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Foreword 

The Earth's climate, over the 
millennia of its existence, has been 
shaped by the cosmic forces of 
nature—by the cooling of the Earth's 
core, variations in the intensity of the 
Sun, changes in the tilt of our planet. 
These were accompanied by 
remarkable alterations in the life 
forms our planet supported. Life itself 
probably emerged from the 'primeval 
soup' of the first oceans. The hot and 
humid Cretaceous period led on to the 
the dinosaurs and pterodactyls of 100 
million years ago. The last few 
million years have been marked by 
alternate Ice Ages and warm periods. 
Sea levels fell during the Ice Ages and 
rose again as ice and glaciers melted. 

Today's climate is being changed by 
events that have taken—on a cosmic 

timescale—but the batting of an 
eyelid. In the 300 years or so that 
have encompassed the agricultural 
and industrial revolutions, man has 
begun to replace nature as the engine 
of climatic change. Today, the 
activities of four and a half billion 
human beings may be changing the 
climate faster than any natural event. 

This isa fact of life, and there is 
little point in pondering its morality. 
There is point, however, in asking 
where the process is leading us. Until 
recently, the process was inadvertent. 
It is no longer so. We now know that 
to continue increasing the concentrat-
ion of certain gases in the atmosphere 
will lead inevitably to a warmer, and 
probably wetter, planet. How warm, 
how wet, and how soon are three of 

The UNEP/GEMS Environment Library 

Since the United Nations Environment 
Programme was created, more than a 
dozen years ago, public understanding of 
the environmental issues confronting our 
planet has increased enormously. Issues 
such as deforestation and desertification, 
of which few people had even heard in the 
early 1970s, are now the subject of 
widespread public discussion. 

UNEP, by disseminating information on 
these issues through the press, radio and 
television, has played a malor  role in 
environmental education. Yet many of us 
within the organization have become 
increasingly aware of a gap between what 

we do and what we tell the public. 

This gap has arisen as the results of our 
environmental assessments—conducted 
through the Global Environment 
Monitoring System (GEMS)—have 
become more numerous and more 
detailed. These assessments, which cover 
subjects ranging from urban air pollution 
to climate modification, from the growing 
list of threatened species on our planet to 
the degradation of our tropical forests, are 
regularly published. But, until now, they 
have been published in forms that are 
understandable only by technical 
experts. 
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the questions that scientists are 
learning to answer. We await their 
definitive response with some 
trepida Lion. 

The need for a greater understanding 
of the problem was fully appreciated 
by theearly 1970s, when the United 
Nations Environment Programme 
(UNEP) was created. UNEP, the 
World Meteorological Organization 
and the International Council of 
Scientific Unions joined forces to place 
the study of the greenhouse effect on a 
firm scientific footing. At that time, 
it was estimated that carbon dioxide 
levels in the atmosphere would 
double by the year 2030. Then came 
the oil price increases of the 1970s, a 
cut-back in world energy consumption 
and a new forecast—that it would 
take another century to double carbon 
dioxide levels. Since then, we have 
discovered the potent potential effect 
of other greenhouse gases—an effect 
that threatens, again, to double the 
effective carbon dioxide level by 2030. 
We have come full circle, by a rather 
roundabout route. 

This publication summarizes our 

The UNEP/GEMS Environment Library, 
of which this is the first volume, is 
designed to fill that gap. Its aim is both 
simple and ambitious: it is to provide 
authoritative statements, written in plain 
language, about the major environmental 
issues with which we are faced. The 
volumes in this series will be attractively 
designed, and will provide readers with 
succinct summaries of the 'state of the 
science' in all the many topics we plan to 
cover. Readers will be neither patronized 
nor blinded with technical data. 

current knowledge of the subject in a 
way that is understandable to all. I 
hope it will stimulate widespread 
public interest in the subject, and spur 
those who can help devise policies for 
the protection of the Earth's climate 
to greater and more informed efforts. 

Mostafa K. Tolba 
Executive Director 
United Nations Environment 
Programme 

appeal to a wide audience, ranging from 
politicians to development experts, and 
from students to senior academics. 

Michael D. Cwynnc 
Director 
Global Environment Monitoring System 
United Nations Environment Programme 

As a result, we hope that this series will 
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Overview 

a global warming 
of a few degrees 
Centigrade will 
be inevitable 
before the 
middle of the 
next century 

The Earth's 
average 
temperature has 
varied by more 
than] or2°C only 
very rarely over 
the post 10000 
years 

lesug coj'icentrations yf 	 the atrnosare 
likely to pro 	ea substa n..tiJ.Ly.warmer climate on the Earth. 
Theegases may already be interferingwffhtIe way the 
Earth maintarns its tempt raturt balance. By absorbing some of 
the radiation enutted by the Earth in the far infrared region of 
the spectrumrtheycanforceihc LemFerature.oLtle - 	- 
Earth—We that ofagreenhouse—to rise. The concentration of 
soniéof these gases is increasing fast. If present trends continue, 
a global warmin g of a few degrees Centigrade wiil be 
inevitable before the middle of the next century. 

Carbon dioxide is the most abundant of the greenhouse gases, 
comprising about 0.03 percent of the atmosphere's volume. Its 
concentration has already in creased by about a quarter since 
preindustrial times, mainly as a result of the burning of fossil 
fuels and clearing forest land for agriculftire. Carbor dioxide 
concentrations are likely to increase by about a further 30 
percent in the next 50 years. 

Many other trace gases produce a greenhouse effect, some of 
them much more strongly than does carbon dioxide. The most 
important are methane, nitrous oxide (laughing gas), the 
chiorofluorocarbons (used in refrigeration, aerosol sprays and 
industry) and ozone which is a natural constituent of the 
atmosphere. Because they are present in the atmosphere in 
only small amounts, none will produce as large a global 
warming as carbon dioxide. By the year 2030, however, their 
combined effect is likely to equal that of carbon dioxide alone. 
This will approximately double the global warming that 
would be caused by carbon dioxide alone. 

The Earth's average temperature has varied by more than 1 or 
2°C only very rarely over the past 10000 years. A global 
heating of even 2.5°C would thus exceed any climatic change 
that occurred during the historical past. The Earth's average 
temperature during the most recent Ice Age, for comparison, was 
only about 5 °C colder than it is now. 

A global warming of only a few degrees would have a profound 
effect on climate. Although temperatures near the equator 
might change little, they would increase by more than the 
average at high latitudes and near the poles. Higher 
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evaporation rates would increase annual global rainfall by an Me lurnin,,' of fosiI 
estimated 7 to 11 percent. The most extreme effects would be Jth is Iikc!y to 
fell during the winter. Cold seasons would shorten and warm increase carbon 
ones lengthen, and the annual temperature range would be dzorideamccn- 

reduced. In the higher northern lat!tudes, autumn and winter trationc in the  
would be wetter, and spring and summer drier. Rainfall would abiwsphere by a

further 30 percent 
tncrease in the tropics but sub-tropical regions might become over the uexf 50 
drier. Increased evaporation rates would lead to drier soils years 
over wide areas 
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The effects that such changes would have on society are 
difficult to predict. Changes in agricultural production, water 
supply and energy demand would produce a cascade effect that 

In 0 1-ii 	h 	r g 
might alter almost every aspect of society, including 

carbon dioxide international trade, economic prosperity and individual 

world, most l ifestyles.  
plants would 
simply get bigger 

 Direct climatic effects would be complicated by the fact that 
increased levels of carbon dioxide promote plant growth. In a 
higher carbon dioxide world, most plants would simply get 
bigger, with yields increasing by as much as a third if carbon 
dioxide levels doubled. Not all plants would be affected 
equally. Weeds might respond more to increased carbon 
dioxide than crops. In Africa, the staple crops of maize, millet 
and sorghum might be particularly vulnerable to increased 
competition from weeds. Soils would probably become depleted 
of nutrients unless more fertilizer were used. On theother 
hand, crops with yields that are currently limited by lack of 
water would fare better. 

A generally warmer climate would benefit some crops in some 
areas but reduce production elsewhere. Many farmers would be 
forced to change their crops, their cultivars or their farming 
techniques. Where this was not possible, as in marginal food 
producing areas, there might be substantial reductions in 
production. 

Outside the equatorial region, the main crop and timber 
growing areas would, in effect, be shifted polewards by a few 
degrees of latitude. Although this would probably extend the 

Complex and potential area of cultivation of some crops, production would 
unpredictable fall where the shift moved crops onto poorer soils. Complex 
changes would and unpredictable changes would also occur within natural 
also occur within ecosystems, as different species became dominant and others 
natural eco- declined or died out. 
systems, as 
different species The temperature rise is not expected to be sufficient to melt the 
became ice cover of Greenland and the Antarctic, an eventuality that 
dominant and would cause substantial rises in sea level. On the contrary, 
others declined increased precipitation in the Antarctic might lead to an 
or died out increase in the volume of ice there, producing a small decrease 

in sea level. However, thermal expansion of the oceans would 
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produce an estimated rise in sea level of between 20 and 140 cm. 
This might be sufficient to cause major problems for the one-
third of the world population that lives within 60 km of a 
coastline. 

Several techniques are theoretically available for reducing 
the scale of the greenhouse effect. The most obvious is to reduce 
theamount of fossil fuel burnt, either through energy 
conservation or by the introductiun of alternative energy 
sources. It might also be possible to filter carbon dioxide from 
power station emissions, convert it to other chemical forms and 
dispose of it in places other than the atmosphere, such as the 
oceans. Methods of increasing the size of carbon sinks other 
than the atmosphere—which would have the effect of 
reducing the relative amount of carbon dioxide in the 
atmosphere—include major reforestation schemes and 
fertilizing the oceans to increase the mass of living organisms 
they support and hence their uptake of carbon dioxide. 
Finally, it should be possible to make adaptations to a 
changing climate to minimize its potential harmful effects. 

Intensive work is needed to establish the effectiveness, risks 
and costs of such schemes. Means must soon be found to agree on 
a set of priority actions and coordinate an international effort 
to minimize the greenhouse warming and its social effects. 

Means must 
soon be found to 
agree on a set of 
priority actions 
and coordinate 
an international 
effort to minimize 
the greenhouse 
warming and its 
social effects 



The scientific background 

Why greenhouses get hot 

Most people think that plants thrive in 
greenhouses because of the shelter they 
provide from cooling winds. Most people 
are wrong. If that were all that 
greenhouses did, hot-house agriculture 
would never have become the growth 
industry that it has. 

Greenhouses get hot because of the 
rather peculiar optical properties of 
glass—and, indeed, of the plastic sheeting 
often used instead of glass. A thin pane of 
high-quality glass isairnost completely 
transparent to radiation from the Sun, 
letting through up to 90 percent of the 
radiation striking it. This radiation is then 
free to warm the plants, the air and the 
soil inside the greenhouse. 

If this were all that happened, a 
greenhouse would simply get hotter and 
hotter. A cooling mechanism is also 
involved which stabilizes the temperature 
inside the greenhouse at a reasonable 
level—though one that is much higher 
than the air outside. This cooling 
mechanism depends on the way in which 
the interior of a greenhouse radiates 
energy back into the atmosphere and 
ultimately intospace. 

Many factors determine how much 
energy, and at what wavelengths, a body 
will radiate energy. In 1901 the German 
physicist Max Planck developed an 
equation that predicted exactly how an 
idealized body would radiate, given a 
knowledge of its temperature. Planck 
called this ideal body a 'black body' 
because his theory assumed that it was 
capable of absorbing all the radiation that 
fell on it. Although there are no real black 
bodies in the world, it turns out that 
Planck's equation predicts remarkably 
accurately how bodies that are far from 
black—including the Sun and the 
Earth—will radiate energy 

Everything in the universe radiates 
energy. The warmer it is, the more it 
radiates—very much so, in fact, because 
the rate of radiation is proportional to the 
fourth power of the body's absolute 
temperature. A greenhouse that starts 
the day at 15°C or 288 K (degrees 
absolute), and then warms to 25 °C 
(2981<), will therefore increase its heat 
loss by a factor of 298/288, or nearly 15 
percent. 

The wavelengths at which a black body 
radiates also depend on its temperature. 
Thus the Sun, which can be considered a 
black body at a temperature of 6000 K, 
radiates most of its energy in the visible 
region of the spectrum, at a peak wave-
length of some 600 nanometres 0 nano-
metre is a millionth of a millimetre, or 
iO-  m). The Earth (or for that matter a 
greenhouse), at 285 K, radiates most of its 
energy in the far infrared portion of the 
spectrum, with a peak at about 16 000 nm 
(sre Figure 1). 

Regardless of wavelength, if the amount 
of incoming radiation equals the amount 
of outgoing radiation, temperatures will 
not change. So what causes greenhouse 
heating? The answer is greenhouse glass 
which, although it lets in more than 90 
percent of the Sun's visible radiation, 
absorbs about 90 percent of radiation 
longer than 2000 nm. This includes much 
of the infrared region, and particularly the 
region at which bodies at 280-300 K 
radiate. 
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Figure 1 The Sun and 
the Earth behave 
roughly as 'black 
bodies' at tem-
peratures of 6000 and 
285 Khthout 5730 and 
15 t respectively). 
Asa result, they 
radiate at very 
different wavelengths 

energy 

Sun 

,, 	viable 	 - 
rodiaticn 

&XXJK 	 -- 

wcivelength nm 	1002005CO 1000 2000 50 100CC 200(53 5UXJCX) 

As the Sun rises, everything in a 
greenhouse begins to warm up because 
more radiation is entering it than leaving 
it. As the temperature rises, more 
radiation is emitted until—in spite of the 
way glass absorbs infrared radiation—the 

10 percent or so that the glass allows to 
escape eventually compensates for the 
increase in incoming radiation. A new 
energy balance, at a higher temperature, 
is then created. 

The Earth's heat balance 
The Earth's temperature is maintained by  
a similar, though much more 
complicated, mechanism. The Earth, 
though not covered by ghtss, is covered by 
an atmosphere. 

Imagine that 100 units of solar radiation 

strike the top of the atmosphere (see 
Figure 2). About 25 units are reflected 
back into space by the air and clouds, 
leaving 75 units. Some 23 units are used 
to heat up the atmosphere, the remaining 
52 units striking the Earth's surface. Six of 
these are reflected back into space, the 

absorbed 46 	reflected 	 absorbed 100 
long-wave Tadiats)n 

ocean and rand surface 

Figure 2 The Earths 
heat balance is 
maintained through 
complex interactions 
with the atmosphere. 
Radiation that is 
absorbed at the 
Earth's surface is re-
emitted as infrared 
radiation at pinch 
longer wsws'h'ngths. 
Most of this is then 
absorbed in the 
atmosphere wInch, 
in its turn, emits 
infrared radiation to 
space 

incoming solai rudicition 100 	outgoing solai radialion 100 	 space 
short wave long wove 

emitted emitted 

reflec ted 

I - 
	

[LI1 	atmosphøre 
otnarbed 23 

absorbed 106 	convected 31 
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energy 
03  absorption 	CO2  obSorpton 

band 	 band 

TT1H 

wavelength nm 	 75iJ 	 l(XXJJ 	12500 	lLJXJ 1750020000 

Figure 3 The 
radiation emitted by 
the Earth's atmo-
sphere (colour) has 
been mea5ured by a 
Nimbus satellite, 
and corresponds 
roughly to the 
radiation that wontd 
theoretically be 
emitted by a black 
body with a 
temperature of 275-
300 K. The troughs 
in the colour curoe 
correspond nzainy 
to the absorption 
bands of carbon 
dioxide and ozone 

remaining 46 being absorbed at the 
Earth's surface. 

What then happens is greatly 
complicated by the presence of the 
atmosphere. Both the atmosphere and 
the surface warm up, and radiate infrared 
energy at one another. The Earth radiates 
115 infrared units towards the 
atmosphere, of which 9 are transmitted 
directly into space and 106 are absorbed 
by the atmosphere. It also convects upto 
the atmosphere 31 units of energy in the 
form of warm air, making a total of 146 
units. This appears to be more than it 
receives. However, it is able to do this 
because of infrared radiation received 
from the atmosphere, which radiates 100 
units of infrared energy down to the Earth. 
Thus a net balance of 15 units of infrared 
radiation are emitted by the Earth's 
surface. These 15 Units, plus the 31 
convection units, make up the 46 units 

originally absorbed at the Earth's surface. 

Flow does the atmosphere maintain its 
energy balance? It originally absorbed 23 
from the Sun. To this must be added 31 
convection units and the 106 of the 115 
infrared units from the Earth that are 
absorbed by the atmosphere, making a 
total of 160 units. It gets rid of them by 
radiating 100 infrared units down to the 
Earth and 60 infrared units back into 
space. The 60 units that go back into 
space, when added to the 25 units 
reflected by the atmosphere, the 6 
reflected by the Earth, and the Earth's 9 
infrared units that are emitted directly 
into space, make up the 100 originally 
emitted by the Sun. 

These units, of course, refer to what 
happens to the Earth averaged over a 
year. All these values change enormously 
between night and day, winterand 
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summer, and the pole and the equator 

Not surprisingly, such a complicated 
system is potentially easily disturbed. 
Imagine, for example, that for some 
reason the polar ice caps melted. Much 
of the sunlight that is now reflected by ice 
and snow at the poles would then be 
absorbed by the Earth, reducing the value 
of the s i x reflected units. The Earth would 
then heat up, until it radiated sufficient 
extra infrared radiation to compensate for 
the extra energy absorbed. 

But the potential disturbance of most 
importance to this publication concerns 
the way in which the atmosphere absorbs 
the infrared radiation emitted by the 
Earth. The complicated and dynamic 
interchange of infrared radiation between 
the surface and the atmosphere is 
controlled by gases in the atmosphere 
that absorb this radiation, just as glass 
does in a greenhouse. 

The greenhouse effect is best explained 
by referring to just two of the figures used 
to summarize the Earth's heat balance. 
The Earth radiates 115 units of infrared 
radiation, of which lOôare absorbed by 
the atmosphere; t h e atmosphere, in its 
turn, radiates 60 units out into space. The 
difference, of 46 units, i5 caused by gases 
in the atmosphere that absorb radiation 
at these wavelengths. This is the 
greenhouse effect. 

Figure 3 shows how an idealized 'black 
body' Earth would radiate its energy into 
space at various temperatures. Figure 3 
also shows the radiation emitted by the 
atmosphere as measured from a Nimbus 
satellite. The two curves fit well, apart 
from two troughs in the observed 
emission at wavelengths of about 9500 
and 14 000 nm. These correspond to the 
wavelength bands at which ozone and 

carbon dioxide respectively absorb 
radiation. It is not difficult to imagine that 
were the concentrations of carbon dioxide 
and ozone to increase, the two troughs in 
Figure 3 would deepen. Less radiation 
would he emitted to space, and hence the 
atmosphere would warm up. 

This picture is complicated by what would 
happen at the Earth's surface. As the 
atmosphere warmed up, it would radiate 
more energy towards the Earth's surface. 
As the Earth warmed up, it would emit 
more radiation but more water would also 
he evaporated from the Earth's surface. 
In fact, as the temperature increased, 
more and more of the extra radiation 
from the atmosphere would he used to 
evaporate water rather than heat the 
surface. Eventually, a new equilibrium 
would be established. The average 
temperature of the Earth's surface would 
certainly be higher; but the rate of 
evaporation from the surface would also 
be higher, and the atmosphere would 
contain more moisture. Increased cloud 
resulting from this increase in moisture 
would tend to block more incoming solar 
radiation, thus somewhat lessening the 
greenhouse effect. 

The net result of increasing the 
greenhouse effect on the Earth is 
therefore not only a warmer Earth hut, 
overall, a drier soil and a wetter 
atmosphere. Greenhouse heating, in 
other words, affects the whole of that 
subtle combination of temperature and 
moisture on the Earth's surface that we 
call climate. 
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The greenhouse gases 

Though the atmosphere contains mostly 
oxygen and nitrogen, m a n y other gases 
arealso present in small amounts. The 
best known of these is carbon dioxide, 
with an atmospheric concentration of 
about 344 parts per million by volume 
(0.034 percent). But many others also 
contribute to the greenhouse effect. 
Table I lists the most important 

Table] Greenhouse gases in theotmosphere 

These gases are present in very small 
amounts. If the atmosphere were the size 
of an average swimming pool, it would 
contain just a quarterof a drop each of 
methyl chloride a n d carbon tetrachiuride, 
half adropof CFC 11,onedropofCFC12, 
about 30 teaspoons of nitrous oxide, some 
8 litres of methane but more than a barrel 
of carbon dioxide. The amount of ozone 
would vary with depth but its maximum 
concentration would be t h e equivalent of 
about 5 litres per swimming pool. 

carbon dioxide 
methane 
nitrous oxide 
methyl chloroform 
ozone 
CFC 11 
CFC 12 
carbon teftachlorid8 
carbon monoxide 

atmospheric 
concentration 

(ppbv) 

344.000 
1.650 

304 
0.13 

variable 
0.23 
0.4 
0,125  

variable 

onnual rate 
of increase 

(%) 

0.4 
1.0 
0.25 
7.0 

5.0 
5.0 
1.0 

0-2 

Table I also shows the concentrations of 
these trace gases in the atmosphere in 
parts per billion, and the ratesat which 
they are increasing. The greenhouse 
problem results from these increases 
which are ultimately caused by the fact 
that the Earth is becoming more 
populated, and its industries more 
numerous and, in some cases, more 
noxious. But, as we shall see, there are 

Figure4 Manyof 
the sthsorpüon 
bands of the green-
house gases [all 
within the atmo-
spheric window—a 
region of the 
spectrum. between 
7000 and 13000 nrn, 
in which there is 
little else to prerrent 
radiation from the 
Earth escaping 
directly into space 

emission 	 T 
citrnospheric window 

absorption bands 	 carbon dioxide 	- 	 I 

nitroui oxide  

methone 	 I 

OZOne 	— 

	

CFC12 - 	- 

	

crcll_ 	- 

1p 

wavelength 5000 nm 	 7500 	 10(00 	12500 15000 1750020000 
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also some unexplained factors at work. 

There are also, of course, large amounts of 
water vapour in the atmosphere which 
play a major role in absorbing infrared 
radiation. In fact, about 90 percent of 
atmospheric absorption is due to water 
vapour, clouds and carbon dioxide in the 
atmosphere. The other 10 percent is due 
to atmospheric gases such as ozone, 
methane and nitrous oxide. 

Figure 4 shows the way in which 
greenhouse gases absorb the Earth's 
infrared radiation. Because carbon 
dioxideabsorbs strongly in the 12 500 to 
17000 nm band, some 70-90 percent of the 
infrared radiation that escapes is in the 
7000 to 13000 nm hand, which is therefore 
known as the 'atmospheric window'. But 
even here, as Figure 4 shows, several trace 
molecules absorb some of the radiation in 
this region of the spectrum. 

The future of the Earth's climate depends 
on how much the concentrations of 
carbon dioxide and other trace gases are 
likely to increase in the future. Making 
predictions of this kind is difficult because 
it requires a detailed knowledge of the 
sources of these gases, and of how they 
behave once released into the atmo-
sphere. 

Carbon dioxide: the major threat 

Carbon dioxide occurs naturally in the 
atmosphere, and plays an important role 
in almost all living organisms. Animals, 
including humans, exhale it while plants 
'breathe' it in, using the carbon it contains 
to manufacture the carbohydrates they 
need. 

Before industrialization, during the first 
half of the 19th century, levels of carbon 
dioxide in the atmosphereare thought to 
have been about 270 parts per million by 
volume (ppmv). Scientists are able to 
determine past carbon dioxide level5 by 
analysing theair trapped within ice in 
glaciers, some of which is very old and can 
be accurately dated. Figure 5 shows how 
these measurements confirm that carbon 
dioxide levels have been steadily 

Pure5 The analysis of air 
trapped in ice preserved since the 
18t/i centuri siunvs that carbon 
dioxide concentrations began to 
rise ear/zf in the last centrery—and 
haze ctmtmued to do so ever since 

year 	1700 	1750 	1800 	1850 	1900 	1950 	2000 
,340 

320 

300 
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1955 	1960 	1965 	IWO 	1975 	1960 	1985 

Me 

330 

320 

Co2 
concentration ppm 

Figure 7 The global 
carbon cycle shunts 
carbon between four 
main mks—the 
atmosphere, the 
oceans, the sod and 
the Earth 's hiomass. 
As a resith, only 
about one half of the 
carbon dioxide 
emitted into the 
atmsophere stai/s 
there, the rest 
finding its way into  
the oceans, thr soil 
and vegetation 

increasing since the late 19th century 

Accurate measurements of carbon 
dioxide levels in the atmosphere have 
been made only since 1957. Figure 6 
shows the steadily rising carbon dioxide 
levels since then. Overall, carbon dioxide 
concentrations have increased by nearly 
25 percent since industrialization. The 
main cause of this has undoubtedly been 
the burning of fossil fuels, during which 
the carbon the fuels contain is oxidized to 
carbon dioxideand released into the 
atmosphere. The destruction of much 
forest land has also contributed to the 
rise, because when land is cleared for 
agriculture the trees it once supported are 
usually burnt Exactly how large an effect 
this has had on carbon dioxide levels is 
not accurately known, but it seems fairly 
certain that this effect will become less 
important in the future—partly because 
the rate of forest destruction is expected 

Figure 6 Accurate measuremciits of 
carbon dioxide concentrations in the air 
began in 1958. They slioio a steady rise 
over the years. Annual oscillations are 
due to a seasonal swing caused by ir 
creased vegetation in the summer. 
A4easurenients are from Mauna l.oa, 
1 fawaii 

to slow and partly because fossil fuels are 
expected to be burnt in much greater 
quantity. 

It would seem, therefore, that if guesses 
were n-iade as to how much fossil fuel is 
likely to he burnt in the future, it would he 
a simple matter to predict future levels of 
carbon dioxide in the atmosphere. 
Unhappily, things are rarely that simple. 
What happens to carbon dioxide when it 
is released into the atmosphere is 
extremely complicated. The average 
carbon atom, for example, spends its life 
being shunted from one place to 
another—from a fossil fuel to t h e air, from 
the air to the oceans (in the form of 
dissolved carbonates), from the oceans to 
fish and other marine organisms, from 
them to the sea bed, from there to the 
surface again, and thence to the atmo-
sphere whence it may he used by plants, 
enter the soil and eventually end up again 
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as a fossil fuel. Even then, the cycle will 
start again. 

Figure 7 summarizes what is known about 
the global carbon cycle. The effect of 
burning fossil fuels on atmospheric levels 
of carbon dioxide can be accurately 
assessed only if the workingsof the entire 
carbon cycle are perfectly understood. As 
yet, they are not—although they are 
understood sufficiently to provide a useful 
guide as to what might happen as more 
fossil fuel is burnt. So far, most of the 
projections that have been made assume 
that roughly one half of the carbon 
dioxide released into the atmosphere 
stays there—the other half being 
absorbed by the oceans and plant life. 

The first job is thus to estimate how much 
fossil fuel is likely to be used in the future. 
This is an immensely complicated 
undertaking. Factors that have to he 
taken into account include future 
population levels, rates of economic 
growth, changes in the type of fuel used, 
the introduction of non4ossil fuel energy 
technologies, the success or failure of 
development policies for the Third World, 
fuel pricing policies, and what effect 
warnings about global climatic changes as 
a result of carbon dioxide increases may 
have. 

As FigureS shows, rates of emission of 

carbon dioxide increased steadily 
between 1860 and ahouUYlU, at 4.22 
percent a year, starting from about 90 
million bones a year. Analysts of that 
period might have had little hesitation in 
predicting a continued increase at the 
same level until 1985. They would thus 
have predicted a 1985 emission level of 
about lôgigatonnes of carbon a year (a 
gigatonne is a thousand million t000es, or 
10 tonnes). In fact, current emission 
levels are only some 5 Ct, and their 
predictions would have been wrong by a 
factor of more than three. The 
reasons—that could not have been 
p red icted— i n cl ud e the occurrence of two 
world wars and the sudden rise in oil 
prices in 1973 and 1979. 

The period 1950-1970 was another period 
of steady increase, at some 4.44 percent a 
year. But the oil price rises of the 1970s 
upset this steady progress, with the result 
that emission levels actually fell for at 
least three consecutive years during the 
early 1980s. No one yet knows what effect 
the sudden collapse of oil prices in 1986 
will have. 

Predicting future carbon dioxide 
emissions by the middle of the next 
century is, therefore, hazardous. Many 
people have tried to do so, and come up 
with widely different estimates. The 
lowest, made w i t h the specific objective of 

Figure 8 Fossilfuel 
carbon dioxide 
emissions have 
been rising sfeadil1j 
since 1860, thong/i 
two world wars and 
the oil price rises of 
the 1970s produced 
minor fluctuations 
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exploring the effects of widespread 
energy conservation measures, suggests 
that emissions could fall to only I Ct by 
the year 2020. The highest suggests they 
could rise to nearly 50 Ct by the year 2050. 
Who is likely to be right? And what are 
the implications for the climate? 

Some clues are given in a major paper 
prepared for a UNEP/WMO/ICSU 
conference on the greenhouse gases, held 
in Villach, Austria, in 1985. The authors 
concluded that, by the year 2050, 
emissions were likely to fall between a 
lower and an upperbound, which they put 
at 2 and 20 Gt respectively. But, they 
pointed out, even these represent 
extreme cases, implying that the chance 
of the truth lying somewhere in the 
middle range of about 10 Ct is high. 

It is a poignant illustration of the hazards 
of forecasting toask what a forecaster in 
1910 would have predicted for the year 
2050. Looking back at the perfectly 
smooth rise of 4.22 percent annually over 
the previous 60 years, he might well have 
concluded that this rise would continue 
uninterrupted. If so, global carbon 
emissions by 2050 would amount to a 
staggering 232 Ct! If what we think now is 
right, the 1910 forecaster would have been 
wrong bya factor of between 23 and 116. 

What, then, do current forecasts of future 
carbon emissions imply for carbon 
dioxide levels in the atmosphere? One 
recent model of the global carbon cycle 
predicts that future carbon dioxide levels 
would reach 367 and 531 ppmv if the lower 
and upper bounds mentioned above were 
realized 

This means that carbon dioxide levels 
would increase by between about 1.4 and 
2.0 times their pre-industrial levels by the 
year 2050. Many authorities are agreed 

that a doubling of carbon dioxide levels 
would produce the maximum climatic 
disturbance that is likely to be acceptable 
to future human societies. However, as 
we shall see, the other greenhouse gases 
are also likely to produce climatic change, 
implying that carbon dioxide levels in the 
atmosphere must he kept to within 1.5 to 
1.7 times pre-industrial levels. If even the 
lower bound for energy production 
produces a 1.4 increase, this i s a cause of 
great concern. Whether or not unaccept-
able climatic change is produced may be 
a close-run thing. The implications of this 
for future energy policy are examined 
later. 

L[1 
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Nitrous oxide and methane, CFCs and others 

Five other gases occur in sufficient 
quantity in the atmosphere, and absorb 
radiation in the far infra-red region 
strongly enough, to affect the future 
climate. They are: two chluro flu oro-
carbons (CFC It and 12), methane, 
nitrous oxide (laughing gas) and ozone. 

On a molecule for molecule basis, these 
gases absorb infrared radiation much 
more strongly than carbon dioxide. 
1-1owever, because they are present in the 
atmosphere in much smaller quantities 
than carbon dioxide, their effect is much 
smaller. As we shall see, their combined 
effect is likely to be roughly equal to that 
of carbon dioxide itself. 

The problems of predicting the future 
levels of these greenhouse gases in the 
atmosphere are even more severe than 
that of predicting future carbon dioxide 
levels. One reason is that the cause of the 

increasing concentrations of some of 
these gases is very inadequately 
understood. 

Methane concentrations were not 
measured until the late 1960s, and 
measurements made during this decade 
show a strong upward trend (see FurL' 9) 
ofaboutli percent annually over the 
past 10 years. Ice cores containing 
trapped air have been used to analyse 
longer-term trends, and show that 
methane levels have been rising more or 
less in parallel with thegrowthof the 
human population (see rigure 10). 

This makes sense because methane is 
produced in a number of agricultural 
activities—for example, in the stomachs 
of ruminating cattle and at the bottoms of 
rice fields—as it is during coal mining and 
when fossil fuel is burnt. However, no one 
is certain how much methane is produced 

Fkure 9 Methane 
!CZ1e!5 itt the atirw-
sphere have been 
incrcasrrlg at a rah' 
of about 1.7 percent 
atiiivally over the 
pas! decade. 
Measurements 
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front aircraft , ftom 
ships and on land 
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Figure 1() Crowtho[ 
the human popu- 
lotion (black) and 
levels of met/lone in 
the atmosphere 
(colour) have 
followed one another 
close! y  over the past 
600 years. Most 
predictions about 
future levels of 
methane in the atmo- 
sphere assume that 
this correlahan with 
population growl/I 
will continue to hold 
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by .  each activity. Rumination, rice farming 
and fossil fuel burning appear to 
contribute the most, in roughly equal 
amounts, and swamps, the exploitation of 
natural gas and coal mining make up 
most of the rest. 

Every year an average of about 425 million 
tonnes of methane are released into the 
atmosphere. However, methane does not 
have a long lifetime in the atmosphere 
(the average molecule stays there only 
about 10 years) because it is fairly rapidly 
oxidized to other chemicals. Oxidation, 
and the other processes that destroy 
methane, account for about 375 million 
tonnes a year, leaving an annual excess of 
some 50 million tonnes. This is the 
amount by which methane levels are now 
rising annually. 

Flow much are future methane levels 
likely to rise? So far, methane 
concentrations have roughly doubled 
from pre-industrial levels of about 0.7 to 
about 1.65 ppmv. One way of estimating 
future levels is to assume that the 
relationship between methane levels and 
human population illustrated in Figure 10 
continues to hold. If it does, methane 
levels would reach about 2.5 ppmv by the 
year 2050. A figure of about 2.34 ppmv by 
the year 2030 (an increase of some 40 
percent over today's value) seems 
reasonable. But much will depend on 

what happens to the levels of the other 
chemicals in the atmosphere that control 
the rate at which methane is oxidized. 

Like methane, nitrous oxide or laughing 
gas is also produced both naturally and 
artificially, and its concentration is 
increasing—though much more slowly, at 
about 0.2 to 0.3 percent a year. The 
current concentration is about 0.3 ppmv, 
equivalent to some 1.5 million tonnes. 

Nitrous oxide is removed from the 
atmosphere much more siowly than 
methane, and has an average lifetime 
there of as much as 170 years. it is 
produced as a result of microbial action in 
the soiL its rate of release is, of course, 
accelerated if mineral fertilizers 
containing nitrogen are used in 
agriculture. Of all the nitrous oxide 
released—some 12 to 15 million tonnesa 
year—probably about 10 percent is due to 
the use of fertilizer. Natural microbial 
activity, the spread of agriculture, and the 
burning of timber, crop residues and fossil 
fuels, account for most of the rest. 

Future predictions are complicated by a 
number of facts. For one thing, the rate of 
emission of nitrous oxide seems to have 
accelerated sharply over the past decade 
or so. However, it would be unwise to 
assume that this increase can continue 
indefinitely because both fossil fuels and 
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the area of potentially cultivable land are 
limited. Moreover, because mtrous oxide 
has such a long residence time in the 
atmosphere, a steady state condition—in 
which nitrous oxide]evels in the atmo-
sphere stop rising—may not be reached 
fora further 200 years, even if emission 
stopped rising now. The consensus is that, 
bearing these facts in mind, likely nitrous 
oxide levels in the year 2030 will be around 
0.375 ppmv—an increase of some 34 
percent over pre-industrial levels. 

The CFCs or chlorofluorcicarbons are 
used as the working fluids in refrigeration, 
as propellants in aerosols, as solvents and 
as foam-blowing agents in the production 
of plastics. Unlike the other greenhouse 
gases, they are not produced naturally 
and their presence in the atmosphere is 
due solely to industrial production. 
Virtually all CFC production eventually 
ends up in the atmosphere. 

Because the CFCs release free chlorine in 
the upper atmosphere which then 
catalyses the breakdown of ozone, they 
are a threat to the ozone layer which 
protects life on Farth from the harmful 
effects of solar ultraviolet radiation. For 
this reason, a number of nations have 
introduced restrictions on t h e production 
of CFCs or the uses to which they are put. 
An international Convention for the 
Protection of the Ozone Level has also 
been drawn up, and may soon be followed 
by a protocol requiring signatories to it to 
regulate the production or use of CFCs. 

Although CFC production increased 
sharply until about 1970, emission rates 
then slowed down as the new restrictions 
began to take effect. However, there are 
signs that CFC production is again 
increasing (see Figure 11). CFCs have a 
long atmospheric lifetime, and it is 
therefore important that action is taken 

quickly to halt or slow down the increasing 
concentration of CFCs in the atmosphere. 
For this reason, current trends are 
probably a poor indication of what may 
happen in the future. Most forecasters 
make either an optimistic prediction that 
CEC production will increase annually by 
some 1.5 percent or, pessimistically, that it 
will increase at 3.0 percent (compared to a 
1980 level of 5 percent annually). 

The problems that ozone presents are 
very different. Ozone is a natural 
constituent of the atmosphere, and life on 
Earth depends on its presence. Ozone 
concentrations vary widely with height, 
latitude, season and time of day—which 
makes the long-term detection of 
changing ozone concentrations very 
difficult. 1-lowever, ozone concentrationS 
appear to be increasing in the lower 
atmosphere. This is caused by increases 
in the concentration of other molecules, 
such as carbon monoxide, that catalyse 
the reaction in which ozone is formed 
from oxygen. This finding is important 
because it is in the lower atmosphere that 
ozone could play its principal role as a 
greenhouse gas. 

Higher up, say above 25km, there is some 
evidence that ozone levels are beginning 
to show a small decline—as would he 
expected as CFC levels rise, release free 
chlorine, and hence speed the breakdown 

Figure 11 Produc-
twu rates of c/iloro-
fluorocarbons in 
corn panics repor-
ring to the Chemical 
Manufacturers' 
Association rose 
sharpltj until the 
rnid-1 970s when the 
use of CFCs in 
acrools began to 
decline. The recent 
rise is due to 
increased usage in 
other applications 
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of ozone. At these heights, ozone plays a 
quite different role in altering climate. 
The ozone molecule absorbs solar 
radiation. Hence if ozone levels were to 
fall high upin theatmosphere, less solar 
radiation would be absorbed there, and 
more would be available to travel down 
through the atmosphere and strike the 
Earths surface. On the other hand, the 
atmosphere itself would absorb less solar 
radiation and therefore radiate less 
infrared radiation at the Earth. Whether 
these two opposing effects would balance 
one another out, or whether one would 
predominate, has yet to be satisfactorily 
resolved 

The problem of predicting future ozone 
levels is that they depend almost entirely 
on the future concentrations of other 
chemicals—and even these must be 
considered interactively because the 
chemistry of what happens in the upper 

atmosphere is so complex. Most 
scientists believe that ozone levels up to a 
height of about 9 km will continue to 
increase, perhaps by about 0.25 percent a 
year. 1-ligher up, this effect will become 
smaller, reducing to zero at 27 km. Above 
that, there will be substantial ozone level 
decreases caused by increasing 
concentrations of the CFCsand other 
gases. One prediction of future ozone 
levels is shown in Figure 12. 

Pigure 12 Atmo-
spheric model 
predictions of ozone 
levels at various 
heights in the atmo-
sphere over the next 
WO years. Though 
ozone will he de- 
pleted ahove 25 1cm, 
its concentration will 
increase at the lower 
levels at which it 
produces its 
greenhouse effect 
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How will climate change? 

Given a knowledge of how concentrations 
of the greenhouse gases are likely to 
change OVCT time, it is relatively simple to 
predict the resulting changes in solar and 
infrared radiation at the Earth's surface. 
Translating those changes into a realistic 
prediction of future climates is, however. 
far more difficult. 

What is needed is a computer model of 
the Earth's climatic system that will 
predict the climatic changes that result 
from changes in the levels of incoming 
solar and infrared radiation. 
Furthermore, this model must allow for 
feedback mechanisms. For example, if 
the Earth's surface warms up, more snow 
and ice will melt, less solar radiation will 
be reflected from the Earth's surface, and 
temperatures will tend to increase even 
more. Similarly, climatic change will 
affect cloud cover a n d the anuunt of 
water vapour in the atmosphere, a n d 
these changes will affect climate further. 
As an example of how important these 
effects are, nearly all models without 
feedback predict a temperature rise of 1.2 
to 1.3°C if carbon dioxide levels are 
doubled. introducing feedback produces 
results that agree much less closely and 
which lie mainly within the range 1.5 to 
4.5 °C. 

Though such figures sound small, they 
represent average annual increases. Fur 
comparison, the average temperature 
during the most recent Ice Age was 
probably about 5 C colder than it is now. 
Studies of past climates have been 
successfully used to show how wide a 
climatic change can be produced by just a 
small change in average annual 
temperature. For example, there was a 
period some 50(X) to 7000 years ago when 
the average temperature was perhaps 
1 °C warmer than it is now. The climate 
then was substantially different from 

today's. There was more rainfall in the 
tropics and sub-tropics (probably 50 to 100 
percent more in Africa and lndia), and the 
Sahara was probably not a desert but dry 
savanna. 

It is fairly certain that the average temp-
erature has not varied by more than 1 or 
2 C during the past 10000 years. This 
means that if a doubling of carbon dioxide 
raises temperaturesby even the lowest 
estimate of 1.5 °C, the climate that results 
will be beyond the range of any climate 
that has existed during recent history. 

The models of the atmosphere that are 
currently available are far from perfect. 
For example, most treat the oceans as a 
kind of swamp in which there are no 
horizontal movements. All have trouble 
incorporating feed back mechanisms due 
to clouds, the warming of the oceans and 
changes in sea ice cover. And, because 
these models are still only crude approx-
imations of what happens on the Earth, 
they cannot yet reliably predict regional 
differences in climate—although they do 
provide an indication of what might be 
expected. 

Most of the models analyse what would 
happen if carbon dioxide levels were to 
double—that is, if they were to rise from 
their current levels of 344 ppmv to about 
680 ppmv, reaching about 450 ppmv in 50 
years time, by the year 2030. However, the 
effect of other greenhouse gases must 
also be considered. These can be easily 
computed—given predictions of their 
future concentrations—and Figure 13 
shows the relative roles of carbon dioxide 
and the other greenhouse gases in 50 
years time. In broad terms, the other 
gases are expected to have a roughly 
equal effect to that of carbon dioxide 
alone. Whatever effect carbon dioxide is 
likely to produce on its own by then is thus 
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Figure 13 A global 
warming o[aboiit 
3 C is predicted for 
the year2O3O. Half 
the rise will be at/ri-
hutable to the in- 
creased CO!TCE'n! ra- 
tion of carbon 
dioxide, the other 
half to increases in 
the concentrations of 
other greenhouse 
gases likely to be approx imatel y doubled 

One way of expressing the part the other 
gases would piay is to calculate their 
'carbon dioxide heating effect'. In 1980, 
the other greenhouse gases present in the 
atmosphere would have produced a 
greenhouse heating equivalent to an extra 
40 ppmv of carbon dioxide; by 2030, their 
effect would he the same as an extra 140 
ppmv of carbon dioxide. This provides 
new values for effective carbon dioxide 
levels. The pro-industrial level would 
remain unaltered at 270 ppmv; 1980 levels 
would rise to 380 ppmv; and 2030 levels 
would reach 590 ppnw. Thus if all the 
greenhouse gases are considered, the rise 
in effective carbon dioxide levels from pre- 
industrial times to 2030 would be 2.2 times. 
The rise between 1960 and 2030 would be 
more than 1.8 times, in effect a doubling. 

Most experiments with atmospheric 
models have concentrated on the effects 
produced by a doubling of carbon dioxide 
concentrations. As far as the climate is 
concerned, it is irrelevant whether these 
changes are produced by a doublingof 
carbon dioxide itself, or an equivalent 
temperature rise produced by all the 
greenhouse gases. The results quoted 
below can thus be considered as an 
indication of what is likely to happen 
between about 1960and 2030 a s a result of 
increased concentrations of both carbon 
dioxide and the othergreenhouse gases. 

On this basis, most of these models 
suggest that the Earth's average surface 
temperature would increase by some 
4 a_j  fact, the range of results from the 
three most recent models is between 3.5 
and 4.2 "C. The warming would he most 
marked in the Northern hemisphere in 
the winterat high latitudes. In the 
Southern hemisphere, the largest 
warming would occur in Antarctica. One 

model (see FugurL' 14) suggests that the 
average air temperature would increase 
by about 4 C over much of Europe and 
North America, by about 5 'C over much 
of the Sahara, and by even more at 
latitudes above 60". 

It is somewhat harder to describe the 
other changes predicted by these models, 
for they are not all in agreement. 
Generally, however, the models predict a 
retreat of sea ice, a decrease in the Earth's 
reflectance, and a general decrease in 
cloudiness. Some models, however, 
suggest that there will be more low-level 
clouds at high latitudes and more high 
clouds in middle latitudes. 

The models also make predictions about 
precipitation and soil moisture. Three of 
the most recent model predictions 
suggest that overall precipitation will 
increase by between 7 and 11 percent, 
with the largest changes occurring 
between 30 N and 30"5. There is likely to 
be more rain in the equatorial region 
throughout the year, and less rain in 
adjacent latitudes for at least some of the 
year. Soils seem likely to get drier during 
the summer at middle and high latitudes 
in the Northern hemisphere. 

These changes would not occur at the 
precise time at which carbon dioxide 
levels doubled forexactly the same 
reason that an electric kettle does not boil 
the moment it is switched on. The 
Earth—and particularly its 
oceans—would take time to warm up. In 
fact, the thermal lag of the oceans is so 
large that probably only about half the 
predicted temperature increase would 
occur by 2030, the other half taking a few 
decades longer to manifest itself. 

Although many uncertainties remain, 
recent studies of the effects of the 
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greenhouse gases are unanimous that 
there will he a warming by the year 2030. 
The effect could be anything from 1 to 
7C, with a most likely ValUe 011.5 10 
4.5 °C, Some of this warming will be 
delayed by thermal lag, and some of 
it—perhaps about 0.5 °C—has probably 
already occurred. Records of temperat-
ures in the Northern hemisphere indicate 
that the average temperature has risen by 
about 0.5 °C over the past 120 years or so. 
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Figure 14 Atnro-
spheric model 
shows the effects o f 
a globiil warming in 
December- 
Fhruary (top) and 
June-August 
(bottom) is a  resulf 
ofa doubling of 
carbon dioxide 
Conceii!ration in the 
atmosphere. The 
cffrcts are most 
priii cod in the 
iiorihern win/Or, 
iLl/Il fern peratu ri's 
rising bi as much as 
10 'C above the 
normal wintCr 
average in 
S'caninavia 
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Effects on society 

When climate changes, society suffers. 
Essentially, this is because society is as 
best adapted to existing climates—with 
their inherent variability—as it can be. As 
much is evident, for example, in the way 
both cold, wet spells and warm, dry ones 
lower crop yields. The crops that have 
been chosen for production, and the 
techniques used to produce them, have 
already been selected for best results 
under average climatic conditions. If the 
climate changes, different cultivars, 
different techniques and even different 
crops may have to be used. 

Of course, there are exceptions. Greater 
rainfall in the Sahel during the 1970s and 
early 1980s would have improved 
conditions there immeasurably. But these 
exceptions tend to occur where areas are 
undergoing exceptional deviations from 
the norm. Elsewhere, climate changesare 
nearly always costly, requiring new 
adaptations, new technologies and forcing 
changes in lifestyle. 

It is thus misleading to talk about climatic 
change as though some changes will he 
invariably beneficial and others invariably 
harmful, One of the suggested 
'beneficial' changes is that increased 
concentrations of carbon dioxide will 
increase plant production. This has 
nothing to do with climatic change. 
Experiments have shown that plants 
raised in an atmosphere enriched in 
carbon dioxide grow bigger than normal. 
By the year 2030, therefore, many crop 
yields are likely to increase, providing 
changes in temperature and rainfall do 
not produce large adverse affects. While 
increased yields might be beneficial in 
many areas, it is naive to imagine that 
they would be universally so. For 
example, in the United States,Japan and 
the European Economic Community, at 
least, the major agricultural problem is 

currently over-production. If increased 
yields were brought about artificially, the 
immediate effect would probably be to 
depress market prices further, increase 
surpluses, lower farming incomes and 
increase unemployment. 

Even simple and minor changes in 
agricultural yield are therefore likely to 
produce a cascade of effects throughout 
societies, making it difficult to predict 
their social impact. In tact, of course, a 
changing climate will affect much more 
than agricultural yield. There are likely to 
he far-reaching effects on all bio-
productive systems—including forests, 
croplands, rangelands and fisheries—as 
well as on the demand and supply of both 
waterand energy. Climatic change could 
well exacerbate existing problems such as 
drought, desertification and soil erosion. 
It could alter the frequency of ecological 
hazards such as floods, storms, forest fires, 
and the outbreaks of pests and diseases. 
The occurrence of warmer, wetter winters 
in temperate areas, for example, might 
well enable harmful pests to survive 
winters in far greater numbers than is 
currently the case. 

Some cities would undergo quite 
profound temperature changes. The 
temperature in Washington DC, for 
example, currently exceeds 38 C on an 
average of only one daya year; it exceeds 
32 C about 35 days every year. But, by 
the middle of the next century, these 
figures could rise to I2and 85daysa year. 
The effects of such temperature rises on 
human health, in Washington and 
similar cities throughout ihe world, are 
difficult to predict; unquestionably, urban 
heat stress would claim many lives. 

As the atmosphere heated up, its capacity 
to hold water vapour would increase. This 
would affect rainfall, surface moisture and 
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the prevailing hydrological balance. 
Apart from annual effects on crop yields, 
such changes might alter the viability of 
present-day pkinning. Water 
supply—and electricity supply in the form 
of hyd ropower—depends on structures 
such as dams and reservoirs that normally 
havean expected useful life of at least 40 
years. Their design is based on the 
assumption that precipitation and 
evaporation rates remain unchanged 
throughout that period. If that 
assumption proves incorrect as a result of 
climatic change, planning would become 
an even more difficult process than it 
already is. 

The speed at which climatic change 
occurs is also important. A fast change 
will be much harder to adapt to than a 
slow one, and could overwhelm societVs 
somewhat measured response to 
enforced changel Climatic changes 
caused by an effective doubling of carbon 
dioxide concentrations might be easy to 
deal w i t h over 100years, possible to adjust 
to over 50 years but could create major 
problems if they occurred over 15-20 
years. Nor will such changes spread 
uniformly over the globe. As already 
mentioned the arths climatic system is 
such that while some areas may be little 
affected, others—including the most 
productive grain-producing areas in the 
world—may undergo major changes in 

temperature, rainfall and surface 
moisture. 

Predicting the social consequences of 
increased carbon dioxide concentrations 
is made even more difficult because two 
effects are involved: the increase in plant 
growth caused by higher levels of carbon 
dioxide, and the effects of climatic change 
itself, 
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The greenhouse gases 

Plants will get bigger 

Carbon dIOXdC is essentially a fertilizer: its 
presence encourages plants to increase 
their carbohydrate levels. Although 
successful farmers never apply fertilizer 
indiscriminately, industrialized 
nations—by burning increasing amounts 
of fossil fuel—are in effect forcing all 
farmers to fertilize their crops 
indiscriminately. If carbon dioxide levels 
double, it is likely that the yields of many 
crops—and the growth of the weeds that 
threaten them—will increase by about 
on e- Ird. 

Plants grown in laboratories under high 
levels of carbon dioxide—up to about 1000 
ppmv for most plants—thrive. Their 
yields are increased and, because their 
transpiration rates are reduced, they use 
water more efficiently for plant growth. 
This has a marked effect on plants whose 
growth is normally limited by lack of water 
Faster growth, of course, is not restricted 
to useful plants: weeds may increase their 
growth by as much as, or even more, than 
domestic species. Nor is it easy to predict 
the effects of increased carbon dioxide 
because plants vary widely in their 
response to it: some may more than 
double their growth rates while others 
remain virtually unaffected. 

The effect depends partly on the naturcot 
the photosynthetic pathways plants 
employ. In the process of converting 
carbon dioxide to ca rbo h y d ra tes, plants 
produce many intermediary compounds. 
In some species, the Ci plants, these 
intermediaries contain three carbon 
atoms; others, the C4 plants, produce 
intermediaries with four carbon atoms. 
The Ci plants respond much more 
markedly to increased carbon dioxide 
than do the C4 plants. A doubling of 
carbon dioxide concentrations is likely to 
increase the growth and yield ofCi plants 
by 10 to 50 percent hut those of Ci plants 

by much less - only about 0 to 10 percent. 

This may prove important because, of the 
world's 20 major food crops, 16are0 
plants (sir Figure 15). On the other hand, 
14 of the world's 18 most noxious weeds 
are Ci plants which would be expected not 
to respond to carbon dioxide as vigorously 
as the 16 food crops. The latter might 
therefore be better protected from weeds 
than they are now. On the other hand, the 
four Ci food crops—maize, sorghum, 
sugarcane and millet—would have to 
withstand increased competition from Ci 
weeds. This is not a happy outlook for 
much of sub-Saharan Africa where maize, 
millet and sorghum are the staple foods. 
These crops would not benefit as much 
from the fertilizing effect of carbon 
dioxide as would rice and the staple crops 
of the temperate regions. They might also 
be subjected to more intensive 
competition from C3 weeds. 

All this is complicated by the fact that the 
influence of carbon dioxide also depends 
on the plant's ability to use the extra 
carbon dioxide present. There is some 
evidence that weeds are generally more 
responsive to increased carbon dioxide 
than are crops—regardless of t h e 
photosynthetic pathways they use. 

More research is needed before anyone 
can say exactly how much yield will he 
increased by a given increase in carbon 
dioxide. As a rule of thumb, growth seems 
to be increased by 0.5 to 10 percent for 
each 10 ppmv rise in carbon dioxide. This 
implies that, since preindustrial tiflies 
when carbon dioxide levels were about 75 
ppmv lower than nOW, plant growth should 
have increased by an average of 3.75 to 15 
percent. Indeed, it is quite possible that 
the spectacular recent growth in plant 
yields is partly due to increased levels of 
carbon dioxide in the air. It is estimated, 
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for example, that 15 percent of the 
soybean yield increase t h a t has occurred 
since about 1700 has been caused by an 
increase in atmospheric carbon dioxide 
levels. 

By 1982, nearly 800 laboratory 
experiments with food cro ps had 
demonstrated the carbon dioxide effect. 
They showed, for example, that doubling 
carbon dioxide concentrations would 
increase predicted marketable yield by 
widely varying amounts (see Figure 16). 

However, the food cp.wlity of pla n ts tends 
to deteriorate as carbon dioxide levels 
increase. Leaves become relatively richer 
in carbon and poorer in nitrogen. It has 
been shown that pests feeding off 
soybean leaves have to consume more to 
gain their required nitrogen protein levels. 
This suggests that agricultural pests might 
be more damaging in a carbon-rich 
environment. 

Farmers would have to contend with 
another effect of increased carbon 
dioxide. If plants grew more quickly, they 
would need more fertilizer—unless they 
were leguminous, and fixed theirown 
nitrogen, in which case they would he 
likely to contribute more nitrogen to the 
soil. Inter-cropping with legumes might 
become more beneficial in an increased 
carbon dioxide environment. The use of 
synthetic fertilizer might become more 
costly yet more essential if soils were not 
to be depleted of their nutrients. 

Figure 75 Of the 
worlds 30 major 
food crops (top), 
only four are C4  
plants three of 
these are the staple 
foods of most sub-
Saharan African 
countries. Yields of 
the other crops are 
like/i1 to increase 
sharply 05 a result of 
higher levels of 
carbon dioxide in 
the atmosphere 

Figure 16 Predicted 
increase in yields 
(left) in nine major 
crops that would he 
caused bya doub-
ling of carbon di-
oxide concentration 
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Effects of climatic change 

Changes in temperature and rainfall 
would also affect agricultural yields, 
though in ways that are not always easy to 
predict. Though warmer, wetter 
conditions might be thought generally 
beneficial, this is not necessarily so. 
Agricultural yields are often depressed 
because soils become so waterlogged that 
harvesting is made very difficult or 
because muggy conditions provide an 
ideal breeding environment for pests and 
diseases. 

A generally warmer environment would 
also alter the areas suitable for growing 
crops, tending to push these areas 
polewards. In the Northern hemisphere, 
for example, wheat (and, for that matter, 
forests) would probably grow further north 
than they do now. While this might he 
beneficial for farmers, it would depend on 
the nature of the soil in the new crop-
growing areas. If climatic change moved 
crop areas into regions of poorer soil, 
yields might well fall or production prove 
more expensive because more fertilizer 
was needed. 

A key concept in assessing the impact of 
climatic change is the sensitivity of an 
agricultural system to variations in 
climate. This varies markedly over the 
globe. However, only a very limited 
number of crops are grown. There are 
only 30 crops with an annual production of 
more than 10 million tonnes, and cereals 
are grown on more than half of the world's 
arabic land. Of the cereals, just 
three—wheat, maize and rice—account 
for 80 percent of total production. Rice is 
the staple diet of 60 percent of the world 
population, Beef and pork make up about 
threequarters of animal production. 

Does this concentration of agriculture on 
so few crops increase its vulnerability to 
climatic change. Opinions are divided. 

On the one hand, some crops are clearly 
vulnerable—rice production, for example, 
would he likely to suffer in a drier world, 
and that would affect more than half of 
the human population. On the other 
hand, because agriculture has 
concentrated on so few crops, the 
numbers of varieties that have been 
developed are huge, and they are 
adaptable to a wide range of growing 
conditions. This makes it easier to adapt 
to climatic change. 

What is clear is that agriculture is more 
sensitive to climatic variations in some 
areas than others. In many developing 
countries, yields and production are low 
and unstable, food stocks are small, and 
there is a limited ability to import food. 
Furthermore, the major exporters and 
importers of grain are in the temperate 
regions. All these factors increase the 
vulnerability of tropical and sub-tropical 
countries to climatic variation. 

In the semi-arid tropics, which occupy 13 
percent of the world's land surface, 
production is finely tuned to what rainfall 
there is. Small variations in rainfall can 
produce major changes in production. 
Furthermore, the resources of farmers 
there are limited, and easily over-
stretched. Even a few years of drought 
can have dramatic consequences, as was 
the case during the African famine of the 
early 1980s- In the tropics, food 
production is related mainly to the 
monsoon. Any alteration in its timing or 
severity can also have a major effect on 
production. In both the tropics and the 
sub-tropics, agriculture i5 all the more 
vulnerable where carried out on marginal 
land—as is increasingly common. 

Detailed prediction of how climatic 
change will influence production is 
hampered by the fact that knowledge of 
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Figure 17 Predicted 
changes in climates 
and natural vegeta-
tien types caused by 
a doubling o[car- 
ben dioxide levels in 
the atmosphere. 
Major effects would 
include an expan-
sion of grasslands 
and deserts 

what conditions are needed to grow crops 
is more advanced than the predictive 
capability of climate models. In other 
words, if the models could tell us more 
accurately what climatic conditions could 
be expected where, good estimates could 
be made of the resulting agricultural 
changes. Until models improve, all that 
can be done is to investigate possible 
effects of climatic changes that are really 
only hypothetical. 

For example, scientists working at the 
Institute of Applied Systems Analysis in 
Austria have investigated one means of 
estimating the effects on society of a 
changing climate. Essentially, their 
technique was to take representative 
values of temperature, cloudiness and 
rainfall change for a specific area 
predicted by a climatic model as a result 
of doubling carbon dioxide 
concentrations. A second model was used 
to relate these changes to changes in 
yield, and a third model to relate changes 
in yield to other economic factors. 

Their resultsare not predictions of what 
will happen in the future but attempts to 
develop a technique that can be used to 
assess the social impact of climatic 
change when atmospheric models 
improve. However, the results do indicate 
the broad nature of the changes that 
future climatic change may produce. 

In the central European area of theSoviet 
Union, the climatic change was taken as a 
temperature rise of 1.5 CC. Among the 
effects this would produce would be a 30 
percent increase in wheat yield. 
Additionally, the area suitable for wheat 
cultivation would increase by 26 percent, 
providing an overall increase in wheat 
production of 64 percent. 

In Iceland, theatmosphericniodel 

forecast a 3,9 CC temperature rise and a 15 
percent increase in precipitation. The 
effects here would also he beneficial, 
increasing hay yields and the carrying 
capacities of both grassland and 
rangeland, and reducing the need for 
fertilizers and livestock feed. One end 
result would bean average increase in the 
carcass weight of lambs, estimated at 
some 11 percent. 

In Finland, the results might be much 
more variable. Spring wheat yields would 
increase in the south but barley yields 
would fall. In the north, where 
temperatures might rise by as much as 5.0 
to 5.5CC  and precipitation double, barley 
yields would increase substantially. 

In Canada's Southern Saskatchewan 
Province, the temperature was forecast to 
increase by 3.4 CC  and precipitation by 18 
percent. This would lower wheat 
production by 25 percent, causing a knock-
on effect throughout the economy. Farm 
incomes would fall 26 percent, 
employment drop by 1.9 percent and 
GDP would fall by 12 percent. 

Results like these, of course, assume that 
the climatic change occurred abruptly. In 
reality, the process would he slow, allowing 
farmers time to adjust—for example, by 
changing their crops or their cultivars as 
well as their farming techniques. This 
might allow them to mitigate harmful 
climatic effects and better exploit 
potentially beneficial ones. 
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The impact on ecosystems 

The most major change that would occur 
to ecosystems is that they would be shifted 
in space. In the high latitudes of the 
Northern hemisphere, for example, the 
northern forest limit would shift 
polewards, as would the northern limit at 
which grain crops could be grown. Figure 
I7 shows how one computer model 
estimates the overall extent of the Earth's 
major land divisions would change. 

One of the least understood areas is how a 
changing climate alters the mix of plants 
and animals that make up a natural 
ecosystem. That they would change 
seems inevitable. Species that are most 
responsive to increased carbon dioxide 
levels, or to warmer temperatures a n d 
higher rainfall, would tend to predominate 
over other species. This, in turn, would 
influence the animal populations that 
feed off the plant community. 
Rangelands, for example, might undergo 
profound change, with water-sensitive 
species predominating. Other species 
might decline in importance or disappear 
altogether. The life cycles of most plants 
would probably accelerate, with 
production of flowers, seeds and fruit 
occurring at different times, possibly to 
the inconvenience of the species that 
pollinate or consume them. If plant 
growth as a whole were stimulated, soils 
might become poorer as increasing 
amounts of minerals from the soil were 
taken up and captured in the plant 
biomass. 

In semi-arid areas where growth is 
essentially controlled by the outbreak of 
fire, such as the chaparral, fuel might 
accumulate more quickly and fires 
become more frequent. It is estimated 
that the 30-40 year fire cycle in San Diego 
County, United States, might accelerate 
by 5-10 years. For similar reasons, forest 
fires might become more frequent. In 
addition, trees that grew faster a n d taller 
mightbe more susceptible to wind 
damage. 

There is particular concern that climatic 
change could lead to the disappearance 
of many rare species. Rare and 
endangered species are often kept in 
protected parks in semi-arid areas. If 
climatic change made the area unsuitable 
for the species, it is possible that 
alternative habitats could not be easily 
found. 
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effects on society 

Wilisea levels rise? 

The effects of an increase in average 
tempera lure are likely to be felt more 
strongly in high latitudes than nearer the 
equator for one simple reason: the areas 
near the Earth's poles are white. As the 
Earth warms up, and more snow and ice 
melt, theseareas will reflect less solar 
radiation and will therefore be subject to 
exceptional warming. 

If this change were sudden and extreme, 
catastrophic results could ensue. The 
Arctic Ocean is covered by a layer of ice 
two to three metres that never melts 
except at its edges near continental 
coasts. Under this ice lies relatively warm 
and salt water. If the polar warming were 
sufficient to melt the Artic ice, it is 
possible that as the deeper warmer water 
mixed with the colder water from which 
the Arctic ice is formed, conditions would 
change so much that the Arctic ice never 
reformed. No one knows what effects that 
might produce although weather patterns 
in the whole of the Northern hemisphere 
would certainly be disrupted. 
Disappearance of the Arctic ice would 
also have major strategic and economic 
implications as it opened up new sea 
routes. 

The Antarctic land mass, of more than 13 
million square kilometres, is covered by 
ice thousands of metres deep. The polar 
effect here is expected to be smaller than 
in the Arctic because the Antarctic pack 
ice round the continent breaks up every 
summer. However, were the Antarctic ice 
to melt, world sea levels would rise by an 
estimated 80 metres, flooding many of the 
world's major cities and all its ports A less 
dramatic result might be if the glaciers on 
the mountainous western side of the 
Antarctic were to slide into the sea and 
melt. This alone would raise sea levels by 
about six metres, flooding many coastal 
cities and much productive farmland. 

None of these events, it must be stressed, 
is at all likely in the near future. Melting 
of the Antarctic ice would take centunes 
and require temperature rises of the order 
of 20 C. And, with only one exception, all 
climatic models suggest that the Arctic ice 
will not melt, although it will got thinner. 
And there are reasons for believing that 
the greenhouse effect could, at least 
initially, actually increase the volume of 
the Antarctic ice. 

Figure 18 Etena 
50 cm sea level rise 
would inundate 
large areas of 
Bangladesh. A 2.0-
2.5 metre rise would 
reach nearly to the 
country's capital city 
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The Antarchc ice cap contains 90 percent 
of all the land-based ice on the Earth. Its 
volume is such that if even 1 percent of it 
were to melt, sea levels would rise by 
about 80 cm- However, several climatic 
models suggest that one possible result of 
a global warming would be to increase the 
volume of the ice rather than decrease it. 
This is because there will he increased 
precipitation in the Antarctic as 
temperatures rise, resulting in higher 
snowfall. Thus if temperatures increase 
by 3 'C and Antarctic precipitation rises 24 
percent, the volume of ice in the Antarctic 
would eventually increase, by somewhat 
less than 1 percent, leading to a 50 cm fall 
in sea level. Whether this will happen is 
far from clear because current climate 
models are unable to predict events at the 
poles with any great accuracy. 

Nevertheless, a slow rise in sea level is to 
be expected as carbon dioxide heating 
progresses. The cause will be not the 
melting of land-based ice or glaciers but 
the inevitable expansion of the world's 
oceans as they warm up. A global 
warming of 1.5 to 5.5 C is estimated to 

cause a sea level rise of between 20 and 
165 cm, with a middle range temperature 
rise producing a sea level about 80 cm 
higher. Nearly one-third olall human 
beings live within 60 km ofa coastline. A 
sea level rise of even one metre would be 
likely to have profound influences on 
habitation patterns, causing large-scale 
migrations from low-lying coastal areas. 
Such changes are, in effect, already 
underway because sea levels are rising by 
about 1 mm a year, or 10cm a century, 
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Implications for policy 

Many bold ideas havebeen suggested as 
solutions to the greenhouse problem. The 
key issue is the burning of fossil fuels 
which currently provide about 80 percent 
of world energy. In time, this problem will 
solve itself because the supply of fossil 
fuels is limited. But by the tirneall the 
earth's fossil fuels has been burnt, if it 
ever is, the global warming will be far 
greater than anything discussed in this 
publication. 

There are four possible ways of dealing 
with the problem: 

• reduce the rate at which fossil fuels are 
burnt (and at which other industrial 
processes produce greenhouse gases); 

• filter out the greenhouses gases 
during industrial production a n d 
dispose of them elsewhere than in the 
atmosphere; 

• recover greenhouse gases already 
released into the atmosphere and 
dispose of them elsewhere; and 

• accept the changing environment and 
adapt to it. 

Reducing production 

The most obvious way of reducing the 
greenhouse problem is to useless energy. 
Only a decade ago, most authorities 
regarded this as an unworkable solution. 
Since then, two major rises in the price of 
oil have had a steadying effect on world 
energy consumption, and it has been 
shown that a four percent annual increase 
in world energy consumption is neither 
necessary nor inevitable. 

In fact, burning less fossil fuel does not 
even mean using less energy. Energy 
could be used much more efficiently than 
it is now: currently relatively little effort is 
made to recover waste heat; most 
buildings could be far better insulated; 
and energy savings rarely play a major 
role in policy and planning. As already 

mentioned, one future scenario suggests 
that if all available options for energy 
conservation were taken, carbon 
emi5sions could be reduced from 5 Ct 
now to only about 1 Gt in a few decades 
time, without delaying development or 
causing malor  energy shortages. While 
this assessment may be optimistic, 
increasing energy efficiency is certainly a 
realistic policy option. 

A second option is to reduce the amount 
of fossil fuel burnt and substitute other 
energy sources that do not release carbon 
dioxide. The major alternatives are solar 
energy, wind and wave power, nuclear 
fission and nuclear fusion. Of these, only 
nuclear fission offers immediate 
prospects for major energy substitution. 
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Solar energy offers good long-term 
prospects but is under-funded and as yet 
scarcely economic. Furthermore, even 
with rapid development, it would be able 
to supply only a fraction of most countries' 
needs for power. Solar energy will 
undoubtedly provide an increasing 
amount of the power we consume in the 
future but its development is likely to he 
too slow to produce a substantial effect on 
global warming within a few decades time. 

nuclear reprocessing centre in the UK 
and, most recently and dramatically, at 
Chernobyl in the Soviet Union then 
undermined public confidence even 
further. Rightly or wrongly, many people 
now regard a nuclear energy future as 
potentially more dangerous than the 
continued use of fossil fuel, with its 
accompanying risk of climatic change. 
Prospects for a rapid expansion of the 
nuclear energy industry currently appear 
very remote. 

solar encrgy-
underfunded and 
too late' 

Until the late 1960s, nuclear fission was 
widely regarded as the solution to the 
energy problem. By the beginning of the 
1970s, however, serious doubts had begun 
to emerge about both the cost and the 
safety of the nuclear energy programme. 
In the United States, environmental 
concern then bought the commissioning 
of new nuclear reactors to a virtual 
standstill. Accidents at Three Mile Island 
in (he Unitcd Statc', at the Sellaliuld 

The prospect of being able to control 
nuclear fusion—by exploiting the power 
of the hydrogen bomb in a power 
reactor—is still remote. The first 
experimental fusion reactor producing 
useful amounts of power is not now 
expected until well into the 21st century, 
at the earliest. 

Thus, although the mix of fuels used to 
supply energy in the future will change, 
there is unlikely to be any change of 
sufficient size or speed to make a major 
impact on the greenhouse problem by, 
say, the year 2030. Policy options of this 
type must always be assessed in the light 
of the relative time scales of both the 
greenhouse problem and the policy 
option. A major change in energy sources 
would take several decades to implement; 
by then, the first wave of greenhouse 
warming would be firmly established. 

However, some reduction in the 
greenhouse problem could be achieved 
by altering the balance between the 
different fossil fuels used. For the 
production of a given amount of energy, 
burning natural gas produces 60 percent 
of the amount of carbon dioxide that coal 
does, and burning oil about 80 percent. 
Synthetic fuels such as methanol, which 
require energy for their production, 
produce as much as 1.5 times the amount 
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of carbon di o ,,u,lc that coal does (un1t"s 
they are produced using non-fossil fuel 
energy sources). Broadly, then, the mor 
we rely on natural gas, and to a lesser 
extent oil, and the less we rely on coal a n d 
synthetic fuels, the longer will niaor 
climatic changes be delayed. 

In about 50 years time, these proposals 
will be relevant only to one half of the 
problem. The other half of global 
warming is likely to be caused by gases 
other than carbon dioxide. It seems likely 
that CFC production and use probably will 
be further limited in some way in the next 
decade. Action here is relatively easy, 
particularly in view of the damaging effect 
of the CFCs on the ozone layer as well as 
on climate. What could be done about 
future levels of nitrous oxide and 
methane is less clear, however, because 
the exact reasons for the current 
increases of these gases in the 

atmosphere are not well understood. 	nuclear power—a 
When they are, it may be possible to 	 dangerous 
isolate those activities that are mainly 	alternative? 
responshle for the increases, and curtail 
them. 

Filtering out the greenhouse gases 

Many schemes have been suggested for 
preventing carbon dioxide reaching the 
atmosphere at all. Technically, the 
process is possible. One such scheme 
envisaged that carbon dioxide would be 
filtered out of the effluent from power 
stations, converted into a transportable 
carbon compound, delivered by ship to 
the Straits of Gibraltar, and there pumped 
to the ocean floor. Currents leading from 
the Mediterranean to the Atlantic would 
then disperse the carbon into the ocean 
where it would dissolve (see Figure 19). 

While the oceans have the capacity to 
absorb considerable quantities of carbon 
dioxide (as do depleted oil and gas wells 
and salt caverns), the costs of such a 
scheme currently outweigh t h e perceived 
danger ofa small global warming. 

Whether or not such a view is correct, the 
prospect that any scheme of this kind will 
in fact be implemented is small because 
of the cost. One US study has estimated 
that to remove 90 percent of the carbon 
dioxide from the effluent of power 
stations, and then store it, would double 
the capital costs of power stations, and 
increase the cost of electricity by a factor 
of 1.5 to 2. In addition, 10-20 percent of the 
power stations' output would be needed to 
power the cleaning up process. 

Even regardless of cost, implementation 
of such a scheme on a global basis could 
take many decades and would therefore 
do little to prevent the global warming 
forecast over the next few decades. 
However, it might ameliorate the situation 
later in the next century. 
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Figure 29 One pro-
posed solution for 
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dioxide filtered from 
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Filtering out greenhouse gases other t h a n 
carbon dioxide does not seem realistic, 
particularly because they are not released 
from large-scale sources hut from huge 
numbers of small ones. In contrast, about 
half the carbon dioxide entering the 
atmosphere comes from large power 
stations. 

Recovering the greenhouse gases 
in theory, this idea is not as preposterous 
as it sounds. During the 1970s, a number 
of scientists proposed the idea ofa 
massive reforestation of the Earth, 
coupled with a change to a wood economy 
in which materials such as concrete, 
aluminium and plastics were replaced by 
timber. This would enlarge the biological 
carbon sink, with the result that a greater 
proportion of carbon in the carbon cycle 
would find its way into the Earths biomass 
rather than into the atmosphere. Such a 
scheme has many obvious environmental 
advantages in addition to reducing the 
threat of global warming. 

Unhappily, even though the pace of 
reforestation is likely to increase in both 
developing and developed countries over 
the next few decades, the scale of the 

operation is not likely to have a major 
effect on greenhouse warming. Planting 
trees is expensive and slow (in contrast to 
cutting them down, which is quick and 
cheap). And by the time the new trees 
had matured, the first wave of climatic 
change would have already occurred. 

In addition, the scale of the operation now 
appears unfeasible. Although the 
conversion of forest land to agriculture 
was originally responsible for much of the 
early increase in carbon dioxide levels, it 
has now assumed decreasing importance 
compared to fossil fuel burning—and will 
continue to do so. Current levels of 
deforestation—assuming that all the 
timber is burnt—produce only about one-
fifth as much carbon dioxide as fossil fuel 
burning. An area about the size of France 
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Iure,t clearing crc to ci itribute 	mn 
carbon dioxide to the atmosphere as 
fuel burning. It follows that a much ]irgci 
area than France would have to be 
reforested annually to 'mop up the 
carbon dioxide from fossil fuel buriiin1 
(much larger because trees take decadc 
to mature). To offset a doubling of cart :1 

dioxide levels would requre a doublin1 H 
the amount of vegetation on the Earth. 

This, of course, is not an argument for not 
reforesting extensive areas of the Earth. It 
is simply a matter of political and 
scientific reality that a ref oresta t i on 
programme of appropriate scale could 
not be executed in time, and its effects 
would in any case only reduce rather than 
eliminate the global warming. In fact, the 
reforestation solution was proposed 
before the role of greenhouse gases other 
than carbon dioxide was fully appreciated. 
Because these gases seem likely to 
produce a global warming of about the 
same size as carbon dioxide itself, even 
the limited effectiveness of the 
reforestation solution is reduced by about 
a half. 

If there is not room to accommodate the 
carbon in the atmosphere on t h e Earths 
land surface, could it not be swept up into 
the oceans instead? In theory, it could. 
One way of doing this would be to 
accelerate the biological pump that 
extracts carbon dioxide from the air and 
converts it into carbonates in the oceans. 
The main actors in this pump are the 
marine plankton that, through 
photosynthesis, turn carbon dioxide into 
othercornpounds that sink to the ocean 
floor when the plankton die. A large-scale 
fertilization of the oceans would speed up 
this process. What it would cost, how 
effective it would be, and what might he 
its side effects are largely unknown. This 

policy option, as yet, remains in the realm 
of science fiction—as, indeed, do related 
possibilities of modifytng the climate to 
induce a cooling to Counteract the 
prospective warming, for example by 
seeding the atmosphere with small 
particles to increase its reflectivity. 

more forests might 
help sweep the 
atnzosplrcre clean of 
carbon dioxide-
but an area larger 
than France would 
have to be planted 
annually to compen-
sate for current 
rates of fossil fuel 
burning 
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Adapting to change 

Discussions of the effects of clima tic 
change often assume that such a change 
could arrive swiftly. Estimates have been 
made, for example, that purport to show 
that a sudden 2 C temperature rise might 
reduce grain yields in northern temperate 
zones by as much as 17 percent. Such 
estimates can be very misleading because 
agriculture is continually adapting to 
climatic variation, and does so relatively 
quickly: it takes only about a decade to 
develop and introduce a new crop variety, 
for example. 

The global warming produced by the 
greenhouse gases will arrive slowly—and, 
indeed, may have even begun. By the 
time there is a rise of average 
temperature of even a degree or two, 
agriculture will have already adapted to 
most of this rise. Different crops, different 
varieties and different farming techniques 
will all help absorb the impact of the 
change. The world system of agricultural 
trade is also capable of adapting to 
change, with different countries exporting 
and importing different quantities of 
different commodities. However, 

adaptation may be much more 
problematic in marginal food-producing 
areas where production is notoriously 
sensitive to climatic change. and the rate 
of change of agricultural technology very 
slow. 

Similarly, people are likely to adapt 
relatively well to a changing climate—for 
example, by better control of the 
microclimates inside theirbuildings. Itis 
even possible to a d a p t to changes in sea 
level of thescale envisaged. The Dutch, 
after all, have been living some 5 metres 
below sea level for centuries, thanks to 
their elaborate system of sea dikes. 
Again, the problem is likely to be less 
acute for the developed countries than for 
low-lying developing states such as 
Bangladesh, where major flooding is 
already an almost perennial problem. 

Assessing practical policies 

The range of options open to policy 
makers is thus fairly clear. What is much 
less clear, however, is how effective they 
would would be, what they would cost and 
what might be their side effects. Nor has 
any systematic study of the risks involved 
yet been undertaken. For example, 
although scientists have estimated what 
they think will be the size of the global 

warming at a given date, it would also be 
instructive to learn what is the risk that the 
warming would be much greater. Such a 
risk assessment could then be better 
balanced against the risks and costs 
involved in adopting specific policy 
options—for example, expanding the 
nuclear energy programme or reducing 
the production of CFCs. 
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implications for policy 

Essentially, combatting the greenhouse 
problem now involves two further, major 
steps first, assessing the costs, risks and 
side effects of the available options; and, 
secondly, having decided on the available 
options formulating an international 
process through which effective action 
can be taken to lessen the danger. 
Scientific studies on the first of these steps 
are already underway but before any 
policy or set of policies is espoused there 
will have to be extensive discussion with 
policy makers at the international level. 
Action on a global problem such as the 
greenhouse effect cannot be taken by any 
individual nation or group of nations. 

The process by which international action 
could be agreed raises severe problems 
that are not likely to be overcome in the 
near future. Many of these problems 
involve the 'North-South' arguments that 
have produced stalemates on other global 
issues in the past. For example, while 
developed countries might be willing to 
curtail their use of fossil fuels in the 
future, developing ones—which consume 
far less fuel—would be much less likely to 
agree to any such restrictions. 
Furthermore, re presen ta t i ves of some 
developing countries have already made 
it clear that, on the basis of current 
knowledge, the climatic changes likely to 
occurasa result of global warming could 
well be welcomed by them. Temperature 
rises would probably be small in tropical 
and sub-tropical regions, and increased 
precipitation could prove beneficial in 
several developing areas. 

The mechanismsby which such 
discussions could begin has yet to he 
decided. Fortunately, however, there is an 
effective model in a body known as the 
Coordinating Committee on the Ozone 
Layer, which was set up by UNEP in the 
1970s to stimulate research on the 

possible extent of future ozone depletion 
and its effects on society. This body has 
played a major supporting role in the 
preparation of a Convention for the 
Protection of the Ozone Layer by 
providing scientific advice to the group of 
legal and technical experts established by 
UNEP to elaborate a draft convention. 
The Convention was agreed to in March 
1985, and has since been signed by many 
states. A Protocol regulating the emission 
and/or production of chlorol]uorocarbons 
may soon beadded to it. it may be that 
the creation of a Coordinating Committee 
on the Earth's Climate could achieve 
similar results. 

These are issues for tomorrow's agenda. 
But, if this agenda is to be debated and 
acted on in time, it is important that the 
scientific facts on which to base future 
decisions be rapidly established. Far 
more is known about the greenhouse 
effect, and its consequences, than a 
decade ago. As detailed regional 
assessments of climatic change are made 
over the next few years, sufficient 
knowledge should be generated to move 
the centre of action away from the 
research laboratory and onto the policy 
maker's desk. 
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