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PREFACE

The Intergovernmental Panel on Climate Change
(IPCC) was jointly established by our two organiza-
tions in 1988. Under the chairmanship of Professor
Bert Bolin, the Panel was charged with:

(i) assessing the scientific information that is
related to the various components of the climate
change issue, such as emissions of major green-
house gases and modification of the Earth’s
radiation balance resulting therefrom, and that
needed to enable the environmental and socio-
economic consequences of climate change to be
evaluated, and

formulating realistic response strategies for the
management of the climate change issue.

(i)
The Panel began its task by establishing Working
Groups I, Il and Il respectively to:

(a) assess available scientific information on
climate change,

assess environmental and socio-economic
impacts of climate change, and

(b)
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(c) formulate response strategies.

It also established a Special Committee on the
Participation of Developing Countries to promote,
as quickly as possible, the full participation of
developing countries in its activities.

This Policymakers” Summary of Working Group I
should be read in conjunction with the rest of the
IPCC first assessment report; the latter consists of
the reports and policymakers” summaries of the
three Working Groups and the Special Committee,
and the IPCC overview and conclusions.

The Chairman of Working Group I, Dr John
Houghton, and his Secretariat, have succeeded
beyond measure in mobilizing the co-operation and
enthusiasm of hundreds of scientists from all over
the world. Their main report is of remarkable depth
and breadth, and this Policymakers’ Summary trans-
lates these complex scientific issues into language
which is understandable to the non-specialist. We
take this opportunity to congratulate and thank the
Chairman for a job well done.

G.O.P. Obasi
Secretary-General
World Meteorological Organization

M.K. Tolba
Executive Director
United Nations Environment Programme

July 1990
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FOREWORD

Many previous reports have addressed the question
of climate change which might arise as a result of
man’s activities. In preparing the IPCC Scientific
Assessment*, Working Group I has built on these,
taking into account significant work undertaken and
published since then. Particular attention is paid to
what is known regarding the detail of climate change
on a regional level.

In the preparation of the main Assessment most of
the active scientists working in the field have been
involved. One hundred and seventy scientists from
25 countries have contributed to it, either through
participation in the twelve international workshops
organized specially for the purpose or through
written contributions. A further 200 scientists have
been involved in the peer review of the draft report.
This has helped to ensure a high degree of consensus
amongst authors and reviewers regarding the results
presented although, as in any developing scientific
topic, there is a minority of views that are outside
this consensus and which we have not been able to
accommodate. The Policymakers’ Summary was sub-
ject to a similar, wide, peer review, and the text was
agreed at the final meeting of Working Group 1in

® Intergovernmental Panel on Climate Change, 1990.

Design and artwork by Meteorological Office
Commercial Services.

Photographs supplied by Jonathan Walton and
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May 1990. They are therefore authoritative state-
ments of the views of the international scientific
community at this time.

It gives me pleasure to acknowledge the contribu-
tions of so many, in particular the Lead Authors,
who have given freely of their expertise and time in
the preparation of this report, and the modelling
centres who have readily provided results. I would
also like to thank the core team at the Meteorological
Office, Bracknell, who were responsible for organiz-
ing most of the workshops and preparing the report,
and the Departments of Environment and Energy in
the United Kingdom who provided the necessary
financial support.

I am confident that the Assessment and its Summary
will provide the necessary firm scientific foundation
for the forthcoming discussions and negotiations on
the appropriate strategy for response and action
regarding the issue of climate change. It is thus, I
believe, a significant step forward in meeting what
is potentially the greatest global environmental
challenge facing mankind.

John Houghton
Chairman, IPCC Working Group I

Meteorological Office
Bracknell
United Kingdom

July 1990

*Scientific Assessment of Climate Change, WMO/UNEP
Intergovernmental Pane] on Climate Change; Geneva
(1990). Also published as: Climate Change: The IPCC
Scientific Assessment; Houghton, ].T., G.J. Jenkins and
J.J. Ephraums (Editors), Cambridge University Press,
Cambridge, 1990.
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EXECUTIVE SUMMARY

We are certain of the following:

there is a natural greenhouse effect which
already keeps the Earth warmer than it would
otherwise be.

emissions resulting from human activities are
substantially increasing the atmospheric concen-
trations of the greenhouse gases: carbon dioxide,
methane, chlorofluorocarbons (CFCs) and
nitrous oxide. These increases will enhance the
greenhouse effect, resulting on average in an
additional warming of the Earth’s surface.

The main greenhouse gas, water vapour, will
increase in response to global warming and
further enhance it.

We calculate with confidence that:

some gases are potentially more effective than
others at changing climate, and their relative
effectiveness can be estimated. Carbon dioxide
has been responsible for over half the enhanced
greenhouse effect in the past, and is likely to
remain so in the future.

atmospheric concentrations of the long-lived
gases (carbon dioxide, nitrous oxide and the
CFCs) adjust only slowly to changes in
emissions. Continued emissions of these gases
at present rates would commit us to increased
concentrations for centuries ahead. The longer
emissions continue to increase at present-day
rates, the greater reductions would have to be
for concentrations to stabilize at a given level.

the long-lived gases would require immediate
reductions in emissions from human activities
of over 60% to stabilize their concentrations at
today’s levels; methane would require a 15-20%
reduction.

Based on current model results,
we predict:

under the IPCC Business-as-Usual (Scenario A)
emissions of greenhouse gases, a rate of increase
of global mean temperature during the next
century of about 0.3°C per decade (with an un-
certainty range of 0.2°C to 0.5°C per decade);
this is greater than that seen over the past 10,000
years. This will result in a likely increase in
global mean temperature of about 1°C above the
present value by 2025 and 3°C before the end of
the next century. The rise will not be steady
because of the influence of other factors.

under the other IPCC emission scenarios

which assume progressively increasing levels

of controls, rates of increase in global mean
temperature of about 0.2°C per decade (Scenario
B), just above 0.1°C per decade (Scenario C) and
about 0.1°C per decade (Scenario D).

that land surfaces warm more rapidly than the
ocean, and high northern latitudes warm more
than the global mean in winter.

regional climate changes different from the
global mean, although our confidence in the pre-
diction of the detail of regional changes is low.
For example, temperature increases in southern
Europe and central North America are predicted
to be higher than the global mean, accompanied
on average by reduced summer precipitation
and soil moisture. There are less consistent
predictions for the tropics and the southern
hemisphere.

under the IPCC Business-as-Usual emissions
scenario, an average rate of global mean sea
level rise of about 6cm per decade over the next
century (with an uncertainty range of 3-10cm
per decade), mainly due to thermal expansion
of the oceans and the melting of some land ice.
The predicted rise is about 20cm in global mean
sea level by 2030, and 65cm by the end of the
next century. There will be significant regional
variations.



There are many uncertainties in our predictions
particularly with regard to the timing, magnitude
and regional patterns of climate change, due to our
incomplete understanding of:

e sources and sinks of greenhouse gases, which
affect predictions of future concentrations

e clouds, which strongly influence the magnitude
of climate change

e oceans, which influence the timing and patterns
of climate change

e polar ice sheets which affect predictions of sea
level rise

These processes are already partially understood,
and we are confident that the uncertainties can be
reduced by further research. However, the com-
plexity of the system means that we cannot rule
out surprises.

Our judgement is that:

e Global mean surface air temperature has in-
creased by 0.3°C to 0.6°C over the last 100 years,
with the five global mean warmest years being
in the 1980s. Over the same period global sea
level has increased by 10-20cm. These increases
have not been smooth with time, nor uniform
over the globe.

e The size of this warming is broadly consistent
with predictions of climate models, but it is
also of the same magnitude as natural climate
variability. Thus the observed increase could be
largely due to this natural variability; alternativ-
ely this variability and other human factors could
have offset a still larger human-induced green-

house warming. The unequivocal detection of the

enhanced greenhouse effect from observations
is not likely for a decade or more.
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e There is no firm evidence that climate has
become more variable over the last few decades.
However, with an increase in the mean tempera-
ture, episodes of high temperatures will most
likely become more frequent in the future, and
cold episodes less frequent.

e Ecosystems affect climate, and will be affected
by a changing climate and by increasing carbon
dioxide concentrations. Rapid changes in climate
will change the composition of ecosystems;
some species will benefit while others will be
unable to migrate or adapt fast enough and may
become extinct. Enhanced levels of carbon
dioxide may increase productivity and efficiency
of water use by vegetation. The effect of warm-
ing on biological processes, although poorly
understood, may increase the atmospheric
concentrations of natural greenhouse gases.

To improve our predictive capability,
we need:

e to understand better the various climate-related
processes, particularly those associated with
clouds, oceans and the carbon cycle

e to improve the systematic observation of
climate-related variables on a global basis, and
further investigate changes which took place in
the past

e to develop improved models of the Earth’s
climate system

®  to increase support for national and interna-
tional climate research activities, especially in
developing countries

e to facilitate international exchange of climate
data
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Introduction: what is the issue?

There is concern that human activities may be inad-
vertently changing the climate of the globe through
the enhanced greenhouse effect, by past and contin-
uing emissions of carbon dioxide and other gases
which will cause the temperature of the Earth's
surface to increase — popularly termed the “global
warming”. If this occurs, consequent changes may
have a significant impact on society.

The purpose of the Working Group I report, as deter-
mined by the first meeting of IPCC, is to provide a
scientific assessment of:

1) the factors which may affect climate change
during the next century especially those which
are due to human activity.

2) the responses of the atmosphere~ocean-land-
ice system.

3) current capabilities of modelling global and
regional climate changes and their
predictability.

4) the past climate record and presently observed
climate anomalies.

On the basis of this assessment, the report presents
current knowledge regarding predictions of climate
change (including sea level rise and the effects on
ecosystems) over the next century, the timing of
changes together with an assessment of the uncer-
tainties associated with these predictions.

This Policymakers” Summary aims to bring out those
elements of the main report which have the greatest
relevance to policy formulation, in answering the
following questions:

e  What factors determine global climate?

e  What are the greenhouse gases, and how and
why are they increasing?

o  Which gases are the most important?
e  How much do we expect the climate to change?

¢ How much confidence do we have in our
predictions?

e  Will the climate of the future be very different?

e Have human activities already begun to change
global climate?

e How much will the sea level rise?
e What will be the effects on ecosystems?

e  What should be done to reduce uncertainties,
and how long will this take?

This report is intended to respond to the practical
needs of the policymaker. It is neither an academic
review, nor a plan for a new research programme.
Uncertainties attach to almost every aspect of the
issue, yet policymakers are looking for clear
guidance from scientists; hence authors have been
asked to provide their best-estimates wherever
possible, together with an assessment of the
uncertainties.

This report is a summary of our understanding in
1990. Although continuing research will deepen this
understanding and require the report to be updated
at frequent intervals, basic conclusions concerning
the reality of the enhanced greenhouse effect and
its potential to alter global climate are unlikely to
change significantly. Nevertheless, the complexity
of the system may give rise to surprises.

What factors determine global
climate?

There are many factors, both of natural and human
origin, that determine the climate of the Earth. We
look first at those which are natural, and then see
how human activities might contribute.

What natural factors are important?

The driving energy for weather and climate comes
from the Sun. The Earth intercepts solar radiation
(including that in the short-wave, visible, part of the
spectrum); about a third of it is reflected, the rest is
absorbed by the different components (atmosphere,
ocean, ice, land and biota) of the climate system.
The energy absorbed from solar radiation is balanced
(in the long term) by outgoing radiation from the
Earth and atmosphere; this terrestrial radiation takes
the form of long-wave invisible infra-red energy,
and its magnitude is determined by the temperature
of the Earth-atmosphere system.

There are several natural factors which can change
the balance between the energy absorbed by the
Earth and that emitted by it in the form of long-wave
infra-red radiation; these factors cause the radiative
forcing on climate. The most obvious of these is a
change in the output of energy from the Sun. There
is direct evidence of such variability over the 11-year
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solar cycle, and longer-period changes may also
occur. Slow variations in the Earth’s orbit affect the
seasonal and latitudinal distribution of solar radia-
tion; these were probably responsible for initiating
the ice ages.

One of the most important factors is the green-
house effect; a simplified explanation of which is as
follows. Short-wave solar radiation can pass through
the clear atmosphere relatively unimpeded. But
long-wave terrestrial radiation emitted by the warm
surface of the Earth is partially absorbed and then
re-emitted by a number of trace gases in the cooler
atmosphere above. Since, on average, the outgoing
long-wave radiation balances the incoming solar
radiation, both the atmosphere and the surface

will be warmer than they would be without the
greenhouse gases.

The main natural greenhouse gases are not the
major constituents, nitrogen and oxygen, but water
vapour (the biggest contributor), carbon dioxide,
methane, nitrous oxide, and ozone in the tropo-
sphere (the lowest 10-15km of the atmosphere)
and stratosphere.

Aerosols (small particles) in the atmosphere can also
affect climate because they can reflect and absorb

radiation. The most important natural perturbations
result from explosive volcanic eruptions which affect
concentrations in the lower stratosphere. Lastly, the

SUN

SCIENTIFIC ASSESSMENT OF CLIMATE CHANGE

climate has its own natural variability on all time-
scales and changes occur without any external
influence.

How do we know that the natural
greenhouse effect is real?

The greenhouse effect is real; it is a well understood
effect, based on established scientific principles. We
know that the greenhouse effect works in practice,
for several reasons.

Firstly, the mean temperature of the Earth’s surface
is already warmer by about 33°C (assuming the
same reflectivity of the earth) than it would be if the
natural greenhouse gases were not present. Satellite
observations of the radiation emitted from the
Earth’s surface and through the atmosphere demon-
strate the effect of the greenhouse gases.

Secondly, we know the composition of the
atmospheres of Venus, Earth and Mars are very
different, and their surface temperatures are in
general agreement with greenhouse theory.
Thirdly, measurements from ice cores going back
160,000 years show that the Earth’s temperature
closely paralleled the amount of carbon dioxide and
methane in the atmosphere. Although we do not
know the details of cause and effect, calculations
indicate that changes in these greenhouse gases

Some solar radiation
is reflected by the earth
and the atmosphere

Most radiation is absorbed

by the earth's surface EARTH

and warms it.

Infra-red radiation
is emitted from
the earth's surface

A simplified diagram illustrating the greenhouse effect.
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Analysis of air trapped in Antarctic ice cores shows
that methane and carbon dioxide concentrations
were closely correlated with the local temperature
over the last 160,000 years. Present-day concentra-
tions of carbon dioxide are indicated.

were part, but not all, of the reason for the large
(5-7 °C) global temperature swings between ice
ages and interglacial periods.

How might human activities change
global climate?

Naturally occurring greenhouse gases keep the Earth
warm enough to be habitable. By increasing their
concentrations, and by adding new greenhouse
gases like chlorofluorocarbons (CFCs), humankind is
capable of raising the global-average annual-mean
surface-air temperature (which, for simplicity, is
referred to as the “global temperature”), although
we are uncertain about the rate at which this will
occur. Strictly, this is an enhanced greenhouse effect
- above that occurring due to natural greenhouse
gas concentrations; the word ““enhanced” is usually
omitted, but it should not be forgotten. Other
changes in climate are expected to result, for
example changes in precipitation, and a global

warming will cause sea levels to rise; these are
discussed in more detail later.

There are other human activities which have the
potential to affect climate. A change in the albedo
(reflectivity) of the land, brought about by
desertification or deforestation affects the amount
of solar energy absorbed at the Earth’s surface.
Human-made aerosols, from sulphur emitted largely
in fossil fuel combustion, can modify clouds and this
may act to lower temperatures. Lastly, changes in
ozone in the stratosphere due to CFCs may also
influence climate.

What are the greenhouse gases and
why are they increasing?

We are certain that the concentrations of greenhouse
gases in the atmosphere have changed naturally on
ice-age time-scales, and have been increasing since
pre-industrial times due to human activities. The
table opposite summarizes the present and pre-
industrial abundances, current rates of change and
present atmospheric lifetimes of greenhouse gases
influenced by human activities. Carbon dioxide,
methane, and nitrous oxide all have significant
natural and human sources, while the CFCs are
only produced industrially.

Two important greenhouse gases, water vapour and
ozone, are not included in the table opposite. Water
vapour has the largest greenhouse effect, but its
concentration in the troposphere is determined
internally within the climate system, and, on a
global scale, is not affected by human sources and
sinks. Water vapour will increase in response to
global warming and further enhance it; this process
is included in climate models. The concentration of
ozone is changing both in the stratosphere and the
troposphere due to human activities, but it is
difficult to quantify the changes from present
observations.

For a thousand years prior to the industrial
revolution, abundances of the greenhouse gases
were relatively constant. However, as the world’s
population increased, as the world became more
industrialized and as agriculture developed, the
abundances of the greenhouse gases increased
markedly. The figures on page 9 illustrate this for
carbon dioxide, methane, nitrous oxide and CFC-11.

Since the industrial revolution the combustion of
fossil fuels and deforestation have led to an increase
of 26% in carbon dioxide concentration in the
atmosphere. We know the magnitude of the present
day fossil-fuel source, but the input from
deforestation cannot be estimated accurately. In
addition, although about half of the emitted carbon
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SUMMARY OF KEY GREENHOUSE GASES
AFFECTED BY HUMAN ACTIVITIES
Carbon  Methane CFC-11 CFC-12 Nitrous
Dioxide Oxide
Atmospheric
concentration ppmv ppmv pptv pptv ppbv
Pre-industrial 280 0.8 0 0 288
(1750-1800)
Present day (1990) 353 1.72 280 484 310
Current rate of 1.8 0.015 9.5 17 0.8
change per year (0.5%) (0.9%) 4%) 4%) (0.25%)
Atmospheric
lifetime (years)  (50-200)* 65 130 150

ppmv=parts per million by volume;

ppbv=parts per billion (thousand million) by volume;

pptv=parts per trillion (million million) by volume.

*The way in which CO, is absorbed by the oceans and biosphere is not simple and a
single value cannot be given; refer to the main report for further discussion.

dioxide stays in the atmosphere, we do not know
well how much of the remainder is absorbed by the
oceans and how much by terrestrial biota. Emissions
of chlorofluorocarbons, used as aerosol propellants,
solvents, refrigerants and foam-blowing agents, are
also well known; they were not present in the
atmosphere before their invention in the 1930s.

The sources of methane and nitrous oxide are less
well known. Methane concentrations have more
than doubled because of rice production, cattle
rearing, biomass burning, coal mining and venting
of natural gas; also, fossil fuel combustion may have
also contributed through chemical reactions in the
atmosphere which reduce the rate of removal of
methane. Nitrous oxide has increased by about

8% since pre-industrial times, presumably due to
human activities; we are unable to specify the
sources, but it is likely that agriculture plays a part.

The effect of ozone on climate is strongest in the
upper troposphere and lower stratosphere. Model
calculations indicate that ozone in the upper tropo-
sphere should have increased due to human-made
emissions of nitrogen oxides, hydrocarbons and
carbon monoxide. While at ground level, ozone has

increased in the northern hemisphere in response to
these emissions, observations are insufficient to
confirm the expected increase in the upper tropo-
sphere. The lack of adequate observations prevents
us from accurately quantifying the climatic effect of
changes in tropospheric ozone.

In the lower stratosphere at high southern latitudes,
ozone has decreased considerably due to the effects
of CFCs, and there are indications of a global-scale
decrease which, while not understood, may also be
due to CFCs. These observed decreases should act
to cool the Earth’s surface, thus providing a small
offset to the predicted warming produced by the
other greenhouse gases. Further reductions in lower
stratospheric ozone are possible during the next few
decades as the atmospheric abundances of CFCs
continue to increase.
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Concentrations of carbon dioxide and methane after remaining relatively constant up to the 18th century,
have risen sharply since then due to man’s activities. Concentrations of nitrous oxide have increased since
the mid-18th century, especially in the last few decades. CFCs were not present in the atmosphere before

the 1930s.

Concentrations, lifetimes and stabilization
of the gases

In order to calculate the atmospheric concentrations
of carbon dioxide which will result from human-
made emissions we use computer models which in-
corporate details of the emissions and which include
representations of the transfer of carbon dioxide
between the atmosphere, oceans and terrestrial
biosphere. For the other greenhouse gases, models
which incorporate the effects of chemical reactions
in the atmosphere are employed.

The atmospheric lifetimes of the gases are
determined by their sources and sinks in the oceans,
atmosphere and biosphere. Carbon dioxide, chloro-
fluorocarbons and nitrous oxide are removed only
slowly from the atmosphere and hence, following a
change in emissions, their atmospheric concentra-
tions take decades to centuries to adjust fully. Even
if all human-made emissions of carbon dioxide were
halted in the year 1990, about half of the increase in
carbon dioxide concentration caused by human
activities would still be evident by the year 2100.

In contrast, some of the CFC substitutes and
methane have relatively short atmospheric lifetimes
so that their atmospheric concentrations respond
fully to emission changes within a few decades.

To illustrate the emission—concentration relationship
clearly, the effect of hypothetical changes in carbon
dioxide fossil fuel emissions is shown on page 10,
(a) continuing global emissions at 1990 levels; (b)
halving of emissions in 1990; (c) reductions in
emissions of 2% per year (p.a.) from 1990 and (d)

a 2% p.a. increase from 1990-2010 followed by a

2% p.a. decrease from 2010.

Continuation of present-day emissions are commit-
ting us to increased future concentrations, and the
longer emissions continue to increase, the greater
would reductions have to be to stabilize at a given
level. If there are critical concentration levels that
should not be exceeded, then the earlier emission
reductions are made the more effective they are.
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The relationship between hypothetical fossil fuel emissions of carbon dioxide and its concentration in the
atmosphere is shown in the case where (a) emissions continue at 1990 levels, (b) emissions are reduced by

50% in 1990 and continue at that level, (c) emissions a
after increasing by 2% p.a. until 2010, are then reduce

The term ‘““atmospheric stabilization” is often used
to describe the limiting of the concentration of the
greenhouse gases at a certain level. The amount by
which human-made emissions of a greenhouse gas
must be reduced in order to stabilize at present-day
concentrations, for example, is shown in the box
below. For most gases the reductions would have
to be substantial.

How will greenhouse gas abundances
change in the future?

We need to know future greenhouse gas concentra-
tions in order to estimate future climate change. As
already mentioned, these concentrations depend
upon the magnitude of human-made emissions and
on how changes in climate and other environmental

re reduced by 2% p.a. from 1990, and (d) emissions,
d by 2% p.a. thereafter.

conditions may influence the biospheric processes
that control the exchange of natural greenhouse
gases, including carbon dioxide and methane,
between the atmosphere, oceans and terrestrial
biosphere — the greenhouse gas ‘“feedbacks”.

Four scenarios of future human-made emissions
were developed by Working Group Ill. The first of
these assumes that few or no steps are taken to limit
greenhouse gas emissions, and this is therefore
termed Business-as-Usual (BaU). (It should be noted
that an aggregation of national forecasts of emissions
of carbon dioxide and methane to the year 2025
undertaken by Working Group IlI resulted in global
emissions 10-20% higher than in the BaU scenario.)
The other three scenarios assume that progressively
increasing levels of controls reduce the growth of

Carbon Dioxide
Methane
Nitrous Oxide
CFC-11

CFC-12
HCFC-22

STABILIZATION OF ATMOSPHERIC CONCENTRATIONS

Reductions in the human-made emissions of greenhouse gases required to stabilize
concentrations at present-day levels:

Note that the stabilization of each of these gases would have different effects on climate,
as explained in the next section.

<60%
15-20%
70-80%
70-75%
75-85%
40-50%
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emissions; these are referred to as scenarios B, C,
and D. They are briefly described in the Annex.
Future concentrations of some of the greenhouse
gases which would arise from these emissions are
shown below.

E 900

= I BUSINESS- J

= 800 - AS-USUAL

© 700}

l_ =3

=

T 600 |-

= I

& 500

Z .

8 400 SCENARIO D ]

8 3800 b—r—T—T————T T

1980 2000 2020 2040 2060 2080 2100

YEAR

— 4000

3 BUSINESS-

23500 AS-USUAL -

> i

O 3000 | -

2 - SCENARIO B

T 2500

'—

E =

02000"

(Z3 -

o 1500 SCENARIO D

5 1000 —r———————————

1980 2000 2020 2040 2060 2080 2100

YEAR

Z 700 ]

oy i BUSINESS-

~ 600 AS-USUAL

z I

50T SCENARIO B ]

T 400 - .

& 300 -

Q i J

S5 200 -

O o 4

- 100F SCENARIOS

oy CandD

O

L 0 b——r—r—T——y—r—T——T1

O 1980 2000 2020 2040 2060 2080 2100
YEAR

Atmospheric concentrations of carbon dioxide,
methane and CFC-11 resulting from the four IPCC
emissions scenarios.
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Greenhouse gas feedbacks

Some of the possible feedbacks which could signifi-
cantly modify future greenhouse gas concentrations
in a warmer world are discussed in the following
paragraphs.

The net emissions of carbon dioxide from terrestrial
ecosystems will be elevated if higher temperatures
increase respiration at a faster rate than photosyn-
thesis, or if plant populations, particularly large
forests, cannot adjust rapidly enough to changes

in climate.

A net flux of carbon dioxide to the atmosphere may
be particularly evident in warmer conditions in
tundra and boreal regions where there are large
stores of carbon. The opposite is true if higher abun-
dances of carbon dioxide in the atmosphere enhance
the productivity of natural ecosystems, or if there is
an increase in soil moisture which can be expected
to stimulate plant growth in dry ecosystems and

to increase the storage of carbon in tundra peat.

The extent to which ecosystems can sequester
increasing atmospheric carbon dioxide remains to
be quantified.

If the oceans become warmer, their net uptake of
carbon dioxide may decrease because of changes in
(i) the chemistry of carbon dioxide in sea-water, (ii)
biological activity in surface waters, and (iii) the rate
of exchange of carbon dioxide between the surface
layers and the deep ocean. This last depends upon
the rate of formation of deep water in the ocean
which, in the North Atlantic for example, might
decrease if the salinity decreases as a result of a
change in climate.

Methane emissions from natural wetlands and rice
paddies are particularly sensitive to temperature
and soil moisture. Emissions are significantly larger
at higher temperatures and with increased soil
moisture; conversely, a decrease in soil moisture
would result in smaller emissions. Higher temper-
atures could increase the emissions of methane at
high northern latitudes from decomposable organic
matter trapped in permafrost and methane hydrates.

As illustrated earlier, ice-core records show that
methane and carbon dioxide concentrations changed
in a similar sense to temperature between ice ages
and interglacials.

Although many of these feedback processes are
poorly understood, it seems likely that, overall, they
will act to increase, rather than decrease, greenhouse
gas concentrations in a warmer world.



Which gases are the most important?

We are certain that increased greenhouse gas
concentrations increase radiative forcing. We can
calculate the forcing with much more confidence
than the climate change that results because the
former avoids the need to evaluate a number of
poorly understood atmospheric responses. We then
have a base from which to calculate the relative
effect on climate of an increase in concentration of
each gas in the present-day atmosphere, both in
absolute terms and relative to carbon dioxide. These
relative effects span a wide range; methane is about
21 times more effective, molecule-for-molecule, than
carbon dioxide, and CFC-11 about 12,000 times more
effective. On a kilogram-per-kilogram basis, the
equivalent values are 58 for methane and about
4,000 for CFC-11, both relative to carbon dioxide.
Values for other greenhouse gases are to be found
in the full report.

The total radiative forcing at any time is the sum of
those from the individual greenhouse gases. We
show in the figure below how this quantity has
changed in the past (based on observations of
greenhouse gases) and how it might change in the
future (based on the four IPCC emissions scenarios).
For simplicity, we can express total forcing in terms
of the amount of carbon dioxide which would give
that forcing; this is termed the equivalent carbon
dioxide concentration. Greenhouse gases have
increased since pre-industrial times (the mid-18th
century) by an amount that is radiatively equivalent
to about a 50% increase in carbon dioxide, although
carbon dioxide itself has risen by only 26%; other
gases have made up the rest.

The contributions of the various gases to the total
increase in climate forcing during the 1980s is shown

SCIENTIFIC ASSESSMENT OF CLIMATE CHANGE

CARBON
DIOXIDE

CFCs
11 and 12

OTHER
CFCs

NITROUS
OXIDE

METHANE

The contribution from each of the human-made
greenhouse gases to the change in radiative forcing
from 1980 to 1990. The contribution from ozone
may also be significant, but cannot be quantified at
present.

above as a pie diagram; carbon dioxide is responsible
for about half the decadal increase. (Ozone, the
effects of which may be significant, is not included.)

How can we evaluate the effect of
different greenhouse gases?

To evaluate possible policy options, it is useful to
know the relative radiative effect (and, hence,
potential climate effect) of equal emissions of each
of the greenhouse gases. The concept of relative
Global Warming Potentials (GWP) has been
developed to take into account the differing times
that gases remain in the atmosphere.
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Increase in radiative forcing since the mid-18th century, and predicted to result from the four IPCC
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GLOBAL WARMING POTENTIALS

The warming effect of an emission of 1kg of each gas relative to that of carbon dioxide.
These figures are best estimates calculated on the basis of the present-day atmospheric composition

20yr 100yr 500 yr
Carbon dioxide 1 1 1
Methane (including indirect) 63 21 9
Nitrous oxide 270 290 190
CFC-11 4500 3500 1500
CFC-12 7100 7300 4500
HCFC-22 4100 1500 510

Global Warming Potentials for a range of CFCs and potential replacements are given in the full text

Time Horizon

This index defines the time-integrated warming
effect due to an instantaneous release of unit mass
(1kg) of a given greenhouse gas in today’s atmos-
phere, relative to that of carbon dioxide. The rela-
tive importances will change in the future as
atmospheric composition changes because, although
radiative forcing increases in direct proportion to
the concentration of CFCs, changes in the other
greenhouse gases (particularly carbon dioxide) have
an effect on forcing which is much less than
proportional.

The GWPs in the table above are shown for three
time-horizons, reflecting the need to consider the

cumulative effects on climate over various time-
scales. The longer time-horizon is appropriate for
the cumulative effect; the shorter time-scale will
indicate the response to emission changes in the
short term. There are a number of practical diffi-
culties in devising and calculating the values of the
GWPs, and the values given here should be con-
sidered as preliminary. In addition to these direct
effects, there are indirect effects of human-made
emissions arising from chemical reactions between
the various constituents. The indirect effects on
stratospheric water vapour, carbon dioxide and
tropospheric ozone have been included in these
estimates.

THE RELATIVE CUMULATIVE CLIMATE EFFECT OF
1990 MAN-MADE EMISSIONS
GWP 1990 Relative
(100 yr emissions contribution
horizon) (Tg) over 100 yr
Carbon dioxide 1 26000t 61%
Methane* 21 300 15%
Nitrous oxide 290 6 4%
CFCs Various 0.9 11%
HCFC-22 1500 0.1 0.5%
Others* Various 8.5%
*These values include the indirect effect of these emissions on other greenhouse gases via chemical
reactions in the atmosphere. Such estimates are highly model dependent and should be considered
preliminary and subject to change. The estimated effect of ozone is included under “others”.
The gases included under “others” are given in the full report.
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CHARACTERISTICS OF THE GREENHOUSE GASES

MAJOR LONG SOURCE

GAS CONTRIBUTOR? LIFETIME? KNOWN?

Carbon dioxide yes yes yes

Methane yes no semi-quantitatively

Nitrous oxide not at yes qualitatively
present

CFCs yes yes yes

HCEFCs etc. not at mainly no yes
present

Ozone possibly no qualitatively

The table indicates, for example, that the effective-
ness of methane in influencing climate will be greater
in the first few decades after release, whereas
emission of the longer-lived nitrous oxide will affect
climate for a much longer time. The lifetimes of the
proposed CFC replacements range from 1 to 40
years; the longer-lived replacements are still poten-
tially effective as agents of climate change. One
example of this, HCFC-22 (with a 15-year lifetime),
has a similar effect (when released in the same
amount) as CFC-11 on a 20-year time-scale; but

less over a 500-year time-scale.

Although carbon dioxide is the least effective green-
house gas per kilogram emitted, its contribution to
global warming, which depends on the product of
the GWP and the amount emitted, is largest. In the
example in the lower box on page 12, the effect over
100 years of emissions of greenhouse gases in 1990
are shown relative to carbon dioxide. This is illustra-
tive; to compare the effect of different emission pro-
jections we have to sum the effect of emissions made
in future years.

There are other technical criteria which may help
policymakers to decide, in the event of emissions
reductions being deemed necessary, which gases
should be considered. Does the gas contribute in a
major way to current, and future, climate forcing?
Does it have a long lifetime, so earlier reductions in
emissions would be more effective than those made
later? And are its sources and sinks well enough
known to decide which could be controlled in
practice? The table above illustrates these factors.

How much do we expect climate
to change?

It is relatively easy to determine the direct effect of
the increased radiative forcing due to increases in

greenhouse gases. However, as climate begins to
warm, various processes act to amplify (through
positive feedbacks) or reduce (through negative
feedbacks) the warming. The main feedbacks which
have been identified are due to changes in water
vapour, sea-ice, clouds and the oceans.

The best tools we have which take the above feed-
backs into account (but do not include greenhouse
gas feedbacks) are three-dimensional mathematical
models of the climate system (atmosphere ocean
ice land), known as General Circulation Models
(GCMs). They synthesize our knowledge of the
physical and dynamical processes in the overall
system and allow for the complex interactions
between the various components. However, in their
current state of development, the descriptions of
many of the processes involved are comparatively
crude. Because of this, considerable uncertainty is
attached to these predictions of climate change,
which is reflected in the range of values given;
further details are given in a later section.

The estimates of climate change presented here are
based on

i) the “best estimate” of equilibrium climate
sengitivity (i.e. the equilibrium temperature
change due to a doubling of carbon dioxide in
the atmosphere) obtained from model simula-
tions, feedback analyses and observational
considerations (see later box: “What tools do
we use...?"")

ii) a “box diffusion upwelling”” ocean atmosphere
climate model which translates the greenhouse
forcing into the evolution of the temperature
response for the prescribed climate sensitivity.
(This simple model has been calibrated against
more complex ocean atmosphere coupled GCMs
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