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Introduction
Climate change and global wanning are weH up on the current political agenda.
There are urgent questions everyone is asking: are human activities altering the
c1imate? Is global wanning a reality? How big are the changes likely to be? Will there
be more serious disasters; will they be more frequent? Can we adapt to climate change
or can we change the way we do things so that we can slow down the change or even
prevent it occurring?
Because the Earth's climate system is highly complex, and because human
behaviour and reaction to change is even more complex, providing answers to these
questions is an enonnous chaHenge to the world's scientists. As with many scientific
problems only partial answers are available, but our knowledge is evolving rapidly,
and the world's scientists have been addressing the problems with much energy and
detennination.
Three major pollution issues are often put together in people's minds: global
wanning, ozone depletion (the ozone hole) and acid rain. Although there are links
between the science of these three issues (the chemicals which deplete ozone and the
partic1es which are involved in the fonnation of acid rain also contribute to global
wanning), they are essentially three distinct problems. Their most important
common feature is their large scale. In the case of acid rain the emissions of sulphur
dioxide from one nation's territory can seriously affect the forests and the lakes of
countries which may be downwind of the pollution. Global wanning and ozone
depletion are examples of global pollution-pollution in which the activities of one
person or one nation can affect all people and all nations. It is only during the last
thirty years or so that human activities have been of such a kind or on a sufficiently
large scale that their effects can be significant globally. And because the problems
are global, all nations have to be involved in their solution.
The key intergovemmental body which has been set up to assess the problem of
global warming is the Intergovernmental Panel on Climate Change (IPCC), fonned in
1988. At its first meeting in November of that year in Geneva, the Panel's first action
was to ask for a scientific report so that, so far as they were known, the scientific facts
about global wanning could be established. It was imperative that politicians were
given asolid scientific base from which to develop the requirements for action.
That first scientific report was published at the end of May 1990. On Monday
17 May I presented a preview of it to the then British Prime Minister, Mrs Margaret
Thatcher, and members of her Cabinet at 10, Downing Street in London. I had been
led to expect many interruptions and questions during my presentation. But the
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thirty or so Cabinet members and officials in the historic Cabinet room heard me in
silence. They were clearly very interested in the report, and the questions and
discussion afterwards demonstrated a large degree of concern for the world's
environmental problems.
Since then the interest of many politicalleaders has been aroused- as has been
shown by their attendance at two important world conferences concerned with global
warming: the Second World Climate Conference in Geneva in 1990 and the United
Nations Conference on Environment and Development (UNCED) in Rio de Janeiro in
1992. The Rio conference with over 25,000 people attending the main sessions arid the
many side meetings, was the largest conference ever held. Never before had a single
conference seen so many of the world's leaders, and for that reason it is often referred
to as the Earth Summit.
Much of the continuing assessment of climate change has been focused on the
IPCC and its three working groups dealing respectively with science, impacts and
response strategies. The IPCC's first report published in 1990 was a key input to the
international negotiations which prepared the agenda for the UNCED Conference in
Rio deJaneiro; it was that IPCC assessment which provided much of the impetus for
the Framework Convention on climate change signed at Rio by over 160 countries. As
chairman or co-chairman of the Science Working Group I have been privileged to
work closely with hundreds of scientific colleagues in many countries who readily
gave of their time and expertise to contribute to the IPCC work.
For this book I have drawn heavily on the 1990 and 1992 reports of all three
working groups of IPCc. Further, in putting forward options for action I have followed
the logic of the Climate Convention. What I have said I believe to be consistent with the
IPCC reports and with the implications of the Climate Convention. However, I must also
emphasize that the choice of material and any particular views I put forward are
entirely my own and should in no way be construed as the views of the IPCC.
During the preparation of both IPCC reports so far there has been considerable
scientific debate about just how much can be said about likely climate change next
century. Some researchers initially feit that the uncertainties were such that scientists
should refrain from making any estimates or predictions for the future. However, it
soon became clear that scientists have a responsibility to communicate the best
possible information about the likely magnitude of climate change, along with clear
statements of the assumptions made and the level of uncertainty in the estimates.
Like weather forecasters, their results will not be entirely accurate, but can provide
useful guidance.
Many books have been published on global warming. This book differs from the
others because I have attempted to describe the science of global warming, its
impacts and what action might be taken in a way which the intelligent non-scientist
can understand. Although there are many numbers in the book- I believe the
quantification of the problem to be very important- there are no mathematical
equations. I have also used the minimum of jargon in the main text. Some technical
explanations which would be of interest to the scientifically trained are included in
some of the boxes. Others contain further material of specific interest.
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I am grateful to many who have helped me with the provision and preparation
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Global Warming and
Qimate Change
1

of the worst disasters in the world
are, in fact, weather- or c1imate
related. Table 1.1lists them in order
of severity although it does not
inc1ude droughts, whose effects occur
more slowly, but which are probably
the most damaging disasters of all.

The 1980s: a remarkable decade

he phrase 'global warming' has become familiar recently as
environmental issues have hit the headlines. Many
opinions have been expressed concerning it, from the doom
laden to the dismissive. This book aims to state the current
scientific position on global warming clearly, so that we can
make informed decisions on the facts.

T

Is the climate changing?
In the year 2060 my grandchildren
will be approaching seventy; what
will their world be like? Indeed, what
will it be like during the seventy
years or so of their normallife span?
Many new things have happened in
the last seventy years which could
not have been predicted in 1920. The
pace of change is such that even more
novelty can be expected in the next
seventy. It is fairly certain that the
world will be even more crowded and
more connected. Will the increasing
scale of human activities affect the
environment? In particular,will the
world be warmer? How is its c1imate
likely to change?
Before studying futme c1imate
changes, what can be said about
c1imate changes in the past? In the
more distant past there have been
very large changes. The last million
years have seen a succession of major
ice ages interspersed with warmer
periods. The last of these ice ages
began to come to an end about 20,000
years ago and we are now in what is
10

called an interglacial period. Chapter 4
will focus on these times far back in
the past. But have there been changes
in the very much shorter period of
living memory-over the past few
decades?
Variations in day-to-day weather
are occurring all the time; they are
very much part of om lives. The
c1imate of a region is its average
weather over aperiod which may be
a few months, a season or a few
years. Variations in c1imate are also
very familiar to us. We describe
summers as wet or dry, winters as
mild, cold or stormy. In the British
Isles, as in many parts of the world,
no season is the same as the last or
indeed the same as any previous
season, nor will it be repeated in
detail next time round. Most of these
variations we take for granted; they
add a lot of interest to om lives.
Those we particularly notice are the
extreme situations and the c1imate
disasters (for instance, Fig. 1.1 shows
the significant c1imate events and
disasters dming the year 1991). Most

The 1980s have been unusually
warm. Globally speaking, the decade
has been the warmest since accmate
records began somewhat over a
hundred years ago and unusually
warm years have continued into the
1990s. In terms of global average
temperatme, the year 1990 is the
warmest on record and seven of the
eight warmest years in the record
have occurred in the 1980s and early
1990s.
The period has also been
remarkable (just how remarkable
will be considered later) for the
frequencyand intensity of extremes
of weather and c1imate. For example,
periods of unusually strong winds
have been experienced in western
Europe. Dming the early homs of the
morning of 16 October 1987, over

fifteen million trees were blown down
in south-east England and the
London area. The storm also hit
Northern France, Belgium and
Holland with ferocious intensity; it
tumed out to be the worst storm
experienced in the area since 1703.
Storm-force winds of similar
intensity but covering a greater area
of western Europe struck on several
occasions in ]anuary and February
1990.
But those storms in Emope were
mild by comparison with the much
more intense and damaging storms
other parts of the world have
experienced dming these years.
About eighty hurricanes and
typhoons-other names for tropical
cyc1ones-occur around the tropical
oceans each year, familiar enough to
be given names. Hurricane Gilbert,
which caused devastation on the
island of ]amaica and the coast of
Mexico in 1988, and Hurricane
Andrew, which caused a great deal of
damage in Florida and other regions
of the southern United States in 1992,
have been notable recent examples.
Low-lying areas such as Bangladesh

GLOBAL WARMING
AND CLIMATE CHANGE

Natural
disasters 1947-1980 in
order 01 severity I .

TAßLE l.l

Natural disasters 1947-1980
Type of Disaster

Deaths

1.

Tropical cyclones, hurricanes, typhoons

499,000

2.

Earthquakes

450,000

3.

Floods (other than associated with 1)

194,000

4.

Tornadoes and thunderstorms

29,000

5.

Snowstorms

10. 000

6.

Volcanoes

9,000

7.

Heatwaves

7,000

8.

Avalanches

5,000

9.

Landslides

5,000

10.

Tidal waves (Tsunamis)

5,000
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FIG . 1.1 Significant
dirnate anomalies and
events dwing 1991 as
recorded by the Oirnate
Analysis Centre of the
United States2 ,

are particularly vulnerable to the
storm surges associated with tropical
cyclones; the combined effect of
intensely low atmospheric pressure,
extremely strong winds and high
tides causes a surge of water which
can reach far inland, In one of the
worst such disasters this century

Losses (in
thousand miUions of US
doUars ndjusted to 1992
prices) in major
windstornt catastrophes
1960-92 (mostly in
North America and
Europe), estimated by a
research group advi~
the insurance indus
,

over 250,000 people were drowned in
Bangladesh in 1970, The people of
that country experienced another
storm of similar proportions in 1991
and smaller surges are a regular
occurrence there.
The increase in storm intensity
during recent years has been tracked

TI\IJLE 1.2

Losses in windstorm catastrophes
Decade
1960-69
Number of windstorm
catastrophes
Economic losses
Insured losses
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by the insurance industry, which has
been hit hard by recent disasters.
Until the mid-1980s, it was widely
thought that windstorms with
insured losses exceeding one
thousand million US dollars were
only possible, if at all, in the United
States. But the gales that hit western
Europe in October 1987 heralded a
series of windstOlm disasters which
make losses of 10 thousand million
dollars seem commonplace.
Hurricane Andrew, for instance, left
in its wake insured losses estimated
at 16 thousand million dollars. The
estimates in Table 1.2 illustrate how
the numbers and extent of such
disasters have increased during the
past three decades, The rate of

1(\\

Q\ovg

~'"

<;,\0

e'"
e'"
e'"
l(\o.v'1>'f'. ~c,'1>('.0 O\'I>e'1>'"
--.\0

~'1>('

economic loss has risen by a factor of
four since the 1960s while the
increase in insured losses is almost
tenfold, Although some of this
increase is due to the increased
population over this period in
particularly vulnerable areas, a large
part of it seems to have arisen from
the increased storminess in the late
1980s and early 1990s.
Windstorms are by no means the
only weather and climate extremes
that cause disasters. Floods due to
unusually intense or prolonged
rainfall or droughts because of long
periods of reduced rainfall (or its
complete absence) can be even more
devastating to human Iife and
property. These events occur
frequently in many parts of the world
especially in the tropics and sub
tropics. There have been notable
examples during the last decade. In
1988, the highest f100d levels ever
recorded occurred in Bangladesh;
80 per cent of the entire country was
affected. The Yangtze river region of
China experienced a devastating
f100d in 1991. In 1993, f100d waters
rose to levels higher than ever
recorded in the region of the
13

FIG . 1.2 Recordcd
disaslers in AJrica,
1980-1989, estimated
by Ihe Organization for
AJrican Unity',

GLOBAL WARMIN(;

ptlssibilities for large reductions in
I he emissions of carbon dioxide and
how these might affect our energy
sources and usage, including means
of transport.
Finally I will address the issue of
the 'global village'. So far as the
environment is concemed, national
boundaries are becoming less and
less important; pollution in one
country can now affect the whole
world. And it is clear from our
CWTent scientific understanding that
global warming poses aglobai
challenge, which must be met by
global solutions.

FOOTNOTE S
I After B.V. Shah, 1983, quoted in 'Natural Disaster
Reduction : how meteorologica l services can help', WMO
No. 722, 1989, World Meteorological Organi7.ation,
Geneva.
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2 From World Qimale News, No. I,June 1992: World

Meteorological Organization, Geneva.
3 From G. ßerz and K Conrad. 'Winds of change',

The Review, June 1993, pp 32- 35.
~

From "fhe role of the World Meteorological
Organi'l.ation in the International Decade for Natural
Disaster Iieduction' WMO, No. 745, 1990. Worlel
Meteorological Organi'l.atioll, Geneva.
5 Adapted [rom TY Canby, 'EI Nino's ill wind', Nal" .
geogr. Mag., 1984, pp J44-83.

he basic principle ofglobal warming can be understood by
considering the radiation energy from the sun which
warms the Earth 's surface and the thermal radiation from the
Earth and the atmosphere which is radiated out to space. On
average these two radiation streams must balance.Ij the
balance is disturbed (jor instance by an increase in atmospheric
carbon dioxide) it can be restored by an increase in the Earth 's
surface temperature.

T

How the Earth keeps wann
To explain the processes which
warm the Earth and its atmosphere, I
will begin with a very simplified
Earth. Suppose we could, all of a
sudden, remove from the atmosphere
all the clouds, the water vapour, the
carbon dioxide and all the other
minor gases and the dust leaving an
atmosphere of nitrogen and oxygen
only. Everything else remains the
same. What, under these conditions,
would happen to the atrnospheric
temperature?
The calculation is an easy one,
involving a relatively simple
radiation balance. Radiant energy
from the sun falls on a surface of
one square metre in area outside the
atmosphere and directly facing the
sun at a rate of about 1370 watts
about the power radiated by a
reasonably sized domestic electric
fire. However, few parts of the
Earth's surface face the sun directly
and in any case for half the time
they are pointing away from the
sun at night, so that the average
energy falling on one square metre
18

of a level surface outside the
atrnosphere is only one quarter of
this 1 or about 343 watts. As this
radiation passes through the
atrnosphere a small amount, about 6
per cent, is scattered back to space
by atrnospheric molecules. About 10
per cent on average is reflected back
to space from the land and ocean
surface. The remaining 84 per cent,
or about 288 watts per square metre
on average, remains actually to
heat the surface-the power
used by three good-sized electric
light bulbs.
radiation
from Sun

thermal radiation
emitted by Earth
The radiation balance of planet Earth. The net
incoming solar radiation is balanced by outgoing
thermal radiation from the Earth.
"'G.2.1
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Atmospheric composition
Concentration: fraction* or parts
per million by volume (ppmv)

Gas

0.78'

Nitrogen (N 2 )

0.21'

Oxygen (0 2 )

TAIlLE2,1 The
composition of the

atmosphere, the main

constituents (nitrogen
and oxygen) and the
greenhouse gases as in
1993.

Water vapour (H 20)

variable (0-0.02*)

Carbon dioxide (C0 2 )

356

Methane (CH 4)

1.8

Nitrous Oxide (N 2 0)

0.3
0.001

CFCs

variable (0-1,000)

Ozone (0 3)

1'0 balance this incoming energy,
the Earth itself must radiate on
average the same amount of energy
back to space (Fig. 2.l) in the form of
thermal radiation. All objects emit this
kind of radiation; if they are hot
enough we can see the radiation they
emit. The sun at a temperature of
about 6,000°C looks white; an electric
fire at perhaps 800°C looks red. Cooler
objects emit radiation which cannot be
seen by our eyes and which lies at
wavelengths beyond the red end of the
spectrum-infrared radiation. On a
clear, starry winter's night we are very
aware of the cooling effect of this kind
of radiation being emitted by the
Earth's surface into space-it often
leads to the formation of frost.
radiation
from Sun

thermal
radiation
from inside
greenhouse

A greenhouse has
a similareffect to the
Htmosphere on the
incoming solar radiation
and the emitted thermal
radiation.

FIG,2,2
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The amount of radiation emitted
by the Earth's surface depends on its
temperature-the warmer it is, the
more radiation is emitted. The
amount of radiation also depends on
how absorbing the surface is; the
greater the absorption, the more the
radiation. Most of the surfaces on the
Earth, including ice and snow, would
appear 'black' if we could see them at
infrared wavelengths; that means
that they absorb nearly all the
radiation which falls on them instead
of reflecting it. It can be calculated 2
that, to balance the energy coming in,
the average temperature of the
Earth's surface must be -6°C to
radiate the right amount 3. This is
much colder than is actually the case.
In fact, an average of temperatures
measured near the surface all over
the Earth-over the oceans as weil as
over the land-averaging, too, over
the whole year, comes to about 15°C.
Some factor not yet taken into
account is needed to explain this
discrepancy.
The greenhouse effect
The gases nitrogen and oxygen
which make up the bulk of the
atmosphere (Table 2.l gives details

of the atmosphere's composition),
neither absorb nor emit thermal
radiation. It is the water vapour,
carbon dioxide and some other minor
gases present in the atmosphere in
much smaller quantities (Table 2.l)
which absorb some of the thermal
radiation leaving the surface, acting
as a partial blanket for this radiation
and causing the difference of 21°C or
so between the actual average
surface temperature on the Earth of
about 15°C and the figure of -6°C for
an atmosphere containing nitrogen
and oxygen onll. This blanketing is
known as the natural greenhouse
effect and the gases are known as
gTeenhouse gases. It is called
'natural' because all the atmospheric
gases (apart from the CFCs) were
there long before human beings came
on the scene. Later on I will mention
the enhanced greenhouse effect the
added effect caused by the gases
present in the atmosphere due to
human activities such as the burning
of fossil fuels and deforestation.
This is called the 'greenhouse
effect' because the glass in a
greenhouse possesses properties
somewhat similar to om atmosphere
(Fig. 2.2). Visible radiation from the
sun passes almost unimpeded
through the glass and is absorbed by
the plants and the soil inside. The
thermal radiation which is emitted by
the plants and soil is, however,
absorbed by the glass which re-emits
some of it back into the greenhouse.
The glass thus acts as a 'radiation
blanker helping to keep the
greenhouse warm.
Before going further, it is
interesting to mention some of those
who have pioneered the science of the
greenhouse effect5. The warming
effect of the gTeenhouse gases in the
atmosphere was first recognized in

1827 by the French scientistJean
Baptiste Fourier, best known for his
contributions to mathematics. He
also pointed out the similarity
between what happens in the
atmosphere and in the glass of a
greenhouse, which led to the name
'greenhouse effect'. The next step
was taken by a British scientist, John
TyndalI, who around 1860 measmed
the absorption of infrared radiation
by carbon dioxide and water vapour;
he also suggested that a cause of the
ice ages might be a decrease in the
greenhouse effect of carbon dioxide.
It was a Swedish chemist, Svante
AIThenius, in 1896, who calculated
the effect of an increasing
concentration of greenhouse gases;
he estimated that doubling the
concentration of carbon dioxide
would increase the global average
temperature by 5 to 6°C, an estimate
not too far from our present
understanding. Nearly fifty years
later, around 1940, G.S. Callendar,
working in England, was the first to
calculate the warming due to the
increasing carbon dioxide horn the
burning of fossil fuels.
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The distribution of temperature in Cl convective
atmosphere (fuLlline). f he dotted line shows how the
temperature increases when the amount of carbon
dioxide present in tbe atmosphere is increased (in the
diagram the differencc between the lines is
exaggerated-for instance, for doubled carbon dioxide
in the absence of other eUects the incrense in
temperature is about 1.2'C). Also shown for the two
cases are the average levels from which thernlal
radiation leaving the ntmosphere originates (about 6krn
for the unperturbed atmosphere).
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The first expression of concern
about the dimate change which might
be brought about by increasing
greenhouse gases was in 1957, when
Roger Revelle and Hans Suess of the
Scripps Institute of Oceanography in
California published a paper which
pointed out that in the build-up of
carbon dioxide in the atmosphere,
human beings are carrying out a
large-scale geophysical experiment. In
the same year, routine measurements
of carbon dioxide were started from
the observatory on Mauna Kea in
Hawaii. The rapidly increasing use of
fossil fuels since then, together with
gTowing interest in the environment,
has led to the topic of global warming
moving up the political agenda
through the 1980s, and eventually to
the Climate Convention signed in
1992-of which more in later
chapters.
Back to the explanation: the
transfer of radiation is only one of the
ways heat is moved around in a
greenhouse. The air inside also
transfers heat by circulating. Some of
the air movements are turbulent,
mixing the heat up. Other heat
transfer is due to less dense warm air
moving upwards and more dense
cold air moving downwards-a
process called convection. Convective
electric heaters used in the home heat
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a room by stimulating convection in
it. The situation in the greenhouse is
therefore more complicated than
would be the case if radiation was the
only process of heat transfer.
Mixing and convection are also
present in the atmosphere, although
on a much larger scale, and in order
to achieve a proper understanding of
the greenhouse effect, convective
heat transfer processes in the
atmosphere must be taken into
account as weil as radiative ones.
Within the atmosphere itself (at
least in the part of the atmosphere
considered here) convection is, in
fact, the dominant process for
transferring heat. It acts as folIows.
The swiace of the Earth is warmed
by the sunlight it absorbs. Air dose
to the surface is heated and rises
because of its lower density. As the
air rises it expands and cools-just
as the air cools as it comes out of the
valve of a tyre. As some air masses
rise, other air masses descend, so the
air is continually turning over as
different movements balance each
other out-a situation of convective
equilibrium. Temperature in the
atmosphere falls with height at a rate
determined by these convective
processes; the drop turns out on
average to be about 6°C per kilometre
oE height (Fig. 2.3).

A picture of the transfer of
radiation in the atmosphere may be
obtained by looking at the thermal
radiation emitted by the Earth and its
atmosphere as observed from
instruments on satellites orbiting the
Earth (Fig. 2.4). At some wavelengths
in the infrared the atmosphere---in
the absence of douds-is largely
transparent, just as it is in the visible
part of the spectrum. If our eyes were
sensitive at these wavelengths we
would be able to see through the
atmosphere to the sun, stars and
moon above just as we can in the
visible spectrum. At these
wavelengths all the radiation
originating from the Earth's surface
leaves the atmosphere.
At other wavelengths radiation
from the surface is strongly absorbed
by some of the gases present in the
atmosphere, in particular by water
vapour and carbon dioxide.
Objects that are good absorbers
of radiation are also good emitters of
it. A black surface is both a good
absorber and a good emitter, while a
highly reflecting surface absorbs
rather little and emits rather little too
(which is why highly reflecting foil is
used to cover the swiace of a vacuum
flask and why it is placed above the
insulation in the lofts of houses).
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efiecl 01 greenhouse
gases.

Absorbing gases in the
atmosphere absorb some oE the
radiation emitted by the Earth's
swiace and in turn emit radiation out
to space. The amount of thermal
radiation they emit is dependent on
their temperature.
Radiation is emitted out to space
by these gases from levels somewhere
near the top of the atmosphere--
typically from between 5 and lOkm
high (see Fig. 2.3). Here, because of the
convection processes mentioned
earlier, the temperature is much
colder 30 to 50°C or so colder-than
at the swiace. Because the gases are
cold, they emit correspondingly less
radiation. What these gases have
done, therefore, is to absorb some of
the radiation emitted by the swiace
but then to emit much less radiation
out to space. The net loss of energy
from the Earth's surface and the
atmosphere is less than it would be if
the absorbing gases were not present.

emitted
trom
surface

40

emitted lrom
greenhouse
gases

emilted
trom
clouds

165

35

~
THERMAL

almosphere

RADIATION
Earth's surface

23

FIG.2.6 Comr>onents 01
the radiation (in watts
per square metre) which
on average enter and
leave the Earth's
atmosphere and make up
the radiation budget lor
the atmosphere.
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FlG . 2.7 Illustrating the
evolution of the
atmospheres of the
Earth, Mars and Venus.
In this diagrarn the
surface temperatures of
the three planels are
plotted against the
vapour press ure of water
in their fltmospheres as
they evolved. Also on the
cliagram (dashed) are the
phase lines for water,
dividing the diagrarn into
regions where vapour,
liquid water or ice are in
equilibrium. For Mars
and the Earth the
greenhouse e ffect is
halted when water
vapour is in eqnilibrium
with ice or liquid water.
For Venus no such
halting occurs and the
diagrrun iIIustrates the
'runnwayl greenhouse
eHect6 •

They have, therefore, acted as a
radiation blanket over the surface
(note that the outer surface of a
blanket is colder than inside the
blanket) and helped to keep it warmer
than it would otherwise be (Fig. 2.5).
There needs to be a balance
between the radiation coming in and
the radiation leaving the top of the
atmosphere--as there was in the
very simple model with which this
chapter started. Fig. 2.6 shows the
various components of the radiation
entering and leaving the top of the
atmosphere for the real atmosphere
situation. On average, 240 watts per
square metre of solar radiation is
absorbed by the atmosphere and the
surface; this is less than the 288 watts
mentioned at the beginning of the
chapter, because now the effect of
clouds is being taken into account.
Clouds reflect some of the incident
radiation from the sun back out to
space. However, they also absorb and
emit thermal radiation and have a
blanketing effect similar to that of the
greenhouse gases. These two effects
work in opposite senses: one (the
reflection of solar radiation) tends to
cool the Earth's suIiace and the other
(the absorption of thermal radiation)
to warm it. Careful consideration of
these two effects shows that on
average the net effect of clouds on the
total budget of radiation results in a
slight cooling of the Earth's suIiace7 .
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The numbers in Fig. 2.6
demonstrate the required balance-240 watts per square metre on
average coming in and 240 watts per
square metre on average going out.
The temperature of the surface and
hence of the atmosphere above
adjusts itself to ensure that this
balance is maintained. It is
interesting to note that the
greenhouse effect can only operate if
there are colder temperatures in the
higher atmosphere. Without the
structure of decreasing temperature
with height, therefore, there would be
no gTeenhouse effect on the Earth.

Mars and Venus
Similar greenhouse effects also occur
on oUf nearest planetary neighboUfs,
Mars and Venus. Mars is smaller
than the Earth and possesses, by
Earth's standards, a very thin
atmosphere. A barometer on the
surface of Mars would record an
atmospheric pressure less than
1 per cent of that on the Earth. Its
atmosphere, however, consists
almost entirely of carbon dioxide,
which, as we have see, exerts a
substantial gTeenhouse effect.
Because Mars is 50 per cent further
away from the sun than the Earth it
receives less energy from the sun. If it
had no atmosphere, to balance the
incoming radiation from the sun its
surface temperature would be about
-57°C. In fact it is about -4rC; the
greenhouse effect of the carbon
dioxide atmosphere makes it some
10°C warmer.
The planet Venus, which can
often be seen fairly dose to the sun in
the morning or evening sky, has a
very different atmosphere to Mars.
Venus is about the same size as the
Earth. A barometer for use on Venus
would need to survive very hostile

conditions.lt would need to be able to
measure apressure about one
hundred times as great as that on the
Earth. Within the Venus atmosphere,
which consists very largely of carbon
dioxide, deep clouds consisting of
droplets of almost pure sulphuric
acid completely cover the planet and
prevent most of the sunlight from
reaching the surface. Some Russian
space probes that have landed there
have recorded what would be dusk
like conditions on the Earth-only 1
or 2 per cent of the sunlight present
above the douds penetrates that far.
One might suppose, because of the
small amount of solar energy
available to keep the surface warm,
that it would be rather cool. On the
contrary; measurements from the
same Russian space probes find a
temperature there of about 525°C-a
dull red heat, in fact.
The reason for this very high
temperature is the gTeenhouse effect.
Because of the very thick absorbing
atmosphere of carbon dioxide, very
little of the thermal radiation from
the surface can get out. The
atmosphere acts as such an effective
radiation blanket that, although there
is not much solar energy to warm the
suIiace, the greenhouse effect
amounts to nearly 500°C.

The 'runaway' greenhouse effect
What occurs on Venus is an example
of what has been called the 'runaway'
greenhouse effect. lt can be explained
by imagining the early history of the
Venus atmosphere, which was
formed by the release of gases from
the interior of the planet. To start
with it would contain a lot of water
vapour, a powerful greenhouse gas
(Fig. 2.7). The greenhouse effect of
the water vapour would cause the
temperature at the surface to rise.

The increased temperature would
lead to more evaporation of water
from the surface, giving more
atmospheric water vapour, a larger
greenhouse effect and therefore a
further increased surface
temperature. The process would
continue until either the atmosphere
became saturated with water vapour
or a11 the available water had
evaporated.
A runaway sequence something
like this seems to have occurred on
Venus. Why, we may ask, has it not
happened on the Earth, a planet of
about the same size as Venus and, so
far as is known, of a similar initial
chemical composition? The reason is
that Venus is closer to the sun than
the Earth; the amount of solar energy
falling on Venus is about twice that
falling on the Earth. The suIiace of
Venus, when there was no
atmosphere, would have started off
at a temperature of just over 50°C
(Fig. 2.7). Throughout the sequence
described above for Venus, water on
the surface would have been
continuously boiling. Because of the
high temperature, the atmosphere
would never have become saturated
with water vapour. The Earth,
however, would have started at a
colder temperature; at each stage of
the sequence it would have arrived at
an equilibrium between the surface
and an atmosphere saturated with
water vapour. There is no possibility
of such runaway gTeenhouse
conditions occurring on the Earth.

The enhanced greenhouse effect
After our excursion to Mars and
Venus, let us return to Earth! The
natural greenhouse effect is due to
the gases water vapour and carbon
dioxide present in the atmosphere in
their natural abundances. The
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amounl of water vapour in our
atmosphere depends mostlyon the
temperature of the surface of the
oceans; most of it originates through
evaporation from the ocean .:lurface
and is not influenced directly by
human activity. Carbon dioxide is
different. Its amount has changed
substantially-by about 25 per cent
so far-since the Industrial
Revolution, due to human industry
and also because of the removal of
forests (see Chapter 3). Future
projections are that, in the absence of
controlling factors, the rate of
increase in atmospheric carbon
dioxide will accelerate and that its
atmospheric concentration will
double from its pre-industrial value
weil within the next hundred years
(Fig.3.6).
This increased amount of carbon
dioxide is leading to global warming
of the Earth's surface because of its
enhanced greenhouse effect. Let us
imagine, for instance, that the
amount of carbon dioxide in the
atmosphere suddenly doubled,
everything else remaining the same
(Fig. 2.8). What would happen to the
numbers in the radiation budget I
presented earlier (Fig. 2.6)? The solar
radiation budget would not be
affected. The greater amount of
carbon dioxide in the atmosphere
means that the radiation emitted
from it will originate on average from

HG.2.8 ll1ustrating the enhanced greenhouse (a)
S
L
240
effect. Under natural conditions (a) the net
240
solar radiation corning in (5 ~ 240 watts per
square metre) is balanced by thermal
radiation (L) leaving the top of the
atmosphere; average surface temperature T"
is 15°C.lf the carbon dioxide concentration is
suddenly doubled (b), L is decreased by 4
watts per square metre. ßalance is restored if
nothing else changes (c) apart from the
temperature of the surface and lower
atmosphere wh.ich nses by l.2°C. Jf
feedbacks are also taken into account (d) the
average temperature of the surface nses by
Ts=15°C
about 2SC.

~

I

(b)

a higher and colder level than before
(Fig. 2.3). The thermal radiation
budget will therefore be reduced, the
amount of reduction being about 4
watts per square metre.
This causes a net imbalance in
the overall budget of 4 watts per
square metre. More energy is coming
in than going out. To restore the
balance the surface and atmosphere
will warm up. If nothing changes
apart from the temperature-in other
words, the c1ouds, the water vapour,
the ice and snow cover and so on, are
all the same as before-the
temperature change turns out to be
about 1.2°C.
In reality, of course, many of
these other factors will change, some
of them in ways that add to the
warming (these are called positive
feedbacks), others in ways that might
reduce the warming (negative
feedbacks). The situation is therefore
much more complicated than this
simple ca1culation. These
complications will be considered in
more detail in Chapter 5. Suffice it to
say here that the best estimate at the
present time of the increased average
temperature of the Earth's surface if
carbon dioxide levels were to be
doubled is about twice that of the
simple ca1culation: 2.5°C. As the last
chapter explained, for the global
average temperature this is a Zarge
change. It is this global warming
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expected to result from the enhanced
greenhouse effect which is the cause
of current concern.
Having dealt with a doubling of
the amount of carbon dioxide, it is
interesting to ask what would
happen if all the carbon dioxide were
removed from the atmosphere. It is
sometimes supposed that the
outgoing radiation would be changed
by 4 watts per square metre in the
other direction and that the Earth
would then cool by one or two
degrees Celsius. In fact, that would
happen if the carbon dioxide amount
were to be halved. If it were to be
removed altogether, the change in
outgoing radiation would be around
25 watts per square metre-6 times
as big-and the temperature change
would be similarly increased. The
reason for this is that with the
amount of carbon dioxide currently
present in the atmosphere there is
maximum carbon dioxide absorption
over much of the region of the
spectrum where it absorbs (Fig. 2.4),
so that a big change in gas
concentration leads to a relatively
small change in the amount of
radiation it absorbs9 . This is like the
situation in a pool of water: when it is
c1ear, a small amount of mud will
make it appear muddy, but when it is
muddy, adding more mud will make
little difference.
An obvious question to ask is:
has evidence of the enhanced
greenhouse effect been seen in the
recent c1imatic record? Chapter 4 will
look at the record of temperature on
the Earth during the last century or
so, during which the Earth has
warmed on average by about half a
degree Celsius. However, because of
natural c1imate variability this rise
cannot yet be identified
unequivocally as due to the enhanced

greenhouse effect. If we cannot yet be
positive that we have seen it, how can
we be sure that the effect is real?
To summarize the argument so
far:
• No one doubts the reality of the
natural greenhouse effect, which
keeps us 21°C or so warmer than we
would otherwise be. The science of it
is weil understood; it is similar
science which applies to the
enhanced greenhouse effect.
• Substantial greenhouse effects
occur on our nearest planetary
neighbours, Mars and Venus. Given
the conditions wh ich exist on those
planets, the sizes of their greenhouse
effects can be ca1culated, and good
agreement has been found with those
measurements which are available.
• The study of c1imates of the past
gives some c1ues about the
greenhouse effect, as Chapter 4 will
show.
First, however, the gTeenhouse
gases themselves must be
considered. How does carbon dioxide
get into the atmosphere, and what
other gases affect global warming?

[;OOTNOTES
I [t is one quarter because the are.1 of the Earth's surface
is four times the arca of the dise whieh is the projection of
the Earth facing the sun-·~see Fig. 2.1.
2 The radiation by a b[acl( bocIy is the Stefan·ßoltzmann
constant (5.67xlO" J nJ·2 o: ·'S·') l11u[tip[ied by the fourth
power of the bady's absolute tel11perature in degrees
Ke[vin.The absolute tel11perature is the temperatllre in
degrees Ce[sius plus 273 (one degree K ~ one degrec Cl.
3 These calcu[ations using a simple model of an
atTilosphere containing nitrogen and oxygen on[y have
been carried out to illustrate the effcct of the other gases,
espeeially water vapour and carbon dioxide.1t is not, of
course, a model that can exist in rea[it),. All the water

Earth's surface
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vapour COlild IIQI I~ ' H'lnoved Irom the atrnosphere above a
or !ce ~.tlrfac'·. ('\lrther, wilh an average surface
h''''rW:I'l ,lIIrc
G"C, in a real sill.ation the surface would
""vo ",ud. more ice cover. The additional ice would reOect
mort· "..laI' cnergy Ollt to space leading to a lurther
IIIwcring thc surlace tempernture.
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The above calculation is ohen carried out using a ligure
of 30 per cent lor the average reflectivity of the Earlh and
atrnosphere rather than the 16 per cent assumed here; the
calculation 01 surface temperalllre then gives - 18'C for the
average sllrface temperature rather than the - 6'C found
here. The lligher figure 01 30 per cent for the Earth's
average reOectivity is applicable when clouds are also
included. in which case the average temperature of - 18' C
is not ap plicable to the Earth's surface but to some
appropriate level in the atrnosphere. Further, clouds not
only reOect solar radiation but also absorb thennal
radiation, and so have a blanketing efiect similar to
greenhouse gases. For the purpose of illustr;,ting thc effect

01 greenhousc gases, therefore, it is more correcl to omit
the effect 01 clouds frorn this initial calculation.

5 Further details can be found in j. Gribbin, HoLMuse
&,,111, Bantam Press, 1990.
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6 Spectrum taken with the infrared interferometer
speclromeler Oown on the satellite Nimbus 4 in 1971 and
described by [l.A. Hane! cl 01, Appl. Opl. 10,1971,
pp 1376-82.

7 More detail of thc radiative eflects 01clouds is given in
Chapter 5-see Figs 5.14 and 5.15.
8 From j.T. Houghton, The Physics 0/ Atmosplzcres,
second edition, CUP, 1986.
9 The dependence of the absorption on thc concentration
of the gas is approximately logarithmic.

he greenhouse gases are those gases in the atmosphere
which, by absorbing thermal radiation emitted by the
Earth's surface, have a blanketing effect upon it. The most
important of the greenhouse gases is water vapour, but its
amount in the atmosphere is not changing directly because of
human activities. The important greenhouse gases which are
directly influenced by human activities are carbon dioxide,
methane, nitrous oxide, the chlorofluorocarbons (CFCs) and
ozone. This chapter will describe what is known about the
origin of these gases, how their concentration in the
atmosphere is changing and how it is controUed.

T

Which are the most important
greenhouse gases?
Fig. 2.4 illustrated the regions of the
infrared spectrum where the
greenhouse gases absorb. Their
importance as greenhouse gases
depends both on their concentration
in the atmosphere (Table 2.1) and on
the strength of their absorption of
infrared radiation. Both these
quantities differ greatly for various
gases.
Carbon dioxide is the most
important of the greenhouse gases
which are increasing in atmospheric
concentration because of human
activities. If we ignore the effects of
the CFCs and of changes in ozone,
wh ich vary considerably over the
globe and which are difficult to
quantify, the increase in carbon
dioxide (C0 2) has contributed about
70 per cent of the enhanced
greenhouse effect to date, methane
(CH 4 ) about 23 per cent, and nitrous
28

oxide (N 20) about 7 per cent
(Fig.3.1).
Carbon dioxide and the carbon

eyde.
Carbon dioxide provides the
dominant means through wh ich
carbon is transferred in nature
between a number of natural carbon
reservoirs- a process known as the
carbon cycle. We contribute to this
FIG .3. 1 The contributions
from the main
greenhOllse gases to the
enhanced greenhouse
eHect from the beginning
of the Industrial
Revolution up to 1990.
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