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Man	  &	  climate
Human	  influence	  on	  Earth’s	  climate	  system:

a	  scientific	  problem

Should	  Earth	  ever	  be	  visited	  by	  a	  scientist	  from	  another	  planet,	  almost	  
certainly	  what	  he	  would	  find	  most	  remarkable	  is	  the	  proliferation	  of	  life	  and	  the	  
complicated	  system	  that	  keeps	  the	  living	  world	  going.	  Everything	  on	  or	  near	  
the	  Earth’s	  surface,	  he	  would	  notice,	  makes	  its	  contribution	  to	  this	  restless	  
miracle	  -‐	  the	  air,	  the	  waters,	  the	  stuff	  of	  the	  solid	  Earth,	  and	  the	  sun	  that	  shines	  
on	  them	  all.

In	  this	  short	  introduction	  to	  our	  scientific	  understanding	  of	  the	  climate	  
problem,	  we	  will	  try	  to	  see	  things	  a	  bit	  like	  this.	  From	  everything	  we’ve	  
discovered,	  it’s	  clear	  that	  the	  problem	  is	  one	  of	  balance.	  The	  climate	  is	  a	  
distinctive	  feature	  of	  the	  Earth	  system	  whose	  behaviour	  depends	  in	  the	  first	  
place	  on	  physical	  properties	  of	  the	  planet	  and	  especially	  its	  surface.	  There	  
would	  be	  an	  Earth	  climate	  if	  there	  had	  never	  been	  life	  here.

But	  it	  wouldn’t	  be	  the	  same.	  If	  we	  are	  to	  understand	  how	  we	  came	  to	  have	  a	  
climate	  problem	  and	  what	  we	  should	  be	  doing	  about	  it,	  we	  have	  to	  first	  see	  
how	  life	  on	  Earth	  contributes	  to	  the	  system	  in	  its	  stable	  state,	  and	  then	  how,	  in	  
the	  last	  century	  or	  two,	  that	  equilibrium	  has	  been	  lost.
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Man	  lives	  in	  two	  worlds
No	  other	  creature	  can	  imagine	  as	  we	  do,	  or	  invent,	  or	  communicate,	  or	  
focus	  such	  power	  in	  our	  social	  creations.	  We	  can,	  and	  do	  live	  exclusively	  
inside	  the	  cultural	  or	  human	  world,	  exactly	  as	  if	  there	  were	  no	  other;	  
exploiting	  the	  bounty	  of	  the	  Earth	  as	  if	  it	  had	  no	  end	  but	  to	  supply	  what	  we	  
have	  made.

But	  we	  belong	  to	  the	  Earth	  like	  every	  other	  living	  thing,	  sharing	  with	  that	  
living	  world	  our	  origins,	  our	  nature	  and	  our	  dependencies.	  Our	  special	  
capacities,	  though	  they	  are	  impressive,	  make	  us	  different	  but	  not	  separate	  
from	  our	  fellow	  creatures	  -‐	  bound	  like	  them	  into	  webs	  of	  life-‐support	  as	  old	  
as	  life	  itself.

	  When	  we	  are	  talking	  about	  the	  arrangements	  that	  govern	  how	  people	  live,	  
and	  wealth	  is	  produced	  and	  exchanged	  in	  a	  society	  (or	  indeed	  in	  the	  whole	  
world)	  we	  use	  the	  word	  economy.	  That’s	  interesting	  because	  originally	  the	  
word	  referred	  to	  the	  running	  of	  a	  household	  -‐	  that	  small	  world	  of	  purely	  
human	  existence	  the	  size	  of	  a	  family.	  That	  might	  be	  why	  we	  have	  come	  to	  
speak	  and	  think	  of	  the	  economy	  as	  if	  it	  were	  a	  purely	  human	  creation	  -‐	  a	  
system	  connected	  to	  the	  non-‐human	  world	  the	  way	  a	  predator	  is	  to	  its	  prey.

But	  this	  is	  a	  mistake.	  Ultimately	  everything	  human	  belongs	  in	  the	  world	  that	  
gave	  birth	  to	  us.	  The	  economy	  has	  no	  independence	  of	  any	  kind.	  It	  is	  a	  
system	  inside	  a	  bigger	  one	  -‐	  the	  Earth	  system	  -‐	  the	  wonderfully	  complex	  set	  
of	  relations	  that	  makes	  the	  living	  world	  work.

What	  we	  will	  study	  in	  this	  course	  is	  a	  problem	  that	  arose	  because	  we	  forgot	  
this	  -‐	  and	  still	  do.	  We	  can	  flourish	  for	  a	  while	  in	  that	  state,	  but	  sooner	  or	  
later,	  we	  discover	  limits,	  and	  we	  remember.	  No	  human	  economy	  can	  grow	  
forever,	  unless	  it	  were	  possible	  for	  us	  to	  ride	  through	  space	  on	  a	  ball	  of	  
barren	  rock	  accompanied	  by	  nothing	  but	  our	  amusements.	  Of	  course	  it’s	  
not.

To	  understand	  the	  climate	  problem,	  we	  have	  to	  begin	  with	  this	  truth.
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This is the world we live on: third planet out from the sun and the only one (as far 
as we can tell) with anything living on it. Why? Well, there’s the “Goldilocks” 
explanation - Earth is just the right distance from the sun: too close and we’d be 
baked like Venus; too far and we’d be frozen like Mars. But this is not really 
satisfactory. For instance, there’s the “faint young sun paradox”.

According to astrophysical theory, the sun must have been 30% dimmer when the 
solar system was born - it’s growing slowly brighter all the time. But that big increase 
in Earth’s received radiation hasn’t scorched the planet’s surface. Why?

Then there’s the puzzle of “snowball Earth”. We know from clear evidence that Earth 
has been frozen to the equator at some time in the past (possibly more than once), 
and warmed up again. How did this happen? What process allowed these reverses?
Answering these questions tells us Earth is more special than you might think.

http://visibleearth.nasa.gov/view.php?id=57723

http://visibleearth.nasa.gov/view.php?id=57723
http://visibleearth.nasa.gov/view.php?id=57723
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The answer to these and other puzzles about the Earth is that the 
planet’s surface is composed of a vast system of materials and 
processes that works as if it were a single entity, capable of 
regulating and adjusting surface conditions within certain limits.

There are several ways of demonstrating this. Here’s one.

Between 1990 & 1998 a hole was drilled 3,623m deep in the East Antarctic ice at Vostok. The 
ice at the bottom of the hole, just above bedrock was found to be 420,000 years old. Detailed 
analysis of the ice core gave us this remarkable diagram.
• The blue line shows how CO2 in the air changed over that time;
• The red line is the record of air temperature.
• The green line shows how methane concentration in the air changed.
• The bottom wavy orange line shows the rhythmical change in high-latitude summer sunlight.

What does this tell us about the way the surface system works?
★ First, the temperature in Antarctica has gone through four cycles, each about 100,000 
years long, generally cooling about 8℃ over 80,000 years, then fairly quickly warming the 
same amount in about 10,000 years. This tells us there must be something about the system 
that is self-regulating - that puts limits to changes in warmth & cold.
★ The changes in temperature and in the two atmospheric gases are very closely coupled. 
That tells us there is some kind of causal relation between them.
★ The variations in sunlight are synchronized, but not nearly big enough to explain such large 
temperature cycles - so they must be triggering strong feed-backs to cause them.
★ The record is remarkably jagged. There must be parts of the system (sub-systems) capable 
of sudden change and self-correction.

Adapted from: Petit 
et al, 1999. Nature, 
399, 429-436
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WHY LIFE?
When you look at it a certain way, life is very peculiar. An 
incredible number of things has to be just right for it to work, 
and yet it has been very persistent and (apparently) very 
hard to snuff out once it got started. The fossils show that 
again and again, huge catastrophes have almost 
extinguished life on Earth, only for it to bounce back better 
than ever. This has been a big puzzle: understanding exactly 
how life adapts itself to an ever-changing environment. The 
answer to the puzzle seems to be that:
The living world and the Earthly environment 
are not two things, but one. Life isn’t an 
addition to the non-living world; it’s a 
development of it, and so closely connected 
that we can’t understand how one works without the other.

A system that can generate cyclical behaviour like this one is (by 
definition) self-regulating ... but how does it happen?

The answer shouldn’t be 
so surprising - except 
we’ve been used to 
thinking about it differently. 
The fact is, the living part 
of Earth’s surface (the 
biosphere) is every bit as 
active in the regulation of 
surface conditions as the 
non-living part. This insight 
is the  great achievement 
of Earth system science in 
the last couple of decades, 
and we’re still discovering 
all the things that follow 
from it.

For example, the relation 
between sunlight (insolation), the atmosphere and temperature revealed in the Vostok 
core is this: at a time when northern hemisphere summers are cold (about every 100,000 
years), snow stays on the ground in sub-polar lands all year round, and gradually a 
growing snowfield becomes an ice-sheet. It acts like a giant mirror, reflecting most sunlight 
back to space, which makes it colder. The arctic ocean, as it cools, dissolves more carbon 
dioxide from the air. Less CO2 in the air makes it colder (CO2 and methane warm the air), 
which makes the ice sheet grow larger. As the arctic freezes, boreal forests retreat south, 
leaving behind snowy tundra, which adds to the mirror effect, making it colder still. These 
are positive feedbacks, magnifying the original solar effect.

But shrinking of the forested area means less CO2 is drawn from the air by growing trees -  
so this is a negative feedback, retarding the original cause. That’s how the system works.

The age of the Earth
The Earth is very old - so old it’s hard to get your head around the 
numbers. Try this. Imagine an olympic swimming pool (50m long). 
Now imagine someone asks you to empty it using an ordinary 
bucket. When you’re done, 
they give you three more 
pools to empty - three 
months’ work at 8 seconds 
a bucket, no stopping. 
That’s a million buckets. 
Now imagine doing all that 
4,500 times. That many 
buckets is how many years 
the old Earth has been 
going.

Life on Earth has changed and changed again 
during its long history.We know a lot about this 
because plenty of plants and animals left traces of their 
existence as fossils, and 
the study of fossils 
shows a pattern of life 
getting more complex - 
specially since about 
550 million years ago - 
and spreading to 
occupy every habitable 
place on the surface 
and beneath.
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Everlasting atoms
★ Nearly all the atoms you can find on the Earth today were there at the beginning - 
that’s because they pretty well last for ever. But they haven’t been sitting still by any 
means. Most atoms are capable of combining with each other, and that’s mostly the 
way you find them on Earth - in chemical compounds. But none of these is stable 
under every circumstance, so in practice, the elemental atoms move around.
★ Life is a great force for moving atoms around. Obvious when you think about it: all 
living things grow by incorporating stuff, then eventually die and recycle their atoms 
through the air, water and soil - whence they are taken up by other living things, to go 
through it all again. Look at the numbers. Life clearly has some big favourites. Why?

The top dozen elements 
essential for life are here. 
Notice the top four:
Oxygen, Carbon, Hydrogen 
& Nitrogen make up 96.3% 
of our bodies.

Here’s a question: If you had to search for signs 
of life on another planet, what would you look for? 
Here’s a clue: the two most typical properties of life 
are that it makes complicated stuff out of simple 
stuff; and it tends to concentrate energy - in fact it’s 
pretty greedy for energy & can’t do without it.

ELEMENT
order of abundance 

in Earth’s crust

ATOMIC 
NUMBER

Proportion by 
weight

in the crust

Order of 
abundance in the 

human body

%  composition of 
the human body by 

weight

OXYGEN 8 46.6% 1 65%

SILICON 14 27.72%

ALUMINUM 13 8.13%

IRON 26 5.0% 12 trace

CALCIUM 20 3.63% 5 1.5%

SODIUM 11 2.83% 9 0.2%

POTASSIUM 19 2.59% 7 0.4%

MAGNESIUM 12 2.09% 11 0.1%

TITANIUM 22 0.44%

HYDROGEN 1 0.14% 3 9.5%

PHOSPHORUS 15 0.12% 6 1.0%

MANGANESE 25 0.1%

FLUORINE 9 0.08%

SULPHUR 16 0.05% 8 0.3%

CHLORINE 17 0.05% 10 0.2%

CARBON 6 0.03% 2 18.5%

RUBIDIUM 37 0.03%

VANADIUM 23 0.01&

CHROMIUM 24 0.01%

COPPER 29 0.01% 13 trace

NITROGEN 7 0.005% 4 3.3%
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ppmv: parts per million by volume ppmv: parts per million by volume 

Gas Volume

Nitrogen (N2) 780,840 ppmv (78.084%)

Oxygen (O2) 209,460 ppmv (20.946%)

Argon (Ar) 9,340 ppmv (0.9340%)

Carbon dioxide 
(CO2)

390 ppmv (0.039%)

Neon (Ne) 18.18 ppmv (0.001818%)

Helium (He) 5.24 ppmv (0.000524%)

Methane (CH4) 1.79 ppmv (0.000179%)

Krypton (Kr) 1.14 ppmv (0.000114%)

Hydrogen (H2) 0.55 ppmv (0.000055%)

Nitrous oxide 
(N2O)

0.3 ppmv (0.00003%)

Carbon 
monoxide (CO)

0.1 ppmv (0.00001%)

Xenon (Xe) 0.09 ppmv (9×10−6%) (0.000009%)

Ozone (O3) 0.0 to 0.07 ppmv (0 to 7×10−6%)

Nitrogen 
dioxide (NO2)

0.02 ppmv (2×10−6%) (0.000002%)

Iodine (I2) 0.01 ppmv (1×10−6%) (0.000001%)

Ammonia (NH3) trace

Not included in above dry atmosphere:Not included in above dry atmosphere:

Water vapor 
(H2O)

~0.40% over full atmosphere, typically 1%-4% at surface
Table and graphic from 
Wikipedia article: 
Composition of the 
Atmosphere

  Our strange atmosphere ...

The puzzle of the air
If you were a Martian looking toward Earth for signs of life, our atmosphere would 
pretty much give the game away. Why? because oxygen, a very reactive element, 
should not exist freely in such abundance. There are plenty of things on Earth’s 
surface for it to combine with, and the only reason it is not used up by oxidation 
reactions (burning) is that it’s being continuously replaced. Not only that, but as it’s 
replaced by one part of the living world (the plants), it’s consumed by another 
(everything else) - all the time.

Several other gases wouldn’t be in the air either if the atmosphere were in 
chemical equilibrium - that is, if they were at liberty to react with each other until 
everything balanced. So what’s going on?

http://en.wikipedia.org/wiki/Parts_per_million
http://en.wikipedia.org/wiki/Parts_per_million
http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Argon
http://en.wikipedia.org/wiki/Argon
http://en.wikipedia.org/wiki/Carbon_dioxide
http://en.wikipedia.org/wiki/Carbon_dioxide
http://en.wikipedia.org/wiki/Neon
http://en.wikipedia.org/wiki/Neon
http://en.wikipedia.org/wiki/Helium
http://en.wikipedia.org/wiki/Helium
http://en.wikipedia.org/wiki/Methane
http://en.wikipedia.org/wiki/Methane
http://en.wikipedia.org/wiki/Krypton
http://en.wikipedia.org/wiki/Krypton
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Nitrous_oxide
http://en.wikipedia.org/wiki/Nitrous_oxide
http://en.wikipedia.org/wiki/Carbon_monoxide
http://en.wikipedia.org/wiki/Carbon_monoxide
http://en.wikipedia.org/wiki/Carbon_monoxide
http://en.wikipedia.org/wiki/Carbon_monoxide
http://en.wikipedia.org/wiki/Xenon
http://en.wikipedia.org/wiki/Xenon
http://en.wikipedia.org/wiki/Ozone
http://en.wikipedia.org/wiki/Ozone
http://en.wikipedia.org/wiki/Nitrogen_dioxide
http://en.wikipedia.org/wiki/Nitrogen_dioxide
http://en.wikipedia.org/wiki/Iodine
http://en.wikipedia.org/wiki/Iodine
http://en.wikipedia.org/wiki/Ammonia
http://en.wikipedia.org/wiki/Ammonia
http://en.wikipedia.org/wiki/Water_vapor
http://en.wikipedia.org/wiki/Water_vapor
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The answer to this puzzle again is life. Everything in the atmosphere except 
Argon and the tiny amounts of Helium Neon & Krypton, are all recycled through 
living things, being consumed and reproduced in them, as well as reacting with 
the non-living components of the surface. If life were suddenly removed, in a 
fairly short time (geologically short, perhaps a few hundred thousand years) the 
atmosphere wouldn’t be anything like this, and eventually, it would probably 
evolve to something between the atmospheres of Venus & Mars.

BURNING FOSSIL FUEL
CUTTING FORESTS

PHOTOSYNTHESIS

PLANT & ANIMAL 
RESPIRATION

SOIL 
ORGANISMS 
& RECYCLING

RUNOFF

OCEAN BICARBONATE

ATMOSPHERE: 
CO2 & METHANE

SEDIMENT

PLANTS
ANIMALS

SOILS

THE CARBON CYCLE

But what’s so special about life?

The answer is CARBON
See the four electrons in the outer orbit of 
the carbon atom? They’re the key to life.

If conditions are right, one or more of 
them will leave the carbon and orbit 
another atom - hydrogen, oxygen, 
nitrogen or even another carbon - sticking 
the atoms together. That’s the way all 
living stuff is made.

Some combinations release energy as 
they happen. That’s how life gets energy 
from food and fuel.

SEDIMENTARY ROCKS
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WHERE IS ALL THE CARBON on EARTH?
This is where the carbon near Earth’s surface is: (Gt is a billion tonnes) 

RESERVOIR QUANTITY (Gt)

OCEAN BICARBONATE & CARBONATE  & DISSOLVED CO2 40,000

SOIL & SEDIMENT ORGANIC CARBON 1,600

ATMOSPHERIC CARBON: CO2 & METHANE 760

CARBON IN LIVING THINGS 610

FOSSIL FUEL CARBON 4,200

SEDIMENTARY ROCKS: LIMESTONE & ORGANIC CARBON 50,000,000

The top four (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 760Gt of carbon in the air, 160Gt 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.

A model of a carbon dioxide molecule

Oxygen is powerfully 
attracted to the outer 
electrons of carbon. The 
bonding of two Oxygens to 
one Carbon creates a 
molecule of CO2 and a chunk 
of energy - that’s what 
makes this reaction 
(combustion) so useful to us.
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How CARBON moves around the Earth system ...
a balanced set of cycles, living & non-living, all neatly hooked together

Carbon entering the 
atmosphere as CO2 
(say, from your breath, 
or the decay of 
anything once living) 
spends about a decade 
there, wandering all 
over the world, before 
entering a leaf (or 
some other plant)

Maybe 50 years in a plant 
and the carbon is

either eaten or its host 
dies - either way, it is 

returned to the air as CO2.
Both plants and animals 

make CO2
as they breathe.

CO2 is rapidly exchanged 
between the air & ocean.
The big users of carbon 

in the ocean are 
phytoplankton, 

photosynthesizing algae 
that float everywhere if 
there’s enough sunlight.

Other 
plankton 
use 
carbon to 
make 
shells

The marine food chain starts with the various 
kinds of plankton. One sort (the 
phytoplankton) can use CO2 and sunlight to 
make cells, just like the plants - so it is the 
foundation of oceanic life. Other plankton 
feed off it, and everything else feeds off them: 
big things eating little ones. They all excrete 
waste, and they all die. Most (but not all) of 
this carbon, too, is recycled in the ocean.

Maybe once every 500 
cycles, the carbon in or on 
the topsoil is washed into a 
river & so gets to the sea. 
There it becomes sediment.

Over millions of years, sea-floor sediment turns into 
sedimentary rocks, taking the carbon with it. These 
rocks - limestones and other carbonates - are 
eventually subducted under the edge of a 
continental plate. Heat and pressure release  the 
carbon which is vented through volcanoes as CO2. 
This is how carbon is returned to the atmosphere 
after tens or hundreds of millions of years.

There are fast carbon cycles (air/ocean), 
taking only days; and very slow ones 
(ocean floor) taking many millions of 
years; and many others in between.
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All of life depends on a neat trick - the ability possessed by all plants, algae 
and some bacteria to take carbon from the air using sunlight, and make it into 
food and plant matter. (There are small exceptions to this truth - the bacteria 
specialized for living at hot thermal vents on the ocean floor. Some scientists think 
the very original microbes 3.5 billion years ago made their living in this way.)

The stuff made by these organisms is what the rest of us use for food - sugars, 
starches, celluloses, fats, proteins and all the rest. All of them are made by bonding 
carbon with hydrogen, oxygen, nitrogen & a few other atoms in particular ways. The 
miracle of carbon is that it can make these combinations in an almost unlimited 

number of ways, giving the enormous variety of 
organic substances plants & animals are built from.

  The stuff of life

GLUCOSE: a typical sugar & 
a simple carbohydrate - basis 
for many other substances.

CELLULOSE: the stuff 
plants are made of. It 
consists of long chains 
of sugar molecules 
hooked together in a 
certain way.

STARCH: the stuff plants 
and animals use to store 
energy, like a woodpile 
in the basement. It too is 
made by linking lots of 
sugars together in long 
chains.

PROTEIN: multipurpose 
molecule of life. Made mostly 
of carbohydrates & nitrogen, 
they can be very complicated. 
Folded into fancy shapes, they 
can act like keys, unlocking or 
switching life processes on & 
off.

DNA: the 
reproducing 
molecule that 
keeps life going. 
The two halves of 
the spiral unzip, 
and then each half 
assembles a new 
copy of its partner, 
making a new 
DNA.
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Our planetary siblings are very different
★ Venus has about 2,000,000 times more CO2 than Earth and is fiercely hot.
★ Mars has a very thin atmosphere of CO2 and is frigid.
★ Venus’ fiery temperature never changes; on Mars in mid-latitudes it goes from 0℃ 
to -60℃ in a typical day.
★ On Earth, the average temperature is right for plenty of liquid water, and it has 
always been so.
★ On Earth, atmospheric carbon (mainly CO2) is continuously recycled between 
plants, soils, other organisms and the ocean. It can be added to the air by volcanoes, 
and removed by the slow weathering of rocks and ocean sedimentation.
★ On Venus, all the water has been boiled away, and all the carbon is in the 
atmosphere.
★ On Earth, temperature extremes are moderated by the presence of water vapour in 
the air and the small quantity of greenhouse gases.
★ If life were to cease, the atmosphere would certainly evolve - no one knows for sure 
what it would eventually look like, but possibly something like the composition here.
                                                                      [Data from Lovelock, 1990, The Ages of Gaia, p9]

A COMPARISON OF PLANETARY ATMOSPHERESA COMPARISON OF PLANETARY ATMOSPHERESA COMPARISON OF PLANETARY ATMOSPHERESA COMPARISON OF PLANETARY ATMOSPHERESA COMPARISON OF PLANETARY ATMOSPHERES
GAS VENUS MARS EARTH (lifeless) EARTH

CO2 96.5% 95% 98% 0.03%

Nitrogen 3.5% 2.7% 1.9% 79%

Oxygen trace 0.13% 0% 21%

Argon 70 ppmv 1.6% 0.1% 1%

Methane 0% 0% 0% 1.7 ppmv

Mean surface 
temperature (˚C)

459 -53 240-340 13

atmospheric pressure 
(bars)

90 0.0064 60 1

The primary producers
★ All life depends on one thing: the ability of plants, algae and cyanobacteria to 
take CO2 from the air, break it apart and turn it into plant matter - carbohydrates like 
sugars, starches, cellulose and all the stuff of plant tissues.
★ It takes energy to split Oxygen and Carbon once they’re bonded (remember they 
generate energy when they bond) so plants use a bit of sunlight to do this. The trick 
is done with stuff called chlorophyl (it’s what makes leaves green) and once the 
Carbon is free it combines with Hydrogen and other things to make plants work.
★ Every other living thing needs plants to capture the energy of the sun. They are 
the first bit of the planetary food chain and nothing else could exist without them.
★ For that reason all the organisms capable of harvesting sunlight in this way are 
called primary producers. You might be surprised to know the biggest group are 
not rainforests or great grassy plains, but the countless phytoplankton of the ocean.
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Where are the boundaries 
of life?
Where does the living world (biosphere) 
end and the non-living begin?
Or to look at it another way: Can we 
ever tell precisely if something is part of 
a living system or not?

Well, we probably can’t. Not so long 
ago, no one would have believed there 
could be bacteria in vast numbers living deep underground getting their energy from 
hydrogen. But now there’s good reason to think they are there. Some people think 
there might be more life below ground than above it.

There’s a respectable theory that the continents - those huge rafts of light rock we all 
live on - were made by living organisms. What makes this idea plausible is that 
granite, the typical continental rock, is as peculiar as atmospheric oxygen & no 
geochemical theory of how it came to be there is completely satisfactory.

Cyanobacteria 850 million years old, from Central Australia.  
[http://www.ucmp.berkeley.edu/bacteria/cyanofr.html]

What makes EARTH different?
✴ Earth is the right distance from the sun. Any closer, like Venus, and 
there might have been a run-away greenhouse; any further, like Mars and the 
surface would be cold with most water frozen.
✴ It’s hot inside. Heat from beneath the crust causes the solid surface to 
move around. Crustal material is regularly replaced by new stuff from deep 
inside, while old stuff is weathered away by air & water and recycled.
✴ It has an atmosphere. The atmosphere is a shield, keeping away most 
UV radiation and burning up most approaching small meteorites. It’s a blanket, 
adding about 32℃ to the mean surface temperature. It’s a buffer against 
sudden & disastrous changes to surface conditions. It’s a heat transport 
system, sending equatorial solar energy all over the globe. It takes water 
vapour from the oceans and rains and snows it onto the land, which would 
otherwise be barren. It provides the substrate for life to both plants (CO2) and 
animals (Oxygen), and a sink for the products of life.
✴ It has a large amount of liquid water. If Earth were smooth like a billiard 
ball, the ocean water would cover it about 2km deep. As it is, the average 
ocean depth is nearly 4km, and the ocean is almost ¾ of the surface area.
✴ It has a system of living things that’s been interacting with the 
surface for a long time. The existence of a biosphere is, of course, the most 
singular thing of all - but as you can see, that is only possible because the other 
conditions are just right. On the other hand, life is a very active player in 
sustaining those conditions.

http://www.ucmp.berkeley.edu/bacteria/cyanofr.html
http://www.ucmp.berkeley.edu/bacteria/cyanofr.html
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Earth’s	  climate
The	  climate	  is	  a	  funny	  thing:	  it	  doesn’t	  exist,	  and	  yet	  we	  know	  it	  is	  there	  just	  
the	  same.	  I	  say	  it	  doesn’t	  exist	  because,	  although	  we	  experience	  things	  like	  
rain	  and	  wind	  and	  cold	  nights,	  we	  never	  experience	  the	  climate.	  It	  is	  an	  
abstraction	  -‐	  an	  idea	  about	  all	  of	  those	  things,	  that	  we	  use	  to	  think	  about	  how	  
they	  work.	  I	  don’t	  actually	  know,	  but	  I’d	  be	  surprised	  if	  the	  Aborigines,	  for	  
example,	  had	  a	  word	  for	  the	  thing	  we	  call	  climate.	  That’s	  because	  they	  had	  no	  
use	  for	  it.	  If	  they	  thought	  about	  how	  the	  rain	  and	  wind	  works,	  it	  was	  in	  a	  way	  
quite	  different	  from	  ours.

Climate	  is	  not	  the	  same	  as	  weather.	  These	  two	  ideas	  are	  connected	  
something	  like	  this:	  we	  speak	  of	  weather	  when	  we	  are	  talking	  about	  climate	  
events	  in	  our	  locality	  and	  over	  a	  span	  of	  days	  or	  maybe	  weeks.	  We	  talk	  of	  
climate	  to	  refer	  to	  larger	  patterns	  of	  those	  events	  and	  trends	  over	  large	  
regions	  (or	  even	  the	  whole	  world)	  and	  long	  periods	  of	  time.	  That’s	  why	  it	  can	  
makes	  sense	  to	  predict	  the	  climate	  years	  or	  decades	  ahead,	  when	  the	  
weather	  man	  can’t	  tell	  very	  well	  if	  it	  will	  rain	  in	  our	  backyard	  next	  week.	  A	  
climate	  forecast	  isn’t	  about	  details,	  but	  tendencies.	  It	  can	  tolerate	  bigger	  
uncertainties	  because	  of	  that.

The	  easiest	  way	  to	  understand	  the	  idea	  of	  global	  climate	  is	  to	  think	  of	  Earth	  as	  
a	  member	  of	  a	  planetary	  family	  -‐	  the	  four	  rocky	  planets	  of	  the	  inner	  solar	  
system.	  Comparing	  our	  planet	  with	  the	  others,	  it’s	  easy	  to	  see	  that	  it	  has	  
features	  on	  its	  surface	  	  (the	  ones	  we	  mean	  by	  climate)	  that	  are	  very	  different	  
on	  the	  others.	  Another	  way	  is	  to	  consider	  Earth’s	  history.

Scientists	  interested	  in	  this	  have	  discovered	  that	  the	  climate	  on	  Earth	  hasn’t	  
always	  been	  the	  same	  -‐	  not	  by	  any	  means.	  In	  fact,	  a	  very	  fascinating	  story	  has	  
emerged,	  suggesting	  that	  life	  on	  Earth	  isn’t	  a	  passive	  film	  of	  carbonaceous	  
stuff	  clinging	  to	  the	  surface	  at	  all,	  but	  a	  very	  active	  agent	  in	  the	  control	  of	  the	  
climate	  system	  over	  both	  long	  and	  short	  spans	  of	  time.	  When	  you	  think	  about	  
it,	  this	  mightn’t	  be	  so	  surprising.	  It’s	  what	  you	  might	  expect	  from	  a	  well-‐
adjusted,	  complex	  system	  binding	  the	  living	  and	  non-‐living	  worlds	  
indissolubly	  together.
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EXTREMES: 
These are like the 
boundaries, inside 
which the 
variability of Earth’s 
climate system is generated.
★ Hottest place, Libya: 58℃
★ Coldest place, Vostok 
Base, Antarctica: -89℃
★ Driest place, Atacama Desert, Chile: annual average rainfall 8mm
★ Wettest place, Mawsynram, India: annual average rainfall 11,874mm (11.8m)
★ Greatest temperature range, Central Siberia: summer 37℃; winter -68℃
★ Highest recorded tornado wind speed, Great Plains, USA: 500km/h
★ Rainiest place, Kuaui, Hawaii: 350 days of rain in an average year.

The way this variation comes about can be understood once we figure out the 
forces that make the climate system work, and how they affect each other.

   Earth’s Climate

What is climate?
It’s a feature of the way things happen 
on Earth: things like the movement of 
heat, air & water; and the effects they 
have on different parts of the surface.
Imagine a planet without a climate. It  
would be the same temperature all the 
time, everywhere, and if there was 
rain, that wouldn’t change either.
Climate is the PATTERN of these 
events and trends, over large 
regions & long times.

There’s no climate on Venus 
the planet closest to Earth and 
the most like it in size. Some 
time long ago, Venus’ 
atmospheric blanket grew so 
thick that most of the planet’s 
surface heat was trapped 
beneath it. The oceans boiled 

away and now, even though little sunlight passes 
through the thick clouds, it is always 460℃ there - 
much hotter than the inside of an oven.
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   Why is there a climate on Earth?

SUNLIGHT

AXIAL TILT 23.5°

MID-SUMMER, southern hemisphere
The equatorial region, shifted south at this season, receives 
most sunlight, and is in positive energy balance. About where 
yellow turns to blue, energy balance turns negative (higher 
latitudes lose more heat than they gain).

Equatorial heat is moved toward the poles by convection cells 
of winds, twisted towards the west by the planet’s eastward 
rotation. Each year, the centre of  the system moves from one 
side of the equator to the other & back again.

LOW LATITUDES 
GAIN HEAT

HIGH LATITUDES 
LOSE HEAT

WINDS
Hot equatorial air moves toward the 
poles. Air rises in stable convection 
cells near the equator and 
descends at the mid-latitudes.
Winds are what move water 
evaporated from the ocean over the 
land as rain and snow.

OCEAN CURRENTS
Not shown here, global 
systems of currents move 
vast quantities of heat in the 
ocean waters - warm water 
toward the poles near the 
surface; cold water back 
again near the bottom.

SEASONS
Earth leans over quite a bit. This is 
the reason there are seasons: for 
half the year, each hemisphere in 
turn gets more sunlight & warmth.

(SOUTHERN SUMMER)

THE ONE BIG 
REASON WE 
HAVE CLIMATE 
IS THE TROPICS 
GET MOST OF 
THE HEAT & IT 
HAS TO MOVE
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Map showing how sunlight is 
distributed on the land 
surface.
If you made a map like this for 
the Moon, it would show a band 
around the equator like a wide 
belt, where most of the sunlight 
landed.
On Earth, though, clouds, and 
opaque stuff in the air, as well as 
what’s on the surface - forest, 
desert, ice and so on - makes a 
big difference, so this map is a 
bit messier than the Moon.
Still, it’s easy to see that the 

tropics get the most; the far north and Antarctica (not on the map) the least. At 60°N or S, 
the amount of sunlight on each square metre is only about half what it is at the equator. 
Heat wants to move. The movements of fluids triggered by heat are called convection. 
This happens both in the air and the sea.

A sphere can’t be heated evenly from one direction.
A spinning sphere irradiated from close to its equatorial 
plane must be cool at the poles, because at higher 
latitudes, rays spread over more surface. 

The Moon has no air and no water. The 1366 W/m2 of 
sunlight falling there warms the ground during the lunar day; 

but as soon as night comes, the heat vanishes quickly 
into space. A day on the lunar equator is about about 
107℃: hotter than boiling water; at night it goes 

down to -153℃. In shaded craters it can be colder 
than the surface of Pluto, and it’s the same day after day, 
forever.

Although it gets exactly the same amount of sunlight as Earth, 
the Moon has no climate because nothing there can move heat 
from the hot parts to the cool - they just take what comes and 
let it go again, every time the body turns around. There’s no 
atmosphere to “blanket” the Moon, as there is on Earth, 
holding some of the sun’s warmth near the surface.

Imagine the Earth is shaped like a plate, facing the Sun.
The quantity of solar energy reaching it every instant, averaged 
over the year is 1366 watts falling on each square metre of surface. 

This amount is called the solar flux. It’s averaged because the 
distance between Earth and Sun changes 
during the year, as Earth’s orbit brings it closer 
and farther away. The orbit is an ellipse.1366 W/m2
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How sunlight comes to Earth ... and what happens to it then
The surface of a sphere is four times the surface of a disc the same diameter - so the 
dose of radiation for each square metre of Earth is 342 W/m2. Of the incoming energy:
★ 48% - a bit less than half - makes it straight through to the surface;
★ 24% is absorbed by the atmosphere - in clouds, aerosols & gases;
★ 20% is reflected by clouds - exactly  how much depends on how cloudy it is;
★ 8% is reflected by the solid surface - by ice & other light-coloured surfaces.

These numbers are rough. In practice, the actual values change depending on:
✦ How much snow & ice is on the ground (they are very reflective, like mirrors);
✦ Vegetation cover (big droughts can make large areas more reflective);
✦ How much dust and smoke are in the air (these particles can absorb or reflect);
✦ What sort of clouds are in the sky (some reflect and some absorb);
✦ The amount of water vapour in the air; and a lot more.

That’s half the story. The Earth, like anything else, if it absorbs radiation must give it back 
again - otherwise it will get hotter. Sunlight is short-wavelength radiation because the Sun is 
hot (5,700℃). Earth is cool (mean surface temperature 14℃), so it gives back radiation at 
long wavelengths, mostly Infra-red (IR). Then something strange happens. As Earth 
radiation passes upward through the atmosphere, most of it gets stopped by some of the 
trace gases - mainly water vapour & CO2. In other words, due to these gases, Earth warms 
its lower atmosphere, which then acts as a radiation source, sending heat in all directions. 
Eventually, enough IR leaves the top of the atmosphere to balance Earth’s energy budget. 
This state of affairs is what we call:
THE GREENHOUSE EFFECT. It’s one of the most important features of our climate.

SUN

INSOLATION
       342

ABSORBED BY
ATMOSPHERE          
          70 REFLECTED

BY SURFACE
        25 

REFLECTED
BY CLOUDS
         82

165 PLANTS: EVAPO-
TRANSPIRATION        

OUTGOING IR: MATCHES 
INSOLATION MINUS THE 
AMOUNT REFLECTED 
ABOVE THE ATMOSPHERE

IR CAPTURED IN  
THE LOWER 
ATMOSPHERE 
CAUSING A WARM 
LAYER ABOVE THE 
SURFACE
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The lower atmospheric layer is where all 
the weather & most of the climate is.
That’s because the greenhouse gases catch 
about 80% of outgoing I-R  - most of it close to 
the surface - and so the troposphere is 
warmest at the bottom. That’s good for living things.

As a result, the atmosphere has a warm layer rising, always on the move, 
mixing its heat with colder air above (blue arrows). In the warm bottom 
layer, energy is exchanged between air molecules, keeping them agitated.  
This is a bit like a blanket - but not exactly. For one thing it has no top; 
and for another, the lower troposphere is both a heat trap and a radiator.

 The troposphere: the air we breathe;
  the greenhouse layer of the atmosphere

SUNLIGHT
at top of atmosphere

342 W/m2

SOLAR RADIATION
reaching the surface

236 W/m2

TOP OF THE
TROPOSPHERE

(tropopause)
about 10km altitude

-55℃

+14℃

INFRA-RED RADIATES
to space near tropopause

235 W/m2

I-R FROM
SURFACE
 236 Wm2

I-R directly to space,
passes straight through

the atmosphere
40 W/m2

I-R stopped in the
troposphere, and

radiated from near
the top: 195 W/m2

The troposphere is 
peculiar:
it’s a body of gas in 
which the bottom is 
warmer than the top 
- due to the 
greenhouse effect. 
But warm air always 
rises - so the 
troposphere is 
always in motion -
part of the reason 
why winds blow 
most of the time.

Typical 70℃ 
colder at the 
tropopause 

than the 
surface
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How does it work?
These are the four main greenhouse 
gases. IR radiation (like all radiant 
energy) travels from Earth’s surface 
as tiny chunks called photons. Any 
molecule with at least three atoms 
can intercept a photon, providing its 
wavelength matches an energy 
property of the molecule. 
If it does, the photon is captured, and 
the gas molecule either spins or 
vibrates faster - until the photon is 
released. This temporary capture is 
what warms the lower atmosphere, 
where all the water vapour and most 
of the other gases are. 
Oxygen & Nitrogen, with only two 
atoms, can’t do this.

The numbers on the right are 
variable because the effect of each 
gas depends on actual conditions in 

the atmosphere & these change from time to time & place to place. As well, water vapour, the 
most effective greenhouse gas, is very unevenly distributed in the atmosphere.

The greenhouse effect:
the main reason Earth is warm and 
friendly to life.
Without the warming of the lower atmosphere 
(troposphere) by greenhouse gases, the 
mean surface temperature would be 32℃ 
colder (-18℃) and most of Earth, including 
the oceans, would be frozen.

Ever wonder why nights in the desert are 
cold and the temperature drops as soon as 
the sun goes down? That’s because the 
greenhouse effect is weak - there’s not 
enough water vapour in the air to trap the 
day’s heat like a blanket.

It’s also the reason tropical 
nights are hot. A lot of water 
vapour in the air keeps the 
day’s heat close to the 
surface. Sultry nights are due 
to water vapour saturation and 
a strong greenhouse effect.

GREENHOUSE 
MOLECULE

GAS NAME Contribution 
(%)

WATER 
VAPOUR

36-72
%

CARBON 
DIOXIDE

9-26%

METHANE 4-9%

OZONE 3-7%
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Earth’s surface shows a variety of climate zones ... and yet it still 
makes sense to talk of Earth’s climate, as if it were all one.

That’s because, for some purposes (say comparing our planet to others in the solar 
system, or searching for past climate states in Earth’s history) it’s useful to think of 
a global climate. The map shows the best known scheme for dividing the land 
surface into distinct climate types; the Köppen/Geiger classification. Five broad 
classes of climates are recognized from their vegetation types, with several sub-
types for each one. They are: Tropical (A); dry/arid & semi-arid (B); temperate 
(C); continental (D); polar/alpine (E).

Climate changes over time.
Evidence for the fact that the climate on Earth has changed during the long past 
comes mainly from three places: rocks & fossils, mud on the floor of the sea, and 
ice. We know from these sources that, for instance,
★ Earth has been very cold at some remote times;
★ It has been hot everywhere, including the poles - the last time this happened was 
between about 70 million and 34 million years ago;
★ And the most recent 5 million years has been a time of repeated ice ages, with a 
tendency to become colder until very recently;
★ Changes in climate can affect small or large regions - or the whole planet;
★ The climate state very much affects life on Earth.

A map of the world’s climate zones: climate depends on latitude, but also 
on the size and distribution of land masses, mountains and seas
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 ICE AGES ...

20,000 YEARS AGO ... Earth’s average surface temperature was 5℃ 
colder than now. All of Canada, and a lot of the USA & Northern Europe 
were buried beneath ice up to 2km deep. So much ice lay on the land 
that the ocean was 120 metres lower than it is now, and most continental 
shelves were dry land.

Then it started to warm up. For 10,000 years the Earth warmed and the 
ice melted and then the warming stopped. We call the 10,000 years since 
then the Holocene - a time of stable climate when all of human civilization 
was created - a time of human achievement.

Why did the Earth get cold then warm again? In fact, it’s done this many times in 
the last few million years, in more or less regular cycles. We know the reason. 
Regular changes in the shape of Earth’s orbit and the tilt of its axis bring times when 
summers in the northern hemisphere are too cold to melt all the winter snow. As snow 
builds up year after year, the shiny white area on the top of the world gets bigger, 
acting like an enormous mirror, reflecting sunlight back to space, making things 
colder. As the arctic ocean gets colder, it soaks up more carbon dioxide, and the 
greenhouse effect gets weaker. That makes it colder still. For 80,000 years the world 
gets colder; then the shape of the orbit changes again and everything goes into 
reverse. This happens in the south too, but as the Antarctic continent is the only land 
mass at very low latitudes and it is permanently frozen, the polar mirror doesn’t grow.
But these are only the most recent changes in Earth’s climate ...
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Macdougall, 2006. Frozen Earth: the Once and Future Story of the Ice Ages; UCP Berkley; p143

Very old ice ages
We know of a number of 
major “ice ages” in the 
remote past. The 
evidence mostly comes 
in the form of long 
parallel scratches on the 
surfaces of old rocks, 
where ancient glaciers 
once flowed, and the 
typical deposits of glacial 
“till” - rocky stuff dropped 
by the glacier at its 
terminus or along its 
margins.
Because they were so 
long ago, we can only 
have a rough idea how 
long they lasted and how 
severe these cold 
periods were; and we 
don’t have much of an 
idea what caused them.

 Earth’s climate has always changed ... within limits

VERY ANCIENT ICE AGES we know 
something about ... but not a lot

Investigations of climate in the Earth’s past tend to concentrate on the 
temperature; and there’s a good reason for that. Other climate properties 
- like how much it rains, how many storms, how windy it was & where the 
deserts were, are all connected to the first question - how hot was it? 
More heat evaporates more water, so there’s more rain and snow. More 
heat in the air means more energy for storms, so they are bigger and 
wilder. Less heat makes the polar ice caps bigger ... and so on.

We’ve only been measuring the air temperature regularly for about 140 years all over 
the world, so finding the temperature before that requires some special tricks. 
Fortunately, over the last 50 years or so, several have been found, so we have a 
pretty good idea of the climate ‘history’ of the Earth - and very interesting it is. 
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Things are very different for the last 65 million years - the Cenozoic era.

Here, the evidence comes from the sea-floor (of all places!). Sea floor sediments are 
deposited in layers, and if you can find the right places to drill, and if no worms have 
messed them up by burrowing, they are stacked just as they were laid down 60 or 70 
million years ago. This allows you to work out their ages using some clever techniques. 
Even better, there are tiny shells of long-dead plankton no bigger than a grain of sand 
embedded in the mud, and they can be preserved for many millions of years. They are 
made of carbonates which the plankton took from sea water, so those captured atoms 
of carbon and oxygen once belonged to the ancient sea.

You can use a gadget called a mass spectrometer to measure the amounts of the two 
stable isotopes of oxygen (18O and 16O) in the shells and this tells you the temperature 
of the sea water when the shells formed. You can also work out from this how much ice 
there was at the poles. The method is remarkably accurate, so we now have a very 
clear picture of how the temperature on Earth has changed over all that time.

The Cenozoic began with the sudden extinction of 
the dinosaurs, 65.5 million years ago. You can see 
how the world warmed after that until 50 million 
years ago, then began a slow irregular cooling.
• There’s a sudden cooling at 34 million years, when 
the first Antarctic ice formed.
• A fairly steep cooling trend began 14 million years 
ago until the present.
• The last 5 million years has been unstable, with 
many fast ups & downs.
• There’s a little spike of warming at 55 million years.
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What makes the climate change like this 
over tens of millions of years?

We don’t know all the answers to this, but 
here are some of the things we do know.

When the ancient continent of 
Gondwana broke apart, one 
of its bits, the Indian plate, 
travelled quite rapidly across 
what is now the Indian ocean, 
producing a line of very active 
volcanoes at its leading edge, 
for maybe 40 million years. 
Atmospheric CO2 rose about 
1 ppmv every 10,000 years to 
a peak of 800-1,000 ppmv.
This is the position of the 
plate 70 million years ago.

50 million years ago, 
the Indian plate began 
its collision with the 
Asian plate, and the 
Himalayan uplift 
started. The volcanoes 
stopped, and this vast 
mountain range & 
plateau of new rock 
began soaking up CO2 
by chemical 
weathering. At 34 
million years, it was 
probably in the range 
450 to 500 ppmv.

CO2 
800-1000

The Indus fan & Bengal fan, the two 
biggest deposits of erosion silt on 
Earth, on the sea floor next to the 
Indian sub-continent. They consist 
of particles of Himalayan rock 
combined with CO2 gathered from 
the air over the last 50 million years.

CO2
450-500

At the time of the sharp cooling (34 
million years) Tasmania was separating 
from Antarctica. At the time of the later 
cooling (14 million years) the tip of South 
America was separating. It’s believed 
these events, which allowed the cold 
circumpolar current to form, rearranged 
ocean heat transport enough to cause 
the cooling.

CO2
300-325

CO2 today
392

CO2 will be 400 
ppmv in 2016.
Last time it was 
at this level was 
15 million years 
ago.
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Here’s the climate record for the last 1,000 years. You can clearly see how things 
have changed from one century to the next. Here, our evidence comes from things 

like tree-rings and the growth 
bands of old corals. Used 
with care, this is very 
accurate. You can see how 
the world’s temperature was 
slowly cooling - actually it 
had been cooling for about 
8,000 years, since the early 
Holocene. Then, in a 
hundred years all that 
cooling was reversed. 

This rapid warming is the 
red bit at the right. It’s red 
because these 
measurements were made 
with ordinary thermometers 
& we know exactly how 
accurate they are: about +/- 
0.1℃. 

For the last few million years, the detail is much better. Look at the blue line below. All 
the ups & downs are the record of dozens of ice ages in the last 5.3 million years (the 
Pliocene & Pleistocene epochs), getting more severe in the last million. The bottom 
blue line shows you how one of these ice ages has returned every 100,000 years 
without fail during the last 800,000 years. You can see we are presently in one of the 
“peaks” - a short warm interval between ice ages. This brief epoch (10,000 years) is 
called the Holocene, and all of human civilization has occurred in it.
The top record was made by analyzing shells in sea-floor mud; the bottom one, from an 
ice core drilled over 3 km deep in the East Antarctic ice sheet.
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This is the detailed record of the warming of the world during the last century. 
Each little black square is the global mean temperature for one year. The red line 
connects the series of 5-year means, just to smooth out some of the jaggedness. 
The graph was made by collecting daily observations of official weather stations 
around the world, then adding them all up to get an average for the year.

You can see that, apart from 1940 to 1975, when it stayed the same, the world’s 
temperature has been going up during the twentieth century (currently at the rate of 
0.15℃ every decade). It hasn’t stopped, and we don’t yet know when it will.
If this looks like something important, you are dead right. But what’s going on?

✴ Is this just another natural change in Earth’s climate? No. It isn’t.

✴ What’s causing it? Extra greenhouse gases in the atmosphere.

✴ Where are they coming from? Various human activities - specially burning 
coal, oil and gas, and cutting down forests.

http://data.giss.nasa.gov/gistemp/graphs_v3/

http://data.giss.nasa.gov/gistemp/graphs_v3/
http://data.giss.nasa.gov/gistemp/graphs_v3/
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Humans	  as	  weather-‐makers
Many	  people	  find	  it	  hard	  to	  imagine	  how	  a	  single	  species	  of	  animal	  could	  
change	  the	  surface	  of	  a	  planet	  enough	  to	  cause	  a	  major	  change	  in	  the	  climate.	  
There’s	  plenty	  of	  evidence	  that	  this	  is	  exactly	  what	  is	  happening	  -‐	  in	  fact	  no	  
reasonable	  person	  in	  possession	  of	  all	  the	  facts	  can	  conclude	  otherwise	  -‐	  but	  it	  
is	  nonetheless	  a	  hard	  thing	  to	  imagine.	  The	  planet	  is	  so	  big	  &	  we	  are	  so	  small.	  
The	  Earth	  has	  a	  past	  full	  of	  climate	  change;	  surely	  this	  is	  natural.	  

We	  can	  answer	  these	  intuitive	  objections	  by	  recalling	  three	  things.
1.	  It	  has	  happened	  before.	  We	  know	  for	  certain	  that,	  in	  the	  beginning	  Earth	  
had	  a	  “reducing”	  atmosphere	  -‐	  probably	  with	  lots	  of	  CO2,	  water	  vapour	  	  &	  
ammonia.	  And	  we	  know	  that	  the	  advent	  of	  prokaryotic	  photosynthesizing	  
bacteria	  around	  3.5	  billion	  years	  ago	  transformed	  it	  into	  the	  oxidizing	  
atmosphere	  we	  have	  today;	  and	  that	  ever	  since,	  life	  processes	  have	  
maintained	  the	  composition	  of	  the	  atmosphere	  in	  a	  state	  friendly	  to	  life	  as	  it	  
now	  exists.	  We	  owe	  this,	  not	  to	  some	  big	  clumsy	  animal,	  but	  to	  microbes.

2.	  The	  climate	  state	  of	  the	  planet	  is	  remarkably	  unstable.	  Not	  so	  long	  ago,	  
thinking	  about	  past	  climates	  was	  the	  job	  of	  geologists,	  and	  they	  all	  saw	  the	  
climate	  as	  a	  ponderous,	  slow-‐moving	  thing	  like	  the	  rocks	  under	  our	  feet.	  But	  
recent	  findings	  have	  shown	  it	  to	  be	  otherwise.	  There’s	  now	  abundant	  evidence	  
that,	  under	  some	  conditions,	  the	  system	  can	  change	  with	  speed	  and	  violence.	  
Not	  everything	  about	  this	  is	  understood,	  but	  many	  features	  of	  the	  climate	  
system	  seem	  to	  have	  the	  kind	  of	  equilibrium	  that	  suddenly	  switches	  from	  one	  
state	  to	  another,	  triggered	  by	  a	  small	  disturbance.	  One	  of	  these	  sensitive	  
features	  is	  the	  greenhouse	  effect,	  which	  can	  be	  perturbed	  in	  many	  ways,	  with	  
major	  consequences	  for	  the	  planetary	  energy	  balance.

3.	  Humans	  are	  not	  just	  any	  animal.	  In	  the	  21st	  century	  (and	  for	  some	  time	  
past)	  we	  are	  the	  dominant	  ecological	  force	  by	  a	  long	  way.	  No	  other	  species	  
comes	  close.	  We	  began	  our	  rise	  to	  domination	  when	  our	  ancestors	  migrated	  
out	  of	  Africa,	  about	  100,000	  years	  ago.	  We	  took	  another	  step	  when	  we	  began	  
growing	  food	  and	  keeping	  animals,	  about	  13,000	  years	  ago.	  Then	  we	  slowly	  
figured	  out	  how	  to	  live	  in	  bigger	  and	  bigger	  groups.

Our	  really	  big	  leap	  to	  the	  top	  of	  the	  heap	  though,	  is	  quite	  recent.	  It	  
corresponds	  with	  the	  discovery	  of	  fossil	  fuel	  energy	  and	  putting	  it	  to	  use	  to	  
produce	  vast	  quantities	  of	  food	  and	  goods.	  We	  took	  99,800	  years	  after	  leaving	  
Africa	  to	  multiply	  to	  1	  billion	  people;	  and	  200	  years	  since	  to	  get	  to	  7	  billion.	  We	  
have	  taken	  over	  the	  ecological	  space	  of	  innumerable	  other	  creatures	  and	  
species,	  and	  we	  are	  quite	  numerous	  enough	  to	  change	  the	  atmosphere.
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Carbon dioxide is the key to Earth’s climate state.
This is pretty weird when you think about it - a gas that is 0.04% of 
the volume of the atmosphere is the main reason we aren’t frozen 
like Mars or roasted like Venus. How do we know this is true? By 
studying how the climate has changed in the Earth’s past.

Paleoclimatology, the study of ancient climates, has only been producing 
results for 60 years or so, but (specially in the last couple of decades) it’s 
turned out to be the best way to understand how the climate system works. 
And it’s the main source of new knowledge about the climate change that’s 
affecting earth now. From it, we know that even a small change in the 
greenhouse gases makes a big difference to the climate.

How can humans change the climate of a planet?

How is it possible for a single species to disturb the whole planet in a bit more 
than 100 years? It’s a good question. The short answer is:
★ The effects of human presence on the Earth have become very large as our 
numbers and prosperity have increased very rapidly;
★ Some of our practices - specially burning fossil fuels and cutting down forests 
- directly affect the carbon cycle, sending very large amounts of CO2 into the air.

If humans had never learned how to use coal and oil, we would still have had some 
effect on the climate, because even a much smaller population plows the ground 
and burns wood - activities which mobilize carbon into the air: carbon that would 
otherwise have stayed in biological and soil reservoirs.

But our use of the fossil fuels has grown enormous.
★ Every day we burn 82,000,000 barrels of oil and 20,000,000 tonnes of coal.
★ Every day, human economic activity of one kind or another adds 92,000,000 
tonnes of CO2 to the air.
★ CO2 is building up in the air 200 times faster than it did at the end of the ice age.
★ Study of Earth’s climate history hasn’t discovered anything like the fast warming 
(0.8℃ in a century) we have now - nor is it likely to, because no known natural 
process could release that amount of CO2 so fast.
★ The concentration of CO2 in the air was 280 parts per million by volume (ppmv) 
during the Holocene until 150 years ago. Now it is 392 ppmv & rising 2.3 ppmv 
each year. Last time the air held 400 ppmv of CO2 was around 15 million years ago.
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Before agriculture, 5-10 
million people lived on 
Earth.
With the slow spread of 
agriculture, that number 
took about 10,000 years to 
grow to half a billion 
(sometime around AD 
1500).
But after that our numbers 
increased another 14 times 
in 500 years.
Today, there are about 700 
people on Earth for every 
one who lived before we 
invented farming - and we 
use up a lot more stuff 
than our ancestors did.

You can see it took less and less time to add a billion after the first, 200 years ago

The last thousand years.
Economic activity (GDP) grew 
slowly for the first ¾ of the 
millennium; then took off. This 
pattern is called exponential 
growth, because each doubling 
takes less time.

The rise in atmospheric CO2 also 
took off around 1750. This is no 
coincidence. Population growth, 
energy use and prosperity are 
very closely linked - and could 
not have happened separately.

1750

Atmospheric
CO2

World
GDP
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ENERGY
Before 1750, nearly all the energy used by humans was supplied by 
muscle power (human and animal) and burning wood.
After that, we figured out how to burn coal to power machines to do more 
and more work; then around 1900, we discovered how to use oil for the 
same thing.

These fuels are fabulously rich energy sources. All our success as a 
species is due to them. We just never suspected until a while ago that 
they had a serious side-effect when used in vast quantities. Now we 
must figure out how to deal with that ... or get used to a hotter world.

What’s the “right” number of humans?

In any natural environment, there is a complicated balance between 
living things. Species, groups and individuals, in their own ways, compete for 
space, food, shelter, breeding opportunities, and other necessities.

Students of ecology recognize a general kind of relation between the size of a creature and 
the demands it makes on the environment - since it takes more energy and more of 
everything to sustain a bigger animal than a small one. Therefore, you can make a rough 
prediction about the “natural” population density of an animal once you know its size and 
metabolic and other requirements. 

Humans are medium to large sized mammals (mean body mass about 70 Kg) with 
omnivorous tastes. The number of Homo sapiens that can live in any place in a state of 
nature depends on the local resources, but taking that into account, we can say that, since 
humans had dispersed to every large habitable land mass except New Zealand by 10,000 
BC when agriculture began, the global population when everyone lived off the land by 
hunting and foraging would have been in the order of 5-10 million.

The situation began to change for every 
human society as soon as they adopted a 
settled mode of life and grew their food 
instead of gathering it. We’ve been exploiting 
this advantage ever since. Today, the next 
most abundant large mammal is probably the 
crab-eater seal - an animal three times our 
size with a population of perhaps 10 million.

1.3 BILLION

1 BILLION

24 BILLION:
3½ for every

human
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Colossal energy use is a twentieth century novelty ... 
but it really only took off in the second half - the last 60 years.

Even though the industrial revolution began before 1800, and coal replaced 
wood as a fuel in the industrial countries, you can see that in the whole world, 
coal-burning only passed wood in 1890. Oil only became very big after that.
★ Today, we get more than 90% of all energy from burning something.
★ Energy consumption today is 20 times what it was in 1850.
★ World energy production is growing fast (around 8-10% a year).

[Biomass means wood, crop trash, forestry waste, dung, etc, mostly burned in the “third world”]

Energy is wealth
The amount of energy in a bit of coal or oil is marvelous. 
It is solar energy captured by long-dead organisms & 
buried for millions of years in concentrated form. Nothing 
else like it exists on Earth.

A single barrel of oil has the same energy as 2,000 
men working for a day; and in a day we burn 82 million 
of them - so it’s like having 164 billion slaves - two 
dozen for every man, woman & child on Earth.

But ... processing and burning a barrel puts 430 Kg 
of CO2 into the air. That’s a problem.

Crosby, A, 2006. Children of the Sun; Norton; p163

World energy use:
1850 - 2000



33

Oil
is the real miracle fuel. It, too is the residue of ancient life, but in this case, we’re not 
sure exactly which life - probably plankton & microbes. It’s more scarce than coal, 
and we only really started to use it in a big way in the twentieth century - most of it in 
the last 50 years. You get twice as much energy as coal & three times as much as 
wood. It is easy to carry around, and you can also make lots of other things out of it - 

plastics, lubricants, 
fertilizer, medicines 
& many others.
We use 82 million 
barrels a day.
Gas is just as 
good. It can be 
found in huge 
bubbles deep 
underground (often 
with oil or coal), or 
made from coal by 
processing.

Coal
is very old plants: it’s as 
simple as that. We know this 
for sure, because plenty of 
fossils are found in coal that 
tell us exactly what they 
were like.
Most of the useful coal is at 
least 100 million years old. 
The solar energy captured 
by the forest all that time 
ago is still there, in the 
bonds between carbon 
atoms, and all we have to do 
to get the energy back is burn the coal: it’s as simple as that.
There’s maybe 860 billion tonnes in the ground that we could dig up; and we 
burned 7.2 billion tonnes last year (2010) - so there’s plenty left. If you piled up the 
coal burned last year into a mountain the same height as Mt Everest (8.8 km high), 
you’d need to drive 180 km to get around the base of it ... we use a lot of coal.

 FOSSIL FUELS ... what are they?
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Fossil fuels - the dark side ... they’re not all good news

The Keeling curve
In 1958 Charles Keeling began measuring atmospheric CO2 at a laboratory in Hawaii 
to see if the value was changing. This is what he found. 
★ Each year, the CO2 goes down 5 or 6 ppm & then rises again.
★ Each year, the peak is a bit higher than the year before.
★ The average value for 1958 was 315 ppmv. This year (2011) it is 392 ppmv.
★ The difference from year to year was 0.7 ppmv in 1958. Now it is 2.3 ppmv.
★ The little changes in the shape of the curve are caused by big volcanoes.
★ The steady rise in CO2 is not natural; it’s due to people - mostly burning fossil fuels.
★ Only about 57% of all the CO2 made by humans stays in the air. Most of the rest 
goes into the ocean.

What does it mean?
There are monitoring laboratories in several places 
finding exactly the same thing - CO2 is being added to the 
atmosphere much faster than the natural carbon cycles 
can dispose of it. The stuff is like atmospheric junk. 

Last year we put 33.5 billion tonnes of it up there - just 
from fossil fuels and cement-making - increasing the 
atmospheric total 4.5% in just one year.
Altogether, since the industrial era began, we’ve added 
about 1.1 trillion tonnes, and raised the concentration 
40%. That has consequences.
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A question:
We know the world has been hotter and the CO2 
higher before. How can we figure out if warming it 
up now will be good or bad or just different?

Answering this means working out what the consequences of 
greenhouse warming will be (if we can). There are three ways to do it:
• Observing current trends to figure out where they are heading;
• Studying climate in the past (paleoclimatology);
• Using computer simulations for virtual experiments.

The first two are the most useful, because they tell us what actually 
happens in the climate system - we only have to figure out why it 
happens. Computer models are valuable, but they can’t contain all 
possible information - the system is too complicated - and we don’t 
know how everything works, so they need to be backed up by data 
from the first two.

Here are some consequences we know about.
✴ Storms Warming the lower atmosphere adds energy to winds, 
storms & hurricanes. They will be more severe.
✴ Floods A warmer atmosphere holds more water vapour - so 
more will evaporate from the land & sea and more will fall as 
heavy rain & snow. That will cause bigger floods.
✴ Droughts The two equatorial air circulation cells (Hadley cells) 
will expand, and so will the sub-tropical dry desert zone. That will 
make lots of sub-tropical places a lot drier.
✴ Heat waves Extremely hot weather will be more common - not 
so much in the tropics as in temperate places that don’t often get 
severe heat waves now. These can be dangerous.
✴ Ice will melt Almost all the world's glaciers are shrinking - 
some fast. The north polar ice cap is also shrinking - now 40% 
below the 1979-2000 average. Ice shelves on the fringe of the 
Antarctic Peninsula have broken up. The Greenland ice sheet is 
melting around the edges and its glaciers flow faster.
✴ Sea level There’s enough ice on land in Antarctica & 
Greenland to raise the sea 70m if it should all melt. Some of it will 
- it is doing so now - so we can expect the sea to rise until the 
melting stops. No one knows when that might be.
✴ The acidity of the world ocean will rise: it’s risen 30% already. 
Acidity and rapid warming will destroy coral reefs
✴ Food Agricultural land is scarce now because the human 
population is so big. A lot of food-growing land will be too hot or 
dry in future & will be abandoned.
✴ Biodiversity Climate zones are moving away from the equator 
about 35km every decade. Species that can keep up will survive: 
those that can’t will not. Whole ecosystems will be lost because 
rainfall patterns are changing.
✴ Disease Human diseases and disease vectors will spread into 
new places & change their behaviour.

Two things about the 
present warming are 
different from any 
known natural change 
in climate:

★ It’s very fast
★ It’s caused by 
greenhouse gases 
and nothing else.
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A perspective on recent changes to the atmosphere ...

These three wriggly lines 
were made by carefully 
analyzing ice from deep 
Antarctic cores.
The blue one shows how 
CO2 changed; 
the green one, methane;
the red one, temperature;
over 420,000 years - four 
“ice ages”.

On the right of the graphs, 
the last 150 years has 
been given a time scale 
magnified 400 times so 
you can see what’s been 
happening.

★ CO2 is 40% higher
★ Methane is 150% higher
★ Temperature has 
returned to where it was at 
the start of the Holocene.
★ The three lines follow 
closely related tracks.

 From: Hansen, J; 2005. Climatic Change, 68, 269-279

If water vapour is the most powerful greenhouse gas, 
why isn’t it the big cause of natural climate change?

The answer is: it is - but as a feedback.
Here’s the explanation. The quantity of water vapour in the air is 
highly changeable. There’s about ten times as much (on average) 
at the equator as there is near the poles; but everywhere, the 
amount changes for quite small air parcels depending on 
evaporation, ocean-crossing winds, presence of mountains & 
vegetation - but above all on temperature.

Exactly how much extra water vapour enters the air when it warms 
depends on several things, but the increase for the whole globe 
from twentieth century warming has been reckoned at 4%. 

So extra CO2 makes it warm; warm air holds more water vapour; 
and the extra water vapour makes it warmer. Due to other 
feedbacks, that warming produces more CO2 and so it goes.

WATER VAPOUR
is a strong 

greenhouse gas 
because it’s the 
most abundant 
one. But it isn’t 
directly affected 

by human 
activity.

It is a
POSITIVE 

FEEDBACK
approximately 
doubling the 

warming caused 
by CO2.

 METHANE 1756 ppbv (2003)

CARBON DIOXIDE 375 ppmv (2003)
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The	  evidence	  
Although	  we	  have	  every	  reason	  to	  believe	  the	  climate	  system	  is	  changing	  under	  
human	  influence,	  you	  are	  no	  doubt	  aware	  that	  many	  people	  dispute	  this,	  claiming	  
that	  either	  there’s	  no	  change,	  or	  that	  it	  isn’t	  caused	  by	  us;	  or	  that	  if	  it	  is,	  it	  won’t	  
matter	  much.	  The	  scientific	  way	  of	  resolving	  arguments	  like	  these	  (and	  the	  most	  
reliable	  way	  we	  know	  of)	  is	  to	  look	  for	  evidence,	  then	  carefully	  assess	  what	  it	  
means	  and	  what	  you	  are	  able	  to	  infer	  from	  it.

Evidence	  is	  observed	  facts,	  like	  measurements,	  records	  and	  the	  results	  of	  
experiments.	  All	  evidence	  has	  to	  be	  interpreted,	  that	  is,	  you	  have	  to	  work	  out	  what	  
it	  really	  tells	  you.	  You	  need	  to	  think	  about	  how	  good	  the	  evidence	  is	  (how	  likely	  it	  
is	  to	  be	  in	  error),	  whether	  there	  could	  be	  more	  than	  one	  interpretation,	  and	  how	  it	  
fits	  in	  with	  what	  is	  already	  known.

The	  evidence	  for	  human-‐caused	  climate	  change	  is	  very	  strong.	  It	  comes	  from	  a	  
variety	  of	  scientific	  disciplines	  -‐	  atmospheric	  chemistry	  &	  physics;	  geology;	  
paleontology;	  nuclear	  chemistry;	  oceanography;	  glaciology;	  meteorology;	  and	  
many	  others.	  ALL	  of	  it	  gets	  published	  in	  the	  various	  professional	  journals	  and	  then	  
debated	  and	  criticized	  by	  everyone	  expert	  enough	  to	  do	  so.	  In	  recent	  years,	  
because	  the	  issue	  is	  so	  important,	  scientists	  have	  come	  together	  (as	  the	  IPCC)	  to	  
publish	  periodical	  reports	  under	  the	  sponsorship	  of	  the	  United	  Nations,	  so	  world	  
leaders	  who	  are	  not	  scientists,	  can	  be	  informed	  about	  what	  science	  is	  discovering	  
about	  the	  problem.

Very	  broadly,	  the	  evidence	  supports	  a	  number	  of	  conclusions:
•	  The	  mean	  surface	  temperature	  of	  the	  world	  has	  risen	  0.8℃	  in	  100	  years,	  and	  
continues	  to	  rise	  at	  the	  rate	  of	  about	  0.15℃	  each	  decade.
•	  Atmospheric	  concentrations	  of	  carbon	  dioxide,	  methane,	  nitrous	  oxide	  and	  
ozone,	  as	  well	  as	  some	  other	  minor	  greenhouse	  gases	  is	  also	  rising;	  CO2	  by	  40%.
•	  By	  the	  standards	  of	  Earth	  climate	  history,	  both	  these	  rises	  are	  very	  fast.
•	  Both	  theory	  and	  observations	  show	  that	  the	  surface	  warming	  is	  caused	  by	  the	  
enhanced	  greenhouse	  effect	  -‐	  not	  by	  volcanoes,	  or	  the	  sun.
•	  Human	  economic	  activity	  is	  sufficient	  to	  explain	  the	  changes	  in	  the	  atmosphere.
•	  Numerous	  consequences	  of	  surface	  warming	  have	  appeared.	  Some	  can	  be	  
predicted	  from	  physical	  theory;	  some	  can’t	  in	  our	  present	  state	  of	  knowledge.
•	  Many	  of	  the	  observed	  and	  foreseeable	  consequences	  will	  be	  serious	  problems	  
for	  humankind	  in	  centuries	  to	  come.
•	  The	  way	  to	  fix	  this	  is	  to	  return	  the	  atmosphere	  to	  a	  state	  where	  Earth’s	  energy	  
balance	  produces	  a	  surface	  temperature	  close	  to	  the	  one	  humanity	  has	  been	  used	  
to.	  That	  means	  we	  have	  to	  stop	  adding	  CO2	  to	  the	  air,	  and	  begin	  withdrawing	  it.	  
We	  must	  keep	  doing	  that	  until	  the	  energy	  balance	  is	  in	  equilibrium	  again.
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Conclusion:	  the	  world	  is	  warming

Map showing the global mean temperature for ocean and land surfaces for the year 
November 2010-2011. Colours show the “anomaly” in ℃ - that is the difference in 
temperature between the observed year and the average for a reference period - in this 
case, 1951-1980. The three little grey areas are where there wasn’t enough data for 
analysis. The number 0.60 at the top right is the global anomaly - how much the surface of 
the entire world warmed during those 40 or 50 years.

You can see where most warming is going on - at the poles, specially the Arctic. This feature 
of greenhouse-forced warming is easily predicted from physical theory, and is confirmed in 
the paleoclimate record. 6.5℃ of warming in the Arctic in 50 years is very fast indeed.

The band of cool equatorial water in the Pacific is due to the La Nina phenomenon.

You can’t take the temperature of the world of course; what you have to do is take 
the temperature in as many places as you can and add them together - making sure 
there aren’t too many spaces between your observations, and the recordings are 
accurate and consistent. Three main monitoring Centres do this: two in America & 
one in Britain (plus several other smaller ones). The map here was produced by 
NASA’s Goddard Institute (GISS). If you’re interested all their data is available here: 
http://data.giss.nasa.gov/gistemp/
The big Centres take enormous trouble to eliminate biases and errors in their data 
and analysis & although they work entirely independently, their findings agree 
remarkable well.

http://data.giss.nasa.gov/gistemp/
http://data.giss.nasa.gov/gistemp/
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The three monitoring Centres agree
In this chart the records of the three global temperature monitoring Centres 
are placed together (offset vertically by 0.5℃ so you can see better).
Green is the National Climate Data Centre, based in Colorado;
Red is the Goddard Institute for Space Studies, based at Columbia University in 
New York (a division of NASA);
Blue is the Hadley Centre, based at the University of East Anglia in Britain

Data points are annual global mean temperature estimates. The solid lines are 11-
year moving averages - that is, the average of an eleven year sequence which 
moves forward one year at a time. (That’s why the lines stop a decade before the 
present)

It’s clear that not only the size of the anomaly, but the detailed systematic variation 
in the records are in close agreement, despite the Centres’ using different sampling 
and statistical methods. No better records than these exist, and the specialists who 
prepare them take enormous trouble to take out biases and potential errors. 

This is a body of evidence so solid that there can be no reasonable doubt about 
what it is telling us: 
Since the 1970s, warming has proceeded at an average rate of 0.15℃ 
each decade, and shows no sign whatsoever of stopping or slowing 
down.

http://www.skepticalscience.com/global-
warming-stopped-in-1998-intermediate.htm

http://www.skepticalscience.com/global-warming-stopped-in-1998-intermediate.htm
http://www.skepticalscience.com/global-warming-stopped-in-1998-intermediate.htm
http://www.skepticalscience.com/global-warming-stopped-in-1998-intermediate.htm
http://www.skepticalscience.com/global-warming-stopped-in-1998-intermediate.htm


40

110 years of temperature 
change.
• The top graph shows just 
the temperate and sub-polar 
latitudes for the northern 
hemisphere;
• the middle one, the northern 
tropics;
• and the lower one, the 
southern hemisphere.

You can easily see how much 
the annual mean temperature 
changes from year to year. 
That’s a feature of the climate 
system that makes analysis 
tricky - you can make false 
conclusions if you don’t take 
full account of this built-in 
variability.

The red lines are 5-year 
running means - still wobbly, 
but they make it easier to see 
the trend.

The green bars are indicators 
of accuracy (technically, 95% 
confidence limits). You can 
see from them that the 
northern hemisphere is better 
observed than the south - 
there are more people and 
more land there. You can also 
see where the most rapid 
warming is happening.

The northern hemisphere shows a definite pause in warming in mid-century for 30-
odd years from 1940 to 1975 (this is less obvious in the south). Again, this is 
probably due to the concentration of people and industry in that hemisphere. During 
and after the second world war, industrial production grew sharply, and so did 
atmospheric pollution by smoke and dust as well as CO2. These particulates are 
opaque, and cause more reflection of sunlight near the top of the atmosphere - in 
other words, they can cool the surface. That’s thought to be the correct explanation 
for this temporary reverse in the warming trend. After 1975, the advanced countries 
cleaned up their air and the particulates declined. [Charts from GISS]

Conclusion:	  the	  warming	  continues
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Conclusion:	  greenhouse	  gases	  are	  increasing

It’s useful to distinguish the long-lived greenhouse gases (GHGs) from others, 
because, once they’re in the air, the natural processes for removing them are 
rather slow. In the case of CO2, ⅓ of it will still be in the air after 100 years; ⅕ will 
last 1,000; the rest will take more than 100,000 years.
Water vapour is a potent greenhouse gas, but is short-lived in the air, and is not 
affected much by human activity - rather, it’s affected by the temperature change 
induced by the other gases: it is a positive feed-back, amplifying warming caused 
by the long-lived GHGs.

Trajectories for four GHGs since 1978
These gases (plus near-surface ozone) have increased well above their 
pre-industrial concentrations (the CFCs are synthetic substances & did not 
exist in nature before the 20th century).

Each gas has its own greenhouse potency: for instance, a molecule of 
methane can capture 25 times as much IR energy as CO2, but its 
atmospheric lifetime is much shorter - most methane molecules end up 
oxidized as CO2.

The gases are measured routinely at several laboratories in different parts 
of the world. They travel freely and are well mixed in the atmosphere, so 
the estimates do not vary very much at all.

http://www.esrl.noaa.gov/gmd/aggi/

http://www.esrl.noaa.gov/gmd/aggi/
http://www.esrl.noaa.gov/gmd/aggi/
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Change in greenhouse 
gases over 10,000 years

The three charts are from the 
IPCC 2007 Report. In each 
one, the trajectory for 10,000 
years (Holocene) is given in 
the yellow square. The inset 
graph shows the industrial 
era(1750-present: the steep 
part on the right) with the time 
scale magnified 25 times.

The various colours show the 
several data series that were 
combined to make these 
records. The short sections in 
RED at the right ends of the 
graphs are direct atmospheric 
measurements in the last few 
decades - all the rest were 
made from ice core samples.

You can see that the error for 
CO2 assays in ice cores, even 
10,000 years ago, is small - in 
other words, this is a very 
accurate and dependable 
technique we can use with 
confidence for the oldest ice 
cores we can find. Error bars 
for N2O are larger, and for 
methane intermediate.

The scale on the left shows 
the gas concentration in ppm 
(CO2) and ppb (methane & 
nitrous oxide).
The scale on the right shows 
the increased greenhouse 
effect due to each gas - in 
other words, their individual 
contributions to the warming 
(called a forcing). This is 
expressed in Watts/m2. You 
can see that CO2 is by far the 
most potent - it is several 
hundred times more abundant 
than the others, and by far the 
biggest part of man-made GHG 
additions.
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Conclusion:	  the	  atmospheric	  changes	  are	  very	  fast

The best way to get an idea of how fast greenhouse gases are changing is 
to compare current trends to the warmings that ended previous ice ages. 
Below is a graph from a famous paper in Nature in 1999, showing four glacial 
“terminations” - each lasting 8-10,000 years. That’s about the time it took each 
Pleistocene ice age to finish. The data came from very careful study of the 
deep ice core drilled at the Russian Antarctic base at Vostok. From the age 
scale at the bottom, you can see the oldest and deepest ice was 340,000 
years old. The most recent post-glacial warming is on the left, where the 
vertical dashed line represents the onset of the Holocene interglacial.

Petit et al, Nature 1999, 399, 429

Look at the red circle.
This is the warming that began the Holocene. The other post-glacial 
warmings are indicated by red arrows.
The sloping line across the circle is the rise in CO2 from its glacial 
minimum, when the ice age was coldest (18,000 years ago) until the 
stable Holocene 8,000 years later. In those 8,000 years, CO2 rose 
from 180 ppmv to 270 ppmv - a rate of about 1 ppmv in 90 years. 
Today, CO2 is rising 200 times faster than that. If you traced this 
onto the graph, it would be almost vertical. Nothing remotely like 
this has ever been observed in nature, nor is it likely to be. We 
know of no natural means of mobilizing that much carbon so fast.
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Conclusion:	  warming	  is	  due	  to	  greenhouse	  gases;	  nothing	  else
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Surface warming of a planet can only happen in two ways:
★ the sun can shine brighter or move closer to the planet;
★ surface conditions can change so more solar heat is retained.

There are several ways to show that the first of these has not happened - 
measurements show the sun’s radiation output hasn’t changed more than about 
0.1% on a time scale significant to humans, and it has done this in cycles, not a long-
term trend.

The surface conditions that count as temperature moderators are all ones that 
change the amount of solar radiation either entering or leaving the Earth/atmosphere 
system. They are:
✴greenhouse gas concentrations;
✴opaque particles that hang in the air, like smoke and soot; and
✴the reflective properties of the surface
They are summarized for the industrial era (1750 to the present) in the table below.

CO2

CH4

CFCs

N2O O3

SOOT
(fossil fuels)

SOOT
(biomass
burning)

direct                  indirect
NON-SOOT AEROSOLS

LAND USE

SUN

★ CO2 is by far the biggest single forcing.
★ The total of all greenhouse forcings is about 3 W/m2.
★ The main offsets are all products of combustion (human 
activity) or else volcanic eruptions. Detailed analysis 
shows that aerosol effects of volcanoes are episodic - that 
is, they only last a few years after major eruptions - they 
are overwhelmed by aerosols put into the air by humans - 
sulphates, nitrates & suspended solids from burning wood 
& dung etc (in the poor countries) & fossil fuels in the rich.

Fossil fuel soot contributes to warming mainly 
by settling on snow and making it darker.
Land use affects global temperature as we 
convert forest to pasture or crops, and deserts 
advance into savannas, changing surface albedo.

Chart adapted from: Hansen et al, 2007; Phil 
Trans R Soc A, 365, 1925.
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You can see here how 
atmospheric 13C (as 
inferred from coral 13C) 
has declined over 200 
years - with increasing 
speed in the last 50. 

The different colours are 
the independent coral 
studies that went into this 
synthesis. 

If you think for a moment, 
you’ll see that this effect 
could not be caused by 
volcanic CO2, because 
only carbon of plant origin 

can dilute atmospheric 13C. Careful estimates show that the total output of volcanic 
CO2 in an average year (the amount is of course very variable from year to year 
because major eruptions are irregular) is less than 1% of the human contribution.

Couldn’t the CO2 rise be due to volcanoes, or some other natural cause?
No, it couldn’t. Here’s why.

The 13C Suess effect
Carbon occurs on Earth as three isotopes - 12C (6 neutrons),
13C (7 neutrons) & 14C (8 neutrons). The first two are stable; 14C is not - it decays over 
some thousands of years, and the only reason it is here at all is that it’s continuously 
created in the upper atmosphere by cosmic rays colliding with nitrogen atoms. It is by 
far the rarest of the three. 12C is about 99%; 13C is almost all the rest.

But plants are not indifferent about which isotope they take into their tissues, preferring 
the lighter 12C - so plants have about 2% more 12C than the atmosphere (the exact 
anomaly depends on the kind of plant). That has interesting consequences.

When we burn fossil fuels, we’re releasing back to the atmosphere carbon that once 
resided there - but without its 14C - there’s been more than enough time for all of it to 
decay. Fossil fuels are very ancient plants. That means if we burn enough of them, we 
should see a drop in the total abundance of 14C in the air. And we do.

More than this though, because the vast amounts of fossil carbon we put back into the 
air are a little depleted in 13C, we should see a steady reduction of this isotope in the 
atmosphere as well. Again, this has been measured. It’s actually a more precise assay 
than the 14C. It’s done by examining the carbon in coral reefs of known ages.

Swart et al, 2010. GEOPHYSICAL RESEARCH LETTERS, VOL. 37, L05604
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Computer simulations of 
the climate system are not 
perfect by any means, but 
they are quite good 
enough to run this 
experiment. First, we take 
the record of global 
temperature for the 20th 
century - the solid jagged 
black line.

Then the computer is run 
with a number of models 
that include all known 
temperature-altering 
effects (forcings) - mostly 
volcanoes & solar cycles -
but with human ones left 
out. The result is graph b 
(blue). Major volcanic 
eruptions in the century 
are shown by vertical grey 
lines. Each causes a 
temporary cooling for a few 
years.

Then the computer is run 
again with the human 
forcings included. Result, 
graph a. Red is the mean 
of 14 models; yellow is the 
aggregate of all models. Agreement between simulation and observation can be taken as 
evidence that warming cannot be explained without the effects of human activity - at least 
not unless some new & unsuspected effect remains to be discovered.

An experimental test of human causation

IPCC AR4 2007 Ch 9; Fig 9.5
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Conclusion:	  human	  economic	  activity	  is	  sufficient	  to	  
explain	  both	  the	  atmospheric	  changes	  and	  warming

Intuitively, we all find it hard to believe that something as big as a planet 
can be messed up by the actions of a single animal species.
It needs certain facts to make this plausible.

This diagram is taken from the IPCC AR4 WG1, fig 7.3. It shows (in black) the main 
carbon reservoirs and fluxes (normal transfers); and in red, the new quantities due to 
human activity. Now, compared to the amounts mobilized by humans, the quantities 
of carbon moving around naturally in surface systems are very large - but that doesn’t 
mean the human ones are insignificant.

Unless disturbed by an asteroid strike, the Earth system is never far from a state of 
balance, or equilibrium. Even big changes (like ice ages) go slowly, over thousands of 
years - small forcings result in big effects by continuing a long time. But now it’s 
different.

The human (anthropogenic) forcing is both large and sudden. Eventually (after 
more than 100,000 years) if we stopped what we’re doing, these red numbers would 
fall and the Earth system would return to equilibrium - but no part of the system is 
capable of responding as fast as we are changing it. So for the time being it is 
unbalanced. Global warming is a consequence of the surface system seeking a new 
equilibrium & it will continue until that arrives.

Note: the numbers here were collected in mid 1990s & so are a bit out of date
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Conclusion:	  the	  warming,	  unless	  corrected,	  will	  be	  severe,	  
with	  many	  consequences

We want to know how much warming will follow a certain rise in greenhouse gases.
There are two ways we can look for an answer:
★ Use physical theory to do the complex calculations;
★ Look for clues in the Earth’s climate history.

Both ways have been used, and they broadly agree - but with an important difference.
The climate system includes a number of feedback mechanisms, both positive and 
negative, that modify its response to a forcing from any cause. We don’t understand all of 
them well enough to include them in calculations or computer models - specially those 
sometimes called “slow feedbacks”, that only get going on a time scale of hundreds or 
thousands of years. We don’t even know exactly how powerful these are, but there’s 
evidence that, on those longer time scales, they are powerful.

That’s why the study of climate history, which tells us exactly what did happen when 
the gases rose a certain amount, is so valuable. 

In either 2015 or 2016, the atmospheric CO2 will hit 400 ppmv. On current trends, it will 
eventually go much higher before turning around. The paleoclimatologist wants to know this:
• When was the last time CO2 was 400? and
• What was the world like then? How hot was it? How high was the sea? etc.
The scientific problem is that the ice core record tells us CO2 never rose above 300 ppmv in 
the last 820,000 years & without any ice older than that, we need another method of getting 
information about the atmosphere. The temperature record tells us it was warmer between 14 
million and 5 million years ago, and warmer still before that, so we’d expect to find CO2 higher 
too. But how high?

This fascinating graph comes from a 
clever study using isotopes of Boron 
and Calcium in the shells of fossil 
plankton to figure out how acidic the 
sea was millions of years ago, and 
hence how much CO2 was in the air.

From it, we can say (with a fair degree 
of confidence) that the last time CO2 
was in the range 400 to 425 ppmv 
was 15 million years ago, in the 
middle Miocene.

The world was 3℃ warmer, and the 
sea 25-40 metres higher. There was 
no ice at all in the northern 
hemisphere, and no West Antarctic 
ice sheet. That’s where we’ll be in 4 
years time - on the way up!

Tripati, et al 2009. Science, 326, 1394-1397

MILLIONS  OF  YEARS

5 10 15 20

MID-MIOCENE
COOLING

CO2 400 ppmv
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Conclusion:	  the	  new,	  warmer	  Earth	  is	  here	  already

Consequences of warming the planet’s surface will 
develop for many centuries to come - unless we reverse 
their cause - so future people will see more of them than we 
will. But some have begun already.

Here are a few that help us to be certain they are caused 
by greenhouse gases because they are caused by that and 
nothing else:
✦ The poles (specially the Arctic - virtually all of it - and the 
Antarctic Peninsula) are warming about twice as much as 
the rest of the world.
✦ Winters have warmed more (on average) than summers.
✦ Nights (on average) have warmed more than days.
✦ The land has warmed more than the ocean; the interiors 
of continents more than their margins.
✦ The troposphere is the lowest layer of the atmosphere, 
and the only layer that is warmed from below. This is due to 
the greenhouse effect. A stronger greenhouse effect should 
“raise the roof” of the troposphere, pushing it’s upper limit 
(the tropopause) higher. This has been observed.   
✦ If you could look at the Earth from above the 
atmosphere, with the right instruments, you could measure 
the radiation escaping from it to space. This has been 
done. A comparison of records from the 1970s with 30 
years later shows a reduction in exactly the radiation bands 
affected by the increasing greenhouse gases. This is a 
consequence that tells us precisely what is causing 
warming of the lower atmosphere.

This little chart is a real 
“smoking gun”. It shows 
the difference between two 
records of Earth’s outgoing 
radiation in 1970 and 
1997, as observed by 
orbiting satellite 
instruments. Like a 
fingerprint, it points 
precisely to the radiation 
bands that became more 
absorbent in that interval. 
The amount of change 
corresponds well with 
theoretical predictions. 

Harries et al, 2001; Nature, 410, 355-357
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Some consequences will matter very much
Here’s one:

Most of the fresh water on Earth is ice - 33,000,000 km3 of it. If 
all land-based ice melted, the water would of course be added to 
the sea, and it would be enough to raise the ocean’s depth by 75 
metres everywhere. That much is as certain as can be. We know 
that very large rises in sea-level happened at the end of the ice-
ages - 120 metres over 10,000 years at the end of the last one. We 
know that the sea got about 6-9 metres higher than now during the 
last warm interglacial (the Eemian), 125,000 years ago, due to a 
spell about 1℃ warmer than now.

But we don’t know how fast the great ice sheets can react to the 
kind of warming that’s going on now, because nothing like it has 
ever happened before - but they have started responding.

This is what’s happening to the 
sea-level.
Averaged over the 20th century, 
the sea rose about 2mm each 
year.
Now, at the beginning of the 21st, 
the rate is 3.4mm a year. Look 
carefully & you can see a little red 
line at the right end of the graph. 
That’s the part of the measurement 
record we owe to the amazing new 
satellite-borne instruments that 
map the sea surface topography 
with incredible detail and accuracy.

If the sea continued rising at this 
rate until the year 2100, it would be 
about ⅓ of a metre higher - but 
there are good reasons to think it 
will not do that. See below:

[CSIRO]
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These very important studies tell
us the great ice sheets are
responding to warming already,
and that we can expect further 
acceleration of melting until some physical 
limit is reached. Right now, we have no 
idea what that might be, or if some point of 
instability exists beyond which the ice 
sheets will disintegrate on their own.

Melting here is already three times as 
fast as it is on mountain glaciers & ice 
caps, and it will be the main contributor to 
sea-level rise in the next few decades.

The mass balance of the great ice sheets is now studied 
with the GRACE satellite gravimeters, which are precise 
enough to tell us confidently how fast they are changing. The 
record is only 8 years long, yet it shows a clear trend toward 
accelerating melting.

In Greenland, (above), the annual loss measured by a study 
in 2009 was 286 billion tonnes - an increase of just over 
100% in seven years. In Antarctica, as a whole, the increase 
was 140% - to 246 billion tonnes. (see below)

For the two ice sheets combined, measured acceleration of 
ice mass loss is 36.2+/-2 billion tonnes/year/year.
[Rignot et al, 2011, Geophysical Research Letters, 38, L05503]

Both graphs from Velicogna, 2009; 
Geophysical Research Letters, 36, L19503
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Very severe heat waves 
occurred in August 2003 in 
France; in July & August 2010 in 
Russia; and in Summer 2011 in 
Texas. They did a lot of damage 
and killed many people.

Meteorologically, they were “off 
the charts” - nothing like them 
had ever been known & the 
likelihood of such events was 
considered so low it had never 
been contemplated. The 
question naturally arose 
whether these freakish heat 
waves were a direct 
consequence of global warming.

In one sense, this is not even a proper question: the warming is a trend in a physical 
quantity that varies continuously - so no single event can strictly be said to confirm 
or refute it. On the other hand, you can say something about the way the trend 
changes the probabilities of certain events. For example:

You can use long weather station records to assign a probability to a heat wave of 
certain severity - say 20 out of 30 consecutive days with maxima over 36℃ in Paris 
during August. Plug this data into a model and then add the anthropogenic 
greenhouse effect, and see how much this probability increases. At the end you may 
be able to say something like,”global warming has turned what was a 1:400 chance 
into a 1:100”, or “it is 4 times as likely that this would happen now than it would be if 
there had been no warming.”

Another serious consequence

Peter Stott did this kind of 
study of the European heat 
wave of 2003. He found that 
the probability of this severe 
event had indeed been 
quadrupled by global 
warming - but what was 
more alarming were his 
findings about the future.

Assuming we do something 
about the climate problem, 
but not a lot (sort of what we 
are doing now), by about 
2040, a heat wave this bad 
would come every second 
year. By 2060, we’d be 
longing for a summer as 
cool.
Similar studies on the 
Russian event came to the 
same conclusion.

2003

2040

2060

Stott et al, 2004. Nature, 432, 610-614
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And another one ...

The theory explaining why there will be more severe floods in a warmer world is not 
complicated. Very cold air contains no water vapour. The warmer a parcel of air is, the more 
water vapour it can hold. Heat causes evaporation, on both land and sea - so in a warming 
world dry lands get dryer and wet places (generally near the sea) get more rain, and more 
heavy rain. That means more water runs in river catchments and they flood more.

An estimate for the twentieth century is that the whole atmosphere now holds about 4% 
more water than it did a hundred years ago. Mightn’t sound like a lot, but it is. Extra heat in 
the lower atmosphere makes storms more energetic, with stronger winds and larger 
cyclones. The equatorial zones are expanding - warm climate systems now move further 
from the equator - and so do very damaging tropical storms.

The same theory tells us to expect more droughts as well as floods, because the dry sub-
tropical zones are expanding toward the poles. This is the band where all the world’s great 
deserts are - and they are all growing at the expense of dry savannas on their margins.

Hoyois, Debarati, 2004; Health and Flood Risk Workshop, Tyndall Centre, UK

Total number of flood disasters: world, 1974 - 2003
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Consequence: warming affects all life on Earth

It’s natural that we should be interested in how warming affects human life 
and society. But that is a narrow focus which can prevent us seeing something every bit 
as important - the impact of the changing climate on the whole biosphere.

Students of life on earth identify five “major” extinction episodes in the geological past, 
when a large fraction of all life went extinct. There is still debate about the causes of these 
catastrophes - probably they’ll turn out to be different from one another. Today, many 
experts speak of the “sixth great extinction” - an episode begun in pre-history by human 
predation, greatly magnified by habitat changes in the last couple of centuries, and 
magnified again by our forced disturbance to the climate system.

Since no one has any idea how many species exist on Earth, it’s hard to say how many 
are threatened - but several students have had a go. One of the best known studies was 
published in Nature in 2004 [Thomas et al, 2004. Nature, 427, 145-148] Assuming that (not 
counting the bacteria) there are 10 million species, careful analysis of the relation between 
diversity and habitat suggested to these scientists that something like 18 - 35% of all 
species might go extinct if the world warms between 0.8 ℃ and about 3℃.

This sounds bad enough, but in hindsight, we might see the estimate as a bit 
conservative, because the world is almost certain to warm more than this in the next 
century or two. Most species are closely adapted to their climate zone and have to move if 
patterns of temperature or rainfall change. Some can move and others can’t. Some will 
have places to go, others won’t. Apart from this, rapid changes to the climate have the 
effect of breaking up the well-adjusted webs of life that compose ecosystems. That’s bad 
for all living things, big and small.

We are apt to forget that nice furry animals, birds & reptiles & amphibians - the usual 
subjects of anti-extinction campaigns are only about 2% of all species, and it is the small, 
inconspicuous creatures that scurry around in the dirt that really support the web of life. If 
we were to lose too many of these, everything else, ourselves included, would lose too.
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This	  is	  a	  problem	  of	  the	  atmosphere.	  All	  we	  need	  to	  do	  is	  get	  the	  greenhouse	  
gases	  back	  where	  they	  were	  200	  years	  ago	  &	  things	  will	  eventually	  cool	  down.
Right?
Well,	  yes	  and	  no.	  Writing	  the	  prescription	  is	  almost	  that	  easy;	  taking	  the	  medicine	  isn’t.	  We’ve	  
been	  putting	  it	  off	  for	  30	  years	  -‐	  that’s	  about	  the	  time	  we’ve	  known	  for	  sure	  there	  was	  a	  problem	  
&	  what	  we	  should	  do	  -‐	  and	  stuffing	  around	  has	  made	  things	  harder.	  Like	  a	  cancer	  patient	  who	  
avoids	  the	  surgeon	  until	  the	  last	  possible	  moment,	  our	  need	  is	  now	  more	  urgent	  and	  the	  cure	  will	  
be	  more	  drastic	  -‐	  although	  essentially	  it’s	  the	  same:
Quit	  putting	  CO2	  into	  the	  air;	  and	  start	  pulling	  some	  of	  it	  out	  again,	  as	  quickly	  as	  
we	  can.

We	  can	  use	  our	  new	  knowledge	  of	  the	  planet’s	  climate	  history	  to	  say	  that	  the	  target	  CO2	  must	  be	  
no	  more	  than	  300	  ppmv	  -‐	  that’s	  as	  high	  as	  it’s	  ever	  been	  during	  Pleistocene	  ice	  age	  interglacials	  -‐	  
and	  probably	  (if	  we	  don’t	  want	  the	  sea	  to	  rise	  several	  metres)	  a	  bit	  lower	  than	  that,	  about	  280	  
ppmv.	  From	  the	  way	  surface	  systems	  have	  begun	  responding,	  we	  can	  say	  that	  we	  don’t	  have	  a	  
lot	  of	  time	  to	  get	  cracking.	  Many	  experts	  say	  if	  we	  don’t	  get	  serious	  within	  this	  decade,	  it	  will	  be	  
too	  late	  to	  prevent	  a	  lot	  of	  damage	  to	  those	  systems	  and	  the	  infrastructure	  of	  human	  societies.

Is	  this	  feasible?	  Can	  we	  stop	  burning	  fossil	  fuels	  and	  still	  have	  decent	  lives?	  Can	  we	  draw	  down	  
the	  CO2	  already	  in	  the	  air	  &	  put	  it	  some	  place	  outside	  the	  rapid	  phases	  of	  the	  carbon	  cycle?	  
Opinions	  come	  in	  three	  flavours	  on	  this	  ultra-‐important	  question:
•	  No,	  we	  can’t.	  Fossil	  fuels	  are	  essential	  to	  progress	  and	  a	  comfortable	  future	  for	  all	  the	  world’s	  
people,	  being	  cheap	  (as	  long	  as	  we	  don’t	  count	  their	  harm)	  and	  accessible.	  No	  alternative	  
scheme	  for	  supplying	  all	  the	  energy	  we	  need	  is	  in	  sight,	  and	  there’s	  no	  known	  way	  to	  get	  CO2	  
down.
•	  We	  might	  be	  able	  to	  do	  it,	  but	  it	  would	  cost	  more	  than	  it’s	  worth.	  In	  the	  rich	  countries	  it	  would	  
mean	  a	  much	  lower	  standard	  of	  living;	  in	  the	  poor	  ones,	  it	  would	  mean	  billions	  of	  their	  citizens	  
locked	  into	  dreadful	  poverty	  for	  ever.
•	  Yes	  we	  can	  -‐	  and	  we	  have	  no	  choice.	  The	  costs	  of	  not	  fixing	  this	  are	  much	  greater	  than	  the	  cost	  
of	  a	  remedy;	  and	  we	  have	  all	  the	  tools	  for	  the	  job	  already,	  for	  rich	  and	  poor.	  The	  only	  thing	  we	  
need	  is	  to	  want	  it	  enough.

Maybe	  you’re	  thinking,	  “Hang	  on:	  how	  can	  the	  same	  lot	  of	  evidence	  lead	  to	  three	  such	  different	  
diagnoses?”	  And	  you’d	  be	  right.	  People	  (including	  political	  leaders)	  have	  got	  committed	  to	  this	  
issue,	  not	  on	  the	  strength	  of	  the	  evidence	  alone,	  but	  on	  the	  back	  of	  their	  beliefs	  about	  various	  
things,	  and	  some	  idea	  about	  their	  best	  interests.	  Not	  enough	  people,	  it	  seems,	  are	  interested	  
enough	  in	  the	  people	  of	  the	  future.	  They’re	  the	  ones	  who	  will	  have	  to	  fix	  this	  if	  they	  can,	  as	  best	  
they	  can,	  if	  we	  neglect	  them	  very	  much	  longer.

Fixing	  the	  climate	  problem
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Summary of a climate action plan ...

You can write down the outline of a plan from what you’ve learned already:
★ If atmospheric CO2 is nearly at the level of the middle Miocene and going 
higher, we can’t afford to keep adding it to the air - otherwise our grandkids and 
all the folks who come after will see the world steadily warm up until it’s a very 
different world indeed & much harder for us to live in.
★ If we can’t put more CO2 up there, we’ll have to figure out how to get all our 
energy in some way that doesn’t do that - or else find out how to catch the stuff 
as we make it & put it away somewhere.
★ If we don’t want the sea to rise much more (several hundred million people live 
within 10 vertical metres of the ocean), we’ll have to get CO2 in the air back to 
around 300 ppmv as soon as we can (and maybe lower).
★ If we don’t want to wait centuries for the natural carbon cycles to soak up the 
extra CO2 in the air, we’ll have to remove some ourselves as quickly as possible.

Why haven’t we got going with this already? There’s one very big reason: fossil fuels 
are easily the biggest business in the global economy, worth about US$4.5 trillion 
a year - about 90% of the whole energy economy. The people who manage this 
enormous enterprise saw the problem coming long ago and decided it was in their 
interest to oppose changes as long as they could. There’s a vast investment in 
everything it takes to extract, process and transport coal, oil & gas around the world, 
and enormous amounts of money are made doing those things.

This isn’t the only reason. Even with cooperation from the energy business it was going 
to be really hard. Our political systems aren’t good at getting things done if benefits are 
for the future but costs have to be paid now. It’s not that nobody cares about future 
people - but our imaginations are clearer about present inconveniences than future 
ones. That is the way we are. So our leaders haven’t tried very hard to persuade us that 
future people are depending on us to do this while there’s still time.

This is the trend in GHGs 
over the last 30 years, when 
we could have been winding 
them back. The scale on the 
right is an arbitrary one 
showing the “forcing”, or 
greenhouse warming effect 
with 1990 scaled to 1. So, the 
strength of this effect on the 
climate system has increased 
30% since 1990; and 60% 
since 1979. That’s why 
messing around isn’t a good 
idea. The problem just gets 
bigger while we’re making up 
our minds to get serious about 
it.

http://www.esrl.noaa.gov/gmd/aggi/

http://www.esrl.noaa.gov/gmd/aggi/
http://www.esrl.noaa.gov/gmd/aggi/


57

This is where the human-
produced GHGs come from:
CO2, the biggest one by far, from 
fossil fuel burning, forestry, fires 
and agricultural land uses, and 
cement-making. 
Methane from rice paddies and 
the billions of domestic animals 
we keep. Nitrous oxide from 
vehicle exhausts and chemical 
fertilizers.

Last year, the total for the world 
was about 43 Gt (billion tonnes) 
CO2e - that is, all gases together, 
expressed with their global 
warming potential as if they were 

all CO2. The actual quantity of CO2 from fossil fuels & cement-making last year was 
33.5 Gt. Add just under 20% to that from deforestation & land use, and you have some 
idea what we have to fix.

Look at the coloured pie charts and you can see which economic sectors 
produce the gases.

• 30% of CO2 is due to 
electricity generation.
• Nearly 20% of CO2 is 
due to transport.
• CO2 is ¾ of the 
problem.
• Over 20% of GHGs is 
due to land uses - 
farming & forestry.
• Extracting, mining and 
processing fossil fuels 
(gas leakages & flaring; 
process energy & 
transport) causes more 
than 10% of all GHGs.
• Of the ¼ of the problem 
due to gases other than 
CO2, more than half is 
due to land uses.

Reducing greenhouse gas emissions

http://www.epa.gov/
climatechange/
emissions/
globalghg.html

So what must we do?

http://www.epa.gov/climatechange/emissions/globalghg.html
http://www.epa.gov/climatechange/emissions/globalghg.html
http://www.epa.gov/climatechange/emissions/globalghg.html
http://www.epa.gov/climatechange/emissions/globalghg.html
http://www.epa.gov/climatechange/emissions/globalghg.html
http://www.epa.gov/climatechange/emissions/globalghg.html
http://www.epa.gov/climatechange/emissions/globalghg.html
http://www.epa.gov/climatechange/emissions/globalghg.html
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This is what we have to do:
✤ Begin phasing out fossil fuel combustion now
✤ Begin transition to zero-carbon energy now
✤ Continue to develop non-fossil fuel energy technologies
✤ Improve energy efficiency
✤ Stop cutting down tropical forests & manage forests better
✤ Replant large tracts of cleared land with trees
✤ Change agricultural practices to rebuild soil carbon reservoirs
✤ Change wasteful patterns of consumption
✤ Make sure the plan benefits the world’s poor people as well as 
the rich.

That’s	  a	  lot	  of	  things	  to	  change	  &	  a	  lot	  of	  trouble.
How	  do	  we	  know	  it’s	  necessary	  &	  there’s	  not	  some	  easier	  way?

We know this from clear 
evidence.
Here you see the way CO2 has built 
up in the atmosphere since 1950 & 
how it will rise until 2050 if we keep 
adding it at about the same rate. The 
three lines “A1F1, A1B & B1” are 
three hypothetical future scenarios 
worked out by IPCC scientists; the 
yellow sector between them is the 
range of likely CO2 “futures”.

You can see that without a change to 
emissions, we should expect the CO2 to be between 
475 and 600 ppmv by mid-century - heading to 
perhaps 1,000 by 2100. These numbers spell disaster.

The lower chart shows how much 
fossil fuel we have left.
The purple bits are what’s already 
been burnt. The yellow bits on oil & 
gas are undiscovered reserves; the 
light blue bits are known reserves.
On the right are the “unconventional” 
fossil fuels - tar sands & shale, and 
the vast methane hydrate deposits in 
the Arctic. Nobody knows for sure 
how big these are, but they are very 
big indeed - at least as big as coal & 
probably much more.

It should be clear that we’ll run out of 
oil & gas long before the others, so:
if we don’t give up coal and the tar 
sands, we can go on emitting CO2 for 
another 200 years. Bad news.

Hansen et al 2008, Open Atmos Sci J, 2, 217-231

Hansen et al, 2007 
Atmos Chem Phys,  
7, 2287-2312
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Oil is at or near peak production - that is, the rate 
of new discovery will not keep pace with rising 
demand. Oil is likely to get more scarce and 
expensive over the next 50 years.
Coal isn’t close to peak production, so we have to 
decide to wind down the amount we use, closing 
mines and power plants, rather than wait for it to get 
scarce.

Coal is used for stationary power, so in 
theory we could burn it and capture the CO2. 
But oil is used for transport, where capture 
isn’t possible. The answer here is to run cars 
& trucks on different fuel - something we 
must do sooner or later anyway.

                        Why coal is the key to carbon dioxide ...

Nearly all the coal mined in the world is used either generating 
electricity or making iron into steel

• It provides 30% of all the world’s energy needs

• It makes 42% of all the world’s electricity

• About 8 billion tonnes are taken out of the ground & burned every year

• That puts about 24 billion tonnes of CO2 into the air

• Coal burning makes nearly 40% of all fossil fuel CO2 (a bit less than oil)

• There’s enough still in the ground to last at least another 100 years.

Half of the CO2 
added to the air by 
fossil fuels already 
is due to coal.
If we keep burning it 
for the rest of the 
century, we could 
add at least another 
1 to 2 trillion tonnes 
of CO2 to the air, 
raising the 
concentration above 
800 ppmv. 

COAL

OIL
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Steps 1, 2, & 3 ...

1. Phase out coal burning by 2030
2. Switch to non-carbon energy
3. Improve energy efficiencyHansen et al, 2008. Target Atmospheric CO2: 

Where Should Humanity Aim? Open Atmospheric 
Science Journal, 2008, 2, 217-231, p11

In the left graph, you can see what would happen to CO2 emissions if we phased out coal 
burning at an even pace over the next 20 years. The two different estimates of oil & gas 
reserves are the red & blue lines. Doing this, we could approach zero net emissions by the 
end of the century.
In the right graph, you see calculated results on the atmosphere. CO2 peaks between 2030 
& 2050 at 415-425 ppmv (depending on how much new oil we find) and then declines.
How much it declines and how fast depends on:
Steps 4 & 5
In this study, step 4 (the blue segment in the graph) is:
Stop deforestation before 2015, and begin reforestation immediately, increasing until 2030. 
This step is capable of removing 4.3Gt (billion tonnes) of CO2 per year after 2030.
Step 5 is: adapt farming practices to preserve soil carbon, and use crop wastes and biofuel 
to make “biochar”, a kind of charcoal that can be plowed into farm soils and pastures to 
improve soil fertility and lock away the carbon for centuries. This can remove 0.43 Gt/yr.
Step 6 (light blue) is: make sure fossil fuel reserves are not fully exploited by designing the 
right government polices. Obviously, if coal is the cheapest form of energy, we’ll use it. If the 
“unconventional” fuels are dug up to get around peak oil, it will the same as burning coal for 
ever. So our leaders have to make it better for us to leave these where they are.
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This is where we get it 
now.
In future, the red & brown 
slices (gas & coal) will 
have to shrink, and the 
little pink one (solar, wind 
& geothermal) will have 
to grow to take their 
places.

The green sector (oil) 
which is mainly transport, 
will tend to shrink on its 
own due to rising oil 
costs as the resource 
becomes scarce - but we 
will have to plan a 

transport system run on alternatives (electric batteries).

Getting a fix ... some questions

Q1: Where do we get our energy in future?

EIA

Every hour, the sun delivers enough 
energy to supply human needs for a year.
We haven’t done very much about this abundance 
because fossilized solar energy has been so easy 
and cheap - but now that we do need it, many 
people are working hard to find better ways to 
capture and use the sun’s power as it arrives.

Two main methods are in use:
• Photovoltaic collectors, which convert sunlight 
straight into electric energy; and 
• Solar-thermal plants, which focus concentrated 
sunlight onto a heat-exchanger.

Photovoltaic arrays can be large - many acres 
spread over desert or useless land - or small 
enough to go on your roof-top. That makes them 
excellent for spreading power generation around, 

lessening the need for power transmission lines. Solar-thermal plants can store 
solar heat in various ways for use at night - normally to drive steam turbines 
coupled to electric generators. 
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The Plan is the recently published ZCA2020 Stationary Energy 
Plan, worked out by Beyond Zero Emissions, an Australian 
research group. The report can be downloaded here: http://
beyondzeroemissions.org/ Figures are from p11, 45, 46, 62

   A plan for Australia’s energy future

• Australian citizens emit (on average) a 
bit over 20 tonnes of CO2 each year - 
more than any other developed nation.

• A bit more than half of all GHG 
emissions are due to making electricity 
with coal.

• Coal is very inefficient: ⅔ of the fuel 
energy is lost at the generator as heat.

• We could easily save 20% of electric 
energy with simple efficiency measures.

• About three times as much could be 
saved by adding a range of other things - 
better heating & cooling; roof-top solar 
photovoltaic; building retrofits, etc.

• The transport sector (15% of emissions) 
could potentially save 80%.

• It is feasible to replace the nation’s 
entire electricity generation system with a 
non-fossil fuel system in a decade or so, 
including the extra capacity to power a 
future electric transport fleet.

• An upgraded, efficient national electric 
grid would be supplied 60% by solar-
thermal & 40% wind power, supplemented 
by small amounts of bio-mass & hydro.

• The cost of such a transformation over 
a decade has been estimated at 3% of 
GDP. This about what we spend on 
insurance; twice what we spend on 
gambling & much less than we spend on 
cars in a year.

Above:
Top - Australia’s emissions by economic sector
Middle - solar-thermal plant in California
Bottom - how a solar-thermal (tower) plant works.

The plants proposed in this plan would each generate 220 
megawatts (MW) & would be clustered at 12 sites around 
the country, chosen for seasonal irradiation and land 
availability - each cluster to generate 3,500 MW capacity.

http://beyondzeroemissions.org
http://beyondzeroemissions.org
http://beyondzeroemissions.org
http://beyondzeroemissions.org
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Is an alternative energy system 
really possible or affordable?

You can hear a lot of argument 
about this question & get pretty 
confused - so here are some key 
facts:
✴ No energy right now is as 
cheap as fossil fuel energy 
(maybe except hydro)
✴ But this doesn’t account for the 
cost of a disrupted climate
✴ Nobody knows exactly how 
much it will cost if we really stuff 
up the climate - but it will be huge
✴ Solar & wind energy have both 
been getting cheaper & will 
certainly get cheaper still, as new 
technologies are found and more 
is installed on larger scales
✴ The way to provide power to 
poor people without making the 
climate problem worse is to get 
the cost of alternative energy 
down as soon as possible
✴ The proposed investment in 
building a national non-fossil fuel 
energy system over 10 years is 
about the same as our current 
investment in coal, gas & uranium 
mining - which is to say that, although large, it is certainly not beyond reach.
✴ The map above shows the area of land required (green square) compared to 
Australia’s biggest cattle station, Anna Downs, in South Australia (purple).

Robert Socolow, who co-authored a well-known plan like this, said there’s no 
question about whether we could have a zero-carbon energy future - the only 
question is whether we care enough to go & get it.

ZCA2020 p59

This isn’t the only plan
Deep geothermal
For example, people are working now on ways to collect heat from vast beds of hot 
granites at depths of around 3-5 km. Australia has huge potential to harvest this 
energy for centuries to come, simply by putting cold water down a hole and getting 
hot water out again. This might well become possible within 10 years.
Integral fast reactor
A technology exists that would allow us to use very dangerous nuclear waste as 
fuel in a safe new type of reactor that would essentially generate all the electricity 
we need for a century or more without mining any new uranium. Furthermore, a 
reactor could replace the furnace in existing coal-fired plants, eliminating CO2.
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Looking at these three pie charts, you can see 
how China & the USA between them, mine & 
use more than half the world’s coal supply - and 
use about 45% of the world’s electricity. But 
China has 4 times as many people, so it 
doesn’t even make it onto the chart of per-
capita energy use.

Energy consumption is (so far) dominated 
by the rich countries. But the rapidly growing 
nations of Asia & South America (eventually 
Africa as well) want that to change. China was 

responsible for most of the emissions growth of 
6% last year - most of it due to burning coal to provide electricity for the hundreds of 
millions of poor Chinese who don’t have it. Same in India.

This problem - how to design a low-carbon economy that includes the aspiring poor in 
these and other countries, as well as the rich, is the really big challenge for world 
leaders. Most people think we can’t fix the climate without solving it.

Q2: Australia has plenty of room; what about the world?

Australia starts from behind because we are an energy-intensive people - 
but we have the advantage of heaps of space and plenty of sun & wind. We also 
have lots of coal & gas. If we didn’t, we’d already be on the path taken by Spain, 
another sunny country which already has 3,500MW of solar power generation 
(equal to one of the 12 units planned for Australia). We aren’t held back by 
opportunity, but by our attachment to mining coal and the new enthusiasm for gas.

Germany, which gets less than half Australia’s sunshine, has 75 times as much 
solar PV installed.
Denmark, a small European country & not specially windy, has 3,500MW of wind 
power installed and has made itself a leader in this industry.
The fact is, in the rich world, nothing prevents a fairly rapid conversion to carbon-
free energy except wanting to do it.
Things are different, however, in the rest of the world.

COAL CONSUMPTION ELECTRICITY CONSUMPTION

ENERGY USE PER PERSON

CHINA

CHINA

USA

USA

USA

INDIA
INDIA

Charts at: http://www.nationmaster.com/statistics

http://www.nationmaster.com/statistics
http://www.nationmaster.com/statistics
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A biofuel is anything that can be used in 
energy production that is made from carbon 
in the contemporary carbon cycle. Fossil fuels 
don’t count because they’ve been out of the 
carbon cycle for millions of years (hence “fossil”). Things like 
biodiesel, made from vegetable oil; ethanol from sugar cane or corn; 
methane made from crop waste, etc.

In 2010, 105 billion litres of such fuels were made - mainly because 
they can be cheaper than oil, and because governments subsidize 
them to reduce oil imports.

The big plus is that their source is renewable: you can keep growing 
plants over & over; and their emissions are generally lower than coal 
or oil. But on the other hand, they produce CO2 when they’re burned, 
the same as fossil fuels do, and energy is used (sometimes a lot) in 
their production, which reduces that advantage. Also, when a lot of 
land is diverted to growing biofuel, as it is in the USA, that has an 
effect on food production, making food more expensive. This is 
happening already.

It turns out that fuels from energy-intensive agriculture systems, like 
American maize, save no emissions at all, while ethanol made from 
Brazilian cane saves up to 75%. A chart on the next page shows how 
much they can vary.

Q3: What about burning coal & capturing the CO2?

This idea, called CARBON CAPTURE & STORAGE 
(CCS) has been around a while. It is favoured by people in 
the coal business but as yet nobody has built a new power 
plant using it, and no one has added a capture unit to an 
existing power plant, anywhere in the world - and there are 
no plans to do it. Why? Because it would make the 
electricity too expensive - about the same as solar is now.

Also, there’s the enormous problem of where to put 24 
billion tonnes of CO2. It’s easy to say “pump it 
underground”, but not so easy to say where, or how we 
get it there, or how to make sure it stays put. Most experts 
now think this will never be a big part of the answer - but 
possibly a small part. Anyway, it won’t be ready any time 
soon, so we had better do what we know will work instead.

Q4: What about biofuels?



66

Contrasting emission intensity of biofuels from different sources

Q5: What about nuclear energy?

This energy technology, adopted after the second world 
war with high hopes, has languished in the last 30 years, 
except in France, the only nation to get a majority of its 
energy this way. There are 4 big reasons:
• It’s now very expensive & needs big subsidies
• A few notorious accidents have made it very unpopular 
with the public in most countries
• It requires continued mining and enrichment of uranium - 
a fairly energy-intensive process
• Big safety issues remain, mostly about the large 
amounts of very toxic radio-active waste produced, and 
the risk of fissionable material being used for making 
atomic weapons.

Apart from this, it is thought by some experts that easily 
extracted uranium will be scarce before long, and if we get 
committed to nuclear energy long-term, we’ll have to go for 
harder and harder ores, at greater expense.

On the other hand, the integral fast reactor (IFR), a so far 
non-commercial reactor type seems to hold great promise.
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Q6: What about using gas instead of coal?

Natural gas is mostly methane (CH4), found either on its own in big bubbles deep 
underground, or associated with other hydrocarbons - coal, oil & methane hydrates.
When it’s burned, because the four hydrogen atoms are combusted along with the 
carbon, only about half as much CO2 is produced as would be if coal had been 
burned for the same amount of energy. Another big plus is that gas contains 
practically no sulphur or nitrogen, so it causes no aerosol pollution - a good thing in 
cities where smog is a problem. 

However, things aren’t quite as rosy as they seem. Getting gas out of the ground, 
moving & processing it, then compressing it and keeping it compressed takes a lot of 
energy. Also, it’s impossible to prevent some of it escaping - just as it has always 
escaped from oil wells & coal mines. This is a problem because methane is a 
powerful GHG. It doesn’t last as long in the air as CO2, but while there it causes 70 
times as much warming (over a 20-year atmospheric lifetime).

The size of this problem (called fugitive emissions) is difficult to pin down precisely, 
but it may be large - so large that some experts believe the advantage of gas over 
coal to be as low as 25%.

Typical amounts of four carbon fuels needed to produce the same amount of 
energy - 1x106 BTU. You can see the “energy intensity” of gas is close to oil, but about 
60% greater than coal, while emissions intensity is half. This is the argument used in 
favour of gas as a “transition fuel” - that is, a less damaging fossil fuel we can use for 
the rest of the century while we work on non-fossil alternatives.

It’s an argument made often by people in the gas business - but it has a strong reply.
If we make big investments in another fossil fuel extraction industry, just when we need 
to be leaving all of them behind, we won’t be quitting them for many years - way too 
long for the climate. We should invest in clean energy instead.

From: Gore, 2009. Our Choice, Bloomsbury, p54
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Ocean	  thermal	  inertia:	  friend	  or	  foe?

In case this title looks enigmatic, let me explain.
Have you ever wondered why a couple of degrees of warming can be such a 
big deal? Isn’t it the case that people living 100 miles away can have a climate 
2 or 3 degrees warmer than yours without coming to harm? Isn’t the difference 
between night and day five times as much? Can’t the temperature change 
10℃ when a cloud passes in front of the sun?

Well the reason this is puzzling is that from the planet’s point of view, the near-
surface air temperature (which is what we record) is not what matters: 
Earth’s energy balance is mediated by the quantity of heat in the 
ocean

The ocean is the planet’s heat reservoir, because water has a specific heat 
capacity 3,500 times as great as the air. More than 90% of all heat in surface 
systems is there. Of course we don’t experience it so it’s hard to imagine, but try this:
Imagine a hollow column (doesn’t matter how wide - a metre or a mile) reaching from 
the top of the atmosphere to the average depth of the ocean floor, 4km deep. Now 
imagine the entire thing inside is at the same temperature (doesn’t matter how hot or 
cold). In this case, the water contains 3,500 times as much heat as the air. In other 
words, all the heat in any column of air can fit into the top 3 metres of ocean

Solar heat arrives in the ocean two ways: directly, as sunlight strikes the ocean 
surface, and indirectly by exchange with the air above. This second way allows heat 
to move in both directions depending on whether the air is colder or warmer than the 
sea - but, it only affects the top 50-100 metres of water, the layer stirred by wind & 
waves. Below that, heat tends to stay put. It’s as if deep ocean heat is a bank 
deposit, and what happens to it once it’s in the vault is up to the banker.

So the real reason our ordinary thermometers only show ¾℃ of warming in a 
century of rapidly increasing energy imbalance is:
The heat isn’t where thermometers are - it’s hiding in the sea

Thermal inertia
As everyone knows, water heats up slower than air - that’s why you can cool off by 
taking a swim. Also, the surface of the ocean which accepts heat from human activity 
takes a while to move it into the deep by a global system of currents. That means the 
full effects of a newly acquired energy imbalance take time to arrive - and once the 
heat is in place, dissipating it takes even more time. This is called thermal inertia. 
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So it looks as if, due to thermal inertia in the ocean, we’ll have some time up our 
sleeves before the full effects of human-induced warming arrive - most experts 
believe the time involved will be of the order of a century or so. Is this a good 
thing or bad? A reprieve or just a pain in the neck for our descendants?

The answer is - it all depends. Here’s how 
inertia affects global warming:
• There’ll be a delay of maybe 100 years 
before we get all the warming that’s due (according to how much the GHGs rise).
• That means we can count on some warming (probably about 1℃) no matter 
what we do - even if we stopped emitting them tomorrow.
• That applies to a turnaround from peak CO2 no matter when it happens - 
warming won’t turn around until 100 years later.
• The response of the climate system to lowering GHGs will be delayed too.
• That means the sooner the greenhouse forcing peaks, and the faster we 
reverse it the better.
• In effect, inertia means we don’t see the full effects of what we’re doing until 
later - so we don’t get as worried as we should be.
• And it means the folks who do see the full effects are going to be people who 
had nothing to do with bringing it on, and can’t participate in the decisions we’re 
making now.

Lyman et al, 2010. Nature 465, 334–337

Showing a recent study of how the heat 
content of the global ocean is growing. 
Data is now available form the ARGO 
system of free-floating instruments that 
record deep ocean temperature remotely
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The PETM ... a kind of warning

I said before that we know of nothing 
in the climate history of Earth as fast 
or potentially as powerful as the GHG 
forcing brought on by 150 years of 
burning fossil fuels.

The nearest thing we’ve discovered is 
the little spike on the Cenozoic 
temperature graph you saw before, 
indicated by the red arrow. It might 
look like an accidental squiggle in this 
line full of ups & downs, but it’s not. 
It’s a sudden warming event that took place 55 million years ago and we know a fair bit 
about it. It’s called the Paleocene-Eocene thermal maximum (PETM), and because it’s the 
closest known natural analogue for our current situation, it’s attracted a lot of interest.

What happened? Solid evidence exists for the following:
• Global surface temperatures rose 5-9℃ over a few thousand years;
• Atmospheric CO2 rose probably about 70% from about 1,000 ppmv to 1,700. Although a 
big rise is certain, there’s some debate about the absolute numbers; if different from these, 
the true numbers will probably be lower - some scientists think more like 500 to 900 ppmv.
• The source of carbon for this big rise over maybe 20,000 years must have been 
something that was once plants, because ocean cores everywhere show it is 13C depleted 
in just the right amount. But it can’t have been the fossil fuels we know because there’s no 
known way for that carbon to be transferred to the atmosphere in very large quantity.
• The source most experts agree on is methane hydrates - vast deposits of frozen 
methane ice buried in the see-floor in the Arctic. Today there is more than enough of this 
stuff to account for the PETM release, and presumably there was at the end of the 
Paleocene.
• What destabilized (melted) the methane ice? We don’t know. But we do know such 
events can and do happen. They can be triggered by a volcanic eruption & earthquake, 
submarine slide on a continental shelf, deep ocean warming, or all three.
• How much carbon did it take? The best study on that question estimated not more than 
3,000 Gt - or about the size of the current fossil fuel reserves plus what’s already been 
burned.
• In other words, if we were to burn up all the remaining fossil fuels, we could produce our 
own PETM, but hundreds of times faster.
• The episode seems to have caused the extinction of 35-50% of deep ocean plankton - 
the ones that leave behind fossil shells, which suggests a major disturbance to marine life, 
including a sharp rise in acidity, and probably other effects on ocean chemistry.
• Recovery from the PETM took something like 100,000 years.

The PETM is not a perfect analogy for our problem today, because it evolved over 
thousands, rather than a couple of hundred years, and because the carbon release also 
took millennia. We are changing things much faster than that. If we were so foolish as to 
bring on a “fossil fuel PETM” by burning all hydrocarbon reserves, we could not be sure 
that the warming Arctic Ocean would not trigger a real PETM, pushing CO2 well above 
1,000 ppmv & into the range where a runaway greenhouse is a real possibility.

Zeebe, et al, 2009, 
Nature Geoscience, DOI:
10.1038/NGEO578
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Arguments about the climate problem

As	  soon	  as	  you	  think	  about	  the	  problem	  of	  changing	  climate,	  it	  must	  seem	  strange	  
that	  we	  know	  so	  much,	  and	  yet	  we’ve	  done	  so	  little.	  And	  when	  you	  look	  for	  
information	  about	  it	  on	  the	  net	  and	  elsewhere,	  you	  see	  lots	  of	  dispute,	  when,	  on	  the	  
strength	  of	  the	  evidence,	  you’d	  expect	  agreement.	  Make	  no	  mistake,	  this	  is	  strange,	  
and	  it	  puzzles	  everyone,	  even	  the	  best	  experts,	  who	  are	  most	  anxious	  to	  get	  started	  
fixing	  it.

The	  reasons	  why	  we	  are	  in	  this	  situation	  are	  complicated	  &	  this	  isn’t	  the	  place	  to	  go	  
into	  them;	  but	  if	  you’re	  interested,	  here	  is	  a	  short	  guide	  to	  some	  of	  the	  most	  
common	  &	  visible	  arguments	  and	  where	  you	  can	  go	  to	  sort	  out	  the	  truth	  about	  them.

Easily the best source for understanding truth & falsehood in this 
subject is John Cook’s Skepticalscience blog: 
http://www.skepticalscience.com/

These are some arguments that are pretty silly & easily refuted with a little bit 
of knowledge (but you still hear them a lot):
• CO2 is natural, not a pollutant; it acts like fertilizer for plants, so we’ll have 
more food in a warmer world.
• Humans are puny compared to a planet; we couldn’t possibly make any 
important changes to the Earth.
• The world has been both hot and cold in the past; we shouldn’t worry about 
what’s happening now ... or, therefore it must be natural.
• Carbon dioxide doesn’t cause warming [the arguer points to a graph with 
two lines that don’t fit together].
• CO2 only stays in the air 5 or 6 years, so it can’t do any harm.
• The absorption capacity of CO2 (for IR) is saturated at low concentrations, 
so adding more doesn’t have any effect.
• CO2 is a trace gas; it’s really water vapour that causes the greenhouse 
effect - why doesn’t the IPCC admit that?

The various arguments about the reality or efficacy of the greenhouse effect 
are all due to simple ignorance. No scientific doubt whatsoever exists about 
this phenomenon - it’s over 60 years since the details of the physical theory 
were worked out. Questioning this is just like saying colds aren’t caused by 
viruses. Of course there's no harm at all in questioning scientific conclusions - 
but you can’t just stand up & claim anything at all - you need real counter-
evidence that can be checked by anyone.

http://www.skepticalscience.com
http://www.skepticalscience.com
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Here are a few arguments that need a bit more work to sort out:
• Thermometers sited in cities give falsely high readings - so it isn’t warming 
as much as they say ... [so climate scientists are incompetent].
• It stopped warming in 1998 ... and its been cooling since.
• Warming is due to the sun.
• Most of the CO2 is from undersea volcanoes, not people.
• Glaciers/ Arctic sea-ice/ Antarctic snow/ polar bear populations ... are 
growing, not shrinking - so global warming isn’t happening.
• How come North America had one of the coldest winters in 2010 if the 
world is supposed to be warming?
• Sea-level isn’t rising.
• The medieval warm period was warmer than now ... that was good for 
farmers, so we can look forward to growing more wheat in Russia.
• Warming is caused by cosmic rays, not greenhouse gases.

And here are a few that are not really scientific at all, but are usually dressed 
up to look as if they were:
• The hockey stick (the 1,000 year temperature reconstruction first published 
in 1999) graph is a forgery - and therefore global warming is a scam.
• They (scientists) were predicting an ice-age 40 years ago - why should we 
trust them now?
• The IPCC reports can’t be trusted and the scientists who write them are 
corrupt ... this is proven by the emails stolen in 2009.
• Thousands of scientists dispute the reality of global warming.
• Climate models can’t be trusted ... or, they only give out what crooked 
scientists put in.

The first of these, at least, may be worth following up if you are interested 
because, although it’s a complex matter, it shows very clearly how a lot of so-
called controversy in this issue works. Michael Mann, the lead author, then at 
the University of Massachusetts, was attacked personally and professionally, 
accused of falsifying his results, deceiving his publisher & colluding with other 
scientists, corruptly receiving grants, and other things - he still is - even 
though his findings have been independently confirmed many times since by 
several groups of investigators.

There’s nothing wrong with the hockey stick, yet you find the claim that it’s 
“broken” all over the web, just as if everyone knew it for a fact.
There’s a good article on it at http://www.skepticalscience.com/broken-hockey-stick.htm
There’s another one at Realclimate: http://www.realclimate.org/index.php/archives/2004/12/
myths-vs-fact-regarding-the-hockey-stick/
And a good one here:
http://ossfoundation.us/projects/environment/global-warming/myths/the-hockey-stick
The Wikipedia article “hockey-stick controversy” is detailed and excellent if you really want 
to get clued up. http://en.wikipedia.org/wiki/Hockey_stick_controversy

http://www.skepticalscience.com/broken-hockey-stick.htm
http://www.skepticalscience.com/broken-hockey-stick.htm
http://www.realclimate.org/index.php/archives/2004/12/myths-vs-fact-regarding-the-hockey-stick/
http://www.realclimate.org/index.php/archives/2004/12/myths-vs-fact-regarding-the-hockey-stick/
http://www.realclimate.org/index.php/archives/2004/12/myths-vs-fact-regarding-the-hockey-stick/
http://www.realclimate.org/index.php/archives/2004/12/myths-vs-fact-regarding-the-hockey-stick/
http://ossfoundation.us/projects/environment/global-warming/myths/the-hockey-stick
http://ossfoundation.us/projects/environment/global-warming/myths/the-hockey-stick
http://en.wikipedia.org/wiki/Hockey_stick_controversy
http://en.wikipedia.org/wiki/Hockey_stick_controversy
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Resources for further study

A couple of books
The Rough Guide to Climate Change Robert Henson. This is possibly the best short 
introduction to the science, as well as the politics, written by a scientist.
The Long Thaw David Archer. An excellent introduction to the science, by a professor 
of geophysical sciences at the University of Chicago.
The Two-Mile Time Machine Richard Alley. This account is focussed on the scientific 
work on the recovery & analysis of the first long Greenland ice cores in the 1990s, and 
what they tell us about the climate problem.
Storms of my Grandchildren James Hansen. The author, an outstanding climate 
scientist & long-time director of the Goddard Institute, gives an insight into the nature of 
the climate problem like no one else. It’s a wonderful book.
The Weather Makers Tim Flannery. The author is an Australian biologist & 
paleontologist with wide interests who became interested in the climate problem a 
number of years ago and wrote the book explicitly to alert non-specialists to it.
Global Warming Natalie Goldstein. The book is by an educational author & designed 
to be a resource for students.

Websites
http://www.realclimate.org/ This site is run by working scientists for the information of 
others. Some of it will be a bit technical; some is just right.

http://forecast.uchicago.edu/moodle/course/view.php?id=5 At this site, you can join David 
Archer’s introductory course at the University of Chicago.

http://www.skepticalscience.com/ This is undoubtedly the best source for investigating 
conflicting claims in the science of climate change.

http://www.aip.org/history/climate/index.htm Here, historian of science Spencer Weart  
provides an expanded version of his book on the discovery of global warming, explaining 
how we came to know what we do. Along the way, you will learn an enormous amount 
about the science itself. Easy to navigate. Excellent.

http://www.columbia.edu/~jeh1/ Jim Hansen’s personal site at Columbia University has 
every one of his scholarly publications, presentations & lectures as well as numerous 
pieces written for non-specialists and communications to political leaders.

http://belfercenter.ksg.harvard.edu/publication/17661/global_climate_disruption.html
The video of this lecture by John Holdren, now the President’s chief science advisor, 
spells out what we know & what we must do as clearly as anything.

http://www.grandkidzfuture.com/grandkidzfuture.com/Welcome.html
My own website is meant to be a useful introductory guide to understanding the problem 
of climate change, based on the belief that only a well informed public can make it 
possible to reach the collective solutions we need.

http://www.realclimate.org
http://www.realclimate.org
http://forecast.uchicago.edu/moodle/course/view.php?id=5
http://forecast.uchicago.edu/moodle/course/view.php?id=5
http://www.skepticalscience.com
http://www.skepticalscience.com
http://www.aip.org/history/climate/index.htm
http://www.aip.org/history/climate/index.htm
http://www.columbia.edu/~jeh1/
http://www.columbia.edu/~jeh1/
http://belfercenter.ksg.harvard.edu/publication/17661/global_climate_disruption.html
http://belfercenter.ksg.harvard.edu/publication/17661/global_climate_disruption.html
http://www.grandkidzfuture.com/grandkidzfuture.com/Welcome.html
http://www.grandkidzfuture.com/grandkidzfuture.com/Welcome.html
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About	  the	  author
I’m	  a	  retired	  physician.	  I	  have	  a	  number	  of	  grandchildren,	  all	  born	  in	  
the	  present	  century,	  and	  so	  destined	  in	  all	  probability,	  to	  witness	  
almost	  all	  of	  what	  it	  has	  to	  bring.

I	  learned	  about	  the	  existence	  of	  a	  climate	  problem	  a	  few	  years	  ago.	  
At	  first,	  it	  appeared	  to	  be	  something	  experts	  were	  still	  debating	  that	  
might	  not	  turn	  out	  to	  be	  	  anything	  to	  worry	  about.	  That	  was	  my	  
response	  to	  watching	  a	  contrarian	  film	  called	  The	  Great	  Global	  
Warming	  Swindle	  -‐	  thank	  goodness	  it	  isn’t	  true.

Then	  I	  read	  Tim	  Flannery’s	  book.	  No	  one,	  I	  now	  believe,	  who	  comes	  
to	  the	  issue	  with	  an	  open	  mind,	  can	  fail	  to	  be	  persuaded	  by	  a	  
scientist	  familiar	  with	  the	  facts,	  that	  this	  is	  a	  big	  problem.	  Virtually	  all	  
so-‐called	  denial	  is	  not	  scientific	  at	  all	  -‐	  there	  is	  simply	  no	  case	  to	  be	  
made	  to	  the	  contrary.

Now,	  when	  I	  think	  of	  my	  grandchildren’s	  future	  -‐	  the	  century	  that	  
stretches	  before	  them;	  their	  innocence	  of	  this	  calamity	  which	  they	  
will	  have	  to	  face	  as	  victims	  -‐	  I	  know	  that	  what	  they	  need	  from	  us	  now	  
is	  advocacy.	  Everyone	  in	  a	  position	  to	  act	  must	  understand	  what	  the	  
experts	  understand	  only	  too	  well,	  so	  we	  can	  urge	  sufficient	  remedies	  
from	  our	  sluggish	  political	  systems,	  instead	  of	  palliatives	  and	  
platitudes.

John	  Price
Ipswich,	  Australia


