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Why I care about the
climate problem

I used to practice medicine in Ipswich and teach at the University of Queensland, but now
Iʼm retired. In 2005 Tim Flannery wrote “The Weathermakers”, a book on the climate
problem & when I read it a while later, I began to understand that we live in a time like no
other. I have a bunch of young grandchildren who will most likely live to see the last few
years of this century. Long before then, as Tim showed, all our doubts and hesitations
about the climate issue will be gone, and those kids will look back on our current behaviour
with disbelief and probably disgust & resentment. They will know that if we had started on
a fix for this problem when we first knew about it 30 years ago, we could have avoided
most of its worst effects - but we didnʼt. And we seem certain to delay even more.
Thatʼs why I created the website Grandkidzfuture.com. It wasnʼt long before the
Copenhagen conference, and I thought if the delegates took a clear sense of the
seriousness of their responsibility, this meeting might get the world started on what should
be done. It didnʼt. In fact, you could take a very dim view of what happened there and say
itʼs a sign that weʼll never be organized enough. But that would be the same as giving up,
and thatʼs the one thing we canʼt do.
Iʼve come to see that, although the climate problem is very serious indeed, it isnʼt really
what has to be fixed. Itʼs a consequence of something else - something about the path that
human society has taken, specially over the last three centuries or so. The fact is, as René
Dubos used to say, “Man inhabits two worlds ...
"
One is the natural world of plants and animals, of soils and airs and waters which
preceded him by billions of years and of which he is a part. The other is the world of social
institutions and artifacts he builds for himself, using his tools and engines, his science and
his dreams to fashion an environment obedient to human purpose and direction.”
Our imaginations, our creativity and inventiveness are such that we can make for
ourselves civilized environments which are so compelling we can entirely forego residence
in the first world - the ecological one - and devote ourselves to the many pursuits of the
other; and that is what we have done, unaware of some very grave consequences
accumulating fast during the latest century of our success.
So while it isnʼt too difficult to prescribe a remedy for the climate problem, it looks as if we
wonʼt be ready to take our medicine until we consent to something radical - changing our
economic system to one that comprehends really sustainable ends. The age of cheap and
plentiful energy persuaded us that economic activity could somehow grow for ever; but of
course it canʼt. We only have to decide if we want that impossible dream to crash, or turn
into something durable under our good care. Thatʼs why itʼs important we all understand
whatʼs happening and whatʼs at stake - so we can make the better choice.
John Price
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THE SCIENCE OF CLIMATE CHANGE

CHAPTER 1

Introduction
Science can be thought of as a particular way of regarding the world - a way that
deploys the special human faculty of curiosity together with certain inquiring
methods, and produces its own species of insight. These methods are its most
characteristic feature. They include a commitment to a rigorous pursuit of evidence
(that is, all verifiable evidence is admitted to scientific explanations indifferently, and
no orthodoxy is immune from refutation by new evidence); an open dialogue and
communication among practitioners; peer-review of published findings, for the
purpose, not of censorship, but to guarantee quality; and a fundamental tolerance of
uncertainty. Science never produces final conclusions - quite the contrary. Any
proposition which is not capable of refutation by some conceivable evidence is, ipso
facto, non-scientific.
Let these possibly cryptic remarks serve as an introduction to the science of climate
change. They are necessary because the scientific endeavour that has revealed
what we know about Earthʼs currently changing climate has been confounded in the
public sphere by disinformation, and attacked by political partisans. As a result,
unless your eyes and ears are closed, you will encounter many misleading claims
concerning it. The purpose of this unit is to present a brief account of our current
state of knowledge and some idea of how it was acquired. Studying it, you should be
in a better position to understand which claims are well founded, and which are not.

Weʼre going to examine five major findings:
I. During the past two centuries, but specially the last half-century, human
activities have altered the radiative properties of the atmosphere, initiating
long-term warming.
II. Direct observations and measurements unequivocally record the onset of
warming and the rise in greenhouse gases, together with their early
consequences.
III. In the context of Earthʼs climate history, modern greenhouse forcing is rapid
and powerful, and has no known precedent.
IV. The long-term consequences of warming the lower atmosphere are
predictable in principle, but uncertain in detail.
V. The only feasible remedies (if we wish to keep a climate roughly similar to
that of the Holocene) entail rapid restoration of the planetary energy balance
to equilibrium.
We shall see that each of these claims rests on a large body of evidence and an
explanatory framework (theory) derived from it. There are very significant gaps in
our understanding of the climate system, and especially our ability to infer its
response to perturbation; but of this, two things can be said: practicing scientists
on the whole appreciate the scope of this ignorance better than anyone; and, due
to its importance, and a big research program, relevant knowledge of the Earth
system is advancing steadily.
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ANTHROPOGENIC CHANGE
Many people find it difficult to appreciate how a single species (ourselves) could possibly alter
planetary systems enough to cause a big problem - specially in just a hundred years or so. The
answer to this riddle has two parts:
• Our fecundity
• Amplification of our environmental impact by technology.
In terms of ultimate causation, our inventiveness and daring, and the astonishing rise in our
numbers were both cause and effect of each other - a self-reinforcing cycle. Historically, neither
was much governed by foresight, or until recently, restrained by appreciation of consequences.

Human impacts
Our species, a largish mammal with a typical body mass of 50-70kg, has
comprehensively invaded the ecological space that would otherwise belong to
other species. In ecological theory there is a well-studied relation between an
animalʼs body size and population density: bigger bodies need more maintenance
and so more resources and bigger territories. If humans had never invented tools,
our global population would be in the range 1-10 million, depending how we were
distributed. Indeed, for almost all the time humans have existed (about 200,000
yrs) the population was probably no more than this.
But, spurred by technological change, it began rising 5000 years ago, and then,
from the 18th century, rose exponentially. Our current density is almost 700 times
greater than it was when we were all hunter-gatherers. Every 60 days, more people
are born than lived in the world before agriculture. Before the fall of Rome, global
population stood around 200 million. It took 13 centuries to add the next 200
million; now, adding that many takes three years. Roman economic activity caused
vast environmental damage within the Empireʼs territory, with a much lower per
capita resource consumption than ours - yet by doubling the global population
since 1960, we added, not 200 million, but fifteen times that many in just 40 years.
Such a proliferation, and the resource consumption that sustains it, is only possible
because, about 150 years ago we learned how to extract and manage the latent
energy in fossil fuels - first coal, then oil, then gas.
It is often pointed out that, strictly
speaking, the problem of human
impacts is not one of numbers, so
much as resource depletion.
Scholars have shown that, were we
to consume equitably and without
waste, we could manage the
population issue - but that is not
what we have done. Instead,
access and use of the worldʼs
resources is very unevenly spread an apparently intractable situation
which has made resource
management and conservation
very difficult.
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Global human population was notionally static for perhaps 100 millennia; then grew
moderately once agriculture had expanded in the old world; then exponentially after
the discovery and use of fossil fuels - particularly the best of them: oil. The older
portrait shows my grandfather just before he emigrated to Australia in 1910, when the
world population was about 1.6 billion. The one above him is my grandson, born in
2005 when the population was 6.5 billion. The years along the right side show when
each successive billion occurred.

How does population and technology affect the climate? Hereʼs a simplified 3-part
answer.
1. Mere subsistence entails a demand on food supply systems proportional to population.
Therefore, the parts of the world with the highest population density and growth require
more land for cropping and pasture and more urban infrastructure.
2. Technological prowess (which tends to raise both productivity and resource
consumption) magnifies per capita ecological impact. In a globalized economy, this
means the high demands made by rich citizens can be exported - that is, they are
extracted from the ecological base of poorer people, perhaps half a world away.
3. Rising living standards require continuing growth in the extraction and supply of energy mostly from combustion of fossil fuels.
Embedded in these three are the direct causes of what, in climate science are called forcings,
factors which alter the planetʼs energy balance. Look for them in the diagram below.
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In this rather complicated diagram, if you look carefully, you can see how the important human
activities, both industrial and agrarian, contribute in various ways to the greenhouse gas problem.
Herzog, Timothy. July, 2009. World Greenhouse Gas Emissions in 2005. WRI Working Paper. World Resources
Institute. Available online at http://www.wri.org/chart/world-greenhouse-gas-emissions-2005.
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Inventory of climate related impacts
Here are some of the things Tim Herzog and his chart are telling us:
• Deforestation, which disturbs or removes carbon sinks when the forest ecosystem
is replaced by crops or pasture or horticulture, is the single biggest greenhouse
gas (GHG) contributor (18%) after electricity generation (24%).
• Agriculture and transportation, together contribute around the same as power
generation.
• Road transportation emissions are about equal to those from the lighting, heating
and appliances in domestic dwellings (about 10% each).
• About two-thirds of emissions come from the ENERGY SECTOR, which, broadly
speaking is what distinguishes the rich world from the rest.
• The chart reckons emissions as “CO2 equivalents”, a common method of showing
GHGs. The idea is that an agreed formula is used to render the warming potential
of the different gases as if they were all CO2. So the quantities of methane, N2O
and the others shown here are not absolute ones.
• In terms of warming potential, CO2 is responsible for more than three-quarters.
• “Land use change” causes other climate effects, mainly by altering the ʻalbedoʼ, or
reflectivity of land surfaces. These donʼt appear in the chart.

Deforestation
About half of the worldʼs original (post-glacial) forest cover has been cleared. Temperate forests
(specially those of North America) took the brunt of this assault in the second half of the 19th C;
but since the mid-20th C, forest exploitation has become a tropical phenomenon. About half of
the tropical forests extant in 1950 (15-16 million km2) have been cleared since.
The current rate of loss of tropical forests is variously estimated, but is probably close to
10million Ha annually - or 2700 km2, or half the City of Brisbane municipality area each day.
Forests store and cycle carbon in the biomass and soil, so their loss removes a sink and
reduces the total capacity of the biological carbon cycle; and (to the extent that they are burned
or decayed rather than industrially processed) liberates their carbon to the atmosphere. The
total size of the forest carbon reservoir, including litter and soil, is estimated to be about 50%
greater than the atmosphere (which is 760GtC).
Altogether, deforestation (including burning) contributes approximately 20% of the greenhouse
gas emissions due to human activity, and of all the large sources, is the one with the best
potential for an
effective remedy.
Experts are
certain that
reforestation and
appropriate forest
management
could provide the
worldʼs demand
for forest products
with zero net
emissions on a
time scale of a
couple of
decades.
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Deforestation in Borneo.
Most of the extensive (425,000km2)
lowland forest of this, the worldʼs
third biggest island, has been
destroyed (harvested & burned) in
the last 50 years. Early in the 21st C
Borneo was the source of half the
worldʼs tropical timber. What you see
here is a big palm oil plantation, the
most common conversion of the
primary forest. Typically, due to soil
leaching and contamination, such
horticultural use only lasts for a
couple of decades, after which the
former forest becomes scrub or
pasture. The loss of this carbon sink
is then final.

THE FOSSIL FUELS
Civilizations can be thought of as systems for concentrating and managing energy; and this is
no less true of our own global one than it was in the past - in fact the astounding quantities of
energy appropriated by the worldʼs people are its best confirmation. Look at the chart below
which seems to show that the dispersal of prosperity to millions (and now hundreds of
millions) of humans is mostly a twentieth century phenomenon. Itʼs no coincidence that this
incredible outbreak of riches exactly corresponds to the “oil age” - the century in which we
learned how to harness the potential of this miracle fuel. Before this, for another century or
so, manufacturing and transport had come to depend on coal, another, but much more
cumbersome portable fuel. These two, and the ʻnatural gasʼ, which we are now utilizing more
and more, are called fossil fuels because the combustible matter they contain was once living
tissue that, owing to conditions at the time of their formation, was preserved rather than
decayed. That means that the energy of the solar photons captured by those long-dead
plants and micro-organisms is still present, and can be released by oxidation.
Our modern appetite for this energy is something never before seen on the planet. Our fossil
fuel carbon emissions weigh
as much as 1% of all Earthʼs
biomass - or 20 times the
weight of all the humans alive.
The reason they are a
problem is that this rapid
injection of carbon is entering
a dynamic system which, in its
unperturbed state, maintains a
balance between all the
sources and sinks, both
biological and inorganic.
Although there are subsystems that recycle carbon
fairly quickly (plants, animals,
soils) the annual addition of
22Gt CO2 will overwhelm the
planetʼs carbon cycle for
many centuries to come.
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Which fossil fuels are most used?
You can see a number of things from this chart, which shows the share of total world
energy consumption attributed to each class of fuel, from 1860 to 2000:
• Though oil has still the biggest share of the global energy pie, that share has been static
since the era of politically induced “oil shocks” of the 1970s.
• The slack has been taken up by gas. Nuclear energy peaked in the 1990s and has been
flat since.
• Traditional (pre-industrial, or biomass) fuels - wood, dung, crop residues, etc) have a
larger share (10%) than nuclear.
• The peak share for coal occurred as the ʻage of oilʼ began, in the early decades of the
twentieth century, but its decline stopped around 1970 and is now sustained by
escalating demand for electricity in developing countries.

Which countries
produce the most
GHG?
You can see that the
USA has been the
dominant emitter, and
that China has caught up
within the last couple of
years. Between them,
these two contribute half
the worldʼs fossil fuel
CO2. Notice the steep
rise in the growth rate of
global emissions in the
new millennium.
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Consumption profiles for
three fossil fuels
Global consumption of all three
fuels has continued to rise through
the 20th C and into the current
one.
In terms of energy density, that is,
the energy yield per unit weight,
wood is roughly a third as dense as
coal; while gasoline is almost twice
as dense. Furthermore, oil-derived
fuels burn without any solid
residue, are highly portable, and
are easy and ʻcleanʼ to package
and handle. The effective energy
density of gas is compromised by
the need to liquify (condense) it for
transport, and provide pressurized
storage - which has a significant
energy cost.
Emission of CO2 from fossil fuel
burning is about 22Gt (billion
tonnes) annually, of which about
45% stays aloft in the atmosphere.
The current atmosphere contains
about 3,000GT of CO2. Without the
man-made CO2 it would be
2,200Gt. Weʼve added about the
same amount as accumulates
naturally between ice age maxima
and interglacials. Each 7.7Gt
added, raises the concentration by
1ppmv.
The figure below shows the
contribution of each of the three
fuels. [Source: iea http://www.iea.org/
co2highlights/co2highlights.pdf]
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COAL
This mineral, the metamorphosed remains of ancient plants, has been formed ever since the
Earth grew abundant vegetation on land - that is, about 400 million years. Nearly all the
exploited coal, however, was created in three episodes - the Carboniferous/Permian (about
300 million years); the Jurassic/Cretaceous (about 150 million years), and much more
recently in the Cenozoic. Coals vary widely in their composition, depending on age, and the
conditions during their formation and subsequent burial. Carbon is the main constituent
(70-95%), with varying amounts of volatile hydrocarbons, and other elements. A typical
elemental composition for bituminous coal is: C, 75-90%; H, 4-5.5%; N, 1-1.5%; S, 1-2%; O
5-20%. Coal combustion produces typically about 2.7G of CO2 for each gram of mineral, as
well as sulphur and nitrogen oxides, and numerous minor (but toxic) residues in both the solid
ash and flue gases.
It is the most abundant fossil fuel by far, and easily the biggest source of greenhouse gas
emissions.

Country

2008 tonnage
(short tonsX106)

share

China

2782

42.5%

USA

1062

18%

EU

587

5.2%

India

521

5.8%

Australia

401

6.6%

Table of the five largest coal producers, showing annual production in millions
of tonnes. The shares of coal related emissions are affected by coal quality.
Source: EIA; International Energy Statistics, 2008

To get some idea of the prodigious quantity of coal consumed, mainly by electricity
generation plants all over the world, consider a coal heap big enough to cover the main IGS
oval, piled as high as it will go (about 46m). This would be roughly 0.3 million tonnes. One of
those heaps is burned every twenty minutes, and turned into nearly a million tonnes of CO2.
The 13 billion tonnes (Gt) of CO2 from global coal combustion is equivalent to 2 tonnes for
every man woman and child on Earth. Escalating demand for electricity in the developing
world is going to be the single biggest contributor to emissions growth in the next few
decades, as you can see in the chart below.
Australiaʼs position is anomalous. The country is particularly well endowed with coal (and
many other valuable and accessible minerals) and is the worldʼs biggest exporter.
Queensland is easily the biggest coal producing State, with about two-thirds of the 300 million
tonne export total. In reckoning statutory obligations under the existing international
agreements on limiting emissions, exported fossil fuels count against the importer, so our
governments can and do proceed with mitigation projects ignoring our responsibility for
emissions which will be generated elsewhere. Since the gases are mixed in the global
atmosphere within days of their release, this policy could at least be called inconsistent.
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OIL & GAS
These, the hydrocarbon fossil fuels, have been the magicianʼs wand that gave us modern
abundance, prosperity and ease. In the beginning, in Texas, at a place called Spindletop,
in 1901, the EROI (energy return on investment - the amount of energy captured divided
by the amount expended in finding and extracting it) for crude oil was about 100. This is an
astonishing number. No other energy source comes close. Three tablespoons of oil
contain energy equivalent to a day of human labour; a tank full in your car has as much as
two years of manual labour. The stuff is fluid and easy to carry, and until recently, cheap.
Even today, no one has any idea what would take its place in aviation, and it is the
indispensable feed stock for a myriad of chemical and manufacturing processes. It is likely
to be the essential transport fuel for some time - after all, electric vehicles can improve
pollution in cities, but they can hardly reduce GHG emissions while electric power for their
batteries comes from coal.
World consumption of this fabulous stuff for all purposes is 85 million barrels a day. If
these barrels were stacked so as to cover the main oval, theyʼd be 1.3 km high. Something
like 1 trillion of them have been burned since the start of the oil age; how many we have
left is a question that concerns many people. On one hand, there is an expert school
which holds that the global peak of oil production has arrived, or is close, and that, no
matter what we do, a gap between supply and demand will begin to open up sometime in
the next decade or so. Though there is considerable evidence for this view, it is opposed
by a school (mainly inside the oil industry) which claims the peak is some way off and that
current production can be sustained to the end of the century. Nobody denies the quantity
of ultimately recoverable oil is finite, or that the easy stuff has been won, and present and
future exploration and extraction will be more difficult and costly, with much lower EROI.
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How does human activity affect climate?
THE ATMOSPHERE

We donʼt normally see it as it appears in this picture taken from the space shuttle, and so we
donʼt easily appreciate how thin it is. If the whole atmosphere were as dense as it is at Earthʼs
surface, it wouldnʼt rise above the peak of Everest (8.8km) - but of course its density
decreases with altitude and there is no upper bound; the gases become more tenuous until
they are virtually undetectable, somewhere above 100km. Still, half the atmosphere is held in
the lower troposphere, below 5.6km, and that is where it is most dynamic. It has a vertical
structure due to the way it interacts with radiation, both from above and below. This needs a
bit of explanation.
Solar radiation arrives at the upper atmosphere with
a radiation spectrum characteristic of the sunʼs
surface (mean temperature 5525℃). Between the
sun and the surface of Earth, photons interact with
gas molecules in different ways, as shown below.
Those that are absorbed on reaching the surface
warm the Earth, which re-radiates photons in the IR
spectrum, according to its mean surface
temperature of 14℃.

Outgoing IR photons interact quite
differently with atmospheric constituents - in such a way that about half of them are ʻtrappedʼ
in the lower troposphere, redirected downward, so ʻblanketingʼ the Earthʼs surface with heat,
raising the near-surface temperature by 33℃. Because the troposphere is warmed in this
way from below, it is agitated by convection; while the layer above, the stratosphere, is
heated from the top, and is stable. To imagine what Earth would be like without its
atmosphere, think of the Moon. Facing the sun, the daytime surface is heated to a mean
107℃, and as soon as the sun sets at night, it drops quickly to a mean of -153℃. The reason
for this contrast is what we call the “greenhouse effect”, which is what weʼll look at next.
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If youʼve ever climbed a mountain and felt it get cold as you ascend, youʼve experienced
THE GREENHOUSE EFFECT
If youʼve sweated through a sultry summer night, and felt the chill of night in the desert come on
fast, you know that its strength makes a big difference to climate.
Hereʼs briefly how it works. Earthʼs temperature is determined by its distance from the sun, and
the reflectivity of its surface. If the atmosphere transmitted radiation at all wavelengths
indifferently the surface temperature would be -18℃. This number can be calculated from
Planckʼs law once we know how absorptive the surface is. But in reality, Earth radiation is strongly
absorbed in the lower troposphere by several trace gases (mostly by water vapour and CO2). The
gas molecules capture IR photons in specific frequency bands and re-radiate them randomly. In
this way they become the main source of Earthʼs outgoing radiation, releasing IR photons from
near the top of the troposphere at an altitude of around 10km. If you observed Earth from space,
you would notice the planet radiating at the temperature predicted by Planckʼs law from the top of
itʼs atmosphere, while the surface temperature was 33℃ warmer. Furthermore, the GHGs retain
heat near the surface at night, when otherwise it would be rapidly lost to space. Thatʼs why high
humidity causes hot nights, and why nights in the desert are cold.
The strength of the effect is determined by the partial pressure of each GHG, and since the
foundational work of John Tyndall in the 1850s, and especially since the work of Gilbert Plass and
Lewis Kaplan a century later, we can predict confidently the radiative consequences of changing
the abundance of any of them. But thereʼs a catch. Any change in the climate system induced by
any forcing whatsoever has multiple interacting effects, many of them iterative (that is, effects
become causes in the same processes) and figuring out how all of them act together is
exceedingly difficult.

A closer look at the wavelengths at the right of the graph above.
Source: http://homepages.ius.edu/kforinas/ClassRefs/
GlobalWarming_files/greenhouseeffect.htm

You can still occasionally read
that the CO2 greenhouse
effect is an insignificant factor
in climate change because its
IR absorption spectrum
overlaps that of water (which
is partly true); or because the
gas is rapidly ʻsaturatedʼ by IR
photons so that raising the
pressure a small amount
makes no difference (which is
false); or because CO2 is
quickly removed from the
atmosphere (which is a halftruth. The missing half is
much more important and
interesting).
The reason CO2 is a powerful
GHG is that water vapour is
much more abundant closest
to the surface so thereʼs
plenty of space in the
troposphere where its
absorption isnʼt blocked.
Furthermore, there is the
ʻwater vapour feedbackʼ.
Partial pressure of water
vapour is strongly dependent
on temperature. Any warming
due to CO2 is amplified by an
increase in humidity.
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THE GREENHOUSE EFFECT IS POWERFUL
A disc with the same diameter as the Earth, facing the sun at a distance of 1AU would receive
1366 Watts/m2 of radiation. This quantity is called the mean solar flux. Distributed over the
spherical surface of the Earth/atmosphere system, averaged over night and day, the actual flux is
a quarter of this - 342 W/m2. Some radiation is reflected by clouds and aerosols; the absorbed
fraction amounts to 235 W/m2 (yellow arrow on the left). This is the ʻincomeʼ half of the planetʼs
energy budget. Its effect is to warm the terrestrial and ocean surface and atmosphere.
On the ʻexpenditureʼ side, in a state of thermal equilibrium, Earthʼs radiation loss must equal the
quantity absorbed (currently, the planet is in a non-equilibrium condition with a net positive
balance of about 1W/m2). Of the 234 W/m2 radiated to space, gas molecules at the top of the
atmosphere are the source for 85% (the rest are photons that escape absorption by GHGs). In
the lower atmosphere, though, heat is cycled constantly between surface and atmosphere by
climatic processes. Three quarters of this heat transfer is contributed by greenhouse warming. Of
the energy stored in the atmosphere, 38% is eventually radiated to space; 62% is radiated
toward the surface.
In a horticultural greenhouse, the glass which admits solar rays blocks some of the long
wavelength photons emitted from the plants inside. But most of the effect of a real greenhouse is
due to its being enclosed - the walls and ceiling stop convection. The analogy of a blanket is
better, but still not accurate. Like a blanket, the natural greenhouse effect creates a heat trap
next to the surface; and increasing the concentration of GHGs acts just like making the blanket
thicker - the altitude of the tropopause (the source of Earth radiation) rises. But unlike a blanket,
nothing prevents trapped warmth in the lower atmosphere from moving; indeed, adding GHGs
causes several problems just because it induces more powerful convection.
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GHG

preindustrial

current
(2005)

increase
%

GWP**
20yrs

GWP
100yrs

Carbon dioxide

280ppm

380ppm

36%

1

1

Methane

700ppb

1774ppb

153%

72

25

Nitrous oxide

270ppb

319ppb

18%

289

298

CFCs

0

533ppt

na

5,000-16,000 1,800-17,000*

Table showing the change in abundance of four GHGs to 2005, together with their global warming
potential (GWP) in Watts/m2. [ppb = parts per billion by volume; ppt = parts per trillion]
* GWP for CFCs: six CFCs have been included in this analysis. The range given is representative for
this group.
** GWP expresses the radiative forcing relative to carbon dioxide. The change over time is due to
different effective atmospheric lifetimes. The life-time for CO2 is difficult to give precisely, but is many
centuries (se below).

How long does anthropogenic CO2 remain in the atmosphere?
You may sometimes hear it asserted that CO2 is removed quickly (5-10yrs) from the
atmosphere by one of the sinks. But this is a half-truth which ignores the recycling of carbon
between various reservoirs. The immediate fate of a CO2 molecule rising from a smokestack is
to travel. It will be well mixed with the global atmosphere within a year or two, and spend
typically less than a decade aloft before capture by a photosynthetic organism (on land or sea)
or diffusion into ocean water. Gaseous exchange between ocean surface and atmosphere is
dynamic, driven by gradients that respond to temperature, net vertical movement of water,
surface agitation, and regional ocean chemistry.
In the biosphere, carbon can reside for decades to centuries in the tissues of living and dead
organisms before re-entering the atmosphere. It is likely to cycle in this way several hundred
times before eventually being incorporated into sediments which are buried on the ocean floor;
here, carbon is effectively sequestered for millions of years.
On the basis of this understanding, oceanographer David Archer showed in 2005 that after a
large addition of CO2 over a couple of centuries (depending somewhat on how big the total is)
the atmospheric concentration will reach equilibrium in about 300 years; but about 25% will still
be present after 1000 years, and 7% after 100,000 years. In other words, half will be gone in a
couple of centuries, but the rest takes virtually for ever. People often wonder why the ocean
wonʼt simply take it all up - but the reason why not has been understood since Roger Revelle
explained 50 years ago that ocean capacity is limited by the efficacy of the bicarbonate buffer
system. Under conditions where the ocean reservoir has become a sink, the buffer is quickly
used up. [Archer, 2005, Journal of Geophysical Research; 110, C09S05, doi:1029/2004JC002625, 2005]
Archer asks his reader to consider the CO2 from burning a gallon of gasoline.
“When it is burned, it yields about 2500 kilocalories of energy ... Its carbon is released as CO2
to the atmosphere, trapping Earthʼs radiant energy ... About three-quarters of the CO2 will go
away in a few centuries, but the rest will remain for thousands of years. If we add up the total
amount of energy trapped by the CO2 from the gallon of gasoline over its atmospheric lifetime,
we find ... it ultimately traps 100,000,000,000 (one hundred billion) kilocalories of useless and
unwanted greenhouse heat. The bad energy from burning that gallon ultimately outweighs the
good energy by a factor of about 40 million.”
[Archer, D, 2009; The long Thaw; Princeton University Press, p173]
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A simplified representation of
the carbon cycle - a system
of exchanges between
reservoirs, which produces
an equilibrium state. The
pulse of fossil fuel carbon is
a powerful perturbation, on a
scale comparable to past
geological events, but much
more rapid. You can see the
added CO2 only has two
places to go in the short term
- the surface ocean, and
plants & micro-organisms.
Incorporation in the
geological reservoir takes
many millennia.

Where does carbon go?
The carbon on Earth exists in discreet reservoirs, connected by physical & chemical interactions.
From the table below you can see the quantity of carbon humans have added to the dynamic carbon
system (about 300Gt) is dwarfed by the size of the reservoirs in rocks and sediments. However,
everything (from the human perspective) depends on time. If we didnʼt mind waiting 100,000 years or
so, the system would eventually put away the fossil fuel carbon and the atmosphere would again be
the way it was in 1750. But of course we do mind what happens in the next hundred years or two,
very much. On that time scale, most of the excess CO2 will stay in the air. It turns out that warming
will turn many biological reservoirs into net sources, and impair ocean uptake. The carbon content of
the atmosphere (and ocean) will rise to a peak which will depend on the total released, and then
decline moderately at first, then very slowly. The way to lower this peak is to rapidly reduce the flow
of CO2 to the atmosphere - quit fossil fuel combustion or capture the combustion products.

Carbon reservoir

size (GtC)

atmospheric methane

10

living biomass

610

atmospheric CO2

760

oceanic dissolved CO2

740

oceanic carbonate ion

1300

organic carbon in soils & sediments

1600

fossil fuels

4200

oceanic bicarbonate ion

37,000

organic carbon in sedimentary rocks

10,000,000

limestone in sedimentary rocks

40,000,000

Table showing the main carbon
reservoirs
What makes the carbon cycle work is
the system of exchanges between these
dynamic “pools”. Some of the major
ones are shown in the diagram below.
Red numbers and arrows show
anthropogenic additions to the natural
fluxes. What is not shown is the way
some carbon transfers are fast, some
very slow, and many in between. It turns
out that the process of locking
atmospheric carbon into sediments and
rocks by the accumulation of
zooplankton remains on the sea floor,
and silicate weathering of igneous rocks
(the only natural way of restoring Earthʼs
energy equilibrium) takes millions of
years. The only way for this carbon to
re-enter the atmosphere (not shown) is
by volcanic venting.
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Showing the principal carbon fluxes with some indication of the transfer
rates in this part of the carbon cycle. Red=anthropogenic. [IPCC, 2007]

In the next chapter, weʼll examine what is known, from field observations and
measurements, about the warming of the world. The idea is to give you a way to
assess how well established this knowledge is. Weʼll look at some of the methods
used by climate investigators, and the reasoning that makes inferences from
observations. And weʼll get some idea how this body of knowledge has developed.
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CHAPTER 2 : HOW WE KNOW CLIMATE IS CHANGING: a review of the evidence
TEMPERATURE
If you wanted to know whether Ipswich has been getting hotter, you could do it fairly easily.
Youʼd locate the long series of official records, smooth out the noise perhaps by plotting
decadal means, and look for any trend. But how would you know if the whole world is
warming? Lots of the surface doesnʼt have any weather stations (oceans, deserts, Siberian
wastes, most of Antarctica), and every place has its own temperature history. In fact, the
global mean temperature is a highly abstract quantity which can only claim to represent
anything real if the data input used to synthesize it are of high quality, and analytical
methods are rigorous.
This is the work of a number of specialized research units of which the leading ones are
The Goddard Institute (GISS), a division of NASA; the National Climatic Data Centre
(NCDC), a division of NOAA; and The Hadley Centre, which belongs to the UK Met Office.
The three have had a policy of collaboration with a view to improving their independent
estimates, and opening their results and processes to the public. You can therefore follow
their work as it is published regularly on their respective websites. Over several decades
they have learned how to integrate data from ground-based thermometers with radiosonde
(balloon-born) instruments, ocean surface measurements, and most recently, remote
sensing data from satellites. Obviously, when the data sources evolve as much as this,
scientists and statisticians have to solve a lot of issues of continuity and quality - but by
now there is very little room for error in their assessments.

Showing the agreement between the three principal global monitoring Centres for the period
of instrumental temperature records - about 160 years. Before this there are plenty of regional
records, but no global grid comprehensive enough to infer meaningful trends. Ordinary
meteorological stations record “near-surface” ambient temperature - that is, the output of a
shaded thermometer a metre or so off the ground. These data are carefully screened for bias.
The trend revealed here is a bit less than a degree during the 20th C - half of it since 1975.
Source: UK Met Office
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GISS publishes one of these each month - a running update of the distribution of surface
temperature anomalies. By studying the series you can see which regions of the globe
are heating the most, and why temporary cold anomalies in some regions do not provide
grounds to deny the global trend. The baseline chosen includes the mid-century pause
you can see on the chart above. There is now general agreement that this feature of the
long-term record is due to the proliferation of reflective aerosol pollutants in the
atmosphere (specially the northern hemisphere) during the post-war industrial boom. The
effect began to decline - and warming resumed - soon after anti-pollution laws were
enacted in the 1970s. This important phenomenon has been called “global dimming”; it is
undoubtedly retarding greenhouse warming now, though to exactly what degree is
somewhat uncertain. The best estimates reckon it is a negative forcing of 0.5-1W/m2.
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A careful look at the diagram above gives you another perspective on the warming trend.
It has sometimes been asserted that the hot year 1998 ended observed global warming.
It was the strongest El Nino year ever known, and set the record for global mean
temperature which still stands (GISS, but not Hadley has 2005 tied with 1998). But you
can see from the ranking that despite this decade old record, the trend has continued - in
fact only a little slower (0.1℃ per decade) than for the prior 30 years. This is an important
thing to understand - nothing in climate theory says that a warming trend will be
expressed in each successive year - quite the opposite. The complexity of the system
means that such a trend will be observable only over longer intervals. Source: UK Met Office

MEASURING THE ANTHROPOGENIC GREENHOUSE EFFECT
John Tyndall, who first demonstrated the action of GHGs 150 years ago, had no idea what
caused it. The nature of radiation was then unknown. Nevertheless he made some shrewd
guesses, among them, that water vapour and CO2 would be powerful influences on the
climate. Yet a century later, despite much better insight into the potential problem of manmade GHGs, nobody had made systematic measurements to see if the gases were in fact
accumulating in the atmosphere.
One reason for this tardiness was the belief that ocean water would dissolve any excess
CO2, removing it permanently from the atmosphere. In the mid 1950s, though, Roger
Revelle & Hans Suess showed that complex buffering mechanisms in the surface ocean
limited the efficacy of this sink. A typical CO2 molecule would enter the sea within a
decade, but would fairly quickly re-enter the air; in effect, the net ocean uptake was a bit
less than half of the calculated emissions at mid-century. To see if the atmosphere was
really acquiring a burden of anthropogenic CO2, Revelle recruited Charles Keeling to begin
monitoring the gas at a new observatory on the Mauna Loa volcano in Hawaii. Keeling
began his assays in February 1958, and the record continues to this day.

The Keeling curve: continuous record of atmospheric carbon dioxide since 1958.
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What does the Keeling curve tell us?
By locating his observatory in the mid-north Pacific with prevailing westerly ocean winds,
Keeling was certain he could sample air uncontaminated by nearby human activity. But at the
time, no one knew if carbon emissions would be well mixed in the global atmosphere, and if
so, how quickly. Over the first three years, Keeling came to recognize a seasonal oscillation,
which he correctly inferred was due to the growth cycle of northern forests. In May, he would
begin to see a decline (as the summer growing season approached), which lasted until
September before reversing (as the trees entered their dormant winter phase).
After a few more years, he was confident he could detect an upward trend (the red line); each
annual mean was about 0.7ppmv above the previous one. This trend, as you can see,
continues - only its rate is increasing. The annual increment is now 2.0ppmv, and rising.
So not only is CO2 a well-mixed additive, but it is accumulating at an accelerating rate. This
discovery, in turn has raised questions about the circumstances under which the fast-acting
carbon sinks (ocean & biosphere) could be overwhelmed. Keeling, who died in 2005, would
have been fascinated by the finding, not long ago, that, in fact, the fraction of emissions
entering the ocean has declined, so a somewhat greater proportion of emitted GHG appears
to be retained in the atmosphere. Keeling calculated in 1960 that, in the absence of an ocean
sink, industrial emissions would be enough to cause the Mauna Loa assay to rise 1.4ppmv
each year. By the mid 1960s he was confident that the fraction remaining in the air was 57%.
How do we know for sure the added CO2 is all put there by humans? Couldnʼt part of it be
from volcanoes or some other natural source? This question can be answered in the following
way. Growing plants preferentially take up 12C over 13C, with the result that plant tissues
contain about 2% less 13C than the atmosphere in which they grew. Both are stable isotopes,
so if ancient plants and forests are burned on a large scale to release their carbon back to the
atmosphere, the proportion of 13C in the air should decline. This change in relative abundance
of 13C/12C has in fact been measured (Keeling was aware of the finding in 1960) in exactly the
predicted quantity. This is one of the “signatures” of anthropogenic climate change.
Keeling helped set up a monitoring station near the South Pole. In time, the same trend
emerged there as in the north - except that the annual periodicity is almost invisible. That is
what what one would expect, since most plants are in the northern hemisphere, and almost
none are in Antarctica.
Carbon dioxide monitoring from four sites
As Keeling expected, it doesnʼt matter where in the world you make the
measurements, CO2 is increasing at the same rate. here you can see
that the seasonal effect he discovered is most pronounced in Alaska,
and least at the South Pole. As drafted here, the graph can be a bit
deceptive. The accumulation of CO2 is not a linear function of time. The
rate of increase has tripled since Keelingʼs initial estimate, and is still
accelerating.
Source: Climate into the 21st Century; William Burroughs (Ed); WMO; Cambridge
University Press, 2003. p95
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Here you see the relation between
calculated fossil fuel emissions and
the record of CO2 monitoring.
Keelingʼs curve can be extrapolated
backward because we have access to
air samples trapped in ice. With
certain caveats, these can be used to
provide an historical context for the
Mauna Loa data. It turns out that CO2
had already risen from 280ppmv (its
pre-industrial level) to 315ppmv by
1958 - a rise of 12.5% over 200
years. Today, the concentration is
387ppmv, (38% increase) and it will
reach 400ppmv sometime in 2016. It
probably occurs to you that to
understand the meaning of these
numbers, we need to know what has
happened to the GHGs in the more
distant past - and that is absolutely
correct. Weʼll come to this in the next
chapter.
Source: NOAA

In these three graphs, the changes in
atmospheric content for 3 important
GHGs are given a much longer
historical context - 10,000 years, or the
length of the Holocene. Note that
modern rise is very rapid. The rise in
methane has been much greater than
CO2 (140%), and this rate appears to
be increasing.
Source: IPCC 2007 Synthesis Report, fig 2.3
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THE HEAT IS IN THE OCEAN
Water has a heat capacity so much greater than air that Earthʼs oceans are in effect, its
heat reservoir, and that is where virtually all the heat being added to the system will end
up. The oceanʼs heat capacity is so great that the heat content of the entire atmosphere
would fit into the top 3.2m of the sea. Since the average ocean depth is 4km, the size of
this reservoir is enormous. Recently, oceanographers have been using the expanded
ARGO system of free floating open ocean buoys to precisely measure ocean heat content.
The task isnʼt quite as straightforward as it might appear. The top 100-200m of ocean (the
so-called mixed layer) is stirred by waves and wind so that it exchanges heat fairly rapidly
with the atmosphere, but the deep ocean acquires heat much more slowly, on a scale of
centuries. One of the consequences is that there is a lot of heat “in the pipeline”, that will
enter the deep ocean over time, no matter if we quit emitting tomorrow. This “ocean lag”
effect is thought to have about another 1℃ in store right now, which will be added to our
descendantsʼ problems.

Wadhams, P; Caitlin Expedition, 2009

ICE IS MELTING
97% of all the water on Earth is in the sea; of whatʼs left,
more than two-thirds is ice; of this, 90% is in Antarctica
and almost all the rest in Greenland. Sea ice and mountain
glaciers account for only 0.5% of the ʻcryosphereʼ, but they
are particularly sensitive to temperature change, and so
are excellent indicators of warming. An ice cap covers a
large area of the Arctic ocean, expanding every winter then
retreating again to a September minimum. Both the area
and thickness of this ice has been in decline for over 30
years. As it shrinks, the highly reflective white surface is
replaced by dark ocean water, which increases heat
absorption. Heat taken up by the Arctic ocean in summer
then melts winter ice from below. As a result, the mean
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thickness of Arctic sea ice has
declined 43% in 25 years, and an
increasing fraction is single-season
ice, less than 1.8m thick. (see chart
above) Professor Peter Wadhams,
who recently completed a long field
investigation of the condition of the
Arctic ice believes it will disappear
in summer within 20 years. As far as
we know, the Arctic ice has been
present for all of the last 3 million
years.

Occasionally, you hear that the
story of polar melting is wrong and
glaciers are growing again. But if
there is one bit of evidence of
global warming that is
incontrovertible, itʼs this:
everywhere, but specially at higher
latitudes, ice is in retreat. Itʼs easy
enough to confirm - all you have to
do is keep an eye on enough
glaciers and youʼll know how many
are shrinking and how many are
not - and of course, this has been
done for decades now. Whether
you measure glacier length or
mass balance, 95-98% of the
worldʼs glaciers are losing ice.
Precipitation changes (heavier
snowfall), as well as regional
temperature anomalies can cause
some to grow for a time, but as
these changes themselves are
induced by the augmented
greenhouse effect, they are by no
means grounds for doubting its
consequences on the cryosphere.
In this inventory of the worldʼs
glaciers provided by the World
Glacier Monitoring Service, you can
see that retreating glaciers (red)
greatly outnumber growing ones
(blue) in every region. It turns out
that glaciers at high altitude in the
tropics are at least as vulnerable as
sub-polar ones - sometimes more
so. Several phenomena previously
unobserved have emerged in
recent years suggesting that most
of the glaciers in the world will
eventually disappear .
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The great ice sheets: Greenland & Antarctica
At the last glacial maximum (LGM), 20-21,000 years ago, enough water was locked up
in vast ice sheets to lower the sea 120m. Over about 10,000 years, the great ice
bodies that lay over North America and Northern Europe fitfully melted until the
temperature and the sea reached their Holocene plateaux. These were then the
conditions that nourished human civilization. Left behind were two big ice sheets - the
one that largely covers the island of Greenland (about 2,600,000km3); and the
enormous Antarctic ice sheets (about 27,000,000km3). This much ice, were it ever to
melt, would raise the sea another 70-75m.
When an ice sheet forms, it grows slowly, because snowfall in very cold air is limited;
but it nonetheless grows very thick - the centre of Greenland is over 3km thick; the
summit of the East Antarctic ice sheet is a little bit more. Until very recently, the idea
that any substantial melting of these massive structures could occur in a timeframe
meaningful to humans seemed fantastic. Not any more. Two things have glaciologists
worried. The first is the West Antarctic ice sheet (WAIS) - an ice mass lying on an
archipelago to the west of the Transantarctic Mountains - altogether about 10% of the
Antarctic ice. Over 30 years ago John Mercer warned that it was vulnerable to melting,
and may have collapsed in the past during warm interglacials. A large part of the ice
sheet is grounded below sea level, so is accessible to warming Southern Ocean water.
The other worry is the pace of change in Greenland. The Arctic has warmed 2-3 times
as much as the global mean - a predictable feature of greenhouse warming - and the
low-altitude margins of the Greenland ice sheet have been melting with extraordinary
speed. No one knows what will happen next - these phenomena have never been
observed before and are poorly modeled; but it seems bad news and nothing but bad
news comes from Greenland almost every month.

These two figures from a recent report [Velicogna, 2009; Geophysical Research Letters, 36, doi: 10.1029GL040222]
show the record of mass change in the Greenland (left) and Antarctic (right) ice sheets over the 6-7 years
the GRACE satellites have been used for this assessment. Net annual loss for Greenland has increased
from 137Gt in the first year of survey to 286Gt in the last 2 years. For Antarctica, the increase was 104GT
to 246Gt. (Gt=1billion tonnes). The green curves are best-fit quadratic functions. Ice loss is accelerating.
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THE SEA IS RISING
Globally, sea level rises for two reasons - thermal expansion of the ocean, and the addition
of meltwater. Locally, and regionally, the position of shorelines is affected by other things the land can rise or subside, and the pattern of winds can elevate or reduce the sea tens
of centimetres. Placing a shore-based ʻtide stationʼ to measure long-term sea level trends,
itʼs necessary to know about these biases. For instance, an important effect in some
northern lands is “post-glacial rebound” - the elastic elevation of land recently bearing a
heavy burden of ice. With all this in mind, we can examine collated tide gauge records and
infer a pretty robust trend over the last century.

This graph, due to John
Church, of CSIRO, shows
the global sea-level trend
since 1870, aggregated from
tide gauge data. The red line
near the right end is the
superimposed record of
satellite altimetry, available
for the last 20 years. The
degree of uncertainty in this
data clearly increases
appreciably with age.
What concerns us most is the
rate of rise. Until the middle
of the 20th C, the trend was
about 1.1mm/yr. In the era of
satellite remote sensing it has
been 3mm/yr. Currently it is
3.4mm/yr.
Most of the last centuryʼs rise
has been due to thermal

This map from NASA shows that
sea level rise is distributed
unevenly. The data for making such
maps comes from the TOPEX/
Poseidon satellites, and more
recently from the two JASON
satellites, which carry incredibly
precise altimeters for making sea
surface topographic maps like this
one. Here you see an El Nino
effect, with warm, elevated water in
the eastern equatorial Pacific, and
cooler depressed water in two
tongues in the western Pacific. The
difference in elevation across the
entire basin is typically 300-500mm
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What does it mean that the rate of sea level rise appears to have trebled in the
last 50 years? Well, approximately half of the rise observed until now is due to
expansion and half to melting. While in principle it isnʼt too difficult to calculate
future rise due to a given temperature change, in practice, itʼs not quite so easy.
First, weʼre not completely certain how fast heat transfer to the deep ocean
proceeds; next, we donʼt really know how fast the temperature will rise because
we havenʼt decided what to do about emissions; and last, we donʼt know what
large system feedbacks will be triggered, or when.
Trying to figure out how much meltwater is likely to enter the oceans and how fast,
is also constrained by ignorance - specially our understanding of ice sheet
dynamics under a forcing of the magnitude currently operating.
If the seas continued to rise at their present rate, the year 2100 rise would be
about 350mm. But nobody who studies this believes that will happen. The trend is
accelerating, and itʼs now clear that the great ice sheets will make a bigger
contribution than we had thought - though how much is a very open question.
However, ignorance of principles can be somewhat mitigated by knowledge of the
past - and weʼve acquired a lot of insight by studying the behaviour of sea level
during past warming episodes. Weʼll come to that in the next chapter.

THE OCEAN pH IS FALLING
This is thought by some people to be perhaps the most threatening ecological
consequence of rising carbon emissions for the next half century. The measured change in
ocean pH is large and fast - much too fast for the bicarbonate buffering mechanisms to
correct - and it has predictable effects on all marine organisms that rely on ocean
carbonate ions to build exoskeletons - including corals, molluscs, crustaceans and
foraminifera. The excess H ions are due to the dissolution of H2CO3, and they reduce the
available carbonate ions required for the formation of calcite and aragonite, the structural
material of calcifying
organisms, large and
small. A large effect
on the survival of
these would have
enormous
consequences for
every known ocean
food chain - and
therefore fisheries.
Showing how
ocean
acidification
accompanies
rising atmospheric
CO2.
Source: http://
cmore.soest.hawaii.ed
u/oceanacidification/
index.htm
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RAPID WARMING EFFECTS CAN BE SEEN IN THE BIOSPHERE
What this means is that changes in climate (specially temperature) are already affecting
ecosystems with consequences for many species. To appreciate whatʼs happening you
must know that the biodiversity of most ecosystems, marine and terrestrial, has already
been grossly altered by various human impacts. Several attempts to quantify this
notoriously slippery reality conclude that the background extinction rate is somewhere
between 100 and 1000 times greater than it would be without anthropogenic impacts.
Even if this is approximately true, it tells us that the biosphere is not in a good position to
adapt to a major and very fast climate shift.
Hereʼs a story from James Hansenʼs “Storms of my Grandchildren” that might give you an
idea of the sort of abundant evidence of climate related effects on organisms that is
appearing everywhere. A man from north-east Arkansas wrote this to him about armadillos:
I had not seen one of these animals my entire life, until the last ten years. I drive the same 40-mile
trip on the same road and have slowly watched these critters advance further north every year and
they are not stopping. Every year they move several miles.

Well, this is exactly what one would expect if a mid-latitude habitat is getting warmer: the
animals that are adapted to a particular climate (and most are very closely adapted) will
move, if they can, to keep up. But of course, they could move for other reasons, having
nothing to do with climate; so investigators have tried to see whether the pattern of
observed changes in behaviour and distribution constitute a climate change “fingerprint” that is, they are consistent with that cause and no other.
One of the most thorough of such studies is the one done by Camille Parmesan & Gary
Yohe in 2003. [Parmesan & Yohe, 2003; Nature, 421, 37-42] They take the view that, just as with the
physical evidence of climate change itself, a strong case for the existence of a planetary
scale phenomenon has to be made by somehow aggregating a global picture from
regional data. Accordingly they analyzed a large number of individual studies on
populations, abundance, range shift, and changes in the timing of climate events. Overall,
there was a correlation of about 80% between the observed trends and those predicted.
Given the nature of this study, this is a very strong result, and it has been understood by
most biologists familiar with this field to be powerful confirmation of the claim that the living
world is already adapting to climate change. The meta-analysis also showed that the
average range shift was 6.1km toward the poles; and the mean advancement in the onset
of Spring events was 2.3 days, in a decade.
Ecologists recognize that there will be both winners and losers. Some species will be
pushed into new habitats that may turn out to be advantageous; but the overwhelming
consensus is that under the conditions
likely to prevail, most habitat change
will be damaging. There are several
reasons for thinking this. One is that
many species have nowhere to go high altitude and high latitude ones for
example; another is that many canʼt
move - long-lived plants. But the
strongest reason is that the structure
of ecological systems will be broken the web of relations and dependencies
that make the system function. That
spells far-reaching danger for the
biosphere.
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GREENHOUSE HEAT TRAPPING HAS BEEN DIRECTLY OBSERVED
In 2001, John Harries & others reported a study comparing the longwave radiation spectra
measured above the atmosphere (outgoing Earth radiation) in 1970 and in 1997. The data
came from the logs of instruments aboard the NASA Nimbus spacecraft, and the Japanese
ADEOS satellite, respectively. The point of the study was to see if it was possible to detect
the actual change in Earthʼs radiation induced during that 28 year interval by the
accumulated carbon emissions and changes in atmospheric ozone. The authors explain
their rationale this way: “Changes in the Earthʼs greenhouse effect can be detected from
variations in the spectrum of outgoing longwave radiation, which is a measure of how the
Earth cools to space and carries the imprint of the gases that are responsible for the
greenhouse effect.”
The results are summarized in
the accompanying figure.
(a)the top one, shows spectra
for the two instruments
superimposed. Itʼs a bit hard to
see, but the differences are
plotted in the top graph of the
three in (b). From this it can be
seen that:
• There is a reduction in the
CO2 v2 band (710-740cm-1)
• Thereʼs a reduction in the O3
band centred about 1,060cm-1
• a reduction in the CH4 band
at 1,304cm-1
• also weak effects
corresponding to CFCs 11&12.
These anomalies agree with
the known additions to the
atmosphere for the period
under study. This then is
evidence of the most direct
kind, that the measured
anthropogenic changes are the
cause of warming - an
unmistakable fingerprint if ever
there was one.
[Harries et al, 2001; Nature,
410, 355-357]
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A FINGERPRINT FROM CLIMATE MODELS
One way to demonstrate that observed climate change is due to human-produced
greenhouse forcing is to run a well verified climate model both with and without those
forcings. If the simulated climate matches observations well only when anthropogenic
forcing is included, and not otherwise, youʼve produced evidence of human causation. This
is known as an attribution experiment, and many have been done. The one below comes
from the IPCCs 2007 report. The idea is that all known natural forcings - in practice,
including volcanic eruptions & solar brightness variations due to the sunspot cycle - are fed
into a simulation which then
produces an output in the
form of a retrograde
ʻpredictionʼ which is
compared to the known
historical record. In the
bottom graph, this was done
omitting the GHGs (with fast
feedbacks) due to humans blue line; in the top they are
included - red line. In each
case, the black line is the
observed record. The
contrast speaks loudly for
itself. (AOGCM=
atmosphere/ocean general
circulation model)
IPCC AR4, ch9, 2007. Figure
9.5. Comparison between global
mean surface temperature
anomalies (°C)
from observations (black) and
AOGCM simulations forced with
(a) both anthropogenic
and natural forcings and (b)
natural forcings only. All data are
shown as global mean
temperature anomalies relative
to the period 1901 to 1950, as
observed.

In the next chapter, weʼll look at some of the things that have been discovered
by studying the planet's past climate states. This new knowledge is one of the
most significant additions to Earth science, and probably our most important
insight into the meaning of anthropogenic climate change.
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CHAPTER 3
SOME OF WHAT WE DONʼT KNOW ABOUT THE PRESENT CAN BE
DISCOVERED IN THE PAST
Curiosity about Earthʼs past climate states began in the 1830ʼs when people first realized
there had been ice-ages, and started to look carefully at the evidence. The question of
what could cause them occupied not just geologists, but many others for over a century in fact, people are still seeking some of the answers today. As usual, in the process of
building this understanding, new questions arose, which in turn provoked more. Now, the
situation is a bit different. We need to understand how the climate system behaved in the
past in order to see how it will respond in future; so the research effort devoted to this
problem and the rate of discovery have both grown fast in the last 30 years. Fortunately,
just when we needed them, the new field of radio-chemistry provided incredible new tools
for the enterprise, so that we now know an amazing amount about conditions and events
tens of millions of years ago.
The question confronting investigators is this: where can we look for natural climate
“archives” to build up a picture of the past? In practice, a lot of the effort has been about
recovering past temperatures - partly because that is the most telling climate parameter,
and partly because it has turned out to be the most accessible. So before we begin to
explore whatʼs been discovered, weʼll take a look at the places this information has been
found, and the methods used to get it. For this purpose, weʼll (somewhat arbitrarily) divide
the work of paleoclimatology into four historical phases - always keeping in mind that this
typology is just a technological artefact:
1. The recent past - say, a couple of centuries - for which we have instrumental data and
reliable historical records;
2. The more distant historical past - a millennium or two - for which we have good proxies
in the form of tree rings, laminated deposits like corals and stalagmites, and sparse
historical records;
3. The glacial past - 2,000-800,000 years - for which we have cores drilled from glacial
ice;
4. The geological past - older than 1 million years - for which we have cores drilled from
the sea-bed.
Phase 1: The recent past
Ferdinand II, Grand Duke of Tuscany, invented the sealed glass & liquid thermometer in 1660, and
it wasnʼt long before people were keeping local records. The longest continuous temperature
record comes from central England - 1772 to the present. There are plenty of local and regional
data covering more or less extended periods from the 18th century in Europe, and later North
America, which are extremely valuable for reconstructing climate histories for those places - but to
infer anything about the whole planet, you need to be able to draw data from a grid, and show that
it is dense enough to represent the global surface and make statistically valid findings. The earliest
period when this was the case is about the time of the American civil war.
How reliable are old weather station records? Nowadays, official weather stations conform to an
international standard, but before the World Meteorological Organization was founded in 1951,
they didnʼt. So itʼs necessary to scrutinize old records carefully to weed out biases, errors and
inconsistencies (like shifting the site, or re-locating the thermometer in a different housing, or
changing the instrument). If thereʼs any doubt, those records are omitted from analyses. Look at
the graph below, which is one of several reconstructions you can find on the GISS website at http://
data.giss.nasa.gov/gistemp/graphs/
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GISS historical global mean temperature for both hemispheres
With care, this sort of record can be made from screened instrumental records. Notice that
the northern hemisphere appears to have cooled about 0.2℃ between 1940 & 1975, while
the southern hemisphere did not; but on resumption, the northern trend became steeper, and
it is now the hotter of the two.The northern hemisphere has most of the people, industry and
emissions; also, a larger area of the northern high latitudes has sub-polar land which has
suffered melting and albedo change (loss of reflectivity).
The reason for the mid-century reverse of warming in the north is almost certainly the
increase of atmospheric aerosols (sulphates, soots and other opaque particulates) emitted
by expanding industries in the post-war decades. Although the old industrialized countries
reduced this form of air pollution by regulations starting around 1970, aerosols today, mainly
from the rapidly industrializing Asian countries, and from biomass burning (wood, dung, &
trash as well as forest clearance) are thought to be a negative forcing of approximately 1W/
m2. We could confirm this by simply turning off the factories & fires and waiting a week or
two. The substances are washed out of the air fast, and if they ever were to be cleaned up, a
positive forcing of this magnitude would be added to what we have already.
The trend for the whole period 1880-present, is a global warming of 0.8℃. This mightnʼt
seem like much, but thatʼs because we shouldnʼt really be thinking of degrees of temperature
at all, but quantities of heat; after all, the temperature record only tells us about the energy
content of an air layer close to the surface, which is rapidly and constantly exchanging it with
water, land, ice and vegetation, and permanently in motion. James Hansen has estimated
that the current net positive forcing of ~ 1Watt-year/m2, distributed over the whole Earth is
equivalent to 1.61X1022 Joules. Over the whole century, he reckons the added heat energy
to be approximately 15Wyrs/m2. [Hansen 2005 A & B - 621 & 583] Most of the heat isnʼt in the
atmosphere at all, but in the ocean mixed layer, on its way to the deep ocean interior.
According to Hansen, if all the added heat had been applied to melting ice, weʼd have seen
about 1m of sea level rise instead of 150mm - but only about 10% of the heat is taken up by
ice. The rest will be redistributed and exert its effects over the next few centuries.
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Phase 2: the last couple of millennia
The graph above is taken from a famous temperature reconstruction covering almost the whole
Christian era. [Mann, et al, 2008, PNAS, 105, 13252-13257] Part of its notoriety is due to the lead author
Michael Mann, one of the most gifted paleoclimatologists in the business; part is due to its subject.
Ten years before, Mann made the first attempt to stitch together a large number of individual
reconstructions to see if they would yield a global picture of millennial climate change - a sort of
temporal context for the instrumental record we just looked at. The next year he extended the
reach of his analysis from 600 to 1,000 years. The resulting graph was published in the 2001 IPCC
report, and almost immediately began to be referred to as the “hockey stick”, for its shape specifically the sharply up-turned right end. Mann had performed what is a kind of meta-analysis that is, a synthesis of 130 or so stand-alone studies of local or regional temperature proxies which
were never meant to be aggregated. Itʼs an exercise full of methodological pitfalls, and it duly
provoked its share of academic controversy - all perfectly normal.
The hockey stick and controversy
But a couple of years later, the character of this specialistsʼ conversation changed when two
outsiders, one a statistician, the other an economist, published what they claimed was a fatal
criticism of Mannʼs method. Thereafter, what had been a fairly arcane process only intelligible to
practicing paleoclimatologists became a highly public and political one - and so it has remained,
despite rigorous defense of the original work and plenty of confirmation by subsequent studies
(including this one) and improved methods. This independent confirmation, together with an
exhaustive review by the National Research Council of the National Academy of Sciences in 2006,
is the reason we can have confidence in what the millennial reconstructions are telling us - that
20th century warming is unique in the 2,000 year period examined.
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How did researchers get to know the global temperature all that time ago? Well, the clues are
found in tree-rings (this study, dendrochronology, has a 70 year pedigree, with pretty well known
precision); corals, stalagmites and other cave limestone structures, lake sediments, glacial ice, and
sea-floor sediments - all of which, due to their laminar formations, can be resolved into annual or
decadal series - as well as some historical documentary records. Under favourable conditions,
layers can be read just like tree rings; otherwise, age can be determined using 14C, and cross
referenced. Limestones & corals contain carbonate, lake mud contains pollen grains, ocean
sediment contains microscopic shells of foraminifera. All these can yield quite precise temperature
proxies using a technique pioneered by Harold Urey and colleagues in 1951. This is how it works.
Oxygen isotope geochronology
Of all the oxygen atoms on Earth, 99.8% have 8 neutrons, while two in every thousand have 10.
Both isotopes are stable. The lighter one (16O) is preferred in chemical reactions, so the relative
abundance of 18O changes in any substance whatsoever that contains oxygen atoms. This
difference can be measured very precisely in a mass spectrometer. The nice part is that the
strength of the effect depends exactly on temperature. Now consider sea water. All marine
organisms that make shells take oxygen from water molecules to synthesize carbonate. So by
putting this mineral through a machine, you can work out the temperature of ocean water when the
shell was made. There are shell-forming microorganisms that dwell near the surface and others
only in the deep, and species can be sorted out fairly easily by the form of their shells. They are
remarkably durable. In favourable sites, where sediments have been undisturbed, they can
accumulate in datable sequences for tens of millions of years.
But thereʼs something else. At the ocean surface, 16O is preferentially evaporated (the lighter
atoms, being more energetic, overcome surface attraction to enter the vapour state more readily
than the heavier ones). If water vapour precipitates back into the ocean, thereʼs no net effect on
isotopic abundance, but if the vapour is carried over land and instead of raining into rivers, is
precipitated as snow, and is incorporated into glaciers or ice sheets, over time, the 18O/16O ratio in
the ocean rises. So this number can be used to infer how much ice was in the world at some past
time, as well. The details of how the ratio should be interpreted for any particular circumstance
have been fairly well worked out by Urey, Cesare Emiliani, Nicholas Shackleton, and others.
Mannʼs 2008 study used 1,209 individual proxy series as its database. Of these, all extended
back to AD1800; 460 went back to AD1600; 177 to AD1400; 59 to AD1000; 36 to AD500; and 25
went back the full two millennia. You can see this inbuilt tendency for error to increase with time in
the divergence of the datasets. The study carefully assessed the correlation between tree-ring and
radio-chemistry assays, and provided explicit caveats for the certainty of inferences drawn for the
earlier and more recent parts of the study period. In particular, the authors show that it is justified to
claim that the so-called medieval warm period (c.850-1400AD, with an optimum about 1350) was
mostly a northern hemisphere phenomenon, and warmed at its maximum to about the global mean
in 1930.
The outstanding conclusion from all studies of this kind - and there have now been many - is that
20th century warming, and specially the last 30 years, has been anomalous for the last
2,000 years. Notwithstanding contrary claims that certain historical or pre-historical episodes
exceeded the present global mean temperature, everyone familiar with the field is perfectly
satisfied that this conclusion is solid, and needs nothing more to establish it.
But now weʼll move on to more ancient intervals.

Phase 3: the story of the ice
The idea that ice could hold a deep climate archive got its first test in 1930 during the Wegener
expedition to Greenland. At the time almost nothing was known about this enormous mass of ice
virtually covering the worldʼs biggest island (2.8 million km2). Then, in great hardship, camping in
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winter on the ice cap at over 3,000m, Wegener and his scientists bored holes in the ice by hand.
They were able to show that the annual snowfall left a pattern of seasonal density contrast that
could be followed down as far as they drilled - about 18m. They also found by seismic studies that
the ice sheet appeared to be an incredible two miles thick, something so unexpected it caused
astonishment and disbelief when it was revealed later. Wegener and a colleague perished in a
storm during the expedition, trying to get relief for the team stranded in winter in their camp. Thus
ended the life of that Alfred Wegener who correctly proposed a theory of continental drift in 1912,
only to see it roundly rejected.
After a long period of trial and development of drilling and analytical techniques, the first deep ice
cores were drilled in 1957 in both Greenland and Antarctica, during the International Geophysical
Year. Looking back, itʼs astonishing that everything we know about these structures has been won
since then. Itʼs been a lot of very hard work. Crews have to spend months in very cold conditions,
extracting the cores a few metres at a time, carefully preserving them, and then painstakingly
analyzing the ice and its entrapped air for the information they want. The first cores in Greenland
down to bedrock through the summit of the ice sheet were completed in 1992. They are 3,000m
long, and span 110,000 years. The latest, the NGRIP core from north Greenland took 6 years from
1996 to 2003 to complete, and achieved itʼs objective of reaching ice from the last (Eemian)
interglacial, 123,000 years old, at a depth of 3,085m. In Greenland, snowfall on the summit of the
ice sheet in the centre of the island is high, and consequently the ice column can be read with the
naked eye if it is laid on a light table, just like tree-rings.

Greenland ice
This photograph shows a section of the GISP2 ice core from 1837-1838 meters in which annual layers are clearly
visible. The appearance of layers results from differences in the size of snow crystals deposited in winter versus
summer and resulting variations in the abundance and size of air bubbles trapped in the ice. Counting such layers has
been used (in combination with other techniques) to reliably determine the age of the ice. This ice was formed ~16250
years ago during the final stages of the last ice age and approximately 38 years are represented here. By analyzing
the ice and the gases trapped within, scientists are able to learn about past climate conditions. [Wikipedia commons]

In Antarctica, things are a bit different. The continent is almost enclosed by the Antarctic circle, and
climatically isolated by the cold circumpolar ocean current, so very little moist air ever gets to the
very cold interior. As a result, the annual layers in borehole ice are thinner than Greenland and less
distinct - but, to make up for this, the great ice sheet is much older. The deepest core to date, the
one known as EPICA Dome C, was reported first in Nature in 2004 [Nature, 2004; 429, 611-12. available
at http://www.nature.com/nature/journal/v429/n6992/full/429611a.html] It is 3.3km deep, and stopped 100m
above the bedrock in order to avoid contamination of a lake lying beneath the ice. The lowest ice
was deposited 820,000 years ago.
How does snow turn into datable ice?
If Antarctic ice has been accumulating for millions of years (which it has) you might wonder why it
isnʼt possible to get specimens much older than EPICA. The reason is that an ice sheet behaves
like a giant glacier. Ice is created by snowfall at the surface, and transported by deformation at the
bottom, propelled by the enormous mass from above. It ends up at the ice sheet margins, where it
is calved or melted. One result of this is that the bottom ice can be deformed enough to erase its
archival record, depending on its movement with respect to the bedrock. This appears to be the
case with both of the pair of Greenland cores done in the early 1990ʼs, GRIP and GISP2. In view of
this, the site for NGRIP was carefully (and successfully) chosen to avoid the problem.
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As long as the winter snowfall is greater than summer melt, snow accumulates, year after year,
each successive layer gradually compressing the ones below. These are the minimum conditions
for the formation of an ice sheet or glacier. In the case of a continental ice sheet, the surface slowly
rises, as more precipitation lies unmelted on top of the last yearʼs fall, and as the altitude of the ice
mass rises, so does the surface temperature fall. That is one reason why the great ice sheets grow
so thick. Compressed snow is called firn. It contains both ice crystals and the air occupying the
spaces between them. At some point in its progress downward, a layer of firn becomes glacial ice its crystal structure changes and the air, instead of creeping about the squeezing interstices, gets
locked into little bubbles. There it remains until the day it is released by melting - a tiny archive of
the atmosphere at the time of its capture. The exact location of this “zone of zero permeability”
depends on various factors, but in Greenland is usually above 100m. So the length of time the firn
air is in contact with air above it also depends on this - in Greenland it is typically 200 years or so;
in Antarctica, because the accumulation rate is slower, it is several centuries or more. This means
that ice is less reliable for century-scale atmospheric assays than it is for older ones.
How does the ice yield paleoclimate information?
The first thing an investigator has to do is work out the age of each layer in the core, and while it is
possible in principle to count the Greenland layers simply by inspection, various other methods are
used to affirm the age structure. Every winter, Greenland grows a wide skirt of sea ice. Because of
that, less sea-salt is carried by winds onto the snow surface in winter than in summer. An electrical
conductivity probe passed along the length of the core can detect this seasonal rhythm. Other
chemical markers can be used. Atmospheric dust (and in recent times, particulate pollution) falls
on the snow in an identifiable seasonal pattern. The isotope ratios marking seasonal temperature
contrasts are also recoverable.
Undoubtedly the most
spectacular Greenland finding
is the one shown in this
graph. Itʼs the temperature
record of the last 100,000
years - thatʼs back almost to
the last interglacial warming,
or the origin of the last
(Wisconinan) glaciation (on
the right). When this emerged
from the analysis of the
GISP2 core, it seemed
scarcely credible that the ice
age climate it illustrated with
great precision could possibly
have been as apparently
chaotic as this. No theory had
predicted it; no ocean floor
data had demonstrated it. In
fact only in Greenland ice,
with its remarkable ability to
resolve annual change, can it
be seen in this much detail.
The phenomenon is certainly
real, and is now given the
general label abrupt climate
change. It has been perhaps
the single most significant
insight to come from ice
studies. [Source: Alley, R;
2000;The Two-Mile Time Machine]
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Most determinations of paleotemperatures from ice cores use the oxygen isotope ratio technique,
with quantities expressed as ᵟ18O, the deviation (negative) from a mean ocean water standard.
They have provided a miraculous kind of window into climate during the late Pleistocene that
earlier investigators couldnʼt have dreamed possible, and thus shown us something of the greatest
importance - the fact that the climate system is not the ponderous, inherently stable thing we had
always supposed, but a complex dynamic system with a pronounced tendency to jump from one
semi-stable equilibrium state to another. At least this much is clear from its behaviour in the epoch
for which we have this fine-grained data. It may well be that this is a property of the system when
there is a large volume of polar ice on Earth, and not otherwise. However, in one sense, this is a
discovery that can wait. For now, abrupt climate change is one of the most significant facts about
the anthropogenic forcing: it means we should not expect climate to evolve in orderly fashion in
response to greenhouse forcing, but rather to lurch in ways we are just beginning to understand,
and which are probably inherently unpredictable.

Phase 4: the remote past
It shouldnʼt be thought that ice drilling started the wave of new knowledge about the remote past.
In 1966, the National Science Foundation and the Scripps Institute began the Deep Sea Drilling
Program and commissioned the first ocean going deep water drilling vessel dedicated for research,
the Glomar Challenger. This project and its successors (it lives on as an international consortium)
has been responsible for a host of major discoveries affecting fundamental knowledge in
oceanography, plate tectonics, paleoclimatology and more. The investigations of concern to us
involve drilling samples of sea-floor sediment in order to examine the shells of benthic (bottom
dwelling) foraminifera contained in them. When the site is favourable, the sediments can
accumulate essentially undisturbed for tens of millions of years; the sequence can be dated using
various methods, including magnetic field analysis, identifying the microfossils layer by layer, and
radio-chemistry; and the temperature of the deep sea inferred from ᵟ18O. A nice refinement of the
technique was developed in the last decade, which makes it easier to separate the signal for
temperature from ice volume by estimating the proportion of magnesium in the shells.
This chart summarises a
seminal piece of work by
Lorraine Lisiecki &
Maureen Raymo
published in 2005. Data
from the many sea-floor
drilled cores had never
before been “stacked” so
as to provide a definitively
dated and verified long
series. The exercise was
meant to provide the same
kind of reference as the
long Greenland cores had
done for the last glacial
cycle. They used well
studied cores from 57
sites in all ocean basins,
and very carefully stitched
them together to make this
deep sea temperature
record of 5.3 million years
- the whole of the
Pliocene/ Pleistocene
epochs. Weʼll look again at
this study a bit later.
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Cenozoic climate
Thanks to the ocean drilling program, and other more recent and specialized ones, we have a high
quality reconstruction of climate all the way back to the Mesozoic/Cenozoic boundary at 65.5
million years. By high quality I mean we can say with confidence what the global temperature was
at any time over that vast span, with a fairly small margin of error and time resolution in the order
of 100,000 years or less. We can say less about the atmospheric composition, which is a pity - but
even here, refinements of isotope chemistry are producing better certainty all the time. We have
independent data on sea-level and global ice volume which make it possible to give a good
account of the formation of Earthʼs first polar ice bodies (since the Eocene climatic optimum at
51-53 million years) and their subsequent development; and weʼve identified episodes in this
epoch which provide the closest natural analogues to present greenhouse warming.
The remarkable graph below gives you a large-scale view of the whole epoch with a few cardinal
events indicated. Describing it in overview you could say that the Earth warmed to the Eocene
optimum, then began a gradual cooling right up to the present. However, this long term trend
included a number of significant reverses and sudden changes. Also, the see-saw character of the
climate of the last 5 million years displayed in the Lisiecki & Raymo record acquires a new
significance when seen in this context. The graph has been re-drawn from one made by James
Zachos, Gerald Dickens and Richard Zeebe, when they wrote up a synthesis a bit like the other
one, in 2001. [Zachos et al, 2001; Science, 292, 686-693]

Itʼs fair to say that as we go further back than this, our appreciation of past climates loses much of
its precision. Indeed, there are constraints on the preservation of evidence over long intervals that
may mean we never understand some of the very remote past. Nevertheless, itʼs important to
know that our present understanding of these last few tens of millions of years is now quite good
enough for us to be able to make very sound judgements about the meaning and consequences of
anthropogenic climate change. Itʼs this understanding weʼll look at next.
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Natural climate change
What could possibly cause the climate history shown by this jagged green line?
To put the matter in its broadest possible frame - only two things determine Earthʼs climate:
• The amount of solar energy reaching the planet;
• Planetary processes that affect how energy is distributed through the Earth system.
Putting things another way, you might say there can only be two classes of reason for a climate
historical episode, long or short: reasons that belong to the properties of the Earth itself and all its
interacting components; and those that belong to the solar system (or perhaps, speculatively, even
the galaxy) - let us call them the celestial ones.
Of the first kind, youʼll already be familiar with some of the parts of the Earth system where climate
is determined. Hereʼs a short catalogue:
• The system of meridional heat transport which moves equatorial heat through atmospheric
convection and global-scale ocean gyres, as well as sub-systems and variants.
• The self-regulating system of surface warming which uses dynamic interactions of the biosphere,
atmosphere and ocean - the one we call the natural greenhouse.
• The active processes of crustal renewal and destruction - the ones we know as plate tectonics
and vulcanism.
• The long-term chemical reactions between the surface geology, the atmosphere and the mantle.
• Finally, the extraordinary and incompletely understood interactions between the elements of all
of them - the kind of higher-order self regulation that James Lovelock called by the term Gaia.
What we have come to understand is that this web of causes - all the subjects of study in the Earth
sciences - although they can act alone, routinely and most powerfully interact with quite distinct
ones that bear on the Earth system from outside.
Milankovitch cycles
Here are some facts about Earthʼs orbital motion.
• Earthʼs orbit is elliptical, but the shape (eccentricity) of the ellipse is not constant. It varies
between almost circular (eccentricity 0.005) and an eccentricity of 0.058, due to a complicated
but predictable rhythm of gravitational attractions by the other planets. Right now it is more
nearly circular, with an eccentricity of 0.017. The strongest climate effect of the eccentricity cycle
is exerted on a period close to 100,000 years.
• Earths axial tilt (obliquity) is 23.5° but this angle varies between 22.1 and 24.5 degrees, with a
period of 41,000 years.
• The axis doesnʼt just vary its angle with respect to the orbital plane, but revolves on a period of
26,000 years (axial precession). That has the effect of moving the timing of the seasons, so the
date of mid-winter slowly moves through the calendar, taking about 23,000 years to complete a
cycle. (This date isnʼt approximate because the astronomy is vague, but because the actual
seasonal movement is also affected by the precession cycle of Earthʼs orbital plane (apsidal
precession) - so the effective length of the cycle we are interested in varies from 19,000 to
23,000 years)
These three facts have consequences which at first sight might seem insignificant, but can actually
trigger profound climate change by setting off a cascade of changes in different parts of the Earth
system. This is how it happens.
If the Earth had no axial tilt, there would be no seasons and the poles would be infernally cold all
the time, because they would receive virtually no radiation. As things are, the poles take turns to be
the warm side of the planet, each getting one warm and one cold half of a year. A little reflection
suggests that, were the tilt to be greater, the summer would, on average, be warmer, winter colder
and the difference between the seasons greater. Now consider that this does in fact happen slowly, every 41,000 years, the tilt reaches a maximum, and so does the seasonal contrast. Now
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recall that, as well, the planet sometime travels further from the sun for half a year, whenever the
orbit is near maximum eccentricity (you can think of this as a kind of orbital winter).
Now imagine the particular case when the seasonal contrast is at a minimum because the tilt is at
minimum, and this happens just when the planet is furthest from the sun at maximum eccentricity;
and in addition, the precession cycle places northern summer at this most eccentric end of the
orbit. The calculations are complex, but perfectly feasible, and what they show is that in these
circumstances, northern summers are cold, and if they are cold enough at the highest latitudes,
winter snows do not melt, and year by year the northern lands are covered by an expanding sheet
of ice. Thatʼs the way an ice age gets going. If you think about it, youʼll see thereʼs a subtlety.
Because the ice-age trigger is due to the interference of at least three celestial cycles, its strength
will itself vary on a kind of meta-cycle. That too can be observed in the long climate record.
This story was worked out (not for the first time, but in full detail) by Milutin Milankovitch in the
1920s. It has many other details, but this should do for us. You might wonder why the northern, but
not the southern hemisphere is sensitive in this way. Well, as Milankovitch realized, it doesnʼt much
matter if the southern high latitudes have cold summers because they are already covered in snow
and ice. In the north, on the other hand, there are large land masses at sub-polar latitudes where
an ice sheet, once seeded, can grow.

The obliquity cycle
(axial tilt)

The eccentricity cycle
(degree of elliptical form of
the orbit) - a complex cycle
with several components

Longitude of perihelion (the
date of seasonal onset)

The precession index, a
measure of the climatic effect
of the precession value
(latitudinal distribution of heat)
Calculated daily average
insolation (received
radiation) at top of
atmosphere on day of
summer solstice at 65°N.
This value is the most
closely associated with
orbital climate forcing
Record of temperature proxy
for 7 glacial cycles. Notice the
degree of correlation between
this and the one above.
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Amplifiers & feedbacks
So much for the ʻcelestialʼ causes of climate change - but are these quite small shifts in orbital
geometry really powerful enough to push the climate around the way the chart shows? The answer
is no, they are not. The so-called orbital forcings (a small fraction of 1 Watt/m2) are actually quite
weak. We can easily compute just what the variation in solar flux amounts to for any given phase
of the cycles; itʼs not the reduction in solar energy that causes ice ages, but changes in the Earth
system induced by that small imbalance - a set of responses that entrain amplifying feedbacks, all
set in motion by changing the distribution of energy between the hemispheres.
The two biggest amplifiers are these:
1. During cooling, as perennial snow builds up first on sub-polar islands, then the North American
and Eurasian continents, and the area of Arctic sea-ice expands, it acts as an enormous mirror,
reflecting about 90% of incident solar energy, strongly cooling the adjacent atmosphere and
ocean. This is called the albedo feedback.
2. During warming, as the ocean gains heat, it gives up dissolved CO2 to the atmosphere. As well,
thereʼs an increase of ocean mixing, bringing deep ocean CO2 to the surface, and changing
ocean biological productivity. As a result, atmospheric CO2 concentration rises - the GHG
feedback. Of course, both feedbacks work exactly the same in reverse.
Together with changes in the distribution of vegetation (which alters both albedo and the
atmosphere), and the exposure of continental shelves as sea level falls, the total negative forcing
relative to the Holocene at the last glacial maximum (LGM) 20,000 years ago was about 6.5W/m2.
Exerted over the 80,000 years a Pleistocene ice age develops, that is sufficient to lower global
mean temperature the 5℃
necessary to build those
huge masses of ice.
Have a good look at this
graph, from a paper by
Jim Hansen in 2005.
Starting at the bottom, this
is a record of Antarctic
temperature captured
from a core drilled at
Vostok by Russian
scientists. The green one
is the record of
atmospheric methane
from ice-bound air
bubbles; the blue one is
CO2 from the same
source. You can see that
the match between
temperature and GHGs is
not exact, but on close
examination, it turns out to
conform to the feedback
scenario, lagging
temperature by a couple
of centuries. Notice also
the anomalous current
levels of these two most
potent GHGs.
[Hansen, 2005; Climatic
Change, 68, 269-279]

42

The epoch of ice ages
We know from plenty of geological evidence, that the Earth has experienced deep ice ages in the
very remote past - around 2.3 billion years ago; 600 million years ago; and again at around 450
million years. Very little is known about them, though there is some reason to think that at around
600 million years, ice extended all the way to the tropics - a state of affairs sometimes called
“snowball Earth”. The ice age we know much more about is a lot more recent than any of these; in
fact, the last icy cycle only ended 18,000 years ago, long after modern humans had colonized
large parts of the globe. The chart above shows four freeze/warm episodes, but the whole
phenomenon was longer than this, and tracing it in detail can tell us quite a bit about the
significance of current conditions.

In this graph, the “stack” of Lisiecki & Raymo has been laid out to give a picture of the entire
Pliocene & Pleistocene epochs. Weʼve already noticed that this cold end of Earthʼs climate record
is marked by a unique pattern of oscillation. The usual way of explaining this is to say that in the
presence of ice in both hemispheres, the climate system behaves like one of those chaotic or
“complex dynamic” systems, flipping from one equilibrium to another, when forced, rather than
sliding. So far so good. But look closer. This system seems to have undergone a change about 3
million years ago: the amplitude, though not the frequency of these oscillations increased, and did
so in a sustained manner. Then, at about 1 million, it changed again - this time both frequency and
amplitude changed. What had been a 41,000 year ʻorbitally-pacedʼ cycle, became a 100,000 year
cycle with greater contrasts between its termini.
Investigators have been intrigued by these changes ever since they were discovered. As weʼve
seen, there are two places to look for explanations - the subtle rhythms of the planetʼs orbital
motion, and changes initiated in the Earth system itself. It has turned out to be a complicated story,
still not settled to everyoneʼs satisfaction, and the mid-Pleistocene transition probably has a
different cause to the one at the Pliocene/Pleistocene boundary. But to show you the sort of thing
that can be discovered, letʼs look briefly at the second one.
Three million years ago, virtually all the ice on Earth was in Antarctica. About 2.7million years ago,
northern hemisphere ice began to form, and the climate began to oscillate more strongly. At the
same time, a major geophysical event was taking place - closure of the Central American Seaway.
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At first glance it mightnʼt be obvious why this had profound global consequences, but look at the
blue arrows showing what happened to the great ocean gyres. The equatorial trade winds always
blow west because they flow contrary to the direction of axial rotation. Passing over the new
isthmus, they precipitated water evaporated in the now isolated Atlantic basin into the Pacific.
Thatʼs why the two oceans have different salinities. Dense salty water in the tropical Atlantic is
directed north, where it eventually sinks in the Arctic, providing the engine for the global ocean
conveyor (ʻthermohaline circulationʼ, or ʻmeridional overturning circulationʼ: MOC). What about the
equatorial heat also transported north by the Gulf Stream? Wouldnʼt that have prevented northern
freezing rather than promote it? An answer, provided by Neal Driscoll & Mark Haug, in 1998 was to
suggest that, along with heat, the newly strengthened current brought increased moisture to
northern Europe and Siberia. The increased volume of Siberian Rivers would have provided the
conditions for growing sea-ice, and hence the powerful albedo feedback. [Driscoll & Haug, 1998.
Science, 282, 436-8]

Before leaving this subject, weʼll take a long look back and ask a couple of questions of the
Cenozoic graph based on Zachosʼ work. Here it is again.
What caused the little spike at 55my?
What caused the
long warming to the
Eocene optimum at
50my?

What caused the first Antarctic
ice sheet, 34my ago

Some Cenozoic questions
Q1. What caused the late Mesozoic/early Cenozoic warming?
Look carefully at the series of maps below. The first one shows an early stage of the break-up of
Gondwana. In the next couple, notice the rapid progress of the Indian plate (purple) across an
ocean basin, the ancient Tethys Sea. This basin had been stable for several hundred million years,
accumulating thick carbonate sediments from major rivers. The plate travelled an average of
15-20cm a year for much of its journey, subducting the sea-bed, recycling the buried carbon
through volcanic arcs clustered around its advancing margin. Around 50 my ago it began its
collision with the Eurasian plate, in the process, uplifting the biggest topographic feature on the
planet - the Tibetan Plateau and the Himalayan Range. Vulcanism declined, but the presentation of
a massive surface of new rock enhanced weathering, and over the ensuing 20 my, this drew down
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the CO2 vented in the late Miocene. Compressed like this, the story perhaps seems a bit glib, but a
lot of work has been done to
fill in the details. [See
particularly Raymo &
Ruddiman, 1992; Nature, 359,
117 and Raymo, 1994;
Paleooceanography, 9, 399
and others]

The thing you should notice
is that the principle of
tectonic climate forcing can
be demonstrated
consistently for an episode
with fairly well known climate
features. Now letʼs look at
something different.
Q2. What caused the
sharp spike at 55.8my?
This episode, known as the
Paeocene/Eocene Thermal
Maximum (PETM) has been
much studied. The facts
seem to be these. Global
temperatures rose very
suddenly (probably not more
than 10,000 years, but it
may have been faster, or
multiple episodes) about
6℃ - maybe 10℃ or more
in the Arctic. Sediments
show a contemporaneous
sharp rise in 12C enriched
carbon - that is, carbon from
plants. The only known
source for the quantity of
isotopically light carbon
involved (this can be
calculated within limits) in
such a fast release is
methane from clathrates in
the Arctic sea floor.

Plates courtesy of University of Texas, Austin; available at:
http://www.ig.utexas.edu/research/projects/plates/

Clathrate is frozen methane/
water ice. Enormous
amounts of it are buried
under the northern sea beds
today, and also in the vast
permafrosts of Canada,
Alaska and Siberia. A
massive release, or series,
could be triggered by
volcanic activity (thereʼs no
evidence for it here) or
thawing from warming of the
45

water over continental shelves. It appears that this was the cause in this instance - a suggestion
made more plausible by the fact that the PETM is not unique. Several smaller episodes just like it
also appear in the record before and just after the Eocene optimum, but none are known for the
last 35 my. Thatʼs probably why the clathrate inventory is so large today. The deposits are
presumably stable under a cold sea-floor.
However, a momentʼs reflection raises a question: what would it take to discharge the “clathrate
gun” today? No one knows, but itʼs still a serious question. A great deal of Arctic methane is being
liberated right now, as permafrost melts. A University of Alaska team that has been monitoring the
state of Arctic methane reservoirs reported last year on a new discovery of large venting of the gas
from the East Siberian Shelf, an area of shallow sea in the Arctic ocean. [Shakhova, et al, 2010;
Science, 327, 1246-1250]

The great significance of the PETM is that it is the nearest thing to a natural analogue for
anthropogenic warming we know of, or are ever likely to discover. However, many puzzles remain.
There was a mass extinction of benthic foraminifera, but the evidence of ocean acidification is
ambiguous. The effects on land animals appear complex, and the posited causes imply a higher
climate sensitivity than the currently accepted one. [For a good short review of the subject, see: Pagani,
et al, 2006; Science, 314, 1556]

Q3. What caused the sharp cooling at 34my?
We know with pretty high certainty that this event initiated the glaciation of Antarctica - in other
words, it separates the formerly ice-free world from the one we know. Looking closely at the
Cenozoic graph, you can see that the temperature dropped 5 or 6℃ rapidly (geologically
speaking) to within a degree or two of the current temperature. We know that at this time, the
Antarctic continent was moving toward the pole, and the opening and deepening of the Drake
passage (separating Antarctica and South America) was proceeding. A lot of work has been done
to try to understand the significance of these events as climate forcings. It is clear that the Antarctic
climate acquired its present character only after the wind-driven
A summary of the sequence of Antarctic
glaciation. ODP is Ocean Drilling
Program, with the bore number. Bottom
water temperature & ice volume from
benthic foram ᵟ18O

Source: Ingolfsson, O; Quaternary glacial & climate history of Antarctica; available at:
http://notendur.hi.is/oi/quaternary_glacial_history_of_antarctica.htm
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circumpolar current began flowing, and studies of sediments from the Antarctic continental shelf
indicate that the Antarctic ice sheet only reached its present extent after the mid-Miocene optimum,
20 my later, when another cooling occurred. Most likely, opening the Drake passage triggered a
reorganization of the global oceanic heat transfer system with the result that the continent was
relatively insulated from that system - as it is today, and the ice sheet, though it varied in extent,
never thawed during the warm mid-Miocene.
Thinking about the ice-free world, one can ask, “how much warming would we have to see before
that condition recurred?” Itʼs a question that exercises the minds of many experts. On the fcae of it,
a rise of 6℃, which is virtually guaranteed if we burn fossil fuels for another half-century without
respite, would be enough. On the other hand, no rise anywhere near so fast has been detected in
the climate historical record, so we really donʼt know how the system would respond to the velocity
of our perturbation. The biggest uncertainty is feedbacks. We know they have enormous potential,
but we donʼt know what all the triggers are or how sensitive they are. One thing we know very well.
If the worldʼs ice should melt, the sea would rise over 70m. Weʼll look now at what is known about
sea-level in the past.

Sea level in the past
James Hansen, one of the best informed and most astute climate scientists in the world, believes
our two biggest problems with climate change are going to be the rising of the sea, and the
extinction of a large number of species. As weʼve already seen, we canʼt predict sea level rise very
well now because we donʼt know how to quantify the probable melting of the two big vulnerable ice
sheets - Greenland and the WAIS. But as Hansen says, we do have good records of what the sea
did in former warm times. The graph below shows the best known of all - the last post-glacial
warming. It began 18,000 years ago, and after 10,000 years reached the stable plateau of the
Holocene, from where it hasnʼt moved more than a metre or two for 8,000 years - the whole period
of human civilization. In that ten millennial span, the sea rose 120m - an average rate of 1.2m a
century. Thatʼs four times as fast as now.
But look at the segment labeled Meltwater pulse 1A. For those 400-500 years, the rate of rise was
4m per century - 12 times the current rate. That gives you some idea what has happened.
Remember the temperature difference between the glacial maximum and the Holocene is 5℃.
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Now the post-glacial melting is an imperfect analogy for the present because, although the
warming is of the right scale, the source of the meltwater is not. Most of that water came from two
huge ice sheets that no longer exist - the Laurentide, and the Fennoscandian. Nevertheless, the
possibility of meltwater production of that scale tells us that ice sheet dynamics must have some
surprises for us.
Fortunately, there is another historical episode more nearly analogous - the last interglacial, or
Eemian. This is a useful guide because Earthʼs ice regime at the onset of the Eemian was the
same as it is now, and the Eemian maximum was 1-2℃ warmer than now - the temperature we
can expect by mid-century or
before. Careful searches have
given us very good data on
Eemian sea levels. Below is a
reconstruction from a study in
2008 [Rohling, 2008, Nature
Geoscience1, January, 38-42]

It shows the Eemian sea level
peak just after 122,000 yr, about
10m higher than today. In total,
the sea was at higher levels than
present for 5,000 years. The
mean rate of rise to the maximum
was 1.6m/century; the maximum
rate was 2.5m/century. The dots
on Rohlingʼs graph are the places
where evidence of Eemian sea
level high-stands have been
found. They are places above
present shorelines with preserved
old reefs. Coral can only grow in
shallow water - in fact from the species you can work out exactly how shallow - and as long as you
are confident the land hasnʼt changed its elevation in the period of interest, you can date the sea
level by dating the coral. The best sites have been found in the Bahamas, West Australia, and the
Red Sea
All the Eemian meltwater
came from exactly the same
ice sheets that will be the
contributors in future Greenland and the WAIS
The Eemian warming was of
course, driven by natural
forcings and was many times
slower than ours. Having
said that, you might be
wondering what the GHGs
were doing in the Eemian.
Thanks to ice cores we can
tell that with high confidence.
The chart on the left shows
the trajectory for CO2 (pink);
methane (yellow); and
temperature (dark blue).
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Notice:
• CO2 rose from 190ppmv at glacial maximum to 290 at 127,000 yrs, then declined slowly after
about 116,000 yrs.
• Methane rose from 170 ppbv to 350ppb in the same time.
• There appears to be no significant lag between temperature & GHGs.
• Eemian sea level appears to have peaked at the same time as the GHGs were stable or
declining.
One further observation: the post-glacial rate of rise of CO2 under Eemian conditions was 1 ppmv
per century, sustained over ten millennia. In contrast, today the rate of rise is 200 ppmv a century,
and of course, the present level is already 45% higher than the Eemian plateau and the rate of
rise, already fast, is increasing. The modern methane concentration is 400% above the Eemian
peak. So current concentrations of these two GHGs are exceptional in both quantity and rate of
change. Itʼs an important question, at what time in the past (if any) were the gases present in the
atmosphere in comparable amounts - and what was the climate like then?

Greenhouse gases in the past
Because we have access to the air trapped in ice cores, ever since Hans Oeschger and others
figured out how to extract them and perform analyses in 1980, weʼve had an accurate method for
reading the atmospheric CO2 and methane as far back as the deep Antarctic ice will go. Right now,
thatʼs 820,000 years. Most likely thatʼs about as old as any ice weʼre going to find. This record
shows temperature & CO2 for the Vostok & EPICA cores, back to 650,000 years - enough to show
what is clearly a causal relation (all be it a complex one) between these quantities. Essentially,
during the Pleistocene, CO2 appears to have remained in the range shown here, 180-300ppmv.

The situation before this is not very satisfactory. The sort of questions weʼd like to answer from the
record are very cogent: when was the last time CO2 was at current levels? What about projected
levels, say for 2100? Essentially, the only clues to atmospheric CO2 before the ice are indirect
ones found in the foramina, and they have to be deduced from inferences about ocean pH derived
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from calcium and boron isotopes. A study in 2000 reported a careful analysis of the available data
and concluded that since the early Miocene (24 million years ago) CO2 appears to have been
below 500ppmv. At the Eocene optimum, they estimated it was more than 2000ppmv; and between
the two eras, they detected an “erratic decline”. [Pearson & Palmer, 2000; Nature, 406, 695-699]
The method of boron isotopes depends crucially on certain assumptions about the boron content
of sea water over time, and the relation between sea surface temperature and pH and the
atmosphere under very different atmospheric composition, and so there were significant
uncertainties in these results, specially the more remote ones. However, in 2009, a team from
UCLA reported a refinement of the method which they believe gives much better confidence. Their
analysis goes back 20 million years - that is, past the mid Miocene optimum. They expect to be
able to report closer to the mid-Eocene in due course. Their findings are highly significant. [Tripati, et
al, 2009; Science, 326, 1394-7]

According to these authors, the last time CO2 got to 400ppmv (expected in 2016) was 14 million
years ago. What were things like then? Well, in their words, “there was little glacial ice on land or
sea ice in the Arctic, and a marine-based ice mass on Antarctica [WAIS] was not viable”. The sea
stood 25-40m higher, and in their view, CO2 had to fall to the range 250-350ppmv before an ice
sheet on West Antarctica grew; and 220-260ppmv for Greenland.
These findings, should they be confirmed, are very sobering news indeed. What Tripati is saying is
that a CO2 of 400 or more, sustained for long enough (no knows how long) would inevitably raise
the sea 25-40m - an enormous catastrophe, not counting all the other consequences of the extra
heat in the climate system. No conceivable strategy can now prevent CO2 reaching 450ppmv, and
there are sound reasons to believe, if we continue to delay the necessary action, the peak will be
much higher - some of the best informed people speak of a range from 650 to 1000ppmv. This
takes us straight to the ice free world, with a biggish margin to spare.

POINT SUMMARY OF CLIMATE HISTORY LESSONS
Here, in dot points, are some of the salient results of climate history research.
★Though Earth has had plenty of ups & downs before, thereʼs no evidence of a disruption of
the climate system as sudden as the one now underway.

★Since there is a clear and necessary relation between greenhouse gases and surface
temperature, we can be certain of a large future warming if the trajectory of GHG emissions
continues for another couple of decades.

★The magnitude of future warming inferred from the paleoclimate record is in a range
sufficient to produce an ice-free world once the planet approaches thermal equilibrium.

★Paleoclimate evidence suggests that to avoid dangerous climate change, we should be
aiming for a rapid return to atmospheric CO2 levels in the range 300-350ppmv; and an
eventual return to the lower end of this range, close to the Holocene mean.

★The ice core evidence tells us that, at least in the geological epoch we live in, ice ages their onset and terminations - are triggered by celestial events or trends, but driven by
greenhouse gases by way of feedback mechanisms built into the Earth system.

★A “natural” recovery from the episode of anthropogenic GHG warming now taking place
would take at least 100,000 years.

★The atmospheric level of CO2 present now (38% increase above pre-industrial) is sufficient
to melt all northern hemisphere ice if sustained for a few centuries, and destabilize the
WAIS.

★Even the “2℃ safety barrier” often spoken about by officials, without measures to draw
down CO2 during the rest of the century, would guarantee sea level rise of around 10m.
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Concerning two recent studies ...
Before ending this look at the lessons of past climate studies, I thought youʼd be interested in two
important papers - one published very recently (August 2011); the other a couple of years ago, but
with peculiar relevance to our concern for the future of our descendants.
The first study by James Hansen & Makiko Sato (accessible here: http://arxiv.org/pdf/1105.0968v3)
is concerned with exactly what we are entitled to infer about the near future from our current state
of knowledge of past climate. Hansen has been the Director of NASAʼs Goddard Institute for
Space Studies for 30 years and is a tireless advocate for political action on the climate problem. To
many people he is the best climate scientist on Earth; he certainly has a remarkable record of
accurate predictions during his long career. Here is a summary of his argument:
• The long Cenozoic record shows that the atmosphere is the source of the large sustained climate
forcings that govern climate on this timescale.
• The sensitivity of climate to forcings is largely a matter of the efficacy of ʻfeedbacksʼ - the various
causative factors that amplify (or diminish) a climate change once it is initiated.
• Earthʼs climate history gives us a wealth of data for estimating this sensitivity.
• It makes sense to speak of ʻfast feedback sensitivityʼ, as the response of the climate system to
feedbacks that begin almost immediately - water vapour (which increases with temperature),
clouds & natural aerosols, snow cover & sea-ice - and ʻslow feedback sensitivityʼ (or “Earth system
sensitivity”) as the response over millennia to changes in the planetary albedo (reflectivity) and the
long-lived greenhouse gases (mainly CO₂ & methane).
• Careful study of the record shows that the combined (slow & fast) sensitivity - the one that
predicts the actual changes to be expected over the life-time of our anthropogenic warming - is
large: approximately 6℃ for a doubling of CO₂
Hansen then examines a question posed by the record of climate in the Eemian. This interglacial is
of great interest because, being the most recent, the evidence of sea-level change is accessible
and fairly abundant. Therefore we can say with a high degree of certainty how much ice melted
during those few millennia. But thereʼs a problem. The sea-level record is only useful if we know
how hot it was - and we need to know it quite precisely. A couple of degrees makes all the
difference when we are deciding a climate change policy in order to avoid disastrous sea-level rise.
Hansen makes a case that the peak Eemian warmth was not more than 1℃ warmer than the
Holocene mean (approximately current temperature). Further, he says thereʼs no reason to believe
it has been more than 2℃ warmer any time since the early Pliocene (5.3 million years ago).
This has important implications for how we understand the present behaviour of the great ice
sheets. Until very recently, no one thought they could possibly disintegrate on a timescale less
than a millennium or so. No fast mechanisms were known that could transfer such a large amount
of heat to the enormous mass of ice. Yet, Hansen says, in light of what appears to be happening in
Greenland and West Antarctica, we may need to reconsider. If, as he suggests, the melting of
these vulnerable ice sheets under the present strong forcing is a non-linear process, we may see
more than a couple of metres of sea-level rise this century, and in the long run, about 20m for each
degree of temperature rise.
A crucial piece of evidence for his argument is going to arrive when the record of mass loss for the
two ice sheets computed by Velicogna and her team from GRACE data is extended by a few
years. If itʼs then clear that the loss is accelerating as she suspects (with a doubling time in the
order of a decade), it will be time to get very serious about pulling CO₂ from the air.
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Jim Hansen has been saying for some time now that we shouldnʼt be making decisions about
managing the climate problem on the basis that 2℃ of warming will be tolerable - the “two-degree
safety barrier” as it is often called - or that 450ppm of CO₂ will bring that about. He calls this “a
recipe for disaster”.
The second study was done by Kevin Anderson, director of the UK Tyndall Centre, and Alice Bows.
You can find it here:
http://files.uniteddiversity.com/Climate_Change/Reframing_the_climate_change_challenge.pdf
In it, they examine this very point, asking: How reasonable is it, in light of current actual emissions
trends, to suppose that we might halt warming at 2℃, or CO₂ at 450ppm?
Their answer is not reassuring. When Anderson presented the findings to a conference at Exeter
before publication, it is said his audience of experts was stunned by them. The study is quite
simple. The authors take what is known about the trend of carbon emissions over the last few
years, together with what is known about the relation between CO₂ and temperature, and figure out
what rate of emission reductions would be needed to get a peak CO₂ at various dates in the next
couple of decades.
It turns out that the only way we can plausibly have a peak at 450ppm is by having it in 2015;
otherwise, the peak will be higher, and the longer it is postponed, the higher it will be. Furthermore,
the higher and later the peak, the steeper subsequent reductions must be if we are to avoid large
warming. Here are their conclusions in their own words:
• If emissions peak in 2015, stabilization at 450ppm CO2e [this is a measure of the total
greenhouse effect exerted in the atmosphere expressed as if it were all due to CO₂] requires
subsequent annual reductions of 4% CO₂e and 6.5% in energy and process emissions.
• If emissions peak in 2020, stabilization at 550ppm CO₂e requires subsequent annual reductions
of 6% in CO₂e and 9% in energy and process emissions.
• If emissions peak in 2020, stabilization at 650ppm CO₂e requires subsequent annual reductions
of 3% in CO₂e and 3.5% in energy and process emissions.
What this means is that, even supposing we fix deforestation quickly, we need to reverse the
upward trend of emissions virtually immediately if we want to limit warming to anything like 2℃. If
we continue in the slack way we are now approaching the problem, itʼs far more likely weʼll commit
our descendants to at least 4℃ - possibly more.
No message to policy-makers could be clearer.
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CHAPTER 4

What we need to do ...

and what will happen if

we donʼt
Whatʼs dangerous?
In Rio Di Janeiro in 1992, most of the worldʼs nations agreed that there
was a climate problem, and agreed they would do what was needed to
achieve:
stabilization of greenhouse gas concentrations in the atmosphere at a level that would prevent
dangerous anthropogenic interference with the climate system. Such a level should be achieved
within a time frame sufficient to allow ecosystems to adapt naturally to climate change, to
ensure that food production is not threatened and to enable economic development to proceed in
a sustainable manner.

The only trouble was, the Convention didnʼt say what would count as
“dangerous interference” (except for the hints about ecosystems & food
supplies). This has turned out to be a big problem. This admirable
resolution was to take effect via the Kyoto protocol; but under this regime,
global emissions actually rose 3% annually instead of falling.
Thirteen years later, believing time was running out, James Hansen gave
a talk in San Francisco in which he put some numbers on this laudable but
nebulous goal; the big one was 350. This, he said, must be our near-term
target for atmospheric CO₂, with a probable long-term goal of 300ppmv. In
that talk, and a paper published in 2008, he set out his reasons.
They are probably the best guide we can have. Hansen has given a lot of
his talents in the last few years to squeezing all the significance he can
from our knowledge of Earthʼs climate history, trying to explain to an
unwilling audience that being fair to the people of the future and the
creatures with whom we share this planet, we must end the era of fossil
fuels as quickly as we can, and adjust the carbon budget of surface
systems until we get the planetʼs energy balance back to equilibrium.

Weʼll consider how this can be
done shortly - but first, a brief
review of the sort of changes we
can expect if we fail to take
Hansenʼs prescription seriously.

Consequences ...
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HEAT
Map on the left shows
the recorded temperature
anomaly in 2010 - the
hottest year ever in the
GISS dataset.
39 nations set all-time
heat records.
Compare this year with
the projections below.

Very hot weather will become much, much more common
The three maps on the left show global temperature anomaly for the 21st century (compared
to the 20th): top two are two IPCC moderate emissions scenarios; bottom one is where fossil
fuels are aggressively reduced. On the right, the maps show the sort of extremes we could
expect under each scenario. Numbers at top right of each map are global means.
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The European heat wave of 2003
In the summer of 2003, a shocking heat wave affected most of northern Europe.
35,000 people are said to have died as a direct result. Peter Stott investigated the
question: has the probability of such an event been changed by global warming;
and how likely will it be in future? His results are nicely summarized in this graph.
[Human contribution to the European heatwave of 2003. Peter A. Stott, D. A. Stone and M. R.
Allen; Nature 432, 610-614(2 December 2004) doi:10.1038 nature03089]

2003 heat wave

yellow line:
calculated
temperature with
only natural
forcings
Black line:
observed temperature.
Thick black line:
smoothed observations

Red, green, blue &
turquoise lines:
four temperature
simulations including
both anthropogenic &
natural forcings

By 2050, the
2003 heat
wave would
be an average
summer

Stott found:
• The likelihood of such a summer had been more
than doubled by the enhanced greenhouse effect due
to human interference.
• Under IPCC SRES A2 scenario for moderate
emissions growth, by mid-century, a summer as hot
as 2003 could be expected about every second year.
• By about 2075, 2003 would be an anomalously cool
summer

By 2075,
2003 would be
an unusually
cool summer
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Storms ...

At any altitude, the quantity of
water vapour in the air is
proportional to temperature (7% increase in total atmospheric
water for each degree of warming). Since water vapour is a
powerful greenhouse gas, its dependence on temperature is a
positive feedback for GHG-induced warming, roughly doubling
the effect of the principal long-lived gases.
The actual increase in water vapour was measured in a 2007
study as 0.41kg per decade in the atmospheric column for each
square metre of surface, since 1988.
More water and more heat in the air means more severe
storms; that trend has
been measured as well.

Flood frequency
Every decade in the second half of the
20th century experienced more floods
than the one before. This is a
predictable response to the addition of
water vapour to the air, and the energy
to move it about. This trend will
continue.

The power of storms
has increased steadily,
and will continue to do
so for the rest of the
century. That means
severe tropical storms
will be more frequent,
and theyʼll occur further
from the tropics.
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Droughts & famines ...

Changes in precipitation
On large scales, it isnʼt difficult to predict changes in rainfall patterns that will come in a
warmer world - the dry sub-tropical zones around the globe will expand away from the
equator. Southern Europe, southern Africa, the Amazon basin, the south-west of North
America, parts of central Asia and Eastern Australia are certain to experience this effect,
though details are harder to specify.

Crop yields will decline, partly from droughts; partly from heat & increased evaporation
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The sea will rise ... and rise ...

The trend in sea-level rise has been assessed by the ultra-precise altimetry
instruments of dedicated satellites since the mid 1990s - shown in red on this
compilation by CSIRO. It is now clear that, in a single century, the rate of rise has
trebled - from 1.1mm/yr to 3.4mm/yr.
In these circumstances, the absolute rate is less significant than the trend, but
unfortunately, we donʼt yet know what that will do in the decades to come.
However, some things are certain:
• There is more to come - simply because at least another 0.8℃ of warming is
inevitable because of ocean thermal inertia.
• The contribution of meltwater to ocean volume will rise faster than thermal
expansion.
• The most recent estimates of melt rates on the two great ice sheets, Greenland &
Antarctica, imply a doubling time of about a decade - but the period of observation
via the GRACE satellites is too brief for this to be the final word (and others have
given reasons for lowering the estimate). We will know in the next few years.
• If the trends on Greenland & West Antarctica are confirmed, however, the sea
could rise more than 2 metres this century, and several more the in next.
• If we allowed the climate to equilibrate at an atmospheric CO₂ of above 450ppmv,
we should expect eventual sea-level rise of at least 25m.
• In any case, sea-level will not stabilize for centuries to come & we will have to deal
with shifting shorelines and severe storm damage as best we can.
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Sea-level & people ...

13% of the
worldʼs
people (about
1 out of 6:
more than a
billion
people) lives
in the ʻlowelevation coastal zoneʼ
Map shows the Yellow Sea coast and its very large population; below is Dakha,
capital of Bangladesh, in 2004 when ¾ of the city was flooded.
We can have only a very imprecise idea how many people will be affected by rising
seas - but this much is clear - there is potential for unimaginable catastrophe on
the worldʼs coasts, estuaries, deltas and coastal plains.
35 million years ago, before the Antarctic ice sheet formed, all the water now
frozen on land was in the ocean. If that condition were to come again, the sea
would rise 70 metres. What would
it take to return to an ice-free
world? Well, not much. To the best
of our current knowledge, if the CO₂
were to get into the range
450-500ppmv and stay there long
enough, that would do it. How long?
We donʼt know - probably a few
centuries - but all the while coasts
would be shifting & weʼd be
retreating - year after year after
year.
So thereʼs good news (weʼll have
some time) and bad (delaying our
response to warming might start
feedbacks that make it hard to bring
CO₂ down).
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The OCEAN ...
The global ocean is by far the biggest habitat on Earth
But even so, humans have provided it with three very big problems:
• Weʼve changed its biodiversity on a scale only comparable to one of the
mass extinctions of the geological past;
• Weʼre warming the surface ocean (eventually the deep ocean as well)
very fast (itʼs very big and soaks up a lot of heat);
• Weʼre changing ocean chemistry - again, very fast - specially the acidity of
ocean water, which has increased 30% in about a 100 years.
Each change by itself is enormously consequential; together they could be
dire. We can fix the first one by reforming our fishing practices, as many
experts have been advocating for a long time. We can fix the other two by
doing what we need to do to get the planetary energy balance back to
equilibrium.
The good news is - the ocean is pretty forgiving - as long as we donʼt wait
too long; the bad news is - we still havenʼt made up our minds.

Every living thing .......

Biodiversity
Humans, by quadrupling our population in a century, and by the
sheer size and scope of our economic activity, have magnified
the background extinction rate by a factor variously estimated as
between 100 and 1,000 times. The effect of a forced warming at
the current rate (0.15℃/decade) on biodiversity is difficult to
estimate, but is very significant.
To many people, the impoverishment of Earthʼs biological riches
is the worst of all climate change impacts; but whether any are
worse or not, it is a legacy we cannot afford for ourselves. To the
people who come after - descendants we will not know - this will
appear to be the least forgivable of our errors.
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℞ now, the prescription ...
Although a solution of the climate problem can appear difficult, itʼs
actually quite easy to prescribe. The hard part is taking the medicine.
★ A program for a remedy must be focussed on lowering the greenhouse
efficacy of the atmosphere so the planetʼs energy balance is restored with a
tolerable equilibrium mean surface temperature.
★ As far as we can tell now, that means aiming for an eventual CO₂e of 300325 ppmv.
★ The timetable for action is determined in the first place by the responses of
Earthʼs surface systems - especially its carbon cycle; and in the second place,
by inertia of human institutions - the economic and political systems that must
be activated for change to happen.
★ The risks of delayed action are inherent in the non-linear character of Earth
system dynamics. There are many opportunities for triggering positive
feedbacks in the climate system, known to have operated in the past, but as
yet poorly understood and essentially unpredictable; so we cannot know in
advance which of them might make the problem intractable.
★ All experts agree that the present decade is the time to act.
★ They also agree that we need not wait, either for more certainty or better
tools - we have everything we need.

The growth rate of CO₂ emissions in the industrial era. On the right are mid-century
projections for three IPCC scenarios. The black line is Hansenʼs alternative scenario.
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Living without fossil fuels ...
One part of the prescription isnʼt a
bit controversial: we cannot
possibly avoid severe climate
disruption unless we stop adding
fossil fuel carbon to the air. What
we argue about is not WHETHER
we do it, but HOW we do it: the
fossil fuel industry is a very, very
big feature of the economy.

The diagrams above are from Hansenʼs 2008 paper Target Atmospheric CO₂:
Where should Humanity Aim?
Here are some key parts of his argument:
• Concerning the phase-out of fossil fuel combustion, three things count most: coal is
the most abundant fossil fuel, with reserves for at least a century; oil is at or near peak
production & gas will be too within a decade or so; reserves of tar sands & other
ʻunconventionalʼ fuels are potentially as large as coal.
• It follows that two policies are compulsory if we want to stop the CO₂ from remaining
fossil fuels entering the atmosphere: coal burning without capture must be phased out
by 2030; and tar sands & oil shale must be left in the ground.
• While coal phase-out is going on, there must be a reforestation program - a phaseout of tropical forest destruction by 2015 and an increasing re-forestation program to
2030.
• If cultivated soils and pastures are treated with biochar (more about this below) in a
decade-long program, together with forestry reform, these two measures would be
capable of drawing down about 1.75Gt of carbon each year (blue segments in the right
chart)."
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Why coal is key
Look at the chart below, showing the history of fossil fuel emissions.
• From 1850 to about 1920, coal was the only source.
• During the first half of the “oil age” (1910-1960) coal stagnated.
• From 1950, when oil use really took off, coal began its own resurgence, as
electricity generation spread to more and more of the worldʼs people.
• Since 1980, despite enormous growth in transport & huge efforts to find more, oil
emissions have tapered off. This is evidence of approaching “peak oil” - when
demand will outpace supply no matter what we do, and oil gets more scarce.
• Gas is approaching peak production too, and its fraction will never rise much above
about 1.5Gt (this applies to conventionally extracted natural gas - not coal-seam gas).
• The source that doesnʼt appear here - the so-called ʻunconventionalʼ hydrocarbons
in oil shale and the vast beds of Canadian tar sands, as well as the gas extracted
from deep coal seams - could be thought of as an upward continuation of the blue
line, eliminating the oil peak.
• Due to its large reserves, coal is capable of holding the green line trend for another
century or more.

This is why Hansen
says coal is threequarters of the answer;
and why failure to quit
coal burning will
guarantee a climate
disaster.

The case of oil is different
Vehicle emissions canʼt be captured, because the
gear for doing it would be too big to carry around.
But vehicles can be moved by other means, and if
not, they can be made much more efficient. So oil
emissions will eventually be eliminated by
deploying substitutes (biofuels) for combustion, and
switching to electric energy for locomotion.
Getting off coal will mean generating electricity by
other methods - of which there are plenty.
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Electricity without coal

The sun delivers plenty of energy to Earth 10,000 times as much as humans use
so thereʼs lots of potential to capture some of it.
Three methods are used now on a large scale:
• Photovoltaic panels & arrays, which convert solar
photons to electric energy directly;
• Concentrated solar thermal, which gathers solar heat
on focussed mirrors in order to drive mechanical
generators - usually by boiling water;
• Wind turbines, which use kinetic energy in the
atmosphere created by solar-driven convection, to rotate
stationary generators.

The situation for all renewable energy is summarized below:
• Total renewable share is 16% of consumption ... but ... ⅔ of that is burning wood,
dung & trash for cooking & heating in rural domestic developing world uses.
• Hydro power is half of whatʼs left;
• Hot water heating is half of whatʼs left from that.
• Electricity generation from the promising future technologies - solar, wind &
modern biomass is a mere 0.7%

The big grey sector of this circle above must get
smaller every year for the next 30 years, driven by a
linear reduction in coal use, replaced by zero-emission
technologies. No one doubts this is a very big
undertaking - but no one should doubt that it is
possible; all we need is to want it enough.
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In summary
An effective program to avoid severe climate disruption must
have these features:
1. The GOAL must be a specified PEAK atmospheric CO₂,
ideally in the range 400-450ppmv, and a LONG-TERM CO₂ of
300ppmv.
2. The MEANS must begin with an immediate, continuing
reduction of fossil fuel emissions, until they are either eliminated
or captured before mid-century.
3. Giving up fossil fuels means not FINDING, but USING the
range of zero-emission energy technologies we already have.
4. Other sources of greenhouse gases, specially destructive
forestry and farming practices, must be eliminated.
5. CO₂ must be withdrawn from the atmosphere over the rest of
the century by reforestation and soil management (and possibly
other means).
A program like this can save enormous trouble and avoid
irreparable damage in the future.
But we certainly arenʼt rushing into it.
Why?

David Archer is an oceanographer and expert on the climate problem,
passionately concerned about fixing it. This is how he answered this question:
"
Technologically, I believe it is possible to avoid dangerous climate change,
if we so choose. But making the decision: thereʼs the tricky part. Climate change
is a global issue that ramps up slowly and lasts for a long time. Negotiating a
solution would require a degree of global cooperation that is I think
unprecedented in human history.
Another concerned scientist, Robert Socolow, when asked if we could solve the
problem replied:
"
... asking whether itʼs practical or not is really not going to help very much.
Whether itʼs practical depends on how much we give a damn.

We are a clever species, but fixing this weʼll need to get smart in
a way we havenʼt before - cooperating as if we were members of
one tribe, not many, and on behalf of unborn people weʼll never
know, but whoʼs rights must be deemed as if they were our own.
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If we donʼt change the economic system and build a new energy economy, we can
continue to enjoy its benefits; and the penalties of inaction will be paid by the people of the
future - or thatʼs how it appears.
On the other hand, if we embark on massive change, mainly for the sake of our
descendants, some of us will lose something - or thatʼs how it appears.
A dilemma like this (with the help of people who donʼt want change) has paralyzed our
political systems, where such decisions are made. In order to break the impasse,
scientists have tried conceptualizing the task ahead in ways that are easy to imagine.
Possibly the best known is the “wedge” idea of Robert Socolow & Steven Pacala. Itʼs
explained in the diagrams below.
Emissions projections from IPCC
2007. Donʼt worry about the various
lines - the blue one represents
approximately the path of emissions if
we mess around with policy for
another 50 years

If we want Earthʼs energy budget back
in balance by 2100, we have to move
the blue line to the purple one. The
triangle between the lines is a certain
quantity of emissions foregone

The nice part of the Socolow/Pacala
idea is that this triangle, representing, in
their estimate, 7GtC (7 billion tonnes of
annual emitted carbon, or about 30
billion tonnes of CO₂) could be divided
into 7 equal segments, each equivalent
to 1Gt of saved emissions. They then
came up with 15 ʻwedgesʼ that could do
the job. Theyʼre shown on the next page.
Being economists, they quantified the
estimates carefully - and although you
could argue about some of the numbers,
as a schematic, the idea has proven to
be very robust and useful.
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15 wedge candidates
• The first 4 wedges - together capable of saving half the total - are all about getting more
energy from the same input. In other words, energy efficiency is the single biggest element (as
well as the cheapest and quickest) in any solution.
• The whole issue of carbon capture (wedges 6, 7 & 8) is controversial. Many experts believe it
makes no sense to first create vast quantities of combustion products, then collect and bury
them, when we could instead transition to no-emission energy sources.
• The issue of using hydrogen as fuel is also speculative for the time being until some fairly basic
problems are resolved.
• The potential of the last two wedges is probably underestimated.
• Wedge 9. Itʼs unlikely weʼll ever double nuclear capacity without first improving safety.
• Wedges 10-13 give an idea of the scale of the very big project needed to exchange fossil fuel
power generation for clean power in a couple of decades.
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Data from
REN21
report:
Renewables
2011
Renewable
power capacity
(excluding
hydro &
traditional
biomass) by
country.

Growth in wind
power capacity
1996-2010

Growth in
solar photovoltaic power
capacity,
1996-2010

Growth in
production of
two bio-fuels,
2000-2010
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Australiaʼs solar energy potential

Thereʼs no shortage of sunlight - Australia is one of the best-endowed nations
outside the Middle-East - but you can see from the position of existing power
grids, the best of the sun is not where the people are. However, this same
circumstance makes it very easy to install large collectors in uninhabited flat
terrain - and in any case, the total radiation falling on flat places within 25km of
existing power transmission lines is about 500 times our annual energy use.

Two kinds of solar power
Direct solar (solar PV) converts sunlight into electricity when it illuminates a
photovoltaic cell or array. Its biggest use worldwide is in small scale & domestic
power generation. As the technology gets cheaper, it will expand in this sector.
Concentrated solar (solar-thermal) uses captured sunlight to heat water by
reflecting it from curved mirrors focussed on a reservoir. This has the
advantage that heat can be stored for power generation at night.
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Parabolic mirror with heating tube at the focus: this is the most common application
of solar-thermal at present. The system in the right picture, a working 11 megawatt plant
in Spain, focusses 624 computer-controlled mirrors on a receiving tank at the top of the
115m high tower, where there is also a turbine and high-pressure storage tank. This socalled “power tower” design is thought to have enormous potential on a large scale.
Two big advantages of concentrated solar:
★ Heated fluid can be stored, and the energy used when the sun isnʼt shining;
★ The plant can co-generate with conventional fuel power plants, reducing their carbon
emissions.

Electricity from Earthʼs interior
Aside from places where the heat of the deep crust comes close to the Earthʼs
surface - like Iceland, New Zealand & Japan - many places in the world have large
hot rock provinces at depths of 3 - 5 km. They can be reached by deep wells. If
pressurized water is pumped down a bore and percolates in rock fractures, it can be
recovered by a second well, together with the heat itʼs absorbed.
This is potentially a very big source of thermal energy. Just such beds of hot granite
at 200-250℃ exist in Australia in generous
amounts, and a small deep geothermal
power plant is already operating at
Innamincka. The operator, Geodynamics
Australia, plans to complete a 50MW plant
on this site in 2012
& then nine more of
them by 2016.
Eventually, it
expects to be able
to generate 10GW
of power - enough
for all of
Queensland.

The energy in 2 km³ of rock at 250℃ = a yearʼs supply of oil for the world
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Nuclear ?
No substitute for fossil fuel power
has been as controversial as this one
Nuclear power has some big problems:
• Reactors generate extremely dangerous waste;
• Operational safety record has been good, but when things do
go wrong, they can be very bad (and scary);
• Nuclear waste can, in principle, be used to make weapons,
which means it must be safeguarded with great care, essentially
for ever.
• They are very wasteful of fuel (enriched uranium) and high grade uranium ore is not very
plentiful.
• Building a new nuclear plant is very expensive; the industry could not survive without
generous government subsidies.
• Since a couple of nasty accidents - Chernobyl, Fukushima & Three Mile Island - the
public, all over the world, has become wary; nuclear is politically unpopular.

The integral fast reactor (IFR)
This revolutionary reactor was developed in a program at Argonne National Laboratory
near Chicago between 1984 & 1994 - and then rather mysteriously terminated, just when
it was almost ready to go to a commercial scale plant. The reasons appear to be mixed
up with the intricate politics of nuclear energy; the programʼs director, Charles Till has
since said that nothing technical stood in the way of bringing this project to completion.
Whatʼs different about the IFR?
★ The design is inherently, and passively safe - that is, the reactor responds to any event
that could lead to accident by lowering or shutting off power ALL BY ITSELF.
★ It produces small amounts of much less toxic waste, with a half-life in hundreds, not
thousands of years, which can be safely stored on-site and is useless for weapons.
★ It doesnʼt need to consume newly mined uranium, but can run on reprocessed nuclear
waste. So the dangerous, unwanted stores of this stuff all round the world can be
converted to electricity. Thereʼs enough of it to last more than a century.
★ Instead of discarding 99% of the uranium fuel, as conventional reactors do, the IFR
wastes about 1% of its fuel. A fuel module the size of a milk carton could power a 1GW
reactor for a year.
★ The plant is quite compact, and
could be fitted to an existing coalfired power plant to replace the coal
burner.
★ Cost analyses are speculative, but
it would appear the IFR is likely to be
cheaper than a conventional reactor.
The Chernobyl disaster happened on
April 26th 1986. By odd coincidence,
three weeks before, on April 3rd, the
Argonne IFR had been tested against
exactly the same system failure. The
result: the reactor shut itself down
without any human interference, just
as it was supposed to do.
71

Removing carbon from the air ...
Earthʼs near-surface carbon reservoirs (Gt)

Living biomass

The really big reservoirs: the
oceanʼs bicarbonate buffer &
specially the sedimentary
rocks, canʼt be charted to scale
- so their bars have multipliers
included to give you some idea
how they dwarf the rest.

Atmospheric CO₂
Oceanic dissolved CO₂
Oceanic carbonate
Soils & sediments
Fossil fuels

X 10

Oceanic bicarbonate
Organic C: sedimentary rocks

X 2,000

Limestone/sedimentary rocks

X 10,000
0

1250

2500

3750

5000

Most of the carbon on Earth is in rocks
Mineral carbon participates in the carbon cycle at very slow rates - for example, chemical
weathering & deposition of organic carbon on the ocean floor and conversion to limestone
takes millions of years, and its return to the atmosphere via volcanoes takes tens of
millions. On the other hand, the size of this reservoir is vast. So in the very long run, the
atmosphere will be returned to normal by these processes - but not nearly fast enough for
us.
The fast cycle involves only the top five items in this table, as well as the oceanʼs
bicarbonate buffering system. The fossil fuel reservoir normally makes a negligible
contribution, so you can see that the rapid injection of 300Gt (so far) into the atmospheric
reservoir is a major perturbation which cannot be corrected by those components alone.

Thatʼs why we have to actively remove CO₂ over the next century.
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Where can we lock away surplus carbon ?
From the chart, you see that there are only
three possible destinations:
★ plants, plankton & other organisms
★ ocean water
★ soil
Each is going to be significant, but ... thereʼs a limit to
reforestation & it wonʼt be enough; and if the ocean
takes in more carbon, it gets more acidic, which is bad.
So many people believe we should maximize the
potential of soils. And here thereʼs some good news ...

Biochar
Patches of rich dark earth, “terra preta”, were first discovered in the Amazon
over a hundred years ago. For a long time their origins were a mystery.
We now know that indigenous people created the soils over many centuries by
incorporating specially prepared plant residues a bit like charcoal. The phenomenon
has been much studied in recent decades, and itʼs an interesting story.
★ The carbon for enriching soil can come from many sources - forestry waste, crop
residues & trash, grass, sugarcane fibre, etc
★ If it is ʻcookedʼ in the right way, it yields three useful products: flammable gases;
liquid hydrocarbons, and biochar - the solid black carbon residue.
★ The non-solid products can be used as fuel; so pyrolysis (cooking) produces more
energy than it consumes.
★ Because of its porous structure, biochar carbon in soil attracts and holds other
nutrients, micro-organisms and water, increasing soil fertility substantially.
★ In most soils, biochar appears to be very long-lasting, with an effective life of some
centuries.
★ The technique appears to be very suitable for improving degraded pasture &
rangelands, as well as arable land - which is good because huge areas need repair.
Before we dug up the fossil fuels, they were pretty well locked away from the quick
carbon cycle. If we plant trees as a way of capturing that carbon again, weʼre putting it
into a temporary store for about the lifetime of a tree. But if we take everything thatʼs
not harvested wood, convert it to biochar & fuel, we can sequester between half and a
third of that carbon long-term in a place where it is very good for soil productivity - and
turn the balance into energy for the process.
The potential of biochar for long-term carbon sequestration (and its side benefits for
farming) are still being investigated & itʼs a bit early to say what role it will have, but it
could be large. Itʼs been calculated that if biofuels replace fossil fuels progressively
during this century as expected, and all production residues were converted to
biochar, we could drawn down 5-9Gt C annually - about the same as we emit now.
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A note about climate denial & controversy
If there is a clear case for urgent action on the climate problem,
why do we stuff around, as if we donʼt know what we do know?
If youʼve taken any interest in this problem, you must have been puzzled by the kind of
arguments you hear. Some people donʼt believe we need to hurry; some think weʼll be
able to adjust to the consequences as they occur; some think itʼs OK to leave it to
future people to sort out; some donʼt even believe thereʼs a problem at all. In view of the
evidence weʼve been considering, this seems very strange - and it is. A well established
and growing body of scientific work is treated by many people as if its findings were
false. This doesnʼt tend to happen very often in science, but when it does, it seems to
be because certain strong cognitive commitments are threatened - beliefs, loyalties,
ideals, and emotions of security. If some scientific discovery makes us deeply
uncomfortable this way, we can become fiercely irrational.
But why are we confused about this particular issue, which doesnʼt appear to challenge
any established beliefs? Part of the answer is simple: there are people who expect to
lose if we respond to the problem the way we should - people in the fossil fuel business
especially - and they have tried very hard to create public confusion and doubt. And so
they have. Politicians need us to agree with their plans, so if they think weʼre off-side,
they wonʼt act. But thatʼs not all.
Realizing that human beings have the power to alter whole planetary systems knowledge weʼve only acquired in the last few decades - is shocking and disturbing. For
some people, it confirms their idea that we have to look after the Earth as stewards,
rather than using it up like conquerors. But for other people, it is very unwelcome news.
We have become used to the idea of progress - that human ingenuity can feed off a
bountiful Earth for ever; that human aspirations are essentially noble; that we are
entitled to dominion over the natural world. And to anyone thoroughly persuaded by this
view, the notion of ecological limits is not just troubling, but impossible.
The enterprise of spreading doubt and misinformation about the climate problem is
large and effective. It is all over the internet - in fact if you are searching there to learn
more about the problem, youʼll often have trouble figuring out what is good scientific
stuff and what is rubbish. Lots of nonsense looks as if it could be OK; and you can hear
silly opinions uttered by sensible people. The confusion is deep and wide.
Hereʼs a couple of suggestions:
• Always check whether an author is a practicing climate scientist. Scientists working in
other fields cannot possibly master the detail needed to make complex judgements.
• Try to trace any claim to its source. If it isnʼt upheld by someone who knows what
theyʼre talking about, itʼs probably wrong.
• Claims made by people on behalf of vested interests (say, coal companies) or their
proxies will certainly be biased.
• Maybe the best little introduction to the subject of climate denial and its false claims is
this small book by John Cook available on-line here: http://www.skepticalscience.com/
The-Scientific-Guide-to-Global-Warming-Skepticism.html
• Plenty of other sources are easy to find & Iʼll include some in the Notes.
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NOTES, SOURCES & FURTHER READING

CHAPTER 1
p3. If you are interested in the controversy about climate change, here are some useful
places to find out more.
• New Scientist. The journal maintains a special edition on its website addressing briefly
the common contrarian claims http://www.newscientist.com/article/dn11462
• Skeptical Science, an excellent blog run from Brisbane by John Cook http://
www.skepticalscience.com
• Realclimate, a blog run by a group of practicing climate researchers, including some of
the best http://www.realclimate.org
• If you are interested enough to want to understand the nature of the climate denial
movement, its history and motives and political significance, here are three excellent
books on the subject: Climate Cover-up, by James Hoggan, 2009, Greystone; Boiling
Point, by Ross Gelbspan, 2004, Basic Books; Merchants of Doubt, by Naomi Oreskes &
Erik Conway, 2010, Bloomsbury
p3. Of books designed to introduce climate change science to the general reader, there
are lots - some better than others. Here are a few suggestions. If you want to read
something by people who work professionally on climate problems:
• The Rough Guide to Climate Change, by Robert Henson, 2007. Henson is a
climatologist. His little book may be the best short introduction there is.
• The Long Thaw, by David Archer, an oceanographer working on climate problems; 2009,
Princeton University Press.
• The Two-Mile Time Machine, by Richard Alley, 2000, Princeton University Press. Alley is
the voluble, passionate glaciologist at Penn State who was a leader of the American
Greenland drilling program in the 1990s.
• Storms of my Grandchildren, by James Hansen, 2009, Bloomsbury. Hansen is Director
of NASAʼs Goddard Institute for Space Studies (GISS), one of the 2 or 3 leading
research institutes, and personally responsible for an unequalled output of the best work
in the field. His only book, written, as he says, for the sake of his grandkidsʼ future.
Of books by journalists about climate scientists:
• Thin Ice, by Mark Bowen, 2005, Henry Holt - an excellent account of the work of Lonnie
Thompson, who pioneered work on tropical glaciers.
• Fixing Climate, by Robert Kunzig, 2008, Hill & Wang. This is a story about Wally
Broecker, of Columbia Universityʼs Lamont-Doherty Earth Observatory, whoʼs role in
building the science of climate is second-to-none.
• With Speed and Violence, by Fred Pearce, 2007, Beacon Press. Pearce is a seasoned
British environmental writer, here giving recent insights from talking to scientists.
Of books by journalists and environmental writers who are specially interested in the
problem, there are a great many, but here are a couple of my favourites:
• Field Notes from a Catastrophe, by Elizabeth Kolbert, 2006, Bloomsbury. Made from her
series written for The New Yorker. Very fine.
• Eaarth, by Bill McKibben, 2010, Times Books. Highly recommended.
• The Weather Makers, by Tim Flannery, 2005, Text Publishing. An excellent introduction
by one of the worldʼs best science writers.
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A web resource of general usefulness is the worldʼs most widely read climate change blog
http://climateprogress.org/, run by physicist Joe Romm.
The IPCC is a kind of ad hoc committee of climate scientists convened by the World
Meteorological Organization in 1989 so that the findings of the rapidly advancing research
field could be available to governments, officials and policy-makers. It was a response to
the perceived urgency and seriousness of the climate problem. Itʼs periodical reports - the
last in 2007, with an update in 2009 - are superb sources of detailed stuff on the progress
of climate science. Just go to their site and look for the Synthesis Report, which is a
compressed version for the use of general readers, or the detailed ones, the three ʻworking
group reportsʼ, which have a wealth of information, although it can be a bit hard finding
your way around them. http://www.ipcc.ch/publications_and_data/
publications_and_data_reports.shtml
p4. There are many books - and many perspectives - on the issue of human impacts on
the Earth, and their significance. If you want to explore this matter further, keep in mind
that a lot of axe-grinding goes on - environmental politics seems to engage deep passions.
The following couple of books are written by people who are well-informed and treat the
evidence dispassionately (which doesnʼt mean they arenʼt passionate about their subject).
• Two books by Gus Speth, Dean of the School of Forestry and Environmental Studies at
Yale: Red Sky at Morning - the earlier one; and The Bridge at the Edge of the World,
both published by Yale University Press.
• Requiem for a Species, by Clive Hamilton, an Australian academic whoʼs written a
number of books about the consequences of economic growth and environmental
neglect. 2010, Allen & Unwin.
• Clive Ponting, A new Green History of the World, Penguin, 2007
p7. The FAO report on the state of forests is here: http://www.fao.org/forestry/fra/fra2005/
en/
p8. To understand how the modern world was created by fossil fuels, and is therefore
utterly dependent on them, you need to understand that before their widespread use,
human civilized life was fully constrained by the supply of fuel wood, and the available
mechanical energy sources - human muscle power (about 75%) and animal power (nearly
all the rest). The developed technology for harnessing non-renewable fossil energy, in
Clive Pontingʼs words, “marked a fundamental discontinuity in human history - a move
from the energy shortage that had characterized human history up until this point to
societies that depended upon rapidly growing and high energy use.” [Ponting, A New Green
History, p 280]

p8 - 12. Data on fossil fuel use is plentiful. The BP Statistical Review of World Energy,
updated annually is reliable and detailed. http://www.bp.com/productlanding.do?
categoryId=6929&contentId=7044622
The US EIA website has lots of useful stuff. http://www.eia.doe.gov/
The Carbon Dioxide Information Analysis Centre (CDIAC) has up-to-date stuff on
emissions. http://cdiac.ornl.gov/
The International Energy Agencyʼs World Energy Outlook annually updated) is available at
libraries. You can look at some of its contents here: http://www.worldenergyoutlook.org/
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p11. On the subject of coal in Queensland, you can see a recent presentation by Dr Guy
Pearse at the Global Change Institute, UQ, here: http://gci.uq.edu.au/index.html?
page=122589
p12. The subject of “peak oil” - that is, trying to figure out when the worldʼs oil-fields will
achieve their maximum production, no matter how hard we look for more, is fraught with
many uncertainties. It also is very much entangled with the issue of how we should restrain
future oil use as a way to curtail carbon emissions, and whether we should pursue the socalled “unconventional” sources - oil shales, tar sands, and coal-seam liquid fuel and gas.
Most well-informed people believe if we postpone a transition from fossil energy by going
after all the remaining sources (as we appear to be doing now) itʼs inevitable that weʼll see
atmospheric CO2 rise above 600ppmv, and quite possibly considerably higher, depending
on feedbacks.
If you want to know a bit more about this, you could look for Paul Robertsʼ excellent book,
The End of Oil, 2005, Houghton Mifflin; or Beyond Oil: The View from Hubbertʼs Peak,
2005, Hill & Wang, by Kenneth Deffeys, who worked professionally on the problem for
many years.
p13 - 18 If you want to read more about the greenhouse effect and how human activities
are changing it, you could begin at Realclimate here, and then search the site for many
good articles. http://www.realclimate.org/index.php/archives/2007/08/the-co2-problem-in-6easy-steps/
If you are interested in the story of how the science of the radiative properties of the
atmosphere developed, you can visit the superb site of Spencer Weart, based on his book
The Discovery of Global Warming here: http://www.aip.org/history/climate/index.htm
p16. David Archerʼs paper on the atmospheric lifetime of CO2 can be read here: http://
www.thecircleworks.org/documents/Archer%20-%202005%20-%20Lifespan
%20COP2%20in%20the%20atmosphere.pdf
p17. More detail on the system of carbon cycles can be found in the text The Earth
System, by Kump, Kasting & Crane (several editions).

Perhaps no image captures the reality of human planetary impacts better than this night composite. NASA

77

CHAPTER 2.
p19. On monitoring global temperature, you can learn a lot by going to the websites of the
three Centres:
GISS: http://www.giss.nasa.gov/
NCDC: http://www.ncdc.noaa.gov/oa/ncdc.html
Hadley Centre: http://www.metoffice.gov.uk/climatechange/science/hadleycentre/
Many of the often-heard arguments about monitoring - the significance of the “urban heat
island effect”; the anomalous “cooling of the upper troposphere”; the claim that warming
ceased in 1998; the idea that warming may be due to the sun, and more, are examined
here (and exhaustively at Realclimate, Skepticalscience, Climateprogress and others)
p21. You can find Keelingʼs original paper (as well as other seminal papers on climate
science) here: http://wiki.nsdl.org/index.php/PALE:ClassicArticles/GlobalWarming
Just occasionally, you might hear someone claim thereʼs something wrong with the Mauna
Loa data - the samples are contaminated by the volcano, the method Keeling pioneered,
using an IR analyzer is faulty, etc - but this is futile. The trend established there is found all
over the world, and Keeling was among the most fastidious of scientists. If any data can be
relied on, it is this.
p22. On the question of reduction in the efficacy of ocean and biological carbon sinks,
Canadell et al examine the relation between the accelerating rate of CO2 rise and sink
efficacy here: http://www.pnas.org/content/104/47/18866.full
Thereʼs a study of change in the efficacy of the Southern Ocean sink here: http://
www.cccma.ec.gc.ca/papers/ngillett/PDFS/1735.pdf
On the measurement of declining 13C, hereʼs a study demonstrating that the atmospheric
abundance of this isotope is mirrored in the skeletons of corals recorded over the twentieth
century. [Abstract] http://www.agu.org/pubs/crossref/2010/2009GL041397.shtml
The figure shows falling
ᵟ13C for a sample of
corals from Florida & the
Caribbean over the period
1900 to 1990, and others
from the three great
ocean basins back to
1800. The decline
matches the trend found
in the atmosphere, with
the rate of decline
greatest in the oceans
with the highest inventory
of anthropogenic CO2.
[Swart, et al, 2010,
Geophysical Research
Letters, 37, L05604]

p24. Two papers on
the trend in ocean heat content from the April 13, 2001 issue of Science give you an idea
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of whatʼs involved. Levitus, et al, 2001, Science, 292, 267-270. Barnett, et al, 2001,
Science, 292, 270-274.
An article describing the ARGO float project is here: http://www.argo.ucsd.edu/
batch32d.pdf
Levitus and colleagues provide an updated estimate here: ftp://ftp.nodc.noaa.gov/pub/
data.nodc/woa/PUBLICATIONS/grlheat08.pdf
p24-5. The State of the Arctic report published by NOAA in 2006, and annually updated by
an Arctic Report Card, can be found here: http://www.arctic.noaa.gov/soa2006/
The World Glacier Monitoring Service report, Global Glacier Changes: facts & figures is
available here: http://www.grid.unep.ch/glaciers/pdfs/glaciers.pdf
p26. Mercer explained his reasons for worrying about the WAIS in a paper in Nature in
1978. The two unequal parts of the Antarctic ice mass are not only different in their history
and scale, but in the conditions required for their formation and sustenance. Whereas the
huge East Antarctic ice sheet formed entirely on land, about 34million years ago, under the
same conditions as temperate glaciers, the WAIS originated much more recently when it
was a lot colder in a basin in the form of an archipelago, with its base presently up to
2,500m below sea level. It is a marine ice sheet, and can only exist because its grounded
portion is buttressed by fringing floating ice shelves. It required colder conditions to form,
and it needs them to survive.
Mercer estimated that a global warming of 3℃ would be enough to destabilize it, and that,
once the integrity of the two big ice shelves (the Ross, and the Filschner-Ronne) was lost
due to ocean warming, the grounding line would retreat rapidly, exposing the ice to melting
from below. You can read this fascinating bit of work here: http://tintin.colorado.edu/
CVEN5718/Readings/Mercer_Nature_1978.pdf
What makes this early insight more interesting still is that it appears to be vindicated by the
first results from the new ANDRILL program, designed to get evidence for the behaviour of
the WAIS during the Pleistocene from cores in the continental shelf. In a paper in Nature
31 years after Mercerʼs, members of the ANDRILL collaboration published detailed
findings suggesting that the ice sheet had, indeed, “periodically collapsed”, much as
Mercer described it, adding up to 7m of sea level rise during interglacials. [Naish, et al, 2009,
Nature, 458, 322-328]

The important paper by Isobella Velicogna describing the new findings of the GRACE
satellites on accelerated melting in Greenland & WAIS can be found by a search at Google
Scholar using the term “velicogna 2009”
p27. On the issue of sea level forecasting, you can look at the presentations on this theme
given at the Oxford conference to discuss the consequences of a 4℃ warming in 2008.
http://www.eci.ox.ac.uk/4degrees/programme.php
p28. There is a presentation on ocean acidification and its implications for Australian
marine ecosystems here: http://sponsored.uwa.edu.au/wamsi/__data/page/
3811/0903_A_Changing_Climate_Session_2__Matear_Projection_of_ocean_acidification_in_the_Australian_region_and_its_effect_on_t
he_coral_reefs_and_other_marine_organisms.pdf
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p29. Parmesan & Yoheʼs study can be found here: http://www.univet.hu/users/pszabo/
teaching/oak/3_adag/ParmesanFinger.pdf. It will give you some idea of the complexity
involved making this kind of assessment. Globally coherent portraits of the planetʼs
ecology are probably easier for non-specialists who travel a lot. If this interests you, look at
Dianne Dumanoskiʼs book The End of the Long Summer, Crown, 2009, or Martin Reesʼ
Our Final Hour, Basic Books, 2003.
p30. The importance of Harriesʼ work is that global warming is really a phenomenon of the
Earthʼs energy budget that is diagnosed at the top of the atmosphere where the planetʼs
radiation escapes - not the surface where we all feel (and measure) it. The concept of
“fingerprints” - that is, evidence for anthropogenic causation of observed climate anomalies
- is useful in the context of various kinds of attribution studies. Letʼs say a fingerprint is a
bit of evidence that attributes some aspect of climate change to human causation beyond
reasonable doubt; then Harriesʼ findings are about as clear a fingerprint as you could wish
for. Others are features of current warming that are predictable from greenhouse theory,
and attributable to warming from that cause and only that cause. Examples are:
• Nights, on average, warm more than days;
• Winters, on average, warm more than summers;
• The surface of the land warms more than the sea;
• HIgher latitudes warm more than lower;
• The lower troposphere warms most, while the stratosphere cools;
• The tropopause (boundary between troposphere & stratosphere) should rise.
All of these have been observed - but they only confirm anthropogenic causation when
combined with the evidence that human activity is sufficient and necessary to cause the
observed greenhouse warming. The observation of radiation fingerprints at the top of the
atmosphere makes this affirmation in one step.
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CHAPTER 3.
p32. No single book I know of is ideal for further reading in paleoclimatology, though there
are specialist ones. Section 2 in David Archerʼs very good short book on the climate
problem, The Long Thaw, cited above, is possibly the best short account, but you can find
informative chapters in Frozen Earth, by Doug Macdougall, University of California Press,
2004; and Climate Crash, by John Cox, Joseph Henry press, 2005. Thereʼs also a lot of
excellent stuff about climate history throughout James Hansenʼs Storms of my
Grandchildren, and Mark Bowenʼs Thin Ice.
You can also read Wally Broeckerʼs two well known textbooks, Fossil fuel CO2 and the
Angry Climate Beast, and The Glacial World according to Wally. The second one is written
at undergraduate level; the first is perfectly suitable for senior high school science classes.
The Angry Beast is here: http://access.minnesota.publicradio.org/features/0309_climate/
images/fossilfuelco2_1_25.pdf.
The book on ice ages is here: http://www.awi.de/fileadmin/user_upload/Research/
Research_Divisions/Climate_Sciences/Paleoclimate_Dynamics/Modelling/Lessons/
GlacialWorldAcctoWally-sm.pdf
p33. There is a detailed discussion of several matters concerning global surface
temperature monitoring, including why the American winter of 2009-10 was cold during the
hottest year on record; why the monitoring Centres can get slightly different rankings for
the hottest years; how scientists deal with measurement biases, and other things, in a
recent essay by Jim Hansen here: http://www.columbia.edu/~jeh1/mailings/
2010/20100127_TemperatureFinal.pdf
p34. If you are interested in the “hockey stick” controversy, a good collection of articles
about it can be found at Realclimate here: http://www.realclimate.org/index.php/archives/
2004/12/archives/index.php?s=hockey+stick&submit=Search&qt=&q=hockey+stick+site
%3Awww.realclimate.org&cx=009744842749537478185%3Ahwbuiarvsbo&client=googlecoop-np&cof=GALT%3A808080%3BGL%3A1%3BDIV%3A34374A%3BVLC
%3AAA8610%3BAH%3Aleft%3BBGC%3AFFFFFF%3BLBGC%3AFFFFFF%3BALC
%3A66AA55%3BLC%3A66AA55%3BT%3A000000%3BGFNT%3A66A%5C%0D
%0AA55%3BGIMP%3A66AA55%3BFORID%3A11%3B&searchdatabase=site
p35. Mannʼs 2008 paper, with a concise discussion of methodological problems is here:
http://www.pnas.org/content/105/36/13252.full
p36. If you want to read an account of how deep ice drilling was developed in Greenland,
and a bit of insight into the scientific work that turns the ice cores into climate history,
probably the best is Richard Alleyʼs The Two-mile Time Machine.
p37. Natureʼs Clocks, by Doug Macdougall, University of California Press, 2008 is a very
accessible account of the discovery and use of isotopes for dating in the Earth sciences.
The subject of abrupt reverses in at least the northern hemisphere climate during glacial
cycles (and probably interglacials as well) is a large one. Willi Dansgaard and Hans
Oeschger between them established the pattern from the Greenland cores, and the 25
periodically spaced events that punctuate the last glacial bear their names. In addition,
Hartmut Heinrich discovered evidence in north Atlantic sediments of periodic ice-berg
armadas, probably originating in Hudson Bay, which appear to occur in a fixed relation to
the D-O events. Analysis of the timing reveals a remarkably constant interval for D-O
events at 1,470 years. Stefan Rahmstorf made a case that the events are triggered as
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discreet incidents by some (as yet unknown) celestial clock, rather than a cycle inherent in
the Earth system. You can read his paper here: http://www.pik-potsdam.de/~stefan/
Publications/Journals/rahmstorf_grl_2003.pdf

Figure 4. (Top) The δ18O record from the GISP2 ice core in
Greenland, showing 20 of the 25 observed DansgaardOeschger events during the last glacial period (Grootes et al.,
1993). (Bottom) A record of ice-rafted material during Heinrich
events from a deep-sea core in the North Atlantic (Bond and
Lotti, 1995). Source: NOAA. http://www.ncdc.noaa.gov/paleo/
abrupt/data3.html

The late Gerard Bond found
evidence for an underlying
cycle of solar output that
could explain not only the iceage chaos, but climate
phases in the historical era,
the so-called medieval warm
period and the little ice age
that followed. Others believe
these events have their origin
in disturbances of the
thermohaline circulation. The
truth is, we donʼt yet know
what causes these
fascinating features of the
climate record. The figure on
the left shows (top) the D-O
series, identified from oxygen
isotopes in the GISP2 core,
and (bottom) the six ʻHenrich
eventsʼ found in north Atlantic
glacial debris. The NOAA site
is very informative for a
straightforward account of this
subject.

p38. On the subject of abrupt
climate change, you could look for The National Academies Press report “Abrupt Climate
Change, Inevitable Surprises”, 2002.
You can read Lisiecki & Raymoʼs paper here: http://web.pdx.edu/~chulbe/COURSES/
QCLIM/reprints/LisieckiRaymo_preprint.pdf
p39. You can read Zachosʼ paper here: http://www.ndsu.edu/pubweb/~ashworth/
webpages/g440/Zachos/Zachos_science_paper.htm
p40-41. Thereʼs a good essay on the Milankovitch cycles here, which will give you a better
idea of the complexity of the theory. http://www.physics.ohio-state.edu/~wilkins/energy/
Companion/E16.7.pdf.xpdf
The graph comes from the article on Milankovitch in Wikipedia.
p44-5. The subject of tectonic forcing is treated in James Hansenʼs book, and in his 2008
paper Target Atmospheric CO2: Where Should Humanity Aim? accessible on his website at
GISS.
p45. The PETM is still not as well understood as weʼd like. We donʼt know how quickly it
developed; whether in a single catastrophe or a series; where the source of the massive
carbon release was, or what triggered it. The event can be recognized in ocean sediments
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by a characteristic clay layer, indicative of a major disturbance to marine life, but details of
how life in the sea responded are inconsistent. Here is a paper investigating the duration
of the episode: http://www.es.ucsc.edu/~jzachos/pubs/Roehl_etal_07.pdf
Here, James Zachos and others investigate evidence for the global scale sea-surface
warming: http://www.es.ucsc.edu/~jzachos/pubs/Zac_03_Science.pdf
Here is an investigation of the effect of the event on surface plankton: http://
www.geosc.psu.edu/people/faculty/personalpages/tbralower/Bralower2002.pdf
The PETM is also treated in Hansenʼs book.
p46. On the climatic consequences of the opening of the Drake Passage, you can read
Sijp & England, 2004, Journal of Physical Oceanography, 34, 1254-1266; and Scher &
Martin, 2006, Science, 312, 428-430. These papers can be accessed here: http://
journals.ametsoc.org/doi/pdf/10.1175/1520-0485(2004)034%3C1254%3AEOTDPT
%3E2.0.CO%3B2
http://www.sciencemag.org/content/312/5772/428.full?
ijkey=gBAyUOkZC4OPY&keytype=ref&siteid=sci%2520
An interesting review by Donald Prothero discussing the evidence surrounding the
Eocene-Oligocene boundary gives you some insight into how such puzzles are resolved.
http://adsabs.harvard.edu/full/1994AREPS..22..145P
p47. This paper discusses a possible origin for meltwater pulse 1A: http://
home.sandiego.edu/~sgray/MARS350/deglaciation.pdf
p48. Rohlingʼs study can be found here: http://www.nature.com/ngeo/journal/v1/n1/full/
ngeo.2007.28.html
p49-50. Pearson & Palmerʼs paper can be read here: http://paleolands.com/pdf/
cenozoicCO2.pdf
Tripatiʼs paper can be read here: http://atripati.bol.ucla.edu/23.pdf
Itʼs only fair to say that these studies canʼt be the last word on this important subject - yet.
There are significant technical issues that leave room for some uncertainty. The match
between Tripatiʼs late Pleistocene values and those from ice cores is close - within the
error range for the ice cores. While that doesnʼt necessarily mean her Miocene assays
have the same precision, it is grounds for confidence in these numbers.
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Chapter 4
p53. Hansenʼs talk to the AGU (including his excellent slides, which Iʼve used in this
chapter) can be found here: http://www.columbia.edu/~jeh1/2005/Keeling_20051206.pdf
The 2008 paper on what target we should be aiming at if we want to avoid dangerous
climate change is here: http://pubs.giss.nasa.gov/abs/ha00410c.html
p54.
Hansen discusses the exceptional character of the 2010 summer here: http://
www.columbia.edu/~jeh1/mailings/2010/20101001_SummerTemperatures.pdf
p55.
A poster derived from Stottʼs paper on the heatwave is here: http://wwwatm.physics.ox.ac.uk/main/Science/posters2005/2005ds.pdf
p56.
This study reports that future precipitation patterns are likely to be in line with increased
intensity of the hydrological cycle - in other words, all the water that goes up will come
down as heavier rain. http://www.remss.com/papers/wentz_science_2007_paper+som.pdf
The diagrams on storms & floods have been taken from John Holdrenʼs very fine speech
at the John F Kennedy forum, Harvard, in 2007. You can access it here: http://
belfercenter.ksg.harvard.edu/publication/17661/global_climate_disruption.html
p57.
These figures come from the Holdren speech.
p58.
This figure comes from the CSIRO site here: http://www.csiro.au/science/ChangingClimate.html
Thereʼs a lot of good stuff here. John Church of CSIRO is one of the worldʼs leading
specialists in the problem of sea-level rise. Here is his much-cited paper on 20th century
sea-level rise trend: http://naturescapebroward.com/NaturalResources/ClimateChange/
Documents/GRL_Church_White_2006_024826.pdf
This is an excellent review of what is known (in 2007) about the relation of ice sheet
dynamics and sea-level. It is a fast-changing field. http://www.geology.cwu.edu/facstaff/
huerta/g501/pdf/BamberREV.pdf
The Eemian interglacial is of great interest because it was a fairly stable warm interval
comparable to the Holocene, but with apparently a brief warming to about 1℃ above the
Holocene mean near its end. The sea-level record of this time (120,000 years ago) is
therefore very pertinent to our understanding of how susceptible the present ice sheets
could be. Paul Hearty, of the University of Woolongong leads this excellent review of the
subject here: http://www.uow.edu.au/content/groups/public/@web/@sci/@eesc/
documents/doc/uow045009.pdf
To give you some idea of the range of views held by glaciologists, and therefore the
amount of uncertainty in our understanding of ice sheet behaviour under the conditions
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that might lie ahead, this paper makes an argument that sea-level rise over 2m by 2100
(Hansenʼs warning) isnʼt physically possible, and that 0.8m is about the middle of the likely
range. https://courses.washington.edu/ess203/RESOURCES/READING/
pfeffer_sealevel_science_2008_with_suppl_info.pdf
p59.
Impacts of sea-level rise on human societies are often discussed, but poorly understood.
The fact is, the sea doesn't need to rise much to affect a lot of land - if the land profile is
low, which it commonly is on coastal plains and deltas. So, for instance, it is entirely
predictable that 10cm of sea-level rise could destabilize a shore and eventually alter the
inundation history several hundred metres inland. This is happening right now in the
porous coral debris islands of the Pacific & Indian Oceans.
A small rise of the sea also magnifies the effect of storm surges, and admits saline water
to near-shore aquifers and wetlands. To further complicate things, many cities close to
coasts are subsiding because of ground-water extraction and altered hydrology. Whether
sea-level instability is experienced as an expensive nuisance, spread over centuries, or
serial catastrophes, depends on all of these variables, as well as the possible melt rate of
the polar ice.
p60.
If you are interested in the important topic of ocean acidification, this is an excellent source
of information: http://www.oceanacidification.net/
Some of the best researchers in the world work on this problem in Australia - not
surprisingly since the worldʼs greatest reef system is here. Our best understanding of the
risks to the reef are provided at this site.
If you are interested in the story of human impacts on life in the sea over centuries, Callum
Robertsʼ book The Unnatural History of the Sea; Island Press, 2007, is excellent.
Assessing the effect of probable climate change on the whole biosphere is fraught with
difficulty. Most researchers are extremely concerned, but have only imprecise ideas of how
much extinction might ensue and how fast. The problem is compounded because climate
stress is only one of a suite of threats to biodiversity, and the fate of our fellow creatures
depends on decisions we are yet to make about all of them.
Here is a very good review of the issue at the website of the Australian Department of
Climate Change: http://www.climatechange.gov.au/publications/biodiversity/biodiversityclimatechange.aspx
p61.
If you want to read more about fixing the climate problem, you could do worse than find Al
Goreʼs book Our Choice: a Plan to Solve the Climate Crisis; Bloomsbury, 2009.
In this unit I have tried to explain that clear thinking about the issue of a response to
climate change requires that we focus on the atmosphere - in fact we can afford to focus
just on one number: the greenhouse efficacy of the atmosphere at its peak and over the
coming decades, expressed as CO₂e. This isnʼt over-simplifying. The index provided by
our CO₂ trajectory until 2100 will determine our fate - nothing else.
I say this because you can easily get another impression from the talk in public places &
the media. Much is said there about “emission reduction targets” - these are the amounts
by which net emissions are expected to reduce below some arbitrary limit, say the
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emissions total for the year 2000. This is the language of the Kyoto protocol, the only
international agreement we have had until now.
The trouble with these is that they are focussed on what seems possible, rather than on
what needs to be done. In other words, policy makers are aiming much too low. Our
leaders bend over backward to avoid causing inconvenience to anyone, reassuring us that
we can accommodate the climate problem without trouble or cost, when they ought to be
explaining carefully what is necessary and why we should take the trouble now, while there
is still time.
I also want you to appreciate that, although it is certainly necessary for each citizen to
make appropriate choices in respect of our individual responsibility for the climate problem,
the idea that it can be solved this way is misleading. It is essentially a problem of our
economic system - that is, the manner in which all humans derive their sustenance from
the resources of the Earth; what we do with them, how we share them, and whether we
mind about those that follow us.

p62
Hansen is a passionate opponent of the coal industry, believing that we canʼt afford to
keep burning it (unless it turns out we can, after all, capture & safely store the combustion
products) for another decade. In his view, governments will only take the decision to phase
out coal if the public, being well informed, can prevail over the powerful interests of the
mining and power utility companies that lobby them. Furthermore, he seems to believe
that, if we fail to give up coal, weʼll also fail to keep our hands off the “unconventional”
sources of new oil, prolonging the fossil fuel age another 50 or 100 years. This, he says
would guarantee catastrophe - a climate system so disordered weʼd have no way to turn
things around.
p63.
If you can find Elizabeth Kolbertʼs wonderful little book, Field Notes from a Catastrophe;
Bloomsbury, 2006, and her New Yorker article on the tar sands of Alberta here: http://
www.newyorker.com/reporting/2007/11/12/071112fa_fact_kolbert
you will learn a good deal about this problem, and much more.
p64.
The Rocky Mountain Institute in Colorado, an independent research centre concerned with
energy efficiency and the new energy economy has a lot of useful stuff on its website here:
http://www.rmi.org/rmi/
The CSIRO solar energy division is here: http://www.csiro.au/org/solar-power.html
Alternative Energy News is here: http://www.alternative-energy-news.info/
Earth Science Australia has a section of their site on alternative energy here: http://
earthsci.org/education/teacher/basicgeol/alt_energy/alt_energy.html
p66.
There is an explanation of the method used by the IPCC to explore possible future states
here: http://www.epa.gov/climatechange/science/futureac.html
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You can read the paper by Socolow & Pacala if you search Google Scholar using the term
“socolow pacala 2004” & clicking the Princeton University pdf link. Their analysis has
become well known, not so much because their quantitative estimates are absolutely
accurate, but because the concept of identifying bits of a solution and adding them up is
so irresistible. What they have done for the vexed issue of climate change policy is show
that a path from where we are to where we want to be is not so hard to find if it is broken
into manageable pieces. Itʼs a simple and powerful idea.
Improving energy efficiency is the single most effective thing we can do: we can do it now;
and it saves more than it costs. This is the biggest contribution we can make as
individuals. You can learn a lot about this subject in Al Goreʼs book.
p67.
Looking closely at the wedges, you might think itʼs a bit far fetched to propose putting up
2,000,000 wind turbines or multiplying the current photovoltaic capacity 700 times - indeed
these are heroic measures. But that is very much the point. The kind of activity demanded
by the climate problem is on the scale of what is needed in war-time, when every other
economic imperative is overridden by what is most urgent.
p68.
These figures come from the Renewables 2011 Global Status Report which you can find
here: http://www.ren21.net/REN21Activities/Publications/GlobalStatusReport/tabid/5434/
Default.aspx
p69.
Australiaʼs solar energy potential is examined here: http://
www.carbonmanagement.com.au/pdf/ABARE.pdf
This report is the source of the insolation map. There is a lot of useful data here.
p70.
A useful article about deep geothermal energy at Yale environment 360: http://
e360.yale.edu/content/feature.msp?id=2077
p71.
This is a Q&A exposition of the IFR: http://www.nationalcenter.org/NPA378.html
Here is an informative article on the story of the Argonne research program and the
potential of IFR by the programʼs director, Charles Till: http://www.sustainablenuclear.org/
PADs/pad0509till.html
If this interests you, thereʼs an extended account of the IFR in Tom Bleesʼ book
Prescription for the Planet; 2008.
Nuclear energy has become entangled in a messy controversy from which it is difficult to
extract a rational assessment of its real potential to help us solve this problem. On one
hand, a reactor (of any sort) emits no carbon emissions as it heats water to get steam for
spinning the generator turbines; but on the other, it takes lots of energy to mine and enrich
uranium for reactor fuel, and thermal reactors are very inefficient in this respect - only
about 1% of the uranium fuel is spent producing energy.
On any reasonable view, the problem of nuclear waste is a severe one. Despite more than
40 years of experience, no permanent solution to the problem of waste disposal has been
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found - all of it is stashed in temporary sites with variable security. It is extraordinarily nasty
stuff; several isotopes are extremely toxic for millennia - so this situation is highly
unsatisfactory. More on nuclear waste here: http://www.radwaste.org/index.html
As for the political process which (according to Till and a couple of other scientists who
worked with him) shut down the IFR development program for phony reasons a year or
two before its promise could be shown, it appears to have been a victim of the same fear
and manipulation that mar the whole debate about this technology.
p72.
Carbon sequestration - that is, separating CO₂ from the exhaust flue of power plants,
liquifying it then injecting it deep underground - is a tricky subject. Most experts frankly
believe that it is a bad idea. First because itʼs very expensive - it would double the cost of
electric power; second because treating 20Gt or so of CO₂ this way every year would
require the creation of a vast infrastructure equivalent in scale to the entire oil industry. The
liquid gas has to transported to places where the rock formation for injection is suitable &
often they are nowhere close to power stations.
On the other hand, the coal industry has loudly backed plans to develop the technology
(and received generous government subsidies for “research”). Some people take the
cynical view that this has been promoted by these interests as a distraction from the
unwelcome prospect of winding the industry down.
Guy Pearse has studied this at length. The text and slides of his address to the Global
Change Institute at UQ in 2010 is on his website here: http://www.quantumjelly.com/docs/
guypearse.com/Pearse%20Dumb%20State%20Speech%20&%20Slides.pdf
The video of this talk is here: http://gci.uq.edu.au/VideoGallery.aspx (scroll down)
p73.
Biochar seems to have the best potential to draw down large quantities of atmospheric
carbon of any proposal to date - but it needs some more work before we could design the
very large scale programs required - say having a pyrolisis machine on every farm. What
makes it specially interesting is the set of other advantages - very significant ones - that go
with it. Here is a good essay to introduce you to the subject: http://www.ft.com/cms/s/
2/67843ec0-020b-11de-8199-000077b07658.html#axzz1WBApO8Ur
This is a good review article by Johannes Lehmann, who runs a research unit at Cornell
University: http://www.css.cornell.edu/faculty/lehmann/publ/FrontEcolEnviron
%205,%202007,%20Lehmann%20published%20online%20doi10.1890060133.pdf
p74.
Besides John Cookʼs on-line book, and his excellent website http://
www.skepticalscience.com/
which is probably the best place to investigate dodgy claims, there is a lot of stuff at Joe
Rommʼs blog http://thinkprogress.org/romm/issue/
I have addressed a number of false & misleading claims on my website http://
www.grandkidzfuture.com/grandkidzfuture.com/Welcome.html
where there are explanations of issues not included in this course.
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