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EXECUTIVE SUMMARY

We are certain of the tollowing:

there o natural greenhouse orfect w hach wreaay
heens the Earth warmer than 11 would otherwise he,

CHssrens rosultme from human Jviivities are
substanniad rcreasing e atmospherie coneen-
trattons ot the greenhouse wases: carbon dioxde.
methane. chlorotluorocarbons (CECh ) and nmitroys
ovade These mereases wiil enhance the vreenhouse
ctect resulung on average in an additionat warminge
of the Farth's surtace. The man greenhouse vy,
wiler vapour. will increase in response (o olohal

warmine and turther enhance i,

We calculate with confidence that:

SR ases are potennally more ctiective i olhers
AUchanemg chmate. and therr relatye clrectneness
can feoesamated. Carbon dioxide b been res-
ponsthic tor over half the enhanced greenhouse ettegr

mehe pastoand iy likely 1o remam <o 10 the liture.

dmosphenic concentrations ot ihe fong-lived cuses
ccarbon dioxade. nitrous oxide and the CFCsy udjus
OREs soM Iy 10 changes i emissions, Contimued
CIHNsons ol these sases al present rates would
caomnut s eomnereased concentrations for cantdries
aheaa Fhe loager emissions CONLNUC o mcrease ol
Presentaday tares the greater reductions would hyve

Lo be Tor concentrations (o stabilise ab a viven fevel,

e tone-ined ganes would require immediate
TCHU ODS O CITHUSS TN S Trom fuman aciivines o
aver 8T o stabrtee therr coneentrations ar todaw

feveistmethune would require 3 15-20¢; reduction

Yased on current model results, we predict:

under he 1PCC Busmess-as-1wual fSeenarno )

SIS IoNS of greenhouse gases. J rae ol inerease of

global mean wemperature during the next century of
sbout U.3C per decade 1with an gncertamty range of
1.27C 10 0.3 C per decade): this is greater than that
seen over the past 10.000 vears. This will result in o
hikels increase m global mean temperature oi about
I C ubove the present value by 2025 and 3°C betore
the end or the next ceaturv. The rise will not he
steady hecause of the intluence of other tactors,

undger the ather {PCC emission scenarios which
dxsume progressively increasing levels of controls,
rates ot merease mn global mean lemperiture of about
N.2°C per decade (Scenario B). Just above 0.1°C per
decade (Scenurio C) and about 0.1°C per decade
tScenanio D

that fand surfuces warm more rapidiy than the oceuan.
and high northern Latitudes warm more than the
giobal mean i winter.

regronul vhmaie changes different from the elobat
mean. aithough our confidence 1 the prediction ol
the detal of regional changes s low. For example,
lemperature increases in Southern Europe and central
North America are predicted o be higher than the
stobal mean. accompuanicd on average by reduced
summer precipitanion and soil mosture, There are
less consistent predictions Lor (he fropics and the

Southern Hemasphere.

under the IPCC Busimess us L sual CITHSSION
SWCIRINO. Ui average rate ol olobal mean sea level
rse ot about Gem per decade over the nexi century
Cwith an unceriunty range ol } - i0em per decade ).
mainy due o thermal expansion of the oceans and
the melting ot some land e, The predicted rise i
about 20vm i global ineun seu level by 2030, and
65em by the end of the next century, There will be

signibicant regional vanations,



There are manv uncertainties

in our predictions

particularly with regard to the timing, magnitude and

regional

patterns of climate change. due to our

incomplete understanding of:

sources and smks ot greenhouse gases. which affect
predictions of future concentrations,

clouds. which strongly
climate change.

intluence the magnitude of

oceans, which inttuence the
cltmate change.

uming and patterns of

polar ice sheets which artect predictions of sea level
rise.

These processes are already partiallv undersiood. and we
Are contident that the uncertainties can be reduced by

turther research. However,

the complexity of the svstem

means that we cannrot rule ous SUIPrises.

Our judgement is that:

Global - mean surtace ar iemperature has increased
bv 0.3°C w0 0.6°C
five global-average warmest vears berng
1980,
mereased by 10-20cm. These mereases have not been
smooth with time,

vver the fast 100 vears, with the
in the
Over the same period clobal ~ea level has

nor umiform over the globe.

Fhe siz¢ of this warming i~ broadiy consistent with

predictions ot chimate models. but i alsa o the

~Ame magnitude as natural chimare vartabihity, Thuys

the observed increase could he Largely due 1o thyy
nataral varnapii diternativeiy this vartabihity und
sther human tactors could have ot fset a sl targer

human-iduced creenhouse warming. The uney-

wivocal detection of the enhanced greenhouse effect
from observations is not likely for a decade or more.

There is no firm evidence that climate has become
more variable over the last few decades. However,
with an increase in the mean temperature. episodes ot
high temperatures wiil most likely become more

frequent in the rfuture. and cold episodes less
frequent.

Ecosystems atfect climate. and will be affected by a
changing climate and by increasing carbon dioxide
concentrations. Rapid changes in climate will change
the composition of CCOsySiems: some species wiil
benefit whtie others will be unable to nugrate or
adapt fast enough and may become extinct. Enhanced
levels of carbon dioxide may increase productivity
and etficiency of water use of vegetation. The effect
of warming on biclogical processes.
understood, mav  increase the uatmospheric
concentrations of natural greenhouse UASCS.

although poorly

Toimprove our predictive capability, we need:

o understand betier the various climate-related
processes. particulurly those associated with clouds.
veeans and the carbon cyvele,

[0 improve (he s¥stematic observation of ciimate-
related variables on o global basis. and turther

fvestiate chances which ok plice n e past.

o develop improved models of the
system,

Earthr's climane

o inerease support for natonal and mternanonal

viimate research acthivines, expectatly i developing
COUntrics.

to facilitate internatongl exchange of chimate duta.
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There 1s concern that human activities may be inadvertently
changing the climate of the globe through the enhanced
greenhouse eifect. by past and continuing emtssions of
carbon dioxide and other gases which wiil cause the
temperature of the Earth’s surtace to increese - popuiariy
rermed the “zlobal warmung ' It this occurs. consequent
changes mav have a significant Impact on saciety,

The purpose or the Working Group | report. s
determined hy the first meeung of IPCC, iy o provide a
scienufic assessment ot

Iy the tactors which maysattect climate change during
the next century. espectatly those which are due to
human acuvity.

J)  the responses of the atmosphere - ocean - land - ce
system.

3} current capabiliues of modethng global and regional
climate changes and their predictability.

4 the past chimate record and presently observed
climate unomalies.

On the basis of this assessment, the report presents current
knowledge revarding predictions of chimate change (incl-
uding sea level nise and the etfects on ecosvstems ) over the
next century. the tming of changes together with uan
assessment of the uncertainties associated with these
predictions.

This Poiicymakers Summary aims (0 bring out those
etements of the muin report which have the greatest
relevance 1o policy formulaton. m answenng the following

questons:

« What Luctors detemune global cliunate !

* What are the vreenhouse zases. and how and why are
thev increasing !

« Which cases are the most imporant !

*  How much do we expect the chimate to change?

* How much vconlidence do we have n our
predicoons?

* Wil the chimate of the future he very difterent !

* Have human activines aiready begun 1o change
zlobal ctimate?

*  How much wiil sea tevel nse?

* What will be the etfects on ccosvstems?

= Whut should be done to reduce uncertainties. and
how long will this take?

This repont s antended (o respond to the practical needs of
the poltcymaker. [t 1y neither an academic review. nor a
plan for u new research programme. Uncenainues attach o
almost every aspect of the 1ssue. set pohicymakers are
looking for ciear gurdance from scientists: hence authors

have been asked to provide their best-estimates
wherever possible. together with an assessment of the
uncerntainnes.

This report 15 a summary of our understanding in {990,
Although conninuing research will deepen this under-
standing and require the report 1o be updated at frequent
intervals. basic conclusions concerming the reality of the
cnnanced greenthouse ettect and its potential 10 alter giobal
climate are untikelv o change stenificantly. Nevertheless,
the complexuy ot the svstem may give nse-lo surprises.

What factors determine global climate ?

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

What natural factors are importans?

The driving energy for weather and climare comes trom the
Sun. The Earth intercepts solar radiation tincluding that in
the short-wave, visible. part of the spectrumy; about a third
ot 1t is retlected. the rest s absorbed by the ditferent
Components tatmosphere, oceun. we. lund and biota) of the
chmate system. The energy absorbed from sofur radiation s
balunced Gin the long term) by outgoing radiation from the
Earth and atmosphere: this terrestrial radiation takes the
torm of long-wave invisible infrared cnergy, and its
magnitude 15 determined by the lemperature ot the Earth-
atmosphere sysiem.

There are several natural factors which can change the
halance between the enerey absorbed by the Earth and that
cmitted by it an the torm of longwave infrared radiation:
these factors cause the radiative forcing on climate. The
most obvious ot these 15 a change n the oulput of energy
trom the Sun. There 1s direct evidence of such variability
over the 1l-vear sofar cvele. and longer period changes
may also occur. Slow varations in the Earth's orbit atfect
the seasonal and lautudinai distribution of solar radiation:
these were probubty responsible for tnitiating the ice ages,

One of the most important  factors 15 the greenhouse
effect: a simpiified explanation ot which iy as fotlows.
Short-wave solar radiation can pass through the clear
atmosphere relatively ummpeded. But long-wave terrestrial
radiation emitted by the warm surface of the Earth is
parnally abserbed and then re-emitted by a number ot trace
gases in the cooler aimosphere above. Since. on average,
the outgong long-wave radiation balances the imncoming
solar radiation. both the atmosphere and the surface will be
warmer than they would be withour the greenhouse gases.

a~



Some solar raciation
s reflected by the eann
anda the atmospnere

A p

LT ATMOSPHERE

Some of Ine inra-reg
Sotar . radialion 15 apsoroeq :
agration - and re-emittec by the -,
passes greennouse gases
‘rrougn -~ The erect of this 15 10
the ciear warm the surace and
aimasphnere Ine Iower aimosphere -
Most radiation s absarbeq _ ntra-red radration
oy the eanh's surtace EARTH s eminted from
ang warms it he earth's surtace
Figure t: N simpihified diagram iifustrating the oreenhouse etfeer.

Tihw mam natural greenhouse gases are not the nigor
comstiluents. trogen and oxygen. bul water vapour ¢the
higyest contribuion). carbon dioxade. methane. nitrous
ovide. and ozone i the tropospitere (the lowest 10-15hm o1
the atmospheres and striutosphere,

Verosals tsmatl partictes) i the almosphere can also
atect ciimate because thev can retiect and absorb radiition
The most important naturad perturhations result trom
vaplosse voleamie erupnions which aifect con-centrations
M the fower stratosphere. Lastlv, the chimate has s own
natural variability on all tamescales and changes occur
wathout any external inftuence.

How do we know that the natural preenhouse effect ix
real?

The vreenhouse elfect is real: it is a well understood cricet,
Pised on estublished scienufic principles. We hnow that ine
creenhouse cttect works in practice. [or several reasons,

Firstis . the mean temperature of the Eurth's surlace 1y
already warmer hy about 33°C (assuming the ~ame
rettectivity ol the carthy than it would he 1t the natural
ureenhouse gases were not present, Satettite observations of
the radiation emistted from the Earth's surfuce and through
the wtmosphere demonstrate the etfect of the greenhouse
ERTYRN

Seeondly, we know the composition ol the almospheres
ot Venus. Barth and Mars are very different. and therr

sarface temperatures are in general agreement with
urecnhouse theory.

Thirdly. measurements from ice cores voing back
160000 vears show thal the Earth's temperature closely
paralleled the amount of carbon diexide and methane in she
atmosphere tsee Figure 200 Although we do not know the
detarls of cause and effect. caleulations indicate that
changes i these greenhouse gases were purt. but not ail. vl
the reason tor the Large (3-7°Ch globai lemperare swings
hetween we ages and intergluciad perioads.

How might human activities change global climate?
Naturathy occurning greenhouse vases heep the Earth warm
cnough to be hubitable. By increasing therr concentrations,
and by adding new creenhouse vases like chloro-
Huorocarpons (CFCsy. humankind s capable of raising the
global-uverage unnual-mean surtace-mir lemperature
twhich. tor simplicay, i reterred 1o as the “elobal
temperature ). although we are uncertain about the rate at
which this will occur. Sirictlv, this is un enhanced
greenhouse etfect - above that vceurning due to natural
areenhouse gas concentrations: the word “enhanced” is
usually omitted. but 1t should not be forgotten. Other
vhanges in climate are expected o result, tor example
changes i precipitation. and a giobal warming will cause
st levels to rise: these are discussed in more detail luter.
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What are the ureenhouse gases and w hy are they
increasing?

Weare certam that the concentrations of areenhouse vases

1 the atmospnere hase changed naturably onwee-age nme-

sedlesand B e veen increasing simce pre-industrial tmes

Jdue 1o human actvitees, Table | summarnizes the present

A0 presindusirgd abundanees. current rutes ot chanee and

dreenhodse

present atmesphierte drletimes ol AR R

miluenced by numan activimes. Curbon dioxide, methane,

~ources. while the chlorofluorocarbons are onlv produced
industrially,

Two important greenhouse cases. water vapour and
wrone. are notinciuded in this table . Water vapour has the
furgest greenhouse etfect. but its concentration in the
troposphere 1y determined internally within the climate
otem.and. onoaelobal seale. 1s not atfected by human
sources and sinks. Water vapour will increase in [CSponse
to global warming and further enhance it this Process Iy
meluded in climate models. The concentration of ozone s
changing both 1n the stratosphere and the troposphere duc
to iuman activities. but 1 s difficulr to quanulv the
changes from present observations.

For a thousand vears prior 10 the industrial revolution.
abundances of the ureenhouse gases were relatively
vonrstant. However. as the world's population increased. as
the world became more industrialized and as agricuiture
developed. the abundances ot the 2reennouse sases
tmereased markedly. Figure 3 dlustrates this (or carbon
droxide. methane. nitrous oxide and CFC- 11,

Siee the industial revolution the combustion of fossi
tuels and deforestation bave led to an increase of 26% 1n
varbon dioxide concentration in the atmosphere. We know
the magnitade of the present dav tossil-tuel source. but the
mput from detorestation cannot be esumated accuraiely. [n
addition. althoush about halt of the emitied carbon dioxide
~layvs an the atmosphere. we do not know well how much of
the remaunder is absorbed by the oceans and how much by
terrestrial biota, Emissions of chloroftuorocarbons. used as
aerosob propetlunts, solvents. retrigerants and fowm blowing
dgentsoare abw well known: they were not present in the
atmesphere betore their invention i the 1930,

Mhe soarces of methane and nitrous oxide are icss well
hnown. Methane concentrations hive more than doubled
hecause of rice production. cattle rearing. biomass burnuig.
oalmmine and ventdaton o gaiural wsass alsos rossal tued
Sombusion may hase also contnibuted throueh chemical
reactions n o ihe atmosphere which reduce the rute ol
remosal ol methane. Nitrous axade has inereased bv ubout
S sanee pre-mdustrial times, presumably due 1o human
activitess we are unable o specry the sources, but 11 s
likels that agnculiure plass o part.

The elfect of ozone on chimale 15 strongest an the upper
troposphere and lower stratosphere. Maodel calcutations
mdicate that ozone 10 the upper troposphere should have
mcreased due we human-made emissions of nitrogen oxides,
hyvdrocarbons and carbon monoxide. While ground [evel
vsone has ancreased i the Northern Hemisphere in
response (e these emissions, observations are insufticient to
cuntirm the expected increase in the upper troposphere.
The luck ot adequate observations prevents us from
decuratety quantdving the climane effect ot changes
tropospheric ozone.



CO2 CONCENTRATION (ppmv}

N20 CONCENTRATION {(ppbv)

Carbon

Methane

CFC-11 CFC-12 Nitrous

Dioxide Oxide
Atmaospheric concentration ppmy npmv Ppey oy poby
Pre-industrial ¢1730- 18003 280 X N 0 S48
Present day 1199 AR3 [ 230 384 310
Current rute of change per vear  |.% 11015 a3 17 08

10.5%) 1.9%) 145 145 10.25%H)
Atmosphernc Hifetime (vears) (50-200n+ to 63 130 150

ppmyv = parts per mil{ion by volume:
ppbv = parts per bitlion (thousand mition: by volume;
ppty = parts per trllion cmiltion medtions by volume.

T The wav in which CO5 is absorbed by the oceans and binsphere

the main report tor turther discussion,
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Figure 4: The relanonship between hvpotheticat fossil fuel emissions of carborrdioxide and its concentration in the atmosphere is

shown n the case where (a) ermissions continue at 1990 levels. (b) emissions are reduced by 30% 1n 1990 and conttnue at that level,

¢y emisstony are reduced by 2% pa from 1990, and 1dy emessions. atter tnereasing by 25 pa untidl 2010, are then reduced by 2% pa

thereatter

In the tower strarosphere at high southern latitudes ozone
has decreased considerably due to the effects of CFCs, and
there are indications ot a global-scale decrease which.
while not undersiood, may also be due to CFCs. These
observed decreases should act 1o cool the eanh’s surface.
thus providing a small otfset 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
Cconinue ) increase.

Concentranons, lifetimes and stabilisation of the gases

In erder 10 culculate the atmosphenc concentranons of
carbon droxide which will result from human-made
emissions we use computer models which incorporste
detarls ot the emissions and which include representations
of the trunster of carbon dioxide between the stmosphere.
oceany and terrestniai biosphere. For the other sreenhouse
gases, models which incorporate the etfects of chemicul
reactions i the utmosphere are emploved.

The atmospheric hifetimes of the gases are determined by
their ~ources and ~inks in the oceans. atmosphere and
biosphere. Carbon dioxide, chlorotluorocarbons und nitrous
oxide are removed only slowly from the atmosphere and
hence. following 4 change in emissions. their wimosphene
concentrations lake decades 1o centuries to adjust fuliv.
Even it all human-made emissions ot carbon dioxide were
halted 1n the vear 1990, about half of the increase i carbon
dioxide concentration caused bv human activities would
stiit be evident bv the vear 2100

In contrast, some of the CFC subsututes and methane
have relatively <hort atmospheric lifetimes so that thewr
atmosphenc concentrations respond fully to emission

changes within a few decades.

To tliustrate the emission-concentrauon refationship
clearly. the effect of hvpothetical changes i carbon dioxide
tfossil fuel emissions 1s shown in Figure 4 (a) continuing
ulobul emissions at 1990 levels: (b) halving of emissions n
19902 (¢) reductons in emissions of 2% per vear (pi) (rom
1990 and (¢ a 2% pa increase from 1990-2010 followed by
4 2% pa decrease from 2010,

Conunuauon of present day emissions are committing us
o increased future concentrations. and the longer emissions
continue to increase. the greater would reductions have o
hbe to stabilise at a @iven level. If there are crinical
concentration levels that should not be exceeded. then the
carlier emission reductions are made the more ettective
they are.

The term “atmospheric stabilisation” is often used o
deseribe the imiting of the concentration of the greenhouse
cases at a certnn level. The amount by which human-made
emissions of a greenhouse gas must be reduced in order to
stabilise at present day concentrations. for cxample. 1
~hown 1in Table 2. For most gases the reductions would
have to be substantial.

How will greenhouse gas abundances change in the
future?

We need to know future greenhouse gas concentrations in
order to esumate future climate change. As already
mentioned. these concentrations depend upon the
magnitude ol human-made emissions and on how changes
mm climate and other environmental conditions may
influence the biospheric processes that control the
cxchange of naturai greenhouse cases, including curbon
dioxide and methune. between the atmosphere. oceans and
terrestrial biosphere - the greenhouse gas “feedbacks™.

10
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Note tat the stabslisatton of each of these gases would have different

~eaphuned im o the next sechon.,

Fowr seenarios of tuture human-made cnissions were
developed by Working Group L The tirst of these
dssuimes that tew or no steps are tahen to fimit greenhouse
s entessions, and thiy s theretore termed Busingss-uas-
Usaat cBal oot should be noted that an ageregation ot
matonal rorecasts of emissions ol carbon dioxide and
methane 1o the sear 2025 undertaken by Working Group i1
resulted i clobhal emussions 10-20¢0¢ lugher than n the Bal
seenanion The other three scenrarios assume that pro-
gressiveivomereasing levels o controls reduce the erowth
vl emissiens these are referred o as scenarios B CLand D.
Chey wre brictly described in the Annex (o this summary.
Fulure concentrations of some of the greenfiouse oases
which would arise trom these cmissions are shown

Figure =

Greenhinuse pays feedbacks

Some o ihe possible teedbacks wiich could sicmiticantly
Modite babure 2reenhouse sy Concenitialions i1 warmer
worfd e doeussed inthe tollowing paragraphs,

Fhe 2ot cmisstons of carbon diovide Trom terrestral
cuesasicnis wd] be elevated o ngher emperatures increase
respiration ab o laster rate than photosyathesis, or 1f plant
populdions. parbicularly Large torests. cannot adjust rapidly
coonrn e clumees in climate.

Vet rtus ol carbon dioxade to the atmosphere may be
pariicalarlsy cvident g warmer condiiions i tundra and
boreal recions where there are large stores ol carbon. The
opposite s true 1F higher abundances of carbon dioxide in
the ctmosphere enhance the productivity ol natural
ccosysiemsor it there iy an mercase 0 sonh monsture whick
can beoexvpected to sumulate plant growth o dry
crosysiems and 1o inerease the storage of carbon in tundra
peal. The ovlent o which coosvstems can sequester
meregsine lmospheric carbon dioxide remains o be
quantibeed,

{Fthe vecans become warmer. their net uptake ol carbon

diovide mayv decrease because ot changes 1 i the

ettects on chimate.

chemisiry ot carbon dioxide in scawater. (i) biological
dctivity n surface waters. and (iiiy the rate of exchange of
carbon droxide between the surface luvers and the deep
ocean. This last depends upon the ruie of formation ol deep
waler mn the ocean which, in the North Atlanue tor
example. might decrease 11 the sadimity deereases as a result
ol a change m chmate.

Methane emissions trom natural wetlands and rice
paddres are partculariv sensitive 1o lemperalure and soil
masture. Emisswons are stemticantly Jarger e higher
temperatures and wath imcreased soil mosture: conversely,
A decrease i osoul smatler
cmisstans. Higher temperatures could increase the

viissions of methane at high aorthern tatitudes from

moisture would result in

decomposable organic mater trapped In permalrost and
methane hyvdrates.

As tustrated carlser, ice core records show that methane
and carbon dioxide concentrations changed i simitar
eise Lo lemperature between we ages and intergfacials.

Although many ol these feedback processes are poorly
understood. i seems likely that. overall. they will act 1o
erease. rather than decresse. greenhouse gus con-
CCIETALIONS 1N 4 warmer wirld,

Which gases are the most important?

We ure certiin that inereased greenhouse gus con-
centrations increase radiative torcing, We can calculate the
forcing with much more contidence than the ¢limate
change that results because the tormer avoids the need to
cvaluaie a4 number of poorly understood atmospheric
responses. We then have a base from which to caleulute the
relative etfect on climate of an increase in concentration
of cuch gas in the present-day amosphere. both in absolute
terms and refative to carbon dioxide. These relative eficeets
~pan a wide range: methune is aboul 1 times more
ctfective. molecule-for-molecule. than carbon dioxide. und
CFC-11 about 12.000 times more effective, On a kilogram-

/.
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per-kilogram huasis, the cquivalent values are 38 tor
methane and whout 1000 tor CFC-11. hoth refative 10
carbon dioxide. Values tor other greenhouse gases are 1o be
feund in Section 2,

The total radiauve forcimg at any tme is the sum of those
trom the individual greenhouse pases. We show in Figure 6

18 SoTT T e T

it might change

L -

observauons of greenhouse gases) and how
in the future (based on the Tour IPCC emissions scenarios).
For simphicity. we can express total forcing in terms of the
amount of carbon dioxide which would give that forcing:
this 1v termed the equivatent carbon dioxide conc-
entration. Greenhouse guses have increased since pre-
mdustrial umes (the mid-18th centuryy by an amount that s
radiatively equivatent to about a 30% increase in curbon
dioxide, although curbon dioxide itseil has risen by onlv
26% ather gases have made up the rest.

The contributions of the various gases to the total
mcrease in ciimate forcing during the 1980s is shown as o
pie diagram in Figure 7: carbon dioxde is responsible for
about half the decadal increase. (Ozone. Lhe ctfects ol
which may be signiticant. is not incivded)

How can we evaluate the effect of different greenhouse
gases?

To evaluate possibie policy options, 1t s uselul to know (he
relative radiative effect wand. hence, potential ¢limate
ctiech ol cquai emissions of cach of the greenhouse vases.
The concept of relative Global Warming Potentials
(GWPY has been devetoped o tahe into account the
differing tmes that gases remain i the atmosphere.

This dex defines the ume-integrated warming eflect
due (0 an instantancous release of unit mass ¢ kg of a
given greenhouse gas in today's atmosphere, relative to tha
ot carbon dioxide. The relative importances wiit change m
the future as atmospheric composition changes because.
although radiative forcing increases in direet proporton o
the concentration of CFCs. changes i the other greenhouse
gases (partcularly carbon dioxide) have an effect on
torcing which is much less than proportional.

The GWPs in Tuble 3 are shown tor three tume horizons.,
reftecting the need to consider the cumulative effects on
climate over vartous ume scales, The longer time horizon 1~
approprute tor the cumulative effect: the shorter imescale
will indicare the response 1o emission changes in the short
term. There are a number of practical difficuttics in
devising and caleulating the values ot the GWPs. and the
values grven here should be considered as preliminary. In
addition to these direct effects, there are indtrect ettects of
human-made cmissions arising from chemical reactions
between the vartous constituents. The ndirect effects on
stratospheric waler vapour. carbon dioxide and trop-
ospheric ozone have been included in these estimates.

Table 3 indicates, for example. that the effectiveness of
methane inintlugncing climate will be greater in the first
few decades alter release. whereas emission of the longer-
lived nitrous oxide wili alfect climate for a much longer
time. The iifeumes ol the proposed CFC replacemenis
range from | to 40 vears: the longer lived replacements are
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Figure 7: The contnibunton trom each ot the human-made
greenhouse wases 1o the change in radiative torcing from 1980
19940, The contribution trom ozong mayv also be signiticant, hut

cannot be yuanutied at present.

still potentialiv ctfective as agents of climate change. One
example ot this, HCFC-22 (with a 15 vear lifetime), has a
sumilar etfect twhen released in the same amouni) as CFC-
Il ona 20 vear nme-scale: but less over a 300 year ume-
scale,

Tuable 3 ~hows carbon droxide to be the least etfective
greenhouse cas per kilogramme emitted. but 1ts con-
tribution o giobal warmng. which depends on the product
of the GWP and the amount emitted. 1s largest. In the
exampie in Table 4. the etfect over 100 vears of emissions

ot greenhouse gases in 1990 are shown reiative to carbon
dioxide. This 1s 1llustrative: to compare the etfect of
different emission projections we have 1o sum the effect of
emissions made in future vears.

There ure other technical criteria which may help
policymakers to decide. i1n the event of emissions red-
ucnions being deemed necessary. which gases should be
considered. Does the gas contribute in a major way to
current. and future, climate forcing? Does it have a ong
Bfetime. so earlier reductions 1 emissions would be mor;
effective than those made luter! And are 1ts sources and
sinks welil enough known to decide which could be
controlled i pracuce? Table 5 illustrates these tuctors.

How much do we expect climate to change?
1t s relatively casy to determine the direct etfect of the
increased radiative forcing due to increases in greenhouse
gases. However, as climate begins 10 warm. various
pracesses act to amplify (through positive feedbacks) or
reduce (through negative teedbacks) the warming. The
matn fcedbacks which have been idenufied are due to
changes (n 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 (atmosphere-ocean-ice-land), known as General
Circulation Models (GCMs). They synthesise our
knowledge of the physical and dvnamical 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 invoived are comparatively crude. Because
of this. considerable uncertainty is attached to these
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Table 3 Global Warming Potenuials. The warming effect of an enussion of lke of each cas relative 1o that of COH

These figures are hest esttmates calculated on the basis of the present aav armospieric composinon

TIME HORIZON

20 vr OO vr 300 vr
Carbon dioxide ; | |
Methane uincluding ndirects "3 o1 9
Nitrous ox1de 270 20 190
CFC-11 +5(H) A0 FS00
CFC-12 T100 TI00 4500
HCFC-22 4 1K) 1500 S0

Global Warmming Potennials for a range of CFCs and potenual replacements are given in the full text.

Table 4 The Reluive Cumudanve Climate Effect of 1990 Man-Made Enussions

GWP 1990 emuissions Relative contribution
1100yr honizon) tTg) over [Hvr

Carbon dioxide | 26000t 6%

Methane* 21 300 15%

Nitrous oxude 200 f 1%

CFCs Vanous 0.9 bt

HCFC-22 1500 0.1 L.5%

Others* Vanous 8.5

“ These values include the indirect effect ol these emissions o other creenhouse vases vay chemucal reactnions in the
atmosphere. Such estimates are highly model dependent and shouid be considered pretiminary and subject to change.
The estmated ettect ot ozone 15 included under “others * The rases ncluded under “others” dare given in the tull
report

£ 26 000 Ty tieragrams) of carbon dioxide = 7000 T 1=7 Gty of carbon

Table 5 Characteristics ot Greenhouse Guses

GAS MAJOR CONTRIBUTOR? LONG LIFETIME? SOURCES KNOWN?
Carbon dioxude ves ves Ves

Methane yes no semi-quanttatively
Nitrous oxide not at present ves quabitattvely

CFCs ves ves ves

HCFCs. e not al present mainly no yes

Ozone possibly no qualitatively




range of vajues given: further detail§ are given in a later
~ecton.

The estimates of climate change presented here are based
on

v nestestimate” of equilibrium climate sensitivity
e ote equilibnium temperature change due to a
douriing ot carbon dioxide in the atmosphere)
eotaned rrom model simulations. feedback analvses
And abservational considerations (see later boxe
What tools do we use!")
@ hos-diffusion-upwelling vcedan-atmosphere clim-
Ate maodel which translates the greenhouse torcing
i tne evolution of the termperature response for the
preseribed chmate sensitivity. (This simple model has
Peen valibrated against more compiex atm-osphere-
ocean coupled GCMs lor situations where the more

t}

Commex models have been rund.

How quickiv will global climate change?

o M emiavany tallone a Bisiness-us-0siiad DArter

Lnder tie IPCC Busimess-as-Usual (Scenaro A) ermissions
b greenhouse vases, the average rate ol increase ol gtobal
mean temperature duning the next century s esiemated (o he
about 03 O per decade (with an uncertainty range ot 0.2°C
t LS O This widl result inoa irkely increase in tlobat
mean temperature of about |'C above the present value
tabout 2 C ubove that 1n the pre-industrral periody by 2025
and O bove todav s dabout 4°C above pre-industrial)

betore the end of the next century,

S vy, Wen il g e

high. low and best-estimate climate responses. is shown in
Figure 8. Because of other factors which influence climate.
we would not expect the rise to be a steady one.

The temperature rises shown above are realised temp-
crafures: at any time we would also be committed o a
turther temperature rise toward the equilibrium temperature
tsee box: " Equilibrium and Realised Climate Change™. For
the BaU "best-estimate” case in the vear 2030, for example.
a turther t1.9°C rise would be expected. about 0.2°C of
which would be realised by 2050 (in addition to changes
due 1o turther greenhouse gas increasesy: the rest would
become apparent int decades or centurtes.

Even it we were able 10 stabilise emissions of each of the
greenhouse gases at present day levels from now on. the
temperature is predicted to rise by about (.2°C per decade
for the first few decades.

The global warming will also lead to increased global
average precipitation and evaporation of i fow percent by
2030, Arcuas of sea-ice and snow are expected to diminish.

oI enussions are subject to controfy

Under the other IPCC emission scenanos which assume
progressively increasing levels ol controls. average rates of
inerease in giobal mean temperature over the next century
are estimated (o be about (02°C per decade (Seenario B3,
just above 0.1°C per decade (Scenario Ch and about 0.1°C
per decade (Scenario D). The results are illustrated in
Figure Y. with the Business-as-Usual case shown for
compartson. Only the best-estimate of the emperature rise
s shown 1n cach case.
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The aindicated range o uncerinty in global temperature
rse given ubuve reflects o subjective assessment of
uncertaintics m the calcuiation of ¢hmate response. bug
does not include those due 10 the transtormation of

CMISSIONS 10 CONCCNrations. nor the ¢l tects ol greenhouse
ras feedbacks.

What will be the patterns of climate change by 2030?
Knowledge ol the vlobyl mean warming and change in
precipiation i ot himted use in detenmiming the impacts of
chmate chance, tor mstance an agriculture. For this we
need (o know chanoes regronalty and seasonally,

Models predict that surface it will warm lasier over
and than oser oceans, and 4 mimimum of warminy will
veeur around Antarcucy and in the northern North Atlanue
region.

There are ~ome continental-scuje vhanges which are
sonsistently predicied by the highest resolution models and
tor which we anderstand the phyvsical reasons. The
warming s predicted o be 36041005 greater than the global
mean in tugh northern latitudes in wanter. and substantially
smaller than the wlobal meun in regions of sea-1ce in
~ummer. Precipiiation s predicted to increase on average in
middle and high [attude continents in winter by some 35 -
10% over 33-55 "N

Five repions. cach a tew million square silometres in
area and representative of ditferent chimatological regimes,.
were selected by IPCC for particylar study (xee Figure [0,
[n the hox ‘over page) are wiven the changes in
lemperature, precipiation and soul motsture. which are
predicted to oceur by 2030 on the Business-as-LUsuai
NEENATHO. U Al average over each of the five regions, There

2100

e wlobat mean iemperature trom [ RS0- 1990 due 1o observed increases in STCCTROUSS wises, and
predections of the tise between 990 gnd 2 1) resuiting trom the IPCC Scenano B.C and D CNLSA 0N,

with the Business-as-Usual case

may be considerable variztions within the regrons. In
gencral. contidence m these regional estimates is fow.
especiatly tor the changes in precipitation and sol
mosture. but they are examples of our best estinuites. We
cannot ver give reliahle regional predictuons at the smaller
scales demanded for IMPActs assessments.

How will climate extremes and exireme events change?
Changes in the vanabihity of weather and the Ireguency of
cxtremes will generatly have more impact than vhuanges in
the mean climate st g pasnicular focation, With the pusaible
cxeeption of an merease i the qumber of ense showers,
there 15 no clear evidence that weather vanabitity will
vhange in the future. In the case of temperatures. assuming
RO change in varabihity. but with g modest increase i the
mean. the number of duvs with lemperatures above a given
vadue at the lugh end of the distrtbution will ncreuse
substantallv. On the same assumpttons, there will be
decrease 1 davs with temperatures at the fow end of the
distribution. So the number ol very hot davs ar trosiy
nights can be substantiadly changed without anv change in
the variability of the weather. The number of duvs with 4
minimum threshold amount of soil moisture (lor viability
ot a4 certan crop, for example) woutd be cven more
senstve 1o changes in average precipitaiion and
CVAPOraLion.

[r the large-scale weather regimes. for instance
depression tracks or anticyelones, shift their position, this
would etfect the variabihity and extremes of weather at a
partcular iocation, and could have 2 major ctfect.
However. we do oot know it. or in what way, this will
happen.

/6



ESTIMATES FOR CHANGES BY 2030

(PCC Business-as-Usual scenario: changes from pre-industrial}

The numbers given below are based on h'gh resolution models. scaled to be consistent with our best estimate of
clobal mean warming of 1.8°C by 2030 For values consistent with other estimates of global temperature rise, the
numbers below should be reduced by 30% for the low estimate or increased bv 30% for the high estimate.

Precipriation estimates are also scaled tn a simlar way.

Conlidence in these regional estimates is low

Central North America (35°-50°N 85°-105°W)
The warming vanes tfrom 2 10 4°C in winter and 2 to 3°C in summer. Precipitation increases range from 0 to 15%
n winter whereas there are decreases of 5 1o 10% in summer. Soil moisture decreases in summer by 15 to 20%.

Southern Asia (5°-30°N 70°-105°E)
The warming varies from | to 2°C throughout the vear. Precipuation changes litle in winter and generally increases
throughout the region by 5 1o 15% in summer. Summer soil moisture increases by 3to 10%.

Sahel (10°-20°N 20°W-40°E)
The warming ranges from | to 3°C. Area mean precipitation increases and area mean soil moisture decreases

marminally 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 [0°W-45°E)
The warming 1s about 2°C in winter and vanes from 2 t0 3°C in summer. There is some 1ndication of increased
precipiation in winter. but summer precipitation decreases by 3 10 15%. and summer soil moisture by 15 to 25%.

Australia (12°+45°S 110°-115°E)
The warming ranges trom | to 2°C in summer and is about 2°C in winter. Summer precipitation increases by
around 10%, but the models do not produce consisient estimates of the changes 1n soil moisture. The area averages

h:de large vanations at the sub-continental level.

Figure L Map showing the locations and extents of the five areas selected by [PCC

{7



WHAT TOOLS DO WE USE TO PREDICT FUTURE CLIMATE. AND HOW DO WE USE THEM?

The most highly developed tool which we have to predict future climaie 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
parametenisations) of the smaller-scale processes such as those due to clouds and deep mixing in the ocean. Ina
climate model an atmospheric component. essentally (he same as a weather prediction model. is coupledto a

model ot the ocean, which can be equally complex.

Climate forecasts are denved in a different way from weather forecasts. A weather prediction model gives a des-
cripuon 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 ume. Such forecasts describe the movement and development of large weather systems,
though they cannot represent very smail scale phenomena: for example. individual shower clouds.

To make a climate forecast. the climate model is first run for a few (simulated) decades. The statistics of the
model’s output s a description of the model's simulated climate which. if the model is a good one, will bear a
close resemblance to the ciimate of the reai aimosphere 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 temperature and interannual varability) provide an estimate of the accompany-
ing chmate change.

The long term change in surface air temperature following a doubling of carbon dioxide (referred to as the
climate sensitivity) is generally used as a benchmark (o compare models. The range of results from model studies
15 1.910 53.2°C. Most results are close to 4.0°C but recent studies using a more detailed but not necessarily more
accurate representation of cloud processes give results in the lower haif of this range. Hence the models results do
not justfy aitenng the previously accepted range of 1.5 10 4.5°C.

Although scienusts are reluctant to give & singie best estimate in this range. it 1s necessary for the presentation of
chimate predictions for a choice of best estimate to be made. Tuking into account the model resuits, logether with
observauonal evidence over the last century which is suggestive of the climate sensitivily being in the lower half of
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.

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 completety different, and potentially useful, way of predicting patterns of future ctimate 1s 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
spaniai patterns as analogues of those which will arise in the future. For a good analogue, it is also necessary for
the forcing tactors {for example. greenhouse gases. orbital variations) and other conditions (for example, ice cover,
topography. cte.) to be similar: direct compansons with climate situations tor which these conditions do not apply
cannot be casily interpreted. Analogues of future greenhouse-gas-changed climates have not been tound.

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 1n the validation of climate models.

Will storms increase in a warmer world?

Storms can have 2 major impact on society. Will their
frequency. intensity or location increase in a warmer
worid?

Tropical storms. such as typhoons and hurricanes, only
develop at present over seas that are warmer than about
26°C. Although the area of sea having temperatures over
this critical value will increase as the globe warms, the
cntical 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
decrease 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 foreing on the earth-atmosphere syatem s changed. tor example by increasing greenhouse gus
soneentrations. the atmosphere wiil try 10 respona thy warming) immediately. But the aunosphere 1 closely
~oupled 10 the oceans. so in order for the wr o be warmed by the greenhouse etfect. the oceans also have to be
Aarmed. because of their thermal capacuy this takes decades or centuries. This exchange ot heat between atmos-
phere and ocean will act to slow down the lemperature rise torced by the ereenhouse etfect.

sy potnetical example where the concentration of greennouse gases 10 the atmosphere. {ollowing a period of
SHistney . rises suddeniv to a new level and remams there. the radiative torcing would also rise raptdiv 10 a new
el Thisincreased radiative torcing would cause the atmosphere and oceans o warm. snd eventually come 1o
L new. stable. temperature. A commutment to this equilibrium temperature rise is incurred as soon as the green-
hause s concentration changes. But at any time betore equilibrium is reached. the actual emperature wiil have
rien v only part of the equilibrium temperature change. known as the realised temperature change.

Models predict that. tor the present day case ol uninerease in radiative foreing which is approximatety steady. the
realised temperature rise at any tme is about SU% ol the commiued temperature rise if the climate senstivity (the
response o a doubling ot carbon dioxide) is 4 53°C and ubout 80 if the chimate sensitvity is 1.53°C. [1 the foreting
were then hetd constant. temperatures would continue 1o rise slowly, but 1Lis not certain whether 1t would take

devindes vr centuries tor most of the remaining rise o egwihibrium to oceur,

z
& o
2 .
it -
0 50 100 150
YEARS
L e
o P
=i  EQUILIBRIUM e o
T TEMPERATURE - e
= "~ REALIZED
o T TEMPERATURE
T .
4
-
0 50 100 150

YEARS

FORCING STABILIZATION
]
Z
]
[aed
O
[
0 100 200 300
YEARS
EQUILIBRIUM
L
w
T UNCERTAINTY
(59
oy
> SLOW RISE TOWARDS
-~ EQUILIBRIUM
[l
W]
a
=
[F]
}_
G 100 200 300

YEARS

probubiv he weakened in a warmer world (at least i the
Northern Hemusphere), it might be argued that mid-lahitude
stormes will also weaken or change their tracks. and there 1y
some ndication of o general ceduction in day-to-dav
vanabihey in the mid-latitude storm tracks i wenter 1n
mode! simuiations. though the pattern ot changes vary from
model to medel. Present models do not resolve smaller-
scale disturbances. so 1t will not be possible 10 ussess

vhanges in storminess until results from higher resoiution
models become availuble in the next few vears.

Climate change in the longer term

The toregoing caleulations have locussed on the period up
o the year 21000 it is clearly more difficult to muke
calculations for vears beyond 2100, However. while the
timing of a predicted increase in global temperatures has

17
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eventuaily occur Is more certan. Furthermore. some modei
caiculations that have been extended bevond 100 vears
suggest that. with continued increases in greenhouse
climate forcing. there could be sieniticani changes in the
ocean cireulation. including a decrease in North Atlantic
Jdeep water formation.

Other factors which could influence future climate
Vanattons 10 the output of solar energy may also atrect
climate. On a decadal ume-scale ~olar vanability and
changes n greenhouse guy coneentration coutd 21ve
changes of similar magnuudes. However the vartation
solar indensity changes sign so that over longer tme-scales
the increases in greenhouse gases are ltkelyv 10 be more
important. Aerosols as 4 result of voleanic Cruplions <an
lead 10 a cooling dal the surtace which may oppose the
greenhiouse warming 1or g lew vears folowme an Cruption,
Again, over longer pertods the greenhouse WUTTTNG 1N
likely to dominaie.

Human activity o feading (o an imcrease m acrosols
the lower atmosphere. manly rrom suiphur cmissions.
These have two eflects. hoth of which are oifficull to
quanufy but which may be wigniticant partculariv w the
regional lesed. The first s the direet etfoct of the qerosols
on the radinion scattered and absorbed by the atmosphere.
The second i~ wnindirect eltect whereby the aerosols af fect
the microphysics of clouds feading 1o an increased cloud
reflectivity. Both these ettects might lead o a signhicant
regional coolmg: a decrease i emissions ot sulphur myusht
be expected to merease slobal wemperatures.

Because of tong-period couphings between different
components of the chimate svstem. for example between
vcean and atmosphere. the Earth s climate would sl s ary
without being perturbed by any external miluences, This
natural variability could act to add to, or subtract from.
any human-made warnming: on o century tme-seale tis
would be toss than chunges expected from creenhouse wis

CTEASES.

How much confidence do we have in our predictions?

Uncertainties 1 the above chimate predictions arise rom
our impertect knowledee ot

« future rates of human-made emissions

+ how these will change the atmospheric con-
centranons of greenhouse vases

* the respense ot chimate o these chaneed con-

centrations

Firstty i obvious that the exient to which climate will
change depends on the rate at which greenhouse gases tand
other grases which atfect their concentrations) are emued.
This m wrn will be determined by wurtous complex

wmAaLARIL R U SV el v dr S O LAY UL (dLUTC
cmissions were generated within 1IPCC WGIII and are
deseribed in the Annex to this Summary.

Secondly. because we do not fully understand the
sources and sinks of the greenhouse gases. there are
uncertainuies in our catculations of future concentrations
AMISING Irom @ grven emissions scenarno. We have used o
numoer of models o caleulate concentrattons and chosen a
hest esumate Tor each gas. In the case ol carbon dioxide.
for exampie, the concentranon increase between 1990 and
2070 due 10 the Business-as-Usual emussions scenario
spanned almost a tactor of two between the hrghest and
fowest model result (corresponding to a range m radiative
torcmng change ot about 30% ).

Furthermore. because natwral sources and sinks ot
2reenhouse gases are sensitive o a change in climate., they
may substantally modifyv future concentrations (see carlier
wection: Greenhouse gas feedbacks”™). 1t appears that. as
vimate warms. these feedbacks will lead 10 an overall
merease. rather than decrease. in natural greenhouse vas
abundances. For this reason. climate change is likely 10 be
areater than the estimates we have given,

Thirdlv. chimate modets are oniv as sood as our
understanding of the processes which they deseribe, and
this 1 tar trom pertect. The ranges in the chimate
predicnions grven above retlect the uncertainties due 1o
maodel impertections: the targest of these is cloud feedback
rthose tactors affectng the cloud amount and distribution
and the ateractuon of clouds with solar and terrestrial
radiations. whech leads 1o a tuctor ol two uncertianty in the
siZe of the warmang. Others arise from the transier ot
cnerey between the atmosphere and ocean. the atmosphere
and fand surfaces, and between the upper and deep tavers
ol the acean. The trearment of sea-ice and convection in the
models s abso crude. Nevertheless, Jor reasons given i the
hox overleal. we have substaniat contidence that models
vt predict at feast the broad-scale features ol climate
chuanee,

Furthermore. we must recognise that our bmpertect
understanding of climate processes tand corresponding
abilits 1o model them) coutd make us vulnerable 1o
surprisess just as the human-made ozone hole over
Antarctica was entirely unpredicted. In particular. the ocean
circulation, changes in which are thought 1o have ded 10
periods of comparatively rapid climate change at the end of
the fust e age, s not well observed. understood or
modelled.

Will the climate of the future be very different?

When considenng tuture ¢limate change. 1t s clearly
eisential 10 look at the record of climate variation in the
past. From 1t we can fearn about the range ot natural
climate vanability, (0 see how 1t compares with whal we
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CONFIDENCE IN PREDICTIONS FROM CLIMATE MODELS

What conridence can we have that climate change due to increasing greenhouse gases will look anything like the
modet pregictions! Weather forecasts can be compared with the actual weather the next day and their skill ass-

essed: we cannot do that with climate predictions. However. there are severai indicators that give us some conf-
wdence n the predictions from climate models.

When the latest atmospheric models are run with the present atmospheric concentrations ot greenhouse gases and

observed boundarv conditions their simulation of present climate 1s generatly reatistic on large scales. capturing

the muior features such as the wet tropical convergence zones and mid-lattude depression belts. as well as the con-
trasts between summer and winter circutations. The models also simulate the observed variability: for example. the
large day-to-day pressure vanations in the middle latitude depression betts and the maxima in interannual variab-

ity responsible for 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 confidence ts increased by atmospheric models’ generally satisfactory portraval of aspects of vaniability ot
the atmosphere. for instance those associated with variations in sea surtace temperatwre. There has been some suc-
cess n simulating the general circulation of the ocean, inciuding the patterns (though not always the intensities) of
the principal currents. and the distributions of tracers added to the ocean.

Almosphenc models have been coupled with simple models of the ocean 1o predict the equulibrium response to

greenhouse gases. under the assumption that the model errors are the same wn a changed climate. The ability of
such models to simulate important aspects of the climate of the last ice age generates confidence in their usefulness,
Atmospheric models have also been coupled with multi-laver ocean models (10 give coupled ocean-aimosphere
GCMs) which predict the grudual response o 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 stmulated with some
skitl. However. the coupling of ocean and atmosphere models reveals u strong sensitivity to small-scale errors
which leuds to a drift away from the observed climate. As vel these errors must be removed by adjustments 1o the

exchange of heat between ocean and atmosphere, There are similarities between results from the coupied models
using simple representations of the ocean and those using more sophisticated descriptions. and our understanding
ot such differences as do occur gives us some confidence 1n the results,

expect in the tuture. and also look for evidence of recent
climate chuange due 1o man's activities.

Climate vanies naturally on all time-scales trom hundreds
of mullions ot vears down to the vear-to-vear. Prominent 1n
the Earth's history have been the t00.000 vear glacial-
interplacial cveles when climate was mostly cooler than at
present. Globul surface temperatures have typically varied
by 5-7°C through these cycles. with lurge changes in ice
volume and sca level, and temperature changes as great as
{0-15°C in some middle and high latitude regions of the
Northern Hemisphere. Since the end of the last ice age.
about [LOOO vears ago. global surtace temperatures have
probabty fluctuated by little more than 1°C. Some
fluctuations have lasted several centuries., tnciuding the
Liule lce Apge which ended in the nineteenth century and
which appears 1o have been global in extent.

The changes predicted to occur by about the middle of
the next century due to increases in greenhouse £as
concemtrations trom the Business-as-Usual emissions will
make global mean temperatures higher than they have been
in the Jast | 50.000 vears.

The rate of change of global temperatures predicted for
3usiness-as-Usual emissions will be greater than those

which have occured naturally on Earth over the last 10.000
vears. und the rise in sea level will be about three (o six
umes faster than that seen over the last 100 Yedrs or so.

Has man aiready begun to change the global climate?

The instrumental record of surface temperature is
fragmentary until the mid-nineteenth century, after which 1t
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 Jast
century: any bias due to urbanisation is likely to be less
than 0.05°C.

Moreover since 1900 similar lemperature increases are
seen in three independent data sets: one collected over tand
and two over the oceans. Figure 11 shows current estimates
of smoothed global-mean surface temperature over land
and ocean since |860. Confidence in the record has been
increased by their similarity to recent satetlite
measurements of mid-tropospheric temperatures.
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Figure I1: Glokad-mean combined land-air and seaz-surtace temperatures. 1861 - 1989 relative o the average for 1951-80)

Although the overati temperature rise has been broadlv
simutar in both hiemispheres, 1t has not been steady. and
differences in therr rates of wurming have sometmes
persisted for decades. Much of the warming since 190 has
been concentrated n two penads. the Hirst between about
1910 and 1940 and the other since 1975: the tive warmest
vears on record have all been in the [980x. The Northern
Hemisphere cooted between the 194k and the early 1970s
when Southern Hemusphere temperatures staved nearty
constant. The pattern of global warming since 1975 has
been uneven with some regions. mamly i the northern
hemisphere. conunuing 1o cool until recently. This regional
diversity idicates that tuture regronal temperature chunges
are tikely to ditter considerably from a global average,

The conclusion that global temperature has been rising (-
strongly ~upported by the retreat of most mountain
glaciers of the world since the end of the minetesnth
century and the fuct that globul sea kevel hus risen over the
same pentod by an average of 1 to 2mm per vear. Estmaltes
of thermal cypansion of the oceans. and ot increased
meltting of mountan glaciers and the e margm im West
Greenland 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 connecuion helween
observed wca level rise and global warming provides
grounds for believing that tfuture warming will lead 10 an
dcceleration in sea leved rise.

The size of the warming over the last century iy broudly
conststent with the predictions of climate models. but 15
also of the vame magnitude as naturat climate vanability,
If the sole cause of the observed warming were the human-
made greenhouse effect. then the implied climate
Sensitivity would be near the lower end of the range
inferred from ihe models. The observed increase could be

fargely «due to npatural vanability: ulternatuvely this
variability and other man-made tactors could have oftset a
stell darger man-made  ¢reenhouse warming. The
unequivoedl detection of the enhanced greenhouse effect
from observations i~ not likely tor a decade or more. when
the commiument to tuture climate change will then be
considerabty targer than it is todayv.

Global-meuan temperature alone s an inadequate
mdicator ot greenhouse-gas-induced climatic change.
Identifving the causes ot any global-mean temperature
change requires examination of other aspects of the
changing climate. particelarly its spaual and temporal
characteristics - the man-made climate change “signal”.
Patterns of chimate change from models such as the
Northern Hemusphere warming taster than the Southern
Hemuisphere, and surtace wir wurnmuing taster over land than
OVer ocedns. are not apparent in gbservations to date.
However, we do not yet know what the detaiied “signal”
fooks like because we have limited contidence in our
predictions ot ¢limate change patterns. Furthermore. any
changes to dute could be masked by natural variability and
vther (possibly man-madey factors. and we do not have a
clear picture of these,

How much will sea level rise ?

Simpie models were used to calculate the rise in sea level
to the vear 2100: the resuits ure illustrated below. The
calculations necessarily 1gnore uny long-term changes,
unrelated 10 greenhouse torcing, that may be occurring but
cannet be detected from the present data on land ice and the
ocean. The sea level rise expected from 1990-2100 under
the [PCC Business-as-Usuai emissions scenario is shown in
Frgure i1, An average rate of global mean sea level rise of
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Figure L2: Sca level rise predicted to resuit from Business-as-Usual emissions. showing the best-estimate and range.

about bem per decade over the next century twith an
uncertainty range of 3 - 10cm per decade), The predicted
rise 15 about 20cm in global mean sea level by 2030, and
63cm hv the end of the next cerntury. There will be
signiticant regional variations.

The best estimate in each case s made up matnly ot
posttive contributions from thermai expansion of the
oceans and the melting of glaciers. Although. over the next
1O veurs. the effect of the Antarciic and Greenland ice
sheets v cxpected to be small, they make a major
coninbution to the uncertainty in predictions.

Even 1l greenhouse torcing increased no further. there
would ~ull be u commitment 10 a conunuing sea level rise
tor manv decades and even centunies. due to delavs in
chmate. ocean and ice mass responses. As anitlustration. if
the increases in greenhouse gas concentrations were (o
suddeniy stop 1n 2030, sea levet would go on rising trom
2030 to 2100. by as much again as from 1990-2030. as
shown in Furure 3.

Predicted ~ea leved rises due to the other three emissions
scenarios are shown in Figure t4, with the Business-as-
Usuul case tor companson: oniv best-estimate calculations
are shown.

The West Antarcuc Ice Sheet 1s of special concern. A
large portion of it. containtng an amount of ice equivalent
to about 3m of giobal sea level. is grounded far below sea
level. There huve been suggestions that a sudden outtlow of
ice might result from global warming and raise sea level
quickiy and subsiantiaily. Recent studies have shown that
ndividual ice streams are changing rupidly on a decade-to-
century time-scale: however this is not necessarily related
to climate change. Within the next century. it is not likety

that there will be a major outflow of ice from West
Antarctica due directly 1o global warming.

Any rise in sea level is not expected to be uniform over
the globe. Thermal expansion. changes in ocean circ-
ulation. and surtace air pressure wiil vary tfrom region 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 giobal mean sea level: these movements have to
be taken tnto account when predicting local change in sca
level relative to land.

The most severe effects of sea level rise are likely to
resuit from extreme cvents {for example. storm surges) the
incidence of which may be atfected by clvmatic change.

What will be the effect of climate change on
ecosystems?

Ecosysiem processes such as photosynthesis and res-
piration are dependent on climatic factors and carbon
dhoxide concentration in the short term. In the longer term,
climate and carbon dioxide are among the tactors which
control ecosvstem structure. i.e.. species composition,
either directly by increasing mortality m poorly adapted
species. or indirectly by mediating the competition between
species. Ecosystems will respond to local changes in
‘emperature {including is rate of change), precipitation,
soit moisture and extreme events. Current models are
unable to make reliable estimates of changes in these
parameters on the required [ocal scales.
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1o all four emissions scenarios.

Photosynihesis captures atmospheric carbon dioxide.
water and sobar cnergy and stores them n organic
compounds which are then used tor <ubsequent plant
growth. the vrowth ot anamals or the growth of microbes in
the soil. Al ol these organtsms release carbon dioxide via
respiration nto the atmosphere. Most land plants have
system of photosynthests which will respond positvely (o
increased atmospheric carbon dioxide (“the carbon dioxide
ferttfizavon ettect 'y but the response varies with species,
The eftect may decrease with ime when restricted bv other
ecological limitatiens, for example. nutrient avattabilitv. Iy
should be emphasized that the carbon content of the
terrestrial birosphere wiil increase only 1f the torest

cLosystems 1n a state of maturity will be able to store more
varbon in a warmer citmate and at higher concentrations of
<arbon dioxide. We do not vet know if this is the case.

The response to increased carbon dioxide results in
gZreater etficiencies ot water. light and nitrogen use, These
mereased etficiencies mayv be particularly important during
drought and 1n anid/semi-arid and infertile areas.

Because species respond differently to climauc change.
some will increase n abundance and/or range while others
wiil decrease. Ecosvstems will therefore change in structure
4nd composition. Some species may be displaced to higher
fatitudes und aititudes. and may be more prone to local. and
possibly even global. extinction: other species may thrive.

As stated ubove. cLosystem structure and spectes
distribution are particularly sensitive to the rate of change
of climate, We cun deduce something abour how quickly
clobal temperature has changed in the past from palaco-
vhimatological records. As an exampie. ut the end of the lasi
2laciavon. within about 2 century. lemperature increased by
up ta 3°C in the North Atlantic region. matnly in Western
Europe. Although during the tncrease trom the alacial 1o
the current interglacial temperature simple  tundra
ceosystems responded positivelv, a similar rapid temp-
vrature mnerease applied 10 more developed ceosvstems
could result in their imstability.

What shouid be done to reduce uncertainties. and how
long will this take?

Although we <¢uan say that some climate change s
unavoldabic. much uncertainty exists in the prediction ot
global climate properties such as the temperature and
ruinfafl. Even vreater uncertanty exists in predictions of
reglondl chimate change. and the subsequent consequences
for sea level and ecosvstemns. The heyv areas ol scientitic
Uncertamny re:

+ clouds: primuniy clouwd tormaton. dissipanon. and
radiative properuies, which influence the response ot
the atmosphere (o greenhouse forcing:

* beeans: the exchange of energy between the ocean
and the wmosphere. between the upper lavers of the
ocean und the deep ocean, and trinsport within the
acedn. dll of which control the rate of global climate
change and the patterns of regional change:

* greenhouse pases: quanufication ot the uptake and
retease of the greenhouse gases. their chemical
reactions n the atmosphere. and how these may be
intluenced by climate change:

*  polar ice sheets: which atfect predictions ot sea level
rise,

Studies ot land surtace hydrology, and of impact on
CCOSYSIEms. ure also important.
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DEFORESTATION AND REFORESTATION

Man has been deforesung the Earth for millennia. Unil the early part of the centurv. this was mainly in temperate

regions, more recently 1t has been concentrated in the tropics,
ate: through the carbon and nitrogen cvceles (where it can tead to changes in atmospheric carbon dioxide concent-

as-Usual scenario,

Deforestation has several potentiat impacts on clim-

was being released annually from the ciearing of tropical forests. compared with about 5 GiC from the buming of
tossil fuels. If all the tropical forests were removed. the input is variouslv estimated at tfrom 150 to 240 GtC: this
would increase atmospheric carbon dioxide by 35 1o 60 ppmv.

To analyse the effect of retorestation we assume that 10 million hectares of forests are planted each year for a per-
iod of 40 vears. t.e.. 4 million km? would then have been planted by 2030. at which time | GiC would be absorbed
annually until these forests reach maturity. This would happen in 40-100 vears for most forests. The above scenario
implies‘an accumulated uptake of about 20 GtC by the vear 2030 and up to 80 GIC afrer 100 vears. This accumu!-
ation of carbon in torests 15 equivalent 1o some 5-10% of the emussion due to fossil fuel burning in the Business-

Detorestation can also alter climate directly by increasing reflectivity and decreasing cvapotranspiration. Experim-
ents with chmate modets predict that reptacing all the torests of the Amazon
raintall over the basin by abour 209, and increase mean temperature by several degrees.

Basin by grassiand would reduce the

To reduce the current scientific uncertunties in each of
these areas will require internationatly coordinated
research. the goal of which is 10 improve our capability 10
observe. model and understand the global climate svstem.
Such a4 program of research will reduce the scientific
uncertainties and assist in the formudation of sound nationai
and international response strategres.

Svstematic long-term observations of the system are of
vital importance for understanding the natural variability of
the Earth's c¢limate svstem. detecung whether man's
dctivities are changing it parameterising heyv processes tor
models. and verifying model simulations, Increased
accuracy and coverage 1n manv observations are required.
Associated with expanded observunions is the need (o
develop appropriate comprehensive etobal information
bases for the rapid uand
utthization of data. The main observational requirements

ctficient dissemination and

dre:!

1) the matntenance and improvement of observalions
(such as those trom satellites) provided by the Worid
Weather Watch Programme of WMO.

iy the maintenance and enhancement of a programme of
monitoring. both from satetlite-based and surface-
based instruments. of kev climate elements tor which
Jdecurate ObSCTVulIODH on a4 conunuous basis are
required. such as the distribution of important
atmospheric consutuents. clouds. the Earth's radiation

budget. precipitation. winds. yea surface temperatures
and terrestrial ccosystem extent. type and prod-
uctivity.

t1y the establishment of a global ocean observing system
10 measure changes in such variables as ocean surtace
lopography. circulation. transport of heat and
chemicals. and sea-ice extent and thickness,
the develiopment of Mmajor new svstems 1o obtain data
on the oceans, atmosphere and terrestrial ecosystems
using both satellite-based tnstruments and insg-
ruments based on the surface. on automated
mstrumented vehicles in the ocean. on floating and
deep sea buoys. and on aircraft and bailoons.

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

]

The modelling of climate change requires the development
ot global modets which couple together atmosphere. land.
ocean and ice models and which incorporate more realistic
formulations of the relevant processes and the interactions
between the different components. Processes in the
biosphere (both on land and in the ocean) also need to be
included. Higher spatial
generally used is required

resolution than is currentty
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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from anaivses of observations and of the results jrom
model simuiations. In addition. detailed studies of
particular processes will be required through targetted
observational cumpargns. Examples of such field
campaigns include combined observarionai and small-scale
modething stuaies tor different regions. of the Tormauon.
dissipaiion. rudiative. dynamical and microphyvsical
properties of cleuds. and ground-based tocean and land)
and aircrall measurements of the Huxes of greenhouse
gases from specific ecosvstems. [n particular. emphasis
must be placed on field experiments that will assist in the
devetopment and improvement of sub
paramertrizations (or models.

The required research  will require
unprecedenied internaitonal cooperation. with the World
Ciimate Reseurch Programme (WCRP) of the World
Meteorological Organization and International Council of
Scientific Unions (JCSUY. and the International Geosphere-
Biosphere Progrumme (1GBP)Y of ICSU both plaving vital
roles. These are large and compiex endeavours that will
require the mvolvement of all nations. particularly the
deveioping couniries. Implementation of existing and
planned projects will require increased financial and human
resources: the requirement immediate
implications at all tevels of education. and the intemational
communtty of scientists needs 1o be widened 10 include
more members trom developing countries.

The WCRP und IGBP have u number of ongong or
planned research programmes. that address each of the

arid-scule

program of

latter has

three key areas ot scientific uncertainty. Examples include:

*  clouds:
Internationat Satellite Cloud Climatology Project
{ISCCPy.
Global Encrey und Water Cvele Experiment
IGEWEN .
* oceans
World Ocean Circulation Expertment i WOCE -
Tropical Oceans and Global Atmosphere (TOGA ).
* trace gases:
Joint Globai Ocean Flux Study (JGOFS):;
Internanionat Global Atmospheric Chemiustry (1GAC):
Past Global Changes (PAGES).

As research udvances. increased understanding and
improved observations will lead to progressively more
relizble chimate predictions. However consudertny the
complex nature of the problem and the scale of the
scientific programmes (o be undertaken we know that raped
results cannot be expected. Indeed further scientific
advances mav cxpose unforeseen problems and areas of
Ignorance.

Lune-scales ror parrowing the uncertamnties will be
dictated by progress over the next 10-15 vears in two main
areas:

* Lse or the rastest possible computers. 10 take into
account coupling of the atmosphere and the oceans in
models. and o provide sufficient resolution for
regional predictions.

+ Development of improved representation of small-
~itle processes within climate models. as 4 result of
the analysis of data trom observational programmes
o be conducted on a continuing basis well into the
next century.



Annex

EMISSIONS SCENARIOS FROM WORKING GROUP [1I OF THE
INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE

The Steering Group of the Response Strategies Working
Group reyuested the USA und the Netherlands to develop
¢missions scenanos for evaluation by the IPCC Working
Group [ The scenarios cover the emissions of carbon
divside (CO2), methane (CHy). nitrous oxide (N20Y.
chlorotluorocarbons (CFCsy, carbon monoxide (CO) and
nitrogen oxides (NOy i from the present up 1o the vear
2100. Growth ot the economy and popuiation was taken
common for all scenartos. Population was assumed 1o
approich 10.5 billion in the second half of the next century.
Economie growth wis assumed to be 2-3% annuallv in the
coming decade in the OECD countries and 3-5 % i the
Eastern European and developing countnies. The economic
growth fevels were assumed to decrease thereatier. [n order
to reach the required targets. levels of technologtcal
development and environmental controls were varied.

[n the Business-as-Usuai scenario (Scenario A) the
energy supply is coal intensive and on the demand side
only modest efficiency inereases are achieved. Carbon
monoxide controls are modest. deforestation continues untit
the tropical torests are depleted and agricultural emissions
of methane and nutrous oxide are uncontrolled. For CFCs
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the Montreal Protocol is impiemented albeit with only
partiai participation. Note that the aggregation ot nattonal
projections by [PCC Working Group I gives higher
emissions (10 - 20%) of carbon dioxide and methane by
2025,

[n Scerario B the energy suppiy mix shifts towards
lower carbon tuels. notably natural gas. Large etficicncy
increases are achieved. Carbon monoxide controls are
stringent. deforestation s reversed and the Montreal
Protocel tmplemented with tull participation,

[n Scenario C a shift towards renewables and nucicar
cnergy takes place in the second halt of next century. CFCy
are now phased out and agricultural emissions limited.

For Scenario D a shift to renewables and nuclear in the
first half ot the nexi century reduces the emissions of
carbon dioxide. initially more or less stabilizing emissions
n the industrialized countries. The scenario shows that
sintngent controds in industrialized countries combined with
moderated growth of emissions in developing countries
vouid stabilize atmospheric concentrations. Carbon dioxide
emissions are reduced 10 30 01 198RS |evels by the meddic
of the next century,
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Man-made emissions of carbon dioxide and methane (as examples) 1o the vear 21(4), in the four scenarios developed by IPCC Working
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[ntroduction

Purpose of the Report

The purpose ot this report 15 {0 provide a1 scienufic
assessment of:

I.  the factors which may atfect climate change during
the next century. espectally those which are due to
human activiey:

2. the responses ol the atmosphere-acean-land-ice
system 1o those tactors:

3. the current ability to mode! global and regional
climate changes and their predictabiiity,

4. the past citmate record and presentiy observed

climate anomalies.

On the basis of this assessment. the report presents

tincluding sea-ievel rise and the etfect on ecosvstems) over
the next century. the timing of changes together with an
assessment of the uncertainties associated with these
predictions.

This introduction provides some of the basic scientific
ideas concerned with climate change. and gives an outline
of the structure ot the report.

The Climate System

A simple definition of climate s the uverage weather. A
description of the climate over a period {which may
typically be from a few vears to a few centuries) invoives
the averages ot appropriate components of the weather over
that period. together with the statistical vanattons ol those

current know ledue regarding predictions of climate change  components.
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Fluctuations of climate occur on many scaies as a result
of natural processes: this is often referred to as natural
climate variability. The climate change which we are
addressing in this report is that which mav occur over jhe
next century as a result of human acuvities, More complete
detininons of these terms can be found in WMO (1979}
and WMO (1984).

The climate variables which are commonly used are
concerned mainly with the atmosphere. But. in considering
the climate system we cannot look at the atmosphere alone.
Processes in the atmosphere are strongly coupled to the
lund surtace. 10 the oceans and to those parts ot the Earth
covered with ice tknown as the crvosphere). There is also
strong coupling to the btosphere (the vegetation and other
living systems on the land and in the ocean). These five
vomponents {atmosphere. land. ocean. ice and biosphere
together torm the climate systern,

Forcing of the Climate System

The driving force for weather and climate is energy from
the Sun. The atmosphere and surface ot the Earth intercept
solar radiation (in the short-wave, including visible. part of
the spectrumi: about a third of it is reflected. the rest is
absorbed. The energy absorbed trom solar radiation must
be balunced by outgoing radiation from the Earth
tterrestrial radiation): this is in the torm of long-wave
invisible intra-red energy. As the amount of outgoing
lerrestrial radiation is determined by the temperature of the
Earth. this temperature will adjust untit there is a balunce
between incoming and outgoig radiation.

There are severat important factors (known as climate
forcing agents) which can change the balance between the
energy (in the form of solar radiation) absorbed bv the
Earth and that emitted by it 1n the form of long-wave infra-
red radiation - the radiative forcing on climate. The most
obvious of these is a change 1 the amount or seasonal
distnbution ot solar radiation which reaches the Earth
tortital changes were probably responsibie for mitating
the tce ages). Any change in the atbedo tretlectivity) of the
land. due 10 desertification or deforestation will aiso
affect the amount of solar cnergy absorbed. as will
absorpiron of solar radiation {and outgoing fong-wave
radiation) by aerosols in the lower atmosphere {where
they can be man-made) or the upper atmosphere (where
they ure predominantly natural, originating mainly from
volcanoes).

The Greenhouse Effect

Apart from solar radiation itself, the most important

radiative forcing arises from the greenhouse effect.
Short-wave solar radiation can pass through the clear

atmosphere relatively unimpeded. but tong-wave terrestrial
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A simpitfied diagram illustrating the greenhouse effect

radiation emitted by the warm surface of the Earth 1
partially absorbed and then re-cmitted out 1o space by a
number of trace gases in the cooler atmosphere above.
This process adds to the ner cnergy input 1o the lower
atmosphere and the underlying surface thereby tncreasing
their temperature. This is the basic greenhouse etfect: the
trace gases are often thought of as acting in a way
somewhat analogous to the glass i areenhouse. The main
greenhouse gases are not the major constityents. nitrogen
and oxygen. but water vapour (the biggest contributor).
carbon dioxide. methape. nitrous oxide and (in recent
vears} chlorofluorocarbons.

How do we Know that the GGreenhouse Effect is Real?

We know that the greenhouse cffect works in practice, for
several reasons. Firstly. the mean temperature of the Earth's
surtace 1s already 32°C warmer than it wouid be if the
natural greenhouse gases (mainly carbon dioxide and waler
vapour) were not present. Satellite measurements of the
radiation emttted from the Earth's surface and atmosphere
demonstrate the absorption due to the greenhouse gases,

Secondiy, we know that the composition of the
atmospheres of Venus. Earth and Mars are very different.
and their surface temperatures (shown in the table below)
are in good agreement with those calculated on the basis of
greenhouse effect theory.

Thirdiy. measurements trom ice cores. dating back
160.000 years. show that the Earth's lemperature was
closety related to the concentration of greenhouse gases in
the atmosphere. The ice core record shows that the
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Surtace Main Surtace Observed Surface Warming
Pressure Greenhouse temperature mn Temperature due to
'Relative 1o Gases absence of Greenhouse
Eanh) Greenhouse etfect Effect
VERUS 0 > 90% CO? 469C 4779¢C 5239C
EARTH ~0.04% CO? 189C 159¢C 339C
~1¢% H20)
MARS 0.007 > ¥0% €O 570C 470C 109C

atmosphertc ievels of carbon dioxide. methane. and nitrous
oxide were much lower during the ice ages than during
interglacial peniods. 1t is likety that changes in greenhouse
gas concentrgtions contributed. in part, to the large ¢4 -
3°C) temperature swings between tee ages and interglaciul
penods.

The Enhanced Greenhouse Effect

An increase in concentrations ot greenhouse gases 1y
expected 10 ruise the global-mean surtace-air temperature
which. for simpiicttv. is usuaily referred to as the “alobal
temperature . Strictly, this 1y an enhanced greenhouse
etiect - ubove that occuming due 10 natural greenhouse gas
concentrations. The word “enhanced” 1y frequently omiued.
but should not be torgotten 1n this contexa,

Changes in the Abundances of the Greenhouse (;ases

We know. with certamnty. that the concentrations of
naturally occurring greenhouse sases mn the atmosphere
have varied on paluco nme-scales. For a thousand years
prior 1o the industrial revotution, the abundances of these
gases were relatively constant, However. as the world's
population increased. emissions of greenhouse guses such
s carbon dioxide. methane, chtorottuorocarbons. nitrous
oxide. und troposphenc ozone have increased substantially
due to industrialisation and changes in agniculture and land-
use. Carbon dioxide. methane. and nitrous oxide all have
significant natural and man-made sources. while the
chlorofluorocarbons (CFCs) are recent man-made 2ases.
Section 1 ol the report summarses our knowledge of the
various greenhouse gases. thelr sources. sinks and
hifetimes. and therr likely rate of increase.

Relative importance of Greenhouse Gases

So tar as radiative tforcing of the climate is concerned. the
increase 1in carbon dioxide has been the most important
(contrtbuting about 60% of the increased forcing over the
last 200 vears): methane is of next importance contributing
dbout 10%: chlorotlourocarbons contribute about 10% and
all the other pases the remaining 10%. Section 2 of the
report reviews the contributions of the ditferent gases w
radiative torcing In more detal,

Feedbacks

It evervthing else in the climate sysiem remained the same
tollowing an increase in greenhouse gases. it would be
relatively easy to caiculate. from a knowledge of their
radiative propertics. what the increase in average global
temperature would be. However. as the components of the
svatem begin o wurm, other factors come into play which
are called feedbacks. These factors cun act to amplify the
intial wuarming (posttive feedbackst or reduce it (negutve
teedbacks). Negauve teedbacks can reduce the warming
but cannot produce a global cooling. The simplest of these
feedbacks arses because ay the atmosphere warms the
amount of water vapour it holds increases. Water vapour is
Jnamportant greenhouse gas and will theretore ampiify the
warming. Other teedbacks oceur through interactions with
\nOw and sea-ice. with clouds und with the biosphere:
Section 3 explores these more fuily.

The Role of the ()ceans

The vceans play a central role in shaping the climate
through three distnct mechamisms. Firstly. they absorb
carbon dioxide and exchange it with the almosphere
(Section 1 addresses this aspect of the carbon cycle).
Secondly. they exchange heat. water vapour and
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momentum with the atmosphere. YWind stress at the sea
surface drives the large-scale ocean circulation. Water
vapour. evaporated trom the ocean surface. 1s transported
by the wimospheric circulation and provides Luent heat
energy 10 the atmosphere. The ccean circulations in their
turn redistribute heat. tresh water and dissolved chemicals
around the globe. Thirdly. thev seguester heat. absorbed at
the surtzce. in the deepest regions for periods ot a thousand
vears or more through verucal circulation and convective
mixing,

Theretore. unv study ol the chimate and how 1t might
change must include a detatled descripuon ot processes in
the ocean together with the coupling between the ocean and
the armosphere. A description of ocean processes is
presented in Section 3 and the results trom ocean
atmosphere coupled models appear in Section 6.

Climate Forecasting

To carry out a citmate forecast 1t 5 necessary to take into
account all the complex mteractions and teedbacks
between the different components of the climate system.
This i~ done through the use ot a numerical model which
as tar as possible includes o description ot all the processes
and mteractions. Such a model 15 & more elaborate version
of the global models currently emptoved tor weather
forecasting.

Globati torecasting models concenirate on the circulation
ot the atmosphere (for that reason they are often calted
atmospheric general circulation models (or aimosphenic
GCM«). They are based on cquations describing the
atmosphere s basic dvnamics. and include descripions in
sumpie phvsical terms (called purametenzations) ot the
physical processes. Forecasts are made for several days
ahead rom an analvsis denved from weather observanons.
Such torecasts are called deterministic weather torecasts
hecause they deseribe the detatled weather 1o be expected
at any place and time on the synoptic scale ot the order ot
a few hundred kilometres). They cannot of course, be
deterministic o far as smalil-scale phenomena. such as
individual shower clouds, are concerned.

The most ctaborate ¢chimate model employed at the
present time consists of an atmospheric GCM coupled to an
ocean (;CM which describes the structure and dvnamics ot
the ocean. Added to this coupled model are appropriate
descrniptions, aithough necessarily somewhat crude. of the
other componenis of the climate svstem (namely. the lund
surface and the 1cey and the interactions between them. [f
the model s run for several vears with parameters and
forcing appropriate to the current climate. the modei's
output should bear a close resemblance to the observed
climate. [f parameters representing. »ay. increasing
greenhouse pases are introduced nto the model. it can be
used to simulate or predict the resulting climate change.

To run models such as these requires very large
computer resources indeed. However, simptified models
are also emploved to explore the various sensitivities of the
climate svstem and to make simulations of the time
evolution of climate change. In particular. simplifications
of the ocean structutre and dynamics are included: details
are given in Section 3. Section 4 describes how well the
various models simulate current climate and also how well
they have been able to make reconstructions of past
climates.

Equilibrium and Time-Dependent Response

The simplest way of emploving a climate model to
determine the response to a change in forcing due to
increases in greenhouse gases is to tirst run the model for
severad vears with the current forcing: then to change the
forcing (for instance by doubling the concentration ot
carbon dioxide in the appropriate part of the model) and
run the model again. Comparing the two model climates
will then provide a forecast of the change in climate o be
cxpected under the new conditions. Such a forecast will be
of the equilibrium response: 1t is the response expected to
that change when the whoie climate svstem has reached a
steady state. Most climate torecasting models to date have
been run in this cquilibrivm response mode. Section 3
summarises the results obtained from such models.

A more complicated and difficult calculation can be
carried out by changing the forcing in the model slowlv on
the appropriate natural ime-scale. Again, comparison with
the unperturbed model climate is carried out to obtain the
time-dependent response of the model 1o climate chunge.

These tme-dependent models. results from which are
presented 1n Section 6. ure the ones which describe the
chimate svstem most reahisticallv, However, rather tew of
them have been run so far. Comparison of the magnitude
and patterns of ¢hmate change as predicted by these
models has been made with resulits from modeis run in the
cquilibrium response mode. The results of this comparison
provide purdunce on how to interpret some ot the more
detatled results from the equilibrium model runs.

Detection of Climate Change

Of central importance to the study of climate and climate
change are observations of climate. From the distant past
we have palaeo-climatic data which provide information on
the response of the climate system to different historical
forcings. Section 4 describes how climate models can be
validated in these differing climate regimes. It is only
within about the last hundred vears. however, that accurate
observations with good global coverage exist. Even so,
there have been numerous changes in instruments and
observational practices during this period, and quite



standardize the data 1o a self-consistent record.

Section 7 discusses these tssues and provides evidence.
from land and sea temperature records and glacier
measurements. that a small giobal warming has occurred
since the fate mineteenth century. The temperature and
precipitation records are examined regionaiiv as well. and
recent data on sea-ice and snow-cover are shown,

Within these time-series of data we can examine the
natural varnability of climate and search for a possible
chimate change si1gnai due to increasing greenhouse gases.
Section 8 compares the cxpectations from model
predictions with the observed change in climate. At a
global level the change 15 consistent with predictions from
models but there may be other etfecis producing it.
Problems arise at a regional level because there are
differences between the various predictions and because
the changes observed so far are smalil and comparable to
spatial and temporal notse. In this Section. however. an
estimate 15 made of the Likely time-scale for detection of
the enhanced preenhouse ettect.

Changes in Sea Level

An important consequence ol a rise in global iemperature
would be an mcrease in sea level. Section 9 assesses the
contnbution trom thermai expansion of the occuns. melling
of mountain giacicrs and changes 1o the Greenfand and
Antarctic ce sheers under the four [PCC Scenarios ot
future temperature rise. Measurements of sea leve| from
tide gauges around the world dute back a hundred vears and
provide evadence for a small increase which appeuars to be
fairiy steady. The stability of the West Antarclic lce Sheer.
which has someumes been invoked ay u posstble
mechantsm tor faree sea level rise n the future, s
examined.

Climate Change and Ecosystems

Ecosystems thoth land and marine bused plant-iztey witl
respond {0 climuate chanpe and. through feedback
processes. ainlluence i Section L) tooks at the direct eftect
of chimate change on crops. lorests and tundra. Plant
growth and metabolism are functions of temperature and
sotl moisture. as well as carbon dioxide itself: changes in
the activity ot ccosvstems wiil Ltheretore maodify the carbon
cycle. Plant species have migrated tn the past, but their
ability to adapt in future may he timited by the presence ot
artificial barriers caused by human activities and by the
speed of climute change. This Section also 1ooks at the
effects of deforestanion and reforestation on the ulobal
carbon budget,

Despite our confidence in the general predictions from
numertcal models. there will be uncertainties in the detailed
uming and paterns of climate change due to the enhanced
greenhouse effect for some time to come. Section 11 Jists
the many programs which are already underway or are
planned to narrow these uncertainties. These cover the full
range of Earth and Space based observing systems. process
studies 10 unravel the derails of feedbacks between the

many compaenerts of the climate system. and expected
developments in computer models.

The Climate Implications of Emission Controls

in order that any policy decisions on emission controls are
soundly based it is usetul to quantity the climate benefits of
different levels of controls on different time-scales, The
Annex to this Report shows the full pathway of emissions
10 temperature change and sea-level rise for the tour IPCC
Policy Scenarios plus tour other Science Scenarios. The
Policy Scenurios were derived by IPCC Working Group [!I
and assume progressively more stringent leveis of emission
vontrols. The Science Scenarios were chosen artificially to
tHustrate the ctfects of sooner. rather than later. emission
controls, and 1o show the changes in lemperature and sea
level which we may be committed 1o as a result of past
vmessions ot greenhouse gases.
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