply waves. These cyclones are the product of baroclinic instabil-
ity, which develops particularly strongly during winter as a consequence of
the intense pole-to-equator temperature gradient during that season. The
storm-track regions over the western parts of the Pacific and Atlantic oceans
are the preferred locations for the development of such systems.

In the tropics, the Coriolis force is weak, and other effects such as friction,
and diabatic and latent heating become important [5]. The resulting tropical cir-
culation is very distinct from the extratropics. The HC [6] is the most prominent
tropical circulation feature. It extends through the entire depth of the
troposphere from the equator to the subtropics (ca. 30° latitude) over both hemi-
spheres (Fig. 1). The cell develops in response to intense solar heating in the
Inter Tropical Convergence Zone (ITCZ) near the equator. The moist tropical
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FIGURE 1 Climatological mean circulation in the height-latitude plane during boreal summer
(June, July, August) (JJA). Vertical axis is atmospheric pressure (in hPa) and height (in km)
and horizontal axis is latitude (in degrees). The continuous black line denotes the thermally
defined tropopause. (Top) Zonal mean zonal winds (in m-s~!) derived from National Centers
for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanaly-
sis. The approximate position of the subtropical jet and the eddy driven jet is denoted by SJ and
EJ, respectively. (Bottom) Mean meridional mass streamfunction (in kg-s '), with arrows indicat-
ing the direction and strength of the zonal mean overturning associated with the Hadley cell, with
a strong winter cell in the SH and a weak summer cell in the NH.

air warms, becomes buoyant, and rises towards the upper troposphere. The
rising air cools adiabatically, leading to condensation, release of latent heat,
and production of clouds and intense precipitation. In the upper troposphere,
the air then diverges towards the poles and descends in the subtropics. The air
is now dry and warm since it lost its moisture but retained much of the latent heat
gained while rising. Consequently, the climate under the descending branch of
the HC is characterized by dry conditions and relatively high pressure. The

height/km

height/km
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HC is closed by the trade winds at the surface, which take up moisture from the
oceans before they converge into the ITCZ.

The Walker circulation [7,8] is another important tropical circulation sys-
tem, representing east-west oriented overturning of air across the equatorial
Pacific. It is driven by low pressure and convection in the west, and high pres-
sure and subsidence in the east. The pressure differences across the Pacific are
due to warm sea surface temperatures (SSTs) over the west and rather cool
SSTs over the east. Variations in these SSTs and the Walker circulation are
closely related to the El Nifio Southern Oscillation (ENSO) phenomenon,
a naturally occurring instability of the coupled atmosphere—ocean system that
has worldwide climate impacts [9].

The meridional overturning associated with the HC is also important for
the extratropical circulation. For example, the poleward moving air in the
upper branch of the HC tends to conserve angular momentum, spinning up
a region of high zonal winds over the subsiding branch of the HC. This is
the subtropical jet (Fig. 1). The jet, however, is not entirely angular momen-
tum conserving, mainly because of the stirring action of the midlatitudes
storms [10]. The stirring creates net fluxes of zonal momentum out of the
jet and into the midlatitudes, which are so-called divergences and conver-
gences of eddy-momentum. The consequence of these fluxes is a slowing
of the subtropical jet and the creation of another wind maximum poleward of
the subtropical jet. This second zone of high-wind speeds is the eddy-driven
or polar-front jet [11]. This jet is often merged with the subtropical jet,
giving the appearance of only one tropospheric jet centered at ~30° latitude
[12]. Only over the southern hemisphere (SH) and during winter are the two
jet systems fairly well separated.

How does climate change impact the atmospheric circulation? Alterations
of the radiative balance of the Earth due to climate change modify regional
temperature and humidity structures. The winds respond to the resulting
gradients and change the intensity and structure of the circulation. In the
following sections, I will present evidence that such change is already taking
place, and discuss some of the underlying theoretical mechanisms.

3. THE POLEWARD EXPANSION OF THE TROPICAL
CIRCULATION

The location of the poleward boundaries of the tropics are not defined in
unique and commonly accepted ways. This is related to the lack of an easily
identifiable boundary between the extratropics and tropics. Atmospheric fea-
tures undergo a more or less gradual transition between the two zones. The
poleward extent of the tropics, therefore, depends on the definition of specific
indicators of tropical width. Indicators that have been used in the past can be
roughly divided into two categories. The first includes dynamical indicators,
which focus on characteristic features in the atmospheric circulation at the
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outer edges of the tropics. Examples are the poleward boundary of the HC, the
position of the subtropical jet cores, or the latitude where the surface winds
change from westerly to easterly. The second consists of physical indicators,
which utilize other aspects of the atmosphere that exhibit relatively sharp gra-
dients at the tropical edge. These include the amount of outgoing longwave
radiation, the concentration in stratospheric ozone, the height of the thermally
defined tropopause, the relative humidity of the air, or the difference between
precipitation and evaporation at the surface.

3.1. Observation-Based Evidence

Rosenlof [13] was probably the first to investigate long-term trends in the
width of the tropics by studying the latitudinal extent of the upwelling branch
of the Brewer—Dobson circulation in the lower stratosphere. This circulation
represents a slow meridional overturning that extends through troposphere
and stratosphere, with upwelling in the tropics and downwelling in higher lati-
tudes. Rosenlof applied this indicator to reanalyses and found that the width
of the tropics has increased by about 3° latitude per decade during the period
1992-2001. This rate is rather large and likely contains considerable observa-
tional uncertainty.

Continuing the pioneering work by Rosenlof, a subsequent study by
Reichler and Held [14] focused on the structure of the global tropopause as
another indicator of tropical width. This indictor is based on the well-known
distinction between the tropics, where the tropopause is high, and the extratro-
pics, where the tropopause is low (Fig. 1). The advantage of this method is
that the tropopause is a relatively well observed atmospheric feature that
can be easily derived from three-dimensional temperature fields. Using data
from radiosondes (Fig. 2) and reanalyses (Fig. 3), it was found that the tropics
have been expanding by about 0.4° latitude per decade since 1979. The same
study arrived at very similar results by examining the separation distance
between the two subtropical jets. Although the new widening figure was con-
siderably smaller than what was found earlier [13], it confirmed the original
result that the tropics were expanding.

The initial studies sparked a flurry of new research activity, aimed at better
understanding the new phenomenon and its underlying cause. For instance,
Fu et al. [15] examined long-term data (1979-2005) from the satellite-borne
microwave sounding unit and found that the midtropospheric global warming
signal was most pronounced in the subtropics (15-45°). It was argued that the
enhanced warming was caused by a poleward shift of the subtropical jets.
Hudson et al. [16] defined the location of the tropical edges from the charac-
teristic distribution of total ozone between the tropics and the extratropics.
They examined long-term records of total ozone from the Total Ozone
Mapping Spectrometer instruments and found that the area over the northern
hemisphere (NH) occupied by low ozone concentrations, which is indicative
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FIGURE 2 Changes in tropopause pressure during boreal winter (December, January, February)
derived from gridded radiosonde data HADRT V2.1 [93]. (Top) Absolute tropopause pressure (in
hPa) averaged over 1987-2001. (Bottom) Differences in tropopause pressure (in hPa) between the
late period 1987-2001 and an early period 1958—1972. Bluish grid points indicate that tropopause
pressure is decreasing and tropopause heights are increasing. The bluish banded structures over
southern Australia and southern Europe indicate a trend toward tropical tropopause conditions
and thus a widening of the tropics. Adapted from [14].

for tropical regions, has increased over time. Seidel and Randel [17] also used
the tropopause criterion to distinguish between the tropics and extratropics
and examined the bimodal distribution of tropopause heights in the subtropics.
Applying this measure to radiosonde and reanalysis data they again concluded
that the tropics have been expanding.

Table 1 provides an overview of these and other relevant studies. Individ-
ual widening estimates range between 0.3° and 3° latitude per decade, with
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FIGURE 3 Zonal mean profile of the tropopause during boreal summer (JJA) derived from
NCEP/NCAR reanalysis. Shown are the tropopause pressure (in hPa, left axis) averaged over
the years (black) 1958-1967 and (dark grey) 1992-2001. Light grey shading indicates the differ-
ences in tropopause position between the two periods. The dashed curve shows the difference in
tropopause pressure (in hPa, right axis). Horizontal axis shows latitude (in degrees). Adapted
from [14].

TABLE 1 Estimates of tropical widening (in degrees latitude per decade)

from observation-based studies

Study Indicator Data Widening
Rosenlof [13] Tropical upwelling Analyses 3.0
(60 hPa)
Reichler and Tropopause height Radiosonde 0.4
Held [14] .
Tropopause height Reanalyses 0.7
Fu et al. [15] Tropospheric MSU 0.7
temperatures
Hudson et al. [16] Total ozone TOMS 1.0 (NH only)
Seidel and Randel Tropopause height Radiosonde, 1.8-3.1
[17] reanalyses
Hu and Fu [59] Outgoing longwave Various satellite 1.5
radiation sensors
Mean meridional Reanalyses 1.0
circulation
Archer and Caldeira  Jet stream separation Reanalyses 0.3
[92]
Seidel et al. [23] Jet stream separation Reanalyses 1.0
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a consensus widening of about 1.4°. The wide range of outcomes may be
reconcilable in terms of observational uncertainties and methodological dif-
ferences. However, some of the estimates are probably unrealistically large.
For example, a sustained widening of 3° or more over the past three decades
would have led to pronounced shifts in climate that have not been observed.
Excluding some of the outliers, the most likely consensus estimate is, there-
fore, close to 1° latitude widening per decade over the recent decades.

Another important aspect of the observed tropical widening is its regional
and seasonal structure. At least two studies suggest that the widening trend is
strongest during summer of the respective hemisphere and that it is generally
more pronounced over the SH than over the NH. In other words, the tropical
expansion is largest over the SH during December, January, and February,
and it is smallest over the NH during the same months.

3.2. Model-Based Evidence

The observed expansion is also reproduced by climate models that are driven
with the observed history of forcings over the past decades. For example,
most of the twentieth century scenario integrations of the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change (IPCC-AR4) [18]
reproduce a widening of the tropopause [14]. The widening in the model with
the largest expansion amounts to 0.7° latitude per decade over the last three
decades, which is consistent with the observations. However, other models
simulate much smaller rates, and some even negative ones. When the mean
meridional circulation is used as indicator for the tropical edge, the same
simulations averaged over all models show a widening of 0.2° latitude per
decade over the period 1970-1999 [19].

Given the relatively small expansion seen in GCM simulations for the past
one may ask how models respond to stronger greenhouse gas increase, which
is expected to take place in the future. Kushner et al. [20] forced a fully cou-
pled GCM with ~1% CO, increase per year and found over the SH a strong
poleward shift of the westerly jet and of several related dynamical fields. The
A2 scenario integrations of the IPCC-AR4 project, which correspond to a
strong future increase in greenhouse gases, also reproduce robust poleward
shifts of the jets [21], with an ensemble mean response of ~0.2° latitude
per decade over the period 2000-2100 [19,22] (Fig. 4).

The aforementioned studies demonstrate that GCMs respond to anthropo-
genic forcings in expected ways, that is, the tropical edges and other aspects
of the general circulation move poleward (Fig. 4). However, the model
simulated trends seem to be smaller than in the observations. For example, the
mean widening rate under the A2 scenario is about five times smaller than what
was apparently observed during the past, despite the strong increase in green-
house gas forcing under the A2 scenario. One might conclude that models
have deficits in simulating the full extent of the widening. Seidel et al. [23],
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FIGURE 4 Displacements of (x-axis) the poleward boundaries of the tropical HC and (y-axis)
the subtropical dry zone for different GCMs and scenarios. Reddish colors are for the NH and blu-
ish colors are for the SH. The circles, hexagrams, and triangles denote the changes (2081-2100
minus 2001-2020, in degrees latitude) estimated from the A2, A1B, and Bl scenarios of the
IPCC-AR4 simulations. The open symbols denote the multimodel ensemble mean values. The
crosses centered on each circle show the 95% confidence intervals using a Student’s r-test.
Adapted from Ref. [22].

for example, raised the possibility that the poor representation stratospheric
processes in the IPCC-AR4 models [24,25] may be in part responsible.

However, there are also reasons that may help to reconcile the discrepan-
cies between observed and simulated trends. For example, the width of the
tropics may undergo large natural swings on decadal and longer time scales;
although model-derived estimates of this component of variability do not
seem to support this explanation [19]. In addition, despite the increase in
greenhouse gases, future trends may be smaller than past trends because of
the expected recovery of stratospheric ozone [26]. And lastly, given the diffi-
culty to make consistent long-term atmospheric observations, it is likely that
the observed trends contain large uncertainties. Based on these limitations,
it is currently impossible to say how realistic models simulate past and future
widening trends.
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4. THE DECREASING INTENSITY OF THE TROPICAL
CIRCULATION

Another important aspect of the tropical overturning circulation is its strength.
Theoretical considerations suggest that global warming weakens the strength
of the mean tropical circulation [27,28]. This can be understood from the
increasing moisture holding capacity of air in a warmer world, which is
not followed along by an equivalent intensification of the hydrological cycle.
A circulation slow-down is required to compensate for the difference.

Long-term observations of sea level pressure over the tropical Pacific
reveal a weakening of the zonally asymmetric Walker circulation [29,30],
which is consistent with the theoretical findings. Model simulations suggest
that this downward trend is largely due to anthropogenic forcing and that this
trend is going to continue in the future [28,31,32]. Warming of SSTs seems to
be mostly responsible for the weakening [33].

For reasons yet to be understood, models also suggest that the weakening
of the tropical circulation affects mostly the east—west oriented Walker circu-
lation and not so much the zonal-mean HC [22,28]. This finding is also sup-
ported by the analysis of radiosonde data [34]. Atmospheric reanalyses give a
somewhat mixed picture in this respect, with some indicating intensification
and others showing no change [34,35]. This discrepancy may be related to
well-known quality problems of the reanalysis [1]. Overall, the relative stabi-
lity of the HC strength suggests that intensity changes in the tropical circu-
lation are probably less important for the poleward movement of the HC
and other elements of the general circulation.

5. EMERGING MECHANISMS

Understanding why the tropics are expanding under climate change is an area
of active research. Several ideas have been put forward so far which, individ-
ually or together, may help to explain the phenomenon. Here, I will discuss
three principal mechanisms that have been suggested in the literature: the
changes in tropical tropopause heights, extratropical eddy activity, and static
stability. In addition, I will explain what role recent and future SST changes
have for the tropical width.

5.1. Tropical Tropopause Heights

Analysis of radiosonde [36] and reanalysis data [37,38] shows that the height
of the global tropopause has increased over the past decades, and GCM
experiments indicate that anthropogenic climate change is likely responsible
for this increase [39]. This increase has been suggested as a possible reason
for the poleward expansion of the tropical circulation. For example, nearly
inviscid theory for axisymmetric circulations, proposed by Held and Hou [40],
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suggests that the meridional extent of the Hadley circulation varies propor-
tionally with the square root of its vertical depth. However, applying this
scaling to the past observed tropopause height increase of about 200 m
[39] leads to a tropical expansion of only 0.1° latitude per decade, which
is less than what is suggested by the observations and by most models. Ana-
lyses of idealized [41,42] and more complex climate models [22,43] also
demonstrated that the Held and Hou theory does not provide a good expla-
nation for the full parameter dependence of the meridional extent of the HC.

Other studies have suggested that changes in tropopause heights poleward
of the jet are key to the poleward shift of the jet and the tropical edges
[21,44,45]. These modeling studies have in common that the height of the tro-
popause is controlled by externally imposed temperature changes above or
below the tropopause. However, this not only affects the height of the tropo-
pause but also the meridional temperature gradients, the zonal winds, and the
vertical wind shear by way of the thermal wind relationship. The additional
circulation changes make it difficult to unequivocally assign the cause for
the tropical widening to the lifting of the tropopause. In addition, none of
the above studies puts forward a convincing physical mechanism by which
tropopause height changes impact the position of the jets and the tropical
edges.

5.2. Extratropical Eddies

The aforementioned recent increase in global tropopause heights is closely
associated with systematic temperature changes below and above the tropo-
pause [46]. Temperatures have been warming in the troposphere and cooling
in the stratosphere, both of which have shown to be related to anthropogenic
activity [47-49]. The pattern of warming and cooling also affects the zonal
wind structure in the region of the subtropical upper troposphere and lower
stratosphere (UTLS). This is related to the height structure of the tropopause.
In the tropics, the tropopause is high and global warming reaches up to
~16 km. In the extratropics, the tropopause is low and warming reaches only
up to ~12 km, followed by cooling in the stratosphere above. Thus, at inter-
mediate heights of the UTLS region (~12—16 km) the tropics warm and the
extratropics cool, leading to an increase in meridional temperature gradients,
and, by the thermal wind relationship, to an increase of zonal wind speeds
above.

Chen and Held [50] proposed a mechanism that establishes a connection
between the pattern of warming and cooling in the UTLS region, the asso-
ciated zonal wind anomalies, and the poleward movements of the jets. Extra-
tropical tropospheric eddies play a central role in this mechanism. The eddies
tend to move eastward with the zonal flow and equatorward toward the sub-
tropics until they approach their critical latitudes, where their phase speed
equals the speed of the background zonal flow. There, the waves grow in



Changes in the Atmospheric Circulation 157

amplitude, break irreversibly, and decelerate the flow as a result of the
absorbed wave activity. A key to understanding the mechanism is that the
zonal wind in the UTLS region determines the eastward phase speed of extra-
tropical tropospheric waves. Climate change related increases in UTLS winds
increase the speed of the waves. According to critical layer theory, the now
faster waves cannot penetrate as far equatorward into the regions of decreas-
ing zonal winds. This in turn confines the zone of the eddy-driven jet more
poleward and leads to a more positive state of the AMs.

Critical elements of this mechanism were identified in both model simula-
tions and observations [50]. Later, this mechanism was extended by arguing
that the poleward shift of the eddy-driven subsidence in the subtropics
not only affects the AMs but also the HC related portion of the subsidence,
which would move the boundaries of the HC and thus the tropical edges
poleward [51].

5.3. Static Stability

Changes in the vertical temperature structure of the atmosphere provide yet
another explanation for the tropical widening. Such changes are related to
the vertical non-uniformity of the tropospheric global warming signal. Obser-
vations as well as model experiments indicate that the global warming signal
in the upper troposphere is stronger than in the lower troposphere and that it
maximizes in the tropical upper troposphere [52,53]. The upper tropospheric
amplification is a well-established consequence of the quasi-moist adiabatic
adjustment of the atmosphere, which leads to an increase in static stability
in both the tropics [54,55] and extratropics [56—58].

Theory proposed by Held [10] establishes a connection between static sta-
bility and tropical width. The theory assumes that the upper, poleward moving
branch of the HC is angular momentum conserving. The poleward moving air
increases its zonal wind speed until it becomes baroclinically unstable and
breaks down under the growing vertical wind shear. This marks the latitude
of the outer boundary of the HC. Global warming related increases in static
stability postpone the point where the atmosphere becomes baroclinically
unstable. As a consequence, the HC expands towards higher latitudes.

The original theory was later refined by arguing that the poleward move-
ment of the HC is intimately tied to the eddy-driven jet [51]. Global warming
related reduction of baroclinicity at the equatorward flank of the eddy-driven
jet stabilizes eddy growth and moves the jet and the associated subsidence
toward the poles. The HC follows along since in the subtropics both HC
and eddy-driven jet are associated with subsidence.

Independent of which interpretation is best, studies with both idealized
models [41,43] and full global climate models [22,51] confirm that the Held
[10] theory holds reasonably well in model simulated climates. For example,
in idealized parameter sweep experiments, which were forced with prescribed
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SSTs, Frierson et al. [43] find that the global mean warming is the primary
reason for the expansion of the HC and that increases in meridional tempera-
ture gradients play only a secondary role. It is also noteworthy that the global
warming related increase in static stability is expected to be particularly
strong during summer and over the SH [57], which is consistent with the
regional and seasonal patterns of the observed tropical widening [14,59].

5.4. The Role of SST Forcing

Surface temperatures over the tropical oceans undergo changes over time,
which have been shown to have important consequences for the global atmo-
spheric circulation [60,61]. These SST changes are primarily related to the
natural ENSO phenomenon and to anthropogenic climate change. ENSO
related SST fluctuations are periodic in nature and mainly affect the equatorial
Pacific. Besides, global SSTs exhibit significant long-term trends that are
associated with anthropogenic climate change [62]. The trends over the tropi-
cal Pacific resemble the SST pattern that exists during the warm phase of
ENSO, which is related to the climate transition from 1976 to 1977 and the
associated upward swing of the Pacific Decadal Oscillation (PDO) [63,64].

Various studies have demonstrated that the tropics are contracting during
the warm phase of ENSO (El Nifo), as indicated by equatorward displace-
ments of the jet, storm track, eddy momentum divergence, and edge of the
HC [33,51,65-68]. This equatorward shift is most pronounced over the SH,
but it is also detectable over the NH. One way of understanding the contrac-
tion is the intensification of the thermally driven Hadley circulation as the
equatorial SSTs become warmer [69]. The stronger HC leads to a westerly
acceleration in its upper, poleward moving branch and thus to a strengthening
of the subtropical jet. Invoking similar arguments as before, this moves the
critical latitude for extratropical wave propagation equatorward, allowing
the extratropical eddies to penetrate deeper into the tropics than during normal
or cold ENSO conditions. As a result, elements of the circulation, including
the tropical edge, shift equatorward.

An alternative explanation for the contraction of the tropics during El Nifio
is that the increased equatorial heating increases the pole-to-equator tempera-
ture gradient and draws the zone of maximum baroclinicity towards the equa-
tor. Consequently, the eddy-driven part of the circulation is shifted towards
lower latitudes. There is also evidence that the increase in surface baroclini-
city in association with El Nifio impacts the type and number of non-linear
wave breaking, which in turn may change the structure and position of the
jet [68,70].

Lu et al. [71] found that the tropics are also contracting when a GCM is
only forced by the observed history of SST and sea ice distribution but when
atmospheric radiative effects due to natural and anthropogenic sources are
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excluded from the forcing. This can be understood from the El Nifo-like pat-
tern in the long-term trend of equatorial Pacific SSTs, which causes an equa-
torward shift of the circulation. This suggests that the tropical widening is
largely a result of radiative effects (i.e., increased greenhouse gases and/or
stratospheric ozone depletion), and that tropical effects are less important than
extratropical effects. The finding by Lu et al. [71] also illustrates that climate
change related shifts of the general circulation are complex and that the full
response cannot be explained from one single mechanism alone.

6. CONNECTION TO EXTRATROPICAL CIRCULATION
CHANGE

The extratropical circulation also undergoes important shifts under climate
change, as revealed by observations and model data. The most prominent
examples are the AMs, which are the dominant modes of large-scale extratro-
pical variability [72]. The AMs are defined by shifts in sea level pressure
between the high and middle latitudes, which are associated with equivalent
barotropic changes in zonal winds, temperature, and geopotential height.
There exists a tight relationship between AM variability and the position of
the eddy-driven jet [65]; in other words, a positive AM is congruent with a
poleward shift of the eddy-driven jet and its associated momentum fluxes.

The AMs have exhibited positive trends in both hemispheres in recent
decades [73,74]. These were associated with lower than normal pressure over
the poles and meridional shifts of the eddy-driven jet and the surface westerlies.
The past trends were robust over the SH [15,74,75] but somewhat ambiguous over
the NH [76-79]. Climate change simulations suggest that these trends are caused
by increases in greenhouse gases and stratospheric ozone depletion [20,80-83].

Changes in the extratropical circulation are largely consistent with trends
in the tropical circulation. For example, Previdi and Liepert [84] found in
the IPCC-AR4 simulations a significant connection between variability in
the AMs and the width of the HC: An increase in the AM index is accompa-
nied by a poleward movement of the HC, and future upward trends in the
AMs explain about half of the future expansion of the tropics. Consistent with
the tendency toward more positive AMs, the twenty-first century simulations
of the IPCC-AR4 [80] and other simulations [85] show that the extratropical
storm tracks and the zone of the maximum surface westerlies move poleward
and become more intense under global warming.

The observed and projected shifts of the AM under climate change can be
explained, at least in part, by the eddy mechanisms [86] mentioned before:
increased greenhouse gases and/or stratospheric ozone depletion lead to upper
tropospheric warming and lower stratospheric cooling across the tropopause
slope, which increases the UTLS winds and the phase speed of midlatitudes
eddies. Invoking critical layer arguments, this results in a poleward shift of
the eddy momentum flux convergence in the midlatitudes (i.e., a more
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positive AM). At the same time, the eddy-driven subsidence in the subtropics
is also shifting poleward, which helps to explain the phase variability between
the AM and the tropical width.

Stratospheric climate change also seems to be connected to the widening
of the circulation. Increases in greenhouse gases and ozone depleting sub-
stances over the past have led to a substantial cooling of the stratosphere,
especially over higher latitudes [48]. The resulting changes in zonal wind
structure and subsequent dynamical interaction between the stratosphere and
troposphere [87,88] may influence tropospheric climate [25]. The recent
increase in the AM index over the SH has been linked to stratospheric ozone
depletion over the Antarctic [74,81,82]. In the future, the additional build-up
of greenhouse gases is expected to lead to a year-round positive shift of the
AMs in both hemispheres. Over the SH, this positive trend is opposed by
the expected recovery of stratospheric ozone over the SH [26]. Model simula-
tions indeed demonstrate that ozone recovery has a seasonal effect that dom-
inates and reverses the positive AM trend during summer [24,89].

7. OUTSTANDING PROBLEMS AND CONCLUSIONS

In summary, there exists considerable scientific evidence that key-elements of
the atmospheric circulation have been moving poleward during the last few
decades. Current theories as well as model experiments indicate that human
activity in association with greenhouse gas increases and stratospheric ozone
depletion is the most likely cause for the trends. However, it cannot be ruled
out that natural climate variability also plays an important role, and there are
many other aspects of these shifts that are not well understood.

The most notable reason for this deficit is the lack of climate-quality
observations. Such observations are required to accurately characterize the
nature of change, to validate climate models, and to falsify theories. However,
as demonstrated by the wide range of outcomes from the tropical widening
studies, the uncertainties in observing this phenomenon are large. Better
observations are also needed to explore the regional and seasonal characteris-
tics of the trends, and to decide how much of the observed change is due to
natural low-frequency variability. It is hoped that some of these issues can
be resolved in the near future, when satellite-based observation records will be
long enough to be useful for climate studies. One of these records could come
from the global positioning system radio occultation (GPS-RO) technique,
which has great potential for monitoring the poleward edges of the tropics [90].

To some extent, model simulations can make up for what observations are
lacking. But, as with the observations, the spread of outcomes in the current
generation of models is still unsatisfactorily large. Although most models
indicate a tropical expansion over the past, some actually simulate a con-
traction. These discrepancies may be related to differences in forcings, but
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important systemic inter-model differences are likely to be responsible as
well. Understanding why the various models arrive at different answers and
reconciling the differences would greatly aid in understanding the underlying
causes and mechanisms for the widening and lead to more reliable simulations
of the future widening.

There has been a marked improvement in our theoretical understanding of
the circulation change. Three important mechanisms have been presented in
this review, but it is still unclear which, if any, is correct. If several mechan-
isms are involved, then their relative contributions need to be understood.
There is a strong indication that structural changes in extratropical eddies in
relationship with lower stratospheric temperature change are behind some of
the trends. However, increasing amounts of water vapor in a warmer climate
may also modify eddy structure and thus lead to circulation change. This issue
has not been adequately addressed, so far. A related question is whether the
extratropical and tropical circulation trends have a common cause and
whether they are connected to a similar mechanism.

What are the consequences of changes in the general circulation for
other components of the Earth climate system? So far, the basic structure
of the atmospheric circulation has remained unaltered and the position
changes are only of modest amplitude. But even small shifts in the location
of the HC, jets, and stormtracks can have important implications for
regional climates by modifying patterns of storminess, temperature, and
precipitation [85,91]. Particularly sensitive are regions with large spatial
gradients in their normal distribution of precipitation, like the subtropical
dry-zones (Fig. 4). There, even small trends decide whether there is a sur-
plus or a deficit in overall rain. For example, the expansion of the HC
may cause drier conditions over the subtropical semi-arid regions, including
the Mediterranean, the southwestern United States, southern Australia, and
southern Africa [23], and it was speculated that this process is already under
way [91]. Atmospheric circulation change may also alter ocean currents.
Because oceans are important regulators of climate, this may induce com-
plicated and unexpected feedbacks, which either amplify or diminish the
original cause for change.

Given the important role of the atmospheric general circulation for cli-
mate, any change in its structure is of concern. It may lead to profound
changes in other parts of the global climate system with potentially important
implications for natural ecosystems and human societies.
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APPENDIX: LIST OF ABBREVIATIONS

AM annular mode

ENSO El Nino Southern Oscillation
GCM general circulation model
HC Hadley cell

IPCC-AR4 fourth assessment report of the intergovernmental panel on
climate change

ITCZ inter tropical convergence zone

NH northern hemisphere

PDO Pacific decadal oscillation

SH southern hemisphere

SST sea surface temperature

UTLS upper troposphere/lower stratosphere
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1. INTRODUCTION

It is now widely accepted in the earth-science scientific community that the
emission of large amounts of greenhouse gases of anthropogenic origin
(namely carbon dioxide and methane), into the atmosphere is partially respon-
sible for recent trends in the climate of our planet at the global scale [1]. How-
ever, the separate of the roles of natural and human influences on climate
change has only recently been elucidated [2]. This groundbreaking research
has quantified the anthropogenic contribution to climate change through stud-
ies involving surface air temperature [3,4], precipitation [5] and sea level
pressure (SLP) [6]. In spite of this, climate change at a regional level can
be more difficult to understand than changes occurring at the global or hemi-
spheric scales. Recent positive trends in temperature and sea level height have
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been amplified or partially offset, at the regional scale, by changes of atmo-
spheric circulation. The same rationale seems to apply to climate change sce-
narios under a warmer planet [7]. It is therefore important to understand the
climatic role of the most important large-scale patterns and to provide an assess-
ment on their changes (variability and trends) over the recent historical period.

Two of the most important modes of atmospheric variability, namely the
Southern Oscillation (SO) (later associated with El Nifio and coined ENSO)
and the North Atlantic Oscillation (NAO) were identified in the pioneering
works of Gilbert Walker [8,9]. However, the majority of these large-scale cir-
culation patterns (also known as teleconnections) were only identified
unequivocally in the 1980s (e.g. [10,11]). These and subsequent studies con-
firm the climatic influence of both ENSO and NAO but also of the Pacific-
North American Pattern (PNA). These teleconnections are known to have
large impacts on the climate of entire continents due to their influence on
the main physical mechanisms that rule near surface weather, namely
controlling the main cyclone trajectories, enhancing heat advection, changing
cloud cover and consequently the radiation balance [12—14]. It should be
stressed that the relevance of these modes is seasonally dependent, that is,
they only have a signature during part of the year [11]. Other modes, usually
of a more regional nature, and only relevant during part of the year, may play
a minor, albeit relevant role in modulating local climate.

None of the above mentioned teleconnections presents a distinctively sym-
metric behaviour over either hemisphere. However, two additional modes
have been added in the last decade, the Northern Annular Mode (NAM) and
the Southern Annular Mode (SAM) and these are characterised by a certain
symmetry in their patterns [15]. The NAM is also known as the Artic Oscillation
(AO) pattern and is closely related to the better established NAO pattern [16].

In this chapter, we will present a summary of the main results published in
recent literature on changes in frequency and magnitude of the most important
large-scale circulation patterns (NAO, PNA). Secondly, we will focus our
attention on major trends in the occurrence of other important tropical pat-
terns, such as ENSO, Tropical Cyclones (TCs) and Monsoons due to their rel-
evance to tropical and sub-tropical climate regimes.

2. OBSERVED CHANGES IN EXTRA-TROPICAL PATTERNS

In the last two decades an increasing number of studies have gathered a
wealth of information on changes of the most important circulation patterns
that affect the climate conditions in the extra-tropical latitudes of both hemi-
spheres. However, the imbalance between the northern and southern hemi-
spheres in the extent of continental dry land, and affected population
explains the bias towards Northern Hemisphere (NH) studies.

Different approaches have been developed to derive the main atmospheric
circulation patterns that characterise the large-scale circulation over the entire
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NH [10,11]. Here, the NAO and PNA teleconnection indices were obtained
from the U.S. National Oceanographic and Atmospheric Administration
(NOAA) Climate Prediction Center (CPC) (http://www.cpc.noaa.gov/data/-
teledoc/nao.shtml). The methodology employed by CPC to identify the tele-
connection patterns is based on rotated principal component analysis
(RPCA) [11] applied to monthly mean standardized 50 kPa geopotential
height anomalies. Spatial patterns of the NAO and PNA can be seen in Figs. 1
and 3, respectively, and represent the temporal correlation between the
monthly standardized height anomalies at each point and the monthly telecon-
nection pattern time series from 1960 to 2000.

2.1. North Atlantic Oscillation (NAO)

The NAO was recognised more than 70 years ago as being one of the major
patterns of atmospheric variability in the NH [8,9]. Historically, the NAO
has been defined as a simple index that measures the difference in surface
pressure between Ponta Delgada in the Azores and the Icelandic station of

NAO

0.8

0.7

0.6

0.5

0.25

-0.25

FIGURE 1 Spatial pattern of the NAO as given by the temporal correlation between the Winter
(DJFM) monthly standardised 50 kPa geopotential height anomalies at each point and the monthly
teleconnection pattern time series from 1960 to 2000.
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FIGURE 2 (Reprinted from Fig. 3.31 of Ref. [7]). Normalised indices (units of standard devia-
tion) of the mean winter (December—March) NAO developed from sea level pressure data. In
the top panel, the index is based on the difference of normalised sea level pressure between
Lisbon, Portugal and Stykkisholmur/Reykjavik, Iceland from 1864 to 2005. The average winter
sea level pressure data at each station was normalised by dividing each seasonal pressure anomaly
by the long-term (1864—1983) standard deviation. In the lower panel, the index corresponds to the
principal component time series of the leading EOF of Atlantic-sector sea level pressure
(© Cambridge Press; IPCC report, Chapter 3).

Stykkisholmur (Fig. 2, upper panel). However, a more objective determina-
tion of the dipole’s centres of action can be obtained through the application
of principal component analysis (PCA) to SLP or tropospheric geopotential
height [10,11].

As seen in Fig. 1, the NAO corresponds to a large-scale meridional oscil-
lation of atmospheric mass between the subtropical anticyclone near the
Azores and the subpolar low pressure system near Iceland [13]. A number
of studies have shown the relevance of the NAO to the winter surface climate
of the NH in general and over the Atlantic/European sector in particular (e.g.
[13,14,17]). This control is partially responsible for the observed trend towards
warmer Northern Eurasian land temperatures that occurred simultaneously
with the trend towards a more positive phase of the NAO between the late
1960s and mid-1990s as observed in Fig. 2 [18,19]. Other works have clearly
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PNA

FIGURE 3 Spatial pattern of PNA as given by the temporal correlation between the Winter
(DJFM) monthly standardised 50 kPa geopotential height anomalies at each point and the monthly
teleconnection pattern time series from 1960 to 2000.

associated the two NAO phases with changes in the activity of North-Atlantic
and European storm tracks and precipitation in southern Europe and northern
Africa [20-23].

Analyses of SLP and 50-kPa geopotential height over the last five decades
reveal negative trends over the Arctic, Antarctic and North Pacific, an
increase over the subtropical North Atlantic, southern Europe and Northern
Africa and a weakening of the Siberian High [6,7]. The increment in SLP gra-
dients in the NH appears to significantly exceed simulated internal and
anthropogenically forced variability [6]. Such changes in within the Euro-
Atlantic sector are clearly associated with positive trends in the NAO index
(Fig. 2). Moreover, Jung and Hilmer [24] pointed out that the NAO has under-
gone considerable changes in the location of the main centres, with the north-
ern centre (the Icelandic low) being displaced towards Scandinavia. This shift
has major implications for the NH climate, in general, but is particularly
important for southern Europe and Northern Africa [22,25].
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2.2. Pacific North America (PNA)

Atmospheric circulation variability over the extratropical Pacific is partially
dominated by Rossby wave patterns originated in the subtropical western
Pacific, associated with anomalous tropical heating [26]. The wave-like pat-
tern that propagates towards the North American Continent is known as
PNA pattern, similarly its southern hemisphere counterpart become known
as the Pacific-South American (PSA) pattern (not shown). Both patterns can
arise from natural atmospheric dynamic internal variability, but also in
response to anomalous ocean heating [7]. While the NAO pattern is domi-
nated by two centres of action displaced in latitude (Fig. 1) the typical winter
PNA pattern presents four centres of action (with decreasing amplitude) that
cover a wide range of latitudinal and longitudinal values between their origin
in the subtropical Pacific and North America (Fig. 3). Nevertheless, the PNA
impact on the climate of the North American continent is comparable with
that imposed by the NAO on the European continent. This influence results from
the control exerted by the PNA pattern on weather systems affecting the region,
namely the Aleutian Low [27], or the frequency of Alaskan blocking events and
associated cold air outbreaks over the Western USA in winter [28].

Long-term variability (decadal scale) of the activity of both PNA and PSA
patterns appear to be modulated by the ENSO signal [27]. However, no sys-
tematic changes of their frequency or magnitude have been reported [7].

3. CHANGES IN TROPICAL PATTERNS
3.1. El Nifo Southern Oscillation (ENSO)

Unlike other large-scale atmospheric circulation patterns mentioned before,
ENSO is a truly coupled ocean-atmosphere oscillation mode. The SO repre-
sents the atmospheric branch of the ENSO phenomena and refers to the see-
saw in pressure across equatorial Pacific, well encapsulated by the Southern
Pacific Index or Southern Oscillation Index (SOI); the pressure difference
between Tahiti in mid-Pacific and Darwin in northern Australia [8,9]. The
El Nifo is characterised by a strong warming of tropical waters in central
and eastern Pacific following the decrease in strength of the trade winds. This
pattern leads to an increase (decrease) of precipitation in central and eastern
(western) tropical Pacific [29]. These changes occur intermittently (about
once every three to seven years), alternating with the opposite phase — La
Nifia — that is characterised by below-average temperatures in central and
eastern tropical waters. It is also worth noticing that, in contrast to the NAO
and PNA patterns, the climatic impacts of ENSO are of a global scale and
not restricted to the inter-tropical belt [29,30]. In fact, the signature of these
events in SLP extends often into the extra-tropical latitudes (Fig. 4).

The frequency and strength of ENSO has varied over time at the decadal,
centennial and millennia scales. A power spectrum analysis applied to the
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FIGURE 4 Spatial pattern of El Nifio as given by the temporal correlation between the annual

(May—April) standardised SLP anomalies at each point and the monthly teleconnection pattern
time series from 1960 to 2000.

time series of El Nifio events since 1500, obtained through the reconstruction
of its impacts in Peru, presents a clear peak in power spectrum of about
80-100 a [31]. However, these reconstructions can be misleading because
they are highly regionalised and depending on either limited documentary
sources or specific natural proxies. Reliable time series of ENSO should take
into account the multitude of impacts associated with this phenomenon and
are therefore restricted to the last 130 a [7,30]. Based on these authoritative
sources one can state that the period spanning between 1870 and 1920 was
characterised by frequent El Nifio events including several strong cases
(Fig. 5). From the 1920s until the early 1970s the ENSO activity was rela-
tively quieter (with the important exception of 1941-1942). However, over
the last three decades there has been a resurgence of large (e.g. 1982-1983
and 1997-1998) and prolonged (1991-1995) El Nifio episodes (Fig. 5), asso-
ciated with a tendency towards positive SST anomalies in central and eastern
equatorial Pacific. The large El Nifo episode of 1997-1998 was the largest on
record contributing significantly to the highest global average temperature
recorded in 1998. Furthermore, hydrological cycle extremes associated with
El Nifio events (e.g. drought and floods) will probably be more frequent in
a warmer world. The current generation of coupled ocean atmosphere climate
models are capable of reproducing El Nifio events and their impact relatively
well. When forced with distinct climate change scenarios these very same
models predict continued ENSO interannual variability [7].



172 Indicators of Climate and Global Change

1 ! L 1 L " 1 L L 1 L L 1 ! L
Darwin Southern Oscillation Index

\V] w
1
I

-
|
I

|
-

1

T

|
\V]

1

I

|
W

T T T

S S A RN BN A S
1890 1920 1950 1980 2010
Year

FIGURE 5 (Reprinted from Fig. 3.27 of Ref. [7]). The Darwin-based SOI, in normalised units of
standard deviation, from 1866 to 2005 features monthly values with an 11-point low-pass filter,
which effectively removes fluctuations with periods of less than 8 months [49]. The smooth black
curve shows decadal variations. Red values indicate positive sea level pressure anomalies at
Darwin and thus El Nifio conditions. (© Cambridge Press; IPCC report, Chapter 3).
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3.2. Tropical Cyclones

TCs are among the most destructive natural hazards in the world. Therefore,
large fluctuations in tropical cyclone activity are of obvious importance to
society, particularly in those coastal areas where populations are affected. In
addition, the study of changes in tropical cyclone occurrence and activity
has great scientific interest because of their large influence on regional and
global climate.

The physical mechanisms responsible for TC development are complex
and not fully understood, but it is known that they require high values of
sea-surface temperatures (SST), a moderate Coriolis force, a pre-existent syn-
optic perturbation (usually a monsoon trough or easterly wave) and low wind
shear [32]. These pre-conditions limit the development of TC to the five trop-
ical oceanic bases represented in Fig. 6. The dependence of TC on high SST
values has opened the debate on a possible increase in the frequency and
intensity of TCs in a warmer climate. It has been proposed that a rise in
SST induced by anthropogenic global warming has already led to a greater
number of intense TCs in recent decades [33,34]. Whether this trend is real
or an artefact of the short length and inhomogeneity of records is a matter
of keen scientific argument [35]. Methods used for detecting and measuring
the intensity of TC in different regions of the world have evolved, making
it difficult to assess these trends. Furthermore, there is a considerable level
of natural interannual and interdecadal variability, reducing the significance
attributable to long-term trends. In particular, studies of TC variability in
the North Atlantic basis (the most studied one) reveal large interannual and
interdecadal swings in storm frequency that have been linked to different



Weather Pattern Changes in the Tropics and Mid-Latitudes 173

Tropical Cyclones, 1945-2006

Saffir-Simpson Hurrican Scale
tropical tropical hurricane hurricane
depression storm category 1 category 2 - - -
FIGURE 6 Tropical Cyclones, 1945-2006. Data from the Joint Typhoon Warning Center and
the US National Oceanographic and Atmospheric Administration (NOAA). Permission is granted
to copy, distribute and/or modify this document under the terms of the GNU Free Documenta-

tion License, Version 1.2 or any later version published by the Free Software Foundation with
no Invariant Sections, no Front-Cover Texts and no Back-Cover Texts.

large-scale climate phenomena such as the El Nifio/SO, the stratospheric
quasi-biennial oscillation and multi-decadal oscillations in the North Atlantic
region.

Traditionally, most studies on TC trends focus on the frequency of their
occurrence (with weak or no trends detected); however, in recent years studies
about trends in intensity have gained importance. In fact the latter is consid-
ered nowadays a more relevant index of TC activity (both in scientific and
socio-economical terms) than the former, with a strong debate taking place
between those authors that support for trends in intensity in the last decades
and those that do not. We now summarise both arguments taking into account
the most relevant works on this issue.

Two important papers published in 2005 [33,34] found a close relationship
between increasing tropical SSTs and intense TCs. Emanuel [33] defined an
index for the total power dissipation of a tropical cyclone that is proportional
to the cube of wind speed (the Power Dissipation Index, PDI):

T
PDI :J V3 de (1)

0
where V.« is the maximum sustained wind speed at the conventional mea-
surement altitude of 10 m. PDI measures the net power dissipation of a TC
and, as such, a better indicator of the TC threat than storm frequency or
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FIGURE 7 (Reprinted from Fig. 3 of Ref. [33]). Annually accumulated PDI for the western
North Pacific and North Atlantic, compared to annually averaged SST. The HadISST is averaged
between 30°S and 30°N (with a constant offset). Both quantities have been smoothed twice. This
combined PDI has nearly doubled over the past 30 a (O Nature Publishing Group).

intensity alone. In a subsequent work [36] the author shows that the PDI has
increased by ~50% for both the Atlantic and Northwestern Pacific basins
since the mid-1970s (Fig. 7). Webster et al. [34,37] analysed trends and
decadal variability of the most intense hurricanes, that is, category 4-5 in
Saffir—Simpson classification (maximum sustained winds higher than 115
knots, where 1 knot = 0.5144 m-sfl) since 1970 for all TC basins. They have
found a large increment in the number and proportion of the most intense hur-
ricanes with their numbers nearly doubled between the two consecutive 15-
year periods 1975-1989 and 1990-2004. These results have been questioned
by other studies (e.g. [38,39]) mainly attending to the poor quality of data
prior to 1986, the different intensity attributed to each storm by different
research centres [7]. Furthermore, it has also been stressed that the strong
association of hurricanes with El Nifio events could result in artificial trends
when this effect is not removed from the analysis.

Based on the Accumulated Cyclone Energy index (ACE), a wind energy
index defined as the sum of the squares of the estimated 6 h maximum sus-
tained wind, Klotzbach [39] found no statistically significant trend in any
TC database since 1986 (Fig. 8). In spite of the differences in the results
concerning trends, all the previous studies and indices are in agreement on
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curves. The lower graph shows five-year running mean tropical NCEP reanalysis SST anomalies
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the strong role played by the El Nifio/SO in the activity and occurrence of
TCs. Both TC activity indices (PDI and ACE) have attained their highest
values during the major El Nifio event that took place in 1997-1998. Again,
it should be stressed that most of these TC-related index time series are rela-
tively short, in particular the ACE index starts only in 1986 and therefore is
not long enough to provide reliable trends [1].

Analysis of longer series and influences of major external forcings and
modes of climate variability should be carefully considered due to strong
inhomogenities of the series. Although there is evidence of important changes
in the frequency of TC in pre-instrumental periods (e.g. [40,41]), we will limit
this short review to the most homogeneous instrumental period. In any case
this analysis should be performed for individual oceanic basins [7], in order
to accommodate the different measuring methods of TC activity. In the North
Atlantic basin, the one with longest register starting in 1851, the period from
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the 1930 to 1960 was very active while the following two decades (1970s and
1980s) were characterised with low TC occurrence and activity. Since the
mid-1990s, the activity has risen significantly, with all but two seasons pre-
senting activity above normal. The role played by both Atlantic SST and
the occurrence of an El Nifio appears to be two determinant factors for TC
activity in the Atlantic. It is well known that the El Nifio acts to reduce TC
activity in the North Atlantic basin whereas la Nifia acts to increase it. In
the Western North Pacific basin there is a high degree of uncertainty in the
significance of trends partially due to the high interdecadal variability and
also taking into account the way data is analysed. Nevertheless, the most
interesting result is the doubling of the PDI values since the 1950s and the
trend towards more intense TC (categories 4 and 5). Moreover, the influence
of changes in circulation associated to El Nifio/SO in this basin seems to be
much more important than changes related to local SSTs. During El Nifio
events TCs tend to be more intense and longer-lived than during La Nifia
years, a result that contrasts with that obtained for the North Atlantic basin.
A similar influence of the El Nifio event also occurs in the Eastern North
Pacific basin, where above-normal tropical cyclone activity occurs during El
Nifio years. However, in this case, SST anomalies and the tropical lower
stratospheric Quasibiennal Oscillation (QBO) play also a major role [7].
TCs have a higher intensity in the Eastern North Pacific basin when the
QBO is in its westerly phase. For the other two remaining basins, the Indian
Ocean, Australia and South Pacific, the influence of El Nifo is similar to that
observed for the North Atlantic basin (although with a minor amplitude)
namely with more intense TCs occurring during la Nifia years.

The occurrence of the only document TC in the South Atlantic basin close
to Santa Catarina, Brazil in March 2004 should be taken carefully, particularly
when it is presented as a signal of frequent phenomena in a warmer planet,
since the structure of the cyclone did not agree completely the typical one
in a TC.

3.3. Monsoons

According to Trenberth et al. [42] ‘the global monsoon system is a global-
scale persistent overturning of the atmosphere, throughout the tropics, that
varies according to the time of year’. This means that over the tropics there
is a region of intense heating where ascent is produced, which is balanced
with adiabatic cooling. Such global atmospheric overturning is the common
manifestation of the known regional monsoons over six zonal sectors, namely:
Africa, Australia—Asia, North America, South America and the Pacific and
Atlantic Oceans (Fig. 9). This is clearly associated with seasonal variation
of the so-called monsoon precipitation, which plays a key role in driving mon-
soon circulations through latent heat release. Shaded regions in Fig. 9a delin-
eate the six mentioned global monsoon domains and the main regional



Weather Pattern Changes in the Tropics and Mid-Latitudes 177

First EOF of annual range

_ [/ 10.3% 1

30N ﬁ o7
¥
™ o
15N aQ G i
&L ]-01
EQ 0 -
* L|-04
158 - | oor
. -1
30S '
a 180 120W 60w 0
1.2 i
09| §
0.6 Q
> - Q &
% 0.3 \ I | \t{\ f\ o i)
£ ol ~ "_1\__, ';_\___.‘*. Fal
F ) ]
£-0.3|* ,
A _0' 6 "’4‘ 1 q |
-0.9
T !

-1.

b 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000
Year

FIGURE 9 (Reprinted from Fig. 3 of Ref. [45]). (a) The spatial pattern of the leading Empirical
Orthogonal Function (EOF) mode of the normalised annual range precipitation anomalies over the
global continental monsoon regions. The bold contour indicates the boundaries of the monsoon
domain; (b) the corresponding principal component or annual range index (ARI) (© Cambridge
Press; IPCC report, Chapter 3 and © AGU).

monsoons. The three dimensional structure of monsoon circulation is complex
involving three different planetary scale features, namely the Hadley circula-
tion, the Walker circulation and the Inter-Tropical Convergence Zone (ITCZ).

Variability of regional monsoon activity depends on the different interact-
ing circulations from other regions. Its quantification is dependant on the mea-
sures of the different monsoon strengths. Therefore, it is not straight forward
to address the question of recent regional monsoon changes. Nevertheless,
some of the works recently published do present trends in monsoon circula-
tion activity, usually referring to a decrease in strength in the regional mon-
soonal systems. For instance, Stephenson et al. [43], using reanalysis data
and simple shear indices, have shown that summer Asian monsoon strength
has been decreasing at a rate of 1-3% per decade. Independently, Chase
et al. [44] found that the monsoonal overturning circulations over the
Australia-Maritime continent and African regions have diminished since 1950.

More conclusive evidence could be obtained by investigating the topic
from a global perspective, that is, from the global monsoon system definition
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proposed by Trenberth et al. [42]. In this sense Wang and Ding [45] defined a
global monsoon rain domain according to annual precipitation range and
quantified the intensity of the global monsoon precipitation using different
measures. These authors have applied empirical orthogonal functions (EOF)
to the normalised annual range anomalies over the global continental mon-
soon regions, therefore identifying the leading EOF patterns with ‘the global
monsoon system’ (Fig. 9a). The spatial pattern is clearly coherent with
regional monsoons and the corresponding first principal component, coined
Annual Range Index (ARI), shows a statistically significant decreasing ten-
dency over the entire period examined (Fig. 9b). In accordance with other stud-
ies (e.g. [44]), the trend has been decreasing since 1980. Although ARI presents
important interannual and interdecadal variability it is not related to El Nifio/SO.
Looking at different monsoon regions a strong decreasing trend in monsoon rain
intensity was found for Bangladesh/Northern India/Eastern Tibetan Plateau,
Northern Africa, the Northern China and Central South America. The only
increment in the monsoon strength was seen over northwest Australia.

4. CONCLUSION

Increasing concentration of greenhouse gases in the atmosphere and oceans
are bound to further increase the global average temperature by the end of this
century [1]. However, this change will not be spatially homogeneous, with
polar regions suffering a much higher increment than the tropical belt. More-
over trends in the large-scale driving patterns mentioned in this chapter are
especially relevant since they may enhance or damp the warming at the
regional scale. Relevant questions in this context are the possible changes of
these tropical and extra-tropical modes under global climate change. The
results to date seem to indicate that the so-called Annular Modes — the Arctic
Oscillation and the Antarctic Oscillation — to which the NAO is linked will
tend to become more intense in the future [46], although the signal to noise
ratio may be not very large [47]. However, present climate models are still
unable to replicate the observed amplitude of the interannual variability and
of the multidecadal trends of some modes, for example, the NAO [48].

An enhanced hydrological cycle, with more evaporation and precipitation
at the global scale, coupled with changes in frequency of El Nifio and TCs and
changes in the Monsoon systems may also raise the probability of extremes
(floods and droughts). Nevertheless, there is no clear indication of a major
shift in the frequency or magnitude of projected El Nifio events [7]. Therefore,
this ongoing effort should be continued with the aim of determining to what
extent climate models yield a realistic picture of the variability in the present
climate and evaluating the fraction of future regional climate change that can
be attribute to future trends of both tropical and extra tropical circulation pat-
terns, since these patterns will probably be partially responsible for regional
differences in the future climate.
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1. INTRODUCTION

Birds are highly mobile and easy to observe. They are relatively easy to rec-
ognise and their occurrence and habits are noted by millions of passionate
birdwatchers or just interested laymen. It is not surprising that changes in
abundance or behaviour of birds are among the best documented changes
known in the animal world. Changes in the arrival of migrating birds at their
breeding grounds and their disappearance in autumn have been used as cues to
forecast weather in many cultures for centuries. Modern biology understands
bird behaviour not as a result of miraculous wisdom of individuals but as a
result of the action of evolution through mutation, selection and reproduction.
Since a central goal in evolution is adaptation to the environment, climate
change, as well as global change in a wider sense will change selection pres-
sures and reproductive success of various behavioural types. This is, indeed,
what is presently being observed and birds show us that we are already in
the middle of massive changes.

However, it is important to note that not all changes in bird behaviour, as they
are currently observed, can be attributed to climate change. Other factors, such as
changes in land use, can influence the migration behaviour of birds. Changes in
agriculture, in industrial activities or in human behaviour may offer or destroy
suitable wintering sites. Examples include a new food source for European Cranes
Grus grus in fields of winter weed in northern France, ice-free waters for Coots
Fulica atra due to power plant cooling in Lithuania or bird feeders for Blackcaps

Climate Change: Observed Impacts on Planet Earth
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Sylvia atricapilla wintering in Great Britain [1]. Effects can be accelerated or atte-
nuated by climate change and in some cases it will not be possible to identify the
primary source of change that affects a certain behavioural modification. Never-
theless, all of the environmental changes currently experienced, that top the list in
terms of speed and extent, are very likely a result of human activity and thus share
a common source. In this chapter, it will be shown that environmental changes
affect all areas of a bird’s life and that many indicators of this change can be found
by observing birds and their ecology.

2. INDICATORS OF CHANGE
2.1. Range
2.1.1. Size and Position of Breeding Ranges

Changes in the distribution of birds, especially in their breeding range, were one
of the earliest topics discussed among ornithologists in the context of climate
change. Already in 1995, Burton [2] listed in his book 123 European bird species
which extended their ranges in northern, western and northwestern directions
and he attributed these changes to global warming. These observations mean-
while were supported by many other studies showing that range boundaries
are moving poleward or upward in altitude as the climate gets warmer.

Sound data comes from comparing standardised breeding bird surveys.
Such comparisons have been done on data from the United Kingdom and
Ireland [5]. The comparison of the breeding bird atlas of 1968-1972 with
the atlas of 1988-1991 showed that in 59 species with southerly distribution
within the study area, there was a mean northward shift of their northern bor-
der of distribution of 18.9 km (see Table 1). This is equivalent to roughly a
1 kilometre northward shift of their northern range border per year. At the
same time 42 northerly distributed species did not show any systematic move-
ments of the southern border of their distribution area. In a comparable study
with data from the time periods 1974—1979 and 1986-1989, it was found that
the northern border of 119 southerly distributed species in Finland showed a
mean northward movement of 18.8 km while the southern border of 34 north-
erly distributed species did not change [4]. Finally, data from the North Amer-
ican Breeding Bird Survey showed that 26 southerly distributed species
moved their northern border of range on average 72.9 km northward between
the periods 19681972 and 1988-1991 [3] while the southern border of northern
species did not move.

Changes in breeding distribution registered, so far, are likely to be the first
indications of rather severe ecological shifts and species rearrangements in
some areas. Based on museum material of 1179 bird species and some mam-
mal and butterfly species occurring in Mexico, ecological niche models have
been developed with a genetic algorithm and were projected onto two pre-
dicted climate surfaces (conservative and liberal) for 2055. While extinctions
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TABLE 1 Changes in borders of the range of bird species as revealed
from breeding bird surveys
Region Distribution Number Distance
and within of and type
source Period 1 Period 2 region species  of shift  Shift/year
Great 1968-  1988-  Southerly 59 Northern  ca. 1 km-a™'
Britain 1972 1991 distribution border
and moved
Ireland [5] 18.9 km
northward
Northerly 42 Southern border did
distribution not show systematic
movements
Finland [4] 1974-  1986—  Southerly 119 Northern  ca. 1.7 km-a™"
1979 1989 distribution border
moved
18.8 km
northward
Northerly 34 Southern border did
distribution not show systematic
movements
North 1967-  1998-  Southerly 26 Northern  ca. 2.4 km-a™
America 1971 2002 distribution border
(3] moved
72.9 km
northward
Northerly 29 Southern border did
distribution not show systematic
movements
- /

and dramatic range losses were expected to be few, the turnover in some
regions was predicted to reach more than 40% of the species [6].

The studies mentioned above lead to the expectation that in the first
instance species richness should increase in areas with incoming southern
species and northern species which have not left. Indeed, the Lake Con-
stance area in Central Europe could be an example for this. Based on 2 x 2 km
grid cells breeding birds in an area of 1212 km? were counted in a semi-
quantitative way in the periods 1980-1981, 1990-1992 and 2000-2002. During
this time species numbers increased from 141 to 154, in the last decade with a
significant increase of species with a southern centre of distribution [7].

A flagship species for a northward range extension of a southerly distributed
bird species in Europe is the Bee-eater Merops apiaster. Distributed mainly in
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FIGURE 1 Number of breeding pairs of the Bee-eater Merops apiaster in the country of Baden-
Wiirttemberg (southwestern Germany) 1982-2007. Data from Boschert and Todte.

warmer areas such as the Mediterranean, the species starts breeding in higher
European latitudes as soon as there are periods with warmer temperatures. This
has been shown by a comparison between Bee-eater records in Central Europe
and the size of growth rings in oak wood. The rings give evidence of warmer per-
iods with higher annual growth rates in the oaks from the sixteenth Century
onwards [8]. Currently, Bee-eaters are showing significant population increases
(Fig. 1) and now breed as far north as Poland and Scandinavia.

On a European scale climatic variables in the actual breeding ranges of
bird species have recently been used to forecast the future distributions based
on the assumptions of first generation climate change models in the Climate
Atlas of Breeding Birds in Europe [9]. This modelling leads to the prediction
that between the two periods 1960-1990 and 2070-2100 breeding distribution
areas of European birds shall move on average 550 km northwards and that
many species shall suffer from area losses. This predicted value of a north-
ward movement rate of 5.5 km-a~' is higher than has actually been found in
the studies cited above.

One major problem with this approach is the lack of any account for habi-
tat availability in Europe where many natural habitat types, due to human
activity, will not be available, even when climate conditions would allow
them to exist. This problem is not negligible as has been shown when bird dis-
tribution data from the breeding bird atlas of the United Kingdom and Ireland
from 1968 to 1972 has been used to forecast the distribution in 1988-1991,
using the same method as was used in the Climate Atlas of Breeding Birds
[10]. The results were compared with real distributions in the second time
period. For a series of species the forecasts did not match well and the real
distributions were much smaller than the forecasted results. A remarkable
example is the Red-backed Shrike Lanius collurio which in the 1970s was
restricted to the South and Southwest of the United Kingdom. For the
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1990s, models predicted a coverage of almost all of the United Kingdom,
including the very north of Scotland. In reality, at that time, the species was
almost extinct over the whole of the United Kingdom. However, two new
breeding sites were established in Scotland, which was in accordance with
the forecast.

2.1.2. Ranges during Nonbreeding Season

Besides breeding ranges, winter distributions are also changing. This is obvi-
ously the case where migrating birds can stay closer to their breeding grounds
when closer areas become more suitable wintering areas for them, or when
closer wintering areas become less suitable (e.g., dryer) and thus birds are
forced to migrate longer distances [1].

Data from the Christmas Bird Count in North America between 1975 and
2004 showed a mean northward movement of the northern border of wintering
ranges of migratory bird species of 1.5 km-a~'. At the same time, winter dis-
tributions of non-migrants also moved northward during that time period [11].

In Europe, the effect of the drying-up of the Sahel belt, (a dry savannah
area south of the Sahara desert where many Palaearctic long-distance migrants
have their wintering areas), has been considered as one of the main reasons
for population declines in the Common Whitethroat Sylvia communis, the
Sedge Warbler Acrocephalus schoenobaenus and in many other species
[12]. This indicates that the potential for rather simple latitudinal shifts of
wintering areas, corresponding to changes in climate, is limited and might
not be an option for all species.

2.2. Migration
2.2.1. Timing of Migration to the Breeding Grounds

Despite its complexity and genetic component, bird migration behaviour
appears to be highly flexible and changeable in many species. Changes in
migration behaviour have been and still are the subject of numerous publica-
tions. For example, in an impressive dataset from Finland, the arrival dates of
birds at their breeding grounds have been recorded between 1749 and end of
twentieth century [13]. After being quite stable or only moderately shifting up
to the 1960s, the arrival dates since then have advanced by about a month in
the case of the Skylark Alauda arvensis and about half a month for the Wag-
tail Motacilla alba and the ‘Swallows’ (Barn Swallow Hirundo rustica and
the House Martin Delichon urbica), while the Cuckoo Cuculus canorus and
the Swift Apus apus showed little change.

A recent analysis of banding data of birds passing the island of Heligoland in
the North Sea during pre-breeding migration, for the time period 1960-2007,
showed that Blackbirds Turdus merula and Pied Flycatchers Ficedula hypo-
leuca were now arriving 11 days, Willow Warblers Phylloscopus trochilus
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13 days and Blackcaps Sylvia atricapilla 17 days earlier than they had before.
The mean advancement of 24 species was 8.6 d for the total period or 1.9 d every
decade [14].

Lehikoinen et al. showed in a related analysis [13] of 21 long term studies
of 10 European countries a consistent advancement of arrival times at the
breeding grounds for Sand Martin Riparia riparia, Blackcap, Chiffchaff Phyl-
loscopus collybita, Wagtail, Barn Swallow, Pied Flycatcher, Sedge Warbler,
Tree Pipit Anthus trivialis and House Martin. In contrast, Whinchat Saxicola
rubetra, Spotted Flycatcher Muscicapa striata and Cuckoo Cuculus canorus
did not advance their arrival times in half of the reported studies.

In a very large compilation of different studies in Eurasia, Sparks et al.
[15] calculated an advance in arrival times of 2.5-3.3 d¢K~! warmer mean
temperature.

The evidence for earlier arrival of birds at their breeding grounds in con-
cordance with the warming up of the climate is enormous and corresponds
well with the finding of a consistent global advancement of phenological
events in spring between 2 and 5 d per decade [16]. However, some species
react stronger than others to the advancement of spring phenology in certain
regions and a few species seem unable to follow the changes. It was generally
found that among 56 species in Lithuania, those species that arrive early in
spring, advance their arrival dates more than those species arriving later in
the spring [16]. There is, however, a variation in response on the individual
level, but in general the first birds to arrive at their breeding grounds advance
their arrival by four days per decade, while the mean arrival date (average
arrival date of a population) advances only by 1 d per decade [16].

From an evolutionary point of view this indicates that some birds might
benefit from an earlier arrival at their breeding grounds and thus show a
strong response to changed environmental or climate conditions, while others
change their timing at a much slower rate. One reason for the variation in the
rate of changes within populations can be explained by the proximate factors
driving the advancement of arrival times. The earlier arrival of Pied Flycatch-
ers in recent years in southern Finland correlates well with higher tempera-
tures in the winter quarters and along the homeward migration routes.
However, the last birds to arrive did not advance their arrival dates, and late
spring temperatures did not change [17].

In Europe, many studies used the North Atlantic Oscillation (NAO) [18] as
a measure of climatic conditions. Almost all bird species in those parts of
Europe influenced by the NAO, can adjust their homeward migration timing
to rising temperatures. This seems to be true for long distance migrants
(migration routes from Europe to at least sub-Saharan Africa) as well as for
short distance migrants (migration between Europe north of the Alps and the
Mediterranean). However, it seems to be necessary that birds experience the
warmer temperatures not only after arrival at the breeding grounds but along
migration routes and also in their wintering quarters. In Europe and North
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America, birds do not arrive early at their breeding grounds if temperatures in
these breeding areas rise but do not rise along the migration routes [19]. How-
ever, correlations between arrival times and temperature in the breeding areas
have been found. In the long term dataset from Finland mentioned above [13]
spring arrival times were clearly earlier in years with higher mean temperature
in the month before arrival. Also in passing migrants, over the Courish Spit
(Southern Baltic), a strong negative correlation between April temperatures
and passage times of 20 songbird species has been observed [20].

Positive NAO values in Europe can mean not only warmer temperatures
but poor conditions in the Mediterranean and Sahel zone. For example, Barn
Swallows in Italy arrive later in years when there are poor conditions in
Africa [21]. In Spain, an increasing delay in the spring arrival of migrants
in the 1970s and a current return to the level of the 1940s has been found
[22] despite increasing local temperatures. It has been assumed that this is
an effect of poor conditions in northern Africa (mainly due to low precipita-
tion), resulting in a poor food supply which in turn means a delay of fat depo-
sition and consequently a later takeoff to the breeding grounds [23].

2.2.2. Timing of Migration from the Breeding Grounds

In contrast to the fairly consistent patterns of more or less pronounced
advancements of spring arrival at the breeding grounds, when mean tempera-
tures rise, the post breeding migration timing shows a very different picture.
From a 42-year dataset of 65 migrating bird species, passing the Swiss alpine
pass Col de Bretolet, the autumn passage of migrants wintering south of the
Sahara has advanced in recent years, while migrants wintering north of the
Sahara have delayed their autumn passage [24]. This advancement of post
breeding migration timing in long distance migrants might be seen under
the light of a selection pressure to cross the Sahel before its seasonal dry
period. Species with shorter migration routes might benefit from a less con-
strained time schedule for breeding and moulting during summer when
autumns are warmer and the risk of bad weather during autumn is reduced.
This assumption is supported by the additional finding that species with a var-
iable rather than a fixed number of broods per year also delay their passage,
possibly because they are free to attempt more broods [24]. Comparable
results were also found in Oxfordshire on the British Isles [25].

This picture of advancements and delays in post breeding migration timing,
being dependent on the species, seems to be consistent (at least) all over
Europe, but the assumption of a rather simple division between advancing long
distance migrants and delayed short distance migrants is not supported gener-
ally at other places [14]. While in most European Studies more species show
a delay in post breeding migration timing [14,26], some studies like the one
in southern Baltics clearly showed different trends at different time periods
[27] and at the autumn passage on the Kola peninsula in Northern Russia the
number of advances was much the same as the number of delays [28].
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Despite the self-evident assumption that those birds advancing their autumn
departure might benefit from an earlier arrival, an earlier onset of breeding
and an earlier onset of post breeding moult [29], no marked relationship
between timing in autumn and timing in the preceding spring has consistently
been found [14].

2.2.3. Migration Routes and Wintering Areas

Results gained over more than a century of bird ringing enable us, at least in
some regions with sufficient data, to detect possible changes in the migration
routes and in the position of the wintering quarters. Birds marked with a small
coded ring at the breeding grounds and recovered later outside the breeding
season enable insights into the position of various areas used by the birds
through the year as well as insights into the changes of the positions of these
areas. Presumably wintering grounds and other areas used by birds during the
non-breeding season like moulting areas or stopover sites during migration
will change in the same way as changes of the breeding range have been
described above. Generally, it can be expected that in regions with less severe
winters migration routes will be shortened or that migration behaviour even
will be reduced to zero. There is much evidence for a selection pressure
towards earlier arrival at the breeding grounds for many bird species. Besides
that, positions of wintering areas will also change when areas become unsuit-
able due to environmental changes. This may be true especially for birds win-
tering in areas endangered by desertification such as the Sahel Belt in Africa
or parts of the Mediterranean Basin.

Studies available so far support these assumptions. Among 30 bird species
investigated in Germany, 13 showed evidence of shorter migration routes,
11 showed evidence of a northward move of mean wintering latitude and 9
species showed increased numbers of winter recoveries within 100 km around
the breeding place. Only a few species showed the opposite trend [30]. On a
larger dataset of 66 species from the United Kingdom and Ireland it was found
that 27 species showed increasingly northern wintering areas and 11 showed a
northward move of the mean wintering latitude [31].

However, global warming might also lead to longer migration routes when
breeding ranges are extended into higher latitudes and at the same time the
wintering areas do not change much. For example, the European Bee-eaters
showed a range expansion northwards and increased the intra-European part
of their migration routes by up to 1000 km, but still winter south of the
Sahara. Also the Black-Winged Stilt Himantopus himantopus expanded its
breeding areas from the Mediterranean northward into France, Ucraine and
Russia but still winters south of 40° latitude [1]. Evidence for increasing
migratory activity also comes from White-rumped and Litte Swifts Apus
caffer and A. affinis which colonise the Mediterranean area from the south,
leaving these areas during non-breeding periods while they are resident in
almost all of the rest of their African breeding ranges [32,33].
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2.2.4. Partial Migration

Partial migration describes the widespread phenomenon of some birds of a
population migrating, while others don’t. This situation has been described
as the turntable of migratory and sedentary behaviour which enables selection
to favour either more migratory or more sedentary behaviour according to
environmental conditions [34]. Increasing numbers of winter records of other-
wise migratory bird species give evidence of the development of partial
migratory populations in Europe and North America and presumably else-
where [1]. The Central European Blackbird is a well known example of this
phenomenon. It was once considered as a migrating thrush of European wood-
lands but in the early twentieth century it successfully started colonising
human settlements and reduced migration to become the first entirely seden-
tary populations in recent decades [34,35].

2.2.5. Eruptions

The mass movements of parts of local populations, which may be directed but
seldom are reversible, are commonly called eruptions or evasions. In less
migratory species, with highly variable population sizes, living under highly
variable food conditions such as tits in forest habitats and other boreal seed-
eaters, these eruptions occur repeatedly every few years. In a German Blue
Tit population it has been shown that along with rising environmental tem-
peratures, the numbers of eruptions have decreased remarkably [36]. While
population size did not drop significantly, this observation (which might be
a common phenomenon), may indicate a constant and improved food supply,
making it unnecessary for parts of the population to emigrate.

2.3. Reproduction
2.3.1. Onset of Breeding Period

The reproduction of birds is influenced by weather and thus by climate change
in many ways. It is known that temperature, precipitation and resulting food
supply can trigger the start of breeding [37]. An analysis of the relationship
between ambient temperature and time of the first egg laid showed that 45 out
of 57 bird species advanced the time of the first egg, when temperatures were
high. Therefore under current global warming it is not surprising that there are
numerous studies indicating advancements in the onset of breeding in many spe-
cies. With respect to migrating species the general advancement of arrival times
in breeding areas has been mentioned above. Early breeding depends on fitness
which stems from the availability of food insects which in turn depends on early
leafing and flowering of plants under elevated spring temperatures [37,38].
Based on data from the British nest record scheme, for the period
1971-1995, Crick et al. [38] found significant trends towards earlier laying
dates for 20 of 65 species analysed, with only one species having a delayed
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breeding date. The shift of the 20 species advancing their laying dates aver-
aged 8.8 d. These species could neither be assigned to distinct migration
strategies nor to ecological or taxonomic groups and comprise early and late
breeders as well as long distance migrants and residents. Similarly, Tree
Swallows Tachycineta bicolor throughout North America advanced their
laying dates by up to nine days between 1959 and 1991 [39] and advance-
ments of laying dates of six and nine days were also found in the German
Great and Blue Tits Parus major and P. caeruleus between 1970 and 1995
[40]. Based on Danish bird ringing data of Arctic Terns Sterna paradisaea,
A.P. Mgller and colleagues reported an advancement of the ringing dates
of chicks by 18 d during a 70 a period. This was explained by an increase
in mean temperatures in April and May [41]. These are only few examples
out of a long list of reports which in most cases indicated homologous trends.

2.3.2. Length of Breeding Period

As discussed briefly above, not only is the earlier onset of breeding beneficial,
but it also may lead to an extension of the breeding period. In species with
high nest predation rates, longer breeding periods can offer more time for
replacement clutches or species might successfully raise more than one brood
per season. Calculated durations of the stay of 20 migrating bird species at
their breeding grounds, from passage data on the island of Heligoland, showed
an average increase over a decade of 2.2 d [14]. A prolongation of the breed-
ing period has also been shown in Reed Warblers Acrocephalus scirpaceus in
Poland [42]. Between 1970 and 2006 the peak of egg laying advanced 18 d
but the end of the breeding season did not change. Replacement clutches, in
cases of nest failure, were produced in early years by 15% of breeding pairs
while in recent years 35% of failing pairs started a second, third or up to a
fifth laying attempt. For example, evidence for an increase in second broods
(those are broods following a successful brood in the same season) comes
from German Swifts: during the past few years Swifts have arrived at their
breeding grounds earlier than before, have delayed post breeding migration
[43,44] and have increased the number of second broods [45]. Also, correla-
tions between weather, food availability and multiple broods per season have
been shown in a series of studies on various bird species [46—49].

2.3.3. Breeding Success

Earlier arrival at breeding sites and earlier onset of egg laying in many bird
species means also larger clutch sizes since there is a link between the length
of daylight and the clutch size with clutches produced earlier often containing
more eggs [50]. In a 30-year study of Reed Warblers breeding in Southern
Germany the median of the date of the first egg advanced 15 d and the mean
clutch size increased by about 0.5 eggs [51]. A similar relationship between
onset of breeding, mean clutch size and breeding success can be found in
Southern German Collared Flycatchers Ficedula albicollis (Fig. 2). However,
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reduced post fledging survival may prevent those populations from growing
even when more young are produced. Capercaillies Tetrao urogallus in
Scotland advanced the onset of breeding but suffer from a drop in breeding
success, presumably due to seasonal changes in the insect supply for the
chicks [52].

Optimal food supply of the young in the nest is crucial for reproductive
success. Since timing of breeding as well as of moulting and migration is
always a trade-off between multiple environmental and physiological
requirements, phenological processes as induced by global warming may
desynchronise. Marcel Visser, Christiaan Both and others presented a text-
book example for this with Pied Flycatchers and Great Tits in Europe
[53,54]. In nine Dutch study areas rising spring temperatures over the last
40 a, were connected with an advance of leafing and of the spring develop-
ment of caterpillars of an abundant moth species (Operophtera brumata).
These caterpillars form the most important food for nestlings of Pied Fly-
catchers and Great Tits and the birds aim to synchronize their breeding in
a way that the caterpillar peak matches the time of highest food requirement
for the nestlings. This is the time shortly before fledging, when large chicks
have to be fed by the adults. Both bird species advanced laying dates in
recent years but for the Pied Flycatcher (a long-distance migrant wintering
south of the Sahara and spending 2/3 of it’s lifetime outside Central Europe),
other factors seem to prevent them from advancing the breeding period to
match the advancing hatching times of the caterpillars. As a consequence,
nestlings miss the caterpillar peak and breeding success decreases. In areas
where caterpillars hatch very early Pied Flycatcher populations dropped by
up to 90% while in areas with less advancing caterpillar timing, decreases
only reached up to 10%.

2.3.4. Sexual Selection

In the large majority of migrating bird species, pairs do not migrate together
and males arrive some time earlier at the breeding grounds than females. This
phenomenon called protandry has been assumed to be affected by sexual
selection because males emerging first at breeding grounds can occupy better
territories and hence enjoy a mating advantage [55-57]. However, arriving too
early at a breeding ground is a risk because food supply and weather condi-
tions might not yet be suitable. If warmer spring temperatures reduce the risk
of arriving too early at a breeding site, changes in the relation of costs and
benefits of early arrival should have a greater effect on the sex arriving first,
which in the majority of cases is the male. Indeed, in Danish Barn Swallows dur-
ing 1971-2003, males advanced their arrival significantly while females did not
[57]. It has also been shown that species with stronger female choice showed
greatest advancements in arrival times which is in accordance with the assump-
tion that early arrival of males is favoured by female choice [58,59].
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In Blackcaps breeding in southwestern Germany and wintering either 1800 km
southwest in Portugal and Spain or 1000 km northwest in the United Kingdom
and Ireland, it has been shown that earlier arrival is not only related to a
higher breeding success but also drives assortative mating among mates
with comparable timing which drives evolution especially rapidly in one
direction [60]. Birds wintering at higher latitudes not only face shorter
distances to return to the breeding grounds but also experience a daylight-
night-regime which triggers their circannual rhythms and accelerates pre-breeding
migration, gonadal development and the onset of breeding [61,62].

3. CONCLUSION

The Ecology of birds can clearly serve as an indicator of climate and global
change. Almost all aspects in the life cycle of birds, that have been regarded
so far, show recent changes that can be linked to environmental changes. It is
not surprising that birds show a high potential to adapt even complex beha-
viour such as breeding or migration to changing environments — either
through evolutionary mechanisms acting on the genetic basis of behaviour
or through available phenotypic plasticity. Ever since very early bird species
evolved on earth 200 Ma ago, birds have had to cope with floating continents,
rising and eroding mountains, ice ages and other massive environmental
changes. A high degree of agility and mobility might have helped birds to
adapt better to new conditions than other organisms might have done.

This is not to say that there is no conservation concern behind the reac-
tions of birds to climate change. Some of the studies presented above clearly
give evidence of problems that birds might face when they need to adapt their
behaviour to rapid environmental and climatic changes. It is very likely that
among bird species there will be winners and losers resulting from the current
climate and global change and it might also be that the rate of losers will be
high and extinctions of bird species will reach a level exceeding extinction
rates seen in earlier times in bird’s evolution. Since birds are easy to observe,
are present in all parts of the world and are objects of interest to many people,
they are ideal flagships to observe the consequences and the impacts of future
environmental changes on organisms and on ecosystems.
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2.1. Temporal Approaches

On 12 January 2002, weather stations in New South Wales, Australia recorded
air temperatures exceeding 42 °C, which is more than 16 °C hotter than the
30-year average daily maximum. On this day, more than 3500 flying foxes
(large fruit bats in the genus Pteropus) from nine colonies in the region suc-
cumbed to hyperthermia. Mass die-offs of flying foxes associated with heat
waves are known to have occurred 3 times in the century prior to 1990, 3 times
in the decade between 1990 and 2000, and 13 times in 7 years between 2000
and 2007 [1].

1. INTRODUCTION: A PRIMER ON MAMMAL
THERMOREGULATION AND CLIMATE IMPACTS

Fruit bats, like other mammals and birds, use a combination of physiologi-
cal and behavioural mechanisms to regulate their body temperature [2].
This thermoregulatory capacity decouples their core body temperature from
air temperature. Thus, despite exposure of the body surface to very cold or
very hot air temperatures, appropriate physiological and behavioural ther-
moregulatory responses ensure that core body temperature never varies by
more than a few degrees centigrade between birth and death [3]. Even birds
and mammals that express torpor do not abandon thermoregulation, but
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rather lower their thermoregulatory setpoint [4]. For all endotherms, the
abandonment of thermoregulation is fatal.

The capacity for mammals to thermoregulate might be expected to enable
a degree of thermal independence that reduces their vulnerability to environ-
mental conditions and their sensitivity to climate change. But 3500 dead
flying foxes suggest any such expectation would be incorrect [1]. To under-
stand why, we must broaden our consideration of how climate affects
mammals, both directly and indirectly.

The defining feature of endotherms is their use of metabolic heat to
regulate their body core at a constant set-point temperature that is indepen-
dent of air temperature [2]. This means that under cool environmental
conditions, where the body loses heat to the environment, maintenance of
a constant body temperature requires that heat production, and thus metabo-
lism, increases with declining air temperature along a slope that equals
thermal conductance [2]. Under hot conditions, where the body gains heat
from the environment, endotherms must begin actively dissipating heat through
panting, perspiration, saliva spreading, and in the case of bats, wing fanning
[2]. Because these responses increase heat production (i.e. contribute to the
problem that it solves), the slope of the increase in metabolism at warm
temperatures is always much steeper than the slope of the increase below
the lower critical temperature. As a result of the inefficiencies of metabolic solu-
tions to heat dissipation, endotherms are particularly vulnerable to heat stress
and, whenever possible, occupy microenvironments that reduce heat stress [5].
Between the lower critical temperature (where thermoregulation begins to
require heat production) and the upper critical temperature (where thermo-
regulation begins to require heat dissipation) is a region referred to as the
thermal neutral zone where metabolic rate does not vary with air tempera-
ture because small, energetically insignificant adjustments in conductance
(e.g. vasodilation, piloerection and postural changes) are sufficient to
maintain a constant body temperature [2]. The metabolic rate (or energy
expenditure) of an endotherm is minimised when they are at rest, in their
thermoneutral zone, and not digesting food; metabolism measured under
these circumstances is referred to as basal metabolic rate [2].

Thus, although endotherm thermoregulation permits maintenance of a con-
stant body temperature that is independent of air temperature, air temperature
has a direct and major effect on an endotherm’s metabolic rate, which in
turn determines their resource requirements. Endotherms exposed to envi-
ronmental temperatures above or below their thermal neutral zone require
more resources to stay alive than endotherms exposed to temperatures
within their thermoneutral zone. Furthermore, the capacity for endotherms
to produce and dissipate heat is not without limits. Exposure to extreme
temperatures that cause thermoregulatory capacity to be exceeded, lead
first to hypo- or hyperthermia, then, if exposure continues, to death.
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Thus, air temperature has direct effects on the metabolism and resource
requirements of endotherms and exposure to extreme air temperatures
can have direct effects on survival.

Climate exerts additional, indirect effects on mammals through its effects
on their resources, competitors and predators. Temperature has a fundamental
effect on all biological processes [6], and thus climate variation should
profoundly affect all organisms sharing the same environment. In fact, these
indirect effects, acting via resources, competitors and predators, are likely to
be so strong and pervasive that they will frequently supersede or mediate most
direct effects of climate. The mass die off of flying foxes provides a potent
example of a direct effect of climate operating independently of any indirect
effects [1]. It was the heat that killed them, directly and outright. But even
here, it is likely that more complex climate and biotic factors played a role.
For example, although 1453 flying foxes from the Dallis Park colony
succumbed to hyperthermia on 12 January 2002, more than 25 000 flying
foxes present in the same colony and presumably exposed to the same thermal
conditions survived [1]. Many factors are likely to dictate thermoregulatory
capacity under such extreme situations, such as body size, age, social rank,
reproductive condition, body composition and aerobic capacity [2], most of
which will, in turn, be influenced by an individual’s lifetime experience with
resources, competitors and predators. More commonly, climate impacts on
mammals are much more complex and multi-faceted, encompassing effects
on thermoregulation and other forms of homeostasis, the distribution and
abundance of resources, competitors and predators, as well as the interactions
among all these biotic elements. Examples of climate impacts acting primarily
on biotic interactions include the influence of snow cover on resource access
[7] susceptibility to predation [8] and drought on the spatial overlap of com-
petitors and predators [9]. Most climate impacts on mammals are perhaps best
envisioned as climate setting the stage for a complex play involving competitors,
resources and predators. Changing the stage changes the play, but often in
indirect and nuanced ways.

2. DEMONSTRATED IMPACTS OF CLIMATE CHANGE
ON MAMMALS

Demonstrated impacts of climate change on mammals is a broad topic, in
evolutionary time, geographic scope and taxonomic diversity, which cannot
be covered comprehensively in a short chapter. There is much research inter-
est in this area, and many excellent reviews have appeared recently. For more
detailed treatments, I refer the reader to the following reviews of climate
change impacts on arctic marine mammals [10], Australian fauna [11],
tropical ecosystems [12], fossil mammals [13], mammal morphology [14],
mammal population dynamics [15] and mammal demographics [16].
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2.1. Temporal Approaches

2.1.1. Geological Climate Variation, Mammal Assemblages
and Body Size

Most paleo studies demonstrate that climate change has pronounced effects on
the diversity and composition of mammal communities [17,18]. Evidence for
long-period climate impacts on mammal diversity is provided by a 22 Ma
(million years) record of fossil rodents from southern Spain that is charac-
terised by pulses of species turnover at 1-2 Ma intervals coinciding with
Milankovitch oscillations [19]. Gingerich [20] reviews faunal responses to
the Paleocene—Eocene thermal maximum, a 20 000 a (year) interval of rapid,
greenhouse warming marking the transition between the Paleocene and
Eocene 55 Ma ago. The faunal responses to the resulting 5-7 °C warming
of deep oceans and 4-5 °C warming of mid-latitude terrestrial regions were
extreme, including the simultaneous disappearance of up to 50% of benthic
foraminifera (associated with rising water temperature and associated reduction
in dissolved oxygen) and the simultaneous appearance of several modern
orders of mammals, including Artiodactyla, Perissodactyla and Primates.
The small size of many of the mammals during this thermal maximum sug-
gests a pattern of dwarfism, which Gingerich [20] attributes to the negative
impacts of elevated CO, on plant growth and herbivore nutrition. Research
using ancient DNA to reconstruct trends in the abundance of Beringian
steppe bison (Bison spp.) during the Pleistocene has established that the
onset of pre-extinction population declines coincided with periods of climate
warming and forest expansion [21]. Related genetics research suggests a sim-
ilar pattern of climate-driven population declines in Pleistocene bears, horses
and mammoths [22], but there is also compelling evidence that humans con-
tributed to several megafaunal extinctions in other regions of the world [23].

The strong associations between climate and faunal composition observed
across paleo timescales suggest the maintenance of some degree of thermal
niche conservatism during prolonged periods of climate change spanning
evolutionary time. Direct evidence of this thermal niche conservatism is
provided by Martinez-Meyer et al.’s [24] demonstration that 23 extant North
American mammals with fossil records spanning back to the Last Glacial
Maximum have spatially tracked consistent climate profiles for the last
18 000 a. Associations between paleoclimate reconstructions and the contem-
porary diversity and composition of fossil mammal assemblages are
sufficiently strong that recent literature has advocated using fossil mammal
assemblages to reconstruct paleo-climates (e.g. [25,26]).

2.1.2. Recent Climate Variation and Mammal Miscellany

Studies in this category examine mammal responses to annual-, decadal-, and
century-scale climate variation. Responses examined are a miscellany of traits,
including but not limited to morphology, phenology, life history traits,
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population abundance and species distribution. The consequences of anthropo-
genic climate change are best illustrated by long-term data extending back prior
to the industrial revolution or, at least, the mid-twentieth century acceleration of
greenhouse gas emissions and warming trends (e.g. [27-29]), but such long-
term studies of mammals are largely lacking. Thus, most studies in this category
examine mammal responses to climate variation occurring across much shorter
timescales, ranging from a few years to several decades. Multi-decadal studies
frequently encompass climatic variability induced by large scale climate drivers
such as North Atlantic Oscillation (NAO), Pacific Decadal Oscillation (PDO),
Arctic Oscillation or El Nino Southern Oscillation (ENSO). Interestingly, wild-
life population responses to these climatic phenomena are often of greater mag-
nitude and greater consistency than effects observed in meteorological records,
suggesting that animal populations can be sensitive integrators and indicators of
subtle and complex climatic events [30,31].

Several long-term studies have documented changes in body size that cor-
relate with changing climate conditions. In many but not all cases, body size
has been observed to decrease as climate warms [14], consistent with the
biogeographical association between small body size and warm climates
referred to as Bergmann’s Rule [32,33]. For example, the body mass of
woodrats (Neotoma albigula) in New Mexico decreased by 15% during a
decade when summer temperatures warmed by 3 °C ([34]; Fig. 1a). Intrigu-
ingly, this short-term association between small body size and warm tempera-
tures matches a much longer, evolutionary-timescale relationship between
climate and woodrat body size as inferred from the size of faecal pellets
preserved in paleomiddens ([35]; Fig. 1b.). However, other studies have
documented the opposite trend, with body size increasing as climate warms,
perhaps because of increased resources and enhanced growth rates [36,37].
These (relatively) short-term, observational studies of morphological and
climate variation frequently have limited potential to discriminate phenotypic
plasticity from evolutionary responses to climate, and to isolate responses
to climate from other factors that may also vary over-time (e.g. habitat
succession, density-dependence, competition, predation).

Changes in phenology, such as the annual timing of reproduction or
dormancy, are among the best documented impacts of climate change on
animals and plants in general [38,39]. Examples among mammals are few, but
striking. The date when yellow-bellied marmots (Marmota flaviventris) emerge
from hibernation in Colorado, USA advanced by 38 d (days) over 25 a with 60%
of the observed variation in emergence date linked to variation in spring air tem-
perature ([40]; Fig. 2). Although springs became warmer and earlier over the
study period, increases in winter snow depth during the same time meant that
snow cover persisted longer as marmots emerged earlier, creating a potential
mismatch between energy demands and supply in early spring (see Ref. [41]).
Réale et al. [42] showed that the parturition date of red squirrels (Tamiasciurus
hudsonicus) in Yukon, Canada advanced by 18 d over 10 years. Applying
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FIGURE 1 The negative influence of warm air temperatures, ¢, on the body size of Neotoma wood-
rats over decadal (a—c) and geological timescales (d—f) in southwestern USA. During a decade of
warming air temperatures (a; with air temperature expressed as the average of monthly maximums
in July, August and September; redrawn from Fig. 2b, pp. 143 of Smith et al. 1998) the average body
mass of woodrats declined by more than 15% (b; redrawn from Fig. 5, pp. 147 of Smith et al. 1998),
generating a negative correlation between summer air temperature and body mass (c; redrawn from
Fig. 6b, pp. 147 of Smith et al. 1998). During 20 000 a of fluctuating summer air temperatures
(d; redrawn from Fig. 3b, pp. 2013 of Smith et al. 1995), the body size of woodrats (as inferred
from the size of fecal pellets in paleomiddens) decreased during warm intervals (e; redrawn from
Fig. 3a, pp. 2013 of Smith et al. 1995), again generating a negative correlation between summer
air temperature and body mass (f; redrawn from Fig. 3, pp. 2013 of Smith et al. 1995).

quantitative genetic approaches to this study population’s known pedigree
revealed that two-thirds of this advancement involved phenotypic plasticity
whereas one-third involved genetically-based microevolution [42]. This study
represents one of the few demonstrations that mammals have the evolutionary
capacity to adapt to rapid, contemporary climate change, but the taxonomic gen-
erality and long-term sustainability of this evolutionary potential is unclear [43].

Many studies have documented climatic influences on mammal population
dynamics, usually operating in combination with a complex array of biotic
influences such as density dependence, competition, predation, and in the
case of large mammals, human harvest [15]. Rigorous demonstration of
population-level impacts of climate change impacts requires long-term
monitoring of population abundance as well as potential climatic and biotic
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FIGURE 2 Advancement in the date of first appearance of yellow-bellied marmots (Marmota
flaviventris) following hibernation over a twenty-five year warming period in Colorado, USA.
During this period, the strongest predictor of the timing of emergence was the average of daily

minimum air temperatures, 7, during April. (Reprint from Fig. 4 and 5, pp. 1631-1632 of Inouye
et al. 2000; Copyright (2000), National Academy of Sciences, U.S.A.).

drivers of abundance. The relatively long generation time and transience of
mammal population dynamics creates additional challenges in establishing
cause and effect relationships between climate and mammal population
parameters. However, several case studies provide compelling evidence of
localised impacts of climate change on mammals. Polar bears (Ursus mariti-
mus) have played a prominent role in public and scientific discourse on the
impacts of climate change on wildlife because they rely on sea ice that has
been observed and projected to decline as a result of climate change [44].
The strongest evidence for a negative effect of climate change on polar bears
comes from a 20 a time series on a population occurring at the southern edge
of the species’ distributional range [45]. This study establishes that reduced
survival of juvenile, sub-adult and senescent-adult polar bears in years of
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early sea ice breakup caused bear populations to decline by 24% over a period
when spring ice breakup advanced by 3 weeks. Although comparable data are
lacking for most other polar bear populations and current trends in sea ice
coverage and polar bear populations vary widely across the Arctic, there is
general consensus that if the climate continues to warm and sea ice continues
to decline at the rates recently observed and projected, it is only a matter of
time before most polar bear populations are detrimentally affected by climate
change [46]. Evidence of climate change impacts on other mammal species
arise from demonstrated influence of large-scale climate oscillations on
population demography and dynamics in a diverse and growing list of species,
including muskox (Ovibos moschatus) and caribou (Rangifer tarandus; [47]),
soay sheep (Ovis aries) and red deer (Cervus elaphus; [48]), wolves (Canis
lupus) and moose (Alces alces; [8]), ibex (Capra ibex; [49]) grey-sided voles
(Myodes rufocanus; [50]), lynx (Lynx canadensis; [51]), pikas (Ochotona
collaris; [52]), South American leaf-eared mice (Phyllotis darwini; [53])
and Savanna ungulates [54]. A wide array of statistical time series and
population modelling are used in these studies to relate population demo-
graphic time series to current and prior climatic conditions [15]. These
long-term data and quantitative approaches provide detailed examination of
climatic influences on particular populations, and frequently identify the
demographic basis of population-level effects. However, these studies provide
a weaker basis to predict future climate impacts requires extrapolation
because expected warming far exceeds the amplitude of monitored climate
variation. The general absence of simultaneous monitoring of prey and
predator populations, as well as any associated landscape change, clouds
interpretation of the mechanisms by which climate influences populations.
Climate change has also been blamed for the recent disappearance or damp-
ening of many of the renowned mammal population cycles that have been so
important in the development of animal ecology over the last century [55].
Large-scale spatial variation in cycle amplitude and period, including the well
described northern hemisphere pattern of cyclic dynamics at high latitudes tran-
sitioning to stable dynamics at more southerly latitudes, has been attributed to
geographical variation in the degree of seasonality [55]. The recent collapse
of many of these population cycles from disparate high latitude localities coin-
cides with a period of accelerated climate warming and reduced seasonality
([56;] Fig. 3.) Thus, the climate conditions responsible for the collapse of popu-
lation cycles at low latitudes may be spreading north as the climate warms.

2.1.3. The Temporal Scale of Mammal Responses
to Climate Change

The nature, extent, and significance of observed temporal responses to climate
change depend on the timescale of the comparison [17]. Very short timescale
comparisons offer insight into how mammals respond to and are affected by
weather, as well as seasonal and annual climate differences. Frequently the
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FIGURE 3 Twenty-year time series of declining snow cover duration (a) and disappearance of cyclic
dynamics in a population of field voles (Microtus agrestis) from Kielder Forest, England (b). Changes
over time in the form of direct (1 4+ ;) and delayed density dependence (£2,) affecting vole population
dynamics are shown in (c). Cyclic dynamics are predicted for combinations of the parameters that fall
below the semi-circle, with the period of the cycle increasing from left to right. Stable dynamics are
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the population from early in the time series, when dynamics are cyclic with a period of ~4 a, to later
in the time series when the cycle period extends to >6 a then disappears. Population fluctuations appar-
ent at the end of the time series in (b) are within-year seasonal variations, which appear to increase in
magnitude following the transition to non-cyclic dynamics. Redrawn (a, b) and reprinted (c) from Ref.
[56]. (Adapted from Am. Nat/University of Chicago Press).

responses detected by these comparisons involve behaviour and other forms
of phenotypic plasticity [43]. But these studies reveal less about the likely
impacts of longer-term directional climate change, particular when climate
change will, by definition, involve conditions outside the contemporary
range of variation. On the other hand, very long scales of comparison can
obscure the significance of events occurring at shorter timescales. For exam-
ple, Gingerich [20] argues that the failure of previous studies to detect a
relationship between climate and diversity over the entire 65 Ma Cenozoic
resulted from averaging of climate and diversity over 1 myr intervals
when most significant climate fluctuations and evolutionary responses to them
occurred on 1000 a time scales. The consequences of anthropogenic climate
change might be similarly obscured if extinction rates during the twentieth
and twenty-first century were averaged with extinction rates prevailing, for
example, 10 000 a prior to and following these two centuries. Thus, there is
a continuum of temporal scales available to study the effects of climate
change on mammals, and studies situated at either end of this continuum
contribute less to predicting the responses of mammals to current anthropo-
genic climate change. Short-term ecological studies are confined to studying
climate fluctuations of much shorter period and lower amplitude than the
phenomenon of interest. Long-term, paleontological studies are, for reasons
of temporal resolution and the nature of past environmental change, confined
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to studying episodes of directional climate change that are much more gradual
than the phenomenon of interest. Additional insight into the responses of
mammals to current anthropogenic climate change will be provided by
ecological time series of longer duration that incorporate more climate varia-
tion and paleontological time series of finer temporal resolution focused on
brief periods of rapid climate change.

2.2. Spatial Approaches

Latitudinal gradients in climate and biodiversity provide valuable null models
for predicting the future impacts of a warmer climate [57]. According to this
latitudinal shift or climate envelope approach, to the extent that species
range limits are imposed by climatic tolerance, climate warming will cause
the plants and animals in a given region to more closely resemble the plants
and animals currently found at lower latitudes [58]. The validity of these
predictions depends critically on: (1) emission scenarios that correctly predict
future greenhouse gas emissions based on current economic and demographic
trends, (2) general circulation models (GCM) that correctly predict regional
climates based on these emission scenarios and (3) species climate models
that correctly predict species’ responses to climate change based on a mecha-
nistic understanding of how climate influences their distribution and abun-
dance [59]. Although more research is needed on all fronts, there is enough
consensus in emission scenarios and GCM’s to render species climate models
as far and away the weakest link in biotic climate change predictions. In fact,
in many regions of the world, little is known about how much plants and
animals actually vary across regional climate gradients (i.e. across hundreds
to thousands of kilometres), much less how and why any observed variation
across these scales is correlated to climate. In the following sections, I briefly
review empirical relationships between spatial climate variation and mammal
diversity as well as evidence for the mechanisms by which climate determines
species range limits and spatial variation in abundance.

2.2.1. Spatial Climate Variation and Mammal Diversity

Latitudinal gradients in species diversity are among the strongest and most
general patterns in ecology [60,61]. With the exception of extremely arid
areas, warm regions of the globe host a much greater diversity of mammals
(and other organisms) than cold regions. Within North America, measures
of local mammal diversity (in this case, the number of terrestrial mammal
species occurring in 58 275 km? quadrats) varies from 178 species in tropical
regions of southern Nicaragua and northern Costa Rica to 20 species in arctic
regions of north-central Canada ([62;] Fig. 4). Almost 90% of this variation
can be accounted for by five environmental variables, representing seasonal
extremes of temperature, annual energy and moisture and elevation [62].
Examples of latitudinal diversity gradients from regions outside of North
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FIGURE 4 Latitudinal variation in the diversity of North American mammals. The diversity
measure is the number of terrestrial mammal species present in 58 275 km? quadrats systemati-
cally distributed across the continent. Five environmental variables, representing seasonal
extremes of temperature, annual energy and moisture, and elevation, predicted 88% of continental
variation in this variable. From Ref. [62] (Adapted from Journal of Biogeography, Blackwell
Science Ltd).

America are dominated by non-mammalian taxa, but the taxonomic and
geographic consistency of latitudinal diversity gradients [61], suggests that
the distribution of most of the world’s mammal species will contribute to a
pattern of more species in warmer regions. Climate variables usually outper-
form landcover variables as predictors of species diversity or distribution
[63,64], particularly when scales of comparison are large [65], but it is unclear
whether this is because climate is the more important mechanistic driver of
diversity or because it is difficult to classify land cover appropriately for mul-
tiple species across a variety of landscapes. Regardless, the remarkable gener-
ality and strength of climate-diversity correlations across biogeographical
space, together with their correspondence with patterns over geological time,
has caused them to occupy a central role in approaches to examining and pre-
dicting the impacts of climate change on mammals and other animals.

2.2.2. Spatial Climate Variation and the Distribution
and Abundance of Mammals

Climatic constraints are thought to impose biogeographic range boundaries
on individual wildlife species. The breeding distribution of gray seals
(Halichoerus grypus) may be limited by the effects of cold air temperatures
on the fasting endurance of recently weaned pups [66]. The winter distribution
of little brown bats (Myotis lucifugus) is limited to latitudes where hiber-
nacula are warm enough to ensure that the energetic costs of hibernation do
not exceed maximum autumn fat reserves [67]. The northward range limit
of nine-banded armadillos (Dasypus novemcinctus) and virginia opossums
(Didelphis virginiana) seems to be constrained by long bouts of cold winter
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weather [68,69]. Relatively few studies have examined variation in abundance
of mammal species across latitudinal gradients, but the abundance of red foxes
in northern Eurasia decreases with declining winter temperature and increased
seasonality [70], and the abundance of beaver in north-eastern North America
decreases with declining potential evapotranspiration and spring temperatures
[71]. There is a need for more studies of spatial variation in abundance across
species ranges, because how abundance varies as range limits are approached
will dictate whether climate change impacts will be greater at the edge or in
the core of species’ ranges [71].

The range limits of many mammals have shifted poleward as the climate
has warmed in the past century, but it has frequently been difficult to
isolate the impact of climate change on these range shifts from other forms
of environmental change and historical factors. A classic example is the
southern range contraction of arctic foxes concomitant with the northern
range expansion of red foxes, which is hypothesised to be mediated by climate
driven changes in primary productivity and prey base [72]. This hypothesis
is partially supported by recent work comparing ecosystem characteristics of
sites abandoned and still occupied by arctic foxes, but there are many
site-specific contingencies and alternative explanations [73]. In North America,
many of the mammals characterised by prominent poleward range expan-
sions are species that are also affiliated with human-modified habitats,
including red foxes, Virginia opossums [73], raccoons [74], white-tailed
deer [75] and coyotes [76], making it difficult to identify whether anthropo-
genic climate change or landscape modification are most responsible for
the expansions. However, climate change is clearly contributing to the
poleward range shifts of many mammals, as well as other animals and
plants, and this will be an important impact on mammals over the next
century [38,39,77]. Species of particular concern are those whose poleward
range limit is imposed by physical barriers, such as coastlines or mountain
ranges, leaving them nowhere to go as their non-poleward range limit moves
towards the barrier.

2.2.3. Spatial Climate Variation and Mammal Morphology,
Metabolism and Life Histories

All else being equal, mammals occupying warm environments are smaller,
metabolically slower and have smaller litter sizes than mammals occupying
cold environments. The tendency for animals to be larger in cooler environ-
ments, referred to as Bergmann’s rule, is well supported by comparisons of
populations or species of mammals distributed along latitudinal and climatic
gradients [32,33,78]. There are many notable exceptions, but in general, more
than two-thirds of mammals conform to this trend. The original explanation
for Bergmann’s rule, related to heat conservation in cold environments, is
no longer widely accepted because the trend is supported by both large and
small endotherms, as well as many ectotherms [32,78]. However, mammals
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occupying cold environments are characterised by increased heat production
and reduced heat loss relative to their warm-climate counterparts [79,80].
Classic work in this area was conducted by Scholander comparing the metab-
olism and pelage insulation of arctic and tropical mammals [81,82], which has
since been expanded using phylogenetically-informed analyses on a wider
diversity of species [79,80]. An example of the influence of climate variability
rather than average climate conditions is provided by Lovegrove’s [83]
analysis of mammal metabolism showing species inhabiting regions influ-
enced by large scale climate fluctuations have lower resting metabolism than
species located outside of these regions. The field metabolic rate of mammals
tends to increase with declining air temperature, but also tends to be less vari-
able in cold environments than in warm environments [85]. According to the
metabolic niche hypothesis, this pattern suggests that cold environmental
temperatures limit diversity by restricting the range of energetically feasible
lifestyles [84,86]. Latitudinal and climatic variation in the life history traits
of mammals has not been explored as thoroughly as in other vertebrates, but
there are theoretical expectations and some empirical evidence for litter size
being larger in cold, seasonal environments than warm environments [87-89].

2.2.4. The Spatial Scale of Mammal Responses
to Climate Change

The nature, extent, and significance of correlations between mammal ecology
and spatial variation in climate depend on the spatial scale of the comparison.
At continental and hemispheric scales, climate frequently emerges as power-
ful predictor of ecological variation in phenomena ranging from diversity,
abundance, body size and metabolism. Of course, the term climate captures
a wide array of temperature, precipitation and related variables. Which
climate variables have the highest predictive power varies according to the
region and taxa under consideration, with, unsurprisingly, precipitation and
temperature variables performing better in arid and cold regions, respectively.
Furthermore, because most climate variables are highly correlated, it is
difficult to proceed from correlative to causal models focused only on the best
or the top few climate predictors without considering the potential influence
of the many covarying climate variables. At a local and regional scale, habitat
and other biotic and physical variables emerge as much more powerful
predictors of ecological variation than climate. However, it would be errone-
ous to conclude that climate has not been a major driver of the form and
extent of ecological variation observed at a local and regional scale (lack of
observed correlation does not, necessarily, imply lack of causation). On the
other hand, it would also be erroneous to conclude that climate is the major
driver of the form and extent of ecological variation observed at continental
and hemispheric scales (correlation does not imply causation). In both
cases and at all spatial scales, it should be clear that ecological variation is
driven by a complex interaction between climate, physical features, biotic
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interactions and historical contingencies. But our capacity to quantify and
detect those influences varies with spatial scale. Returning to an earlier anal-
ogy of climate setting the stage for a complex play involving competitors,
resources and predators, the perceived importance of the stage is diminished
by watching different plays on the same stage and enhanced by watching
the same play on different stages. Instead of sitting in the same theatre and
waiting for the stage to change to see if it changes the play, why not visit
some different stages where the same play is being performed. Instead of hop-
ping from theatre to theatre and only counting the number of actors on the
stage, why not sit down and watch some plays to understand what is happen-
ing on the stage. Opportunities to combine watching many different plays on
the same stage and the same play on many different stages are rare, but are
necessary to assess the relative importance of the stage (climate) and the play
(biotic interactions).

3. LINKING TIME AND SPACE IN MAMMAL CLIMATE
RESPONSES

Better documentation of the impacts of climate change on mammals awaits
integration of temporal and spatial approaches, with careful attention paid to
the scales of comparison. I end with a brief review of two approaches, one
historical and one contemporary, with considerable promise in this regard.

Phylogeography, as its name implies, integrates spatial and temporal
approaches by examining historical influences on geographical distribution.
Much of phylogeography is based on genetic approaches, but palacontology
spread across geographical gradients provides similar insights [18]. For
example, comparison of the geographical distribution of woolly mammoths
(Mammuthus primigenius; based on dated fossil discoveries) and reconstructed
climates at different time intervals during the Pleistocene provide insight into
the role of climate change and human hunting in this species’ range contraction
and eventual extinction [90]. Genetic estimates of the timing of population and
species divergence linked with paleoclimate and habitat reconstructions can
provide critical insight into the influence of past environmental change on
contemporary diversity. The divergence of Antarctic minke whales (Balaenop-
tera bonaerensis) and common minke whales (Balaenoptera acutorostrata) is
estimated to have occurred during an extended warming period in the Pliocene,
when elevated ocean temperatures would have disrupted the spatial homogeneity
of oceanic upwelling and promoted allopatric speciation [91].

A contemporary analog to phylogeography is provided by spatially exten-
sive, long-term monitoring of species diversity, population abundance and
individual traits. Unfortunately, the best of these programs, such as breeding
and winter bird surveys conducted for many decades over continental spatial
scales [92], involve non-mammalian taxa. Nevertheless, these programs can
serve as a model for the type and spatial extent of long-term data needed to
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document the effects of anthropogenic climate change on mammals. They
also provide a warning of the difficulty in disentangling the effects of climate
change from other forms of environmental change, even with fantastic data
[93]. As anthropogenic climate change accelerates, we need to continue and
expand the few global examples of spatially-extensive, long-term monitoring
of mammal diversity (e.g. [94,95]) and for the many mammal taxa and
regions currently excluded, we need to initiate rigorous monitoring programs
before it is too late.
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1. INTRODUCTION

As ectotherms, insect performance is heavily dependent on climate. Warming
from climate change will alter insect development time, voltinism, foraging
behaviour, emergence time and survivorship [1]. These changes, which alter
population size and distribution, will affect the temporal and spatial dynamics
of insect communities. Many insects provide important ecosystem services
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(e.g. pollination, decomposition, etc.) or affect human activities (e.g. via pest
activity) and the effects of climate change could alter these services or exac-
erbate these effects. To date, geographic range shifts and early emergence are
the best documented responses of insects to climate change, but some species
have experienced population increases, changes in cyclical population dynam-
ics and local extinctions or genetic and phenotypic changes that may be exam-
ples of rapid evolution. Further, more research is needed to understand how
species-level changes affect interacting species. Overall, the sensitivity of
insects to climatic factors makes them ideal for tracking and understanding
the effects of climate change on biodiversity.

This chapter provides an overview of the effects of climate change on
insects and their interactions with host plants and predators. We provide
examples from the literature using herbivorous insects and their host plants
and predators because herbivores are a large, well-studied group of insects that
affect human activities and provide important ecosystem services. While the
effects of increasing carbon dioxide levels are also important, particularly
the resulting changes in host plant chemistry [2,3], the focus of this review
is on the effects of warming and increased variability in precipitation asso-
ciated with climate change. We also offer a novel analysis of northern range
limit comparisons between North American butterflies and their host plant
species to delineate the potential for spatial disassociations (i.e. differential
range shifts between herbivorous insects and their host plants under climate
change). Finally, we discuss potential impacts on future communities of
insects and altered community effects on ecosystem services.

Life history traits such as resource specificity, geographic location, trophic
level and dispersal ability are potentially good predictors of the magnitude
and direction of the response of insect species to climate change. For example,
habitat and/or resource specificity may limit the tolerance of specialists to
changing conditions, potentially leaving habitats dominated by generalists.
Warren et al. [4] found that butterflies with strong habitat specificity and lim-
ited mobility have reduced distributions and have fared worse under changing
climatic conditions than generalists that share the same geographic range.
Another study on beetles identified climate change response groups based
on host plant specificity and distribution size, and the authors project that cos-
mopolitan species may be the most resilient to climate change while specia-
lists will be faced with extinction if they do not move with their host plants
[5]. Furthermore, Deutsch et al. [6] concluded that tropical species that have
narrow thermal limits are more likely to be negatively affected by climate
change. Yet Bale et al. [1] also highlight other vulnerable groups: insects that
are cold-adapted, restricted to montane areas and also those in polar areas,
where proportionally larger temperature increases are expected. In addition,
Voigt et al. [7] report that species in higher trophic levels are sensitive to cli-
matic change due to the combined indirect effects of climate change on lower
trophic groups. When possible, we relate our article back to life history traits
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to allow for generalisations because insects as a taxonomic group are too
diverse to be studied exhaustively. Our only hope for understanding insect
responses to climate change is through generalisations from well-studied spe-
cies to others.

Climate change can decouple interactions between insects and their
resources and/or predators. Variable responses of these interacting species to
climate change can lead to differential changes in the geographic ranges of
species (herein ‘spatial mismatches’) as well as differential changes in the
phenology, or timing, of species (‘temporal mismatches’). These mismatches
could lead to places where and times when insect populations could greatly
decline towards local extinction. In this review, we identify studies that dem-
onstrate such mismatches, focusing, where possible, on those that have
yielded negative effects on ecosystem services provided by insects.

2. DIRECT EFFECTS OF CLIMATE CHANGE ON INSECTS

The impact of climate change on insects is multifaceted. We begin by review-
ing the direct effects of climate change on the temporal and spatial dynamics
of insect populations. Thus far, enhanced individual and population growth in
warmer temperatures have resulted in early emergence and changes in the
location, through geographic range shifts, of insect species. A few studies
also have linked climate change to genetic and phenotypic changes in insect
populations, which we discuss here, but this response is not anticipated due
to a number of constraints in evolution under human-caused, rapid climate
change.

2.1. Temporal Changes

Insect life cycles depend on climatic variables such as degree days, minimum
winter temperatures, average maximum summer temperatures, total precipita-
tion and aridity. Generally, higher temperatures result in faster development,
increased number of generations and increased overwinter survivorship [1].
As aresult of enhanced and accelerated growth, climate change has been linked
to phenological advances in many insects [8,9]. Gordo and Sanz [10] found ear-
lier spring emergence in honey bee Apis mellifera (L.) and small white Pieris
rapae (L.) populations in the Iberian Peninsula over the past 50 a. Several other
studies of butterflies have documented early emergence [11-14], and it also has
been observed in aphids [15,16] and in members of Heteroptera [17]. Decreased
generation time due to warming has been observed in the mountain pine beetle
(Dendroctonus ponderosae), leading to increases in the abundance of this pest
species [18]. In some cases, the direct effect of increased temperature on insect
development leads to simple population increases (e.g., D. ponderosae). In other
cases, however, it can change synchrony of herbivores, host plants and preda-
tors, producing more complex community effects.
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2.2. Spatial Changes

Increased overwinter survivorship, growth rates and generations have led to
range shifts in many insect species. Many insects, including some pest species
(e.g. the pine processionary moth (Thaumetopoea pityocampa)), have shifted
their distributions poleward and to higher elevations to track recent climatic
changes [19-27]. Still others have been unable to track the changing climate,
and some have experienced range contractions or local extinctions [18,28—
30]. These results and others have helped to establish a simple paradigm for
the responses of species to climate change: populations will contract and go
extinct in the equatorial portion of the range and poleward populations will
expand and colonise new locations as the climate warms.

The ability of a species to shift its distribution is determined largely by its
ability to disperse into newly suitable areas and the availability of suitable
resources, that is breeding habitat and host plants, in those sites [4,31].
Thomas et al. [22] examined four insect species that recently expanded their
ranges northward and found that two butterfly species increased the range
of habitat types that they historically used while newly established popula-
tions of two bush cricket species had more longer-winged individuals than
their source populations, suggesting that only the best dispersers were able to
reach new habitat. Similarly, Warren et al. [4] have argued that climate
change will leave habitats dominated by mobile generalists. Later, we discuss
how limitations in resource use may lead to spatial mismatches between
herbivorous insects and their host plants.

2.3. Genetic and Phenotypic Changes

Climate change has altered the selection pressures on insect populations, and
some insects have responded via genetic and phenotypic change. Several
groups have found that Drosophila populations are tracking climate change
through genetic changes, for example, with genotypes characteristic of equa-
torial latitudes increasing in frequency with warming over the past few dec-
ades [32-34]. Rodriguez-Trelles and Rodriguez [35] found a decrease in
diversity of a chromosome polymorphism in Drosophila, and they argue that
this alteration correlates with climatic change. Rank and Dahlhoff [36] found
allele frequency shifts in an enzyme related to heat stress in the leaf beetle
(Chrysomela aeneicollis) that they linked to climatic changes occurring in
the Sierra Nevada during the 1990s.

Phenotypic changes in insects also have been linked to recent climate
change. For example, Bradshaw and Holzapfel [37] found that northern popu-
lations of the pitcher plant mosquito (Wyeomyia smithii) have shifted their
critical diapause photoperiod towards that of their southern counterparts over
the past 24 a. de Jong and Brakefield [38] found changes in melanism clines
in the two-spot ladybird (Adalia bipunctata) that they also linked to recent
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climatic change. Such rapid evolutionary response under climate change, how-
ever, may be rare since high genetic diversity is required for adaptation to occur
and co-variation among traits can slow the process [39,40]. Gienapp et al. [41]
also caution that other studies claiming evidence of microevolution under
climate change fail to separate genetic change from phenotypic plasticity.

Now that we have examined the direct effects of climate change on insect
populations, we will explore the indirect effects of climate change. These
indirect mechanisms of change can lead to spatial and temporal mismatches
between insects and their food or predators. These mismatches ultimately
affect the ecosystem services that we gain or lose due to insects.

3. HOST PLANT-MEDIATED EFFECTS ON INSECTS

The persistence of herbivorous insects depends highly on interactions with
plants. Host plants impact herbivore populations directly through phenologi-
cal and nutritional conditions [42—46]. For example, Nzekwu and Akingbo-
hungre [47] showed that utilisation of different types of host plants has
significant effects on insect development. Previous studies on butterflies also
have shown that larvae need long-lasting host plants with the proper phenol-
ogy to be able to withstand environmental changes [48]. Any variation in
resources may influence the dynamics and abundances of herbivores [49].
Mismatches between herbivorous insects and their food plants are caused by
differential responses in the two groups; for example, earlier emergence and
range shifts in insects can occur at a faster rate than those of plants. These
mismatches can lead to declines in insect populations. For those species that
affect processes such as pollination, this could lead to a reduction in ecosys-
tem services.

3.1. Temporal Mismatches Between Insects and Their Host Plants

The indirect effects of climate change on insects are largely occurring because
of altered host plant phenologies and quality [50-53]. Reduced host plant
quality results in increased mortality because insect larvae compensate for
the decrease in nutritional value by increasing consumption and development
time, which in turn increases their exposure to predators and other environ-
mental stresses [2,54]. In addition, species that feed on ephemeral resources
are more likely to be sensitive (e.g. increased population variability) to asyn-
chronies with host plants [55]. For example, insects whose eggs hatch before
bud burst in their host plants will likely starve while those that require young
foliage that hatch late will be forced to eat leaves that are more heavily
defended [56].

Experiments have shown that temperature increases are altering insect deve-
lopment proportionately more than that of their host plants [57,58]. In fact,
asynchrony has already occurred between the winter moth (Operophtera brumata)
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and its host plant, pedunculate oak (Quercus robur) because O. brumata egg hatch
has advanced more so than bud burst in Q. robur [59]. In this particular case,
however, the authors speculate that high levels of genetic variation in O. brumata
may allow rapid adjustment to phenology of Q. robur over time. Such information
about the plasticity of species is lacking for most taxa; therefore, it is difficult
to predict if this will be a general response (see Visser [60] for a discussion of
adaptation to climate change).

Insects that provide important pollination services, for example, butter-
flies, are particularly vulnerable to temporal mismatches with their food
resources. On average, butterfly species are advancing faster than herbs
[61]. For example, in Britain, the migratory red admiral butterfly (Vanessa
atalanta) has advanced its return flight over the past couple of decades, but
its host plant, stinging nettle (Urtica dioica), has not advanced its flowering
time, creating a mismatch in phenology [62]. In another study, McLaughlin
et al. [28] linked increased variability in precipitation associated with climate
change to extinctions in two populations of the Bay checkerspot butterfly
(Euphydryas editha bayensis). This variability caused extinctions by acceler-
ating plant senescence relative to larval development [28,48]. Simulations
by Memmott et al. [63] concluded that 17-50% of pollinators, including
insects, will suffer a disassociation with their food, and, as with other cases,
small diet breadth was a greater risk factor for asynchrony with food. Later,
we will discuss how other species that negatively affect human activities are
benefiting from temporal mismatches with predators.

3.2. Spatial Mismatches Between Insects and Their Host Plants

In many insect systems, the dispersal ability of the insect is greater than its
host plant. Such differential dispersal capacity of specialist herbivores, if they
are to remain host plant-limited, could cause range contractions. Many insects
have the ability to move long distances. For example, some butterflies in
Europe have shifted their distributions northward 240 km in the past 30 a
[19]. Recent shifts are not as well documented for plants, but post-glacial range
expansions with past climate change were up to 100 km over 100 a with a
median of only 20—40 km per century [64]. This is not surprising since plants,
especially large trees, typically have long generation times and lower recruit-
ment than insects [65]. These differences between plants and insects are further
complicated by habitat fragmentation, which may be especially restrictive for
plant migrations because of their limited dispersal ability [66—68].

To illustrate the potential impact of spatial mismatches under climate change,
we analysed the relationship of specialist butterflies reaching a northern geo-
graphic limit in the United States with that of their primary host plants. A total
of 74 butterfly species from 15 subfamilies have both a northern range boundary
within the United States and utilise a single host species. Of these, 59 species
have county-level distribution records for both butterfly and host plant.
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FIGURE 1 Categorisation of spatial distances between the northern-most geographic
distributions of host-specific butterflies and their larval host plant in North America. Distances
based on county-level centroid locations of observational butterfly and vegetation records (ET
SpatialTechniques, ArcGIS, Version 9.0) [71]. White bars are totals within each category and
black bars represent the additive totals across categories.

Geographic centroids were calculated (ET SpatialTechniques, ArcGIS,
Version 9.0, ESRI) for the northern-most county within each species’ range
[69] and that of its host plant [70]. Spatial discontinuity distances were cal-
culated by subtracting the centroid latitude of the host plant from that of the
butterfly species (Fig. 1).

Of the 59 specialist species assessed, 46% show a northern-most geographic
range distribution within 100 km, 76% within 500 km, 93% within 1000 km
and 7% extend more than 1000 km beyond the range edge of their host
(Fig. 1). Of these, ten species (17%) reach their current range limit in the same
location as their host. Furthermore, nine species (15%) show distributions
extending beyond their current food plant range margin (negative values in
Fig. 1). This is likely a result of sampling error arising from the scale of the
observational data used, broad longitudinal distributions leading to multiple
northern range fronts, inaccurate assessments of range boundaries due to occa-
sional migrants into sink habitats or undocumented range extensions of species.

Spatial differences between butterfly and host range margins will deter-
mine how far butterfly ranges can expand under climate change, assuming rel-
atively static host plant margins and consistent host preference for specialist
herbivores. Where the geographic distance between the boundary of the but-
terfly and its host is small, there may be a small distance available for butter-
fly range expansion. Given the extent of range change seen in European
butterflies (upwards of 240 km over 30 a) [19], we would estimate that up
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to 59% of specialist butterflies in North America will reach the range limit of
their host by 2050, assuming no change in host plant distribution and unlim-
ited dispersal. For example, the Florida Leafwing, Anaea floridalis, which
occurs less than 100 km from the edge of its host distribution, will approach
host boundaries in just over a decade, as will other insect species. Up to 4% of
the total butterfly fauna of North America could experience contracting geo-
graphic ranges where limiting food resource distributions interact with future
climate warming to prevent adequate climate tracking. Simple risk assessments
such as this procedure of comparing insect versus host plant poleward distribu-
tion boundaries can help identify species of greatest risk under climate change.

Now that we have explored how climate change can cause temporal and
spatial mismatches between herbivorous insects and their food, we turn to
examine how climate change can decouple interactions between insects and
their predators, potentially leading to increases in and movement of species
that diminish habitats, that is via outbreaks.

4. PREDATOR-MEDIATED EFFECTS ON INSECT POPULATIONS

Few studies have considered the influence of climate change on higher trophic
levels (i.e. predators, parasitoids and pathogens) and its subsequent effects on
insect herbivore populations. Climate change is expected to affect the rela-
tionship between predators and their prey by independently altering the
dynamics of each trophic group [71]. In addition, higher trophic levels have
been found to be more sensitive to climate change, likely due to the combined
effects of climate change on lower trophic levels [7] and greater sensitivity to
abiotic stress among higher trophic levels [72—74]. Changes in top trophic
levels can cause trophic cascades. The loss of predators, therefore, can disrupt
interactions between lower trophic levels including herbivores and primary
producers [75,76].

Predators, particularly parasitoids, play an important role in controlling insect
populations [77-82]. In some cases, they have been found to cause cyclical
dynamics of herbivorous insects ([82,83]; but see Refs. [80,84] for exceptions).
Recent studies of forest insects have linked population outbreaks to climate
change as a result of phenological changes in insect life histories [85-87]. The role
of higher trophic levels in causing insect outbreaks under climate change, how-
ever, has only started to be addressed [88]. We review the current observations
and evidence to date of climate change causing temporal and spatial mismatches
in predator—prey relationships and its subsequent effects on herbivore outbreaks.

4.1. Temporal Mismatches Between Insects and Their Predators

Herbivore development often changes rapidly and dramatically in response to
changing climatic conditions, and this leads to large temporal variation in
their populations. Parasitoids also may be affected by both climate variation
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and its effect on host dynamics. For example, a study by Stireman et al. [88]
used data from multi-year inventories of caterpillars reared from natural eco-
systems to relate parasitism frequency to interannual climate variability. They
found that parasitism frequency was negatively related to variability in precip-
itation. This suggests that there will be increased outbreaks of herbivores
occurring under climate change as a result of increased climate variability
causing mismatches in parasitoid-herbivore interactions.

Temporal mismatches could occur if predators and their insect herbivores
respond differentially to changes in climate. Hosts and parasitoids may have
different thermal preferences or different capacities to survive extreme tem-
peratures and differential responses to climate could disrupt synchronisation
[89]. For example, there is evidence that parasitoids often have lower temper-
ature tolerances than their hosts [90, and references therein]. Models predict
that increasing phenological asynchrony between predators and prey due to
differential responses to climate can cause destabilisation of their population
dynamics and extinction of the system [91,92].

Few studies, however, have empirically shown differential responses of pre-
dators and prey to changes in climate. Van Nouhuys and Lei [93] found that the
light-coloured parasitoid Cotesia melitaearum, which is restricted to shaded
habitats, develops slowly, while the dark-coloured larvae of its butterfly host,
Melitaea cinxia, seeks out warm microhabitats where the sun increases body
temperature, allowing individuals to develop faster. In cool but sunny springs,
therefore, parasitoids emerged after most of their larval hosts had already
pupated. In warmer springs, the synchrony between host and parasitoid was
maintained and parasitism rate was high. In this study, the authors detected no
effect of synchrony on local host population size, but disruption of synchrony
is likely important for overall host metapopulation dynamics.

There is evidence of increasing sensitivity to climatic variation and other
forms of abiotic stress in higher trophic levels [7,73,74,94]. This could be
due to combined effects of climate variation on lower trophic levels [7].
Menge and Sutherland’s [72] theory of community regulation predicts that
higher trophic levels are more sensitive to abiotic stress as organisms in high
trophic levels are likely to be larger and more mobile, enabling them to dis-
perse from suboptimal areas. Species in higher trophic levels have been found
to have slower recovery rates after catastrophic events [95,96], for example.
In addition, Spiller and Schoener [94] found reductions in predators after
two hurricanes in 1999 and 2001 on ten small Caribbean islands that likely
explained observed increases in herbivory. Preisser and Strong [74] also
observed mass mortality of lupine, Lupinus arboreus, off of the coast of Cali-
fornia after 2 years of below average precipitation that was associated with
El Nifio events. Lupine die-offs were due to an outbreak of a root herbivore,
Hepialus californicus. H. californicus populations are regulated by the nema-
tode Heterorhabditis marelatus [97], which is dependent on soil moisture for
movement. In their study, Preisser and Strong experimentally increased soil
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moisture content to levels of wet El Niflo years (above average precipitation
levels) and found that increases in moisture levels directly affected the preda-
tory nematode but not lupine or the ghost moth. Increases in the predator sup-
pressed H. californicus, indirectly protecting lupines. Climate change is
expected to increase such extreme events [98].

4.2. Spatial Mismatches Between Insects and Their Predators

Species are shifting their ranges in response to climate change, but as discussed
above for the movement of herbivores and their plants, insect herbivores and
their predators can shift at different rates. Predators that rely on close associa-
tions with their hosts such as parasites and parasitoids are expected to be espe-
cially affected by changes in the spatial distribution of their hosts. Colonising
hosts could lack parasites or parasitoids and/or hosts that are infected could be
less fit and therefore less successful in establishing in new locales [99]. In addi-
tion, native predators in newly colonised areas could switch from native hosts;
however, some native predators may need to evolve phenological, behavioural
or ecological specialisations before they can affect the colonising species. Pred-
ator species complexes, therefore, may be less rich with lower attack rates than
those in the native range [100-102]. Reductions in parasitoids or other predators
at the edges of expanding ranges of herbivorous insects could give expanding
species an advantage (e.g. increases in population size) through release from
predator control.

Only one study to date has investigated differential rates of spread of insect
herbivores and their parasitoids under climate change. Menéndez et al. [103]
found that the Brown Argus butterfly (Aricia agestis), a species that has shifted
its range northward due to climate warming, experienced lower mortality from
parasitoids in newly colonised areas. Other studies of invasive insects that have
been introduced into new areas or of insects that have expanded their ranges as a
result of their host plants being introduced also have found lower parasitoid rates
in newly colonised areas [100,104]. Reductions in enemies of invasive species
in their invaded ranges have been documented for a number of other plant and
animal species as well (e.g. [105,106]).

Menéndez et al. [103] found no difference in parasitoid richness in the
expanded and native ranges of A. agestis; they did, however, find a difference
in parasitoid species composition. The majority of species attacking A. agestis
in its newly colonised range were generalists that were already present in that
area attacking Polyommatus icarus, a native butterfly. Other studies have
found that specialist parasitoids were lost when insect hosts expanded their
ranges and that the majority of species attacking hosts in their invaded range
were generalists that switched from alternative native hosts [100,104,107].

Specialist parasitoids that follow hosts are likely to be more efficient pre-
dators than generalist parasitoids that have switched from native hosts.
Although more generalist parasitoids attacked A. agestis in its expanded
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range, the most abundant parasitoid was one that is believed not to have been
present historically and therefore is likely a specialist that expanded its range
with A. agestis [103]. Other studies of invading hosts have found similar
results- that the most abundant predator in the invaded range are specialist
predators that followed from the native range [106].

Generalist species in the expanded range could be less effective predators
on new hosts that have undergone a range expansion. For example, while par-
asitoid species richness was similar in the native and expanded range of
A. agestis, attack rates were lower for A. agestis compared to the native host
P. icarus [103]. Similar results were found for a recent invasion of the
variegated leathopper (Erythroneura variabilis) into California’s San Joaquin
Valley. E. variabilis experienced lower attack rates from a shared parasitoid
than the native grape leathopper, E. elegantula [108]. Therefore, there is evi-
dence that native parasitoids are slow to shift to new hosts because they are
locally adapted to native hosts.

Over time, assemblages of predators and hosts in the invaded range would
be expected to become similar to assemblages in the native range as enemies
catch up to expanded host distributions. Most studies have found an increase
in predator richness over time in the hosts’ invaded or expanded range, how-
ever, resulting in different species composition than in the hosts’ native range.
Schonrogge et al. [104] found that for several cynipid wasps that were
expanding their ranges, parasitoid assemblages in the introduced range were
determined more by the parasitoid assemblages attacking existing cynipid
species than by the parasitoids in their previous ranges.

No study to date has linked reduced predation after a host range shift to
increases in populations of species that have undergone an expansion. Experi-
mental manipulation of predators of species undergoing range expansions in
different portions of their ranges is needed to link reductions in parasitoids
in expanding ranges to changes in population dynamics. The invasion biology
literature provides frameworks to test a reduction in enemies to host release in
expanded ranges [99,109,110]. However, no tests to date have been conducted
for insects expanding their range in response to climate change. Since many
insects are important pests, we now discuss how climate change could favour
native and non-native pests that impact important human activities and ecosys-
tem services, including loss of forests and reduction in carbon sequestration.

5. CLIMATE CHANGE AND INSECT PESTS

Traits that enable a species to respond favourably to climate change are those
very traits that pest species (native and non-native) often possess. For exam-
ple, pests often have wide diet breadth, are multi-voltine, have rapid growth
rates, are highly mobile and/or are phenotypically plastic [111-113]. Since
many pest species have these traits, they are likely to respond favourably to
climate change, perhaps more so than those that are specialised and/or rare.
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Chown et al. [114], for example, found that invasive springtails were more
phenotypically plastic in their ability to cope with desiccation under warming
conditions compared to indigenous springtails.

Insect pests affect many human activities and ecosystem services. Many
insect species are already damaging, and some may become more so under cli-
mate change. Insect pests are the most important agents of disturbance in North
American forests, affecting areas almost 50 times larger than fire [18,115,116]
with an estimated average annual economic cost of 2.1 billion dollars in the
United States [117]. Many insect pests are non-native; up to 40% of major
insect pest species in North America are invasive [118] with 62% of 29 major
insect forestry pests being non-native [117]. Insect pests, both native and non-
native, not only have economic impacts, but also have significant ecological
impacts. For example, the invasive balsam woolly adelgid (Adelges piceae)
has caused extensive death in relict stands of Fraser fir (Abies fraseri) and
threatens other native species that depend on A. fraseri [119].

Many pest species have expanded their ranges as a result of climate
change. The pine processionary moth (7. pityocampa), a pest of Pinus spp.
and other conifers in southern Europe, has shifted 87 km north and to higher
altitudes as a result of increased winter survival due to increased winter
temperatures in the region over the last 30 a [26]. The mountain pine beetle
(D. ponderosae) has also moved northward and to higher elevations in
western Canada due to increased summer and winter temperatures and
reduced precipitation [120]. In addition to expanding their ranges, these
and other pests also are outbreaking more frequently and for longer durations
[85-87]. Although causes of insect outbreaks are complex, observed increases
in outbreak severity have been linked to both the direct effect of climate
change on insect physiology and indirect effects through changes in their
host plants (e.g., if their host plants are more drought stressed) and predators
(e.g. [85-88,121-123]).

Finally, the effect of climate change on forest insect pests can affect the
current balance of forest budgets. Widespread tree mortality due to D. ponder-
osae causes forests to have low primary productivity and increased carbon
emissions as a result of tree decay. Over the next 20 a, it is predicted that pine
forests in British Columbia, Canada will become net carbon sources rather
than net carbon sinks mediated by increases in the severity of D. ponderosae
outbreaks from recent climate change [86,87,124].

6. CONCLUSION

In this review, we demonstrate that the direction and magnitude of the effects
of climate change on insect species are multifaceted. Changes are occurring
both spatially and temporally, and these changes result directly from changing
climate and indirectly through interactions with species in lower (i.e. plants)
and upper (i.e. predators) trophic levels. In addition, trophic cascades can
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occur such that changes in interactions between herbivores and their host
plants affect higher trophic levels, and changes between predators and herbiv-
orous prey can affect primary producers.

Further, species traits such as dispersal ability, trophic level and degree
of specialisation are potentially good predictors of the effects of climate
change. Our prediction is that future communities will be dominated by
mobile generalists, species with fast generation times, those that have high
dispersal capabilities or those that have been dispersed around the globe by
humans. Many of these species are already pests, and new species could
become pests on new host plants or in new locations under climate change.
These opportunists may affect important human activities, such as forestry
and agriculture, with extensions into the role of forests as carbon sinks.
Insects that provide important ecosystems services such as pollination or
biological control could not fare as well.
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1. PELAGIC AND PLANKTONIC ECOSYSTEMS

The marine pelagic realm is the largest ecological system on the planet occu-
pying 71% of the planetary surface and a major part of the Earth’s overall bio-
sphere. As a consequence of this, pelagic ecosystems play a fundamental role
in modulating the global environment via its regulatory effects on the Earth’s
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climate and its role in biogeochemical cycling. Changes caused by increased
warming on marine pelagic communities are likely to have important conse-
quences on ecological structure and function thereby leading to significant
feedbacks on the Earth’s climate system.

This chapter will mainly concentrate on the epipelagic zone where
biological production, biogeochemical cycles and marine food-webs are main-
tained by the inhabiting planktonic organisms. Apart from discussing the
effects of climate on higher trophic organisms, particularly pelagic fish, the
overall emphasis of this chapter is focused on the planktonic community.
More specifically, the chapter will concentrate on observational evidence
from contemporary plankton indicators over the past multidecadal period
rather than palaeo planktonic indicators. The free floating photosynthesising
life of the oceans (algal phytoplankton, bacteria and other photosynthesising
protists), at the base of the marine food-web, provides food for the animal
plankton (zooplankton) which, in turn, provide food for many other marine
organisms ranging from the microscopic to whales. The carrying capacity of
pelagic ecosystems in terms of the size of fish resources and recruitment to
individual stocks as well as the abundance of marine wildlife (e.g., seabirds
and marine mammals) is highly dependent on variations in the abundance,
seasonal timing and composition of the plankton.

Phytoplankton also comprise approximately half of the total global
primary production and play a crucial role in climate change through bio-
geochemical cycling and the export of the greenhouse gas to the deep ocean
by carbon sequestration in what is known as the ‘biological pump’. Phyto-
plankton have thus already helped to mitigate some of the climate effects
of elevated CO, observed over the last 200 a with the oceans taking up
~40% of anthropogenic CO, [1]. In terms of feedback mechanisms on
Earth’s climate, it is speculated that these biological pumps will be less
efficient in a warmer world due to changes in the phytoplankton composi-
tion favouring small flagellates [2] and less overall nutrient mixing due to
increased stratification (see Section 1.1). It is also predicted that warmer
temperatures would shift the metabolic balance between production and
respiration in the world’s oceans towards an increase in respiration thus
reducing the capacity of the oceans to capture CO, [3]. Apart from playing
a fundamental role in the Earth’s climate system and in marine food-webs,
plankton are also highly sensitive contemporary and palaco indicators of
environmental change and provide rapid information on the ‘ecological
health’ of our oceans. There is some evidence that suggest that plankton
are more sensitive indicators than environmental variables themselves and
can amplify weak environmental signals due to their nonlinear responses
[4]. A plankton species, defined by its abiotic envelope, in affect has the
capacity to simultaneously represent an integrated ecological, chemical
and physical variable.
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1.1. Sensitivity of Pelagic and Planktonic Ecosystems
to Climate and Global Change

Temperature is a key driver of marine ecosystems and, in particular, its effects
on pelagic populations are manifested very rapidly [5—7]. This is hardly
surprising when more than 99% of pelagic and planktonic organisms are
ectothermal making them highly sensitive to fluctuations in temperature [8].
The rapidity of the planktonic response is predominantly due to their short
life-cycles and its passive response to advective changes. For example, phyto-
plankton fix as much CO, per year as all terrestrial plants but due to being
unicellular they represent at any one time only 1% of the Earth’s biomass.
This means the rate of turnover in the world’s oceans is huge and on average
the global phytoplankton population is consumed in days to weeks [9]. This
all makes plankton tightly coupled to fluctuations in the marine environment
and highly sensitive indicators of environmental change such as nutrient avail-
ability, ocean current changes and climate variability.

In the marine environment the effect of short-term climate variability and
inter-annual variability on populations of higher trophic levels such as sea-
birds and whales can to a degree be somewhat buffered due to their longer
life-cycles. In the long-term, their ability to undergo large geographical
migrations may also help them to mitigate some of the effects of global
change; however, this hypothesis has not been investigated. In both cases, this
is not applicable to planktonic organisms. Biologically speaking, changes in
temperature have direct consequences on many physiological processes
(e.g., oxygen metabolism, adult mortality, reproduction, respiration, reproduc-
tive development, etc.) and control virtually all life-processes from the molec-
ular to the cellular to whole regional ecosystem level and biogeographical
provinces. Ecologically speaking, temperature also modulates both directly
and indirectly species interactions (e.g., competition, prey—predator interac-
tions and food-web structures), ultimately, changes in temperatures can lead
to impacts on the biodiversity, size structure and functioning of the whole
pelagic ecosystem [10,11].

While, temperature has direct consequences on many biological and eco-
logical traits, it also modifies the marine environment by influencing oceanic
circulation and by enhancing the stability of the water-column and hence
nutrient availability. The amount of nutrients available in surface waters
directly dictates phytoplankton growth and is the key determinant of the
plankton size, community and food-web structure. In terms of nutrient avail-
ability, warming of the surface layers increases water column stability,
enhancing stratification and requiring more energy to mix deep, nutrient-rich
waters into surface layers. Particularly warm winters will also limit the degree
of deep convective mixing and thereby limit nutrient replenishment necessary
for the following spring phytoplankton bloom. In summary, climatic warming
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of surface waters will increase the density contrast between the surface layer
and the underlying nutrient-rich waters. The availability of one of the princi-
ple nutrients (nitrate) that limits phytoplankton growth has therefore been
found to be negatively related to temperatures globally [12,13]. Similarly, a
global analysis of satellite derived chlorophyll data shows a strong inverse
relationship between Sea Surface Temperatures (SST) and chlorophyll con-
centration [9]. Furthermore, other abiotic variables like oxygen concentration
(important to organism size and metabolism [14]), nitrate metabolism [15]
and the viscosity of seawater (important for the maintenance of buoyancy
for plankton) are also directly linked to temperature. So unlike terrestrial
environments, where precipitation plays a key role, the chemical and upper-
ocean temperature regime in open oceans and its consequent biological com-
position are inexorably entwined.

1.2. Marine and Terrestrial Biological Responses to Climate
and Global Change

Many planktonic organisms live in narrow temperature ranges (stenothermal)
and often undergo a much more rapidly observed change due to temperature,
be it biogeographically or phenologically [10,11], in comparison to their ter-
restrial counterparts [16]. Apart from this and the fact that planktonic organ-
isms having shorter life-cycles, already mentioned above, there are a
number of distinct reasons why the speed of the response to climate and
global change of pelagic organisms differs from those of terrestrial organisms.
Some of the primary reasons are, firstly, due to the high specific heat of water
in open ocean systems many planktonic organisms are largely buffered
against extremes in daily and seasonal temperature fluctuations. Daily and
seasonal variations in temperature are therefore less variable in comparison
to the terrestrial domain allowing marine species to become firmly embedded
in their optimum thermal envelope. Secondly, unlike terrestrial environments,
many planktonic organisms can quickly track evolving bioclimatic envelopes
by being largely free of geographical barriers hindering their dispersal range
and do not need a large amount of energy expenditure to do so, being primar-
ily passively advected. Ocean currents, therefore, provide an ideal mechanism
for dispersal over large distances and this is seemingly why a vast many of
marine organisms have evolved at least a portion of their life-cycles as plank-
tonic entities. Thirdly, many terrestrial organisms are geographically and eco-
logically bound by their habitat type mainly dictated by the vegetative
composition. In terrestrial systems, the development of these vegetative types
can be particularly slow moving (e.g., forest ecosystems) and hence organisms
that rely on this habitat will be restricted in terms of their geographical spread.
This is not the case for phytoplankton that have extremely short life-cycles in
comparison allowing rapid temporal and spatial spread of planktonic herbi-
vores and associated communities. Furthermore, the presence of inimitably
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terrestrial anthropogenic pressures such as habitat fragmentation and habitat
loss, which clearly limits the geographical spread of organisms in the terres-
trial environment, is seemingly absent from open ocean systems [17].

1.3. Ocean Acidification and other Anthropogenic Influences
on Pelagic and Planktonic Ecosystems

While temperature, light and nutrients are probably the most important physi-
cal variables structuring marine ecosystems, the pelagic realm will also have
to contend with, apart from global climate change, with the impact of anthro-
pogenic CO, directly influencing the pH of the oceans [18]. Evidence col-
lected and modelled to date indicates that rising CO, has led to chemical
changes in the ocean which has led to the oceans becoming more acidic.
Ocean acidification has the potential to affect the process of calcification
and therefore certain planktonic organisms (e.g., coccolithophores, foraminif-
era, pelagic molluscs) may be particularly vulnerable to future CO, emissions.
Apart from climate warming, potential chemical changes to the oceans and its
affect on the biology of the oceans could further reduce the ocean’s ability to
absorb additional CO, from the atmosphere which, in turn, could affect the
rate and scale of global warming (see Chapter 21). Other anthropogenic
driving forces of change that are operative in pelagic ecosystems are predom-
inantly overfishing and its effect on modifying marine pelagic food-webs
[19], (see Chapter 14) and in coastal regions nutrient input from terrestrial
sources leading in some cases to enhanced biological production and Harmful
Algal Blooms (HABs) and other general chemical and inorganic contami-
nants. The impacts of atmospheric derived anthropogenic nitrogen on the
open ocean have only been recently investigated but may also play a signifi-
cant role on annual new marine biological production [20].

2. OBSERVED IMPACTS ON PELAGIC AND PLANKTONIC
ECOSYSTEMS

There is a large body of observed evidence to suggest that many pelagic eco-
systems, both physically and biologically are responding to changes in
regional climate caused predominately due to the warming of air and SST
and to a lesser extent by the modification of precipitation regimes and wind
patterns. The biological manifestations of rising SST have variously taken
the form of biogeographical, phenological, biodiversity, physiological, species
abundance changes and whole ecological regime shifts. Any observational
change in the marine environment associated with climate change, however,
should be considered against the background of natural variation on a variety
of spatial and temporal scales. Recently, long-term decadal observational
studies have focused on known natural modes of climatic oscillations at simi-
lar temporal scales such as the El Nino-Southern Oscillation (ENSO) in the
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Pacific and the North Atlantic Oscillation (NAO) in the North Atlantic in rela-
tion to pelagic ecosystem changes (see reviews [21,22]). Many of the
biological responses observed have been associated with rising temperatures.
However, approximating the effects of climate change embedded in natural
modes of variability, particularly multidecadal oscillations like the Atlantic
Multidecadal Oscillation (AMO) [23], is extremely difficult and therefore
observed evidence of planktonic changes directly attributable to anthropo-
genic climate and global change must be treated with a degree of scientific
caution.

Evidence for observed pelagic changes is also biased towards regions, par-
ticularly seas around Europe and North America, which have had some form
of biological monitoring in place over a consistently long period. Apart from a
number of important long-term coastal research stations sampling plankton
(e.g., Helgoland Roads time-series in the southern North Sea [24]) there are
only a few long-term biological surveys that sample the open ocean. For this
reason some of the strongest evidence detected for observed changes in open
ocean ecosystems comes from the North Atlantic where an extensive spatial
and long-term biological survey exists in the form of the Continuous Plankton
Recorder (CPR) survey. The CPR survey has been in operation in the North
Sea and North Atlantic since 1931 and has systematically sampled up to
500 planktonic taxa from the major regions of the North Atlantic at a monthly
resolution [25]. Important multidecadal evidence from the Pacific is mainly
derived from the Californian Cooperative Oceanic Fisheries Investigations
(CalCOFI) survey operating off the coast of Californian since 1949.

2.1. Biogeographical Changes and Northward Shifts

Some of the strongest evidence of large-scale biogeographical changes
observed in our oceans comes from the CPR survey. In a study geographically
encompassing the whole NE Atlantic over a 50 year period, Beaugrand et al.
[10] showed rapid northerly movements of the biodiversity of a key zooplank-
ton group (calanoid copepods). During the last 50 years there has been a
northerly movement of warmer water plankton by 10° latitude in the north-
east Atlantic and a similar retreat of colder water plankton to the north
(a mean poleward movement of between 200 and 250 km per decade)
(Fig. 1). This geographical movement is much more pronounced than any
documented terrestrial study, mainly due to advective processes and in partic-
ular the shelf-edge current running north along the northern European conti-
nental shelf. The rapid movement of plankton northward is only seen along
the continental shelf, where deeper water is warming much more rapidly. Fur-
ther along the shelf, plankton are upwelled from this deeper water to make an
appearance in the surface plankton community. Hence the plankton have
moved 10° latitude northward via mainly deep water advective processes
not seen in the movement of surface isotherms. In other areas in the North
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FIGURE 1 Changes in the geographical distribution of four different plankton assemblages over
a multidecadal period. There has been a rapid northerly movement of warm-temperate species and
a subsequent decline in sub-arctic species over 40 years. Particularly rapid movement is observed
along the European Continental Shelf. Data derived from the Continuous Plankton Recorder
survey. Updated from Ref. [76].

East Atlantic the plankton shifts were more moderate and varied between 90
and 200 km per decade, still faster than any other documented terrestrial study
which has a meta-analytic average of 6 km per decade [16]. Similar to the
North Atlantic, in the north-east Pacific there has been a general increase in
the frequency of southern species moving northward [26]. Interestingly, in
the North West Atlantic, pelagic organisms have been moving southward
[27]. This initially seems to contradict general thinking of homogenous global
climate warming throughout the world’s oceans. However, this movement has
been linked to the strengthening of the Labrador Current which has spread
colder water southward over the last decade carrying pelagic organisms with
cold-water affinities as far south as Georges Bank.

These large-scale biogeographical shifts observed in the plankton have also
seen paralleled latitudinal movements of fish species distribution [28-30].
Northerly geographical range extensions or changes in the geographical
distribution of fish populations have been recently documented for European
Continental shelf seas and along the European Continental shelf edge [31-33].
Similar to the plankton, the largest movements of fish species towards north
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have also been observed along the European Continental shelf. These geograph-
ical movements have been related with regional climate warming and are pre-
dominantly associated with the northerly geographical movement of fish
species with more southern biogeographical affinities. These include the move-
ment of pelagic fish species such as sardines and anchovies northward in the
North Sea and red mullet and bass extending their ranges northward to western
Norway [31,32]. New records were also observed over the last decade for a
number of Mediterranean and north-west African species on the south coast
of Portugal [32]. The cooling and the freshening of the north-west Atlantic over
the last decade has had an opposite effect similar to the plankton patterns, with
some groundfish species moving further south in their geographical distribution
[34]. Northerly range extensions of pelagic fish species have also been reported
for the Northern Bering Sea region related to regional climate warming [35].
Climate variability and regional climate warming have also been associated
with variations in the geographic range of marine diseases [36]. New diseases
typically have emerged through host or range shifts of known pathogens. For
example, over the past few decades pathogens detrimental to oysters have
spread from the mid-Atlantic states into New England [36]. In comparison to ter-
restrial systems, epidemics of marine pathogens can spread at extremely rapid
rates [37].

Again it is noteworthy that fish with northern distributional boundaries in
the North Sea have shifted northward at rates of up to three times faster than
terrestrial species [16,30]. One of the largest biogeographical shifts ever
observed for fish species is the dramatic increase and subsequent geographical
spread northward of the Snake Pipefish (Entelurus aequreus). Once confined
mainly to the south and west of the British Isles before 2003, it can now be
found as far north as the Barents Sea and Spitzbergen [38]. While this present
discussion has described surface geographical changes in epipelagic organ-
isms it is worth remembering the three-dimensional nature of the pelagic envi-
ronment. Recent research has observed not just changes in fish biogeography
but also changes in fish species depth (towards deeper waters) in response to
climate warming [39]. This change can be seen as analogous with the upward
altitudinal movement of terrestrial organisms in alpine environments. All
these studies highlight the consistency of pelagic organisms undergoing
large-scale distributional changes in response to hydro-climatic variability.

2.2. Life-Cycle Events and Pelagic Phenology

Phenology, or repeated seasonal life-cycle events such as annual migrations or
spawning, is highly a sensitive indicator of climate warming. This is because
many terrestrial and marine organisms, apart from photoperiod, are dependant
on temperature as a trigger for seasonal behaviour. In the terrestrial realm, phe-
nology events such as bird migrations, egg-laying, butterfly emergence and
flowering of certain plants are all getting earlier in response to milder spring
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weather [16]. In terms of the pelagic phenological response to climate warming,
many plankton taxa have also been found moving forward in their seasonal
cycles [11]. In some cases, a shift in seasonal cycles of over 6 weeks was
detected, again a far larger shift than observed for terrestrial based observations.
Summarising a terrestrial study of phenology using over 172 species of plants,
birds, insects and amphibians, Parmesan & Yorke [16] calculated a mean phe-
nological change of 2.3 d. It is thought that temperate pelagic environments are
particularly vulnerable to phenological changes caused by climatic warming
because the recruitment success of higher trophic levels is highly dependant
on synchronisation with pulsed planktonic production [11]. Furthermore in
the marine environment, and just as important, was the response to regional cli-
mate warming varied between different functional groups and trophic levels,
leading to mismatch in timing between trophic levels (Fig. 2). For example,
while the spring bloom has remained relatively stable in seasonal timing over
five decades (mainly due to light limitation and photoperiod rather than temper-
ature dictating seasonality [11,40]) many zooplankton organisms as well as fish
larvae have moved rapidly forward in their seasonal cycles.

These changes, seen in the North Sea, have the potential to be of detriment
to commercial fish stocks via trophic mismatch. For example, regional cli-
mate warming in the North Sea has affected cod recruitment via changes at
the base of the food-web [41]. Cod, like many other fish species, are highly
dependent on the availability of planktonic food during their pelagic larval
stages. Key changes in the planktonic assemblage and phenology, signifi-
cantly correlated with the warming of the North Sea over the last few decades,
have resulted in a poor food environment for cod larvae and hence an eventual
decline in overall recruitment success. The rapid changes in plankton commu-
nities observed over the last few decades in the North Atlantic and European
regional seas, related to regional climate changes, have enormous conse-
quences for other trophic levels and biogeochemical processes. Similarly,
other pelagic phenology changes have been observed in the North Sea [24],
the Mediterranean [42] and the Pacific [43,44].

2.3. Plankton Abundance and Pelagic Productivity

Contemporary observations of satellite-in situ blended ocean chlorophyll
records indicate that global ocean net primary production has declined over
the last decade [9]. Although this time-series is only 10 years in length it does
show a strong negative relationship between primary production and SST and
is evidence of the closely coupled relationship between ocean productivity
and climate variability at a global scale. In the North Atlantic and over multi-
decadal periods, both changes in phytoplankton and zooplankton species and
communities have been associated with Northern Hemisphere Temperature
(NHT) trends and variations in the NAO index. These have included changes
in species distributions and abundance, the occurrence of sub-tropical species
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FIGURE 2 (a) Seasonal cycles for two phytoplankton for the periods 1958-1980 and 1981-2002:
the dinoflagellate Ceratium fusus and the diatom Cylindrotheca closterium. (b) Inter-annual varia-
bility of the seasonal peak for the above two species from 1958 to 2002. (c) The change in the timing
of the seasonal peaks (in months) for the 66 taxa over the 45 a (year) period from 1958 to 2002 plotted
against the timing of their seasonal peak in 1958. For each taxon, the linear regression in (b) was used
to estimate the difference between the seasonal peak in 1958 and 2002. A negative difference
between 1958 and 2002 indicates seasonal cycles are becoming earlier. Standard linear regression
was considered appropriate because there was minimal autocorrelation (determined by the
Durbin—Watson statistic) in the phenology time series. From Ref. [11].
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FIGURE 3 Spatial-temporal maps of the changes in the abundance of phytoplankton colour (an
index of total phytoplankton biomass) for the NE Atlantic averaged per decade from the 1950s to
the present. The contour plot shows monthly mean values from 1950 to 2005 of phytoplankton
colour averaged for the North Sea. Large increases in phytoplankton colour are observed towards
the end of the 1980s and have continued since. The increase in colour has been associated with a
regime shift in the North Sea. Updated from Ref. [47].

in temperate waters, changes in overall phytoplankton biomass and seasonal
length (Fig. 3), changes in the ecosystem functioning and productivity of
the North Atlantic [10,11,45-52]. The increase in overall phytoplankton bio-
mass in the North Sea has been associated with an increase in smaller flagel-
lates which favour more warmer and stratified conditions [46,47]. Over the
whole NE Atlantic there has been an increase in phytoplankton biomass with
increasing temperatures in cooler regions but a decrease in phytoplankton bio-
mass in warmer regions [53]. Presumably, this is a trade-off between
increased phytoplankton metabolic rates caused by temperature in cooler
regions but a decrease in nutrient supply in warmer regions. Regional climate
warming in the North Sea has also been associated with an increase in certain
HABs in some areas of the North Sea [54]. A recent link has been established
between the changes in the plankton in the North Sea to sandeels and eventual
seabird breeding success (encompassing four trophic levels) [55]. In the North
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Sea, the population of the previously dominant and ecologically important
zooplankton species (the cold water species Calanus finmarchicus) has
declined in biomass by 70% since the 1960s [56]. Species with warmer-water
affinities are moving northward to replace this species but these species are
not as numerically abundant or nutritionally beneficial to higher trophic
levels. This has had inevitably important ramifications for the overall carrying
capacity of the North Sea ecosystem.

The ecological changes that have occurred in the North Sea since the late
1980s (predominately driven by change in temperature regime and more
warmer winters) have also been documented for the Baltic Sea for zooplank-
ton and fish stocks [57,58]. The related changes that have taken place in these
Northern European waters are sufficiently abrupt and persistent to be termed
as ‘regime shifts’ [59]. Similarly in the Mediterranean, zooplankton commu-
nities have also been linked to regional warming and the NAO index [60].
All these observed changes appear to be closely correlated to climate-driven
sea temperature fluctuations. Indirectly, the progressive freshening of the Lab-
rador Sea region, attributed to climate warming and the increase in freshwater
input to the ocean from melting ice, has resulted in the increasing abundance,
blooms and shifts in seasonal cycles of dinoflagellates due to the increased
stability of the water-column [61]. Similarly, increases in coccolithophore
blooms in the Barents Sea and HABs in the North Sea are associated with
negative salinity anomalies and warmer temperatures leading to increased
stratification [54,62].

In the Benguela upwelling system in the South Atlantic, long-term trends
in the abundance and community structure of coastal zooplankton have been
related to large-scale climatic influences [63]. Similarly, changes in mesozoo-
plankton abundance have also been related to large-scale climate influences in
the Californian upwelling system [64]. The progressive warming in the South-
ern Ocean has been associated with a decline in krill [65] and an associated
decline in the population sizes of many seabirds and seals monitored on sev-
eral breeding sites [66,67]. In the Southern Ocean the long-term decline in
krill stock has been linked to changes in winter ice extent which in turn has
been related to warming temperatures [65]. Changes in the abundance of krill
have profound implications for the Southern Ocean food-web. The progres-
sive warming of the Southern Ocean has also been associated with the decline
in the population sizes of many seabirds and seals monitored on several breed-
ing sites [67]. Recent investigations of planktonic foraminifera from sediment
cores encompassing the last 1400 a has revealed anomalous changes in the
community structure over the last few decades. The study suggests that ocean
warming as already exceeded the range of natural variability [68]. A recent
major ecosystem shift in the northern Bering Sea has been attributed to
regional climate warming and trends in the Arctic Oscillation [35]. Decadal
changes in zooplankton related to climatic variability in the west sub arctic
North Pacific have also been observed [69] and in the Japan/East Sea [70].
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Many changes in abundance of marine commercial fish stocks have been
observed over the last few decades in the Atlantic and Pacific Oceans but it
is extremely difficult to separate, in terms of changes in population densities
and recruitment, regional climate effects from direct anthropogenic influences
like fishing. Geographical range extensions mentioned earlier or changes in
the geographical distribution of fish populations, however, can be more confi-
dently linked to hydro-climatic variation and regional climate warming. Sim-
ilar to the observed changes in marine planktonic systems many long-term
changes in pelagic fish populations have been associated with known natural
modes of climatic oscillations such as ENSO and the Pacific Decadal Oscilla-
tion (PDO) in the Pacific and the NAO in the North Atlantic (see reviews:
[5,21,22,26]). For example, variations in SST driven by NAO fluctuations
have been linked to fluctuations in cod recruitment both off Labrador and
Newfoundland and in the Barents Sea [71]. Populations of herring, sardine,
salmon and tuna have also been related to fluctuations in the NAO index
[5,45]. Warm events related to El Nino episodes and climate induced ecologi-
cal regime shifts in the Pacific have been related to the disruption of many
commercial fisheries [21,26,72]. These changes highlight the sensitivity of
fish populations to environmental change. Direct evidence of biological
impacts of anthropogenic climate change is, however, difficult to discern
due to the background of natural variation on a variety of spatial and temporal
scales and in particular natural oscillations in climate. A recent study based on
a 50 a larval fish time-series from CalCOFI showed that exploited fish species
were more vulnerable to the impacts of climate change than non-exploited
species. The authors suggest that the enhanced response to environmental
change of exploited species was due to a reduced spatial heterogeneity caused
by fishery-induced age truncation and a restriction of geographic distribution
that had accompanied fishing pressure [73].

2.4. Pelagic Biodiversity and Invasive Species

At the ocean basin scale studies on the pelagic biodiversity of zooplankton
copepods are related to temperature and an increase in warming over the last
few decades has been followed by an increase in diversity [74—76]. In partic-
ular, increases in diversity are seen when a previously low diversity system
like Arctic and cold-boreal provinces undergo prolonged warming events.
The overall diversity patterns of pelagic organisms, peaking between 20°
and 30° north or south, follow temperature gradients in the world’s oceans
[77]. Similarly, phytoplankton show a relationship between temperature and
diversity which is linked to the phytoplankton community having a higher
diversity but an overall smaller size-fraction and a more complex food-web
structure (i.e., microbial-based versus diatom based production) in warmer
more stratified environments. Climate warming will therefore increase plank-
tonic diversity throughout the cooler regions of the world’s oceans as
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temperature isotherms shift poleward. However, the relationship between tem-
perature and pelagic fish diversity is far more complex due to other anthropo-
genic pressures such as over fishing apparently playing a significant role in
diversity patterns [19] (see Chapter 14).

Climate warming will open up new thermally defined habitats for previ-
ously denied non-indigenous species (e.g., sub-tropical species in the North
Sea) and invasive species allowing them to establish viable populations in
areas that were once environmentally unsuitable. Apart from these thermal
boundaries limits moving progressively poleward and in some cases expand-
ing, the rapid climate change observed the Arctic may have even larger con-
sequences for the establishment of invasive species and the biodiversity of the
North Atlantic. The thickness and areal coverage of summer ice in the Arctic
have been melting at an increasingly rapid rate over the last two decades; to
reach the lowest ever recorded extent in September 2007. In the spring fol-
lowing the unusually large ice free period in 1998 large numbers of a Pacific
diatom Neodenticula seminae were found in samples taken by the CPR survey
in the Labrador Sea in the North Atlantic. N. seminae is an abundant member
of the phytoplankton in the subpolar North Pacific and has a well defined
palaeo history based on deep sea cores. According to the palaco evidence
and modern surface sampling in the North Atlantic since 1948 this was the
first record of this species in the North Atlantic for at least 800 000 a. The
reappearance of N. seminae in the North Atlantic, and its subsequent spread
southwards and eastwards to other areas in the North Atlantic, after such a
long gap, could be an indicator of the scale and speed of changes that are tak-
ing place in the Arctic and North Atlantic oceans as a consequence of climate
warming [78]. The diatom species may itself could be the first evidence of a
trans-Arctic migration in modern times and be a harbinger of a potential inun-
dation of new organisms into the North Atlantic. The consequences of such a
change to the function, climatic feedbacks and biodiversity of Arctic systems
are at present unknown.

3. CONCLUSION AND SUMMARY OF KEY INDICATORS

The case-studies highlighted in this review collectively indicate that there is
substantial observational evidence that many pelagic ecosystems, both physi-
cally and biologically are responding to changes in regional climate caused
predominately by the warming of SST, ocean current changes and to a lesser
extent by the modification of precipitation regimes and wind patterns. The
biological manifestations of climatic variability have rapidly taken the form
of biogeographical, phenological, biodiversity, physiological, species abun-
dance changes, community structural shifts and whole ecological regime
shifts. Some of the most convincing evidence for the biological response to
regional climate variability comes from the bottom of the marine pelagic
food-web especially from phytoplankton and zooplankton communities. Many
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other responses associated with climate warming on higher trophic levels are
also indirectly associated with changes in the plankton and imply bottom-up
control of the marine pelagic environment. It is therefore assumed that one of
the ways in which populations respond to climate is in part the determined by
changes in the food-web structure where the population is embedded, with syn-
chrony between predator and prey (match—mismatch) playing an important role.

At the species level, some of the first consequences of climate warming and
global change are often seen in a species phenology (i.e., timing of annual
occurring life-cycle events) and in species geographical distribution responses.
This is mainly because temperature continually impacts the life cycle of the
species and naturally the population will respond over time, providing it is
not biotically restrained or spatially restricted, to its optimum position within
its bioclimatic envelope. Whether this is within a temporal niche as in seasonal
succession (observed as a phenological response) or in its overall biogeograph-
ical distribution (observed as a geographical movement in a population). These
biological changes as well as those changes observed in biodiversity and
planktonic abundance and productivity are perhaps the key indicators signifying
the large scale changes occurring in our world’s oceans as a consequence of
climate and global change.

Summarising the observed case-studies, what particularly stands out in this
review is the rapidity of the pelagic and planktonic response, be it biogeogra-
phically or phenologically, to climate warming and global change compared
to their terrestrial counterparts. For example, plankton shifts of up to 200
km per decade [10] have been observed in the North East Atlantic compared
with a meta-analytic terrestrial average of 6 km per decade [16]. Similarly,
changes in phenology of up to 6 weeks have been observed in pelagic ecosys-
tems [11] compared with a mean phenological change of 2.3 collectively
observed for 172 species of plants, birds, insects and amphibians [16]. Of
the myriad differences between the terrestrial and marine realm (see section
1.2 the rapidity of the planktonic response is predominantly due to their short
life-cycles and in their mainly passive response to advective changes. These
changes highlighted in this review are set to continue into the future following
current climate warming projections. It is therefore thought that the currently
observed and future warming have and are likely to continue altering the geo-
graphical distribution of primary and secondary planktonic production [53],
affecting marine ecosystem services such as oxygen production, carbon
sequestration and biogeochemical cycling and placing additional stress on
already depleted fish and mammal populations.

In terms of feedback mechanisms on Earth’s climate, it is thought that
these biological pumps will be less efficient in a warmer world due to changes
in the phytoplankton composition (floristic shifts) and less overall nutrient
mixing (reduced bulk properties) due to increased stratification of the world’s
oceans. In particular, this will affect large areas of the tropical oceans that are
permanently stratified [9]. There also exists a strong negative relationship
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between ocean productivity and SST (linked through nutrient availability) at a
global scale [9,12,13]. Although climate change and its spatially heteroge-
neous effect on surface wind-patterns, wind strength, upwelling and deep-
water mixing makes many regional predictions beset with uncertainty. It is
also worth noting that potential habitat expansion for pelagic organisms in
the Northern Hemisphere due to the melting of Arctic ice will be severely
restricted by light limitations dictating seasonal phytoplankton production.
However, many of these scenarios are still at their infancy stage and while
it is relatively simpler to predict changing ocean physics under climate forc-
ing, understanding the biological response due to the underlying complexity
of biological communities and their quite often nonlinear responses to envi-
ronmental change makes predicting floristic changes fraught with uncertainty.
Investigating the importance of biological nitrogen fixation and the produc-
tion of dimethylsulfide (DMS) by certain phytoplankton is currently needed
to understand the biological consequences of increased stratification on nitro-
gen cycles [79,80] and biological feedbacks [81,82].

Ecologically speaking and on a planetary scale, plankton and pelagic eco-
systems as a metaphorical collective entity, are perhaps some of the most sen-
sitive organisms to environmental change and one of the most important
biological communities on the planet. They are responsible for the overwhelm-
ing majority of marine biological production that fuel marine food-webs and
nutrient cycling as well as contributing to approximately half of the world’s
oxygen production and carbon sequestration. Virtually, all the biological obser-
vations highlighted in this review result from financially fragile multidecadal
monitoring programmes. Future biological monitoring of these ecosystems,
through an integrated and sustained observational approach, will be essential
in understanding the continuing impacts of climate and global change on our
planetary system. This in turn may allow us through international collaboration
to mitigate and adaptively manage some of their more detrimental impacts.
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1. INTRODUCTION

In comparison with terrestrial systems and other components of the marine
environment, relatively little is known about how climate and global change
has been affecting the organisms of the seabed with one exception: tropical
coral reefs. Recent reviews [1,2] and metanalyses [3,4] have pulled together
all existing knowledge on how climate is impacting, for example, range shifts
and phenology [4] of the world’s species, but, corals aside, few examples
within these overviews are from the marine seabed. In her excellent review,
Parmesan [1] devotes a section to marine community shifts, but the majority
of examples are from either the pelagic (Chapter 12) or intertidal (Chapter
15) zones; only two studies on fish [5,6] are associated with the subtidal
seabed. Terrestrial and freshwater examples dominate these studies. A size-
able proportion of research assessing climate impact on marine systems has
investigated the response to the major climate cycles, such as the El Nifio
Southern Oscillation (ENSO) and North Atlantic Oscillation (NAO). These
provide information on how systems respond to cooling and warming trends
across the extremes of these cycles, and thus provide a model of how
potentially organisms and systems may respond to climate warming [7],
particularly as the occurrence and severity of ENSO events is predicted to
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increase under warming scenarios [8]. This future relationship between atmo-
spheric dynamics and temperature change is, however, uncertain, so there also
needs to be some caution about how past responses of biological systems to
these climatic cycles reflect ongoing and future climate change [1]. Neverthe-
less, such studies provide much of the information available on climate
responses of marine systems.

In contrast to other subtidal benthic systems, the impact of global
warming-related issues on coral reefs has had one of the highest profiles in
recent years, particularly following the worldwide impact of the 1997-1998
extreme El Nifio event [9], the extensive public concern about this ecosystem
and recent reports predicting widespread losses of reef and extinction of
species [10,11]. Climate change can potentially impact coral reefs through
several key mechanisms, in particular increasing sea surface temperature
(SST), ocean acidification, increasing storminess and sea level rise [12,13].
The latter three mechanisms are dealt with specifically in other chapters, so
this chapter will focus on the impact of rising sea temperatures on coral reef
ecosystems, particularly the effect of mass bleaching of the corals themselves.

2. TROPICAL CORAL REEF ECOSYSTEMS

Concern about the human impact on coral reefs has existed for decades and,
until comparatively recently, the major threats to the integrity of reef systems
have been considered to be overfishing and pollution [12,14]. Such impacts
can be potentially managed at the local level, but any such management will
be unsuccessful when put into the context of more recent recognised effects of
global climate change [12]. Similarly, climate impacts may be exacerbated by
the additional effect of these other local anthropogenic factors, which have
made coral reefs systems in some areas of the world more susceptible to
damage. The link between climate change and region-scale mass bleaching
of corals is now incontrovertible [12,13], in particular the direct link between
bleaching and SST anomalies [15]. There are no records of mass bleaching
prior to the 1980s, though it is unclear how extensive such bleaching was
earlier in the twentieth century before widespread reporting [16]; it is
unlikely, however, that bleaching of the scale seen in recent years would have
gone unnoticed. In the Great Barrier Reef, for example, bleaching events
have become more widespread since the 1980s (Fig. 1a), coinciding with a
decline in coral cover over this time [17]; globally, mass coral bleaching
has become more frequent and intense in recent decades [11].

Bleaching is due to a whitening of the corals following the expulsion of
the symbiotic zooxanthellae, the algae providing most of the coral’s pigment.
Loss of the zooxanthellae, therefore, leaves comparatively colourless coral
tissue plus the white calcareous reef skeleton. The process is often considered
as a response to increasing ambient temperatures above a threshold,
~0.8—1 °C above summer average temperatures for at least 4 weeks [18,19].
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FIGURE 1 a, Trends in coral cover and number of reefs with mass bleaching on the Great Barrier
Reef, Australia (Adapted by permission from Macmillan Publishers Ltd [Nature], Ref. [17]). b.
Differential bleaching responses of nine species of corals in Raiatea, French Polynesia, during May
2002 (Redrawn from Ref. [12], reprinted with permission from AAAS). (a, Acropora anthocercis; b,
A. retusa; c, Montipora tuberculosa; d, Pocillopora verrucosa; e, M. caliculata; f, Leptastrea
transversa; g, P. eydouxi; h, P. meandrina; i, L. bewickensis; j, Porites lobata; k, L. purpurea).

Bleaching thresholds across coral species are likely to represent a broad
spectrum of responses (Fig. 1b), however, and susceptibilities will change
over time following phenotypic and genetic responses of the corals [12].
It is clear that many coral species exist over a wide biogeographical range
of temperatures and individuals have subsequently different bleaching thresh-
olds in terms of absolute temperature, indicating adaptive ability within
species [20]. The key driver for bleaching, therefore, appears to be tempera-
ture increases above those generally experienced by corals in any given
location. It has been hypothesised that the bleaching response is an adaptive
process [21,22], the corals expelling susceptible symbionts and taking up
more resistant ones; whilst there is some evidence for this [13], it does not
appear to be supported by observations on the fate of bleached corals [12],
perhaps being more accurately described as a stress response.

What is uncontested, however, is that major bleaching events can severely
impact coral reefs in the long term: if bleaching is prolonged or exceeds 2 °C
above seasonal maxima corals can die [13]. Major bleaching events were
observed in 1982-1983, 1987-1988, 1994-1995, 1997-1998 [13], 2002
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(GBR, [23]) and 2005 (Caribbean, [19]) and have often, but not always, been
associated with intense El Nifio events which enhance global sea tempera-
tures. The 1997-1998 event was the most extreme El Niflo on record [9]
and resulted in extensive bleaching recorded across the world’s coral reefs
[24]. An estimated 16% of the world’s coral was lost in this one event, in
particular within the Indian Ocean/SE Asia [24] (Table 1), with only partial
recovery evident. Overall, only approximately half of the reefs affected in
1998 have recovered [24]. The 2005 event, however, occurred without an
El Nifio and has provided evidence of the impact of the underlying increasing
trend in global sea water temperatures (Chapter 19); this has been related to
anthropogenic forcing in the Atlantic since the 1970s [19]. Anomalously
warm temperatures were recorded across the Caribbean and tropical Atlantic
[19], resulting in exceptional levels of bleaching: 90% of coral cover in the
British Virgin Islands, 80% in US Virgin Islands and 66% in Trinidad
and Tobago, for example [19]. Analysis of local temperature anomalies
revealed that SSTs were higher than the expected annual maxima for longer
than had been previously been recorded [19] (Fig. 2), resulting in the
exceptional bleaching observed. It is also notable that such maxima have been
exceeded every year since 1995 (Fig. 2); prior to this, such extremes were
rare. The second highest value occurred in 1998, when extensive bleaching
was also apparent in the Caribbean [25].

The only long-term data available on the impact of climate on coral
species is from the geological record, as reviewed by Hughes et al. [12]. Many
extant species of coral can be traced back in time to the Pliocene
(1.8-5.3 Ma ago), so have experienced periods of extensive and rapid
warming and cooling during the Pleistocene and Holocene prior to human
impact [14]. In response to climatic changes, there is evidence species under-
went large shifts in their distributional range [26]; for corals, this extended up
to 500 km further south in Australia, for example [12]. Until very recently,
there was no evidence of such shifts in response to modern climate change,
but, following increasing sea temperatures, two species of Acropora have
re-expanded their ranges 50 km northwards along the Florida Peninsula into
areas where they have not been recorded for 6000 years [27].

Much evidence, therefore, exists that increasing SSTs are impacting coral
reefs through extensive bleaching and subsequent mortality, particularly
during exceptional years where average maximum temperatures are exceeded.
Corals will also be impacted through changes in seawater pH, affecting their
ability to produce calcareous reef skeletons as covered in Chapter 21 (see also
Ref. [11]), and potentially further affected by severe storms [28] and sea level
rise [29], other consequences of climate change [13]. Unlike past climate
changes, however, coral reefs are now also markedly influenced by the
synergistic effect of other anthropogenic activities, such as fishing and
pollution, making them much more susceptible to changes associated with
current climate warming [12].
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TABLE 1 Summary of status of coral reefs in 17 regions of the world as of

2004 from Ref. [24], indicating proportion of coral reefs in each region that

have been destroyed (i.e., 90% coral lost and unlikely to recover), plus

proportion lost and recovered following the 1997-1998 El Nifio event

Reefs Reefs

Coral reef destroyed/ Reefs destroyed recovered/

Region area/km?® (%) in 1998/(%) (%)

The Gulfs 3800 65 15 2

South Asia 19210 45 65 13

SE Asia 91700 38 18 8

SW Indian 5270 22 41 20

Ocean

usS 3040 16 NA NA

Caribbean

S Tropical 5120 15 NA NA

America

E & N Asia 5400 14 10 3

East Africa 6800 12 31 22

East Antilles 1920 12 NA NA

Central 4630 10 NA NA

America

Micronesian 12700 8 2 1

Islands

North 9800 5 4 3

Caribbean

Red Sea 17 640 4 4 2

SW Pacific 27060 3 10 8

Islands

Australia and 62800 2 3 1

PNG

Polynesian 6733 2 1 1

Islands

Hawaiian 1180 1 NA NA

Islands

TOTAL 284803 20 16 6.4

NA = not applicable as no losses recorded in 1998.
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FIGURE 2 Maximum annual thermal stress on Eastern Caribbean coral reefs, presented as Degree
Heating Months (DHM, °C month) since 1985. A DHM is equal to 1 month of SST that is 1°C greater
than the monthly maximum climatology for that area (Adapted from Ref. [19], copyright (2007)
National Academy of Sciences, U.S.A).

3. THE ASSOCIATED FAUNA OF CORAL REEFS

Unlike the corals themselves, comparatively little research has been focused on
how climate and global change may be influencing the vast biodiversity
associated with coral reefs (about a quarter of all known marine species
[13,30]), perhaps due to the logistic difficulties and expense of constructing
long-term data sets on these organisms. Additionally, studies on changes to fish
populations and their immediate prey are greatly influenced by other stresses,
particularly fishing pressure [13], making it more difficult to identify signals
of climate change. However, although over 4000 species of fish are associated
with coral reefs [31], remarkably few studies have addressed the impact of
climate change on this group. There is little current evidence of direct impact
of rising temperatures on coral reef fish, due mainly to lack of data on thermal
tolerance [32], although one study in the tropical eastern Pacific [33] determined
that the range of Critical Thermal Maxima for 15 fish species (34.7-40.8 °C)
was higher than record temperatures (32 °C) recorded during the 1997-1998
El Nifio event. Similarly, evidence of distributional shifts in coral fish is lack-
ing, despite being predicted by climate impact reviews [31]. This may be due
to a lack of habitat unless coral reefs also extend their range [27].

There is evidence, however, that coral reef fish can be impacted more
severely by the indirect effects of mass coral bleaching [34-36]. In a study of
Seychelles reefs following the 1997-1998 El Nifio [37], intense bleaching
resulted in decreased fish abundance and a shift within the assemblage from cor-
allivores to species feeding on invertebrates. The size structure of fish also
changed with an increase in large fish [38], a possible time-lag response due
to a reduction in coral structural complexity affecting fish recruitment and thus
the number of juveniles. However, a minimal effect of this 1997-1998 event
was noted on the diversity and abundance of cryptobenthic fish species on the
Great Barrier Reef [39], suggesting coral reef fishes may be comparatively resil-
ient to short-term perturbations [39] as long as reef structure is sustained [36].
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The most extensive study on the impact of a climate event on coral-
associated invertebrates (>500 species) has been undertaken in Bahia, Brazil,
by Kelmo and colleagues [40—42]. The 1997-1998 El Nifio resulted in
anomalous high temperatures and a reduction in the usual high turbidity of
the area allowing more UV light to reach the reefs. All groups studied (except
sponges) showed extensive reductions in diversity for several years following
El Nifio (Fig. 3), including the local extinction of one species of coral (Porites
astreoides); this was most likely due to extensive neoplastic tumours on the
corals following UV damage [43]. The density of the majority of species also
decreased dramatically (Fig. 3), with only the urchin Diadema antillarum
showing an opportunistic response to the changing conditions and disappear-
ance of competitive taxa [44]. What is remarkable about this data set is the
recovery of groups after 2001, with diversity returning to, or exceeding, levels
prior to El Nifio (Fig. 3). Reef assemblages clearly have the ability to recover
from extreme climate events, but only if no further such events subsequently
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FIGURE 3 Changes in the density and diversity of three major groups of invertebrate (corals,
bryozoans, echinoderms) on the patch reefs of Bahia, Brazil since 1995, indicating the impact
of the 1997-8 El Nifio on all measures, plus the marked recovery from three years after the
event in all groups except coral diversity. Levels of echinoderm and bryozoan diversity are
higher following recovery than during the pre-El Nifio period.
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occur; in Bahia, no major El Nifio or bleaching event was evident after 1998.
Models suggest ENSO events are likely to be more frequent and severe in
the future [8], so this recovery ability of coral reef communities may be
compromised by climate change.

4. CONCLUSION

There is clear, unequivocal evidence that climate change is affecting coral reef
systems [12], with a particular concern about mass coral bleaching due to rising
temperatures and the subsequent effects this will have on coral survival and
thus the associated organisms. Whilst corals have an innate ability to acclima-
tise to such change [45], as evidenced in the past [12], severe and regular El
Nino events coupled with the modern synergistic impact of other human
activities such as fishing, pollution (including comparatively fast ocean
acidification [11]) and tourism make coral reefs amongst the most vulnerable
of the world’s ecosystems under current scenarios of future climate change.
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1. INTRODUCTION

Our planet has a number of features that make it unique, namely the presence
of large oceans, and the evolution of life forms therein. Biodiversity, com-
monly defined as the variability among living organisms from all sources
[1], originated in the oceans and most of the larger taxonomic groups still
reside there today. Over evolutionary time scales, there have been massive
changes to the ocean’s biodiversity, including several mass extinctions [2—4]
that have shaped planetary diversity over millions of years [5]. Some, if not
most of these events are thought to correlate with large-scale climate change
that perturbed ocean temperature, chemistry, currents and productivity [6].
Today, we are living through another episode of rapid climate change,
which is causing global changes in weather patterns and ocean temperature
[7] that are beginning to change thermal stratification, currents and productiv-
ity [8—12]. Most studies on the ecological effects of climate change, whether
on land or in the sea, have concentrated on individual species [13—16], as
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discussed elsewhere in this volume. Only quite recently have community
metrics such as species diversity been studied in direct relation to climate
change [17-19]. Here, we will build on this emerging literature while discuss-
ing how marine biodiversity may serve as an indicator of recent climate
change. Biodiversity has three main components: diversity within species,
between species and of ecosystems [1]. We will discuss changes in all three
components, but note that studies to date have mostly focused on species
composition and species richness, likely because these represent the most eas-
ily quantifiable aspects of biodiversity.

Despite its taxonomic prominence, marine biodiversity is sometimes over-
looked in the climate change discussion undoubtedly because much of it is little
known and less understood than its terrestrial counterpart. For example, Sala
and others [20] projected ‘global biodiversity scenarios’ for the year 2100 but
did not consider marine ecosystems at all. Yet, marine biodiversity needs to
be accounted for, not just because of its geographic extent, but also as it provides
important ecosystem goods and services such as fisheries yields, shoreline pro-
tection, carbon and nutrient cycling, detoxification of wastes and pharmaceuti-
cals, to name a few [21,22]. The ocean’s biodiversity should therefore be
carefully studied in order to understand and project how it will change with cli-
mate change and what the consequences may be for human well-being [23,24].

Here we consider the role of marine biodiversity as a response variable
and indicator of recent climate change. We first discuss observed changes in
biodiversity at various scales: local, regional and global, and how they relate
directly to warming and other climate-related factors. Then we outline some
indirect effects of climate change that arise from complex interactions with
biotic and abiotic factors, and the cumulative effects of climate and other
global changes. Finally, we highlight the importance of biodiversity for main-
taining ecosystem resilience and productivity in the face of climate change.
We do not pretend to give a complete overview but instead discuss some
prominent patterns by example, largely focusing on the effects of increasing
temperature. Herein, we shall rely on documented changes from the published
literature and highlight how these effects are projected to develop into the
future. The primary question we are asking is whether diversity, here defined
as the number of genotypes, species or habitats changes in some predictable
way with climate change. A secondary question is how climate effects on
marine biodiversity are modified by and interact with other, co-occurring
aspects of global change such as overfishing or eutrophication.

2. CLIMATE CHANGE AND THE OCEANS

Climate change has a range of effects on the abiotic marine environment,
which are documented in detail elsewhere in this volume. From a biodiversity
perspective the prominent physical changes include ocean warming via green-
house gas forcing [7,25], increased climatic variability leading to more
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frequent extreme events [26] and changes in sea level, thermal stratification
and ocean currents [8,27,28]. These processes can act on biodiversity directly
(e.g. where local temperatures exceed individual species’ physiological toler-
ances [29,30]) or indirectly (e.g. by altering habitat availability, species inter-
actions or productivity [8,11,27]). Furthermore, potentially complex
interactions between climate change and other global change aspects, notably
those due to fishing, eutrophication, ocean acidification, habitat destruction,
invasions and disease may also be important [27,31-33] and are briefly high-
lighted in this review. This latter point suggests an important difference
between the current episode of climate change and previous climate perturba-
tions in Earth’s history: recent changes in climate are superimposed on other
stressors that have already compromised biodiversity in many places [22].
From a scientific standpoint this added complexity can make it more difficult
to clearly attribute observed changes in diversity to a single factor.

3. EFFECTS OF CLIMATE CHANGE ON BIODIVERSITY

What are the recently observed changes in biodiversity, and how do they
relate to climate?In the following Sections 3.1-3.3, we first review evidence
for the effects of climate warming that are emerging at increasing scales, from
local (0.1-10 km) to regional (10—-1000 km) and global (1000-10000 km),
respectively. In Section 3.4, we discuss factors other than increases in temper-
ature, that are related to climate. Observed effects are summarised in Table 1.

3.1. Local Scale

Changes in biodiversity at the local scale are often driven by the interplay
of local and regional, abiotic and biotic factors. The effects of a regional
change in sea surface temperature (SST), for example, may be mediated
by local factors such as wave exposure, tidal mixing, upwelling and species
composition. Nevertheless, some common patterns have been observed at
local scales.

In temperate locations, slow changes in species composition have been
observed that often lead to an overall net increase in diversity. Changes in
species composition were first shown by Southward and colleagues in their
classic long-term studies in the English Channel [34]. Both intertidal and
pelagic communities changed predictably during periods of climate warming,
with warm-adapted species increasing in abundance, and cold-adapted species
decreasing, leading to overall increases in diversity. The reverse patterns were
observed during periods of cooling [34]. Similar changes occurred in the
northwest Pacific (Monterey Bay, California) where 8 out of 9 southern spe-
cies of intertidal invertebrates increased between the 1930s and 1990s, while
5 out of 8 northern species decreased [35]. This change tracked observed
increases in both mean and maximum temperature and led to an overall
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TABLE 1 Summarising observed direct effects of climate change on
marine biodiversity

Effect on
Cause Effect diversity ~ References
Temperature Coral bleaching ! [38,39]
increase (tropical)
Temperature Warm-adapted species i [19,35,45,47,52]
increase (temperate) replace cold-adapted ones
Temperature Decline of polar endemics ? [41-44]
increase (polar) invasion of subpolar species
Increased climate Increased rates of 1 [67,68]
variability (heat disturbance
waves)
Increased upwelling Surface water hypoxia 1 [69-71]
intensity
Increasing water Lower nutrient supply and ? [8,11,12]
column stratification ~ productivity
Sea level rise Erosion of coastal habitat | [74]
Changes in currents Changes in larval transport ? [96]

increase in invertebrate species richness by 7%, due to 3 species newly invad-
ing from the south [35]. A similar pattern of southern species invading and
northern species declining was documented for a temperate reef fish commu-
nity in southern California [36]. In this case, however, sudden warming in the
1970s also led to a decline in productivity, 80% loss of large zooplankton bio-
mass and recruitment failure of many reef fish. This may explain why total
biomass declined significantly, and total species richness also declined by
15-25% at the two study sites [36]. These two contrasting examples illustrate
that predictions based on temperature alone can be misleading, at least on a
local scale, if concomitant changes in productivity are involved. Moreover,
it has been shown that local differences in tidal exposure render some north-
ern sites more thermally stressful than southern sites, counteracting the pole-
ward shift of southern species discussed above, and possibly causing localised
extinctions [37].

In tropical locations warming can lead to species loss and a decline in
diversity, as maximum temperature tolerances are exceeded. So far, this
applies particularly to tropical coral reefs that are affected by warming-related
bleaching events (reviewed, for example, by Refs. [33,38,39] and in Chapter
13 of this volume). Poised near their upper thermal limits, coral reefs have
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experienced mass bleaching where sea temperatures have exceeded long-term
summer averages by more than 1°C for several weeks [38]. The loss of coral
species is likely to cause secondary losses of reef-associated fauna and flora
through loss of critical habitat. This mirrors climate-related losses of tropical
diversity on land [40]. Unfortunately, detailed estimates of how species rich-
ness and community structure have changed after bleaching events are scarce
but such changes are suspected to be large [15].

Polar marine ecosystems are thought to be particularly sensitive to climate
change because small temperature differences can have large effects on the
extent and thickness of sea ice. Therefore, the rate of change in species abun-
dances and composition has been very fast, much of it related to changes in
sea ice cover. While sea-ice dependent species such as polar bears [41], krill
[42] and some penguins [43,44] have sharply decreased in abundance at some
locations, there are signs of increasing invasion of subpolar and ice-independent
species in other places [43]. Little information on net changes in local species
richness (increase or decrease in diversity) is available so far.

3.2. Regional Scale

A growing number of studies have examined changes in species composition
and diversity at regional scales. Much of this work was done in relation to
fisheries or plankton monitoring data. As on the local scale, a dominant obser-
vation is the replacement of cold-adapted by warm-adapted species. This
appears to occur simultaneously at various levels in the food web, for exam-
ple, in North Atlantic zooplankton [45,46], as well as fish communities [47].
These changes are not necessarily synchronised: Beaugrand and colleagues
documented a growing mismatch between warming-related changes in zoo-
plankton since the 1980s and the emergence of cod larvae and juveniles.
Cod populations were directly affected by changes in temperature, but also
indirectly by changes in their planktonic prey that compromised growth and
survival of cod larvae. Perry et al. observed that larger species with slower life
histories (such as cod) adapted their range much more slowly to changing
conditions as compared to fast-growing species [47]. This finding has implica-
tions for fisheries, as species with slower life histories are already more vul-
nerable to overexploitation [48] and may also be less able to compensate
for warming through rapid demographic responses. Constraints to range shifts,
however, appear to be less important than on the land. In the North Sea,
among species that shifted their range the average rate of northward change
was 2.2 km~a_1, which is more than 3 times faster than observed range shifts
in terrestrial environments, which reportedly average 0.6 kma ! [14]. This
may not be surprising, given the lesser extent of physical boundaries in
marine, and particularly pelagic environments.

The net effect of these compositional changes on species richness was sur-
prisingly large: an almost 50% increase in the number of species recorded per
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year in North Sea bottom trawl surveys was documented between 1985 and
2006 [19]. This change correlated tightly with increasing water temperature
during the same period [19]. The same trends have been found in the Bristol
Channel, UK where fish species richness increased by 39% from 1982 to 1998
[49]. In both cases increases in richness were mainly driven by invasion of
small-bodied southern species. It is noteworthy that similar regional changes
have been observed on land, where species richness of British butterflies
[18] and epiphytic lichen in the Netherlands [50] has increased with warming
over time, mostly driven by southern species that were able to respond
quickly to warming. The total magnitude of increase in species richness was
quite variable, however: 10% increase in butterfly species, but a doubling in
lichen richness over the last 2-3 decades.

These decadal changes in species richness and diversity are superimposed
on significant year-to-year variation in temperature and diversity. In the NW
Atlantic there is a well-documented latitudinal gradient in fish species rich-
ness that co-varies with temperature [51]. This latitudinal gradient in diversity
has previously been treated as static. Recently it has been shown how temper-
ature variability readjusts diversity gradients year-by-year [52]. Temperature
variability is linked to large-scale pressure differences across the North Atlantic,
known as the North Atlantic Oscillation (NAO) [53]. Positive NAO anomalies
cause temperature gradients in the NW Atlantic to steepen, which leads to rapid
adjustments in species diversity: northern areas decline, southern areas increase
in diversity [52]. During NAO-negative years the gradient flattens: northern
areas increase, southern areas decrease in diversity. Although the north—south
trend of increasing diversity does not reverse, there are substantial differences
in its slope. This dynamic pattern is mostly driven by expansions and contrac-
tions of species ranges at their northern or southern range limits [52]. Again,
warming waters increase overall diversity in temperate regions; cooling waters
have the opposite effect.

Similar mechanisms have been shown to affect pelagic fish diversity
across the tropical to temperate Pacific Ocean. Here, pressure differences in
the central Pacific lead to periodic warming and cooling of surface waters
in the eastern tropical Pacific, the well-known El Nifio Southern Oscillation
(ENSO) that affects weather patterns around the planet [54]. Positive ENSO
years are characterised by regional warming of the eastern tropical Pacific
and an increase in species diversity in the following year [17]. Regional cool-
ing leads to decrease in diversity [17]. Single species such as Blue Marlin [17]
or skipjack tuna [55] are seen to readjust their distribution year-by-year in
response to these temperature changes. These studies show how species diver-
sity does not only serve as an indicator of long-term climate change, but accu-
rately tracks short-term variability in climate as well. A caveat for exploited
fish populations is of course that intense exploitation can override climate sig-
nals on diversity. In the Atlantic and Indian Oceans, for example, there has
been a long term decline in tuna and billfish species richness, that is most
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likely explained by fishing [17]. In the Pacific, however, a similar decline is
counteracted by increasing warming after 1977 [17].

In contrast to marine fish, plankton communities are not affected by
exploitation, except maybe indirectly through trophic cascades [56]. For both
phyto- and zooplankton phenological changes (e.g. the timing of the spring
bloom), range shifts and changes in species composition have been shown
to track changes in climate [9,57]. Recently, it has been suggested that plank-
ton communities may in fact be more sensitive indicators of climate change
than the environmental variables (like SST) themselves, because of non-
linear responses of biological communities that may amplify subtle environ-
mental perturbations [58]. Thus, plankton communities are increasingly used
as indicators of recent climate change [57].

3.3. Global Scale

There are few global scale studies of marine biodiversity and its response to
climate variability and global change. The argument has been made on land,
albeit controversially, that a large number of extinctions could be caused by
climate change by compressing species thermal habitats, particularly for spe-
cies of restricted ranges [59]. Whether to expect global marine extinctions due
to climate change is yet unclear, although much concern is focusing on coral
reefs worldwide that are simultaneously threatened by warming and acidify-
ing waters [33]. Dulvy and co-workers [48] note the possible global extinction
of two coral species due to bleaching (Siderastrea glynni, Millepora bosch-
mat), both of which have limited geographic ranges in the Eastern Pacific.
Moreover, some coral-associated fish have also disappeared over the course
of recent bleaching events [48].

Although the question of projected extinctions due to climate change is
contentious [60,61], there is little doubt that temperature is a major driver of
marine diversity at the global scale. Global diversity patterns have so far
been synthesised for single-celled (foraminiferan) zooplankton [62], tropical
reef organisms [63], tuna and billfish [17], and most recently, marine mammals
[64,65]. Global reef diversity peaks at tropical latitudes in the Philippine—
Indonesian triangle [63], whereas fish, foraminifera and mammals all peak
at intermediate latitudes, around 20-30° North or South [17,62,64,65]. These
patterns are all most parsimoniously explained by variation in SST (Fig. 1a),
which explains between 45 and 90% of the variation in species diversity for
these groups [17,62,65]. As mentioned above, variation in SST well explains
not just the broad spatial patterns but also much of the inter-annual variation
in tuna and billfish richness in the Pacific [17] as well as seasonal variation
in mammal diversity in the Atlantic [65]. Moreover, the global richness pattern
of tuna and billfish could be independently reconstructed from individual
species’ temperature tolerances [30]. Therefore, it appears that temperature
might indeed be a powerful and general determinant of species richness at
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FIGURE 1 Effects of sea surface temperature (SST) on marine pelagic biodiversity. (a) Empiri-
cal relationships between SST and the observed species richness of foraminiferan zooplankton
(green, data from [62]), tuna and billfish (red, data from [17]) and genus richness of deep-water
cetaceans (blue, data from [65]). Maps depict projected mean genus richness of deep water ceta-
ceans in (b) 1980, and relative changes in richness projected to occur between (c) 1980 and 2020,
(d) 1980 and 2050 and (e) 1980 and 2080 are shown. Changes are expressed as percents of the
mean (over all ocean areas <65° latitude) diversity in 1980 minus one (as the minimum diversity
is 1.0). Panels b—e are reprinted with permission from Ref. [65].

global scales. The empirically derived relationships between SST and species
richness can be used to derive hypotheses about the potential effects of warm-
ing on large-scale patterns of species richness. An example is shown in Fig. 1,
displaying the global pattern of deep-water cetacean genus richness (Fig. 1b) as
derived from the empirical SST relationship (blue line in Fig. 1a), along with
projected changes due to moderate warming (Fig. 1c—e, see Ref. [65] for more
detail). Climate data were derived from the Intergovernmental Panel on
Climate Change CGCMI1 model using scenario A2a. Given the observed
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relationship with SST, diversity is projected to increase substantially at high
latitudes, but to decrease in the tropical ocean. So far, the low availability of
time series data does not allow testing this prediction for marine mammals,
but this may change with improved tracking and monitoring capabilities.

3.4. Other Factors Relating to Climate Change

Despite the strong observed effects of temperature discussed above there are
clearly other factors that are important in influencing diversity on local,
regional and global scales. For tuna and billfish, for example, the availability
of thermal fronts that act to concentrate food supply is of great importance, as
is the availability of sufficient oxygen concentrations (>2 ml™' at 100 m
depth [17,66]). Many marine animals may also concentrate in areas of high
productivity [64]. These factors are both directly and indirectly affected by
climate change (Table 1). Increasing climate variability, for example, can
affect biodiversity through extreme events, such as intense storms or heat
waves, which can lead to large-scale die-offs, as recently seen in shallow-
water corals or seagrass meadows [38,39,67,68]. Such events are likely lead-
ing to substantial losses in local diversity, at least on short to intermediate
time scales. Similarly, increased variability in wind stress has been shown
to affect the intensity of upwelling, leading to periodic hypoxia and death of
marine organisms [69—71]. Furthermore, climate change is implicated in the
observed shallowing of oxygen minimum zones in the tropical ocean [72],
which is likely compromising local biodiversity at intermediate depths. Pri-
mary productivity is also affected by global warming, particularly through
increased stratification and lower nutrient supply to the photic zone [8,9,11].
Because there are strong relationships between productivity, biomass and
diversity in plankton [73], changes in stratification, nutrient supply and pro-
ductivity are likely altering species diversity patterns.

Finally, climate change leads to sea level rise (Chapter 18, this volume) and
changes in ocean currents (Chapter 20, this volume). Sea level rise in concert
with increasing climate variability can lead to increasing coastal erosion and
the loss of coastal habitats. This may compromise the diversity of species
depending on wetlands, saltmarshes or mangroves [74]. Shorelines are increas-
ingly fortified against rising water levels thereby preventing the adaptive inland
movement of wetlands and upward movement of intertidal habitats, which
decline or disappear over time together with their associated flora and fauna
[74]. Ocean currents, fronts and upwelling zones are changing in response to
alterations in temperature, precipitation, runoff, salinity and wind. These water
movements strongly influence larval supply, species migrations and productiv-
ity [74]. So far, effects of changing currents on ocean diversity have not been
studied, however, with the exception of upwelling studies mentioned above
[69-71]. It can be concluded that both temperature as well as other climatic
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factors can modify patterns of diversity which may lead to interactive effects.
Such complexities are discussed in more detail below.

4. CUMULATIVE IMPACTS AND INDIRECT EFFECTS
OF CLIMATE CHANGE

A major challenge in ecological research is the disentanglement of multiple
factors that are driving ecological change. Up to this point we have reviewed
the direct effects of increasing temperature and climate variability, and result-
ing changes in upwelling, stratification, sea level and currents (Table 1). In
reality, however, these processes are likely interacting with other impacts on
biodiversity, such as exploitation, eutrophication, disease and physical distur-
bance, among others. Species composition and abundance are also influenced
to a large degree by local species interactions, such as predation, competition
and facilitation. Through changing species interactions, and by interacting
with other drivers, climate change can have a number of indirect effects that
are sometimes surprising and difficult to predict. Here we are highlighting
such indirect effects, pointing towards some well-documented examples for
illustration (Table 2).

TABLE 2 Examples of some indirect and interactive effects of climate
change with other drivers of marine biodiversity

Primary Secondary Effect on

cause cause Effect on species group  diversity  References
Increased Decline in Release of competitive 1 [76]
upwelling  keystone dominant

intensity predator

Warming Disease Increased pathogen ! [32,77]

development, disease
transmission, and host
susceptibility

Increase Fishing Fish more vulnerable to ] [24]

climate pressure overexploitation

variability

Warming Nutrient Increase in algal and 1 [31,85-87]
pollution jellyfish blooms

Warming Acidification ~ Coral reef loss due to ] [33,88]

and fishing bleaching, algal
overgrowth and lower
calcification

Warming Invasion Faster establishment of ? [90]
invaders
o
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Consider the classic example of a keystone predator, the starfish Pisaster
ochraceus, which maintains intertidal diversity by feeding on competitively
dominant mussels Mytilus californianus [75]. This interaction, however, is
temperature-dependent: increases in upwelling lead to colder waters, lower
predation rates and higher mussel cover [76]. Therefore, possible effects of
climate change on diversity are mediated by a powerful interaction between
a predator and a competitively dominant prey.

Another well-documented complexity concerns the interaction between
warming temperatures and disease. There is good evidence that climate warm-
ing can increase pathogen development and survival, disease transmission,
and host susceptibility (reviewed in Refs. [32,77]). This has become evident
both in the sea and on land following large-scale warming events associated
with ENSO, which are implicated with increases in several coral diseases,
oyster pathogens, crop pathogens, rift valley fever and human cholera
[32,77]. These effects occurred both in tropical and temperate location, with
some documented range shifts of pathogens towards higher latitudes.

Climate change can also affect the interaction between humans and marine
biodiversity. Over the past centuries human impacts have already had a
marked impact on marine biodiversity, including a number of local, regional
and global extinctions [48]. To date, exploitation and habitat destruction have
probably had the most severe impacts [48,78]. The existing rate of habitat
destruction will likely be accelerated by climate-driven habitat losses due to
sea level rise, acidification and bleaching [33,74]. Similarly, the effects of
exploitation are likely exacerbated by climate change. This is because most
fisheries effectively truncate the age structure and size structure of target fish,
by preferentially removing larger, older individuals. The fishery then becomes
increasingly dependent on the recruitment of young (often immature) indivi-
duals to the fishery. Recruitment, however, is strongly affected by climate
variability [79]. Removing the older age classes removes resilience to recruit-
ment failure, and increases susceptibility both of the stock and the fishery to
climatically induced fluctuations [24]. Another important factor is the
removal of stock diversity by intense fisheries, which again increases vulner-
ability to climate by removing life-history variation and local adaptations
[80]. Reducing fishing mortality in the majority of fisheries, which are cur-
rently fully exploited or overexploited, is the principal feasible means of man-
aging fisheries for increased robustness to climate change [24,81].

Apart from fishing and habitat destruction, humans are affecting marine
biodiversity through pollution, including nutrient pollution leading to eutro-
phication of coastal waters, algal blooms and hypoxic conditions [82]. These
factors have documented negative effects on diversity, primarily by reducing
susceptible species, but also by increasing dominance of fast-growing oppor-
tunists. The potential for complex indirect effects of climate change has been
explored, for example, with respect to eutrophication and algal blooms [31].
Field and laboratory experiments have shown that increased nutrient availability
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(e.g. through sewage or fertilizer runoff) can trigger algal blooms, especially
where herbivore populations are depressed [83,84]. Climate warming further
accelerates algal growth but also feeding rates by grazers. The effect of climate
warming on algal blooms depends therefore on the magnitudes of both nutrient
input, and the composition and abundance of grazers [31]. Observation and
experiments both suggest that as rates of nutrient input and climate warming
grow, these could synergistically enhance bloom-forming species such as algae
[31,85] and jellyfish [86,87].

Algal growth, particularly on tropical reefs can also be accelerated by the
exploitation of herbivorous fishes, particularly parrotfish. This can synergisti-
cally enhance the effects of warming and acidification, which lead to bleach-
ing and increase dissolution of calcareous exoskeletons, respectively [33].
Those disturbances open up new space for algae to colonise, which in the
absence of herbivores can grow unchecked until they dominate reef structure
and permanently alter the state of that community, as shown in recent field
experiments [88].

Finally, human vectors are re-arranging marine biodiversity through the
transport and release of non-indigenous organisms, both intentionally (as
in aquaculture) and unintentionally (as in ship ballast water) [89]. Whether
those species then become established or invasive in their new environment
depends on a number of factors, such as temperature and salinity, habitat
availability, predation and competition [89]. There is some evidence that
ocean warming favours the establishment of invaders and hastens the dis-
placement of native species [90]. Whether such invasions lead to a net loss
of species, or even an increase in species richness as observed in some places
[91], is not generally clear.

5. BIODIVERSITY AS INSURANCE AGAINST CLIMATE
CHANGE IMPACTS

There is now good evidence that in addition to being a response variable to
changes in temperature and climate, biodiversity may also provide resilience
against climate change. This is because high genetic and species variation
enhances the diversity of possible responses, and adaptive ability in the face
of environmental variation [92,93]. For example, in a study on seagrass loss
after the 2003 European heat wave, high genetic diversity (manipulated exper-
imentally) led to faster recovery of damaged habitat [67]. This was driven
both by selection of heat-adapted genotypes and by some form of facilitation
that led to increased survival [67]. This observation was independently veri-
fied by laboratory experiments that manipulated temperature and genetic
diversity in a controlled environment [68]. Another field study documented
that high genetic diversity in seagrass also increased resilience to physical dis-
turbance from overgrazing [94]. Theoretical studies have come to similar con-
clusions. For example, Yachi and Loreau [95] showed two major insurance
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effects of species richness on ecosystem productivity: (1) a reduction in the
temporal variance of productivity and (2) an increase in the temporal mean
of productivity despite stochastic disturbances.

From these studies follows the prediction that a loss in biodiversity should
lead to a loss in productivity and resilience, which would enhance any effect
of climate change (or other disturbances) on marine ecosystems. An increase
in biodiversity should have the opposite effect. Evidence in support of this
prediction comes from a series of meta-analyses examining local experiments,
regional time series and global fisheries data [23]. The vulnerability to climate
change in particular was examined by a regional study of Alaskan salmon
fisheries that have been carefully managed to avoid loss of stock diversity
[80]. These stock complexes show a remarkable resilience to climatic change
due to a large number of local life-history adaptations that are preserved
within the stock complex. As environmental conditions changed, overall pro-
ductivity was maintained by different sub-stocks that were adapted to thrive
under those conditions [80].

6. CONCLUSIONS

In this short (and necessarily incomplete) review, we examined whether marine
biodiversity can serve as a useful indicator of climate and global change. It
appears that indeed changes in diversity often indicate changes in climate, espe-
cially warming and increased climate variability. This is particularly true at
large (regional and global) scales where diversity patterns are strongly linked
to temperature. On local scales, this is less obvious because other factors may
modify or override the underlying effects of climate change: (1) natural abiotic
and biotic factors may alter the diversity response through changes in produc-
tivity, disturbance or species interactions and (2) other aspects of climate and
global change may add complexity to the cumulative response of diversity.
On a global ocean scale, it appears that, as on land, the tropics loose diversity,
temperate regions show increased diversity, whereas polar environments so far
mostly show declines in ice-dependent species as the climate warms. Underlying
these dynamic patterns is a redistribution of species ranges, with range expansions
of warm-adapted and range contractions of cold-adapted species towards the
poles, as well as local extirpations and new invasions. On local scales, climate-
change driven habitat losses, for example, through sea level rise, bleaching or
acidification can accelerate the local loss of biodiversity. As a result, species com-
munities and food webs on all scales reorganise. Sometimes this involves decou-
pling of predator populations from their prey or other mismatches in species
interactions due to shifts in phenology and physiology. Little is known about
how entire communities or food webs re-assemble with climate change; this
should be a germane topic for further research.

From a biodiversity management perspective little can be done to change
the shifting of species ranges and the reorganisation of ecosystems. It is
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important, however, to maintain as much as possible the response diversity
both within and between species and habitats that is evidently so important
for adaptation and resilience. This can be achieved by carefully adjusting
the impacts of other factors that may reduce biodiversity and by minimising
cumulative impacts. In an era of rapid climate change, complex and surprising
effects are to be expected and any form of management must necessarily be
highly adaptive and precautionary.
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