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Many previous reports have addressed the question of
climate change which might arise as a result of man's
activities. [n preparing this Scientific Assessment, Working
Group | ' has built on these. in particular the SCOPE 29
report of 1986 -, tuking 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 work'ing in the field have been involved.
One hundred and seventy scientists from 25 countries have
contributed to it. either through panicipalion in the twelve
international workshops'organised specially for the purpose
or through written contributions. A further 200 scientists
have been involved ‘in the peer review of the draft report.
Although. as in any developing scientific topic, there is a
minority of opinions which-we have not been able to
accommodate, the peer review has helped to ensure a high
degree of consensus amongst authors and reviewers
regarding the results presented. Thus the Assessment is an
authoritative statement of the views of the international
scientific community at this time.

The accompanying Policymakers’ Summary, based
closely on the conclusions of the Assessment: has been
prepared particularly-to meet the needs of those without a
strong background in science who need a clear statement of
!he présent status of scientific knowledge and the
associated uncertainties. '

f

! Organisational details of IPCC and 'Working Group [ are shown

, in Appendix 2. . )

* The Greenhouse Eftect. Climate Change and Ecosystems,
SCOPE 29: Bolin, B.. B. Diés. J. Jiger and R. A. Warrick
(Eds.). John Wiley and Sons, Chichester. [986.

The First Draft of the Policymakers Summary was
presented to the meeting of the Lead Authors of the
Assessment (Edinburgh, February 1990). and the Second
Draft which emanated from that meeting was sent for the
same wide’ peer feview ‘as the main report. including
nationally designated experts and the committees of
relevant international scientific progrdmmes. A Third Draft
incorporating a large number of changés suggested by peer-
reviewers was tabled at the final plenary meeting of
Working Group [ (Windsor. May 1990) at which the Lead
Authors of the main report were present, and the final
version was agreed at that meeli_ng.

It gives me pleasufe to acknowledge the contributions of
so many. in particular the Lead Authors, who have given
freely of their expertise and time to the preparation of this
report. All the modelling centres must be thanked for
providing data so readily for the model intercomparison. |
also acknowledge the contribution of the core team at the
Meteorological Office in Bracknell who were responsitie
for organising most of the workshops and preparing the
report. Members of the team were Protfessor Cao Hong-
Xing from China. Dr Reindert Haarsma from The
Netherlands. Dr Robert Watson from the USA. and Dr John
Mitchell. Dr Peter Rowntree. Dr Terry Callaghan. Chris
Folland. Jim Ephraums. Shelagh Vamey. Andrew Gilchris:
and Aileen Foreman from the UK. Particular
acknowledgment is due to Dr Geoff Jenkins. the
Coordinator.of Working Group I who led the team. Thanks
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Preface

The Intergovernmental Panel on Climate Change (IPCC) -
was jointly established by our two organisations 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 greenhouse 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.

(i) formulating realistic response strategies for the
management of the climate change issue. '

The Panel began its task by establishing Working Groups 1.
11 and 11 respectively to: '

(a) assess available scientific information on climate
change. ' ’

{b) assess environmental and socio-economic impacts of
climate change. ' :

(¢) formulate response strategies.

It also established a Special Committee on the Parﬁcipation
of Developing Countries 1o promote. as quickly as possible,
the full participation of developing countries in its
activities. _ L

This volume is based upon the findings of Working
Group L. and 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 3 Working
Groups and the Special Committee. and the [PCC 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. They have produced a
volume of remarkable depth and breadth. and a
Policymakers Summary which translates 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
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are also due to the Dr Sundararaman and thé-1PCC
Secretariat in Geneva. Financial support for the Bracknell
core team was provided by the Departments of the
Environment and Energy in the UK.

1 am confident that the Assessment and its Summu'ry will
p'rovidc the necessary firm scientific foundaton for the

Forewaord

forthcoming discussions and negotiations on - the
appropriate strategy. tor response and action regarding the
1ssue of climate change. [t is thus. | believe, a signiticant
step forward in mceling what is potentially the greatest
global environmental challenge tacing mankind.

T T

" Dr John Houghton

Chairman, IPCC Working Group |

Meteorological Office
Bracknell '
July 1990
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£XECUTIVE SUMMARY

1

!

We are certain of the following:

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

. emissions resulting from human activities are
substantially increasing the atmospheric concen-
(rations 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 res-
ponsible for over half the enhanced greenhouse effect
in the past, and is likely to remain so in the future.

. armospheric concentrations of the long-lived gases
(carbon dioxide. fitrous 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 stabilise at a given level.

« the long-lived gaseé would require immediate
reductions in emissions from human activities of

over 60% to stabilise their concentrations at today's

levels: methane would require a 15-20% reduction.

Based on ¢urrent 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 un'unccrmlhly r;if\gc of
0.2°C 10 0.57C per decade): this is greater than that
seen over the past 10,000 vears. This will result in a
likely increase in global mean temperature of ubout
1”C above the present value by 2025 and 2°C before ]
the end of the next century. Thesrise will not he
steady because of the influence of other factors.

under the other [PCC cmission scenarios which

assume progressively increasing levels of controls,

rates of increase in global mean temperature ot about

0.2°C per decade (Scenario B). just above 0.1°C per
decade (Scenario C) and about 0.1°C 'pcr 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 prediction of
the detail of regional changes is low. For exafmple.
temperature increases in Southern Europe and central
North America are predicted to be higher than the
global mean. accompanied on average by reduced
summier 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 6¢cm per decade over the next century

(with an uncentainty 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.
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There are many uncertainties in our predictions
parmularlv with’ regard to the timing, magnitude and
regional patterns of climate change. due to our
incomplete understanding of:

+ ~ources and sinks of greenhouse gases. which aftect
predictions of future concentrations.

+ clouds. which strongly influence the magnitude of

climate change.

+ occans. which influence the timing and pdnems ol
climate change.

« polar ice sheets which affect predictions of sea level
rise. :
- "
These processes are already: partially ‘'understood. and we
are confident that the uncértainties can be reduced by
turther research. However. the complexity of the iyslem
means that we cannot rule out surprises.

Qur judgement is that:

+ Global - mean surface air temperature has increased
by 0.3°C 10 0.6°C over the last 100 years, with the
five global-average 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.

« The size of this warming is broadly consistent with

predictions of climate models. but it i1s also of the .

same. magnitude as natural climate variability. Thus
the observed increase could be largely due to this
natural variability: alternatively this variability and
other human factors could have offset a still larger
-human-induced greenhouse warming. The uneg-

CPoticvmabers Nty

uivocal detection of the enhanced greenhouse effiet
from observations is not likely for 4 decade or more,

« There s no firm evidence that climate has become
more varigble over the last few decades. However,
with an increase in the mean temperature., episodes of
high temperatures will most likely become more
trequent in the future.
frequent.

and cold episodes less

.+ Ecosystems affect ¢limate. 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 etficiency of water use of vegclulibn. The ettect
of warming on biological processes. ullhéugh poorly
understood. may increase the atmospheric
concentrations of natural greenhouse gases.

To improve our predictive capability, we need:

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

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

+ to develop improved models of the Earth's climate
“system. : ;.

* lo increase support for national and international
climate research activities. especmll) ln developing
countries.

« 1o facilitate intemmational exchange of climate data.
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lntroduction: what is the issue ?

There is coneem that human activities may, be madvertently

changing the climate ot the globe through the enhanced

reenhouse effect. h\ past and continumg emissions of

I\

vases which will cause the
- popularly

emperature ot the Earth’s surface o incréase
It this occurs. consequent

rermed the “global warming”.
changes may have a .\'ignit_'icunl IMPact on society.

The purpuse of the Working Group | report. as
Jdetermined by the first meeting of IPCC. is 1o provnde a

scientific assessment of;

1} the factors which may affect cimate change during
the next century. especially those which are due to
human activity. '

2) the responses of the atmosphere
system.

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

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

- ocean - land - ice

On the basis of this assessment. the report presents current
knowledge regarding predictions of climate change (incl-

next century. the timing of changes together with an
assessment of the uncertainties associated with these
predictions. _

This Policymakers Summary aims to bring out those
clements of the main report which have the greatest
relevance 1o policy formulation, in answering the following
yuestions:

+  What tactors determine global climate?

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

+  Which gases are the most 1mponanl’

+  How much do we expect the climate to change?

« How much confidence do we hdve
predictions? .

*  Will the climate of the future be very different ?

* Have human acuvmes already begun to change
global climate?

* How much will sea level rise?

*  What will be the effects on ecosystems?

.+ What should be done to reduce uncertainties. and

* how long will this take?

in our

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

it

have been aSked to provide their best-estimates
wherever possible. together with an assessment ot the
uncertainmies,

This reportis a summary of our understanding in 1990,

“Although continuing research will deepen this under-

standing and require the report (o be updated at tfrequent
intervals. basic conclusions concerning the reality ol the

“enhanced greenhouse effect and its potential o alter global

climate are unlikely to change signiticantly. Nevertheless.
the complexity of the system may give rise o surprises.

What factors determine global climate ?

There are many factors. both natural and of 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 tor 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
uding sea level rise and the etfects on ecosystiems) over the -

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 oulgo_ing radiation from the

Earth and atmosphere: this terrestrial radiation takes the

form of long-wave invisible infrared 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 longwave infrared 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 /ll-,lyear solar cycle. and longer period changes
may also occur. Slow. variations in the Earth's orbit affect
the seasonal and latitudinal distribution of solar radiation:
these were probably responsible for initiating the ice ages.

One of the most important factors is the greenhouse
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.
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Figure 1: A simplified diagram illustrating the greenhouse etfect.

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 troposphere (the lowest 10-15km of
the atmosphere) and stratosphere.

Aerosols (small particles) in the atmosphere can also
affect climate because they can refiect and absorb radiation.
The most important natural penurballons result from
explosive volcanic eruptions which affect con- -centrations
in the lower stratosphere. Lastly. the climate has its own
natural variability on all timescales and changes occur
without any external influence.

'
!

How do we know that the natural greenhouse effect is
real?
The grecnhouse effect is real; it is a well understood effect,
based: on established scientific principles. We know that the
greenhouse effect works i 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 earlh) 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 demonstrate 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 (see Figure 2). Although we do not know the

" details of cause and effect. calculations indicate that

changes in these greenhouse gases 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 chloro-
fluorocarbons (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. Slriclly this is an enhanced
greenhouse effect - above that occurring due to natural

" gréenhouse 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 1o rise: these are discussed in more detail later.
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Figure 2: 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 concentrations of carbon diolxide are indicated
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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 mdy act to lower temperatures. Las(ly changes in
ozone in the stratosphere due to CFCs may also mﬂuence
climate.

What are the greenhouse gaseés 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 Ihuman activities. Table 1 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 hunum
saurces. while the chloralluorocarbons are only produced
industrially. .

Two important greenhouse guses. water vapour and
ozone. are not included in this table . Water vapour has the
largest greenhouse etfect. but its concentration i the
troposphere is determined internally within the climate
svstem. and. on a global scale. is not affected by human
sources and sinks. Water vupour will increase in response
to global warming and turther enhance it this process is
included 1in climate models. The concentration of ozone 18
chunging both in the stratosphere and the troposphere due
10 human activities. but 1t is ditficult to quanuty the
changes from present observations. . '

For a thousand years prior to the mduﬂndl revolution,
abundances of the greenhouse gases were relatively
constant. However, as the world's-population increased. as
the world became more industrialized and as ugficullure
developed, the abundances of the greenhouse gases
increased markedly. Figure 3 illustrates this for carbon
dioxide. methane. nitrous oxide and CFC-11.

Since the industrial revolution the combustion of tossii
fuels and deforestation have led to an increase of 26% n
carbon dioxide concentration in the ulhosphere, We know
the magnitude of the present day fossil-fuel source. but the
input from deforestation cannot be estimated accurately. [n
addition. although about half of the emitted carbon.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 chlorotluorocarbons, 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 ventilation 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
hkely that agncullure plays a part.

" The effect of ozone on climate is strongest in lhe upper
troposphere and lower stratosphere. Model calculations
indicate that ozone in the uppgr troposphere should have
increased due to human-made emissions of nitrogen oxides.
hydrocarbons and carbon monoxide. While at ground leve!
ozone has increased in the Northern Hemisphere in
response to these emissions, observations are insutficient to
confirm the expected increase in the upper troposphere.
The lack of adequate observations prevents us from
accurately quantifying the climatic effect of changes in
lropos;ﬁheric ozone.
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Table 11 Summary of Kex Greenhouse Gases Affected by Hunwon Acivines
Carbon Methane CFC-11 CFC-12 Nitrous
Dionide ' Oxide
Almospheric coneentration ppimy C o ppmv ppty ppty ppbv
Pre-industrial (1 730- 1800 280 0 0 0 28N oo
Present day ¢ 199(h 151 1.72 2X0 %4 Mo
Current rate of change per year 1% 0.018 9.5 17 n.x
(0.5%) (0.9%) (4% ) 4% 102544
Atmospheric lifetime wyearsy  (50-200)% 10 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: reter to

the main repon for turther discussion.
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Figure 3: Concentrations of carbon dioxide and methane after remaining relatively constant up to the 18th century. have risen shamply
since then due to man’s activities. Concentrations of nitrous oxide have increased since the mid- {8th century. especially in the last few

decades. CFCs were not presém in the atmosphere before the 1930s.



M ey

n
////4

gr——

2000

n sharply
o last few

; TR Iz
podicymdhers N .

5 100% 1990 (a)
E_ EMISSIONS
& 500
'z
Q !
<
S (b)
2 s00
3 50% of 1990
z EMISSIONS
Ao a
O
~N
8_300 T T M T M T v T v
1980 2000 2020 2040 2060 2080 -2100

YEAR

Figu

>
E
a
2 500 - 2% pa DECREASE
> FROM 2010
(]
= | (d)
<
[+ 4
Z 400 |
w {c)
4 2% pa DECREASE
8 - FROM 1990 1
" .
O 300 —T 7T — T
1980 2000 2020 2040 2060 2080 -2100

YEAR

re 4: The relationship between hypothetical fossil fuel emissions of carbon dioxide and its concentration in the atmosphere is

" chown in the cise where o emissions continue at 1990 levels, (by emissions are reduced by S0% in 1990 and continue at that level.

5

(¢} emissions are reduced by 29 pa from 1990, and (d) emissions. after increasing by 2% pa until 2010, are then reduced by 2% pa

thereatter.

In the lower s'lrulosphere at high southem 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. :

Concentrations, lifetimes and stabilisation of the gases

[n order to calculate the atmospheric concentrations of
carbon dioxide which will’ result from human-made
cmissions we use computer models which incorporate
details of the emissions and which include representations
'of the transfer of carbon dioxide between the atmosphere.
oceins and terrestrial biosphere. For the other greenhouse
. gases. models which incorporate the effects of chemical
“réactions in the atmosphere are emploved.

The atmospheric lifetimes of the gases are determined by
their sources and sinks in the oceans. atmosphere and
biosphere. Carbon dioxide, chlorotluorocarbons-and nitrous
oxide are removed only slowly from the atmosphere and
hence: following a change in emissions. their atmospheric
concentrations take decades to centuries to adjust tully.
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 etfect of hypothetical changes in carbon dioxide
fossil fuel emissions is shown in Figure 4: (a)-continuing
global emissions at 1990 levels: (b} halving of emissions in
1990: (¢) reductions.in emisstons of 2% per year (pa) from
1990 and (d) a 2% pa increase from 1990-2010 followed by
a 2% pa decrease from 2010. N

Continuation of present day emissions are committing us

to increased future concentrations. and the longer emissions’
continue to increase. the greater would reductions have to
be to stabilise at a given level., If there are critical
concentration levels that should not be exceeded. then the
carlier emission reductions are made the more effective
they are.

The term "atmospheric stabilisation” 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
stabilise at present day concentrations. for example. is
shown in Table 2. For most gases the reductions would
have to be substantial:

How will greenhouse gas abundances change in the
future?

We need 1o know future greénhouse gas concentrations 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 conditions may
influence the bi_osbher.ic 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”
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Table 2: Siubilivation of Aimaspheric Concentrations.

required o stahilise concentrations at present duy levels:

Potdicymakers Nuriniadry

Redictions in the hieman-made emissions f erecnhonse casey

Greenhouse Gas Reduction Required

Carbon Dioxide . >H04

Methane 15 - 20%
Nitrous Oxide ' 700 - RO%
CFC-11 70 - TAG%
CFC-12 o 75 - RS%
HCFC-22 . ‘ 10 - S0%

Note that the stabilisation of each of these yases would have different eftects on climate,

as explained in the pext section.

Four scenarios_of future human-made emissions were
developed by Working Group {11. The first of these
assumes that few or no steps are taken to limit greenhouse
gas emissions. anid 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 [I1
resulted in global emissions 10-20%-higher than in the BaU
scenario). The other three scenarios assume that pro-
gressively increasing levels of controls reduce the growth
of emissions; these are referred to as scenarios B.C.and D.
They are brietly described in the Annex to this summary.
Future concentrations of some of the greenhouse gases
which' would arise from these emissions are shown in
Figure 5. '

Greenhouse gas feedbacks
Some of the possible feedbacks which could significantly
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 photosynthesis, 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 abundances 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 atﬁosphe_ric carbon dioxide remains to be
quantified. ‘

If the oceans become warmer, their net uptake of carbon
dioxide may decrease ‘because of changés

in (i) the

chemistry of carbon dioxide in seawater: (in biological
a;livily in surface waters. and (iii) the rate of exchange of’
carbon dioxide betwéen the surtace layers and the deep
ocean. This last depends upon the rate of formation of deep
water in’ the occan which. in the North Atlantic tor,
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 temperatures could increase the

emissions of methane at high northern latitudes trom
decomposable organic matter trapped in permafrost and '
methane hydrates. . j

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

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

Which gases are the most important?

We are certain that increased greenhouse gas con-
centrations 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 etfects
span
effective. molecule-for-molecule, than carbon dioxide. and
CFC-11 about 12.000 times more effective. On a kilogram-

a wide range: methane is about 21 times more |

- v
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Figure 5: Atmospheric concentrations of carbon dioxide.
methane and CFC-11 resulting from the four [IPCC emissions
scenarios

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 Section 2.

The total radiative forcing at any time is the sum of those
from the individual greenhouse gases. We show in Figure 6

Vi

how this quantity has changed in the past thased on
abservations of greenhouse g;-lsc.\') and how it might change
in the tuture (based on the four IPCC emissions scenirios,
For simplicity, we can express total torcing in terms ol the
amount of carbon dioxide which would give that forcing:
this s termed the equivalent carbon dioxide conc-
entration. 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 itselt 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 as a
pie diagram in Figure 7. carbon dioxide is responsible tor
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 dccount the
differing times that gases remain in the atmosphere. .

This index defines the time-integrated warming effect
due to an instantaneous release of unit mass (| kg) of a
given greenhouse gas in today’s atmosphere. relative to that
of carbon dioxide. The relative 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 (parliculhrly carbon dioxide) have an effect on
forcing which is much less than proportional.

The GWPs in Table 3 are shown for three time horizons.
reflecting the need to consider the cumulative etfects on
climate over various time scales. The longer time horizon is
appropriate for the cumulative effect; the shorter timescale
will indicate the response to’emission changes in the short
term. There are a number of practical difficulties in
devising and calculating the values of the GWPs. and the
values given here should be considered 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 trop-
ospheric ozone have been included in these estimates.

Table 3 indicates, for example. that the effectiveness 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 | to 40 years; the longer lived replacements are
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'Figure 7. The contribution from each of the human-made
sreenhouse gases to the change in radiative forcing from 1980 10
1990. The contribution from ozone may also be significant. but
cannot be quantified at present. ' :

still potentially effective as agents of climate change. One
example of this. HCEC-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. : - _

Table 3 shows carbon dioxide to be the least effective
greenhouse gas per kilogramme emitted. but its con-
wribution to global warming, which depends on the product
of the GWP and the amount emitted. is largest. In the
example in Table 4. the effect over 100 years of emissions

of greenhouse gases in 1990 are shown relative to carbon
dioxide. This is illustrative: to compare the effect’ of

_ different emission projections 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 red-
uctions being deemed necessary. which gases should be
considered. Does the gas contribute in a major way fo’
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 praclicé'.’ Table § 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 negat'ive 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 feedbacks:
into account (but do not include greenhouse gas feedbacks)

-are three-dimensional mathematical models of the climate

system (almosphere-ocean-icé-land). known as General
Circulation Models (GCMs). They synthesise 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 ure_c'omparalively crude. Becuuse
of this. considerable uncertainty is attached to these
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_Nitrous oxide 270 o0 3
CEC-11 4500 00 o
CFC-1= 7100 7300 o
HCFC-22 100 o o

Glo.bul warming Potentials tor a range of CFCs and potential replacements are given in the full text.

Table 4 The Relative Cumulative Climate Effect of 1990 Mun-Made Emissions

GWP

1990 emissions

Relative contribution

(100yr horizon) (Tg) over 100vr
Carbon dioxide I 26000+ 61%
Methane* | 300 15%
Nitrous oxide 290 6 1%
CFCs Various 0.9 1%
HCFC-22 1500 0.1 0.5%
Others* Various R.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.

26 000 Tg (teragrams) of carbon dioxide = 7000 Tg (=7 Gu) of carbon

B

Table 5 Characteristics of Greenhouse Gases

GAS MAJOR CONTRIBUTOR? LONG LIFETIME? SOURCES KNOWN?
Carbon dioxide yes yes ye.s

Methane yes no semi-quantitatively
Nitrous oxide not at present yes qualitatively -

CFCs ves ves yes

HCFCs, etc not at present mainly no yes

Ozone possibly no " qualitatively




v

predictions of climate change. which is retlected in the

range of values given: turther details are given in a later -

\LLllﬂn .
The estimates of LlllT\dlL change pru\.nlx.d here are based
on

) the “hest-estimate” of equilibrium climate sensitivity.
(i.c the cquilibrium temperature change due to a
doubling df carbon dioxide in the atmosphere)
obtained from model simulations. teedback analyses
and observational considerations (see later box:
"What tools do we use?")

i) a "box-diffusion-upwelling” ocean-atmosphere clim-
ate model which translates the greenhouse forcing
into the evolution of the temperature response for the
prescribed climate sensitivity. (This simple model has

" been calibrated aumsl more complex atm-osphere-
ocean coupled GCMs for situations where the more
complex models have been run).

. How quickly will global climate change?

" a. If emissions follow a Business-as- Usnal pattern

Under the IPCC Business-as-Usual (Scenario A) emissions
of greenhouse gases. the average rate of increase of global
mean temperature during the next cen(ury is estimated to be
about 0.3°C per decade (with an uncertainty range of 0.2°C
10 0.5°C). This will result in a likely increase in global
mean temperature of about 1°C above the present value
(about 2°C above that in the pre-industrial period) by 2025
and 3°C above today's (about 4°C above pre-industrial)

betore the end of the next century.
!

Poticvmakers Nammary

The projected temperature rise out W the year 2100, with
high. low and best-estimate climate responses, i~ shown in
Figure ¥. Because of other factors which intluence climate.
we would not expect the rise to be a steady one.

The temperature rises shown above are realised temp-
eratures: at any time we would also be committed to a
further temperature rise toward the equilibrium temperature
(see box: "Equilibrium and Realised Climate Change™. For

the BaU “best-estimate” case in the year 2030, for example.”
4 further 0.9°C rise would be expected. about 0.2°C ot

which would be realised by 2050 (in addition to changes

due to further greenhouse gas increases): the rest would

become apparent in decades or centuries.
] Even if we were able to stabilise emissions of each of the
greenhouse gases at present day levels from now on. the
lemperulur'e is predicted to rise by about 0.2°C per decade
for the first few decades.

* The global warming will also lead to increased global

- average precipitation and evaporation of 4 few percent by

’030 Areas of sea-ice and snow are expected o diminish.

b. If emissions are subject to controls

Under the other IPCC emission scenarios which assume
progressively mcreasmg levels of controls, average rates of
increase in global mean temperature over the next century
are estimated 1o be 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). The results are illustrated in
Figure 9. with the Business-as- Usual case shown for
comparison. Only the best-estimate of the temperature rise
is shown in each case.
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Figure 8: Simulation of the increase, in global mean temperature from 1850-1990 due to observed increases in greenhouse gases. and
predictions of the rise between 1990 and 2100 resulting from the Business- as- Usual emissions.
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for comparison.

The indicated range of uncertainty in global temperature
rise given above reflects a subjective assessment of
uncertainties in the calculation of climate response, but
does not include those due to the transformation of
emissions to concentrations, nor the effects of greenhouse
gas feedbacks.

What will be the patterns of climate change by 2030?
Knowledge of the global mean warming and change in

precipitation is of limited use in determining the impacts of '

climate change, for instance on agriculture. For this we
need to know changes regionally.and seasonaily.

Models predict that surface air will warm faster over
lund than over oceans, and a minimum of warming will
occur around Antarctica and in the northem North Atlantic

_region.

There are some continental-scale- changes which are

consistently predicted by the highest resolution models and,

for which we understand the physical reasons. The
warming is predicted to be 50-100% greaier than the global
mean in high northern latitudes in winter, and substantially
smaller than the global mean in regions of sea-ice in
summer. Precipitation is predicted 10 increase on average in
middle and high latitude continents in winter (by some 5 -
10% over 35-55°N). ' '
Five regions, each a few million square kilometres in

area and representative of different climaiological regimes,

were selected by IPCC for particular study (see Figure 10).
In the box (over page) are given the changes in
lemperature, precipitation and soil moisture, which are
predicted to occur by 2030 on the Business-as-Usual
scenario, as an average over each of the five regions. There

\

may be considerable variations within the regions. In
general, confidence in these regional estimates is low,
especially for the changes in precipitation and soil
moisture, but they are examples of our best estimates. We
cannot yet give reliable regional predictions at the smaller
scales demanded for 1mpacts assessments.

How will climate extremes and extreme evenis change?

.Changes in the variability of weather and the frequency of

extremes will generally have more impact than changes in
the mean climate at a particular location. With the possible
exception of an increase in the number of intense showers. -
there is no clear evidence that weather variability will
change in the future. In the case of temperatures, assuming
no change in variability. but with a modest increase in the
mean, the number of days with temperatures above a given
value at the high end of the distribution will increase
substantially. On the same assumptions, there will be a
decrease in days with temperatures at the low end of the
distribution. So the number of very hot days or frosty
nights can be substantially changed without any change in
the variability of the weather. The number of days with a
minimum threshold amount of soil moisture (for viability
of a certain crop, for example) would be even more
sensitive to changes in average precipitation and
evaporation.

If the large-scale weather regimes. for instance
depression tracks.or anticyciones, shift their position. this
would effect the variability and extremes of weather at a
particular location, ‘and could have a major effect..
However, we do not know if, or in what way, this-will

~ happen.



\ - . .
IEUTA ) : . Puediconakers Nean

ESTIMATES FOR CHANGES BY 2030 R |

"

(IPCC Busmess-as-Usual seenanio: changes {rom pre-industriab)

The numbers given helow are hased o high resolution modets. wiled 1o he consistent-with our best estimate of
clobal mean warming of 1LY Chy 3130 For values consistent with other estimates of global temperature rise. the
numbers betow should be reduced by 3044 for the low estimate or increased by 30% for the high estimate.

+ Precipitation extimates are also scaled in a similar way. '

Confidence in these regional estimates is low

Central North America (35°-50°N 85°-105°W)
The wurming varies from 2 to 4°C in winter and 2 to 3°C in summer. Precipitation increases range [rom 0 to |5%
in winter whereas there are decreases of § to 10% in summer. Soil moisture decreases in summer by 1510 20%.

Southern Asia (5°-30°N 70°-105°E)
The warming varies from | to 2°C throughout the vear. Precipitation changes little in winter and generally increases
throughout the region by 3 10 13% in summer. Summer soil moisture increases by 5 to [0%. '

Sahel (10°-20°N 20°W-40°E)

The warming ranges from 1.to 'C. Area mean precipitation increases and area mean soil moisture decreases
marginally in summer. However. throughout the region. there are areas of both increase and decrease in both
parameters throughout the region.

Southern Europe (35°-50°N 10°W-45°E) _
The warming is about 2°C in winter and varies from 2 to 3°C in summer. There is some indication of increased
precipitation in winter. but summer precipitation decreases by 510 15%. and summer soil moisture by 15 t0 25%.

Australia (12°-45°S 110°-115°E)

The warming ranges from | to 2°C in summer and is about 2°C in winter. Summer précipitation increases by
around 10%. but the models do not produce Consistent estimates of the changes in soil moisture. The area averages
hide large variations at the sub-continental level. ' '

o teaa -

Figure 10: Map showing the locations and extents of the five areas selected by IPCC
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WHAT TOOLS DO WE LSE TO PREDICT FUTURE CLIMATE, AND HOW DO WE USE THEM?

e ol

' The most highly developed tool which we have to predict tuture climate is known as a general circulation model
~¢L the '

or GCM. These models are based on the laws of physics and use descriptions in simplified physical terms (called

pﬂdmelermuons) of the smaller-scale processes such as those due to clouds and deep mixing in the ocean. Ina

- .limate model an atmospheric component. essentially the same as a weather prediction model. is coupled o a

" mode] of the ocean, which can be equally complex.

Climate forecasts are derived in a different way from weather forecasts. A weather prediction model gives a des-

cription of the atmosphere’s state up to 10 days or so ahead. starting from a detailed description of an initial state

of the atmosphere at a given time. Such toreusls describe the movement and development of large weather svstems,

0 _| SG ) though they cannot represent very small scale phenomena: for example. individual shower clouds.

() .

e To make a climate forecast. the climate model is first run for a few (simulated) decades. The statistics of the
model's output is a descnpuon of the model's simulated climate which. if the model is a good one, will bear a

close resemblance to the climate of the real atmosphere and ocean. The above exercise is then repeated with

increasing concentrations of the greenhouse gases in the model. The differences between the statistics of the two

" simulations (for example in mean lemperature and interannual vanablhty) provide an estimate of the accompany-
ing climate change.

INCTEAses

o | The long term change in surface air temperature following a doubiing of carbon dioxide (referred to as the
th _ climate sensitivity) is generally used as a benchmark to compare models. The range of results from model studies
is 1.9 to 5.2°C. Most results are close to 4.0°C but recent studies using a more detailed but not necessarily-more

accurate répresentation of cloud processes give results in the lower half of this range Hence the models results do

not justify altering the prevnously accepted range of 1.5t04.5°C.

ased
3 I5Gk : ' Although scientists are reluctant to give a single best estimate in this range, it is necessary for the presentation of
climate predictions for a choice of best estimate to be made. Taking into account the model results. together with
observational evidence over the last century which is suggestive of the climate sensitivity being in the lower half of
W the range. (see section: "Has man already begun to change global climate?”) a value of climate sensitivity of 2.5°C
- has been chosen as the best estimate. Further details are given in Section 5 of the report.
verages

In this Assessment, we have also used much simpler models, which simulate the behaviour of GCMs. to make
predictions of the evolution with time of global temperature from a number of emission scenarios. These so-called
box-diffusion models contain highly simplified physics but give similar results to GCMs when globally averaged.

A completely different, and potentially useful, way of predicting patterns of future climate is to search for periods
in the past when the global mean temperatures were similar to those we expect in future, and then use the past
spatial patterns as analogues of those which will arise in the future. For a good analogue, it is also necessary for
the forcing factors (for example, greenhouse gases, orbital vanations) and other conditions (for example. ice cover,
topography, etc.) to be similar; direct comparisons with climate situations for which these conditions do not apply
cannot be easily interpreted. Analogues of -future greenhouse-gas-changed climates have not been found.

We cannot therefore advocate the use of palaeo-climates as predictions of regional climate change due to future
increases in greenhouse gases. However, palaeo-climatological information can provide useful insights into clim-
ate processes, and can assist in the validation-of climate models.

Will storms increase in a warmer world?

Storms can have a major xmpact on socxety Will their -

frequency, intensity or location increase in a warmer
world?

Tropical storms, such as typhoons and hurricanes. only
develop at present over seas that are. warmer than about
2%° ) .
26°C. Although the ‘area of sea having temperatures over

i lh¥sl cntical value will increase as the globe warms, the
¢ritical temperature itself may increase in a warmer world.

Although the theoretical maximum intensity is expected to
increase with temperature, climate models give no con-
sistent indication whether tropical storms will increase or
décrease in frequency or intensity as climate changes:
neither is there any evidence that this has occurred over the
past few decades. :
Mid-latitude storms, such as those which track across
the North Atlantic and North Pacific. are driven by the
equator-to-pole temperature contrast. As this contrast will
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EQUILIBRIUM AND REALISED CLIMATE CHANGE
’ ‘ +
When the radiative forcing on the earth-atmosphere system is changed. for example by increasing greenhouse gis
concentrations. the atmosphere will try fo respond by warming) immediately. But the atmosphere is closely
coupled to the oceans. so in order tor the air to be warmed by the greenhouse etfect. the oceans also have 1o be
warmed: because of their thermal capacity this takes decades or centuries. This exchange of heat between atmos-
phere and ocean will act to slow down the temperature rise forced by the greenhouse effect.

. In a hvpothetical example where the concentration of greenhouse gases in the atmosphere. tollowing a period of

constancy. rises suddenly to a new level and remains there. the radiative forcing would also rise rapidly to a new

level. This increased radiative forcing would cause the atmosphere and oceans to warm. and eventually come to

a new, stable, temperature. A commitment to this equilibrium temperature rise is incurred as soon as the green-
house gas concentration changes. But at'any time before equilibrium is reached. the actual temperature will have
risen by only part of the equilibrium temperature change, known as the realised temperature change.

Models predict that, for the present day case of an increase in radiative forcing which i1s approximately steady. the
realised tlemperature rise at any time is about 50% of the committed temperature rise if the climate sensitivity (the
response to a doubling of carbon dioxide) is 4.5°C and about 80% if the climate sensitivity is 1.5°C. If the forcing
were then held constant, temperalures would continue to rise slowly, but it is not certain whelher it would uke
decades or cenlunes for most of the remaining rise to equnhbnum to occur.
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probably be weakened in a warmer world (at least in the
Northem Hemisphere), it might be argued that mid-latitude
storms will also weaken or change their tracks, and there is
some indication of a general reduction in _day-to-day
variability in the mid-latitude storm tracks in winter in
model simulations, though the pattern of changes vary from
model to model. Present models do not resolve smaller-
scale disturbances, so it will not be possible to assess

changes in storminess until results from higher resolution

‘models become-available in the next few years.

Climate change in the longer term

The foregoing calculations have focussed on the period up
to the year 2100; it is clearly more difficult to make
calculations for years béyond 2100. However. while the
timing of a predicted increase in global temperatures has
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eventt hat have been extended bevond 10O vears

llcululions 1
suggest that.
climate forcing.
pean circulation.
deep water formation.

with continued increases in greenhouse
here could be signiticant changes in the
including a decrease in “North Atlantic

influence future climate
vanations in the output_ of solar energy may also affect
climate. On a decadal time-scale solar variability and
changes In greenhouse gas concentration could give
changes of similar magnitudes. However the variation in
colar intensity changes sign so that over longer time-scales
the increas
jimportant. Aerosols as a result of volcanic eruptions can
lead to a cooling at the surface which may oppose the
greenhouse warming for a few years following an eruption.
Again. over longer periods the’ zreenhouse warming is
likely to-dominate.

Human activity is leading to an increase in aerosols in
the lower atmosphere. mainly from sulphur emissions.
These have two effects, both: of which are difficult to
quannfy but which may be significant particularly at the
regional level. The first is the direct effect-of the aerosols
on the radiation scattered and absorbed by the atmosphere.
The second is an indirect effect whereby the aerosols affect
the microphysics of clouds leading to an increased cloud
reflectivity. Both these effects might lead to a.significant
regional cooling: a decrease in emissions of sulphur might

- be expected to increase global temperatures.

Because of long-period couplings between different
components of the climate system, for example between
ocean and atmosphere, the Earth's climate would still vary
without being perturbed by any external influences. This
natural variability could act to add to. or subtract from.
any human-made warming; on a century time-scale. this
would be less than changes expected from greenhouse gas
increases. .

How much confidence do we have in our predictions?

Uncertainties in the above climate predictions arise from.

our imperfect knowledge of:

future rates of human-made emissions _
how these will change the atmospheric con-
centrations of greenhouse gases’

the response of climate to these changed con-
centrations '

. \
Firstly. it is obvious that the extent to which climate will
change depends on the rate at which greenhouse gases (and
other gases which affect their concentrations) are emitted.
This in wen wi be determined by various complex

re certain. Furthermore. some model’

es in greenhouse gases are likely to be more.

v

cconomic and sociological tuctors, Scenarios of tuture
¢missions were generated within (PCC WG] ';md Are
described in the Annex to this Summury.

Scecondly. because we do not tully understand the
sources and sinks of the greenhouse guses. there are
uncertainties in our caleulations of future concentrations
arising from a given emissions scenario. 'We have used a
number of models to calculate concentrations and chosen a |
best estimate for each gas. In the case of carbon dioxide,
for example. the concentration increase between 1990 and
2070 due to the Business-as-Usual emissions scenario
spanned almost a tactor of two between the highest and
lowest model result (corresponding to a range in radiative
forcing change of about 50%).

Furthermore. because natural sources and sinks of
greenhouse gases are sensitive to a change in ciimu_lc. they
may substantially modify future concentrations (see earlier -
section: "Greenhouse gas feedbacks™). [t appears that. as
climate warms, these feedbacks will lead to an overall
increase, rather than decrease. in natural greenhouse gas
abundances. For'this reason. climate change is likely to be
greater than the estimates we have given.

Thirdly, climate models are only as good as our
understanding of the processes which they describe, and
this is far from perfect. The ranges in the climate
predictions given above reflect the uncertainties due to
model impertections; the largest of these is cloud feedback
(those factors affecting the cloud amount and distribution
and the interaction of clouds with solar and terrestrial
radiation), which leads 1o a factor of two uncertainty in the
size of the warming. Others arise from the transfer of
energy between the atmosphere and ocean, the atmosphere
and land surfaces. and between the upper and deep layers
of the ocean. The treatment of sea-ice and convection in the
models is also crude. Nevertheless, for reasons given in the
box overleaf, we have substantial confidence that models
can predict at least the broad-scale features of climate
change. '

Furthermore, we must recognise that our imperfect
understanding of climate processes (and corresponding
abitity to model them) could make us vulnerable to
surprises: ‘just as the human-made ozone hole over
Antarctica was entirely unpredicted. In particular, the ocean
circulation, changes in .which are thought to have led 10
periods of comparatively rapid climate change at the end of

“ the last ice age. is not well observed, understood or

modelled.

Will the climate of the future be very different?

When considering future climate change, it is clearly
essential to look at the record of climate variation in the
past. From it we can learn about the range of natural
climate variability, to see how it compares with what we
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(_'()SFII)F,.\(_'E IN PREDICTIONS FROM Cl.l:\'l.-\TF. MODELS

What conlidence can we have that climate change due to increasing greenhouse gases will look anyvthing tike the
mudel predictions? Weather forecists can he compared with the actual weather the next day and their skithass-
evsed: we vannot do that with climate predictions. However. there are several indicators that give us some cont-
idence inthe predictions from climate models. '

. When the Tatest atmospheric models are-run with the present atmwospheric concentrations of greenhouse gases und
observed houndary conditions their simutation ot present climate is cenerally realistic on large scales, capturing

the major teatures such as the wel tropical convergence zones and mid-latitude depression belts. as well as the con-
trasts between summer and winter circulations. The models also simulate the observed variability: for example. the
furge day-to-day pressure variations in the middle latitude depression belts and the maxima in interannual variab-
ility responsible tor the very different character of one winter from another both being represented. However.on
regional scales (2.000km or less). there are significant errors in all models.

Overall contidence is increased by atmospheric models’ generally satisfactory portrayal of aspects of variability of
the atmosphere. tor instance those associated with variations in sea surface temperature. There has been some suc-
cess in simulating the general circulation of the ocean. including the patterns (though not always the intensities) of
the principal currents. and the distributions of tracers added to the ocean. ' .

Atmospheric models have been coupled with simple models of the oceun to predict the equilibrium response (0
greenhouse gases, under the assumption that the model errors are the same in a changed climate. The ability of .

<uch models to simulate important aspects 0

f the climate of the last ice age generates confidence in their usetulness.

Atmospheric models have also been coupled with multi-layer ocean models (to give coupled ocean-atmosphere
GCMs) which predict the gradual response to increasing greenhouse gases. Although the models so far are of rela--
tively coarse resolution. the large-scale structures of the ocean and the atmosphere can be simulated with some

skill. However, the coupling of ocean and atmosphere models reveals a strong sensitivity to small-scale errors

which leads to a drift away trom the observed climate. As yet. these errors must be removed by adjustments to the
exchange of heat between ocean and atmosphere. There are similarities between results from the coupled models
using simple representations of the ocean and those using more sophisticated descriptions, and our understanding
of such differences as do occur gives us some confidence in the results.

expect in the future. and also look for evidence of recent
climate change dueto man's activities.

Climate varies naturally on all time-scales from hundreds
of millions of years down to the year-to-year. Prominent in
the Earth's history have been the 100.000 year glacial-

interglacial cycles when climate was mostly cooler than at’
present. Global surface temperatures have. typically varied -

by 5-7°C through these cycles. with large changes in ice
volume and sea level. and ten{perature changes as great as
10-15°C in some middle and high latitude regions of the
Northern Hemisphere. Since the end of the last ice age.
about 10,000 years ago. global surface temperatures have
probably fluctuated by little more than 1°C. Some
fluctuations have lasted several centuries, including the
Littie Ice Age which ended in the nineteenth century and
which appears to have been global in extent.

The changes predicted to occur by about the middle of
the next century due O INCreases in greenhouse gas
concentrations from the Business-as-Usual emissions will
make global‘ mean temperatures higher than they have been
inthe last 150,000 years. '

The rate of change of global temperatures predicted for

Jusiness-as-Usual emissions will be greater than those

which have occured naturally on Earth over the tast 10.000
years. and the rise in sea level will be about three to six
times faster than that seen over the last 100 years or s0.

Has man already begun to change the global climate?

The instrumental record of surface temperature is

_ fragmentary until the mid-nineteenth century. after which it

slowly improves. Because of different methods of
measurement. historical records have to be harmonised

with modern observations. introducing some uncertainty.’

Despite these problems we believe that a real warming of
the globe of 0.3°C - 0.6°C has taken place over the last
century: any bias due to urbanisation is likely to be less
than 0.05°C.

Moreover since 1900 similar temperature increases are
seen in three independent data sets: one collected over land
and two over the oceans. Figure | 1 shows current estimates
of smoothed global-mean surface temperature over land
and ocean since 1860. Confidence in the record has been
increased by their similarity .to recent
measurements of mid-tropospheric temperatures.

satellite’
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.-.\llhough the overall temperature rise has been broadly
<imilar in both hemispheres. it has not been steady. and
Jifferences in their rates of warming have sometimes
persisted for decades. Much of the warming since 1900 has
heen concentrated in two periods, the first between about
1910 and 1940 and the other since 1975: the five warmest
vears on record have all been in the 1980s. The Northern
Hemisphere covled between the 1940s and the early 1970s
when Southern Hemisphere temperatures stayed nearly

constant. The pattern of global warming since 1975 has-

heen uneven with some regions. mainly in the northern
hemisphere. continuing to cool until recently. This regional
Jdiversity indicates that-future regional temperature changes
are likely to differ considerably from a global average.

The conclusion that global temperature has been rising is
strongly supported by the retreat of most mountain
glaciers of the world since the end of the nineteenth
century and the fact that global sea level has risen over the
same period by an average of 1 to 2mm per year. Estimates
of thermal expansion of the oceans. and of increased
melting of mountain glaciers and the ice margin in West
Greenlanq over the last century, show that the major part of
the sea level rise appears to be related to the observed
global warming. This apparent connecnon between
observed sea level rise and global warmmg provides
grounds for believing that future warming will lead to an
acceleration in sea level rise.

The size of the warming over the last century is broadly
consistent with the predictions of climate modets, but is
also of the same magnitude as natural climate variability.
if the sole cause of t’_hé_observed warming were the human-
made greenhouse effect. then the implied climate
sensitivity would be near the lower end of the range
inferred from the models. The observed increase could be

1970 1990

ure 11: Global-mean combined land-air and sea-surface temperatures, 1861 - 1989, relative to the average for 1951-80.

largely due to natural variability: alternatively this
variability and other man-made factors could have offset a
still larger man- -made greenhouse warming. The
unequivocal detection of the erihanced greenhouse effect
from observations is not likely for a decade or more, when
the committment to future climate change will then be
considerably larger than it is today.

Global-mean temperature alone is an inadequate
indicator of greenhouse-gas-induced climatic change.
[dentifying the causes of any global-mean temperature
change requires examination of other aspects of the
changing climate. particularly its spatial and temporal
characteristics - the man-made climate change “"signal”.
Patterns of climate change from models such as the
Northern Hemisphere warming faster than the Southern
Hemisphere, and surface air warming faster over land than
over oceans. are not apparent in observations to date.
However, we do not yet know what the detailed “signal”
looks like because we -have limited confidence in.our
predictions of climate change patterns. Furthermore. any
changes to date could be masked by naturai variability and
other (possibly man-made) factors, and we do not have a
clear picture of these.

How much will sea level rise ?

Simple models were used to calculate the rise in sea level
to the year 2100: the results are illustrated below. The
calculations necessarily ignore any long-term changes.
unrelated to greenhouse forcing,-that may be occurring but
cannot be detected from the present data on land ice and the
ocean. The sea level rise-expected from 1990-2100 under -
the IPCC Business-as-Usual emissions-scenario is shown in
Figure 12. An average rate of global mean sea level rise of
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Figure 12; Sea level rise predicted to result from Business-as-Usual emissions. showing the best-estimate and range.

about 6¢cm' per decade over the next century (with an
uncertainty range of 3 - 10cm per decade). The predlcted
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.

The best estimate in each case is made up mainly of
positive contributions from thermal expansion of the

- oceans and the melting of glaciers. Although. over the next

100 years. the effect of the Antarctic and Greenland ice
sheets is expected to be small. they make a major
contribution to the uncertainty in predictions.

Even if greenhouse forcing increased no further, there
would still be a commitment to a continuing sea level rise
for many decades and even centuries, due to delays in
climate. ocean and ice mass responses. As an illustration, if
the increases in greenhouse gas concentrations were to
suddenly stop in 2030, sea level would go on rising from
2030 1o 2100, by as much again as from 1990-2030. as
shown in Flgure 13.

Predicted sea level rises due 1o the other three emiissions

‘scenarios are shown in Figure 'l4. with the Business-as-

Usual case for comparison: only best-estimate calculations
are shown.
The West Antarctic Ice Sheet is of specml concern. A

" large portion of i, Lonlammg an amount of ice equivalent

1o about Sm of global sea level. is grounded far below sea
fevel. There have been suggestions that a sudden outtlow of

“ice might resuit from global warming and raise sea level

quickly and substantially. Recent studies have shown that

- ‘mdmdual ice streams are changing rapidly on a decade-to-

gen(ury time-scale; however this is not necessanly related
to climate change. Within the next Lenlury it is not likely

that there will be a major outflow of ice from West
Antarctica due directly to global warming. '

Any rise in sea level is not expected to be uniform over
the globe. . Thermal expansion, changes in ocean cm.-
ulation. and surface air pressure will vary from realon to
region as the world warms. but in an as yet unknown way.
Such regional details await further development of more
realistic coupled ocean-atmosphere models. In addition,
vertical land movements can be as large or even larger than
changes in global mean sea level: these movements have to.
be taken into account. when predicling local change in sea
level relative to land.

The most severe effects of sea level nise are likely to
result from extreme events (for example. storm surges) the
incidence of which may be affected by climatic change.

What will be the effect of climate change on
ecosystems?
Ecosystem processes such as photosynthesis and res-
piration are dependent on climatic factors and carbon
dioxide concentration in the short term. In the longer term.
climate .and carbon dioxide are amorig the factors Wthh
control ecosystem structure. i.e.. species composition.
either directly by increasing mortality in poorly adapted
species. or indirectly by mediating the competition between-
species. Ecosystems will -respond to local changes in
temperature (including its rate of change). precipitation.
soil moisture and extreme events. Current models are
unable to make reliable estimates of changes in these
parameters on the required local scales.
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Photosynthesis captures atmospheric carbon dioxide.
water and solar energy and stores them in organic
compounds which are then used for subsequent plant

 growth, the growth of animals or the'growth of microbes in

the soil. All of these organisms release carbon dioxide via
respiration into the atmosphere. Most land plants have a
**Mem of photosynthesis which.will respond positively to
I.ncrleased atmospheric carbon dioxide ("the carbon dioxide
lentilization effect”) pyt the response varies with species.
The effect may decrease with time when restricted by other
ccological limitations. for example, nutrient availability. It
should be emphasized that the carbon content of the
terresirial biosphere will increase only if the forest

A

CCONMNUCMIS 1N 4 stale of maturity will be able 1o store more
carbon in i warmer climate and at Migher concentrations of
carbon dioxide. We do not vet know it this is the case,

The response o increased carbon dioxide results in
greater efticiencies of water, light and nitrogen use. These.
increased etficiencies may he particularly important during
drought and in arid/semi-arid and infertile areas.

Because species respond differently to chmatic chungc.
some will increase in abundance and/or runge while others
will decrease. Ecosystems will therefore change in structure
and composition. Some species may be displaced to higher
latitudes and altitudes. and r"nu_v be more prone 1o local. and
possibly even global. extinction: other species may thrive,

As stated above, ccosystem structure and species
distribution are particularly sensitive to the rate of change
of climate. We can deduce something about how quickly
global temperature has changed in the past from palaco-
climatological records. As an example. at the end of the last
glaciation. within about a éenlury. lemperature increased by
up to 5°C in the North Atlantic region. mainly in Western
Europe. Although during the increase from the glacial to-
the current interglacial temperature simple tundra
ecosystems responded positively. a similar rapid temp-
erature increase applied 1o more developed ecosystems
could result in their instability.

What should be done to reduce uncertainties, and how
long will this take? .
Although we can say that some climate change is
unavoidable. much uncertainty exists in the prediction of
global climate ‘properties such as the temperature and
rainfall. Even greater uncertainty exists in predictions of
regional climate change. and the subsequent consequences
for.sea level and ecosystems. The key areas of scientific
unéenaimy are: ‘ - -

* clouds: primarily cloud formation, dissipation. and
radiative properties. which influence the response of
the atmosphere to greenhouse forcing; '

* oceans: the exchange of energy between the ocean
and the atmosphere. between the upper layers of the
ocean and the deep ocean, and transport within the
ocean. all of which control the rate of global climate
change and the patterns of regional change:

. greenhouse gases: qﬁamiﬁcation of the uptake and
release of the gfeenhouse gases. their chemical
reactions in the atmosphere. and how these may be
intluenced by climate change; .

* polar ice sheets: which affect predictions of sea level
rse.

Studies of land surface hydrology. and of impact on
ecosystems, are also important,
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DEFORESTATION AND REFORESTATION ‘\

Man has been deforesting the Earth for millennia. Until the early part of the century, this was mainly in temperate n
regions, more recently it has been concentrated in the tropics. Deforestation has several potential impacts on ¢lim- po
ate: through the carbon and nitrogen cycles (where it can lead to changes in atmospheric carbon dioxide concent- ot
. rations). through the change in reflectivity of terrain when forests are cleared. through its effect on the hydrological
cycle (precipitation. evaporation and runoff) and surface roughness and thus atmospheric circulation which can
produce remote effects on climate. ' )

Itis estimated that each year about 2 Gt of carbon (GtC) is.released to'the atmosphere due to tropical detorestation. - o]
. The rate of forest clearing is difficult to'estimate; probably until the mid-20th century. temperate deforestation and the Y
loss of organic matter from soils was a more important contributor to atmospheric carbon dioxide than was the )
burning of fossil fuels. Since then. fossil fuels have become dominant: one estimate is that around 1980. 1.6 GIC
was being released annuaily from the clearing of tropical forests. compared with about 5 GtC trom the buming of
fossil fuels. If all the tropical forests were removed. the.input is variously estimated at from 150 to 240 GiC: this
would increase atmospheric carbon dioxide by 3510 60 ppmv. : ' ' -.

To analyse the effect of reforestation we assume that 10 million hectares of forests are planted each year for a per-

. iod of 40 years.i.e.. 4 million km? would then have been planted by 2030, at which time | GtC would be absorbed
annually until these forests reach maturity. This would happen in 40-100 years for most forests. The above scenario
implies an accumulated uptake of about 20 GtC by the year 2030 and up to 80 GtC after 100 years. This accumul-
ation of carbon in forests is equivalent-to some 5.10% of the emission due to fossil fuel burning in the Business-

as-Usual scenario.

Detorestation can also alter climate directly by increasing reflectivity and decreasing evapotranspiration. Experim-
ents with climate models predict that replacing all the forests of the Amazon Basin by grassland would reduce the -
rainfall over the basin by about 20%. and increase meéan

temperature by several degrees.

To reduce the current scientific uncertainties in each of
these areas will require internationally coordinated
research, the goal of which is to improve our capability to
- observe. model and understand the global climate system.
Such a program of research will reduce the scientific
uncertainties and assist in the formulation of sound national
and international response strategies. o

Systematic long-term observations of the system are of
vital importance for understanding the natural variability of
the Earth's climate system, detecting whether man’s
activities are changing it, parameterising key processes for
models. and verifying mode! simulations. Increased
accuracy and coverage in-many observations are required.
Associated with expanded observations is the need to
develop appropriate comprehensive global information
bases for the rapid and efficient dissemination and
utilization of data. The main observational requirements
are:

i) the maintenance and improvement of observations
(such as those from satellites) provided by the World
Weather Watch Programme of WMO.

ii} the maintenance ‘and enhancement of a programme of

" monitoring, both from satellite-based and surface-
based instruments, of key climate elements for which
accurate observations on a.continuous basis are
required, such, as the distribution of important
atmospheric constituents. cl_ouds.'lhe Earth's radialion

budget, precipitation, winds. sea surface temperatures
and terrestrial ecosystem extent. type and prod-
uctivity.

iii) the establishment of a global ocean observing system

- to measure changes in such variables as ocean surface
topography, circulation. transport of heat and

_ chemicals, and sea-ice extent and thickness. '

iv) the development of major new systems to obtain data
on the oceans, atmosphere and terresirial ecosystems
using both satellite-based -instruments and inst-
ruments based on the surface., on automated
instrumented vehicles in the ocean, on floating and
deep sea buoys, and on aircraft and balloons.

v) the use of palaeo-climatological and historical inst-
rumental records to document natural variability and
changes in the climate system. and subsequent
environmental response.

The modelling of climate change requires the development -
of global models which couple together atmosphere. land.
ocean and ice models and which incorporate more realistic
formulations of the relevant processes and the interactions
betweeri the different components. Processes in the
biosphere (both on land and in the ocean) also need to be
included. Higher spatial resolution than is currqnlly ‘

'generally used is required if regional patterns are to be

predicted. These models will require the largest computers
which are planned to be available during the next decades.
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Understanding of the climate svstem will be developed

from analyses. ot observations and of the results from

. resources;

model simulations. In addition. detailed swudies of

purticular processes will be required through tirgetted
observational campaigns. Examples of such field
campaigns include combined observational and small:scale
modelling studies for different regions. of the formation,
dissipation, radiative,
,propemes of clouds. and ground-based (ocean and land)
and aircraft measurements of the fluxes of greenhouse
‘gases from specific ecosystems. In particular. emphasis
must be placed on field experiments that will assist in the
development and improvement of sub grid-scale
puametnzauons for models.

The required program of research will require
unprecedenled international cooperation, with the World
Climate Research Programme (WCRP) of the World
Meteorological Organization and International Council of
Scientific Unions (ICSU), and the International ‘Geosphere-
Biosphere Programme (IGBP) of ICSU both playing vital
roles. These are large and complex endeavours that will
require the involvement of all nations, particularly the
developing countries. Implementation of existing and
planned projects will require increased financial and human
the latter réquirement has immediate
implications at all levels of education, and the international
community of scientists needs to be widened to mclude
more members from developing countries.

The WCRP and IGBP have a number of ongoing or
planned research programmes, that address each of the
three key areas of scientific uncertainty. Examples include:

+ clouds:
International Satellue Cloud Cllmatology Project
(ISCCPy:
Global Energy and Water Cycle Experiment
(GEWEX)..
* oceans: o
World Ocean Circulation Experiment (WOCE);
Tropical Oceans and Global Atmosphere (TOGA).
- trace gases:
 Joint Global Ocean Flux Study (JGOFS);
International Global Atmospheric Chemistry (IGAC);
Past Global Changes (PAGES).

As research advances, increased understanding and
improved observations will lead to progressively more
reliable climate predictions. However considering the
complex nature of the problem and the scale of the
scientific programmes to be undertaken we know that rapid
results cannot be expected. Indeed further scientific
advances may expose unforeseen problems and areas of
ignorance.

dynamical and microphysical.

v

Time-scales for narrowing the uncertainties will be

“dictated by progress over the next 10-15 vears in two main

areas: N

»  Use of the fastest possible computers. to take into
account coupling of the atmosphere and the oceans in
models. and to provide sulficient resolution for
regional predictions.

* Development of improved representation of small-
scale processes within climate models. as a result of
the analysis of data from observational programmes
to be conducted on & conunumg basis well into the
next century.
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EMISSIONS SCENARIOS FROM WORKING GROUP I1I OF THE
INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE

The Steering Group of the Rcsf)onse Strategies Working
Group requested the USA and the Netherlands to develop
by the IPCC Working
Group 1. The scenarios cover the emissions of carbon
“dioxide (CO2). methane (CH4). nitrous oxide (N20).
chiorotluorocarbons (CFCs). carbon monoxide (CO) and
nitrogen oxides (NOx) from the present up to the year
2100. Growth of the economy and pobula(ion was taken
common for all. scenarios. Population was assumed to
approach 10.5 billion in the second half of the next century.
Economic growth was assumed 1o be 2-3% annually in the
coming decade in the OECD countries and 3-5 % in the
Eastern European and developing countries. The economic
growth levels were assumed to decrease thereafter. In order
to reach the required targets, levels of technological
development and environmémai controls were varied.

In the Business-as-Usual scenario (Scenario A) the
energy supply is coal intensive and on the demand side
only modest efficiency increases are achieved. -Carbon
monoxide controls are modest. deforestation continues until
the tropical forests are depleted and agricultural emissions
of methane and nitrous oxide are.uncontrolied. For CFCs

emissions scenarios for evaluation
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the Montreal Protocol 13 implemented albeit with only
partial participation. Note that the aggregation of national .
projections by IPCC Working Group Il gives higher
20%) of carbon dioxide and methane by -

{n Scenario B the energy supply mix shilts towards
lower carbon fuels. notably natural gas. Large efficiency
increases are achieved. Carbon monoxide controls are
stringent. deforestation is reversed and the Montreal
Protocol implemented with full participation.

In Scenario C -a shift towards renewables and nuclear
energy takes place in the second half of next century. CFCs
are now phased out and agricultural emissions limited.

. For Scenario D a shift to renewables and nuclear in the
first half of the next century reduces the emissions of
carbon dioxide. initially more or less stabilizing emissions
in the industrialized countries. The scenario shows that
stringent controls in industrialized countries combined with’
moderated growth of emissions in developing countries
could stabilize atmospherii: concentrations. Carbon dioxidé
emissions are reduced to 50% of 1985 levels by the middle
of the next century. ' :

YEAR

Man-made emissions of carbon dioxide and methane (as examples) to the year 2100. in the four scenarios developed by IPCC Working .

Group L.
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I. Current Task’

The fifth session of the Intergovernmental Panel on Climate Change (Geneva, March 1991) adopted six
tasks for the ongoing work of its three working groups. While successful completion of these tasks
required co-operation between all three groups, particular responsibility fell to the Scientific Assessment
working group for Tasks 1 and 2:

Task 1: Assessmeént of net greenhouse gas emissions;

Sub-section 1: Source and sinks of greenhouse gases;
Sub-section 2: Global Warming Potentals;
Sub-section 3: Emissions scenanos.

Task 2: Predicuons of the regional distributions of climate change and associated impact studies:
including model validation studies.

The tasks were divided into long- and short-term components. The purpose of the short-term workplan,
whose results are reported in the present document, was to provide an update to the 1990 IPCC
Scientific Assessment, addressing some of the key issues of that report. This update is by definition
less comprehensive than the 1990 report - for example sea-level rise apart from the effect of therna!
expansion is not ineluded. 1tis against the background of that document that the findings of thix upfate
should be read.

This assessment, in order to incorporate as much recent material as possible, necessarily includes
discussion of new results which have not yet been through, or are currently undergoing the norniil
process of peer review. Where such is the case the provisional nature of the results is reflected in the
discussion.

2. Our Major Conclusions

Findings of scientific research since 1990 do not affect our fundamental understanding of the science of
the greenhouse effect and either confirm or do not justify alteration of the major conclusions of the tirst
IPCC Scientific Assessment, in particular the following:

-

«  “emissions resulting from hwnan activities are substantially increasing the atmospheric
concentrations of the greenhouse gases: carbon dioxide, methane, chlorofluorocarbons. i
nitrous oxide"

s “The evidence from the modelling studies, from observations and the sensitivity analyses
indicate that the sensitivity of global mean surface temperature to doubling CO7 is unlikely to lic
outside the range 1 S"1045°C”

*  there are mypy uncer:ainties inour predictions particularly with regard 1o the timing. magniticle
and regional patterns of climate change due to our incomplete understanding”

«  "global mean surface air temperature has increased by 0.3 10 0.6°C over the last 100 vears”



«  "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 natwral variability; alternatively this variability and other human factors could
have offset a still larger human-induced greenhouse warming"

«  "the unequivocal detection of the enhanced greenhouse effect from observations is not likely for
a decade or more.”

OO oo~ L LN —

There are also a number of significant new findings and conclusions which we summanze as follows:

—
—

12 Gases and aerosols

13

14 - Depletion of ozone in the lower stratosphere in the middle and high lanwdes is believed to have
15 approximately offset the radiative forcing contribution of chlorofluorocarbons over the last

16 decade or so.

17

18 « The cooling effect of sulphur emissions may have offset a significant part of the greenhouse
19 warming in &he northern hemisphere during the past several decades. Although this

20 phenomenon was recognized in the 1990 report, significant progress has been made in

21 quantifying its effect.

22

23 « Although the Global Warming Potential (GWP) remains a useful concept, there is increased
24 uncertainty in its calculation especially regarding the indirect effect. Whilst indirect GWPs are
25 likely to be significant for some gases, the numerical estimates in this Supplementary Report are
26 limited to direct GWPs.

27

28 «  Whalst the rates of increase in the atmosphenc concentrations of most greenhouse gases have
29 continued to grow or remain steady, those of methane and some halogen compounds have

30 slowed.

31

32 - Some data indicate lower emissions of methane from rice paddics thin previously estimated.
33 ’

34 Scenarios

35

36 - Steps have een taken towards a more comprehensive analysis of the dependence of future

37 greenhouse gas emissions on soclo-economic assumptions and projections. A sct of updated
38 scenarios has been developed which describes a wide range of possible future emissions in the
39 absence of palicy interventon, for use in modelling studies.

40 ‘

41  Modeling

42 :

43 + Climate models have continued to improve in respect of both their physical realism and their
44 ability to simulate present climate on large scales, and new techniques have been developed for
45 the simulation of regional climate.

46 !

47 +  Transient (ume-dependent) simulations with coupled ocean-atmosphere models (CGCMs), in
48 which both aerosols and ozone changes have not been included, suggest a rate of global

49 warming tharis consistent, within the range of uncerinties, with the 0.3°C per decade

50 warming rate quoted by IPCC (1990) for Scenario A of greenhouse gas enussions.

51

52 +  The large scale geographical patterns of warming produced by the ransient model runs with
53 CGCMs are generally simular to the pattems produced by the earlicr equilibrium models except
54 that the ransient simulations show reduced warming over the northern North Atlanuc and the
55 southern oceans near Antarctica.

56

b
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- CGCMs are capable of reproducing many features of atmospheric vzm'ability on intra-decadal
time scales.

- Our understanding of some climate feedbacks and their incorporation in the models has
improved. In partcular, there has been some clarification of the role of upper-tropospheric
water vapour. The role of other processes, in particular cloud effects, remains unresolved.

Climate Observations

«  The anomalously high global mean temperatures of the late 1980s have continued into 1990 and
1991 which are the warmest years in the record.

- Average wanmung over parts of the northern hemisphere mid-latitude continents has been found
10 be largely~characterized by increases in minimum (night-time) rather than maximum (day-
fme) lemperatures.

- Radiosonde data indicate that the lower troposphere has warmed over recent decades. Since
meaningful trends cannot be assessed over periods as short as a decade, the widely reported
disagreements between decadal temperature trends given by satellite data of air temperature and
surface data cannot be confirmed because the trends are statistically indisanguishable.

«  The volcanic eruption of Mt. Pinatubo in 1991 is expected to lead to transitory stratospheric
warming. With less certainty, because of other natural influences, surface and tropospheric
cooling may occur during the next few years.

-+ Average warming over the northern hemisphere has not been uniform, with marked seasonal
and geographic variations; this warming has been especially slow or absent over the
extratropical north west Atlantc.

«  The consistency between observations of global temperature changes over the past century and
maxdel simulations of the warming due to greenhouse gases over the same period, 1s improved if
allowance is made for the increasing evidence of a cooling effect due to sulphate acrosols and
stratosphenc ozone depletion.

The above conclusions have implications for future projections of global wurming and somewhuat
modify the estimated rate of warming of 0.3°C per decade for the greenhouse gas emissions Scenario A
of the IPCC 1990 Report. Due to sulphur emissions, this warming rate is likely to be reduced
significanty in the Northern Hemisphere, by an amount dependent on the future magnitude and
regional distributioy of the emissions. Because sulphate aerosols are very short-lived in the atmosphere
their effect on global warming rapidly adjusts to increases or decreases in emissions. It should also be
noted that while pafally offseting the greenhouse warming, the sulphur emissions are also responsible
for acid rain and other environmental effects. There is a further small net reduction likely in the rate of
global warming dunng the next few decades due to decreases in stratospheric ozone and increases i
tropospheric ozone ™

Research carmied out since the 1990 IPCC Assessment has served to improve our appreciation of key
uncenainties. There is a conunuing need for increased monitoring and research into climate processes
and modelling. This must involve, 1n particular, strengthened internauonal collaboration through the
World Climate Research Programme (WCRP), the International Geosphere Biosphere Programme
(IGBP) and the Global Climate Observing System (GCOS).
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How does the climate system work, and what information do we need to estimate
future changes?

. How does the climate system work?

The Earth absorbs radiation from the Sun, mainly at the surface. This energy is then re-distributed by
the atmosphere and ocean and re-radiated to space at longer (‘thermal’, 'terrestrial’ or 'infra-red’)
wavelengths. Some of the thermal radiation is absorbed by radiatively-active ('greenhouse’) gases in
the atmosphere, principally water vapour, but also carbon dioxide, methane, the CFCs, ozone and
other greenhouse gases. The absorbed energy is re-radiated in all directions, downwards as well as
upwards such that the radiation that is eventually lost to space is from higher, colder levels in the
atmosphere. The resultis that the surface loses less heat to space than it would do in the absence of
the greenhouse gases and consequently stays warmer than it would otherwise be (Figure 1). This
phenomenon, which acts rather like a 'blanket’ around the Earth, is known as the greenhouse effect.

Figure I - schemanc diagram showing the natural Greenhouse Effect (as in 1990 report)

. What factors can change climate?

Any factor which ajters the radiauon received from the Sun or lost to space, or which alters the

redistribution of égergy within the atmosphere, and between the atmosphere, land and ocean, will
affect climate.

The Sun’s output of energ gy 1s known to change by small amounts over an 11 year cycle, and
variations over longer periods may occur. On umescales of tens to thousands of years, slow

varnauons in the E.mh s orbit have led to changes in the seasonal and lagtudinal distnbution of solar

radiation; these changes have played an important part in controlling the variations of past climate.

Increases in the concentration of radiatively-active (greenhouse) gases will reduce the efficiency with
which the Earth cools to space and will tend to warm the lower atmosphere and surface. The amount
of warming deperjs on the size of the increase in concentration of each greenhouse gas, the radiative
properties of the gases involved. and the concentration of other greenhouse gases already present in
the atmosphere. It glso can depend on local effects such as the variation with height of the
concentration of the greenhouse gas, a consideration that may be particularly germane to water vapour
which is not uniformly mixed throughout the atmosphere. The effect is not a simple one and the
radiatve balance which is struck depends on many aspects of the climate system.

Acrosols (small particles) from volcanoes, emissions of sulphates from industry and other sources

can absorb and reflect radiaton. In most cases they tend to cool climate. In general, acrosols have a
much shorter lifenme than greenhouse gases so their concentrations respond much more quickly to
changes in emissions.

Any change in the radiative balance of the Earth, including those due to an increase in greenhouse
gases or in aerosols . will tend to alter atmospheric and oceanic temperatures and the associated
circulation and weither patterns. However climate varies nawrally on all tme scales due to both
external and internal factors. To distinguish man-made climate variations from those natural changes.
it 1s necessary to identfy the man-made ‘signal” against the background 'noise’ of natural climate
variability. i

To make predncnons of future climate. A necessary starting point for the prediction of changes in
climate due to increases in greenhouse gases 1s an estimate of the future concentrations of the gases.
This requires a kndwledge of their sources and sinks (natural and man-made). The projections of
future concentratons can then be used in climate models to estimate the climatic response. We also
need to determine whether or not the perlClLd changes will be noticeable above the natural vanations
in chmate. Finally, observations are required in order to monitor climate and to help in the validation
of models.
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Recent Improvements in Scientific Understanding

4. How has our understanding of the sources and sinks of greenhouse gases and
aerosols changed?

During the last eighteen months there have been a number of important advances in our understanding
of grecnhousc gases and aerosols. These advances include an improved quantitative understanding of
the atmospheric distributions, trends, sources and sinks of greenhouse gases, their precursors and
acrosols, and an improved understanding of the processes controlling their global budgets.

Atmospheric Concentrations and Trends of Long-lived Greennouse Gases: The
atmospheric concentrations of the major long-lived greenhouse gases (carbon dioxide (CO7), methane
(CH.4), nirous oxide (N7O), chlorofluorocarbons (CFCs), and carbon tetrachloride (CCls) continue o
increase because of human activities. While the growth rates of most of these gases have been steady or
increasing over the past decade, that of CHy and some of the halocarbons has been decreasing. The rate
for CHg has declined from about 20 ppbv/yr in the late 1970s to about 10 ppbv/yr in 1989. While a
number of hypotheses have been forwarded to explain these observations, none is completely
sausfactory.

Ammosphenc Concentrations and Trends of Other Gases that Influence the Radiauve Budget. There
have been significant decreases during the last one to two decades, in total column ozone (O3) at all
lautudes~ except the tropics, in spring, summer and winter. The downward trends were larger during
the 1980s than in the 1970s. These decreases have occurred predominantly in the lower stratosphere
(below 25km), where O3 1s a particularly effective greenhouse gas and where the rate of decrease has
been up to 10% perdecade depending on altitude. In additon, there is evidence to indicate that 03 levels
in the roposphere up to 10 km alttude above the few existing balloonsonde stations at northem middle
latitudes have increased by about 10% per decade over the past two decades. However, there is little
new information on he global rends of tropospheric O3 precursors, (carbon monoxide (CO), non-
methane ydrocarbons (NMHC), and oxides of nitrogen (NOx)).

Sources and Sinks of Carbon Dioxide: The two primary sources of the observed increase in
tmospheric CO» are combustion of fossil fuels and land-use changes; cement production is a urther
1MPOrtiant source.

The emission of CO3 from the combustuon of fossil fuels grew between 1987 and 1989, Preliminary
data indicate similar emussions in 1990, The best stimate for global fossil fuel emissions in 1989 and
1990 15 6.0+0.5 GtC, compared to 5.7H).5 GtC in 1987 (IPCC, 1990). The esumated total release ot
carbon in the form of COp, from o1l well fires in Kuwait during 1991 was 0.065 GtC, about one
percent of total annugl anthropogenic emissions.

The direct net flux of CO2 from land use changes (primanly deforestation), integrated over time,
depends upon the area of land deforested, the rate of reforestation and aforestation, the carbon density
of the original and replacement forests, and the fate of above-ground and soil carbon. Significant
uncertaintics exist 1 our quanutauve knowledge of each of these factors. These and other factors are
needed to esumate annual net enussions. Since-IPCC (1990), some progress has been made in reducing
the uncerainties associated with the rate of deforestation, at least in Brazil. A comprehensive. mulu-
year. high spatial reselution, satethite data set has been used to to estimate that the average rate of

deforestation in the Brazihan Amazonian forest was 2.1 x 106 ha yr'! between 1978 and 1989. The rate
increased between 1978 and the mid-1980s, and has decreased to 1.4 x 106 ha yr! in 1990. FAO,
based on country submuission recently estimated dhat the rate of global tropical deforestation in closed

and open canopy forests for the period 1981-1990 was about 17 x 106 ha yr!, approximately 50%
higher than than for rhe peniod 1976-198(0).

Dmpm the new informaton regarding rates of deforestation, the uncertainties in esum wing CO»
emissions are so large that lhuL 1s no strong reason 1o revise the IPCC 1990 estimate of annual averaye
net flux to the nmmpm re of 1.621.0 GiC trom land-use change during the decade of the 1980's

N
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Another concern that has been given particular attention since IPCC (1990) is quantifying the fluxes and
understanding of the processes controlling the release and uptake of CO; from both the terrestrial
biosphere and the oceans, and the quantification of the fluxes. Based on models and'the atmospheric
distnbution of CO2 , 1t appears that there is a small net addition of carbon to, the atmosphere from the
equatonal region, which is a combination of outgassing of COp from warm tropical waters and a
terrestnal biospheric component that is the residual between large sources (deforestation) and sinks.
There appears to be 3 strong northem hemisphere sink, containing both oceanic and terrestrial
biosphene components, and a weak southem hemisphere sink. The previous IPCC global estimate for
an ocean sink of 2.040.8 GtCyr !l is still a reasonable one. The terrestrial biospheric processes which
are suggested as contnbuting to the sinks are sequestration due to forest regeneration, and fertilization
arising from the effects of both CO7 and N, but none of these can be adequately quantified. This
implies that the imbalance between sources and sinks, i.e., "the missing sink"”, remains. This fact has
signigficant consequences for estimates of future atmospheric CO7 concentrations (see section 6) and
the analysis of the concept of the Greenhouse Warming Potental (see section 7).

Sources of Methane: A total (anthropogenic plus natural) annual emission of CHz of about S00 Tg
CHy can be reduced from the magnitude of its sinks combined with its rate of accumulation in the
atmosphere. While the sum of the individual sources is consistent with a total of 500 Tg CH,. there are
stull many unceraintes in accurately quantifying the magnitude of emissions from individual sources.
Significant new information includes a revised rate of removal of CHz by atmospheric OH radicals
(because of a tower rate constant), a revaluation of some of the sources (e.g., from nce fields) and the
addinon of new sources (e.g. animal and domestic waste). Recent CHy isotopic studies suggest that
approximately 100 Tg CHg (20% of the total CH4 source) is of fossil origin, largely from the coal, oil,
and natural gas industries. Recent studies of CHg emissions from rice agriculture, in particular Japan,
India, Austraha, Thailand and China, show that the emissions depend on growing conditions,
particularly soil charactenistics, and vary significantly. While the overall uncertainty in the magnitude of
global emissions frogh rice agriculture remains large, a detailed analysis now suggests significantly
lower annual cmisstons than reported in IPCC 1990. The latest estimate of the atmospheric lifetime of
CH. is about 11 years.

Sources of Nitrous Oxide: Adipic acid (nylon) production, nitric acid production and automobiles
with three-way catalysts have been identified as possibly significant anthropogenic global sources of
nitrous oxide. Howgver the sum of all known anthropogenic and natural sources 1s still barely sufficient
to balunce the calculated atmospheric sink or to explain the observed increase in the atmospheric
abundance of N2O. - '

Sources of Halogenated Species: The worldwide consumption of CFCs 11, 12, and 113 is now
40% below 1986 levels, substantially below the amounts permitted under the Montreal Protocol.
Further reductions are mandated by the 1990 London Amendments to the Montreal Protocol. As CECs
are phased out, HCFCs and HFCs will substitute, but at much lower emission rates.

Cause of the Observed Stratospheric Ozone Depletion: Even if the control measures of the
1990 London amendments to the Montreal Protocol were to be implemented by all nations. the
abundance of stratospheric chlorine and bromine will increase over the next several years. The Antarctic
ozone hole, caused by industrial halocarbons, will therefore recur each spring. In addition. as the
weight of evidence suggests that these gases are also responsible for the observed reductions in middle -
and high-lautude stratospheric O3, the rate of depletion at these latitudes is predicied 1o continue
unabated through the 1990s.

Tropospheric Ozene Precursors; Little new information is available regarding, the tropospheric
ozone precursors (CO, NMHC, and NOx ), all of which have significant natural and anthropogenic
sources. Their detailed budgets therefore remain uncertain.

Source of aerosols: Industrial activity, biomass burning, volcanic eruptions. and sub-sonic aircrafl
contribute substantially to the formation of tropospheric and stratospheric acrosols. Industrial activites
are especially imponant in industmial regions and throughout much of the Northem Henusphere in the
troposphere. Sulphur emissions, which are due in large part to combustion effluents. have 4 similar
<
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emissions history to that of anthropogenic CO7. Estimates of emissions of nawral sulphur compounds
have been reduced from previous figures, thereby placing more emphasis on the anthropogenic
contribution.

5. Scenarios of Future Emissions

Scenarios of net greenhouse gas and aerosol precursor emissions for the next 100 years or more are
necessary 1o assess potential anthropogenic impacts on the climate system. The scenanos provide
inputs to climate models and assist in the examination of the relative importance of relevant race gases
and aerosol precursors in changing atmospheric composition and chimate. Scenarios can also help
improve understanding of key relationships among factors that dnive future emissions.

>
Scenario outputs are not predicuons of the future, and should not be used as such. They are inherently
controversial because they reflect different views of the future. The results of short term scenarios can
vary considerably from actual outcomes even over short ime horizons,. Confidence in scenano
outputs decreases as the ame honzon increases, as the basis for the underlying assumptions becomes
increasingly speculanve. Considerable uncertainties surround the evolution of the types and levels of
human acuvities (including economic growth and structure), technological advances, and human
responses to possible environmental, economic and institutional constraints. Consequently, emission
scenarios must be constructed carefully and used with great caution.

Since compleuon of the 1990 [PCC Business-as-Usual or Scenario A ("SA907), events and new
information have emerged which relate to that scenano’s underlying assumptions. These developments
include: the London Adjustments and Amendments to the Montreal Protocol; revision of populauon
forecasts by the World Bank and United Natons; publicaton of the IPCC Energy and Industry Sub-
group scenario of greenhouse gas emissions to 2025; political events and economic changes in the
former USSR, Eastern Europe and the Middle East; re-estimation of sources and sinks of greenhouse
gases (reviewed in this Assessment); revision of preliminary FAO data on wropical deforestanon: and
new screnufic studies on forest biomass. There has also been recognition of considerable uncertinty
regarding other important factors that drive future emissions.

-
These factors have led 1o an updite of the SA90. Six altiernauve IPCC Scenanos (IS91 a-t) now
embody a wide array of assumptions, summanzed in Table 1, affecting how future greenhouse gas
emissions might evolve 1n the absence of chmate policies beyond those already adopted. This
constitutes a significgnt improvement over the previous methodology. However, the probabilitv of any
of the resulung cnmission paths has not been analyzed. [IPCC WGI does not prefer any individual
scenano. Other combinauons of assumpuons could illustrate a broader variety of emission trajectories.
The different worlds which the new scenanos imply, in terms of economic, social and environmental
condiuons, vary widely. The current exercise provides an interim view and lays a basis for a more
complete study of future emissions of greenhouse gas and aerosol precursors.

Scenario Results: The range of possible greenhouse gas futures is very wide, as Figure 5.1
illustrates (showing only CO2). All six scenanios can be compared to SA90. 1S91a is slightly lower
than SAY0 due 1o modest and largely offseting changes in the underlying assumptions. (For example.
compared to SAY0. hycher population forecasts increase the emission estimates, while phascourt of
hatocarbons and more optimisuc renewable energy costs reduce them.). The highest greenhouse as
levels result from the new scenano 1S91e which combines, among other assumptions, moderate
populaton growth, high economic growth, high fossit fuel availability and eventual hypothetical
phasecout of nuclear power. The lowest greenhouse gas levels result from 1S91¢ which assumes that
population grows then declines by the middle of the next century, as wekk as low economic growth and
severe constraints on fossil fuel supplies. The results of all six scenanios results appear in Table 2.
Overall, the scenarns indicate that greenhouse gas emissions could nise substantially over the coming
century in the absence of new measures explicitly intended to reduce their emission. However, 1S91¢
has a CO7 emission path which eventually falls below its starting 1990 level. 1S91b, a modification of
1S9 1a, suggests that current commitments by many OECD Member countries to stabilize or reduce CO»
might have a small impact on greenhouse gas emissions over the next few decades. but would not
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"offset substantial possible emissions growth globally in the very long run. 1S91b does not take into

account that such commitments could accelerate development and diffusion of low greenhouse gas
technologies, nor possible resulting shifts in industrial mix.

Carbon Dioxide: 1he new emissions scenarios for CO; from the energy sector span a much broad
range of futures (Figure 5.1).

Figure 5.1

CO2 Emissions from Energy, Cemeant, & Tropicai Deforeslation

(billion tons

o 1 ] ] 1 1

2000 2020 2040 2080 2040 2100
1501 15910 [S91a {So1d 1301 13001 SAX
[o4

Population and cconomic growth, structural changes in economies, encrgy prices, technological
advance, fossil fuel supplies, nuclear and renewable energy availability are among the factors which
could exert major influence on future levels of CO7 emissions. Developments such as those in the
republics of the former Soviet Union and in Eastern Europe, now incorporated into all the scenarios,
have important implications for future fossil fuel carbon emissions, by affectung the levels of economic
activities and the efficiency of energy production and use. Biotic carbon emissions in the early decades
of the scenanos are higher than SA90, reflecting higher preliminary FAO esamates of current rates of
deforestation in many - though not all - parts of the world, and higher esumates of forest biomuss.

Halocarbons: The revised scenarios for CFCs and other substances which deplete stratospheric
ozone are much lower than in SA90. This is consistent with controls under the 1990 London
Adjustments and Amendments to the Montreal Protocol, and especially if all countries comply.
However, the future production and composition of CFC substitutes (HCFCs and HECs) could
significandy affect the levels of radianve forcing from these compounds.

Methane, Nitrous .Oxide, Ozone Precursors, and Sulphur Gases: The distribution of CHy
and N7O emissions from the different sources has changed from the SA90 case. Methane from nice
paddies are lower, and emissions from animal waste and domestic sewage have been added. N>O
emission factors for gtationary sources and biomass burning have been revised downwards. Adipic
and nitric acid have been included as additional sources of NoO. Preliminary analysis of the emissions
of volatile organic compounds and sulphur dioxide suggests that the global emissions of these
substances are likely 1o grow manyfold in the coming century if no new limitation strategies are
implemented.



TABLE 1:

Summary of Assumptions in the Six IPCC 1991 Alternative Scenarios*

SCENARIO POPULATION ECONOMIC ENERGY OTHER*** CFCs
GROWTH SUPPLIES **
IR91 a 12,000 EJ Conventional Oil | Legally enacted and Partial compliance with
World Bank 1991 1990-2025: 29% 13,000 EJ Natural Gas internationally agreed controls | Montreal Protocol.
11.3 B by 2100 1990-2100: 23% Solar costs fall to on SOx, NOx and NMVOC | Technological transfer results
$0.075/kWh gmissions. in gradual phase out of CFCs
191 EJ of biofuels avatilable ' also in non-signatory
at $70/barrel countries by 2075.
TRY1 b Same as “a" plus Global compliance with
World Bunk 1991 1990-2025 29% Same as "a” commitments by many scheduled phase out of
11.3 B by 210X 1990-2100 23% OECD countries 1o slabilize | Montreal Protocol.
or reduce COy cmussions. Accelerated phase out and
phase down of HCFCs,
IRY1 ¢ 8,000 EJ Conventional O1l
UN Medium Low Case 1990-2025 2.0% 7.300 EJ Natural Gas Same as “a” Same as "a"
6.4 B by 2100 1990-2100 1.2% Nuclear costs decline by 0.4%
| annually.
IR91 d Ol and gas same as "¢” Emission controls extended CFC and HCFC production
UN Medium Low Case 1950-2025 2.7% Solar costs fali to worldwide for CO, NOy, phase out by 1997 for
6.4 B by 2100 1990-2100 2.0% $0.065/kxWh NMVOC, and SO,. Halt industrialised countries,
272 EJ of biofuels available | deforestation. Capture and use
at $50/barrel of emissions from coal
mining and gas production
and use.
IR91 ¢ 18,400 EJ conventional oil Emission controls (30 %
World Bank 1991 1990-2025 3.5% Gas same as "a" pollution surcharge on fossil | Same as *'d”
11.3 B by 2100 1990-2100 3.0% Phase out nuclear by 2075 energy).
IR | O1l and gas same as “¢”
UN Medium High Casc Same as "a” Solar costs fall 1o Same as “a” Same as "a"”
17.6 B by 2100 . R SO.083/&kWh | LY ’

Nuctear costs increase 10
SO MKW

. The assumptions Tor the 1990 Scenario A are described in IPCC (1990) Annex A, pp.331-339 .
**  All scenanos assume coal resources up o 197,000 EJ. Up o 15% of this resource is assumed 1o be available at $1.30/gigajoule at the mine.
** Tropical deforestation rates (for closed and open forests) begin from an average rate of 17.0 million hectares/year (FAO, 1991) for 1981-1990. then increase with population unul

constramed by avarlabihity of land not legally protected. 1S91d assumes an eventual halt of deforestation for reasons other than climate., Above-ground carbon density per hectare varies with
Foreattype from 1610 17 1ons Chectare, with soit Cranging from 68 10 100 T C/ha However, only a poruon of carbon is released over time with land conversion, depending on type of
band conversion,

**rDRAFT - Do not quote or cie ***

January 151992



TABLE 2:

Sclected Results of Six 1991 IPCC Greenhouse Gas Scenarios
Note: Values absent from this table will be added prior to the IPCC Plenury in February 1992.

SCENARIO DECLINE IN DECLINE IN CUMULATIVE TOTAL FORESTS EMISSIONS
TPER/GNP CARBON NET FOSSIL C CLEARED/
INTENSITY®** EMISSIONS million hectares
Avg. annual Avg. annual Bt C CUMULATIVE NET
change change CARBON CO, CHy N2O CFC SOx [YEARS
EMISSIONS Bt C Tg Tg N Kt
from 1990 to: from 1990 to 2100:

1591 a 1990-2025: 0.8% 1990-2025: 0.4% 2025: 7.4 509 12.9 19%0
1990-2100: 0.9% 1990-2100: 0.2% 2100: 1399 /78 Bt C 12.2 734 15.8 2025

20.3 1169 17.0 2100

IS91 b 1990-2025: 0.8% 1990-2025: 0.4% 2025: /78 Bt C 11 734 15.7 | 2025
1990-2100: 0.9% 1990-2100: 0.3% 2100: 1329 19 1169 16.9 2100

IS91 ¢ 1990-2025: 0.5% 1990-2025: 0.6% 2025: /71BtC 8.8 648 2025
1990-2100: 0.6% 1990-2100: 0.6% 2100: 676 4.6 615 2100

1S91 d 1990-2025: 0.7% 1990-2025: 0.9% 2025: /31 BtC 9.3 671 2025
1990-2100: 0.8% 1990-2100: 0.7% 2100: 915 : 10.3 740 2100

IS91 e 1990-2025: 0.9% 1990-2025: 0.2% 2025: /78 B1 C 15.1 783 16. 2025
1990-2100: 1.2% 1990-2100: 0.2% 2100: 2071 35.8 1379 19.1 2100

'~ < —y T T

IS91 f 1990-2025: 0.8% 1990-2025: 0.1% 2025: /94 Bt C 14.4 781 16.2 2025
1990-2100: 0.9% 1990-2100: 0.1% 2100: 1706 26.6 1499 19.0 2100

* TPER: Touwal Primary Energy Requirement

** Carbon intensity is defined as units of carbon per unit of TPER.
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6. Relationship between emissions and atmospheric concentrations and the influence
on radiative budget

A key issue is to relate emissions of greenhouse gases, greenhouse gas precursors and aerosol

precursors to future concentrations of greenhouse gases and aerosols in order to assess their impact on
the radiative balance, therefore, a number of different types of models have been developed.

Carbon Cycle Models: While there are a variety of carbon cycle models, including 3-D ocean-
atmosphere models, I-D ocean-atmosphere box-diffusion models, and box models that incorporat¢ a
rerrestrial biospheric sink, all such models are subject to considerable uncertainty because of an
inadequate understanding of the processes controlling the uptake and release of CO; from the oceans
and terrestrial ccosystems. While all carbon cycle models balance the contemporary carbon budget, not
all balance the historical carbon budget. Some models assume a net neutral terrestrial biosphere,
balancing fossil fuel emissions of CO3 by oceanic uptake and ammospheric accumuladon, others achieve
balance by invoking additional assumptions regarding the effect of CO, fertilization on the different
parts of the biosphere. However even models that balance the past and contemporary carbon cycle will
not predict future atmosphenc concentrations accurately because they do not necessarily represent the
proper mix of processes on land and in the oceans. The differences in predicted changes in CO»
concentrations are up to 30%. This does not represent the major uncertainty in the prediction ot future
climate change compured to uncertainties in esumating future patterns of race gas emissions, and in
quantifying chimate feedback processes. Likely future atmospheric CO; concentrations resulting from
given emissions scdMarios can be estimated several decades into next century by assuming an airborne
fraction as observed during the last decade; i.e., 4617%.

Atmospheric Gas.Phase Chemistry Models: Current tropospheric models exhibit substantial
differences in their predictions of changes in O3 and the hydroxyl radical (OH) and other chemically
active gases due to emissions of CHg, non-methane hydrocarbons, CO and, in particular, NOx. This
arises from uncertaimics in the knowledge of background chemical composiuon and our inability to
represent small scale processes occurring within the atmosphere. Hence, these deficiencies limit the
accuracy of predicted changes in the abundance and distribution of tropospheric O3, which 1s a
greenhouse gas, and i the lifetimes of a number of other greenhouse gases, including the HCFCs and
HIFCs, which depend upon the abundance of the OH radical. Increases in CHg, NMHCs, and CO all
lead 1o increases in O3, and decreases in OH, thus leading to an increase in radiative forcing. In
contrast, because increases in NO¢ will lead to an increase in both O3 and OH the net effect on radiative
forcing 1s uncertain

Atmospheric Sulfate Aerosol Models: The atmospheric chemistry of sulfate acrosols and their
precursors has been extensively studied in relation to the acid rain issue. While our understanding of
processes related to themical wransformations has increased significantly in recent years, substanual
uncertaintics remaintspecially regarding the microphysics of aerosol formation, interaction of aerosols
with clouds. and the removal of aerosol partcles by precipitation. '

7. How has our understanding of changes in radiative forcing changed

Since IPCC 1990, there have been significant advances in our understanding of the impact of ozonc
depletion and sulfate aerosols on the radiatve forcing, and in the limitauons of the concept of the Globu
Warming Potental.

Radiative Forcing due to Changes in Stratospheric Ozone: For the first ume observed
global depletions of &3 in the lower stratosphere have been used to calculate changes in the radiative
balance of the aumotphere Although the results are sensitive to atmospheric djustments, and no GCM
studies of the implicatons of the O3 changes on surface temperature have been performed, the raduative
balance calculations indicate that the O3 reductions observed during the 1980s have caused reductions in
the radiative forcing of the surfuce-troposphere system at mid- and high- latitudes. This reduction in
radiative forcing resulting from Oy depletion could. averaged on a global scale and over the last decade.

be approximately equal in magnitude and opposite in sign to the enhanced radiative forcing duce 10

9



O — S0 00~ AWK — |

Voo ~IOhn & W

(O ¥}
— O

b

[NO N ]
W N

RS I S I
~N A

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

‘ncreased CFCs during the same time period. The effect at high latitudes is particularly pronounced
and, because of these large vanations with latitude and region, studies using GCMs are urgently
required

Radiative Forcing due to Changes in Tropospheric Ozone: While there are consistent
observations of an ingrease in tropospheric ozone (up to 10% per decade) at a limited number of
locations in Europe, there is not an adequate global set of observations to quantify the magnitude of the
increase in radiative forcing. However, a 10% uniform global increase in tropospheric ozone has been
calculated to increase radiative forcing by about 10%.

Radiative Effects of Sulphur Emissions: Emission of sulphur compounds from anthropogenic
sources are likely to have caused a cooling tendency of the northern hemisphere. For clear sky

conditions alone, thetooling caused by current rates of emissions has been estimated to be up to 1 Wnr

2 yveraged for the nogthern hemisphere (though this number is uncertain by a factor of two). The non-

uniform distribution of anthropogenic sulphate aerosols coupled with their relatively short atmospheric
residence time produce large regional vaniations in their effects. In addition, sulfate aerosols may affect
the radiation budged through changes in cloud optical properties.

Global Warming Potentials: Gases can exert a radiative forcing both directly and indirectly: direct
forcing occurs when the gas iself 1s a greenhouse gas; indirect forcing occurs when chemical
transformation of-te original gas produces a gas or gases which themselves are greenhouse gases. The
concept of the Global Warming Potential (GWP) has been developed for policymakers as a measure of
the possible warming effect of the surface troposphere system arising from the emission of each gas
relative to CO». The tndices are calculated for the contemporary atmosphere and do not take into
account possible changes in chemical composition of the atmosphere. Changes in radiative forcing duc
to COy, on a kg basis, are non-linear with changes in the atmospheric CO; concentrations. Hence, as
COg2 levels increase from present values, the GWPs of the non-CO; gases would be higher than those
cvaluated here. For the concept to be most useful, both the direct and indircct components of the GWP
need to be quantified.

Direct Global Warming Potentials: The direct components of the Global Wurming Potentials
(GWPs) have been repalculated, taking into account revised estimated lifetimes, for a set of time
horizons ranging from 20 to 500 years, with CO7 as the reference gas. The same ocean-atmosphere
carbon cycle model a in [IPCC (1990) has been used to relate CO; emission to concentrations. Table |
shows values for a selected set of key gases for the 100) year time horizon. While, in most cases the
values are similar to the previous IPCC (1990) values, the GWPs for some of the HCFCs and HIECs
have increased by 20 to 50% because of revised estimates of their lifetimes. The direct GWP of CHj
has been adjusted upward, correcting an error in the previous [PCC repont. The carbon cycle model
used in these calculatons probably result in an underestimate of both the direct and indirect GWP
values for all non-CO; gases. The magnitude of the bias depends on the atmospheric lifetime of the
gas, and the GWP fime horizon.

Table 1
Direct GWPs for 100 year Time Horizon

Gas GWP Known Indirect Component of the GWP
Carbon dioxgle 1 nonc

Methane ' 11 posiuve
Nitrous oxide 270 uncertain
CFC- 11 3400 negative
CFC-12 7100 ' negauve
HCFC-22 1600 negative
HFC-134a 1200 none

Indirect Global Warming Potentials: Because of our incomplete understanding of chemical
processes, most of the indirect GWPs reported in IPCC (1990) are likely to be in substantial error. and
none of them can be reccommended. Although, we are not in a position to recommend revised numerical

10
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valucs at this time we do know that the indirect GWP for methane is positive and could be comparable
in magnitude to its direct value. In contrast, based on the sub-section above, the indirect GWPs for
chiorine and brominé halocarbons are likely to be negative. The concept of a GWP for short-lived,
inhomogeneously distr;buted constituents, such as CO, NMHC, and NO may prove inapplicable,
although, as noted above, we know that these constituents will affect the radiative balance of the
atmosphere through changes in tropospheric ozone and OH. Similarly, a GWP for SO, is viewed to be
innapplicable because of the resulting non-uniform distribution of sulphate aerosols.

Influence of Changes in Solar Output: The existence of strong correlations between
characteristics of the solar activity cycle and global mean temperature have been reported. The only
immediately plausible physical explanaton of these correlations involves variability of the sun's total
irradiance on time scales longer than that of the 11-year activity cycle. Since precise measurements of
the irradiance are only available for one cycle, no firm conclusions regarding the influence of solar
vanability on climate change can be drawn.

WHAT TOOLS DO WE USE AND WHAT INFORMATION DO WE NEED TO
PREDICT FUTURE CLIMATE?

Models

The most highl)‘/'developed tool which we have to model climate and climate change is known as a
general circulation model or GCM. These models are based on the laws of physics and use
descriptions in simplified physical terms (called parametrizations) of the smaller-scale processes
such as those due to clouds and deep mixing in the ocean. ‘Coupled’ general circulation models
(CGCMs) have the atmosphernic component linked to an oceanic component of comparable
complexity .

o
Climate forecasts are derived in a different way from weather forecasts. A weather prediction
model gives a description of the atmosphere’s state up to 10 days or so ahcad. starting from a
detuled descripuon of an inual state
of the atmosphere at a given time. Such forecasts describe the movement and development of larue
weather systems, though they cannot represent very small scale phenomena; for example,
individual shower clouds.

(contd.)

To estimate the influence of greenhouse gases or aerosols in changing climate, the model is first run
for a few (simulated) decades. The statistics of the model’s output is a dcscn’ption of the model's
simulated climate which, if the model is a good one and includes all the important forcing factors,
will bear a close resemblance to the climate of the real atmosphere and ocean. The above exercise is
then repeated with increasing concentrations of the greenhouse gases or aerosols in the model. The
differences betwaen the stanstics of the two simulations (for example In mean temperature and
interannual vanabllm/) provide an estimate of the accompanying climate change.

The long term chdnac in surface air temperature following a doubling of carbon dioxide
(rdcrrud to as the climate scnsllmty) 1s gcnemlly used as a benchmark to compare models. The
range of values for climate sensitivity reported in the 1990 Assessment, and re-affirmed in this
Supplement, was 1.5 to 4.59C, with a best estimate, based on model results taking into account the
climate record, of 2.5°C.

Simpler models. which simulate the behaviour of GCMs, are also used to make predictions of the
evolution with nme of global temperature from a number of emission scenanos. These so-called
box-diffusion models contain highly simplified physics but give similar results to GCMs when
globally averaged. Only comprehensive GCMs, however, can provide three-dimensional
distribution of the changes in other climate variables, including the changes due to non-linear

11
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processes that are not given by simplified models. The extraction of this information from the
results of coupled GCMs has only just begun.

(Contd.)

Future concentrations of greenhouse gases and aerosols

A necessary starting point for the prediction of changes in climate due to changes in atmospheric
constituents 1s an estimate of their future concentrations. This requires a knowledge of their
sources and sinks (natural and man-made) and the processes which determine their atmospheric fate
The projections of future concentrations can then be used in climate models to esumate the climanc
responsc. We af% need to determine whether or not the predicted changes will be notceable above
the natural variations in climate. Finally, observatons are required in order to monitor climate, to
improve the parametrization of processes and to help in the validaton of models.

Do GCMs predict future climate?

To make a prediction of future climate it is necessary to include all of the major human and natural
factors known tp affect cimate. So far, GCMS (and CGCMs) have included onty radiative forcing
induced by greenhouse gases, and therefore their results relate only to the greenhouse gas
component of climate change.

At the ume of the of the 1990 IPCC Report it was recognized that sulphate acrosols exert a
significant negative radiative forcing on climate but this forcing was not well quantified. Since then
progress has beeg made in understanding radiative forcing by sulphate aerosols, and an addiuonal
source of negative forcing has been identified in the depletion of stratosphernic ozone due to CFCs.
Untl both of these further radiative forcing factors can be incorporated in models, the climate
simulations of GCMs (and CGCMs) cannot be regarded as predicuons in the same sense that
weather forecasts are predictuons of what 1s expected to happen at a specified ume.

The lack of these-negative forcing factors in GCMs does not negate the results obuained so far from
GCMs. For example the estimates of climate sensitivity, which i1s defined purely in terms of CO?
concentrations, are unchanged, and it is stll belicved that anthropogenic greenhouse gases, now
and even more so in the future, represent the largest perturbauon to the natural radianve balance of
the atmosphere. However it does mean that the rates of change of, say. surfiace temperature do need
to be adjusted for additonal forcing factors before they can be true predictions.

4

1 4
8. Confidence in model predictions

There continues to be slow improvement in models ability to simulate present climate, although further
improvements in the ‘model resolution and the parameterization of physical processes are nccdgd Since
the last report, further evidence has accumulated that atmospheric models are capable of reproducing
many aspects of atmespheric variability. Coupled ocean atmosphere models produce variability on
decadal umescales similar in some respects to that observed, and ocean models show fonger term
fluctuations assoctated with changes in the thermohaline circulation.

There has been some clanification of the nature of water vapour feedback, although the radiauve effects
of clouds and related processes continue to be the major source of uncertainty and there remain
uncertainties in the predicted changes in upper tropospheric water vapour 1n the tropics. Biological
feedbacks have not yvet been taken into account in simulations of climate change.

Increased confidenct in the geographical patterns of chmate change will require new simulations with
coupled models in response to anthropogenic forcing scenarios that include acrosols and ozone.
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Confidence in regional climate patterns based directly on GCM output remains low and there is no
consistent evidence regarding changes in variability or storminess. GCM results can be interpolated to
smaller scales using statistical methods (correlating regional climate with the large-scale flow) or a
nested approach (high-resolution, regional climate models driven by large-scale GCM results). Both
methods show promise but an insufficient number of studies have yet been completed to give an
improved global pieture of regional climate change in response to increases in greenhouse gases. Given
our incomplete kno»‘\{ledge of climate, we cannot entirely rule out the possibility of surpnses.

9. Simulated rates of change in climate and their geographical distribution.

Results of General Circulation Models (GCMs) available to the 1990 report mainly concerned
equilibrium simuladons. Only one rransient model run (i.e., where the ime-varying response of the
climate to steadily increasing greenhouse gas concentratons 1s simulated) had been completed.

Since then many papers have appeared in the refereed literature concerned with climate models and their
results. Significant progress has been made in the area of ransient models, with four modelling groups
having carmied out climate simulations for up to 100 years using coupled atmosphere-ocean global
climate models (CGCMs) which incorporate a detailed description of the deep ocean and therefore can
simulate the climate lag induced by the deep ocean circulauon. However, these models require
substantial adjustments to fluxes of heat and fresh water in order to achieve a realistic simulation of
present climate. In these models carbon dioxide concentradons have been increased at rates close 10 1%
per year (approximgtgly the radiatively equivalent to the current rate of increase of greenhouse gases).

Internal vanability Spscures the geographical patterns of change during the first few decades of the
expenments. However, once these patterns become established, they vary relatively little as the
integrations progress and are similar to those produced by equilibrnium models in a number of ways:

(1) surface air temperatures increase more over land than over oceans.
(i) ~ precipiation increases on average at high latitudes. in the monsoon region of Asia and in the
winter at mid-latitudes.
(1it) over some mud-latitude conunental arcas values of soil moisture are lower on average in
summer.

The wransient CO5 simulations, however, show that over the northern North Atlantic and the southern
oceans near Antarcuca the warming is reduced by 60% or more relative to equilibnium simulations at the
time of doubling CO».

It is not yet possible to match in detail model ume with real ume because of the aruficial forcing
scenarios which have been used, and therefore model results should not be regarded as predictions.
Much further development and validation of coupled models 1s required.

10. What would we now estimate for climate change?

The new simulations using coupled-ocean atmosphere GCMs, which exclude the effects of sulphaies
and ozone depletion, generally confirm the [PCC 1990 estimates of future warming at rates of about
0.3°C/decade (range 0.2 10 0.5°C/decade) over the next century for IPCC 1990 scenario A The GCMs
ignore the possibilisw of other opposing anthropogenic influences, including the forcing from sulphate
aerosols and stratosphenc ozone depletion, therefore the net rate of increase in surface temperature is
expected to be less, at least during the penod for which sulphur emissions continue to increase, than
would be expected from greenhouse gas forcing alone . However, the globally averiged magnitude of
the effect of sulphate acrosols have not yet been calculated accurately and further work 1s needed.

[
The simulated rate ofchange of sea-level due to thermal expansion only ranges from 2 1o 4cm per
decade, again consisient with the previous report.

-



New IPCC 1992 Emissions Scenarios (see section 4), have been derived in the light of new
information and international agreements .In order to assess the effect of the new scenarios, the change
in suface temperature has been estimated with the simple climate model used in the IPCC 1990 report
which has been calibrated against the more comprehensive coupled ocean atmosphere models (see box
on models). For the PCC 1992 scenario a, the temporal evolution of surface temperature assuming the
high, "best estimate” and low climate sensitivities (4.5, 2.5 and 1.5°C) is shown in Figure XX . The
temperature changes for the six 1992 IPCC scenarios assuming the "best estimate” sensitivity are
shown in Figure YY.
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I1. The updated record of global mean temperatures

Continuing research nto the 19th century ocean temperature has not significantly altered our calculation

of surface temperature warming over the past 100-130 years of 0.45%0.15°C. Furthermore, global
surface temperatures for 1990 and 1991 have been similar to those of the warmest years of the 1980s
and continue to be warmer than the rest of the record. The research has, however, led to a small
adjustment in hemispheric temperatures. The long-term warming trend assessed in each hemisphere is
now more nearly equal, with the Southern Hemisphere marginally warmer in the late nineteenth century
and the Northern Hemisphere trend unchanged from previous estimates.

A notable feature over considerable areas of the continental land masses of the Northern Hemisphere is
that warming over the last few decades is primarily due to an increase of night-time rather than daytime
temperatures. Thes€changes appear to be partly related to increases in cloudiness but other factors
cannot be excluded such as a direct cooling effect of aerosols on maximum temperatures in sunny
weather, an influence of increasing concentrations of greenhouse gases and some remaining influence
of urbanisation on minimum temperatures. A more complete study is needed as only 25% of the global
land area has been analysed. In this regard, regional changes in maximum, minimum and mean
temperature related © changes in land use (e.g. desertification, deforestation or widespread irrigation)
may need to be identfied separately.

A new source of information that supports higher sea surface temperatures in many tropical regions
over the last decade ¢oncerns evidence that the bleaching of tropical corals has increased. Bleaching has
been shown to be reldted (in part) to episodes of sea surface temperature warmer than the normal range
of tolerance of these animals.

There has been considerable interest in mid-tropospheric temperature observations made since 1979
from the Microwave Sounding Unit (MSU) aboard the TIROS-N satellites. The MSU data have a truly
global coverage but there is only a short record (13 years) of measurements; the surface and the
radiosonde data are less spatially complete but have much longer records (over 130 and near 30 years
respectively). Globatly-averaged trends in MSU, radiosonde and surface data sets between 1979 and
1990 do differ somgwhat (0.03, 0.14, and 0.17°C per decade, respectively), but the differences are not
statusucally significant. Satellite sounders, radiosonde and surface instruments all have different
measurement characteristcs, and, in addition, geographical and temporal variations in mid-tropospheric
and surface temperatures are not expected to be identical. Despite this, correlations between global
annual values of the three data sets are quite high.

Note that it is not possible to rank recent warm years in an absolute way; it depends on which record is
used, what level 1s referred to and how much uncentainty is attached to each value.

MSU data have been able to detect the impact on lower stratospheric temperature of volcanic eruptions
in a striking way. Variability in these data between 1979 and 1991 1s dominated by shont-term
temperature fluctuations (greatest in the tropics) following the injection of large amounts of aerosol into
the stratosphere by the eruptions of El Chichon (1982) and Pinatubo (1991). Globally, temperature
nses were about 1°C and 1.3°C respectively: warming due to EI Chichon lasted nearly two years while
that due to Pinatubo 1s still underway. The longer radiosonde record, however, shows a significant
global cooling trend $f about 0.4°C per decade in the lower stratosphere.

12.  Are there any trends in other climatically important quantities

Precipitation vanations of practical significance have been documented on many time and space scales,
but due to data covgrage and inhomogencity problems nothing can be said about global-scale changes.
An apparent increase of water vapour in the tropics parallels the increase in lower wopospheric
temperature but it is not yet possible to say 1o what extent the changes are real and whether they are
larger than natural vanability.
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A small, irregular, decrease of about 8% has been observed in annually averaged snow cover extent
ovr the Northern Hemisphere since 1973 in a new, improved, compilation of these data. The reduction
15 thought to be real because annual values of snow cover extent and surface air temperatures over the
extratropical Northern Hemisphere land have a high correlation of -0.71.

There is widespread evidence that, regionally, relatively fast (sometimes called abrupt) climate changes
can occur which are often specific to individual seasons. Those fast changes are poorly understood,
but can be of considarable practical importance.

13. Are the observed temperature changes consistent with predicted temperature
changes?

CGCMs, which do not take into account changes in aerosols, predict a greater degree of warming in the
Northern hemisphere (NH) than in the Southern hemisphere (SH) because of the greater extent of land
in the NH which responds more rapidly to forcing. The observed larger warming of the SH than in the
NH in recent decades is at first sight in conflict with this prediction. Thus the SH warmed by over
0.3°C between 1955 and 1985 while the NH hardly warmed at all. Recently, however, the NH has
recently started to warm quite rapidly. The reasons for the differences in observed warming rates in the
two hemispheres are not known though man-made aerosols and changes in ocean circulation may have
played a part. In theeNH a negative radiative forcing of about 1Wm-2 due to man-made sulfate aerosols
has been estmated (see section 7).

Furthermore, increases in CFCs may have reduced ozone levels sufficiently to offset in a globally-
averaged sense the direct greenhouse effect of CFCs. Consequently, the estimates of warming over the
last 100 years due to increases in greenhouse gases made in the original report may be somewhat too
rapid because they did not take account of these cooling influences. Taking this into account could bring
the results of model simulations closer to the observed changes.

Individual volcanic cruptions, such as that of EI Chichon, may have led to surface cooling over severl
years but should not affect the long term wend. Some influence of solar variations on time scales
associated with several sunspot cycles remains unproven but is a possibility.

‘The conclusion of the 1990 report remains unchanged: “the size of this warming is broadly
consistent with predictions of climate models, but it is also of the same magnitude as natural chmate
vanability. Thus the observed increase could be largely due to this natural varability; alternatively
this variability and other human factors could have offset a still larger human-induced greenhouse
warming

14. Key Uncertainties and further work required

The predicton of future climate change is cnincally dependent on scenarios of future anthropogenic
emissions of greenhouse gases and other climate forcing agents such as aerosols. These depend not
only on factors whie¥ can be addressed by the natural sciences but also on factors such as population
and economic growth and energy policy where there is much uncertainty and which are the concern of
the social sciences. Natural and social scienusts need to co-operate closely in the development of
scenanos of future emissions.

Since the 1990 report there has been a greater appreciation of many of the uncenainties which affect our
predictions of the timing, magnitude and regional patterns of climate change. These continue 10 be
rooted in our inadequate understanding of:

* sources and sinks of greenhouse gases and acrosols and their atmospheric concentrations
(including therr indirect effects on global warming)
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+ clouds (particularly their feedback effect on greenhouse gas-induced global warming, also the
effect of aerosols on clouds and their radiative properties) and other elements of the
atmospheric water budget, including the processes controlling upper level water vapour

= oceans, which through their thermal inertia and possible changes in circulation, influence the
timing and pattern of climate change

. ' . . .
* polar ice sheets (whose response 1o climate change also affect predictions of sea-level rise)

* land surface processes and feedbacks, including hydrological and ecological processes which
couple regional and global climates

Reducton of these uncertainties requires:

* the developmént of improved models which include adequate description of all components of
the climate system

* improvements in the systematic observation and understanding of climate-forcing variables on
a global basis, including solar irradiance and aerosols

* development of comprehensive observations of the relevant variables descnbing all
components of the climate system,involving as required new technologies and the
establishment of data sets

* better understanding of climate-related processes, particularly those associated with clouds,
oceans andythe carbon-cycle

* an improved understanding of social, technological and economic processes, especially in
developing countries, that are necessary to develop more realistic scenarios of future emissions

* the development of national inventories of current emissions
* more detailed knowledge of climate changes which have taken place in the past

+ sustained anll increased support for climate research activities which cross national and
disciplinary boundanes: particular action is still needed to facilitate the full involvement of
developing countries

+ 1mproved intemational exchange of climate data.

Many of these requirements are being addressed by major international programmes in particular by the
World Climate Resegreh Programme (WCRP), the International Geosphere Biosphere Programme
(IGBP) and the Global Climate Observing System (GCOS). Adequate resources need to be provided
both to the internat®dnal organisation of these programmes and to the national efforts supporting them if
the new information necessary to reduce the uncenainties is to be forthcoming. Resources also need 1o
be provided to support on a nanonal or regional basis, and especially in developing countnies, the
analysis of data relating 10 a wide range of climate variables and the continued observation of Importint
vanables with adequate coverage and accuracy.



