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A brief introduction for those who want to understand the climate problem
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EARTH’S CLIMATE

What the book is about
We’ve known for 30 years that Earth’s surface is getting warmer. We know the reason; we’ve measured how much and
how fast it’s happening; we know many of the things that will change as the world gets hotter. We pretty well know
what to do about it. The funny thing is we haven’t done very much to stop it. This is strange. It’s not that scientists who
work on the problem are in any doubt - they are not. It’s not that we have reason to think the consequences of doing nothing won’t be very bad. And it’s not that we don’t know what to do.
We humans, the clever species, are behaving exactly as if we did not know what we certainly do know. The knowledge
produced by the careful work of many scientists hasn’t been communicated to the rest of us - anyway, not enough to
give us a clear picture of what’s going on. That’s what this book is for. So you can understand what we know about the
Earth’s climate system; what’s happening to it now; how we know these things; and what we must do to prevent the
worst consequences.
Over those 30 years, research into the climate problem has grown into probably the biggest intellectual enterprise in the
world. We know much more about it than we did in 1980, and many questions that couldn’t be answered then have been
answered since. Even if it were not so important, it would still be a fascinating field of study, since it tells us so many
things about how the world works. We don’t know everything - not by any means - but we know quite enough to give
an exact account of how we came to have a climate problem and how we should be fixing it. I hope you’ll be amazed as
you discover this for yourself.
The GLOSSARY
If you come across a word like this: Carbon dioxide,
it will link to a glossary entry. You can also consult
the glossary like an index of terms.

John Price
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The people of the future ... my grandchildren, for whose sake I wrote the book

CHAPTER 1

Earth’s climate:

what is it ?

The concept of a planetary climate is not something that comes naturally to most of us ... in fact until
climate change became an issue, nobody but specialists ever talked about it. The thing is, you can’t
understand what’s happening to the climate system without getting a handle on this idea ... the whole
Earth has something distinctive that we call climate ... but what is it?
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C H A PT E R 1

Earth’s climate: what is it?
What’s in the chapter

Earth from space

1. Earth is special. Alone in the
solar system, Earth has
conditions on its surface that
are suitable for life, and they
seem to have been there for
most of the planet’s history.
2. By comparing conditions
here with our nearest
celestial neighbours, we can
see what makes Earth
special.
3. A minor atmospheric gas,
carbon dioxide, turns out to
be the key ingredient that
determines surface
conditions on the rocky
inner planets.
4. Carbon dioxide (and some
other atmospheric trace
gases) have the peculiar
property that, in small
amounts they can act like a
thermostat on the planet’s
surface by altering its
energy balance.

The man who took this photograph in December 1972 was returning from the last Apollo Moon mission
when he stuck his camera to the window to record something only a few people have ever seen - our Earthly
home looking like a planet. Of course we all know it’s a planet. But the two dozen men who actually saw this
said it’s one of those things you don’t really know until you see it with your eyes. They could hardly find
words for the beauty, fragility and utter loneliness of this jewel-like orb floating in endless darkness.
This picture shows the Earth illuminated by the
Sun. You can see the familiar surface features clouds which are condensed water vapour in the
air; the ocean, which covers three quarters of the
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surface, and the continents which cover most of
the rest. The planet looks blue because of the
way sunlight is scattered in the atmosphere.

But look at what’s all around it. The universe is nearly all space.
Space is black because it’s so cold - only a tiny quantity of background radiation survives there. So if you travelled out to Neptune, and the sun came to look just like a bright star, you’d know
for sure that black is the colour of pretty much everything. We are
lucky to live on a little spot where the nearby star sends us enough
light to keep us warm and to see by, and where the sky is clear and
blue.

On the opposite side of the globe where it’s not illuminated, if the
Moon isn’t shining, the amount of light available from the stars
and the faint glow in the air is about 50 million times dimmer than
daylight, so you wouldn’t expect to be able to take a photograph.
But you can. Look at this picture, taken on a Moonless night using
a special camera sensitive to infra-red light. It tells you that everything you can see here - grass, dirt, trees, water, are all radiating
infra-red. Every surface on Earth does this day and night, all the
time, everywhere.
If you added up all the radiation lost this way
it would be exactly equal to the amount received from the Sun - at least that is the normal condition for a planet:
energy in = energy out; and the mean surface
temperature is constant.
Right now though, there’s a small imbalance
on the Earth because the quantity of infra-red
loss has been reduced a bit. Since the surface
is gaining energy its temperature will rise until there’s a new balance.

http://digitalphotography1.net/infrared/infrared-night-photography
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Infra-red landscape. The possibility of such
an image tells us that I-R radiation is emitted by everything on Earth’s surface. Every celestial body radiates at a wavelength determined by its temperature ... which on Earth is
a mean of 14℃. In thermal equilibrium, this
radiation must balance incoming solar radiation ... otherwise the temperature will change.

This state of affairs - a positive net energy imbalance - is new. Under almost all natural conditions except catastrophes like a large
meteor or asteroid strike, Earth is always close to energy balance.
That’s because natural changes in surface conditions are slow, and
various processes make adjustments to the balance at about the
same rate. But this has happened much faster than normal, so the
warming of various parts of the Earth’s surface is only just beginning, and will continue for many years into the future.
The thing most affected by any change in the planet’s energy balRadiation in (red) and out (blue) through Earth’s atmosphere.

ance is the thing we call climate. But what is it? We understand
what the local climate is, but how does it make sense to talk about
the climate of the whole world? Before we can look closely at
what’s happening to the Earth’s energy balance, we need to take a
look at the concept of the climate to make sure we understand
what it is and how it works. The best way to do this is to take a
step back and consider Earth’s brothers and sisters - the nearby
planets of the inner solar system.

Earth and its neighbours
The inner solar system. Mercury, Venus, Earth, the Moon, and
Mars are shown in the correct order, but not to scale, and not of
course with any of the celestial distances. They are much too big to
fit on any diagram. You can look at them in the table on page 8.
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Between 1968 and 1972 a couple of dozen men flew to the
Moon and back.
Each journey took about
three days - about the time it
takes to drive across Australia. The Moon is 400 times
closer to us than the Sun.
Right next-door.
So you might expect those
Moon travelers to have
found a climate there rather
like the one on Earth; after
all, exactly the same amount
of Sunlight falls there. That
should guarantee temperatures in the familiar range shouldn’t it?
Well in fact, conditions on the
Moon could hardly be more
hostile. Not only is there no
Earth-like climate - there’s
none at all.
Why?

If an astronaut walking on the Moon punctured his space suit, in
a matter of seconds all his body fluids would boil and he would
expire before he had time to relish that peculiar feeling.
That’s because there’s no atmosphere on the Moon. Both pressure
to keep our fluids in liquid state, and oxygen to nourish our cells
have to be provided to keep a space traveler alive.

Table showing the distances between the inner planets and the
Sun; and the average quantity of received solar radiation by each of
them. Radiation is given as the number of Watts of energy flowing
through a square metre perpendicular to the Sun’s rays. This number is inversely proportional to the square of the planet/Sun distance (mean orbital radius).

If the astronaut held a thermometer in the midday sun he would
see it read 107℃. You could boil
an egg there without a stove - if
only the water in your saucepan
didn’t instantly boil away in the
vacuum of space. So your space
suit needs to be well insulated too.

PLANET
mean orbital radius (km)
solar radiation (W/
much as
m 2)
we do. It
MERCURY
58,000,000
9425
would be
perfectly
VENUS
108,000,000
2595
reasonable
EARTH
150,000,000
1366
to expect
MARS
228,000,000
620
the planets’
surfaces to
be warmed in proportion to their dose of solar energy … but in
the last 30 years or so we’ve been able to take measurements, and
the story has turned out to be a bit more complicated.

If you waited for the Sun to go down, in an hour or two, you’d be
surprised to see the temperature drop to −153℃ - much colder
than anywhere on Earth. If you wanted to be the Moon’s first meteorologist, you’d soon find there was nothing to do. Every day
and night is exactly the same as the one before. Having no air,
there can be no wind; without water there can be no clouds and
no rain. The sunshine is precisely the same day after day, and so
the temperature record is too. And the Moon has no internal heat,
so there’s no prospect of geological change either. In short, there’s
no climate on the Moon. But what about our close planetary
neighbours, Venus & Mars. Here the story gets interesting because these bodies do have atmospheres. So what are they like?
You can see Mercury gets 3.5 times as much sun as Venus and
nearly 7 times as much as Earth, while Mars gets about half as

To start with, every celestial body has a property called “albedo”,
which just means how reflective its surface is. For the Moon,
about 12% of sunlight bounces off the surface back to space and
so does nothing to warm it. On Earth (although different parts of
the surface behave very differently) the average albedo is about
30%. In other words, nearly a third of the solar radiation falling
on the Earth is returned to space by reflection or scattering, contributing nothing to surface warming. Once you know this number for any body in the solar system, and you know its orbital
measurements, you can figure out how hot it should be on the surface.
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SURFACE TEMPERATURES, INNER SOLAR SYSTEM (℃)
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Table summarizing the typical surface temperatures of Earth, Moon, and our nearest solar system neighbours, Mars & Venus. (Mercury
has been excluded because it’s so close to the Sun it is an utterly different kind of place) It’s easy to see that:

•" " Earth’s mean surface temperature is much warmer than the Moon’s, even though we are right next-door.
•" " Earth’s temperature is also much more moderate (less extreme) than the Moon.
•" " Mean temperature on Earth is about 32℃ warmer than the calculated value.
•" " Mars is cold (mean temperature several degrees below the Moon’s), but the Martian extremes are also less than the Moon. It is about 4℃
warmer than theory predicts.

•" "

Venus has a constant furnace-like temperature of 460℃. This is about 400℃ hotter than you would expect from its orbital distance from the
sun (the calculated surface temperature would be about 60℃); and its temperature never varies - night or day, in every season.

•" "

Earth is the only body where liquid water could exist on the surface - the others are either too cold (Moon & Mars) or too hot (Venus).
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To understand what’s going on here we have to think about everything that can affect the surface temperature of a planet or
moon. Here are the five main things:

surface pressure
(atmospheres)

1

0

0.0061

92

•# #

CO2

0.035%

0

95%

97%

Water vapour

1-4% near surface

0

0

0

Nitrogen

78%

0

2.7%

3.5%

Oxygen

21%

0

0.13%

0

Geothermal heat rising up from the interior. This is a very
small heat source in the case of Earth (0.025% of Earth’s energy
budget); even less so for the others.

•# #

The mean distance from the Sun. This determines the
amount of radiation received from our star - usually measured as
Watts/m2.

Atmosphere

•# # The amount of received radiation reflected at or near the sur-

EARTH

MOON

MARS

VENUS

This table shows a few things about the atmospheres of the
inner solar system.

face. Reflected energy doesn’t contribute any heat - only absorbed
energy can do that; so a dark planet that absorbs more sunlight
will be warmer than a shiny white one that reflects a lot of it.

• Mars has a very thin atmosphere; Earth’s is about 100 times
thicker. If you waved your hand around in the Martian air, you’d
barely feel it.

•# #

Variations in the Sun’s radiation output. This quantity has
very been very slowly increasing over the life of the star - it’s
thought to be about 30% more now than when the solar system
was born 4.5 billion years ago. On time scales that matter to us,
though, the Sun’s output doesn’t vary more than about 0.01%, in
more or less regular 11-year cycles. This is a small effect.

• Venus, on the other hand, has a very dense atmosphere, the same
pressure at the surface as you’d feel by diving a kilometre down into
the ocean depths.

• The Moon has nothing to speak of.

•# #

Surface conditions that interfere with transmission of energy to and from the surface. In practice, this is really about the
planetary atmosphere, and how it affects radiation entering and
leaving the planetary system. This turns out to be the critical factor.

• Carbon dioxide is nearly all of the atmosphere on Mars and Venus, even though their densities are very different.

• Earth is the strange one, with very little CO2, and lots of Nitrogen
& Oxygen. It’s the only one with appreciable amounts of water vapour, although this quantity varies a lot from place to place on the
surface, and over time.

Atmospheres have big effects on the energy budget of a planet.
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Looking at this might suggest to you that the absolute quantity
of carbon dioxide in the air has some effect on the planet’s energy balance … and this is correct. You might suspect too that the
gas does this by interfering with the emission of infra-red energy
… and this also is true. In fact, in terms of planetary physics, CO2
is the key to the puzzle of temperatures in the inner solar system. However, as we’ll see, on Earth things are a bit more complicated. Here, it is still the key, but many other things affect the temperature as well.

Well, the answer was discovered a long time go.
Way back in 1860, a scientist in England did some clever experiments to show that water vapour and carbon dioxide acted like a
blanket around the Earth, trapping its surface warmth in the
lower atmosphere. Without this blanket, mean temperature on
Earth’s surface
would be about the
same as a deep
freeze, and most
likely there would be
no life here.

Carbon dioxide ... the key
How does this gas determine the surface temperature of a
planet?

John Tyndall (that
was his name) also
showed that quite a
small change in the
amount of either of
these gases was
enough to have a big
effect on temperature.

Forty years later a Swedish scientist named Arrhenius worked
out what would happen if the amount of CO2 in the air were doubled. His answer was that the planet's surface would get warmer
by between 4 and 6 degrees.

Tyndall’s experimental set-up; 1860
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He also figured out that water vapour, being the most abundant
gas, must have the most powerful warming effect. But the
amount in the air depends on the temperature: the warmer the
air, the more water it can hold.
Arrhenius, like every other Earth scientist at the time, was very
interested in one of the great geophysical puzzles ... what caused
the ice-ages.
He reasoned that, in the climate system (rather than the laboratory) CO2 must be the gas that determines the behaviour of
Earth’s climate system, because if it rose or fell a bit, the warmth
added or subtracted from the
lower atmosphere
would change its
water vapour content, and so amplify the warming
effect. Today, we
can use knowledge of Earth's climate history to
show that he was
absolutely correct
about that, and
also give us a clue
to the puzzle of
why Venus is hotter than an oven.

What happened at Venus?
In the beginning, all the rocky inner planets must have been in
roughly the same state with similar atmospheres. But at some remote past time, Venus began to warm up (maybe due to a period
of intense volcanic activity), and as it did so, all the water on the
planet’s surface evaporated into the air. That made it warm further - enough to bake carbonate minerals and water out of soil
and rocks, releasing CO2 into the air. Eventually, all the carbon on
Venus entered the atmosphere, which is where it is today.
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The Venusian atmosphere contains about 250,000 times as much
CO2 as Earth's. The massive warming effect of that is what keeps
the planet permanently furnace-hot. Almost all the water vapour
has been lost, its hydrogen and oxygen split by UV rays in the upper atmosphere. Venus' thick clouds are due to sulphuric acid, not
water.

Mars’ atmosphere is about 0.6% as dense as Earth’s, and only
0.0065% as dense as Venus’. Even so, the small quantity of carbon
dioxide there is enough to cause significant climate effects - about
4℃ of warming and a “blanket-like” insulation against the temperature extremes of the inner solar system.

Earth’s two closest planetary companions show us
what a powerful agent carbon dioxide is in shaping surface conditions on planets with atmospheres. The size of the orbit, which would otherwise be what sets the temperature has been overridden in each case by the effect of this gas.
In Earth’s case, it’s more complicated because
there are several gases in the atmosphere that have
a similar effect ... but CO2 is the dominant one.
That’s because carbon is present in many places in
the surface systems, constantly moving around
through the air, ocean, waters, solid surface, and
the biosphere, in self-regulating cycles.
Not so on Mars and Venus.

On Mars, things are very different. Although the atmosphere is mostly CO2, it is so thin that only a little warming is due to it (about 4 degrees). Just the same, the blanket is enough to keep the planet from the kind of extremes seen on the Moon.
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The greenhouse effect
The greenhouse effect. The Sun’s rays warm the surface rather
than the air, because they mostly pass straight through it. Earth’s
radiation, on the other hand, happens to be the right wavelength to
be absorbed by water vapour and carbon dioxide (and methane and
several other trace gases). Most of this capture takes place not far
above the surface, where the gases are most abundant. The I-R photons are held, then re-radiated in every direction many times before
they eventually make it to the top of the atmosphere and escape.

This trick of certain trace gases in the air that Tyndall demonstrated is called the greenhouse effect. The way it works is this:
Sunlight is generated and released at the Sun’s surface, which is
very hot - about 5,700℃. That temperature means that these photons are mostly short wavelength (visible and U-V) when they
reach Earth. Some sunlight bounces off atmospheric particles and
clouds, and never reaches the surface; some is absorbed in the atmosphere; about half hits the land and sea, warming them.
Earth, too, radiates because it is warmer than space.
With a mean surface temperature of 14℃, Earth radiation is mostly in the long wavelength infra-red part of
the spectrum. These photons behave quite differently
as they pass upward through the air. Whereas most of
the Sun’s incoming energy doesn’t interact with gas
molecules in the air, most of Earth’s outgoing I-R radiation does - not with the major constituents of the
atmosphere, nitrogen & oxygen, but with several of
the trace ones. As Tyndall and Arrhenius discovered,
the most important of those are water vapour and carbon dioxide. About 80% of all Earth radiation is “captured” by these molecules on its way to space. They
are released again after a time, but the effect of this
temporary energy capture is to create a zone of
warmth in the lower atmosphere (the bottom several
kilometres, where most water vapour is) pretty much
like laying a blanket down over the whole planet.
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In fact you could “see” the blanket if you went up into orbit with
the right instruments. Looking down on the planet, you’d notice
that Earth doesn’t radiate from its solid surface, but from the
top of its atmosphere, roughly 10 km above the surface. Here
(just like the top surface of a blanket) the majority of Earth radiation, emitted from CO2 and water molecules, escapes to space. In
the warm lower troposphere, I-R photons are being captured and
re-radiated in all directions until eventually they escape from the
cold layer above.

At 10km altitude, typical air temperature is around -40℃. This the zone
where most of Earth’s radiation loss
takes place, where CO2 & water molecules heated from below emit I-R photons to space.

At 5 km typical temperature is about
-8℃

Mean temperature at the surface is
15℃. The upside-down temperature
profile of the troposphere is what
keeps it always agitated.

This is what you’d see if you went up above the atmosphere and
pointed your spectroscope down. Sunlight interacts with clouds on its
way to earth, but otherwise the atmosphere is transparent. Of Earth’s
outgoing radiation though, only 10-20% gets straight through (the red
bit); most of it heats water & CO2 molecules close to the surface.
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This warm air layer next to the surface is what makes our planet
so comfortable for us. If it wasn’t there, most land would be frozen, and the ocean would freeze too in winter almost to the equator. And the difference between day and night temperatures
would be much greater than it is. But what is it ... this veil of
gases stuck to the round ball of rock we call home?

You can see the atmosphere in this wonderful image ... the thin
blue layer above the solid surface. Seeing it from space is the only
way to really appreciate just how thin it is, because it looks pretty
impressive from down below. Think of the Earth as a class-room
globe ... then the atmosphere is the thickness of a coat of varnish.
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The atmosphere
The atmosphere has distinct layers, held in place by its physical
processes. In this remarkable picture with the space shuttle in the
middle, you can actually see some of the vertical structure.

You can see the atmosphere if you fly high enough above it ... that
thin blue rim above the curving surface of Earth. As soon as you
see it like this, you are impressed by how very thin it is. Below,
everything is warm and friendly. Go 20 miles up and leave nearly
all of the air behind, and without a special suit you’d be dead in
seconds. That was what impressed US Air Force Captain Joe Kittinger in 1960 when he ascended 31km in a helium balloon, leaving 99% of the atmosphere below him. Everywhere he looked except down was black. He
got oxygen from a tank,
pressure from a suit, and
warmth from a heater otherwise he couldn’t
have been there - even
though the habitable
zone was just a few minutes’ fall below.

The bottom layer, with most of the gas and nearly all the weather is
the one we’ll be most concerned with here. It’s called the troposphere. The boundary between it and the layer above, the stratosphere is about 17 km high in the tropics, and 7-10 km high near the
poles. Virtually all the water vapour and aerosols are in it, concentrated in its lower part.
You can see the bottom of the troposphere also has the most dust,
smoke and aerosols. That’s what makes it red.

If all the atmospheric gases were at surface pressure, the atmospheric ceiling would be about 8,000 m - a bit below the peak of
Everest. But of course there’s no such boundary. Instead, the
density of the air is greatest at the terrestrial surface. If you ascend, say in a balloon, you find all the component molecules
are further apart the higher you go, until, somewhere around
100 km altitude they are so sparse you’d have trouble finding
any. You’d have to go about 5.6 km up before you left half the
atmosphere behind. At 16 km 90% would be below you; at 32
km, where Kittinger went, there’s only 1% left.
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The greenhouse effect and the troposphere
The greenhouse effect gives the troposphere its most typical property - hyperactivity. You can figure out why if you think about it
for a moment. Imagine an atmosphere with no such effect. If solar
radiation passes straight through, any interaction between solar
photons and the air will heat it from above, and the planet’s outgoing radiation will all be lost to space, without warming the air.
If the atmosphere is perfectly transparent to outgoing radiation, it
will be coldest at the surface and warmest near the top.
But on Earth, the opposite is the case. Greenhouse warming is
greatest near the surface, and depending how much water vapour
is present, the warmth of the day is held there at night too. But
hot air rises, so the lower troposphere must always be in motion.
In effect, it is a great, complex heat engine, continually moving
heat energy from where it is most concentrated to where it is deficient.

That’s the first and foremost driver of the climate - all
the ways heat is moved around in the troposphere,
and all the consequences of those energy transfers.
What’s in the atmosphere? The strange thing is - all the trace
gases, the ones that are absolutely vital for life on Earth, make up less
than a thousandth part of the whole atmosphere ... that sliver of red
you can hardly see at the top. In the enlarged chart showing what
they are, you see that CO2 is most of them - but still only about one
molecule in 2,500.
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SUMMARY

We could summarize by saying that:

• A body without an atmosphere (like the Moon) can have no

So the climate turns out to be
those effects produced in the atmosphere (and on Earth in the ocean
as well) when solar energy interacts with atmospheric gases and
various other components of the
planets’ surface. No atmosphere ...
no climate.

climate. On such a place, it’s hot in the Sun, and cold at night
or in the shade, and that’s all that happens. There would be
nothing for the weather man to do.

• A place with a very thin atmosphere like Mars can have a
climate very different from ours. There’s still enough gas on
Mars that if it gets moving, huge dust storms can blow up, covering the whole planet. Dust reflects sunlight, so as long as it’s
in the air (which can be months or years) the planet can cool
by as much as 30℃. Although there’s no liquid water, it can
snow CO2.

• Venus has a condition called a “runaway greenhouse”, in
which a warming trend, once begun proceeds until it is irre-

But how does the climate on Earth
actually cause the weather - that
familiar thing that changes all
the time and can be so hard to predict?

versible. Nothing can make Venus’ climate more benign now;
it will stay exactly the same until the planet is consumed by
the Sun in another few billion years.

• Earth, alone in the inner solar system, has conditions favourable to life - abundant liquid water, an atmospheric blanket giving it equable temperatures, and an atmospheric shield
against energetic U-V rays. It also has something more subtle
- a set of complex arrangements that tend to stabilize surface
conditions so they never stray too far from that life-friendly
state.
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CHAPTER 2

Climate and weather: how does the climate
system work?

What we usually think of as climate is properly called weather - the short term fluctuations in the
atmosphere that affect us locally or regionally. The best way to understand this difference is to have a
look at how the climate system - the transfers of energy at the surface - actually works.
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C H A PT E R 2

Climate & weather: how does the climate system work?
THE SUN: giver of life, and the ultimate cause of all climate phenomena
What’s in the chapter?

1. How does the Sun’s energy
get moving around the
Earth/atmosphere system?
If we can understand that,
we’ll know what drives
pretty much everything in
the climate system.
2. Why does Earth have
seasons ... annual cycles in
which the two hemispheres
swap places for the Sun’s
favour?
3. What can we learn about the
climate system from study
of past climate states in
Earth’s remote history? A
lot, it turns out. Scientists
are very busy working on
this fascinating question.

How the Sun’s energy moves around the Earth

4. The most familiar episodes
of natural climate change
are the “ice-ages”. Just what
were they, and how did they
work?

A disc the size of the Earth intercepts about 1366
Watts per square metre of its area at the mean orbital radius of Earth (149,500,000 km). It’s an average number because Earth’s orbit isn’t circular -
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the distance between Earth and Sun varies each
year from 147,000,000 km on January 3rd, to
152,000,000 on July 4th, meaning about 7% less
sunlight falls in northern mid-summer than the
same season in the southern hemisphere.

But the Earth is a sphere, not a disc, so the amount of sunlight
on each square metre at the top of the atmosphere is a quarter
of this: 342 W/m2, averaged over the whole globe, and over
day and night. The Sun always shines from a direction close to
the equatorial plane, so the parts of the surface closest to the
equator get their sunlight more directly overhead. So each
square metre there gets more than the average. As you go from
the equator to the poles, the Sun’s course across the sky is a bit
closer to the horizon, so the same amount of radiation is
spread over more than a square metre. At about 60° N or S,
each square metre gets about half the equatorial dose. That’s
why latitude is the biggest single influence on regional climate.
Insolation (solar energy amount) & latitude.
This beam, at 60°N, is spread over twice the surface of this one,
"
"
"
"
"
"
"
"
at the equator
The difference between received radiation in the tropics and higher
latitudes is so great that the mid-to-high latitudes are in a state of
net energy loss - that is, insolation is less than the outgoing radiation - for all or part of every year. The equatorial zone of net energy
gain moves with the seasons.
In this diagram, the two lines plot the relation of both incoming
and outgoing radiation with latitude. The yellow space is the distribution of positive net surface energy (southern summer); the blue
space is the negative ... larger toward the poles.
If it were not for energy redistribution by atmosphere and ocean,
this would define surface conditions on our planet permanently.
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Because the tropics are the hottest part of the surface, a lot more water evaporates there than anywhere else. More water in the air means more rain.
And evaporated water carries its latent heat with it,
so the tropical atmosphere is laden with heat energy. That’s why the biggest storms are there. Heat
in a fluid never stays still, so the heated air is always moving - upward, away from the greenhouse
layer near the surface, and polewards to higher latitudes where the energy density is less. The great
global-scale air movements caused this way are permanent features of the atmosphere. They determine
the behaviour of the climate system of large regions.

The great ocean gyres. Although the atmosphere is the most dynamic global energy transport system, responding in hours or even
less; the ocean is the global energy reservoir. Transfer of energy to the
ocean is slow, but eventually nearly all of the excess accumulated in
modern times will end up there, to be slowly redistributed to every
part of the surface - air, land, ice and water - over centuries.

Schematic drawing of the permanent pattern of meridional
energy transport. These circulation bands, or “cells” are the primary heat transport system between the tropics and high latitudes.
Earth’s rotation twists them as shown, and the irregular distribution of land masses affects them as well. So the detailed behaviour of
winds is a complex set of variations on this theme.
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Air descending in the Hadley cell at about 30° N & S,
having rained its water out in the tropics, is dry - so
those are the zones where the world’s great deserts
lie. Near the poles evaporation is weak and very cold
polar air cannot hold any water vapour, so precipitation of snow in the Arctic and Antarctica depends on
water evaporated from the ocean at lower latitudes
being transported north and south by air movements.

As an energy system, the atmosphere is like a dynamo, always active; the ocean is like a vast storehouse, taking in and releasing its
contents slowly like a miser.
ocean, where it can take centuries for it to be distributed to every
part
ofglobal
the surface.
The
distribution of sunlight

Three quarters of Earth’s surface is ocean. It so happens that water has a heat capacity a couple of thousand times greater than air
… all the heat held in the atmosphere at any time could fit into
the top 3 metres of the ocean - and the average ocean depth is
4,000 metres. In effect, the ocean is Earth’s heat “bank” or sink,
while the atmosphere is its front counter. Heat from the greenhouse layer is exchanged fairly quickly with surface waters because these are stirred by wind and waves; and in turn, warm
ocean water at the surface can heat the atmosphere. But in the
long run, by a system of slow currents, heat is stored in the deep

Obviously, the tropics get the lion’s share ... but notice how it’s
actually the two sub-tropical zones that dominate. The Equator
gets so much rain that clouds shade the land there. Two broad
bands of desert-prone land circle the global at sub-tropical latitudes. Alice Springs gets almost as much sunshine as the Sahara,
and it’s about twice what they get at the latitude of Montreal, or
Frankfurt.
In its complicated way, the atmosphere is always trying to even
things up. And that is the reason we have winds.

24

The seasons
We have summer & winter on Earth for one reason: the planet’s axis of rotation leans over. If the equator exactly aligned with the orbital plane, there
would be no seasons. Just why Earth leans this way is unknown, but the angle seems to have been there since the world was very young. The leaning
angle (obliquity) is 23.5°. So if you happen to be somewhere on the tropic of
Capricorn or Cancer on the day of the solstice (December 21st in the south;
June 21st in the north) you’ll see the Sun dead overhead for just one day before it begins declining again.
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Earth’s axial tilt changes over time
Over long periods this angle is not constant.
It varies regularly from 22.1° to 24.5°, taking
41,000 years to go from one extreme to the
other and back again. It also “wobbles” - that
is, just like a spinning top that’s about to fall
over, the axis describes a circle at the poles,
turning right around every 26,000 years. The
detailed behaviour of the seasons is also affected by a third thing: the elliptical orbit of
the Earth changes shape slowly from nearly
circular to more eccentric, completing a cycle
about every 105,000 years.

Now if you take a moment to think about this, you could guess
that there might have been times in the Earth’s past when the seasons were a bit different.
• Leaning a bit more or less would affect the distribution of sunlight to the two hemispheres.
• An orbit more eccentric than it is now would mean there was a
season when the whole planet got less sun than now.

That’s why it’s the coldest place on Earth. The Antarctic ice sheet
has been there about 34 million years.
Antarctica. 90% of all the world’s ice is resting on this continent.
It’s so massive the ice is over 3 km thick in the middle. If it ever
melted, the water added to the ocean would raise sea-level 70 metres.
The mountain range marked on the map divides the continent in
two unequal parts: the bit on the left with the Antarctic Peninsula
poking well north is the West Antarctic ice sheet - about 10% of the
total - resting on a group of islands, not solid land.

When we come to look at the history of climate on Earth, we’ll see
that this guess is dead right. These “orbital cycles” have indeed
caused profound changes in the climate before. This thought
should make us pause. The climate is not just something that happens between sunlight and air, but it can be altered by far-off planets tugging at our orbit. That should strike you as weird if you
haven’t thought of it before.

There’s something else about the seasons that you mightn’t have
thought of. It’s to do with ice. In the present era, both Earth’s
poles have a lot of ice on them - in fact it’s about 75% of all fresh
water on Earth. It wasn’t always there. For long periods of Earth’s
history there’s been none; other times there’s been more. What’s
interesting is that conditions at the two poles are quite different.
In the south, almost the whole Antarctic circle is occupied by a
big continent, covered in ice. A cold water current flows constantly round it in the Southern Ocean, keeping it fairly insulated
from the heat transfer systems in the world ocean and the air.
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In the north, the Arctic circle is mostly full of ocean. The biggest
piece of land in it is the northern half of the island of Greenland.
This island has an ice sheet too - although it’s only 10% the size of
the Antarctic one. Most ice in the north is floating sea-ice, which,
like the fringing sea-ice in Antarctica, grows in winter and shrinks
in summer. The northern hemisphere ice has been there probably
no more than 3 million years.
But there is a lot of sub-arctic land which could host an ice-sheet
if ever the northern
hemisphere climate
became colder.
That’s exactly what
happens during
ice-ages. It’s the
northern hemisphere which is capable of growing
big expanding ice
sheets whenever
the seasons there
get cold enough
(which they do in
cyclic fashion) and
so the Arctic turns
out to be a very
good place to look
for evidence of a
change in the climate system.

The Arctic. The north polar region on Earth is very different to the
south. The greyish/white area shows the normal extent of the Arctic seaice in winter. In summer a lot of this melts. The remaining ice in September 2012 is the white bit. Just to the south of that is the island of Greenland, only partly inside the Arctic circle - the only big land-based ice
sheet in the northern hemisphere... now.
During ice-ages, enormous ice sheets, bigger than Antarctica, grow on
the lands bordering the Arctic ocean. They are all gone now except for a
tiny remnant on Baffin Island, but they were there only 18,000 years ago.

NASA
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Lessons of climate history
In view of the changes that are happening in the climate now, it’s
become very important to understand what is likely to happen in
the future. Predicting climate isn’t like forecasting the weather. Because it’s a big phenomenon, and the interesting things are
trends, not details, scientists expect to be able to study the behaviour of the climate system, and figure out how it works. They can
also learn a lot by studying how it behaved in the past - fortunately there are plenty of clues to this all around if you know
where to look. This field (called paleoclimatology) has grown
very fast in the last 30 years. It’s now
the number one source of our confidence at predicting the climate future.
Paleoclimatology - the study of Earth’s climate history has grown into a vast enterprise,
as scientists search for clues to the behaviour of
the climate system in the past. Knowing how
complex processes actually worked sometimes
gives us good analogues for the present, and
helps us refine models for predicting the future.
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Different methods are used to study different eras of the climate
past. Here are some:

# •# To go back further, scientists use cores taken from carefully
selected sites on the sea-floor. These columns of undisturbed mud
contain very durable shells of tiny plankton that lived in the
ocean tens of millions of years ago. Careful analysis of their carbonate minerals by radio-chemical techniques can reveal the water temperature when the creatures were alive, as well as other
things. From this, inferences can be made about the global temperature.

# •# For the last 150 years or so, there are pretty good records
from weather stations, especially in the northern hemisphere good enough to get a handle on temperature and rainfall trends
for the globe. For a small number of local regions, records go back
a couple of centuries.

# •# For the last thousand years or so, we can study biological
and physical traces of climate like tree rings, growth patterns of
ancient corals, lake bed
sediments & stalagmites.
Movie: discoveries about the climate of the last 70 million years
With care these can be interpreted to tell us about local
temperature and other
things.

# •# For the last 800,000
years we have deep ice
cores extracted from the
old ice sheets in Greenland,
Antarctica and some mountain glaciers. A tremendous
amount can be learned
from them about temperatures and the atmosphere.
Air bubbles trapped in the
ice are little atmospheric archives, revealing exactly
how the various atmospheric components
Remarkable investigative work has revealed an astonishing story of change in the Earth’s climate in the Cenozoic era.
changed over time.
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Due to all this work, we’ve been able to put aside vague ideas like
“it was hot when the dinosaurs roamed” and contemplate the
meaning of records like the one in this amazing graph made by
James Zachos and his colleagues in 2001. It shows a remarkably
detailed reconstruction of the global temperature for the last 70
million years. Take a moment to examine it carefully.
The top graph shows the actual values of oxygen isotope measurements found in the cores. The bottom one shows the temperature
reconstruction after allowing for the effect of various confounding
factors, specially the global volume of land-based ice.
# •#The red line shows that before 34 million years the world was
essentially ice-free.
# •#You can see the world has been cooling (with some ups and
downs) ever since reaching a maximum warmth 50 million years
ago - about 12℃ warmer than now.
# •#The Antarctic ice sheet formed at 34 million years ago, then
fluctuated in volume until 14 million years ago when a new cooling phase began.
# •#The last 5 million years seems to have been cooling fairly
steeply, but it’s also full of instability, as if the climate was inclined to switch rapidly from one state to another and back again,
and this trend looks to have been increasing up to the present.
# •#If you are curious, you may be tempted to ask what could
have caused the various twists and turns in this record. It is after
all, quite precise enough to be certain they aren’t just “noise”. Indeed, that is just what occurred to the scientists who worked on
it. The answers (in so far as they are forthcoming) have given us
plenty of new insights into how the system works.

•You might also notice that the global temperature at which the
first continental ice sheet formed was only 4-5℃ warmer than
now; and the northern ice cap didn’t form until it was 2-3℃
warmer. That means if the world ever warms up that much in future, we should expect that ice to melt.
# •#One last thing: there’s a little spike at 55 million years ago labelled “Paleocene-Eocene Thermal Maximum” (sometimes
called PETM for short). This is not noise either. It was a sudden
warming event that appears to have been caused by the rapid release of a large amount of methane, probably from the Arctic seafloor. Nobody knows exactly why this happened, but as it was toward the end of a long warming trend, it’s likely that something
about the warming sea-bed made it unstable. We’ll come back to
this later.
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The inherent accuracy of the data used for this graph is of the order of +/-100,000 years or so. But for the last 5 million years - the
Pliocene & Pleistocene eras - much more accurate graphs have
been made. Here’s one.

all 8 of them for which we have Antarctic ice cores. Though they
aren’t the same, each one has a cooling phase for 60-80,000 years
followed by a warming over 10-15,000, then a warm interval for
6-10,000 years - the whole cycle roughly 100,000 years long.
# •# The temperature difference between a warm interglacial
and the cold glacial maximum is typically about 5℃.
# •# The interglacial before the Holocene (ours), the Eemian, had
a peak nearly 1℃ warmer than now.
# •# The early Pliocene, when the northern ice was first forming
was only a couple of degrees warmer than now. Presumably if the
world were to warm that much again, the northern ice would
melt.

This record was put together by Lorraine Lisiecki & Maureen
Raymo in 2005. In the top jagged blue line you see the ups &
downs of global temperature over 5.2 million years. In the bottom
one, it’s the more detailed record of the 800,000 years for which
we have ice core data as well as the sea-floor. Something cyclical
definitely is going on.
# •# The global climate has been swinging from cold to warm
more or less regularly all this
time, while the swings have gotten more extreme right up until
the present.
# •# It looks as if the pattern of
these oscillations has changed in
steps from time to time. For example, there’s a change in the
slope of the light blue average
line about 3 million years ago; a
change in the amplitude just under 2 million years ago, and a frequency change about 1.2 million
years ago. Each of these almost
certainly has some geophysical
cause.
# •# The bottom graph shows
details of the “ice-age” cycles -
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proxies are from tree-rings and other
biological markers. Studies like this
one (many have been done) tell us
that the world has been cooling
slightly since not long after the last
ice-age ended, 8,000 years ago, but all
that cooling has been reversed in the
last century. That’s the up-turn measured by thermometers at the right
end of the graph, shown as the red
line.
You could hardly read this
much about ice-ages without wondering what caused
them. So before moving on
to examine what’s happening to the climate now, we’ll
look at this very interesting
subject, which has puzzled
scientists ever since they
discovered the existence of
ice ages over a century ago.

Finally, here’s a graph made in a different way, using proxies of
the historical era, to tell us about the climate of the last 1,800
years. This was made by Michael Mann and his colleagues in
2008. The top graph has temperatures back to AD 200; the bottom
one has the most accurate part of the data, back to AD 1,000. The
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The ice-ages: what caused them?
Look carefully at this graph. It was made after a deep core was
drilled in the Antarctic ice at the Russian base at Vostok in 1999.
The scientists pulled up the core in short sections, one at a time,
very carefully stowing them so the fragile ice didn’t shatter, and
then in the laboratory, they performed their detailed analyses.
Antarctic snow on the summit of the ice sheet doesn’t melt in summer because it’s too cold, so each season’s fall gets buried by the
one following. After a number of years it gets compressed and becomes crystalline ice. Tiny bubbles of air trapped between snow
flakes coalesce and are permanently entombed inside the ice.
Radio-chemical techniques can provide the age of each layer, and
the air temperature when the snow fell; and other methods reveal
the composition of the atmosphere preserved in the air bubbles.
There are also clues about how the wind blew, how much dust
was carried in it, and sometimes even where the dust originated.
When this is done layer by layer, you can reconstruct the Antarctic climate for as long as you have ice beneath the drill. In this
case 420,000 years. From this you can infer what the global climate was like.
It’s a pretty amazing story. In the graph the red line at the bottom
is the temperature; the green one above it is the record of methane, and the blue one CO2. On the right of each line, the modern
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James Hansen, using the data from the first deep Vostok ice core, published in
1999. It confirms what had been found in Greenland ice a few
years before - the close correlation between temperature and the
greenhouse gases, but now over four glacial cycles.
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Movie: revealing the ice-ages through study of ancient ice

A remarkable detailed record of climate conditions in four glacial cycles, recovered from Antarctic ice.
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Looking at the graph you can see the correlation between these
three variables is too close to be coincidental, though it isn’t perfect. In each case, the approximate 100,000 year cycle is repeated
four times, in step. However, when examined closely, it turns out
the onset and the termination of each glacial cycle is a little earlier in the temperature graph than the gases. In other words,
something must be triggering those events, which sets off a response in the production of the two greenhouse gases, which then
amplifies and drives the cycle. That trigger, we are now quite certain, is the cyclical change in Earth’s orbital characteristics. This
is how it works.

Roughly every 100,000 years (not with the same potency every
time), the three orbital cycles intersect so that the following circumstance holds …
• Earth’s axis is close to its minimum obliquity angle (22.1°);
• axial precession (the wobble) is such that northern hemisphere
summers occur at aphelion (when Earth is furthest from the
Sun);
• and the orbital eccentricity is near maximum.
Then, northern summers are cold. Snow on the mountains of Labrador and Baffin Island doesn’t melt, and every winter the snow
field grows bigger until it forms an ice sheet. The growing area of
year-round white on the ground reflects 90% of incident sunlight,
making the regional climate colder. The ice sheet continues to
grow. The nearby Arctic ocean gets colder, dissolving more CO2,
reducing the greenhouse effect. That makes it colder still. The boreal forest retreats south, leaving snowy tundra behind, which
adds to the high albedo. That makes it colder still. Within a century or so, it is the falling CO2 & methane in the global atmosphere that drives the new ice-age. The ice sheets on the North
American and northern European continents grow enormous …
until the orbital cycle sets off its reverse, when the same feedbacks kick in - also reversed.

Louis Agassiz, pioneer of
the idea of ice-ages, lecturing
in America where he spent
the later part of his career.

Milutin Milankovitch,
who, without the aid of computers, in 1920 figured out
after years of calculating, how
orbital variations could induce cold northern summers
and thus initiate an ice-age.

This model of ice-age causation has been vindicated by further
work, specially after Hays, Imbrie & Shackleton in the 1970’s demonstrated how the cycles produce ice-ages of varying length & intensity, and it now appears to be firmly established.
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The cycle of axial tilt
(obliquity)

The cycle of eccentricity: the variable
shape of the orbit

Cycle of variation of the dates of the seasons

The precession cycle:
the wobble of the axis

Look carefully and you can
see there’s an interesting relation between the northern insolation cycle and temperatures found in the ice and
sea-floor. This is how recent
work confirms the theory.
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This cycle is calculated from
the above four. It shows
how the quantity of sunlight
falling at 65°N on midsummer day varies due to
the intersection of the orbital
cycles. This is the key to
starting off a big ice sheet.

What a difference 5℃ can make!
We don’t normally think of it this way ... but the last iceage wasn’t all that long ago - well within human experience. In fact it was the land bridge connecting Siberia &
Alaska that allowed the first humans to enter North
America. These maps show what that continent and
Europe were like at the coldest part of the ice-age, 20,000
years ago. The ice sheet sitting on North America was
up to two miles thick. It held more frozen water than
Antarctica ... and it melted in about 8,000 years. When
all the ice was gone the sea had risen 120 metres.

No human civilization existed before the ice melted. Everything
we are familiar with depends on the benign climate that followed.
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20,000 year global temperature reconstruction in three parts.
•Green is the warming between the last glacial
maximum (coldest extremity of the last ice-age,
around 19,000 years ago) and the onset of the
Holocene 11,300 years ago.
•Blue is the Holocene record from the recent
study by Marcott et al [2013, Science 339, 11981201], showing the long Holocene optimum followed by 5,000 years of cooling, then the rapid
20th century warming.
•Red and orange is a blend of two projections, assuming we don’t seriously curtail rising greenhouse gases during the rest of this century.
In the absence of anthropogenic warming, it is very probable the downward trend would have continued into the
onset of another glaciation. Of course such an inference can never be made certain, but there are sound geophysical
reasons for believing the glacial/interglacial cycles recorded in detail for the last 800,000 years would have continued. In theory, it needs only a small fraction of the human-induced forcing to neutralize a typical orbital (Milankovitch) forcing capable of triggering a glaciation. Our intervention in this balanced system has been a bit like the
application of a sledge-hammer to a grandfather clock. [The figure is due to Skeptical Science]
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SUMMARY

Summarising:

• The climate system is not the ponderous, unchanging thing we once thought.

You understand now that
Earth’s climate has changed
all on its own before, and
you’ve got a few ideas about
how it works.
There’s clear evidence that it
is changing right now.
In the next chapter we are going to look at that evidence
and see if we can figure out
what’s happening to the climate system ... and why.

• Our new knowledge reveals that it is surprisingly
fickle, as well as fantastically complicated.

• It doesn’t just change in any old way but seems to

flip from one semi-stable state to another, triggered
by some event which may even be extra-terrestrial
(cyclic variations in the orbit and axis).

• As well, it seems to respond to long-term changes
in geophysical conditions on the planet, like the

wandering of tectonic plates and changes in the
shape of ocean basins.

• And it certainly responds to any change in the at-

mosphere that can affect the strength of the greenhouse effect.

• Earth’s climate is a very complex set of processes,
not all understood, which are due to the spontaneous movement of energy (ultimately from the Sun)
around the surface systems, mostly the atmosphere and ocean.
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CHAPTER 3

Earth’s climate under human influence

In his book about Rwanda, Philip Gourevitch spoke of how remarkable it is that we can often know
something to be true yet can’t imagine it. That’s how it is with the climate problem. Only hard facts
and careful analyses tell us humans are capable of changing the climate of a whole planet ... otherwise
we’d never guess - it sounds too incredible. Here, we look at some of those facts and inferences.
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C H A PT E R 3

Earth’s climate under human influence
What’s in the chapter

Earth at night: a composite of images taken from orbit. NASA

1. The proposition that Earth’s
climate is changing rests on
a couple of key pieces of
evidence. They are so well
confirmed as to put the
matter beyond reasonable
doubt, even though it is not
necessarily obvious to a
casual observer.
2. How is it possible that
humans could alter the
surface conditions of the
entire planet? The answer
has to do with our complete
dominance of the biosphere.
3. That dominance has been
made possible by our
exploitation of a once-only
energy bonanza. It has
permitted us to expand our
numbers and influence over
a couple of centuries far
beyond what would have
been possible otherwise.
4. How do we know that
human activity has had this
enormous effect?

If any one image is capable of giving an impression of how dominant our species has become on its planetary
home, this must be it. A hundred years ago, if there had been a way to make the picture, you’d barely have been
able to see the night lights of the few big cities. A hundred years before that, you wouldn’t have seen them at all.

How we know the climate is changing?
Two sets of measurements is all we need to know
there’s a problem with the climate. They are both
on the next page.
They aren’t really complicated. All you need to
estimate the world’s mean surface temperature is
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enough weather stations in enough places, confidence in the quality of the observations, and careful statistical treatment when you put them all
together. This is done by several specialist research Centres. Their work is freely available on
the web, and they all get results nearly identical
to this one:

Each decade, the world warms about 0.15℃. It’s been doing this
since the end of the 70’s, and it shows no sign of stopping or slowing down.

To measure what’s happening to CO2 in the air, all you need is a
suitable laboratory in a place where the air isn’t contaminated by
nearby factories, fires or traffic. This was the first record of its kind,
started in 1958 in Hawaii; now there are several, in every part of
the world from the Arctic to the South Pole. They all find the same
thing: every year, the annual mean for CO2 goes up a bit more
than 2 ppmv. This too will continue because we are adding the gas
much faster than it can be removed by natural processes.

Global mean temperature record: GISS
This is the record kept by NASA’s Goddard Institute in New York,
one of several research institutes in the world that put together observations made mainly at weather stations all over the globe, and then
carefully work out what they are telling us about the world’s temperature. They’ve taken the record back to 1880 - that’s as long as there
have been enough observations to draw any conclusions. The trend is
pretty clear ... 0.8℃ of warming in 100 years in two phases, and a
present warming rate of close to 0.15℃ every decade.

The Keeling curve, named for the man who began regular measurements of CO2 at this observatory in May 1958. Nothing could demonstrate more clearly that the atmosphere is changing fast. As long as
we know what extra CO2 does to Earth’s energy balance, then we can
work out what will happen to the climate if this goes on rising.
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From what we know about the greenhouse effect, you can tell
these two trends must be related. In fact this was foreseen by Arrhenius in 1896 … except that he thought it would take 1,000 years;
instead, it took less than 100.

Obviously the region with most warming in 2010 was the Arctic - 3
or 4 times the global mean - and this is true almost every year.
There were cold patches in the ocean surface, and a cold area in Siberia. This is entirely normal even when there’s an underlying
warming trend. The climate system is full of erratic behaviour.
Nothing says that every place should warm the same, or every
year be hotter than the one before. What the theory and observations agree on is that because there is a trend for stronger greenhouse forcing, warmer average temperatures will appear, averaged
over intervals of a decade or more - roughly the time it takes to
smooth out the variability in this system.

Arrhenius had such a good understanding of this that he correctly
predicted several details of the warming that have come to pass …
for instance, that the poles would warm most; that land would
warm more than the ocean; that nights would warm more than
days, and winters more than summers. He also understood that
loss of snow cover in the north would accelerate warming by the
albedo feedback effect, and that various geophysical and biological responses would drive greenhouse gas
feedbacks. He got his timing wrong because
he had no idea what energy gluttons we
would become in the 20th century.
Here’s a map produced by GISS showing
how warming was distributed over the
global surface in 2010, the warmest year on
record so far.
The numbers in the scale refer to the difference between the recorded temperature and
a baseline - the average of the period 19511980, chosen because it was a thermally stable interval that preceded the rapid warming
of the last 30 years.
The anomaly for the whole globe is given at
the top right - 0.62℃

NASA
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So we know there’s a problem, but how did it happen?

ing about 1.4% each and every year. Because it’s going up there so
fast, it will accumulate in the air, and dissolve in the sea, until eventually, in many thousands of years, it will find its way
into plants, soils, sediments & rocks; and the air will
go back to something like it was in 1900. But that will
be much too slow for us. While it’s elevated, the
planet’s surface will keep warming until the outgoing
energy flux is again equal to the solar energy income.
That will happen at a new, higher mean temperature.

How humans cause the climate problem

You can see from the chart that 100 years ago nearly
all CO2 came from burning wood and coal. The “oil
age” didn’t really get going for another 20 years. You
can also see that our appetite for energy really took
off after 1950. For the first 25 years of that post-war
time, the factories of the world spewed tremendous
amounts of smoke into the air as well as CO2, and
this seems to have neutralized some of the warming
that would otherwise have happened … that’s why
the temperature graph has a flat bit for 30 years.
When the rich countries cleaned up their air quality
in the 1970’s particulate and aerosol pollution declined and warming reappeared.

After Crosby, A: Children of the Sun, 2006, Norton. p 162

When Arrhenius was thinking about this around 1900, the total addition of CO2 to the atmosphere from human activity was something like 1,000,000,000 tonnes (1 gigatonne, or Gt). Now, the
amount due to energy use is about 24 Gt. We also make CO2 and
methane from the transport system, industrial processes, farming
and forestry. Altogether this is equivalent to about 43 Gt. To give
you some idea, the total quantity of CO2 in the atmosphere is about
3,000Gt (in Arrhenius’ time it was closer to 2,400 Gt); so we are add-

The growth of our energy appetite over 150 years. Early in the
industrial era, we still burned mostly wood for heating and energy.
Today, most energy comes from burning oil & gas, two fuels unknown 150 years ago ... but the old ones have grown as well. We use
lots of coal to make electricity and steel, and people in the “third
world” still use a lot of wood, trash and manure. Altogether we use
about twenty times as much energy as we did in Dickens’ time.
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How is it possible that one species of animal could single handedly change the atmosphere of a planet in a bit over a hundred
years? It’s a good question. The first bit of the answer we’ve already seen … the atmosphere looks pretty enormous from down
here, but viewed from space it’s different - you can see it’s only as
thick as coat of varnish on a class-room globe - 0.08% of the diameter of the Earth. If the atmosphere were liquified and spread over a
smooth Earth, it would only be 9 metres deep
(the ocean would be 2,700m). The second answer is … we’ve made ourselves the domiPaul Macready was wondering how to
nant species by a very big margin.
At the same time we were gobbling up enormous amounts of fossil energy, we increased
our numbers exponentially. These two developments are closely linked, each being both a
cause and a result of the other. To give you
some idea how extraordinary the sudden
growth of human population is, consider this:
It took about 1300 years from the end of the
Roman Empire to the time of Shakespeare for
the world to add its second 200 million people (the first 200 took all of human history until then). Today, to add that many takes three
years. Before we grew our food on farms (until about 10,000 years ago), there were probably no more than 5 million people living.
Now, that many are born every three and a
half weeks. For every person on Earth before
the adoption of agriculture, there are now
about 1,000. It’s a crowded world.

make the fact of human success obvious
and vivid to the folks he spoke with - so he
did some calculations.
He asked us to think of the whole terrestrial vertebrate biomass - the weight of all
living things with backbones on land ...
that’s mice, elephants, crocodiles, bats,
birds, but not insects, worms or fish.
He reckoned the fraction of all that biomass due to humans before we invented
agriculture can have been no more than
0.1% - our population is variously estimated as 4-10 million back then - 10,000
years ago.
Today, the tables have been turned. We
and our livestock and pets are about 97%.
Top animal in the world for sheer mass is
the cow ... 1,300,000,000 of them. Then
there are a billion sheep, nearly as many
pigs and goats; 20 billion poultry, 188 million buffalo ... and 7 billion of us.
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The phenomenal growth of human population. The next most
common (undomesticated) mammal of comparable size is probably
the crab-eater seal, with a global population of maybe 10 million. The
exact relation between this exponential growth in numbers and our
energy bonanza is complicated - but it certainly could not have happened otherwise. Our incredibly complex civilization is hooked on
this energy - plentiful, marvelously convenient and concentrated,
and until recently, cheap.
and stacked them on a square kilometre, they would reach as high
as Everest (8.8 km).
The energy in a small car’s 40 litre fuel tank is equivalent to 700
men doing hard manual labour for a day. Nothing remotely like
this has been seen in human experience before the 20th century. It’s
like having dozens of slaves for every man woman & child on
Earth … except of
course the slaves aren’t evenly spread
around. But
slaves have to breathe - and that’s
the trouble. The fossil fuels give up their
energy
- it’s really just the

We couldn’t have done this if it hadn’t been for the incredible energy bonanza given us by the

fossil fuels.

The 7.2 billion tonnes of coal we burn every year, mainly to make
electricity and steel would make a mountain 1.4 km high and 15
km round the base. We burn a heap big enough to cover a football
field every 8 minutes.

Coal to last the world a year
... a mountain 1.4 km high
and 15 km around the base

The 82 million barrels of oil we burn every day, if they
were stacked up on a football field would make a
monument 2.9 kilometres high. A single layer of
those 200 litre drums is burned every 30 seconds. If you took all the barrels for a year
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sunshine captured by plants or micro-organisms millions of years
ago - by combining oxygen from the air with carbon or hydrogen
atoms. Every tonne of coal gives up about 3 tonnes of CO2 when
it’s burned. Oil gives a bit less, and gas a bit less again.

things about the consequences of continuing to add such vast quantities to the climate system. As we’ve learned more, it’s become
clear what a large and sudden change we’ve made.

=

X 700

CO2 doesn’t smell; you can’t see it, and as long as it escapes into
the open, it seemed harmless. No one thought seriously about the
problem (even Arrhenius wasn’t particularly concerned) until
about 40 or 50 years ago when some scientists figured out a few

According to World Bank data, every citizen of the
world uses, on average, energy equivalent to 14
barrels of oil each year. A barrel of oil contains the
energy equivalent of 3,000 man-days of labour
(about 1500 kWh). So every human on Earth has
at their disposal the labour of 115 men. We don’t
see a lot of this of course - it’s embedded in the
food and goods we consume, the services we buy
and the personal labour we save by using machines. But it has to come from somewhere. And it
all adds combustion products to the air.
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Here’s a question that might have occurred to you: if the climate
has been forced by CO2 changes many times in the past, why is the
present change so special? Couldn’t it just work itself out?

years - say in the early Eocene. At these times, the rate of rise
would typically be 2,000 times slower than it is now.
The blue line shows the rate of rise for methane. The modern rise
is even steeper - about 400 times as fast

Why human-induced climate change is different
This graph comes from the same 1999 study of those Vostok ice
cores. It shows how various values changed at the end of each of
the last 4 ice-ages, as things were
warming up. The red line shows
the rate of rise for CO2 during the
8,000 years or so of natural warming immediately before the Holocene … almost exactly 1 ppmv per
century - pretty quick for a natural
change, but typical at the terminus
of an ice-age (look at the other three
- they’re much the same).

Now though, the rate is 200
times faster.

The human influence on the climate system is new, powerful,
and very sudden.

*

No natural process we know of can
do anything remotely like this. For
example, the usual natural source
of accumulating CO2 during prolonged geological episodes of warming is volcanoes. There have been
times in Earth’s past when tectonic
activity was more intense, and CO2
built up over tens of millions of

*
Petit et al 1999. Nature 399, 429
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What are the sources of human-made greenhouse gases?

[Note: all numbers in the next chart are CO2e - which is all greenhouse
gases expressed as if they had the same 100 year warming potential as
CO2. This is a common way to quantify effective emissions].

The chart below gives you a rough idea which economic sectors
are responsible and which of the three main gases come from each;
the second one, on the next page, gives you a picture of all the human activities that contribute to the problem. Although it’s a bit
complicated, it repays careful study, because this is just what we
must know if we are going to do anything useful to fix it.
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Do we know for sure the extra greenhouse gases are from human, not natural sources?

sue is skewed … plants (and the CO2 from their combustion) contain about 2% less 13C than the environment. Fossil fuels are
mostly the remains of ancient plants, so if we burn lots of them,
we should see the ratio of 13C in the atmosphere decline over
time. That’s exactly what we do see, in precisely the predicted
quantity. Obviously, CO2 from other sources won’t cause this.

You can sometimes hear that the CO2 is coming from volcanoes,
not people. Do we know for certain? Yes, we do. Here are a couple
of independent arguments. (Skip this if you don’t like technical
stuff)
# •# Careful study of the carbon cycles in Earth’s dynamic surface
systems allows scientists to calculate the quantities of carbon
transferred between various sources and sinks - such as: the air,
ocean, soil, plants & animals, rocks, etc. When you do this, you
find the human addition of about 29 Gt of CO2 is distributed nearly
40% to plants & plankton and the ocean water; and the rest to the
atmosphere. The measured rise in atmospheric concentration
matches this precisely.
# •# If we are burning a lot of carbon in the atmosphere, we must
also be using up oxygen. There’s a lot of oxygen in the air (700
times as much as CO2), so it’s not easy to measure tiny changes.
But plants, which make the oxygen do not make any more just because we are using it, so very careful measurements should be able
to confirm the loss. Ralph Keeling, the son of the man who began
the measurement record of CO2 in 1958, figured out how to do this
in 2005. His result shows the CO2 must be produced by combustion in the air, not outgassing from below ground.

A nice study that confirms the fall in atmospheric 13C over the
last 200 years - often called the Suess effect, after the Austrian/
American chemist who worked out the theory fifty years ago, long before it was measured. The study makes use of the fact that coral, a
long-lasting mineral of biological origin, incorporates carbon with the
same isotope bias as plants, and can be accurately dated.

• The 13C Suess effect. Carbon on Earth exists as two stable isotopes, as well as one radio-active one (14C). 12C, the common one
is 99% of all carbon atoms. 13C is 1%. When plants incorporate
carbon during photosynthesis, the lighter isotope is preferred.
So, depending on the type of plant, the isotope ratio in plant tis51

Do we know for sure the warming isn’t due to something else …
the sun perhaps?

all the known “forcings” - the factors capable of pushing the system out of equilibrium - it should be able to reproduce the actual
record of the climate, if and only if, all causative factors are included. Leave something out and the resulting record should deviate from the observations. This kind of experiment has been
done many times. One that’s been cited often, from the 2007
IPCC report is on the next page.

Yes, we do.
# •# Beside the effects that are specific to greenhouse warming that
Arrhenius predicted, another diagnostic one has been observed …
elevation of the tropopause. Because warming by greenhouse
gases expands the troposphere (the heat is added at the bottom),
you’d expect the altitude of the boundary between the troposphere
and stratosphere to rise a bit. You’d also expect the stratosphere to
cool a bit. The size of these effects was calculated from theory and
then experiments were designed to see if they could be measured.
The results matched the theory exactly.

The continuous satellite record of variation in the Sun’s
brightness since 1976.
No correlation whatsoever exists between this data and the record of
global mean temperature. The solar cycle of roughly 11 years is, in
any case much too feeble to account for the present energy imbalance on Earth. Likewise volcanoes. Careful calculations make it
clear that, in the present era, humans emit about 150 times as much
CO2 as volcanoes do in an average year.

# •# If variations in the Sun’s radiation output were responsible,
it should be possible to demonstrate this by measurement. But in
the 30 years we’ve had good satellite data, no such correlation has
emerged.
# •# If you could look down on Earth
from high enough, with the right instruments you can record exactly the spectrum of its outgoing radiation. An ingenious experiment in 2001 compared records from satellites in 1970 and 1997 and
found a reduction in exactly the wavelengths you’d expect - a virtual signature
of greenhouse warming.
• Finally, if you run a climate simulation
on a super-computer, supplying it with
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This is an example of an “attribution experiment”. Here’s how
it works.
First, scientists have to have a record of climate observations with
which to compare their result ... this is an exercise to see if a computer simulation can match reality - in this case a slice of observed
climate history (the black line in both graphs). Then they load the climate model with all known factors that can affect the climate variable
of interest (in this case temperature). Then they run the model backwards in time to see if it reproduces what actually happened. They
repeat this a number of times under slightly different conditions (the
yellow mess of lines); then they work out a mean for the result (red
line).
Next, the model is re-run but with the factors due to human activity
missing. Again it’s repeated (blue lines) and a mean plotted (dark
blue).
This might look like a put-up job, but it’s actually a rigorous procedure which has yielded the same result over and over in many different labs.

It is impossible to reproduce the actual climate record with simulations that do not incorporate
human-induced forcings.
It doesn’t matter if you feel suspicious of models as investigative
tools (as some people do) ... this result doesn’t claim anything fancy
for the models; it just makes plain that no known forcings - Sun, volcanoes, cosmic rays, whatever - can explain what is happening by
themselves.

IPCC 2007, AR4
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SUMMARY

In summary:

•

We know the climate system is changing because

In the next chapter we’ll see
what is known about the consequences of a positive energy balance on Earth if it
goes on for some time.
We’ll find out what we know
and how we know it ... and
get an idea what we will lose
if we don’t get around to fixing the problem soon.

detailed, systematic observations record it, and
predicted consequences have been seen.

•

The key climate forcing - rising concentration of
carbon dioxide in the air - corresponds to the enormous growth in combustion of fossil fuels over the
last 150 years, but specially in the last 50. This is
the result of a vast increase in the numbers of
people on Earth - and also the main thing that sustains that population.

•

Greenhouse gases produced by humans come
from many sources. CO2 is more than ¾ of the
problem.

•

The proposition that human economic activity of
various kinds is wholly or solely responsible for
the Earth’s energy imbalance appears to be supported by overwhelming evidence.
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CHAPTER 4

Consequences: extra energy in the climate system

Early consequences of Earth’s energy imbalance are already showing up. However, planetary physics
tells us it’s only the beginning ... they will continue to evolve long into the future, because of the
sluggish way heat is moved around the ocean and cryosphere. Predicting just how such a complex
system will change over many decades is hard. We now look at what we know - and what we don’t.
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C H A PT E R 4

Consequences ... rising seas
The restless sea
What’s in the chapter

1. Predicting the future climate
is tricky because there’s still
a lot to discover about the
climate system ... but we’re
working on it.
2. The mean level of the global
ocean is rising, after being
pretty stable for most of the
Holocene (8,000 years).
3. This may turn out to be the
most difficult of many
consequences to manage, as
the sea rises inexorably for
centuries to come.
4. Other effects of warming on
climate events and the
biosphere are easy to
foresee; some are harder.
Quite a few have already
declared themselves in
changing patterns of
extreme weather.
5. Human civilization is
vulnerable because it is so
large and complex.

One consequence of a warmer world stands out from the rest: the certainty that the volume of the global ocean
will grow, and water will invade the land ... everywhere, affecting rich and poor alike.
How much do we know about future consequences? And how do we know it?
Imagine you wake up tomorrow and astronomers suddenly announce that a big asteroid is
heading our way, due for a collision in three
months. The first thing we’d do is hope it wasn’t
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true. But such a discovery is easy to confirm, so it
wouldn’t be long and we’d all be thinking about
the future - and how to make the best of it. Now
think about the climate problem. It’s big and serious, but, in at least three ways it’s not like the asteroid. It’s not even like the Ozone hole, which,

after a bit of resistance, led to a more or less sufficient response 30
years ago. Here’s how it’s different:

knowledge to apply to questions about the future.
3. Construct system simulations using big computers, and run
them with various future scenarios to see what happens. This
method is of course constrained by the limits of our knowledge
of the system’s many details - but it still works OK, combined
with the first two - and we can’t do without it. After all the climate system isn’t something you can just take back to the lab to
do experiments on; it has to be modeled as accurately as possible
if you are to say anything about it’s likely behaviour under some
future condition.

1. It’s slow (by human standards) and sneaky - consequences don’t
happen all at once or with a really big bang … so it doesn’t worry
us as much as it should.
2. Institutional resistance is very strong - lots of people believe
they’ve got a lot to lose if we try to fix it … so they’re digging in
their toes.
3. Exactly what’s going to happen as it gradually exerts all it’s effects is something we still have to discover …
so it’s natural we’re not too concerned about
stuff that we have trouble even talking about.
Those are three pretty good reasons for trying
to figure out what the future in a warmer climate will be like - and lots of work is being
done. But how do we do that? How can we get
a clear idea what’s going to happen before it
does?
Well, there are basically three ways to peer into
the future in this case:
1. Look carefully at present trends and work
out where they are heading.
2. Find out all you can about how the system
behaved in the past. That can tell you things
about what causes what, under which circumstances - and that’s the most useful kind of
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In the following sections you’ll get an idea what we know and
don’t know; what we’d like to know; and how we get to know.
I’m going to start with a big issue - sea-level - and go into a bit
of detail, partly because it’s important & partly to show you how
these three approaches to generating valuable new knowledge
work together.
After that, we’ll have a look at a few other things we know
about.
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The sea will rise.
Sea-level is affected by surface warming in
two ways - adding heat to water makes it expand, just like most other things; and the concentrated warming of the poles melts the ice
there.
Already in the last century the sea is reckoned to have risen 150-200mm, mostly from
thermal expansion, but as the work of John
Church of CSIRO shows, the rate of rise has
gone up from about 1mm/year in 1900 to

Sea water encroaching on the atoll of Funafuti in Tuvalu, 2006.
3.4mm/year now. What we’d like to know is where that rate will
be in 2100.
20th century sea-level rise. From 1870 until the 1990’s these
measurements were made at tide gauges, placed at various sites in
harbours around the world. Now, they are augmented by satelliteborn altimeters, of marvelous accuracy (the black line at the top
right). Mean rate of rise for the century: 2mm/year; current rate 3.4
mm/year (#m/century) ... but what will it be doing in 2100?
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Several hundred million of the world’s people live close to the
shore or on low-lying land, so this is a heck of an issue. Also, it
doesn’t take much of a rise in the sea to affect a lot of flat land so
we can expect lots of productive coastal and estuarine land and
wet-lands to be ruined by salt incursion.

No people has a greater interest in the height of the sea than
the Dutch, with half its land less than a metre above it.

About 20% of the country of Holland is beneath present sea-level,
only habitable because great sea-walls hold back the North Sea. It
is of the utmost concern to these people whether it will be feasible
to defend their coast indefinitely. Same with the fabled city of Venice, and many more of the world’s greatest - New York, London,
Amsterdam, Shanghai …
What we can say for sure is that the sea will keep rising. This is certain because both causes will continue to operate until Earth’s energy budget is back in balance - and for some time after, until all
the extra energy has been distributed through the ocean. The big
questions are: how far will it rise; and how fast?
The Bruun rule. This useful concept tells us what happens when material from the shore is eroded by rising
sea: it moves to the on-shore slope, keeping the depth
roughly constant.
But, if it’s low-lying land with a low shore profile, the
value of h will be small, and L & R correspondingly
large. In other words, erosion of flat shores by a few centimetres of sea-level rise can affect several hundred metres of in-shore land.
This is bad news for folks living in deltas, estuaries
and wet-lands - and for everything else that lives there.
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The scientific problem

fecting melt-rate keep appearing. For example last summer (2012),
for the first time ever, the entire surface of the Greenland ice,
even the high cold summit of the ice mass at over 3,000m, underwent melting. This is thought to have something to do with deposits of dark smokey material from fires and factories in the northern
hemisphere that settle on the snow and greatly reduce albedo.
Darker snow absorbs a lot more heat.

Thermal expansion can be modeled pretty well. What you need to
know is the physics of water and heat and the atmosphere; something about how heat is transferred into the ocean and moved
around there; and how much heat is being applied. So in the last
IPCC report in 2007, scientists gave an estimate for 2100 sea-level
based on a range of plausible emissions scenarios for the century
ahead (all the way from doing nothing to doing quite a bit to reduce them) ignoring other causes. The range was 18-59 cm. They
declined to speculate about a contribution from ice sheet melting
because it couldn’t be properly estimated.

Dirty snow in Greenland. This recent change in conditions on the
surface of Greenland ice appears to be having a striking effect on the
amount of heat absorbed on the ice sheet in summer. [map next page]
Soot contaminating the snow falling in winter is concentrated on the
surface during the melt season. The exact source is yet to be traced.

Well of course this
wasn’t satisfactory,
and didn’t contribute
anything much to a
good answer. The trouble is, glaciologists just
don’t know enough
about how continental
ice sheets respond to a
fast greenhouse forcing.
Since then, they’ve
been trying hard to understand what’s happening on the ice
sheets - but it’s not
easy. New factors af-
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We know now something that wasn’t suspected 20 years ago - that
surface melting on the ice sheet causes big cracks that pass right to
the base of the ice sheet, up to a kilometre or two deep. Melt-water
falls down these, taking its heat with it. This has the effect of loosening the contact between rock and ice, and so accelerates the
movement of glaciers conducting ice to the sea.

Measured change in surface albedo, mid-summer 2012.
A new record was set that year for the melt area, which included, for the first time, all of the summit of the ice sheet.
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Not very long ago, experts thought the only way heat could be applied to these huge ice masses was through warmer air at their
edges, close to sea-level. But now we know there are more ways …
warming sea water can erode the fronts of glaciers in their fiords,
freeing them from contact with the rocky floor. It can also melt
floating sea-ice shelves from below, loosening their buttressing effect on glacial flow. The West Antarctic ice sheet in particular, because most of it rests on the sea-floor, not dry land, is vulnerable to
this kind of melting. New atmospheric responses have been discovered that can deliver warm air to the high elevations of the ice
sheet surface, producing summers like 2012.
In short, our picture of the ice sheet response is evolving fast, and
as a result, our estimates of their contribution to future sea-level
are changing too.

The Greenland ice sheet:
all that’s left of the massive
ice sheets that occupied
northern lands during the
ice-ages. It contains 2.8 million km3 of ice - enough to
raise the sea 7.2m if it all
melted.

The great Antarctic ice sheet ... really two sheets, with 30 million
km3 of ice - about 60% of all fresh water on Earth. The West Antarctic ice sheet (red arrow) is about 10% of the total, and since John Mercer’s work in the 1970’s, we know it is specially vulnerable to melting
because its base is mostly beneath the sea, not on dry land. Warming
Southern ocean is already affecting the big ice shelves (orange) and
the Antarctic Peninsula (yellow). WAIS has enough ice for 4.8m.

It’s thought to have been
about this size for at least 3
million years ... but it has
never been exposed to a climate forcing like the present.
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The best investigative tools we have so far developed for this
problem are satellite-borne sensors that survey the ice sheet for
various properties more or less continuously. The newest of these,
the GRACE satellites, carry incredibly precise instruments that
can measure the mass of the ice sheets with sufficient accuracy to
tell if they are suffering a net loss, and how much. Other satellite
instruments can measure changes in the ice surface altitude; others assess the ice thickness with radar. There are also groundbased surveys, and paleoclimate investigations looking for evidence of past episodes of melting that might resemble the present
one.

This 2012 review
of current knowledge about the ice
sheets shows the
change in mass of
the four ice regions, separately
and together, as
well as their contribution to sea-level
rise. 360 km3 of
melted ice is
equivalent to 1
mm of sea-level.
For the time being, the really big
one, the East Antarctic sheet is in
positive net mass
balance because
of enhanced snowfall; but WAIS &
Greenland are losing steadily.

This is the latest update on the satellite data. Only thing is, the record isn’t long enough to be sure precisely what the downward
trend is. If it is exponential or nearly so, as some scientists think,
sea-level rise of more than 2 metres will be possible by 2100; if it
is close to linear, then ¾ of a metre is more likely. On the other
hand, we have no way of knowing if feedbacks accelerating melting are still to be discovered. We’ll know more in a few years
when the record is longer, but for that we must wait.

[Shepherd et al. 2012.
Science, 338; 1183]

These two graphs show the change in mass balance for WAIS and
Greenland between 1992 & 2011. The red lines are measurements on
the ground plus meteorological data going back 20 years. The green
and blue lines are remote sensing data (dark blue is GRACE). The mass
loss is clear enough, but what isn’t clear is exactly what the trend means
statistically - or how it can be extrapolated. Without this we don’t know
exactly where it will end up ... or how fast it will raise the sea.
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This is where climate history can help.

This is what it tells us.

Any time in the past when sea-level has been constant for a while,
traces are likely to be found somewhere on Earth in the form of
wave terraces, banks of old shallow-water corals & sponges,
dunes, wave-born rubble, etc. Scientists who find these then have
to work out if the land bearing the clues has itself moved up or
down, then they must date the evidence, and often make other adjustments. After that, you can say something about sea-level history. Work like this produced this chart showing what happened to
sea-level after the end of the last ice-age, as the world warmed up
to our era, the Holocene. The different sampling sites are given different colours.

1. The sea began to rise as soon as warming started 19,000 years
ago.
2. This phase lasted about 5,000 years, when the warming rate was
about 0.4m/century, a bit faster than it is now.
3. 14,000 years ago, a rapid phase began, called “meltwater pulse
1A”. Altogether, the sea rose 35m in less than 1,000 years. There
was a period when it rose 4m/century for about 450 years. This is
12 times the current rate.
4. Until the onset of Holocene stability, the sea rose another 75m at
a rate of 1.1m/century.
5. Over that whole interval, a bit more than 10,000
years, the sea sustained a mean rate of rise of
1.2m/century for a total of 120m, profoundly changing
the shoreline map of the world.
Charting the rise of the sea after the last ice-age
ended. The world began warming about 19,000 years
ago, and the sea started rising too. After 10,000 years, it
reached a stable level 120 metres higher, drowning what
is now the continental shelves of the world. The graph
was made by combining several studies. Scientists look
for places with evidence of old shorelines - in this case
they are underwater - and try to figure out how old they
are. Different sites tell them about different periods. The
uncertainty in these measurements is shown too. The
episode known as “meltwater pulse 1A” is of interest because it shows how fast meltwater can be produced.

65

Now, this gives us something to think about. The sea rose four
times as fast as it’s doing now - and kept it up for 10,000 years.
But there’s a catch. This isn’t a good analogue for the present because the source of all that meltwater isn’t here any more. That got
scientists searching for a better model. And it so happens there is a
nice analogy in the last warm interglacial, the Eemian (between
131 & 115,000 years ago). This is good because it isn’t very long
ago, and there are plenty of clues, and the ice sheets that existed
then are exactly the ones we have with us today. So how did they
fare in the Eemian?

Estimates of sea-level at this time vary a bit, but it’s generally
agreed that it was at least 5m higher, maybe up to 8 or 9m. Here’s a
study of this question. It shows a sea-level peak at about 122,000
years, and a rate of rise up to 2.5m/century. That 1℃ of global
mean warming meant about 4℃ in Greenland, so you would expect a response in the ice sheet, but it also appears the West Antarctic sheet contributed at least as much.
Rohling et al, 2008. Nature Geoscience, 1; 38

No Greenland ice core has provided ice for this full period because
around 125,000 years the drill runs out of ice - probably because
the ice sheet partly melted. But in Antarctic ice, and ocean cores
there’s good evidence for a phase in the middle of the Eemian
where it got about 1℃ warmer than the present due to the state of
the orbital cycles.
Hearty, P, 2007. Quatern Sc Rev, 26; 2090
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This is probably as good a natural analogue as we’re going to get
… but remember - the atmosphere today holds 30% more CO2
than in the Eemian; and CO2 rise during interglacial warming is
about 200 times slower than the current rise - so maybe the
Eemian won’t tell us enough about likely rates of rise after all.
That’s why some scientists speculate about the possibility of rapid
ice sheet disintegration under a powerful forcing such as the current one … and even a 21st century rise in excess of 2 metres.

The argument goes like this:
• An empirical relation between temperature and sea-level can be
plotted from available data (see chart from David Archer).
• At one end, is the ice-free (water world) state; at the opposite
end, is the coldest known state (for at least several hundred million years) - the Pleistocene ice-age minimum.
• In between, any episode with decent data can be found close to a
linear plot.

History of CO2
There’s one other approach to this problem that might have occurred to you ... if CO2 is the main driver of the climate system,
then, everything else being equal, it must also control the total volume of ice on the planet, and therefore the sea-level. This hypothesis has been examined by David Archer and others and found to be
broadly correct.

• The graph predicts about 30-40m of sea-level rise for 3℃ warming above the present.
• This could be confirmed if we had observational evidence for a
period when these conditions existed.
• For any point on or near the line, there must be a corresponding
value of CO2

Archer, D. 2009. The Long Thaw. Princeton UP; p 138

• So if we want to know how much sea-level rise (at thermal equilibrium) would be due to the CO2 now (393), or at some future
date, we have to put a dot on this line at the right spot. That
means we have to
discover the last time
Empirical relation between temperature and sea-level,
the air contained
demonstrated for five climate-historical intervals (black
that concentration.
dots). The Eocene represents the ice-free state for the Earth,
This is trickier than it
when sea-level is at its possible maximum. Theory doesn’t
sounds because
predict a straight-line relation for a world with reactive icethere’s no ice older
sheets, but an approximation - like this one. As a rule of
than 820,000 years thumb, this idea can be used to predict about 40m of sea-level
rise for a 3℃ warming. Is it supported by any observation?
but it has been done.
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When was the last time Earth had 400ppmv of CO2 in the air?

This study is
probably the
best available
estimate (so
far) for CO2
back into the
Miocene. It gives
the sobering news
that we’ll have to
pull CO2 out of
the air to keep the
sea from drowning a lot of land
and assets. [Tripati

You can estimate CO2 in the remote atmosphere roughly by counting stomata in fossil leaves - the idea is that plants evolve fewer of
them when there’s more CO2 in the air - but it’s not very exact.
A clever study with better precision was reported in 2009. The scientists used certain properties of Calcium and Boron isotopes in
sea-water, preserved in fossil plankton to deduce the acidity of the
water as far back as 20 million years. From this they could make inferences about CO2. Checking the results against the ice record,
they found very good agreement, so we can have confidence that
these are probably the best estimates so far. The answer:

Last time CO2 was sustained in the range 400-425 ppmv was
et al, 2009. Science
326, 1394]
about 15 million years ago. Global mean temperature was about
3℃ warmer, and the sea was 25-40m higher.
The Keeling curve into the future. Three projections of Keeling’s curve here correspond to
three different assumptions about
future trends - essentially, what
we decide to do about the problem.

2025
2015

In any case, CO2 will reach 400
ppmv in 2015-16, whatever we
do, and very probably 425 ppmv
by about 2025. This is the range of
the Tripati study (above). You can
see the mid-range of estimates of CO2 for 15 million years ago is 425 ppmv. We
know the sea-level then, from independent studies, and we know the temperature
from sea-floor studies. Therefore we know where the sea will end up if CO2 doesn’t
come down from these levels. It will take some time, but in the end it will rise.
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Remember Zachos’ graph of Cenozoic temperature? Well, 15 million years ago is just before the drop in global temperature that stabilized the Antarctic ice sheet. Scientists now believe that 3℃ is
enough warming to return us to the climate of that era - the middle
Miocene - though how long it would take: 300 years or 3,000, to
make all the meltwater, is still unknown. That is something to
think about.

Some other consequences:
• More heat waves
• More droughts
• More floods
• More wildfires

These studies are telling us we’ve already changed the energy equilibrium on Earth enough to seriously affect the amount of ice on the planet.
Even if we stop the rise of CO2 in ten
years time, our descendants will
have to watch the sea rise maybe 1015 cm every decade for hundreds of
years.
We will need to draw down CO2 until
it is closer to the Holocene interglacial level of 280-300 ppmv if we want
shorelines like those we’ve been
used to.

• More powerful storms
• The ocean will be more acidic
• Some deserts will expand
• Food production systems will be damaged
• Mountain glaciers and ice caps will melt
• Disease vectors and pathogens will move
• Many species and ecosystems will be reduced;
many will not survive
• There will be many stresses on human societies.
Notes on these are in the following pages.
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SECTION 2

Other consequences
Agriculture will be changed just about everywhere ... along with many other things

The enormous, complex and vulnerable global food production system will be affected in ways we are only just beginning to understand in detail. Many
projected consequences of a changed climate are like this: they can be be predicted in principle ... the details are still being worked out.
In the rest of the chapter, we’ll look at a few of the many consequences that are being studied & we know something about. Everywhere, scientists are thinking up ways to peer a bit more into
the future of the new climate system ... but of course until we
know for sure what our society is going to do about greenhouse
gases, we won’t really know how much it will change. That’s a
problem for prediction.

Also, most predictions aren’t as precise as we’d like. Take the fate
of the Amazon for example. Several research Centres have shown
using models that this, the world’s greatest tropical forest, will dry
out as the world warms, and end up as a savannah by the end of
the century. But confidence in this result depends on how good
the modeling assumptions are. Predictions about frequency and
severity of heat waves, on the other hand, are much stronger.
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more. In this chart, the probability distribution of temperature is
shown under two circumstances, when the mean is A, and after it
has risen to B. At the right (hot) “tail”, this shift is exaggerated. You
can see just how this difference in frequency is magnified for rare
events in the slope of the dotted red line below.

Heat waves
A heat wave is an episode of unusually hot weather persisting in a
region for days or longer. Statistically, you could specify some degree of rarity for the event - say, 1:100 probability in any one year;
or you could say some new record has been set - that is, hottest
day, or hottest March day, or hottest month, or hottest Spring
month, etc. Either way, it is claimed these will be more common in
future - and in fact the trend has started already.

Stott’s study of the 2003 European heat wave, the hottest for 500
years. Peter Stott found the probability of this extreme summer (with
about 30,000 casualties) had been at least doubled by 20th century
warming. But what he found about the future was more alarming.

As the mean seasonal temperature rises, hot extremes will be more
frequent and severe. This is easy to predict with simple math.

By 2040, the 2003 summer (red arrow) would be average - with probability 1:2. By 2065, it would be an unusually cool summer; and by
the end of the century, summer would be 3℃ warmer all the time.

If the mean of some variable with normal distribution moves, the
frequency of extremes (at the tail of the distribution curve) shifts

Trenberth, 2011. WIREs Clim
Change 2011 1 000–000

Stott, 2004. Nature 432, 610
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Europe suffered an even bigger heat wave in 2010, concentrated in
southern Russia, where it did immense harm. This event was so unusual it is hard even to say when the last similar summer might
have occurred - perhaps never. The chart below shows how weird
it was - it’s on the extreme right. Notice how all of the five warmest
summers on record have been 21st century ones. While the coolest
ones (blue, on the left) are clustered around the 5th percentile, the
hottest ones are all outside the 99th - a couple (2003 & 2010) “off
the chart”. This study found the probability of mega-heat waves
will increase 5-10 times in the next 40 years.

Droughts
There will be more severe and more frequent droughts. The theory
behind this prediction is simple. Higher temperatures in dry places
increases evaporation. The world’s big arid zones in the dry subtropics are all due to expand because of changes in patterns of air
Temperature (above) and precipitation trends over 50 years. Notice how the regions warming most are not always the driest ones.

Barriopedro et al, 2011; Science 332, 220

Dai, 2011. WIREs Clim Change 2011 2 45–65 DOI: 10.1002/wcc.81
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circulation. The increased water content of the air will not cause
more rain everywhere, but mostly in already wet places.

Floods

The claim is often made that recent droughts are due to this
change, but there’s some debate amongst scientists how much the
pattern of drought really has changed in the last 30 years. A lot of
the uncertainty is due to lack of data, so the question should be decided by and by. On the other hand, simulations of some very important large regions - the Amazon basin, and the American Great
Plains, for instance, strongly suggest much drier times in future in each case because of features peculiar to the place.

It might seem strange that the same change in global climate can
cause both droughts and floods, but again, the theory isn’t complicated. After 0.8℃ of warming of the global surface, the water vapour content of the air has increased about 4%. That mightn’t
sound like much, but it means an awful lot of extra water going up
and down ... 5,680 Gt. Evaporation and precipitation are both
highly concentrated in the equatorial zone. Nearly 90% of all evaporation on Earth is from the ocean surface, but a bit less than 80%
rains back there. The difference is most of what falls on the land.

Global map of change in Palmer Drought Severity Index (PDSI)
in mm of precipitation change per day over 50 years. This measure of drought severity is a bit controversial ... drought is a complex
thing, and can be quite different from place to place. It is, after all,
both a meteorological and a human phenomenon. Still, the map shows
you the distribution of recorded precipitation change since 1950.

So on the whole the effect of an augmented water cycle (one that
lifts and drops larger amounts of water) will be to make it rain
more and heavier in places that are already wet. That means more
run-off and bigger floods. About % of all natural disaster claims are
due to floods - the single biggest category. Insurance industry data
confirms that the trend to more floods is already underway.
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Change in flood frequency over the last 30 years.
No one is more interested in floods than the insurance business. So they have some of the best data on
what’s changing. In the top chart you see how the
numbers of people rich and poor exposed to flood risk
is rising. In the bottom one, it’s clear that some of the
wettest places on Earth are also some of the most
crowded. Obviously the numbers of people at risk in
future will be enormous.

Over 90% of all water vapour in the air is in
the tropics, where most of the rain is. Most of the
land affected by this fact is in southern Asia, as you
can see. This is likely to be the future flood capital.
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Fires
A trend to more frequent and bigger wildfires
has already begun, on every continent except
Antarctica - even in the Arctic. However, the
causes are not simple, and there’s some debate
about exactly how much of this can be attributed
to warmer summers and drier sub-tropics. Forest
managers in temperate countries for the last century have been suppressing fires; also these forests have expanded since they were heavily cut
in the two centuries before. That is one reason for
bigger forest fires now.
In the tropics, there’s a big net loss of forest, and
a lot more agricultural fires.
The graph on the left is made from insurance
data, so it concentrates on fires that cause loss of
human assets, but there’s reason to think in future wildfires will be bigger, more damaging and
possibly more frequent because there will be
more long droughts.
The map above comes from a study by NASA scientists who get unique data on the pattern of
fires all over the world from NASA satellites.
Based on this, and historical data, they felt reasonably confident predicting the change in fire
frequency this century would follow this pattern.
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Storms
It is easy to predict that storms - both tropical and mid-latitude will be bigger and more powerful when the atmosphere contains
both more energy and more water. It’s been a bit harder to measure.
Once again, theory is straightforward. Storms are heat engines systems of concentrated heat energy that generate intense air
movement and heavy precipitation. If more atmospheric energy is
available, there will be more, on average to fuel the genesis of each
season’s storms and therefore, over time a trend to more intense
ones. Whether the frequency of tropical storms has increased is
doubtful, but the trend to greater intensity has been detected in a
number of studies, and their destructiveness recorded in the damage they do to human installations in their path.
It seems likely these super-storms will turn up in strange places in
future too. The band of tropical heat is expanding. The first hurricane ever in the south Atlantic appeared off the coast of Brazil in
March 2004. The frequency of intense south Atlantic storms appears to be increasing.
Change in hurricane intensity over 60 years.
This study assigns a mathematical measure of “total dissipation of power” (PDI) over the lifetime of
each storm. Although the pattern is seasonally variable, and affected by the El Nino oscillation, it
shows a marked rising trend since 1975. [Emmanuel,
2005. Nature, 436, 686]
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The Ocean is becoming more acidic.
Many people who understand the oceans think this is one of the
two or three worst consequences of all. Normally, the ocean’s bicarbonate buffering system keeps the pH of ocean water nearly constant ... but the system has limits. It would eventually take care of
our additions, but for now we are putting it into the air much too
fast ... and from there it gets into the ocean.
Of the CO2 we add to the air, 30-40% dissolves in the ocean and
fresh water on land (from where it eventually reaches the ocean).
Some of it forms carbonic acid. Hydrogen ions created this way are
now about 30% more abundant than they were 200 years ago.
That’s a big change in so short a time.

The reason acidity is an issue is this: every creature that forms a
mineral shell ... molluscs, crustaceans, corals, starfish & urchins,
mineralized plankton, as well as tube worms, cuttlefish, and many
others ... makes one or both of two minerals - calcite and aragonite
- from sea-water, and this process doesn’t work if the pH is too
low. Together, these organisms form a very big piece of the oceanic
food-web, so if life is tough for them, it affects everything else.
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Ocean chemistry isn’t the same everywhere. You can see
from this map that the biggest effects on carbonate chemistry so far are in the cold parts of the ocean - the North
Atlantic and southern Pacific. But these happen to be the
most productive parts of the sea, where temperatures
and nutrients favour the highest concentrations of life.
The effects on tropical seas are different, but every bit as
significant. Coral reefs are structures built from the skeletons of polyps - from the same two minerals. Polyps are
adapted to live in a narrow temperature band - exceeding their normal summer maximum by 2-3℃ is enough
to kill them. Corals stressed by warming are vulnerable
to the corrosive effect of acid water - they need to spend
more energy to make and maintain a skeleton.

Distribution of
acidification in
the global ocean.

Experts on reefs tell us we might lose them all before
mid-century if the present trend of ocean pH isn’t reversed.
Can we get any clues about the eventual result of fast ocean acidification from study of Earth’s history? It so happens we can. About
20 years ago scientists first realized there had been a major episode
of this at 55 million years past. It has since been called the
Paleocene/Eocene Thermal Maximum (PETM). It seems to have
been caused by spontaneous release of a large amount of methane
over several thousand years. It caused the extinction of a large fraction of deep ocean organisms, and various effects on other marine
organisms, many of them probably due to acidity.
Coral polyps, their skeletons dissolved after a year in acidic sea
water (pH 7.4).
[Doney et al, Annu. Rev. Mar. Sci. 2009. 1:169–92]
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ginal arable land dries out, and arid pastures are over-grazed. This
is already happening.

Deserts
Because the world’s great deserts are mostly in the two subtropical
zones, they will get hotter and drier. That much is fairly certain.
But as well as this, human activity has had a big effect on the biogeography of deserts already - an effect which is certain to be exaggerated during the rest of the 21st century, specially where mar-

Paleoclimate studies seem to show that some of today’s productive
regions, including the American Great Plains, have been arid not
so long ago, and may be again. Some central Asian and subSaharan deserts that are expanding now will continue to invade
land on their margins.

81

Food

Yield projections for rice, wheat & maize - temperate & tropical. Red & green lines are two emission scenarios. [IPCC AR4, 2007]

Food production in a warmer world will be different.
• Some high-temperate regions will have longer growing seasons,
and could increase productivity.
• More CO2 in the air acts as a stimulant to plant growth, up to a
limit - the so-called CO2 fertilizer effect. However, the effects on
food production are complex. Experiments suggest that the
stimulated plants make more cellulose, so they contain less protein. Also, the effect is likely to be short-lived, except perhaps in
high latitudes where crops aren’t normally grown now.
• Any advantages of extra CO2 are likely to be off-set by changes
in precipitation, more frequent climate extremes, and specially
heat waves.
• All the climate effects on the food production system, whatever
they may be, will evolve on a background of very extensive
changes made by humans to the ecosystems that support it. For
example, about a quarter of the terrestrial surface on Earth is under cultivation; roughly half the tropical forests have been removed; the current species extinction rate is reckoned to be up to
1,000 times the background rate; something like ¾ of ocean fisheries are exhausted or over-exploited. UNEP estimated that over
1,000 years, we have converted 2 billion Hectares of productive
land into wasteland.
• Experts are somewhat divided between those who believe human ingenuity will come to the rescue and others who see absolute limits on our capacity to feed the 21st century population.
Much will depend on whether we fix the climate problem soon.
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Diseases & pests
The distribution of human disease and pathogens as well as
plant and animal pests is affected by many things, including
environmental temperature and humidity, but also presence
of disease vectors (insects, rodents, arthropods, etc), the
amount and kind of contact between humans and wild or
domestic animals, and the way human social infrastructure
is organized.
All these things will be altered if the world warms enough.
Indeed, some of them are changing already.
• The mosquitos that carry the malaria parasite and the dengue virus are very sensitive to temperature, and have increased their sub-tropical ranges in the last 50 years.

WHO. Climate Change and Human Health - Risks and Responses

• The pine bark beetle, a normal parasite of northern coniferous
forests has become a serious pathogen, due to warmer winters
that allow females to survive longer. Something like 30 billion
North American trees have been killed.
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Glaciers will melt

What’s happening to the world’s glaciers.
Here, each mountain glacier is either a red or a blue bar. The blue ones
have grown; the red ones have shrunk. Either way, the height tells you
by how much. In summary, about 98% of all glaciers and montane ice
caps are in retreat. This is a big looming problem for several large human populations which depend on glacial meltwater for the river flow
in summer that supplies water for drinking and irrigation. For a few
years while the glaciers are shrinking each summer, the flow will be
augmented; but by and by, it will be gone. By some estimates several
hundred million people in Asia and the Andes will be affected.
[World Glacier Monitoring Service]

The twin portraits of Glacier National Park in Montana show something that’s become common - the disappearance of a mountain glacier
that is at least 120,000 years old. Not too long ago, climatologists and
glaciologists didn’t think such rapid ablation of a glacier was possible.
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Biodiversity

Summary of “the sixth mass extinction”, from the Millennium Ecosystem Assessment, 2005. Humans have taken over
the ecological space of countless other species, in the process creating a world that is dominated by creatures that are either useful to us ... or we are to them.

Biologists have understood for a long time that human success has
been at the expense of other species. Sometimes our predation is
deliberate (the assault on the great whales in the 19th & 20th centuries); sometimes it is at least partly inadvertent (extinction of the
passenger pigeon and the dodo; tropical forests).
The fact is, very big numbers of us means much
smaller numbers of everything else ... except the
ones we domesticate, and the symbionts of human
sedentary life like rats and cockroaches.
Counting this cost precisely isn’t easy, but whenever it’s been attempted the answer is something
like this:
• The fossil record provides an estimate for a background extinction rate that roughly matches the
rate of speciation - depending on the class of organism - between 0.1 & 1.0 species extinction for
every million species extant, per year.
• In the recent past, this rate has been, by different
estimates, 100 to 1,000 times higher - with the
upper number more likely to be correct.
• Projections for the future, taking into account a
range of climate outcomes, is for this rate to increase something like 10 times. Studies show
that most climate-related extinctions will be due
to indirect effects - ecosystem interactions rather
than temperature increase itself.
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Human society

The idea of planetary boundaries: biophysical thresholds between sustainable and degrading human use. The green bit in
the centre is the “safe operating space” for a human economy, with
its limit in the dark line. The nine segments were chosen because
transgressing any of them too far for too long is likely to trigger
non-linear instability in the Earth’s surface systems. The biodiversity segment is so far over the limit, it won’t fit on the graph. The
dots with lines show the trend in the last 50 years.

I’ve put this topic last because ... well, it’s a bit gloomy. The human
environment - the one we require for the fantastically complex
economy we’ve made to live in - is sometimes compared to a
house of cards. The reason students think this way is to do with
complexity itself. As societies add layers of stuff - institutional arrangements, physical infrastructure, systems of sustenance (food
production, etc) and conveniences,
we invade more and more of Earth’s
physical space and its dynamic systems - the ones that keep the biosphere working. Simple things tend
to be stable, but as complexity increases, they are more vulnerable to
disturbance.
Sooner or later we must run out of
room and resources. The planet is finite - in fact quite a few of its limits
are not too hard to measure - so
growth of population and its demands cannot go on for ever. Scarcity means conflict.
What makes the people who think
about this nervous is that we seem
to be bumping up against some of
these limits now, and more of them
are just round the corner.

Rockstrom et al, 2009. Ecology and Society 14(2): 32.
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If this is the real condition of our 21st century human world, the
last thing we need is an unstable climate system and inexorably rising seas.

Future surface temperature on Earth. The red funnel is a range of
projections based on various IPCC scenarios; the blue one is the range
of warming we could expect if we halve greenhouse gas emissions by
mid-century. This might be a bit optimistic, but it is about limiting
warming to 2℃, a standard notion of a “safe” climate for the future.
If we spend our future in the red, things will get really hot.

In the diagram at the right, the focus is on the idea of a “2℃ guardrail”, something that has become sort of normalized in discussions
about the future. The hope is that if we can keep warming
less than this, things won’t get too bad. Trouble is, many
experts think we can’t make this limit now - we’ve left it
too late; others think even if we did, it isn’t so safe after
all.
No matter, nobody disagrees that 4℃ or more is big trouble. Whatever the eventual temperature (it won’t equilibrate for some time) it won’t come down again no matter
what we do, for many centuries to come. And all the consequences due to that equilibrium temperature will come
- some soon, some relentlessly, spread over maybe 1,000
years, for our descendants to deal with.
In these circumstances, we need one thing above all others ... for all the citizens of the world to forget about their
membership of tribes, and start to think of themselves as
a human family with a single home and a common problem. Once we do that we might get around to doing what
is necessary to restrain the rush to an impossibly hot future - not for us but for the unknown people who will
live in that future, under conditions we bequeath to
them.
In the next chapter we’ll see what we have to do.

Meinshausen et al, 2009. Nature, 458, 1158
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SUMMARY

In summary

• The sea is rising now and will rise faster in fu-

In the next chapter we’ll examine the question of
what we need to do. It’s
not going to be possible to
put the climate system
back where it was - at
least not soon. But we can
certainly do plenty to
make things easier for the
people of the future.

ture. The eventual level of the sea will depend
on the stable surface temperature we end up
with - something we don’t yet know.

• How fast it will rise we don’t know either, although studies going on now should provide
an answer by and by.

• It is clear sea-level won’t be stable again for a
long time, and lots of damage will be done.

• Other side-effects of a warmer world will arrive
on a scene of already massive human impact
on Earth’s surface systems.

• We would be wise to learn better habits of cooperation quickly, so we can meet this global
problem with a global response. Maybe we
need to see the Earth the way it looked to
those astronauts when, in wonder, they beheld the blue planet small and alone in a universe of black.
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CHAPTER 5

What we have to do

Once you understand what’s happening to the climate system, writing a prescription isn’t very hard;
the hard part is taking the medicine. We are the most prosperous, numerous, long-lived civilization
ever to have existed - by a very big margin indeed (even if the good things aren’t equally spread). We
owe this to a century or two of abundant cheap energy ... and now we have to give it up.
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C H A PT E R 5

What we have to do
What’s in the chapter

The fossil fuels ... they were great while they lasted

1. Fossil fuels have been so
good to us that for 30 years
while we knew about their
problems, we didn’t do
anything much about it.
2. The numbers are clear: we
won’t be able to just cut
down a bit; we must leave
them behind - and soon.
3. If we want to eliminate the
climate forcing that’s
warming the planet’s
surface, we’ll have to return
the atmospheric greenhouse
effect to close to what it was
a century ago.
4. That means withdrawing
CO2 from the air by
incorporating it in soils and
re-planting forests.
5. A survey of alternatives for
a global energy system gives
us plenty of choices. What
we need is to start making
them ... ASAP.

Despite their very great advantages, the fossil fuels - all of them - have one side-effect that we’ve only recently
understood is lethal to civilization as we know it ... unless we urgently phase out their use.
You’ve learned enough now to write a prescription for the climate problem yourself. You
would use the following principles:

• If we want to cool down, the blanket has to be

• Earth’s energy imbalance is sustained by con-

• Therefore we must stop adding stuff that af-

tinuing addition of greenhouse gases to the atmosphere - effectively thickening the planetary blanket.
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made thinner … as much like it was 150 years
ago as we can get it.
fects the planet’s radiation losses, and withdraw some of what’s already accumulated in
the air.

• We know that sustained CO2 concentrations above 400 ppm will

The other reasons for our inaction are all to do with this deafness our individual and collective responses to the scientific news.
Some folks are scared; most of us would prefer it wasn’t true, and
sometimes pretend it isn’t; some people have decided it’s a political issue & some think it’s a religious one. Politicians find it very
hard to place the interests of people not yet born before those of
their constituents; scientists are (generally) reticent people, and
don’t like to make a fuss. They don’t usually tell us plainly if
they’re really worried about something they’ve discovered; and
the popular media has generally (with exceptions) been fairly incompetent as informants, so folks don’t know nearly as much as
they might - in fact they “know” a lot of stuff that’s plain wrong.

melt a lot of ice and grossly change the behaviour of the climate
system - and that’s where we’ll be in 2016.

• So our target must be something like 300 ppm, although we
could have an interim target of 350 ppm on the way down.

• We need to investigate the best and quickest ways to get to these
goals, and start the transition NOW.

• And we need to help organize human institutions so they can
make the decisions and cause the actions that are needed.

We’ve pretty much known all this for 30 years … so
why haven’t we done it?

What we’ll do in this chapter is take a good look at what MUST be
done ... and then how it COULD be done right now.

The answer is one big thing and a few not-so-big ones.
The big one is: the fossil fuel business is by far the largest commercial enterprise on Earth, worth about $4.5 trillion a year, not
counting its fixed assets. To fix the problem we’d have to virtually
scrap it, and fast. All the coal mines and oil and gas wells; all the
electric power plants that use coal and gas; all the motor vehicles
that use oil, and all the stuff that keeps them going; plus a lot more.
Apparently the fossil fuel companies and interests are not prepared
to write themselves off - not even if their products have become
planetary poison. In this respect, as many people have remarked,
they are behaving exactly the same as tobacco companies did when
their product was found to be poisonous. And in a strange way, human societies are behaving a bit like cigarette addicts … we seem
to have trouble hearing the unwelcome news.
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This is a pretty important question for someone with your responsibility. You’d need an answer before you could make a good decision. Here’s the answer in this diagram. On the left, in the top
graph you see a multi-coloured sloping line - that’s the historical
emissions for the last 50 years. The red line is where that will go if
we do nothing; the blue broken one is what happens to them if the
fairy keeps emissions where they are; the green one is what happens if she can’t quite stop all the gases, but stops 80% of them.

What to do?
Imagine you have the job of designing a way out of this problem. What do you need to know to turn these principles into action?
Try a thought experiment ... just suppose you could call a good
fairy to stop all greenhouse emissions tomorrow with a magic
wand. What do you think would happen to the atmosphere? And
what would happen if she couldn’t stop them, but just prevent
them increasing, so they kept going at about 43 Gt CO2e?

Now look at the bottom. This shows you what happens to the atmospheric CO2 as a result of each of the
three scenarios. Notice
that cutting 80% just
barely changes CO2;
you would need to
pretty much stop all
emissions to get it to
fall, and then very
slowly indeed.

Climate Stabilization Targets: Emissions, Concentrations,
and Impacts over Decades to Millennia. NAP 2011; Fig Syn4

On the right, you see
how much warming
follows. The blue section is warming over a
century or two; the red
one is the long-term
equilibrium temperature, over thousands
of years. The human
effect on climate is go-
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This gives you some idea how long even a total ban on emissions
will take to work. Indeed, experts believe on good grounds that induced warming will be with us for something like 1,000 years.

You can call this Lesson 1 ... Nothing less than 80%
emission reduction will stabilize the greenhouse
forcing. If we want to eliminate it, we’ll have to
stop pretty much ALL additions of GHGs.

So we’d better not mess around.

Lesson 2 ... the warming due to any given
amount of greenhouse gas forcing takes time to
arrive - part of it over a century or two, and another part (due to different causes) over much
longer. Your decisions will be of interest to people thousands of years from now.

ing to last a very long time. The thick lines are our best estimates for both early and late warming - but there’s a lot of uncertainty ... that’s the reason for the light coloured segments.
Now you know this, and you know it won’t be easy to wind
back all our emissions, you’ll want to know what will happen if
you prescribe some less than ideal reductions ... ones that might
be feasible in the real world. The graphs on the right show the
effect of 50%, 80% & 100%. Solid and broken lines are two different climate system models - one incorporates more of the “fast”
feedbacks than the other.
Climate Stabilization Targets: Emissions, Concentrations, and Impacts over Decades to Millennia. NAP 2011; Fig 2.2
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This can be lesson 3 ... the very best time to start eliminating GHG additions is NOW. The longer we wait, the
harder it is to get CO2 to fall to 350 ppm or less, and the
higher the equilibrium temperature will be.

Lesson 4 ... you need to remove the red forcings,
specially CO2, as soon as you can. Then you need
to provide some blue ones - but they can’t be
ones that cause their own harm, like smog &
haze, or turning woodland into desert.

Having figured out this much, you’ll want to
know something else before you make a plan
... exactly what needs to change in the atmosphere if we’re to bring about a negative energy balance? Remember: we know that a
neutral energy balance at a CO2 concentration
nearly 400 ppmv will bring further warming
for a long time - we’ll end up with possibly
2℃ (see the diagram p.82). This is “in the
pipeline”, as they say.
Here’s a chart showing all the forcings operating in the atmosphere now - red positive; blue
negative. CO2 is not only the biggest positive
one, it’s by far the most powerful, because it
lasts so long. Although ¾ of our addition will
be gone in a few centuries, the rest will hang
around for many thousands of years. Think of
this: you burn a tank of fuel in your car. This
puts CO2 in the air, and for the next 100,000
years this CO2 is adding some warmth. It
turns out to be 40 million times more energy
than you got from burning that fuel.

IPCC AR4, 2007 WG1, Fig 2.20
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You’re now in a position to ask a straightforward question and
then get cracking ... what changes in the global energy economy
will give us the necessary fast reductions in forcing? Below is the
answer of James Hansen, perhaps the most respected climate scientist in the world.
This is his prescription:

Notice what a huge difference it makes to the blue curves - how we
exploit the remaining gas & oil, and whether we have an effective
large-scale program to sequester atmospheric carbon. Without
them, even with a peak CO2 near 400 ppmv by 2025, the forcing
due to it won’t be much different for a couple of centuries.

℞

You can easily see what happens to the outcome if the peak is delayed - say to 450 ppmv or higher ... many hundreds of years are
added to the legacy of our fossil fuel bonanza. This plan isn’t perfect - we would still have to deal with rising seas for some time,
and various other consequences of an equilibrium temperature
about 0.5℃ higher than it is now - but it’s much, much better than
stuffing around, as we’re doing.

In his view, coal burning is 80% of our problem. There’s lots of it
left (whereas oil will run out gradually and get more expensive),
and it produces more CO2 than the other fossil fuels.

• Eliminate coal burning (unless CO can be captured) by 2030;
• A big energy efficiency program;
the “unconventional” fossil fuels in the ground (shale
• Leave
oil & gas, tar sands, methane hydrates)
2

Hansen, et al, 2008. The Open Atmospheric Science Journal, 2008, 2, 217-231

a tax on emitted carbon, so it costs something to dump it
• Levy
in the air. That will stimulate a transition to zero-emission energy;
cutting down tropical forests & start a big reforestation pro• Quit
gram in the tropics on degraded pasture land.
a very big program to sequester carbon in agricultural
• Begin
soils through changes in farming practices.

The last two measures are calculated to bring CO2 back out of the
air, returning it to long-lived plants and the organic carbon cycle,
and the soil, where it would be sequestered for centuries. Under
Hansen’s plan (which could conceivably be even bigger) 50 ppmv
could be removed this way by 2150. That would mean CO2 would
be above 350 ppmv for about a century.
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an unintentional climate disruption by adding another, deliberate
one. Just as we don’t know all the results of what we’ve done now,
we couldn’t possibly know in advance all the consequences of any
global scale intervention - on the contrary we could guarantee
there would be surprises.

Geo-engineering
It might have occurred to you that you could get a negative forcing
by, say, creating an artificial “volcanic winter”. You could inject
into the upper air a lot of smoggy stuff (sulphate aerosols) just like
a volcano, and cool the planet that way. This certainly works when a big volcano does it, and people have been thinking about this a fair bit. Some
even think we’ll be forced to do this when things
get hot enough.
The chart of forcings on p.84 shows we have a
negative aerosol forcing roughly equal in magnitude to the methane one now - effectively neutralizing it. This wasn’t planned - it’s due to poorly regulated factories, traffic and domestic fires mainly in
Asia, as well as agricultural and wildfires.
This is an example of a bundle of ideas called
“geo-engineering” - schemes for artificially neutralizing the greenhouse forcing without fixing it.
Other ideas include installing a vast number of mirrors in space, like a planetary sunshade; and injecting huge amounts of sea-water spray into the air to
whiten clouds. All these of course, aim to increase
albedo. Another one is to add lots of iron to the
ocean so phytoplankton will bloom and consume
more CO2.
Each and every one of these has its own problems
... but surely the best reason to be wary of them is
that they propose to deal with the consequences of
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this. The fossil fuels are so good to us because they pack so much
energy in a small bundle ... that’s why we got addicted to them.

What will we do without fossil fuels?
Earth has just two appreciable energy sources - the heat left over
from its origin (which is mostly deep in the interior) and the Sun.
The amount of geo-thermal heat that gets to the surface is a tiny
fraction of what we receive from the Sun - but in a few places (Iceland, New Zealand, Japan) it is significant and can be exploited
fairly easily. For the rest of us, the Sun is our only source if we
want to give up the fossil fuels.

ENERGY
ENERGY SOURCE

DENSITY
(KWH)

Solar photons can be turned straight into electric energy on photovoltaic panels, or directly absorbed to heat water, or reflected from
mirrors to heat vessels of fluid to produce mechanical power. The
Sun is the ultimate source of the winds, which can be harnessed in
various ways, as they have been for millennia. And the Sun powers the growth of plants that can be used as renewable fuel. [Since
the carbon in bio-fuel plants is part of the contemporary carbon cycle, its addition to the atmosphere is balanced by subsequent
growth of the plants that replace them]
The Sun shines everywhere, at least some of the time. It’s free and
abundant ... so why haven’t we been using it all along instead of
the fossil fuels? Well, the answer is ... energy is at its most useful
when it’s most concentrated. When we use energy to do work, we
don’t really use it at all, we just take some concentrated stuff, extract work from it, and spread it around as diffuse heat.

Uranium 235 (Kg)

22,260,000

Diesel (litre)

10

LPG (Kg)

12.88

Coal (Kg)

6.72

Wood (Kg)

4.5

Animal fat

10.4

Sugar (Kg)

4.75

Lead-acid battery (Kg)

0.05

Sunlight average Earth surface (m2/day)

6

Earth’s total absorbed solar energy/yr

1,070,000,000 TWh

Total global primary energy use/yr

140,000 TWh

One hour of received solar radiation

To get the same quantity of energy that’s in a barrel of oil (1,700
kWh) we’d need to capture all the sunlight falling on a square metre for 8 months - or on a tennis court for a day. No device known
can capture sunlight perfectly, so it’s actually more diffuse than

1 year of human
energy use

Table showing a few facts about energy sources and consumers. Sunlight
is plentiful, but extremely diffuse. In fossil fuels it is usefully compacted.
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Energy from the Sun
Sunlight is converted to power in basically two ways: direct generation of electric energy in a photovoltaic cell
array; and concentrating the reflection from mirrors to
heat a fluid reservoir.

Photovoltaic power has the advantage that it is perfectly suited to a dispersed power system, with the
power generated on roof-tops close to where it’s used.
Distributing electricity on cables is very wasteful, and
many parts of the developing world don’t have power
grids anyway. Once the panel array is in place it only
needs a bit of cleaning to last for decades. The cost is
steadily coming down, and efficiency is going up. The
best production panels can convert 20% of incident sunlight. Laboratory cells can get 40%.

The big disadvantage is that no generation occurs at
night, and efficiency is reduced by clouds, and shade.
The biggest installation to date (early 2013) is a 250
MW unit in California - but bigger ones are planned.
All over the world more than 100 GW is installed,
mostly in small roof-top units.
Solar photovoltaic ... domestic and utility scale
power directly from the Sun. Many people think electric power systems of the future will be much less centralized - that is, dominated by large generating units
hooked together in very big distribution grids. This feature of current systems is after all, dictated by certain
technical needs of fossil fuel use, and is not ideal.
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Concentrated solar-thermal is the name for several different
ways of converting sunlight to heat. A big advantage of doing this
is that heat can be stored much more easily than electric power, so
a unit can deploy stored heat at night to make generation continuous. Utility scale units have been operating in several countries the biggest one is in Nevada, a 110 MW unit due to start up late in
2013. The technology is maturing, with improvements in design
and concept coming regularly. It is the best prospect for replacing
coal and gas as the heat source for steam turbine-driven electric
generators over the next couple of decades.

Solar thermal power. The project on the left
focusses a large mirror array on a vessel at the
top of a tower, through which fluid is pumped.
Hot fluid can be stored for night generation, or
used as it comes. These units can keep working
up to 17 hours in the dark. The steerable parabolic mirror design is suitable for smaller applications, and may be the way this technology becomes part of a distributed future power system.
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Fossil carbon is different. It was removed from this dynamic long
ago, hasn’t contributed to the cycle for more than 100 million
years, and if we’d not dug it up, wouldn’t be participating now. It’s
just as if some long dead ghost we thought we’d never see again
suddenly reappeared and invited itself for dinner.

Solar hot water (passive solar). The most familiar and the simplest way of harvesting sunlight - all you need is an absorbing surface and flowing water in good contact. These systems are just as
perfect for domestic as they are for industrial scale use. They are
not expensive, so efficiency doesn’t even matter very much.

Biomass energy has some problems. It is most developed in Brazil,
where it’s used to make ethanol for transport fuel, and has a respectable record. But other examples are much less attractive. It
can take as much energy to grow the corn for ethanol in the USA as
you get from the fuel made out of it. This practice also has big effects on the global food production system. Forestry biomass has
also been criticized on grounds of unsustainability. We won’t go
into this debate here ... suffice to say biomass is likely to be a significant, but small part of a global solution.

Solar energy via plants ... biomass
In theory, there’s a lot of potential to harvest non-food plants or
plant material like sugar cane bagasse, crop trash and forestry
waste, as well as crops grown for the purpose, for fuel. The reason
you can burn these, produce CO2 and not contribute to the climate
problem is that the plants are re-grown, and when they do that,
they take up again the carbon they put into the atmosphere by
burning. In other words, this carbon is active in the terrestrial/
atmospheric carbon cycle, the dynamic processes that keep carbon
on the move around the Earth’s surface systems.

Idealized schematic for one biomass energy concept.
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ing wind regions so as many as possible are producing at any one
time.

Wind power
This is the fastest growing renewable energy sector, and the most
mature, with installed capacity increasing by 25-30% annually, and
steady cost reductions continuing. Altogether, close to 500 TWh
were generated by wind turbines last year - about 2.5% of the
world’s total electricity. There is really huge potential for wind generator installations both on-shore and off in many parts of the
world.

The State of South Australia produced over 25% of its electric
power with wind last year; Denmark 25%, with a target of 40% by
2025. Various objections are made against expanding wind generation - visual impact, bird strikes, noise, etc - but most experts (unless they are nuclear enthusiasts) think we must get past these because a zero carbon future will be very hard without a big contribution from wind.

The power output of a wind turbine is proportional to the cube of
wind speed at any moment, so it’s important to put it in a place
where you know you can catch the maximum speed for the most
time. You can overcome the intermittency of the wind by distribut-

Projections for global growth in wind power in the next 20 years
range all the way from 900 GW to 2,500 GW (installed capacity).
The uncertainty is mostly due to the absence of a coordinated international agreement to de-carbonize the world economy.

Global Wind Energy Council: Outlook 2012

Global growth of wind capacity,
1991 - 2011, comparing forecasts made
in 1999 (blue) with actual performance
(red). The message you can take from
this is that wind power is fulfilling the
needs of the people who’ve invested in
it; and the forecasting principles used
were probably sound.
The next couple of decades may be
more difficult to predict - for two reasons: economic uncertainty; and the
state of climate policy. It’s impossible
to know if something will trigger more
serious commitment by governments
to mitigation before 2030.
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Energy efficiency
One of the most striking things about the century or so of the fossil
fuel bonanza is how wasteful it has been. For example, over the entire 100 years of the “age of oil” natural gas that isn’t wanted is
burnt at the site of extraction. This practice, called gas “flaring”
still goes on despite the demand for gas. The quantity flared in a
year is about 25% of gas consumption in the USA ($50 billion
worth) - sending into the air about the same amount of CO2 as Australia or Italy.

It might be surprising that in an
energy constrained world, we still
waste enormous quantities of natural gas, just as if it would never
run out ... but we do. The white dots
on the map are night lights; the red
ones are gas flares, where gas is simply
burned for nothing at the top of a tall
flue, because it hinders production of
oil, or it’s too far from market, or the
production company isn’t interested.
Gas flaring is typical of our very wasteful exploitation of fossil fuels.
Over the whole energy economy, it’s been
estimated we harvest about 13% of the available energy in our fuels. This systematic waste is mainly due to two things

No body knows the amount of gas wasted over the century, but it
would be prodigious. It’s much harder to understand why we
would be doing this now, when everyone knows the end of this resource is in sight.
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• Coal and oil, for most of the time we’ve used them, have been
cheap & so nobody worried too much about saving them. Apparently this habit is hard to break.

goes up the chimney. But a lot of this can be captured and used - an
arrangement called co-generation. With this, the efficiency of a
power plant can be 80-90%.

• The end-user cost of the the fossil fuels has
never included the cost of dumping combustion products into the air. In the last 30 or 40
years, as we discovered various environmental harms, polluters have been made to
pay, giving them commercial incentives to
take care of what they produce. Not so for
CO2. Most experts don’t believe we’ll really
start to give up fossil fuel burning until this
cost is “internalized”.
In this diagram a range of measures to reduce
GHG emissions are given “cost-efficiency” values - in other words, from left to right, each one
gives less emission saving for every bit of investment. The width of each bar gives you some
idea how big the saving from each step could
be. Green ones are net saving; red, net cost.
It’s easy to see where we should be going first.
Making domestic and industrial energy use
more efficient can easily reduce energy consumption 30% - some people think up to twice
this with a bit more trouble.
For instance, in the electric power generation
business, typical conversion efficiency is about
30% - that is, 70% of the energy in coal or gas
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Lighting efficiency
SOURCE

Obviously, a lot can be done to get more miles from the energy we
use. On the other hand, it won’t do anything for the atmosphere if
we all get electric cars and charge them with power made from
coal and gas.

EFFICIENCY
(LUMENS/W)

Candle, gas, whale-oil

0.3

Materials efficiency

Edison’s incandescent

1.4

Modern incandescent (100W)

15-20

Compact fluorescent

60+

LED

100+

We are prodigious wasters of stuff as well as energy (in most cases
both at once). Recycling steel uses 60-70% less energy than making
it from scratch. For aluminum you can save 95%. And yet in the
USA, the world’s most wasteful society, more than half of the 100
billion aluminum cans sold each year are not recycled. The metal
wasted between 1990 and 2000 was enough to re-build all the commercial aircraft in the world 25 times over.

About 12% of all produced energy is used for light. The potential
to get more light for less is enormous.

There’s huge potential to save both material and energy for a wide
range of material resources, by recycling and substitution.

Transport efficiency. Here are a few salient facts:
• About 12% of the energy in a typical car’s fuel is used to move it
forward. Typical power consumption of a passenger car is something like 60kWh/100km.
• A municipal bus might get something like 70kWh/100km per
passenger ... varies with load.
• A production electric car carrying 4 people, with power consumption of 21kWh/100km is about as energy efficient as walking.
• An ordinary bicycle uses power at about 3kWh/100km;
• An electric pedal-assisted cycle can use as little as 1kWh/100km.
• Electric trains can get up to 2kWh/100km per passenger.
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Each of these has its answer. Nuclear advocates - and there are
many - assert that the problems have been exaggerated and are
soluble. For them the bottom line is that we really don’t have any
alternative if we’re going to solve the climate problem. They say
the proposition that we can run the world’s energy system entirely
on renewables is a dream. The answer must include a sector of nuclear power.

Nuclear power
Many experts believe we won’t be able to give up fossil fuels unless we make some power from nuclear reactors. On the face of it,
this is a straightforward argument - making electricity this way
emits no GHGs at all, and the technology has been in use for half a
century with steady improvements in efficiency and safety. But
there are some problems:
• A few spectacular accidents - Dumfries, Scotland, 1967; Three
Mile Island, Pennsylvania, 1979; Chernobyl, USSR, 1986; Fukushima, Japan, 2011 - have fed public fears about nuclear safety.
• Public opposition has prevented any new plants in the USA for
over 40 years. The operational life of older plants has been extended - not necessarily a good thing.
• Partly due to regulatory problems, building new nuclear power
plants is very expensive.
• Widespread adoption of plants using enriched Uranium raises
the issue of how long high grade ores will last. By some estimates it might not be long before we have to get Uranium from
much lower grade deposits, which is expensive.
• There’s the problem of large amounts of the extremely toxic and
long-lived wastes produced in fission reactors.
• And there’s the issue that these wastes can be stolen and used to
make atomic weapons.
• Finally, mining and processing Uranium is energy-intensive.
There’s a case to be made that this industry should not grow.
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The IFR

The Integral Fast Reactor. A reactor design with apparently vast
potential ... inherently safe, it can use the accumulated nuclear waste
sitting unwanted in repositories all over the world - virtually free fuel
- there’s enough of this to last at least 200 years. The unit can be put
into a coal-fired power plant to replace its furnaces and boilers. It can
be made large or small. A utility scale plant can run for a year on a
block of fuel the size of a milk carton. It produces nuclear waste itself,
but of a much lower grade that is easy to store safely on site.

Proponents of nuclear power have a couple of good arguments:
• The actual harm from nuclear accidents (even Chernobyl, the
most serious of them) has been modest - much less than most
people think, and much less than the regular operation of coalburning plants with their attendant pollution.
• “Third generation” plants are much safer than earlier
ones implicated in historical accidents, with tiny probability of mishap.
• The problem of safe storage of radio-active waste can
be solved with political will ... same with weapons proliferation.
• Best of all, so-called “fourth generation” or Integral
Fast Reactor (IFR) plants are not far in the future, and
when they arrive, every nuclear problem will have its
answer.
This bold claim is the most interesting. Not only does
this reactor not require new Uranium, it can consume
spent fuel and even the problematic stored waste as fuel.
Conventional reactors use about 1% of the energy in
their Uranium; the IFR is said to be capable of extracting
almost all the rest.
It is inherently safe - that is, its safety is of the passive
kind, requiring no human intervention. In the case of an
accident the reactor shuts down all by itself. This was actually demonstrated in a trial in 1986.
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Hydro power
This ancient technology - harnessing the power of falling water has been enormously expanded in the last century or so. Rather
than mill-wheels, modern hydro power schemes are designed to
spin large electric generators ... and the biggest of them are very
big indeed. Three projects generate more than 10 GW each - the
most famous being the Three Gorges in China.
Altogether, about 16% of the world’s electricity is made this way one Watt out of every six. The best thing to say about this technology is that, once installed, the generation of power emits virtually
no GHG emissions, and the plants are cheap to run. On the other
hand they can be very expensive to build - not always in monetary
cost, but environmental detriment.
About 40,000 large dams (wall over 15m high) have been installed
all over the world, with another 800,000 smaller ones. Together
they can block about 20% of all run-off, and store 6,600 km3 of water for irrigation and power. No one knows how many acres of
good agricultural land has been sacrificed to make this happen, but
it is a very big number. The best sites have already been developed, so future projects will be more challenging and expensive.
There appears to be a natural limit to the expansion of hydro
power. Apart from the issue of finding suitable sites for new dams,
there is the problem of siltation in big reservoirs that, in some
cases, might shorten their useful life to a couple of decades.

Hoover Dam, an engineering marvel
making 2GW of electric power without
any CO2. But nearly all the best places
to do this are already taken.

There is no fixed view on the possibility of growth in the hydro
power sector, but it is safe to assume that its best days are in the
past, and it won’t ever get to more than about 20% of global total.
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There’s more...
This is by no means a complete account of what
we must do, or what’s possible. If you want to
explore this more, you could start in the next
section with the short list of sources for further
reading and research.
The fact is, as most students of the subject realize, we need to change not just the energy system of our civilization, but it’s whole economy.
The reason is that cheap abundant fossil fuels
have become a kind of background assumption
in our economic system - and since they enabled phenomenal growth of wealth and population, we came to think of that as normal too.
But it isn’t. Nothing can grow indefinitely on a
finite planet. We will soon have to learn how to
live well without both the fuels and the growth
they provided. The sooner the better.
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SUMMARY

A note about dissent.
In summary:

You could not explore this subject far without becoming aware that
it causes a lot of disagreement.

• In principle, the climate problem isn’t hard to solve:

• There are folks who firmly believe we can throw away all the fossil fuel infrastructure and replace it with renewables and everything will be rosy.

we need to stop adding climate-changing gases to

• There are others who don’t think renewable energy can do what
we want for technical reasons; others who say we could never
afford such a huge transition; and others who say we could
never get organized enough.

biological reservoirs until the concentration is low

the air quickly (before the peak CO2 is much above
400 ppmv), then start withdrawing CO2 directly into
enough - at least to 350 ppmv.

• Trouble is, because we’ve stuffed around so long,
this now entails very steep reductions in emission

• There are those who wouldn’t consent to nuclear power no matter what; and those who say we can’t save the day without it.

rates - something the economic system is resisting.

• Technologies that could accomplish the transition are

• Some say it doesn’t matter what we do, we won’t be able to feed
and support 9 billion people indefinitely; and others who say we
can do it if we all “downsize” judiciously, keeping the worthwhile bits of a good life, letting go of the superfluous stuff.

available now; others will be soon. Nothing prevents
us doing this for the sake of future people except ...
that they aren’t here to advocate for themselves, and
we don’t seem to want it enough.

• Finally, there are people (all too common I’m afraid) who just
don’t admit there’s any such problem.

• It looks as if the time has come for us to finally give
up our very human intuition for identifying with tribes,

How are you supposed to find your way around this?

and teach ourselves to be good members of the hu-

I suggest that when it comes to solutions, you just have to keep an
open mind, and if you’re interested enough, get clued up. I don’t
know where the last word is; it may be some time before it becomes clearer. Meantime we must do what we think best.

man family instead. We’ve never had to do this before, but then we never had to cool down a feverish
world before either. If this isn’t the time, it’s going to
get pretty hot.

As for the folks who deny the climate problem itself, they really
need to learn what you’ve just learned.
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CHAPTER 6

Further reading

You’ll appreciate now that there is really no such discipline as “climate science” ... study of the climate
problem is done by experts in many fields because the problem is so large, and nobody could expect
to know it all. The scientific and popular literature is vast and growing very rapidly indeed, so I’ve
provided just a few suggestions for you to take your investigations a bit further.
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MORE TO EXPLORE

Some resources for further reading
Corellas on an inland waterhole

It’s easy to forget that we aren’t just going in to bat for our descendants, but for everything that lives upon the Earth. Very rapid changes in the climate system such as the one now beginning will have large impacts on the whole biosphere. Creatures able to move are already doing so, but others will be left behind.
For humans, the biological impacts will be compounded by damage to those fantastically complicated organizations we call society and the economy. We
don’t know yet how robust or how vulnerable they will turn out to be, but we have begun the experiment that will give us the answer.
The climate problem is an enormous issue, and we’ve invested a
lot of effort to understand it while there’s still time to work out a
remedy. But try browsing around on the net. You might easily get
the impression that we don’t really know much at all - that we’re
back at the beginning arguing about whether it’s even real. There
are reasons for this that we won’t go into here. What you need is
to be able to navigate these controversies, whether they are phony

or not, and decide for yourself on the strength of evidence alone,
what we really do know. There are plenty of gaps - but we know
quite enough to guarantee that if we do not act soon on behalf of
the people of the future and all the creatures who share the planet
with us, they will pay the cost of what we neglected to do.
Here are a few places you can go if you want to learn more.
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http://data.giss.nasa.gov/gistemp/ The place to go to learn about
the surface temperature record - how it’s created; the details of
trends; regional variability etc.

Websites
http://www.skepticalscience.com This is the very best place to go
if you want to sort out something that seems to be controversial say the claim that warming has stopped; or it’s caused by the Sun;
or glaciers are growing; or the scientists are a bunch of crooks. It’s
also got lots of stuff to show you how this scientific enterprise is
done. It was started by Brisbane physicist John Cook.

http://nsidc.org A good place to learn about changes in the polar
ice.
http://www.sciencedaily.com/news/earth_climate/ Science daily
rounds up heaps of news on a range of topics related to the climate
problem, including short reports on discoveries as they are published.

http://www.aip.org/history/climate/index.htm Physicist and historian of science Spencer Weart created this site from his book
about the story of the discovery of global warming. It tells this superbly, and also gives you lots of background on how our knowledge was built up and what supports each major insight. The site
is easy to navigate and has plenty of links.

http://www.ipcc.ch/publications_and_data/publications_and_da
ta_reports.shtml#.USmz-KXrg04
This is the page where you can find all the publications of the
IPCC, a large ad hoc committee of scientists that prepares a copious summary of the state of climate change science every few
years so that politicians, policy-makers, officials, teachers, journalists and others can have access to this big and evolving body of
knowledge. The reports are free to download, but they are detailed
and a bit daunting ... but they do contain very good summaries
that are worthwhile looking into. There’s a new one due this year.

http://www.grandkidzfuture.com/grandkidzfuture.com/Welcom
e.html I made this site specially to provide accessible information
about the climate problem. It has a page for students & teachers
with a couple of short texts that give you a bit more detail on several issues covered only briefly here.
http://agwobserver.wordpress.com The creator of this site, Ari
Jokimäki has collected a large number of research papers on the climate problem, and arranged them so you can search pretty easily
for whatever topic you want. This is an incredibly useful place if
you want to check some original research.

http://climatechange.worldbank.org/sites/default/files/Turn_D
own_the_heat_Why_a_4_degree_centrigrade_warmer_world_mus
t_be_avoided.pdf This report by the World Bank in 2012 explains
clearly why our current path towards a world at least 4℃ warmer
must be avoided.

http://forecast.uchicago.edu/moodle/ You are welcome to enroll
for nothing in David Archer’s introductory course at the University of Chicago. You can learn plenty here.
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Books

Here are a couple of books by science writers.

Here are a few books by scientists working on the climate problem.

Field Notes from a Catastrophe, by Elizabeth Kolbert, 2006;
Bloomsbury, New York. The author is a writer for the New Yorker;
the book is a series of long article she wrote for the magazine.

The Rough Guide to Climate Change, by Robert Henson, 2008;
Rough Guides, London. This might be the best short book you can
find: accurate, thorough, written by a practicing scientist, readable.

Thin Ice, by Mark Bowen, 2005; Henry Holt, New York. THis gives
an absorbing account of the work of Lonnie Thompson, an intrepid
glaciologist who did more than anyone to show the effect of warming on mountain glaciers and ice caps.

The Weather Makers, by Tim Flannery, 2005; Text Publishing, Melbourne. An excellent introduction to the science and meaning of
the climate problem by one of Australia’s great scientists.

High Tide, by Mark Lynas, 2004; Flamingo, London. Vignettes by a
gifted science writer specializing in climate change.

Storms of my Grandchildren, by James Hansen, 2009; Bloomsbury,
New York. Hansen is one of the best scientists working on the problem. This is his only book, an attempt to show all of us what he
knows. It’s a wonderful book.

With Speed and Violence, by Fred Pearce, 2007; Beacon Press, Boston. Long-time science writer Pearce reports what he learned by
talking to climate scientists about their concerns, as they see their
work ignored by the people who should be leading our response to
the climate problem.

The Long Thaw, by David Archer, 2009; Princeton University Press.
The author is professor of geophysical sciences at the University of
Chicago, a very active researcher and advocate. One of the best
short accounts of the science of climate change.
The Two-MileTime Machine, by Richard Alley, 2000; Princeton University Press. The title refers to the first deep ice core drilled on the
summit of the Greenland ice sheet during the 1990’s - a project in
which Alley was closely involved. The book is an excellent account
of the lessons provided by these cores.
Climate Change: Science and Solutions for Australia, 2011, CSIRO,
Canberra. This is an e-book you can download for nothing from
the CSIRO site at http://www.csiro.au/Climate-Change-Book. It is
written by staff scientists at CSIRO, and full of excellent stuff.
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Why I care about the climate problem

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.”

I used to practice medicine in Ipswich and teach at the University
of Queensland, but now I’m retired. In 2005 Tim Flannery wrote
“The Weather Makers”, 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 didn’t. And we seem certain to delay even more.

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 isn’t too difficult to prescribe a remedy for the climate
problem, it looks as if we won’t 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 can’t. We only have to decide if we want that impossible dream to crash, or turn into something durable under our good care. That’s why it’s important we
all understand what’s happening and what’s at stake - so we can
make the better choice.

That’s why I created the website www.grandkidzfuture.com. It
wasn’t 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 didn’t. In fact, you could take a very dim view of what happened there and say it’s a sign that we’ll never be organized
enough. But that would be the same as giving up, and that’s the
one thing we can’t do.
I’ve come to see that, although the climate problem is very serious
indeed, it isn’t really what has to be fixed. It’s a consequence of

John Price
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Global warming art, Skeptical Science, Google images, NASA,
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use. In the following list I want to acknowledge my thanks to
those providers of images, charts and other graphics not necessarily included in that group.

I’m not an expert on any part of this subject, so although I’ve tried
to tell this story as accurately as I can, and try to convey a true picture of what we know and what we don’t, there will be mistakes.
I’d be grateful to anyone who points out errors of fact or emphasis, and will make corrections as needed. You can contact me at
my website www.grandkidzfuture.com.
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Page 4. All the astronomical images and those of the Earth from
space are from NASA’s superb site.

Page 36. This composite was made for Wikipedia commons. The
sources for data are given on the image description page there.

Page 5. The image of an Infra-red landscape is from the website
“Digital Photography 1”, with thanks.

Page 38. This figure can be found at Skeptical Science in the article
about Marcott’s “new hockey stick”.

Page 11. The drawing of the experimental apparatus of John Tyndall’s work on greenhouse gases is from his paper in the Philosophical Magazine and Journal of Science, September 1861. Thanks
to Dr James Fleming and the website NSDL; Classic Articles
/Global Warming

Page 44. The figure showing growth of global energy consumption
over 150 years has been adapted from an original in Alfred
Crosby’s Children of the Sun: A History of Humanity’s Unappeasable Appetite for Energy. Norton, New York, 2006, p162.

Page 24. The map showing global direct normal irradiation is due
to NOAA.

Page 45. Paul Macready was an aeronautical engineer and inventor
who used this vignette in lectures and presentations to emphasise
the extraordinary scale and velocity of human domination of the
biosphere. Obviously, his historical estimates are partly speculative, but they are in line with others and even an order of magnitude of error would not alter their message.

Page 30. The original for this record was published as Zachos et al,
2001; Science, 292, 686-693.
Page 31. The data behind this frequently reproduced and re-drawn
record was published as: Lisiecki & Raymo, 2005; Paleoceanography, 20, PA1003, doi:10.1029/2004PA001071

Page 48. This figure is from the original report on the Vostok core
in Nature: Petit et al, 1999, Nature, 399, 429-436.

Page 32. This reconstruction was published as: Mann et al, 2008,
PNAS, 105, 13252-13257. The series of global maps used in the
movie, showing stages in the tectonic movements of the Cenozoic
are provided by the University of Texas, Austin - available here:
http://www.ig.utexas.edu/research/projects/plates/

Page 50. This chart was originally drawn by Tim Herzog for the
World Resources Institute in 2000, and updated in 2005 & 2009,
and is available from their website.
Page 51. The figure is from the paper: Swart et al, 2010. Geophysical Research Letters, 37, L05604.

Page 33. The original for this version of the Vostok record was published as: Petit et al, 1999, Nature, 399, 429-436.
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Page 52. The figure is from Hansen et al, 2011. Atmospheric Chemistry and Physics, 11, 13421-13449.

past and future context of the 2003 European heat wave is from the
study by Peter Stott et al in Nature, 2004; 432, 610-614.

Page 53. The figure is from IPCC, 2007; AR4 WG1, Fig 9.5.

Page 74-5 . The figure showing historical change in distribution of
summer mean temperature in Europe is from Barriopedro et al,
2011. Science, 332, 220-224. The maps showing temperature and
precipitation trends and drought index for the second half of the
20th century are from the report by A. Dai - Drought under global
warming: a review, in Wiley Interdisciplinary Reviews: Climate
Change, 2011, Volume 2, Issue 1, p45-65.

Page 59. The figure is from the report Marine Climate Change in
Australia: Impacts and Adaptation Responses; 2009 Report Card Sea Level. Church, White et al. P3.
Page 64. The data charted here is published in: Shepherd et al,
2012; Science, 338, 1183-1189.

Page 76. The top chart is from Global Assessment Report on Disaster Risk Reduction, 2011; fig 2.8. The bottom one is from the report
High mountain glaciers and climate change, 2010. UNEP. Fig 15.

Page 66. The photograph of Square Rock in the Bahamas is from
Paul Hearty’s review on Eemian sea-level in Quaternary Science
Reviews, 2007; 26, 2090-2112. The graph is from Rohling et al, 2008.
Nature Geoscience, 1, 38-42.

Page 77. The figure showing wildfire trends by region comes from
the World Resources Institute Millennium Ecosystem Report, 2005,
fig A.8.

Page 67. The figure is from David Archer, 2009. The Long Thaw;
Princeton University Press, p138.

Page 78. The figure is from Kerry Emmanuel’s study of storm intensity trends: Emmanuel, 2005; Nature, 436, 686-8.

Page 68. The figure showing reconstructed atmospheric CO2 over
20my is from the paper by Tripati et al, 2009; Science, 326, 1394-7.

Page 79. The graphic is from the report Blue Carbon - The Role of
Healthy Oceans in Binding Carbon, 2009; UNEP.

Page 73. Figure showing how a small change in mean temperature
makes a big difference to the prevalence of extremes comes from
the paper by Kevin Trenberth in Wiley Interdisciplinary Reviews,
Climate Change: Attribution of the human influence on climate;
2011 Volume 1. Attribution of climate variations and trends to human influences and natural variability - p2. The figure showing the

Page 80. The photograph of de-mineralized polyps is from the paper: Doney et al, 2009. Annual Reviews of Marine Science, 1; 169192.
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Page 81. The map was drawn by USGS & found at
www.geology.com.

Page 103. The graph showing relative current costs of energy efficiency measures comes from the report Kick the Habit: A UN
Guide to Climate Neutrality, 2009. UNEP.

Page 84. The chart showing trends in glacier length by region is
from the World Glacier Monitoring Service report: Global Glacier
Changes: facts and figures, 2008; UNEP, fig 5.1.
Page 85. The figure is from the Millennium Ecosystem Report
(WRI) 2005, fig 1.8.
Page 86. The diagram showing the concept of planetary “safe operating space” for 9 ecosystem thresholds is from the paper: Rockstrom et al, 2009’ Ecology and Society, 14, 32, fig 6.
Page 87. The figure is from the paper: Meinshausen et al, 2009. Nature, 458, 1158-1162, fig 2e.
Page 92. This figure and the one on the following page are from the
National Academies Press report Climate Stabilization Targets:
Emissions, Concentrations and Impacts over Decades to Millennia,
2011, Fig Syn 4 & 2.2.
Page 94. This version of the data on radiative forcings is from IPCC
2007, AR4, fig 2.20.
Page 95. The figure is from Hansen et al, 2008; The Open Atmospheric Science Journal, 2, 217-231.
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13C
Carbon 13 isotope

Related Glossary Terms
Isotope
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180
Oxygen 18 isotope
See: Isotopes

Related Glossary Terms
Isotope, Paleoclimatology
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Albedo
A measure of the reflectivity of a surface. Applied to a celestial body, it is usually expressed
as a fraction or percentage of the incident radiation reflected. It’s an important concept in climatology because reflected radiation makes no contribution to the energy budget of a body
or system. Radiation has to be absorbed to do that.
Earth’s albedo is variable because it is mostly due to clouds and they change in distribution
and reflective properties all the time - but on average, the planet’s albedo is in the range 3035%. Cloud cover is very approximately 50% at any given time.
Ocean albedo can’t be given in a single quantity because it is so variable, depending on
what’s in the water, depth and angle of illumination, waves on the surface and other things.
However it is typically below 15%. Fresh snow has the highest albedo of any large surface.
SURFACE

ALBEDO (fraction)

(%)

Fresh snow

0.8-0.9

80-90%

Old snow

0.4-0.8

40-80%

Fresh concrete

0.55

55%

Desert sand

0.4

40%

Grassland

0.25

25%

Deciduous trees

0.15-0.18

15-18%

Coniferous forest

0.08-0.15

8-15%

Bare soil

0.17

17%

Tundra

0.2

20%

Ocean

0.07-0.1

7-10%

Asphalt

0.04-0.12

4-12%

See: Ice-albedo feedback

Related Glossary Terms
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Carbon cycle
Most likely, all the rocky inner planets began life with similar endowments of the elements anyway, the most abundant ones, including carbon. Almost certainly, according to what evidence we have, planetary carbon was originally present in the solid stuff of the early planets, and arrived in the atmosphere later through outgassing of volcanoes. Then about 1.8 billion years ago, free oxygen in appreciable amounts appeared for the first time in the air as a
result of the evolution of photosynthetic organisms, and the stage was set for what we now
call the Earth system carbon cycle - better described as several interlocking cycles connecting atmosphere, terrestrial surface, the geological crust, oceans and biosphere.
The essential idea of the cycle is that this element is on the move - by some processes, quite
fast; by others very slowly - through various “compartments” or “reservoirs” of the Earth’s
surface system. The table gives names to these, although they are functional, not necessary
categories, and you don’t need to insist they are separate and inviolable.

The top four reservoirs (light brown) naturally exchange carbon all the time.
It’s easy to see where most of the carbon is - it’s in rocks, well underground, and once it
gets there by very slow processes, it stays there - mostly; but this is the source of the CO2 put
into the air by volcanoes, when carbonate rocks are heated then vented in volcanic eruptions, so some eventually gets back above ground.
The next biggest reservoir is the ocean. Near the ocean surface, CO2 is in balance with the
air, changing places easily, so if the quantity in one compartment changes, the other does
too.
Next is the carbon in soils and recent sediments. Then plants & algae, which use CO2
to make their tissues; and all organisms, which breathe it out, and release it when they die
and decay.

Fossil fuel carbon is special. It is fossil in the sense that it is what’s left of organisms that
lived long ago, by chance preserved underground. If it weren’t for human ingenuity, it
would have stayed there - but we dug it up & burned it, so the carbon (as CO2) has returned
to the atmosphere, where it started millions of years ago.
Finally, the atmosphere. Today, of the 760 Gt of carbon in the air, 160 Gt has been put
there by people - mostly from burning coal oil & gas & cutting down forests & some other
things. This is the most active reservoir with the biggest turn-over.
The large-scale movements are shown in this diagram:

Some of the actual carbon transfers are shown in this diagram.

Understanding the carbon cycle, you can see why the sudden addition of 1 trillion tonnes of
“retired” carbon into this balanced system is such a big deal. Although the cycle can look after itself, and will eventually stash away the extra carbon, it can’t do it any faster than these
processes allow ... effectively around 100,000 years at least. Far too slow for us.

Related Glossary Terms
Carbon dioxide, CO2, Fossil fuels, Sequester atmospheric carbon
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Carbon dioxide
A colourless, odourless gas, the usual product of combustion of carbon and oxygen. Formula CO2; density 1562 kg/m3; freezes at -78℃. About 3,000 gigatonnes exist in Earth’s atmosphere as a well-mixed, long-lived stable component, but it can be more concentrated
temporarily near sources like fires, urban and industrial areas, and active volcanoes.
When Earth is close to energy balance, the quantity of CO2 in the atmosphere is nearly constant. Carbon dioxide is a member of a family of carbon compounds that participate in a set
of re-cycling arrangements that include the air, sea, soils, rocks and living things moving carbon around constantly. Vulcanism is the main natural geological source of additions to these
cycles - volcanoes exhale about 200,000,000 tonnes annually on average, although the quantity varies a lot from time to time. It’s also released from hot springs, and decayed vegetation, specially in some lake beds. It is present in the
oceans in very large quantities (about 50 times as much
as the atmosphere) in the form of carbonic acid, and bicarbonate & carbonate ions. Exchange of the gas between the ocean surface and atmosphere takes place
constantly, mainly driven by temperature ... solubility
decreases with warmth.
It is the primary source of carbon for plant tissue, and
so the very basis of life on Earth. The gas enters plants
by diffusion or through leaf stomata, and is reduced by
photosynthesis. The free oxygen produced this way is
released and is the source of all atmospheric oxygen. All organisms that derive energy from
oxidizing carbohydrates, fats and amino acids produce carbon dioxide, normally directly to
the atmosphere.
In the climate system, although a trace gas (0.039% by volume), it is the primary determinant of the surface temperature due to it’s properties as a long-lived greenhouse gas.

Related Glossary Terms
Carbon cycle, CO2, Greenhouse gas, Keeling curve, Sequester atmospheric carbon
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CO2
Carbon dioxide

Related Glossary Terms
Carbon cycle, Carbon dioxide, Keeling curve
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Coal
Mineral of biological origin used as a source of heat and power
See Fossil fuels

Related Glossary Terms
Fossil fuels
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Eemian
The interglacial before this one, between 130,000 years and 114,000 years.
See: Interglacial

Related Glossary Terms
Ice-age, Interglacial, Paleoclimatology
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Energy
No easy definition of energy exists, although it can be precisely defined in theoretical physics. Think of it as something that makes possible work, which is the result of a transformation or some other effect of energy. It’s this behaviour of the natural world that gives us the
idea of the usefulness of energy - even though it is not a substance or an entity in its own
right; it’s a very useful abstraction.
Solar energy travels from the Sun as solar photons (quanta of radiation) that produce the effects of heat and light when they interact with matter here on Earth. These comprise the
overwhelming majority of Earth’s donated energy - the income side of the planet’s energy
budget. If you can follow their trail, they are the ultimate source of almost all usable forms
of energy - thermal, electrical, mechanical - on Earth.
In terms of human societies, energy is the key to success. Figuring out how to capture or control more of it determines productivity of our collective enterprises - and that is the same as
prosperity. More food, more mechanical efficiency, more manufactured artefacts, more muscle for exerting political power ... all depend on the amplifying effects of energy.

Related Glossary Terms
Energy balance, Energy budget, Energy imbalance, Photon, Photosysnthesis, Photovoltaic
electricity, Solar PV, Thermal equilibrium, Watts
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Energy balance
A concept in thermodynamics which simply says that for any body to have a steady temperature, it must radiate the same quantity of energy as it absorbs. Think of it like an energy
budget - energy is added; energy is lost. If these quantities match, temperature is constant, if
not, added or subtracted energy causes warming or cooling respectively. until a new balance
is struck. The effect of changing one side of the energy budget is to create a temporary imbalance, until a new equilibrium temperature arrives. The time that takes depends on properties of the physical system - how quickly it can transfer heat, etc.
In the case of the Earth, if the planet is considered to be a single physical system (including
its atmosphere) both observations and theory tell us that its present warming tendency is
due to a net positive energy imbalance of approximately 0.6 W/m2; and that this is due to
retarded radiation losses by an enhanced atmospheric greenhouse effect. (Actually several
factors are pulling the balance in both directions. The net effect is what’s left when you add
them all up) There is abundant evidence for this idea, and no credible counter-evidence or
plausible alternative. In the last few years the energy imbalance has been directly measured
in the ocean, Earth’s heat reservoir, with high precision.

The usual measurements of global surface temperature come from weather stations, mostly
about a metre or so above the ground, so they are measuring near-surface air temperature.
This is handy because it’s familiar, but it doesn’t give us any idea how much extra energy is
being added to the Earth’s surface systems.
This chart made by Jim Hansen for his TED talk shows where the extra energy is going ...
95% into the ocean. Getting it there is a slow process - that’s just the way things work. Once
there, though, it’s there for a long time. Notice the next biggest heat reservoir is ice. That’s
because it takes 80 times as much heat to melt a bit of ice as to heat the same amount of water by a 1℃. Once the ice melts that “latent heat” goes into the melt-water. The atmosphere
only gets a couple of percent of the energy imbalance - that’s why it can seem a bit strange
that a couple of degrees of warming can be such a big deal.

Related Glossary Terms
Energy, Energy budget, Energy imbalance, Geothermal heat, Greenhouse gas, Infra-red, Insolation, Mean surface temperature, Thermal equilibrium, Watts
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Energy budget
A useful way of thinking about the state of energy balance for a celestial body. In equilibrium (constant temperature) the body receives (income) the same amount of energy as it radiates (expenditure). If the budget doesn’t balance, then for a time, temperature will rise or
fall at a rate determined by the physical properties of the body, until a new balance at a new
equilibrium temperature.
See: Energy balance

Related Glossary Terms
Energy, Energy balance
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Energy imbalance
The condition in a physical system in which the quantity of energy taken in is different from
the amount lost. An imbalance is always temporary because it causes adjustments to the energy fluxes at the surface or transfers in the interior so that equilibrium is restored. That
might happen quickly, as with a copper saucepan on a stove, or slowly, as it is with the Earth
and its global heat transfer systems. Eventually, a new energy balance means a new equilibrium temperature.

Related Glossary Terms
Albedo, Energy, Energy balance, Greenhouse eﬀect
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Feedbacks
In any physical system, a state of affairs where an effect or result of some cause acts recursively to moderate the original cause, either retarding (negative feedback) or amplifying it.
An example of positive feedback in the climate system are the effect of water vapour on a
forcing, negative or positive. Warming increases the water vapour content of the air, which
causes more warming - and the reverse from cooling. The strength of this feedback is such
that the effect of the greenhouse gas forcing is approximately doubled.
An example of a negative feedback is what happens to CO2 during the onset of an ice-age as
boreal forests retreat south, giving way to Tundra. Their capacity to take up CO2 is lost,
which is a small positive forcing, causing warming. In practice this isn’t enough to reverse
the net cooling, but when studied closely all large scale climate change phenomena turn out
to be composed of these intersecting processes.
Under special circumstances, a positive feedback can cause a runaway system change that
isn’t reversible by any available process. This appears to be what happened on Venus.

Related Glossary Terms
Forcing, or Radiative forcing, Ice-albedo feedback
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Forcing, or Radiative forcing
This is the Wikipedia definition:
In climate science, radiative forcing is defined as the difference between radiant energy received by the earth and energy radiated back to space. Typically, radiative forcing is quantified at the tropopause in units of watts per square meter of earth's surface. A positive forcing
(more incoming energy) warms the system, while negative forcing (more outgoing energy)
cools it. Causes of radiative forcing include changes in insolation (incident solar radiation)
and in concentrations of radiatively active gases and aerosols.
In simple terms, it is the change (actually the rate of change) in Earth’s energy balance due
to any perturbation, measured at the top of the atmosphere, where the planet’s radiation
loss occurs.
Loosely, it is also used to refer to any agent capable of causing such a change - specially the
greenhouse gases

Related Glossary Terms
Feedbacks
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Fossil fuels
The remains of long-dead organisms, preserved and concentrated by geological processes,
and recoverable by mining,
drilling, dredging and other
means. They consist of various
kinds of hydrocarbons or elemental carbon. Their economic
value is due to the conditions
of their preservation. Because
the original plants or microorganisms were not oxidized,
they still incorporate in their
chemical bonds those solar photons captured when they were
growing. These can be simply recovered by combustion. They have been known since antiquity, but only exploited on a large scale since the late 18th century. The real fossil fuel bonanza is a twentieth century phenomenon, and is the source of the enormous growth in the
human presence in that time. They are a wonderful energy resource. If it were not for one
disadvantage - their production of CO2 - we would certainly use them until it was no longer
profitable ... then the only thing we’d have to explain to our descendants is why we didn’t
leave any for them.
Coal is the preserved remains
of woody plants from several
different eras. It occurs
mainly in seams that represent beds of un-decayed peat,
after burial and compression.
Depending on how long it’s
been buried and how much
heat and pressure has been
applied, coal can be in any
state of transformation between moist peat and black
anthracite or jet. The main constituent is carbon, with varying amounts of hydrogen, sulphur, oxygen & nitrogen. These, together with smaller amounts of other elements, including
heavy metals, become problematic when coal is burned and they enter the stream of gaseous
combustion products.
Oil is the preserved remains of micro-organisms - although no theory of its formation is entirely satisfactory, and we don’t know exactly what these originators were. It takes very special conditions to form, and is much less abundant than coal, but much more valuable because of its fluid state, portability and energy density. It has been the back-bone of modern
prosperity. We have used up a large fraction of the known reserves in less than 100 years. It
consists of various mixtures of
hydrocarbons, and is refined
for a huge number of uses,
from transport fuels to asphalt
to chemical feedstocks to the
making of plastics and pharmaceuticals. There is debate
about how long the geological
supplies will last ... but they
certainly cannot last indefinitely, and it is likely we may
have seen peak production already.
Natural gas. This is mostly methane, formed by the same processes that make coal and oil,
and it is frequently found with them. Because methane (CH4) combustion produces less CO2
for a given quantity of energy, and no sulphur or nitrogen oxides, it has been preferred
where possible over the
other fuels and often
promoted as a “transition fuel” between the
fossil fuel age and the
zero-carbon future.
This claim is frequently
disputed. Methane is a
potent greenhouse gas,
but its atmospheric lifetime is short - typically
10 years - however,
while present, it is
many times more potent than CO2.
Unconventional fossil fuels is a term used for a loose group of substances that incorporate
hydrocarbons, but have not (until recently) been economically exploited. They include tar
sands, shale oil and gas, coal seam gas, extra-heavy bituminous deposits in various forms,
and the clathrates - frozen methane hydrates found in very large quantities in the Arctic. Extraction of some of these has begun on a large scale in the last 20 years. There are reasons for
grave concern over this development ... they are generally difficult to produce by processes
consuming large quantities of energy; and once a large industrial infrastructure is in place
they have potential to delay a necessary transition away from fossil fuels for some time.

Related Glossary Terms
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Geothermal heat
Heat generated deep in Earth’s interior, together with what remains of the original heat of
the planet’s formation. Most of it (about 80%) is due to radio-active decay of minerals. Because the surface has had 4.5 billion years to cool, the flux of heat generated inside the Earth
to the surface is quite small - about 0.087 W/m2 (0.3% of the solar radiation input) averaged
over the whole surface - but of course it is concentrated greatly at certain sites: the midocean ridges and mantle plumes that give us hot springs and geothermal vents. Here it is
easy to exploit, as it has been for a long time.
Hopes that large provinces of geothermally heated rock can be turned into heat exchangers
at depth so their energy can be consumed at the surface have yet to be realized - though they
may be in time.

Related Glossary Terms
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GHG
Greenhouse gas

Related Glossary Terms
Greenhouse gas
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Gigatonne
One billion (1,000,000,000) tonnes. Gt. Usual measure for atmospheric gases.

Related Glossary Terms
Gt
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Glacial cycle
See: Ice-age

Related Glossary Terms
Ice-age, Interglacial, Pliocene & Pleistocene

Index

Find Term

Chapter 2 - Climate & weather: how does the climate system work
Chapter 2 - Climate & weather: how does the climate system work

Greenhouse effect
The effect exerted by about 30 trace gases in Earth’s atmosphere of retarding the planet’s outgoing radiation. To say the gases “trap” infra-red radiation is not strictly true; neither is the
analogy of a greenhouse.
First, the gases with this property capture photons of particular wavelengths, holding them
only for an interval before re-radiating them. This directionless re-radiation is what actually
warms the lower atmosphere. The IR photons are captured and released many times in the
zone where the gases are most prevalent before, by chance, they make it to higher altitudes
where capture is less frequent, and eventually to the frigid regions near the tropopause
where they escape to space.
A glass greenhouse works mostly by blocking the escape of convecting warm air inside, although the glass also has the property of admitting sunlight and partly blocking IR.

The numbers in the diagram are Watts/m2
See: Greenhouse gas. GHG
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Greenhouse gas
Any gas that can capture photons in the wavelengths typical of Earth’s radiation (a band
from 5 to 100µ, with a peak about 15µ). This ability is only possessed by molecules with
three or more atoms; never by lone atoms or bi-atomic molecules - that is why the major constituents of the atmosphere, oxygen and nitrogen don’t have any greenhouse efficacy at all.

It might be puzzling to know that water vapour is the most potent greenhouse gas, but
doesn’t count in considerations of the causes of current warming. This makes sense if you
distinguish between so called “long-lived” GHGs and others. CO2, methane, nitrous oxide,
ozone all reside for years in the atmosphere once introduced. In the case of CO2, although it
is an active participant in the carbon cycle, and likely to move between compartments many
times, its effective duration in the air is measured in centuries. So if you could follow a CO2
molecule after it entered the air, you’d see it pass into a leaf maybe a couple of years later, after wandering all over the Earth; then exit again (not necessarily the same atoms) either during the plant’s respiration or when it died and decayed - perhaps doing something like this
hundreds of times before being finally incorporated in ocean sediment or soil. That’s typically how CO2 is semi-permanently removed from the atmosphere.
A molecule of water, on the other hand lasts an average of nine days there. At any one time,
there’s about 142,000 Gt of water vapour in the atmosphere (compared with about 3,000 Gt
of CO2) - enough to drop an inch of rain everywhere. The cycle of evaporation, transpiration
and precipitation is so vigorous that all that water is re-cycled into and out of the atmosphere about 40 times a year. The actual water content of any air parcel is determined closely
by its temperature. With this in mind, you can see that no human activity has any appreciable effect on the water vapour concentration ... except our manipulation of temperature
through the long-lived GHGs. That’s why water vapour is treated as a feed-back - and a
powerful one - enough to approximately double the strength of the human-induced forcing.
You might sometimes see the term “global warming potential”. The idea is that the quantity
of heat contributed to the atmosphere in the long run by the presence of any gas is determined by its specific greenhouse efficacy and atmospheric lifetime as well as its concentration. So if you work out the contribution of those properties characteristic of each molecule
and set CO2 to be 1, you can make a comparative scale to see at a glance how they stack up.
For example, the table shows four gases. Because of its very active presence in the dynamic
carbon cycles, no strict residence time can be specified for CO2.
GAS

Atmospheric lifetime
(years)

Global warming potential:
20 years
100 years
500 years

CO2

effective for centuries

1

1

1

Methane

12

72

25

7.6

Nitrous oxide

114

289

298

153

CFC-12

100

11,000

10,900

5,200

There are a couple of reasons why a gas can exert an effect for longer than its lifetime in the
air. One is that the equilibrium state in which the substance participates can be permanently
altered following a large influx into the system. Another is that the processes that equilibrate
a gas or its derivatives can include some very long-lasting ones (like those that eventually
sequester carbon from CO2 into rocks and sediments). Methane is eventually oxidized in the
atmosphere to CO2.
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Gt
Gigatonne ; one billion tonnes
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Holocene
The present interglacial era, beginning 11,600 years ago. It has been host to all of human civilization.
See: Interglacial

Related Glossary Terms
Interglacial, Paleoclimatology
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I-R radiation
See: Infra-red
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Ice-age
The name for climatic intervals colder than the present that have recurred in more or less
regular cycles for the last 5.2 million years - hence their other name: glacial cycles.

Exactly why Earth’s climate entered this oscillating phase, no one really knows. The causes
for various transitions in this record are only speculative too - so far, although there is some
pretty suggestive evidence that details of geophysical features act on the climate system by
altering its sensitivity to forcing by orbital variables, and various feedbacks that affect radiation balance. It is likely that the size and distribution of the cryosphere is itself a major
cause.
You can see a transition about 1 million years ago, when the frequency of ice age cycles
changed from 41,000 years to 100,000 years. This happened before our oldest Antarctic ice
core samples, so we don’t have as many details as we need to understand why it happened.
Likewise the transition at 3.2 million years, when, most likely, the northern hemisphere was
first glaciated.
It is clear though that the really crucial thing for understanding how ice ages work is the different geography of the two polar regions. It so happens that, for the last 30 million years the
south has had an ice-covered continent over the pole occupying most of the area between
90°S and 70°S, with a big ocean all around it. When orbital conditions favouring an ice-age
arrive in the south (cold southern summers), there’s no land for the ice sheet to expand on,
so no appreciable ice-albedo feed-back occurs.
In the north, these latitudes are almost all ocean, and the seasonal sea-ice that floats on it is
only a few metres thick rather than a couple of kilometres, as it is in Antarctica. But the Arctic Ocean is bordered by large land masses that can host expanding ice sheets once conditions are right for them. And so orbital forcing, itself quite weak, triggers powerful feedbacks on land that drive a self-reinforcing process large enough to cool the whole global climate ... until a negative orbital forcing triggers the reverse.
Paleoclimatologists have been impressed that it takes much longer to develop an ice-age
than it does to end it. Most likely, building a continental ice sheet is slow because precipitation in very cold places is slight - very cold air cannot hold any water - but melting, once under way, is much faster. At least this seems to be what the record is telling us. In a typical example of these last eight ice-ages, it takes about 60-80,000 years to get to glacial maximum
(the coldest phase) then about 10,000 to warm back up again.
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Ice-albedo feedback
This important amplifying effect occurs under any circumstances when the area of polar or
sub-polar ice and snow is changing, or it’s albedo is changing, or both. The sequence of
events for a positive climate forcing of any magnitude great enough to affect the persistence
of snow cover in the northern hemisphere in particular - because of the large area of land
with variable cover involved - is;
• Something alters the pattern of winter snow-fall and/or summer melt;
• That changes the year-round area of high albedo;
• That affects the radiation balance in the region - in the same direction as the original
change.
• That means ... if snow cover increases because it’s colder, so does albedo; therefore less radiation is absorbed and it gets colder. If snow cover decreases, the opposite holds. So this
is a positive feedback because it amplifies the original effect ... the effect becomes a cause,
enlarging itself.
This feedback is a big part of the phenomenon known as “polar amplification”. It is crucial
to the unexpectedly rapid shrinkage of the north polar sea ice. The ice surface has a typical
albedo of 60-90%; but the Arctic Ocean surface that replaces it is in the range 10-20%. The difference in high-latitude energy balance is enormous, because although sunlight is weak at
the poles, in summer it shines continuously.

Related Glossary Terms
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IFR
See: Integral fast reactor
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Infra-red
Radiation in a range of wavelengths from about 0.7µm (the limit of visible light) to 1,000µm
(1mm, the limit of micro-waves). These boundaries of the continuous radiation spectrum are
arbitrary of course, but useful.
The notable thing about this class of photons (apart from the fact that we can’t see them) is
that we experience absorption of those at the shorter end of the band as heat, due to the way
they interact with our body substances. Absorbing I-R is a much more effective way to
warm up than being exposed to warm air - that’s why a fire is so good when you feel chilly.
Because the wavelength of emitted radiation depends on the temperature of the emitter,
Earth’s surface sends out most of its radiation as infra-red - something you can easily demonstrate with an I-R camera.

Earth’s outgoing radiation. The spectrogram has this strange shape because the radiation
spectrum is rather grossly altered by absorption in the various bands corresponding to the
greenhouse gases. It may not look like it, but about 80% of all Earth’s radiation, mostly I-R,
is absorbed this way. Once that happens, the gases become radiation sources instead of the
solid surface, and in effect, the upper atmosphere becomes Earth’s radiating “surface”.
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Insolation
The quantity of solar radiation received on a given surface area over a specified time. Usual
units of measurement are: megajoules per square metre (MJ/m2); and watt-hours per square
metre (Wh/m2).
Irradiance is the insolation divided by time - so it is a measure of the energy as power, measured in watts per square metre (W/m2).
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Integral fast reactor
A novel reactor design using a different fuel cycle to a normal fission reactor, and a reactor
vessel filled with unpressurised liquid sodium, pumped by electro-magnetic devices with
no moving parts. It is as safe as can be conceived, and passed a melt-down prevention test in
1986 (coincidentally, only weeks before Chernobyl) by shutting itself down in good time
while the operators of the test reactor sat back and did nothing.
It doesn’t need enriched Uranium; it doesn’t need Uranium at all, so no new Uranium needs
to be mined. In fact, run on just the waste plutonium we have already in storage and stockpiled in dismantled weapons repositories, IFRs could supply all the world’s energy for at
least 200 years.
“Integral” in the name refers to the idea that fuel re-processing is done on the same site. It is
not onerous, and keeps the reactor supplied until all useable isotopes are gone.
Among its many advantages is its ability to use as fuel a wide range of isotopes, including
spent nuclear waste, which is at present a liability ... hence the fuel cost under this scenario
would be negative. It would be possible to place a unit inside an existing fossil fuel burning
power plant to replace just the energy source, utilizing the generating plant as is.
It would be feasible to design small utility scale units for distributed power generation, saving long-distance transmission.
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Interglacial
Warm interval between glaciations (Ice-ages). For the period we have accurate reconstructions - the last 820,000 years, an interglacial lasted 5-10,000 years, sometimes longer, while
the cold phase lasted four or five times longer. The current interglacial is called the Holocene; the prior one (130,000 - 114,000 years) is usually known as the Eemian, although it has
other names. It is particularly interesting to scientists because it happened to have an interval around 125,000 years of warmth about 1℃ above the present temperature.
Each interglacial in the last 1 million years of 100,000 year cycles has had a mean temperature within a degree or two of the present. Interglacial atmospheric CO2 never rose above
300 ppmv in the 0.8 million years for which we have good data.
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Irradiance
See: Insolation

Related Glossary Terms
Greenhouse eﬀect
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Isotope
The nuclei of elements (except hydrogen) all contain both protons and neutrons. The number of protons is fixed, and matches the number of orbiting electrons in a free atom; but in
some the number of neutrons may vary. Each variant is called an elemental isotope. They
may be stable, with no tendency to dissociate spontaneously, or unstable (radio-active), in
which case neutrons are emitted from the nucleus at a rate that is characteristic of the species
and completely independent of physical factors such as temperature and pressure or chemical bonds.
Examples are:
Carbon, which exists on Earth as 12C, a stable isotope, about 99% of all carbon atoms; 13C, a
stable isotope with mass number 13 and one extra neutron (nearly all the rest); and 14C, an
unstable rare isotope formed in the upper atmosphere by the interaction of cosmic rays and
nitrogen atoms. 14C decays to 14N at a fixed rate such that any population is halved in 5,730
years. This property has been exploited for dating samples of biological origin less than
about 50,000 years old (the interval since the living precursor was incorporating terrestrial
carbon). After this, the atoms of 14C are so scarce they can’t be measured.
Oxygen, which exists as three stable isotopes, the predominant 16O, and 18O (about 1 atom in
every 500), and 17O. This fact has turned out to be extraordinarily useful in paleoclimatology.
Harold Urey discovered in the 1950’s that the isotope ratio in chemical reaction products
was skewed in a manner that was dependent of temperature - in other words, if you could
measure the relative quantities of the 18O & 16O in any sample, you could work out the ambient temperature at the time it was formed. Applied to foraminifera tests (shells) and other
mineralized remains in sea-floor sediment of known age, which are made from carbon and
oxygen extracted from sea water, the technique has been used to reconstruct ocean temperature records over tens of millions of years.
The mass difference between the two isotopes also affects their physical behaviour. At the
ocean surface, for instance, the lighter atoms evaporate a bit more readily than the heavier
ones - therefore, water vapour has a slightly higher ratio of 16O than the sea. As long as the
vapour precipitates back onto the ocean, or returns there in rivers, in balance nothing
changes, but if it happens to snow onto an ice sheet, the ocean remains depleted of 18O. In
this way, the ratio of oxygen isotopes in the ocean becomes a geophysical measure of the volume of ice on the planet.
The mass of an isotope nucleus depends on the number of neutrons
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Keeling curve
The most famous graph in climate science, the result of continuous recording of the atmospheric CO2 concentration ever since 1958. It is rightly considered to be the best established
set of data demonstrating the human impact on the atmosphere in existence ... notwithstanding a few foolish and ignorant criticisms.
The man who began the record, Charles Keeling was obsessed by his work, and by the need
for accuracy. The observatory he founded for the work on Mt Mauna Loa, Hawaii, has been
known for scrupulous technique ever since. There is simply no room for doubt about what
this curve tells us.
Keeling had already seen the saw-tooth pattern before he started on the mountain - collecting air samples in the Sierras near his home in California, he noticed the gas concentration
was always a little lower in the evening than the early morning, and guessed correctly that
he was seeing the forest breathing. Trees take in CO2 during the day when the sun is shining
and their leaves are photosynthesizing; then they exhale it at night due to their metabolism.
After a year or two in Hawaii he saw it again, only now, away from any local forest, he realized he was looking at the breathing of the world. Each year in the northern Spring, he noticed the level begin to fall. In October it turned around again; and every May the peak
would be a little higher than the one before. This was the great boreal forests depleting the
air of their food in the growing season and then giving it back in the dormant one. We know
this now because these records are kept at several places, and the saw-tooth gets flatter the
further south you go. At the South Pole, where Keeling had another one set up, it is hardly
visible at all.
But the annual rise has been there each and every year - except now, instead of the 0.7 ppmv
of the 1960’s, the increment is a bit more than 2 ppmv, and rising.

Half a dozen Keeling curves from the Scripps CO2 global network. Barrow, at the very top of
Alaska is at the top; South Pole at the bottom. You can see the famous oscillating pattern
swings about 15 ppmv in Alaska; about 5 ppmv in Hawaii; and only 1-2 ppmv in Antarctica
where the nearest trees are a long way away in New Zealand (CHR), where the swing is
about half as much as Mauna Loa.
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Mean surface temperature
This term might seem obvious, but in fact, it’s a bit tricky, and well worth while getting
straight ... not least because some “disputes” about climate science are really a misunderstanding about what it means.
For a start, it isn’t even real. It’s an abstraction, just as “the average Australian” is. No such
person exists, although imagining him or her can still be useful. The second thing is that it’s
a measure with a fairly precise meaning: the statistical mean of a collection of thermometer
observations over a large number of places and a specified interval of time. So ... it makes
sense to speak of the global mean temperature for 2010, or for the decade of the ‘90s, or even
for last week; but no number can mean anything unless you know what interval has been
used to aggregate the observations. After all, this is a quantity that changes continually under the chaotic interactions of many climate system drivers.
A third thing is that we are often interested in trends rather than singular summaries. If we
are to interpret trends, we have to know something about how the climate system generates
its variability ... how long is enough to say that a trend exists? Three years, ten? thirty? It
turns out that the correct answer is closer to thirty years, although the exact interval depends on how striking the suspected trend is. However, many mistakes have been made assuming one has found a trend when there’s none. This can be an honest mistake, or deliberate deception ... when a good name for it is “cherry-picking” or selecting a little bit of data
just to prove a point, purposely omitting its proper statistical context - the minimal interval
needed to infer a real trend.

Here you see the NOAA 20th century temperature record with several 10-year intervals
marked with flat temperature trends. In other words, if you wanted to say so, you could say
of each and every one of these that there was no warming ... and it would be true. But obviously over the century there has been warming. This isn’t a genuine contradiction at all; it’s
just that the climate system has enough variability that ten-year intervals with no warming
are to be expected within a warming trend. Once you extend the period to 20, or better still
30 years, there is just one candidate for warming cessation - the interval 1940-1975 for which
a good climatological explanation is known.
Three principal research Centres collate the data from a network of meteorological observatories around the world, as well as data from tropospheric balloons and satellites ... NASA’s
Goddard Institute (GISS); NOAA, in Colorado; and the UK’s Hadley Centre at the University of East Anglia. The tricky part is making proper allowance for uneven data - after all,
there are hardly any observations in the whole of Antarctica, and not many over the ocean
or the deserts. Satellites help here, but you have to be careful putting together two different
kinds of data in one series. Then you have to be sure the statistical techniques are right because it makes a difference when so many entries go into the pot.
However, the good news is that, though they work quite independently, their conclusions
don’t vary by a significant amount. We can have very high confidence that we are in fact
measuring the world’s temperature, notwithstanding a host of ill-informed claims to the contrary.

Related Glossary Terms
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Oil
Name for a range of substances found from the surface to deeply buried deposits, consisting
of various mixtures of hydrocarbons. It is certain that oil originated as organisms, probably
mainly micro-organisms, but their exact identity is unknown. It is the characteristic energy
source of our time - enormously useful and convenient, its exploitation has become an enormous industry, and its benefits have stimulated and created many more.
See Fossil fuels
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Oxygen isotope
Oxygen occurs on Earth as three stable isotopes: 16O (the common one - about 99.8% of the
total); 18O, about 2 atoms in a thousand; and 17O, the rest.
In paleoclimatology, measuring the relative abundance of the first two is a crucial technique
for investigating environmental temperature in the past.

Related Glossary Terms
Paleoclimatology
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Paleocene-Eocene Thermal Maximum
A geologically rapid warming event first identified in the record of deep ocean cores in 1991.
It took place 55.5 million years ago, near the boundary of the Paleocene and Eocene epochs,
and seems to have lasted about 200,000 years, perhaps in several phases. The sediments contain strong evidence that it coincided with a large pulse of carbon of biological origin injected into the atmosphere, which eventually entered the ocean. This can be inferred from
the relative depletion of 12C - carbon from volcanoes has a different isotopic composition.
Global temperature rose 5-8℃ fairly rapidly. Ocean pH fell, and there was a major extinction
of marine life, although the picture is not straightforward, and there are debates about the
extent and scope of its effects on marine life. It seems to have taken at least 100,000 years for
the temperature to return to where it started. At the time, the world was already much
warmer than it is now, with no polar ice in either hemisphere.
The source of the carbon is debated too, but a strong case has been made that it was methane
released from destabilized sea-bed clathrates - frozen methane hydrate that exists in large deposits today in the Arctic Ocean floor and continental shelves. No one knows what caused
the release. It could have been a big slump on the continental slope induced perhaps by a
seismic event, or it could have been made susceptible by the slow warming over the previous era. However that may be, the quantity of carbon sufficient to cause these effects has
been calculated - it is likely to be in the range of 1,500 Gt - roughly the size of the assessed
recoverable reserves of fossil fuels.
The episode has received a lot of attention from climate scientists because it is the only
known natural analogue for the rapid injection of a 1,000 Gt carbon pulse we know of in the
geological record. As such, despite its occurrence so long ago, and in a world very different
from ours, it has something to teach us about the consequences of our present predicament.
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Paleoclimatology
The study of ancient climate states on Earth. The field has grown enormously in importance
in the last 30 years because of the urgent need to understand the responses of the climate system to perturbation. Where theory is deficient, or complex phenomena defy analysis, it is extremely useful to know what actually happened in comparable circumstances in the past.
Different sets of methods and techniques are used depending on the era under investigation.
Historical and instrumental records go back a century or two;
Biological proxies and others are used for a millennium or so.
Ice cores are very reliable back to 820,000 years, the age of the oldest and deepest recovered
ice (Dome C in central Antarctica).
Sea-floor sediment cores from the deep ocean or continental shelves are used for their yield
of durable mineralized remains of marine organisms. Other contributions are made by paleontology, radio-chemistry, archaeology and many more disciplines.
Essentially, to be useful, a source of paleoclimate data must have verifiable evidence of date,
as well as some variable of climatological interest, like temperature & precipitation. The records so far constructed, although they have limitations, are remarkable for the amount of
insight they have provided in just the last decade or two. This is probably the most active
and productive field of climate research at present; it is a large enterprise and still has many
things to tell us.

Related Glossary Terms
180, Eemian, Holocene, Isotope, Oxygen isotope, Paleocene-Eocene Thermal Maximum,
Pliocene & Pleistocene
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PETM
The Paleocene-Eocene Thermal Maximum

Related Glossary Terms
Paleocene-Eocene Thermal Maximum
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Photon
The elementary particle of radiation. All electro-magnetic radiation can be described precisely as both particles and waves - the theory accounting for this strange state of affairs is
known as Quantum Theory. As energy carriers, photons exhibit variable properties given by
their momentum, frequency and wavelength. These in turn, determine perceptible quantities such as temperature ... hotter sources emit more energetic photons with shorter wavelengths; cooler ones emit with longer wavelengths.
The interactions of photons and matter take place typically by the addition of photon energy
to an electron orbit. The extra atomic motion is what we call heat.

Related Glossary Terms
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Photosysnthesis
The process by which plants, algae and many bacteria combine solar photons and carbon dioxide to synthesize sugars, which are the building blocks of their tissues. The only other organisms that turn CO2 into organic substrates are the chemoautotrophs - micro-organisms
that oxidize elemental iron, manganese, hydrogen sulphide or ammonia for the chemical energy to build sugars.
Since no other processes exist, the photo-synthesizers are the basis of all life on Earth ... everything else must consume them, or else other organisms that do. The total quantity of solar
energy converted by photosynthesis is about 6 times the amount used by humans.

Related Glossary Terms
Energy
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Photovoltaic electricity
Voltage is generated by the action of solar photons on (usually) silicon, coated with special
films so that electrons displaced within the target travel to a conducting plate on the far side,
so starting a current. Cells made from silicon are assembled onto an array and covered with
a protective coat. Typical conversion efficiency (proportion of incident solar energy converted to electrical energy) is around 20%. Experimental cells can achieve double this, but
it’s likely that the practical limit will turn out to be not too far from the current production
units.
Solar PV is the third largest renewable energy source, after hydro and wind, with 100GW installed capacity at the end of 2012.
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Pliocene & Pleistocene
The Pliocene era began at 5.33 million years ago, and marks the onset of the period of recurring “ice-ages”. Exactly what triggered this transition is still not well understood. It was a
geologically active time, with mountain uplift in many regions and the beginning of the closure of the Panama seaway.
The final closure and formation of the Isthmus of Panama coincided with the Pliocene- Pleistocene boundary, again marked by a global climatic shift, at 2.6 million years ago. The end of
the Pleistocene is set at the end of the so-called “Younger Dryas”, the effective termination of
the last glaciation, 11,600 years ago, and beginning of our current era, the Holocene. The interval is characterized by a particular pattern of repeated glaciation.
The middle Pliocene (3.3-3.0 million years ago) was apparently warmer than today by between 2 & 3℃, for perhaps 200,000 years - but this duration is not well known. Neither do
we know precisely what the carbon dioxide content of the air was - most likely in the high
300’s about the same as now - but for a comparison to be meaningful we need better precision than this. Sea-level is known to have been about 25 m higher.

Related Glossary Terms
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Sequester atmospheric carbon
Carbon sequestration is an important concept in thinking about remedies for the climate
problem. The idea is this: The carbon that’s giving us a problem in the form of rising atmospheric CO2 was, until we mobilized it, geologically sequestered - that is, it had been “out of
circulation” with respect to the active carbon cycles for a very long time. The Earth we are
familiar with has its carbon dispersed in various “compartments” or reservoirs in more or
less stable inventories.
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

Some of them are very active participants in the Earth system, and through them, a lot of carbon makes its way around from ocean, soil, plants and animals, air and (to a smaller extent)
the deep geological reservoirs [See: Carbon cycle]. But the fossil carbon is different. There’s
no routine process that puts it into the carbon cycle. If we hadn’t taken it out and made it active, it would have stayed right there for the indefinite future. Its sudden introduction in trillion tonne quantities is a major disturbance to the Earth’s carbon metabolism.
What happens next is a matter of timing. The Earth system certainly has the capacity to sequester the fossil carbon - we know such re-balancing has happened before, and it can happen again ... but we also know it would take something like 100,000 years. If we didn’t mind
enduring the consequences of a big climate forcing for that time, we could do nothing. But if
we want to preserve something like the climate we know, we must find ways of speeding up
the sequestration ourselves.
The two methods advocated by James Hansen are not controversial. Calculations show that
a big program of tropical re-forestation could put away tens of gigatonnes of carbon over the
rest of the century. Of course, these forests would need to be managed carefully to achieve
that effect and maintain our demand for forest products. But the current practice in tropical
forests is so wasteful that experts are quite certain this can be done - a rare case of eating a
cake that doesn’t get consumed.
The essence of long-term sequestration in soil is that present agricultural practices liberate a
lot of carbon from the soil reservoir ... but revising these practices can turn the soil back into
a sink - that is, it can take up carbon again and store it for a long time. This is another win/
win. It’s known that building up soil carbon improves the stability, resilience and productivity of soils. The area of arable and pasture land suitable appears to be vast. Some techniques
seem to be able to stash away carbon for centuries, all the while giving back benefits to farmers. The limit of these sequestration methods still has to be found, but work going on suggests they could well be more than sufficient to achieve the atmospheric CO2 trajectory Hansen says we need.
If you want to learn more about this, try: http://www.csiro.au/files/files/pnzp.pdf
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Chapter 5 - What we have to do

Solar PV
See: Photovoltaic electricity
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Thermal equilibrium
The state of some physical system such that het transfers in and out are equal, and as a consequence, the temperature is constant
See: energy balance

Related Glossary Terms
Energy, Energy balance, Mean surface temperature

Index

Find Term

Chapter 1 - Earth’s climate: what is it?

Tropopause
The upper boundary of the Troposphere, the lower atmospheric layer. Its height varies with
latitude and some other conditions, and it has been displaced upward a measurable amount
by twentieth century tropospheric warming. Average altitude at the equator is about 17 km;
at the poles about 9 km.
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Chapter 3 - Earth’s climate under human influence

Troposphere
The lower atmospheric layer; the one we inhabit, the one with most of the gases and nearly
all the water vapour in it, and the one that generates most of the weather. It is in effect, the
stage on which the climate system acts.

The top of the troposphere, the tropopause, is a well-marked layer defined by a temperature
inversion ... from the surface to the tropopause, it gets colder at the rate of about 6.5℃ for
every kilometre of altitude (depending somewhat on how much water vapour there is) from
the mean surface temperature of 15℃ to -55℃. Then, as you go up into the stratosphere, it
gets hotter because the tropopause is the boundary of greenhouse warming, and above it,
the Sun heats the remaining atmosphere from the top, where the solar photons enter.
At the bottom of the troposphere is a layer distinguished by its turbulence, caused by the interaction of winds with topographic features and near-surface heating. This is sometimes
called the “boundary layer”, usually somewhere between 200m and 500m high. Its meteorological behaviour is different to the rest of the troposphere, but for most purposes, the distinction doesn’t matter.
All the constituent gases in the troposphere are “well-mixed”, that is, leaving aside temporary aberrations due to volcanoes, fires, factories and so on, wherever you measure their concentration it is the same ... with one important exception - water vapour. The survival of this
gas in the air is all about temperature, so there is less and less of it the higher you go. That’s
why you usually find the condensed form of it (clouds) at a height of a kilometer or more,
unless the surface temperature goes below saturation, when clouds form at surface level as
fog.
Tropical heat pushes the tropopause higher, so its altitude is about 17 km at the equator;
about 9 km at the poles.
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Watts
A standard unit of measurement for POWER ... or the rate of conversion or transfer of energy. It has definitions in terms of mechanical, and electro-magnetic energy, and is used routinely as Watts per unit area (W/m2) to measure energy transfers in the climate system.
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