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Preface

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

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

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

The Panel began its task by establishing Working Groups I,
II and III respectively to:

(a) assess available scientific information on climate

change.
(b) assess environmental and socio-economic impacts of

climate change.

(c) formulate response strategies.

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

This volume is based upon the findings of Working
Group [, and should be read in conjunction with the rest of
the IPCC first assessment report; the latter consists of the
reports and policymakers summaries of the 3 Working
Groups and the Special Committee, and the IPCC overview
and conclusions.

The Chairman of Working Group I, Dr John Houghton,
and his Secretariat, have succeeded beyond measure in
mobilizing the co-operation and enthusiasm of hundreds of
scientists from all over the world. They have produced a
volume of remarkable depth and breadth, and a
Policymakers Summary which translates these complex
scientific issues into language which is understandable to
the non-specialist.

We take this opportunity to congratulate and thank the
Chairman for a job well done.

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

M.K. Tolba
Executive Director
United Nations Environment Programme






Foreword

Many previous reports have addressed the question of
climate change which might arise as a result of man's
activities. In preparing this Scientific Assessment, Working
Group I ! has built on these, in particular the SCOPE 29
report of 1986 2, taking into account significant work
undertaken and published since then Particular attention 1s
paid to what 1s known regarding the detail of climate
change on a regional level

In the preparation of the main Assessment most of the
active scientists working 1n the field have been involved
One hundred and seventy scientists from 25 countries have
contributed to it, either through participation 1n the twelve
international workshops organised specially for the purpose
or through wrnitten contributions A further 200 scientists
have been mnvolved 1n the peer review of the draft report
Although, as 1 any developing scientific topic, there 1s a
minority of opmions which we have not been able to
accommodate, the peer review has helped to ensure a high
degree of consensus amongst authors and reviewers
regarding the results presented Thus the Assessment 1s an
authortative statement of the views of the international
scientific community at this time

The accompanying Policymakers’ Summary, based
closely on the conclusions of the Assessment, has been
prepared particularly to meet the needs of those without a
strong background 1n science who need a clear statement of
the present status of scientific knowledge and the
associated uncertainties

! Organisational details of IPCC and Working Group I are shown
in Appendix 2

2 The Greenhouse Effect, Climate Change and Ecosystems,
SCOPE 29, Bolin, B, B Doos, J Jagerand R A Warrick
(Fds ), John Wiley and Sons, Chichester, 1986

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

It gives me pleasure to acknowledge the contributions of
so many, 1n particular the Lead Authors, who have given
freely of their expertise and time to the preparation of this
report  All the modelling centres must be thanked for
providing data so readily for the model intercomparison I
also acknowledge the contribution of the core tcam at the
Meteorological Office 1in Bracknell who were responsible
for organising most of the workshops and preparing the
report Members of the team were Professor Cac Hong
Xing from China, Dr Reindert Haarsma from The
Netherlands, Dr Robert Watson from the USA, and Dr John
Mitchell, Dr Peter Rowntree, Dr Terry Callaghan, Chris
Folland, Jim Ephraums, Shelagh Varney, Andrew Gilchrist
and Aileen Foreman from the UK Particular
acknowledgment 1s due to Dr Geoff Jenkins, the
Coordinator of Working Group I who led the team Thanks
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are also due to Dr Sundararaman and the IPCC
Secretariat in Geneva. Financial support for the Bracknell
core team was provided by the Departments of the
Environment and Energy in the UK.

I am confident that the Assessment and its Summary will
provide the necessary firm scientific foundation for the

Foreword

forthcoming discussions and negotiations on the
appropriate strategy for response and action regarding the
issue of climate change. It is thus, I believe, a significant
step forward in meeting what is potentially the greatest
global environmental challenge facing mankind.

T

Dr John Houghton
Chairman, IPCC Working Group 1

Meteorological Office
Bracknell
July 1990
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EXECUTIVE SUMMARY

We are certain of the following:

= there 1s a natural greenhouse effect which already

keeps the Earth warmer than 1t would otherwise be

« emissions resulting from human activities are

substantially increasing the atmospheric concen
trations of the greenhouse gases carbon dioxide,
methane, chlorofluorocarbons (CFCs) and nitrous
oxide These increases will enhance the greenhouse
effect, resulting on average 1n an additional warming
of the Earth's surface The main greenhouse gas,
water vapour, will increase 1n response to global
warming and further enhance 1t

We calculate with confidence that:

« some gases are potentially more effective than others

at changing climate, and their relative effectiveness
can be estimated Carbon dioxide has been res-
ponsible for over half the enhanced greenhouse effect
1n the past, and 15 likely to remain so in the future

» atmospheric concentrations of the long-lived gases

(carbon dioxide, nitrous oxide and the CFCs) adjust
only slowly to changes 1n emissions Continued
emissions of these gases at present rates would
commit us to increased concentrations for centuries
ahead The longer ecmissions continue to increase at
present day rates, the greater reductions would have
to be for concentrations to stabilise at a given level

+ the long-lived gases would require immediate

reductions 1n emissions from human activities of
over 60% to stabilise their concentrations at today's
levels, methane would require a 15-20% reduction

Based on current model results, we predict:

e under the IPCC Business-as-Usual (Scenario A)

emussions of greenhouse gases, a rate of increase of

global mean temperature during the next century of
about 0 3°C per decade (with an uncertainty range of
0 2°C to 0 5°C per decade), this 1s greater than that
seen over the past 10,000 years This will result 1n a
likely increase 1n global mean temperature of about
1°C above the present value by 2025 and 3°C before
the end of the next century The rise will not be
steady because of the influence of other tactors

under the other IPCC emission sccnarios which
assume progressively increasing levels of controls
rates of increase in global mean temperature of about
0 2°C per decade (Scenario B), just above 0 1°C per
decade (Scenario C) and about 0 1°C per decade
(Scenario D)

that land surfaces warm more rapidly than the ocean
and high northern latitudes warm more than the
global mean 1n winter

regional climate changes different from the global
mean, although our confidence 1n the prediction of
the detail of regional changes 15 low For example,
temperature increases in Southern Europe and central
North America are predicted to be higher than the
global mean daccompanied on average by reduced
summer precipttation and soil moistuic There are
less consistent predictions for the tropics and the
Southern Hemisphere

under the IPCC Business as Usual emissions
scenario, an average rate of global medan sea level
rise of about 6cm per decade over the next century
(with an uncertainty range of 3 - 10cm per decade)
mainly due to thermal expansion of the oceans and
the melting of some land 1ce The predicted rise 15
about 20cm 1n global mean sea level by 2030, and
65cm by the end of the next century There will be
significant regional variations
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There are many uncertainties in our predictions
particularly with regard to the timing, magnitude and
regional patterns of climate change, due to our
incomplete understanding of':

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

« clouds, which strongly influence the magnitude of
climate change

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

« polar ice sheets which affect predictions of sea level
rise

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

Our judgement is that:

» Global - mean surface air temperature has increased
by 0 3°C to 0 6°C over the last 100 years, with the
five global-average warmest years being in the
1980s Over the same period global sea level has
increased by 10-20cm These increases have not been
smooth with time, nor uniform over the globe

» The size of this warming 1s broadly consistent with
predictions of climate models, but 1t 1s also of the
same magnitude as natural climate variability Thus
the observed increase could be largely due to this
natural variability, alternatively this variability and
other human factors could have offset a still larger
human-induced greenhouse warming The uneg-

Policymakers Summar y

uivocal detection of the enhanced greenhouse effect
from observations 1s not likely for a decade or more

» There 1s no firm evidence that climate has become

more variable over the last few decades However,
with an increase 1n the mean temperature, episodes of
high temperatures will most likely become more
frequent 1n the future, and cold episodes less
frequent

+ Ecosystems affect climate, and will be affected by a

changing climate and by increasing carbon dioxide
concentrations Rapid changes in climate will change
the composition of ecosystems, some species will
benefit while others will be unable to migrate or
adapt fast enough and may become extinct Enhanced
levels of carbon dioxide may increase productivity
and efficiency of water use of vegetation The effect
of warming on biological processes, although poorly
understood, may i1ncrease the atmospheric
concentrations of natural greenhouse gases

To improve our predictive capability, we need:

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

to improve the systematic observation of climate-
related variables on a global basis, and further
investigate changes which took place 1n the past

to develop improved models of the Earth's climate
system

to increase support for national and international
climate research activities, especially 1n developing
countries

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

There 1s concern that human activities may be 1nadvertently
changing the climate of the globe through the enhanced
greenhouse effect, by past and continuing emussions of
carbon dioxide and other gases which will cause the
temperature of the Earth's surface to increase - popularly
termed the "global warming ' If this occurs, consequent
changes may have a significant impact on society

The purpose of the Working Group I report, as
determined by the first meeting of IPCC, 1s to provide a
scientific assessment of

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

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

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

4) the past climate record and presently observed
climate anomalies

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

This Policymakers Summary aims to bring out those
elements of the main report which have the greatest
relevance to policy formulation, 1n answering the following
questions

< What factors determine global climate?

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

¢ Which gases are the most important?

¢ How much do we expect the climate to change”

« How much confidence do we have
predictions?

»  Will the climate of the future be very different ?

» Have human activities already begun to change
global climate?

«  How much will sea level rise?

»  What will be the effects on ecosystems?

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

in our

Thus report 1s 1ntended to respond to the practical needs of
the policymaker It 1s neither an academic review, nor a
plan for a new research programme Uncertainties attach to
almost every aspect of the issue, yet policymakers are
looking for clear guidance from scientists, hence authors

X

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

This report 1s a summary of our understanding in 1990
Although contmuing research will deepen this under-
standing and require the report to be updated at frequent
mtervals, basic conclusions concerning the reality of the
enhanced greenhouse effect and 1ts potential to alter global
chimate are unlikely to change significantly Nevertheless,
the complexity of the system may gtve rise to surprises

What factors determine global climate ?

There are many factors, both natural and of human onigin,
that determine the climate of the earth We look first at
those which are natural, and then see how human activities
mught contribute

What natural factors are important?
The driving energy for weather and climate comes from the
Sun The Earth intercepts solar radiation (including that 1n
the short-wave, visible, part of the spectrum), about a third
of 1t 1s reflected, the rest 1s absorbed by the different
components (atmosphere, ocean, ice, land and biota) of the
climate system The energy absorbed from solar radiation 1s
balanced (1n the long term) by outgoing radiation from the
Earth and atmosphere, this terrestrial radiation takes the
form of long-wave 1nvisible infrared energy, and its
magnitude 1s determined by the temperature of the Earth-
atmosphere system

There are several natural factors which can change the
balance between the energy absorbed by the Earth and that
emitted by 1t in the form of longwave infrared radiation
these factors cause the radiative forcing on climate The
most obvious of these 15 a change in the output of energy
from the Sun There 15 direct evidence of such variability
over the 11-year solar cycle, and longer period changes
may also occur Slow varnations 1n the Earth s orbit aftect
the seasonal and latitudinal distribution of solar radiation
these were probably responsible for imtiating the 1ce ages

One of the most important tactors 15 the greenhouse
effect, a simphfied explanation ot which s as follows
Short-wave solar radiation can pass through the clear
atmosphere relatively unimpeded But long-wave terrestrial
radiation emitted by the warm surface of the Earth 15
partially absorbed and then re-emitted by a number of trace
gases 1n the cooler atmosphere above Since, on average,
the outgoing long wave radiation balances the incoming
solar radiation both the atmosphere and the surface will be
warmer than they would be without the greenhouse gases
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Some solar radiation
is reflected by the earth
and the atmosphere

Policymakers Summary

Most radiation is absorbed
by the earth's surface
and warms it.

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

EARTH

Figure 1: A simplified diagram iltustrating the greenhouse effect.

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

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

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

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

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

Secondly, we know the composiiion of the atmospheres
of Venus, BEarth and Mars are very different, and their

ome of the Infra-red
radiation is absorbed
and reg-emitted by the
greenhouse gases.
The effect of this is to
warm the surface and

surface temperatures are in general agreement with
greenhouse theory.

Thirdly, measurements from ice cores going back
160,000 years show that the Earth's temperature closely
paralleled the amount of carbon dioxide and methane in the
atmosphere (see Figure 2). Although we do not know the
details of cause and effect, calculations indicate that
changes in these grecnhouse gases were part, but not all, of
the reason for the large (3-7°C) global temperature swings
between ice ages and interglacial periods.

How might human activities change global climate?
Naturally occurring greenhouse gases keep the Earth warm
enough to be habitable. By increasing their concentrations,
and by adding new greenhouse gases like chloro-
fluorecarbons {CFCs), humankind is capable of raising the
global-average annual-mean surface-air temperature
{which, for simplicity, is referred to as the "global
temperature"), although we are uncertain about the rate at
which this will occur. Strictly, this is an enhanced
greenhouse effect - above that occurring due to natural
greenhouse gas concentrations; the word "enhanced" is
usually omitted, but it should not be forgotten. Other
changes in climate are expected to result, for example
changes in precipitation, and a global warming will cause
sea levels to rise; these are discussed in more detail later.
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Figure 2: Analysis of air trapped m Antarctic ice cores shows
that methane and carbon dioxide concentrations wetre closely
correlated with the local temperature over the last 160 000 years
Present day concentrations of carbon dioxide are indicated

There are other human activities which have the potential
to affect climate A change n the albedo (1eflectivity) of
the land, brought about by desertification or deforestation
atfects the amount of solar energy absorbed at the Earth s
surface  Human-made aerosols, fiom sulphur cmitted
largely 1n fossil tfuel combustion can modify clouds and
this may act to lower temperatures
ozone in the stratosphere due to CFCs may also influence
climate

Lastly, changes 1n

What are the greenhouse gases and why are they
increasing?

We ate certain that the concentrations of gieenhouse gases
in the atmosphere have changed natuially on 1ce-age time-
scales and have been increasing since pre-industrial times
duc to human activities Table 1 summarizes the present
and pre-industital abundances, current rates of change and
picsent atmospheric Iifetimes of grecenhouse gases
influenced by human activitics Caibon dioxide methane

v

and nttrous oxide all have significant natural and human
sources, while the chlorofluorocarbons are only produced
industrially

Two 1mportant greenhouse gases, water vapour and
ozone, are not included n this table  Water vapour has the
largest greenhouse effect, but 1ts concentration 1n the
troposphere 15 determined internally within the climate
system, and, on a global scale, 1s not atfected by human
sources and sinks Water vapour will increase 1 response
to global warming and further enhance 11, this process 15
included 1n climate models The concentration of ozone 15
changing both 1n the stratosphere and the troposphere due
to human activities, but 1t 15 difficult to quantify the
changes from present observations

For a thousand years prior to the industrial revolution,
abundances of the greenhouse gases were relanvely
constant However, as the world < population incieased as
the world became more industrialized and as agriculture
developed, the abundances of the greenhouse gases
increased markedly Figure 3 illustrates this for carbon
dioxide, methane, nitrous oxide and CFC 11

Since the industnal revolution the combustion ot tossil
fuels and deforestation have led to an ncrease of 26% n
carbon dioxide concentiation 1n the atmospheie We know
the magnitude of the present day {ossil-fuel source, but the
input from deforestation cannot be estimated accurately In
addition, although about halt of the emitted carbon dioxide
stays 1n the atmosphere, we do not know well how much of
the remainder 15 absorbed by the oceans and how much by
terrestrial biota Emissions of chlorofluorocarbons used as
aerosol propellants, solvents refrigerants and {oam blowing
agents, are also well known, they were not present n the
atmosphere betore their invention m the 19305

The sources of methane and nitrous oxide are fess well
known Methane concentrations have moie than doubled
because of rice production cattle rearing biomass buining
coal mining and ventilation of natural gas also fossil tuel
combustion may have also contributed through chemical
reactions 1n the atmosphere which 1educe the rate ot
removal of methane Nitrous oxide has incieased by about
8% since pre-industiial times  presumably due to human
activities, we are unable to specity the sources but 1t 1s
likely that agriculture plays a part

The eftect of ozone on climate 15 strongest in the upper
troposphere and lower stiatosphere Model calculations
indicate that ozone n the upper tiopospheie should have
increased due to human-made emissions of nitrogen oxides,
hydrocarbons and carbon monoxide While at ground level
ozone has increased m the Northern Hemisphere in
response to these emissions observations are isufficient to
confium the expected increase mn the upper troposphere
The lack of adequate obseivations pievents us from
accurately quantifying the chimatic eifect of changes n
ttopospheric ozone
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Table 1: Summary of Key Greenhouse Gases Affected by Human Activities
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Carbon Methane CFC-11 CFC-12 Nitrous

Dioxide Oxide
Atmospheric concentration ppmv ppmv pptv pptv ppbv
Pre-industnal (1750-1800) 280 08 0 0 288
Present day (1990) 353 172 280 484 310
Current rate of change per year 18 0015 9.5 17 0.8

(0.5%) (0 9%) (4%) (4%) (0.25%)
Atmospheric lifetime (years) (50-200)t 10 65 130 150

ppmv = parts per million by volume,

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

pptv = parts per trillion (million million) by volume
t The way m which CO, 1s absorbed by the oceans and biosphere 1s not simple and a single value cannot be given, refer to

the marin report for further discussion
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Figure 3: Concentrations of carbon dioxide and methane after remaining relatively constant up to the 18th century, have nsen sharply
since then due to man's activities  Concentrations of nitrous oxide have increased since the mid-18th century, especially 1n the last few

decades CFCs were not present 1n the atmosphere before the 1930s
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In the lower stratosphere at high southern latitudes ozone
has decreased considerably due to the effects of CFCs, and
there are indications of a global-scale decrease which,
while not understood, may also be due to CFCs These
observed decreases should act to cool the earth's surface,
thus providing a small offset to the predicted warming
produced by the other greenhouse gases Further reductions
in lower stratospheric ozone are possible during the next
few decades as the atmospheric abundances of CFCs
continue to mncrease

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

The atmospheric lifetimes of the gases are determined by
their sources and sinks 1n the oceans, atmosphere and
biosphere Carbon dioxide, chlorofluorocarbons and nitrous
oxide are removed only slowly from the atmosphere and
hence, following a change 1n emissions, their atmospheric
concentrations take decades to centuries to adjust fully
Even 1f all human-made emissions of carbon dioxide were
halted 1n the year 1990, about half of the increase in carbon
dioxide concentration caused by human activities would
still be evident by the year 2100

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

To 1illustrate the emission-concentration relationship
clearly, the effect of hypothetical changes in carbon dioxide
fossil fuel emissions 1s shown 1n Figure 4 (a) continuing
global emissions at 1990 levels, (b) halving of emissions in
1990, (c) reductions in emissions of 2% per year (pa) from
1990 and (d) a 2% pa increase from 1990-2010 followed by
a 2% pa decrease from 2010

Continuation of present day emisstons are committing us
to increased future concentrations, and the longer emissions
continue to increase, the greater would reductions have to
be to stabilise at a given level
concentration levels that should not be exceeded, then the
earlier emission reductions are made the more effective
they are

The term "atmospheric stabilisation” 1s often used to
describe the limiting of the concentration of the greenhouse
gases at a certain level The amount by which human-made
emissions of a greenhouse gas must be reduced 1n order to
stabilise at present day concentrations, for example, 1s
shown 1n Table 2 For most gases the reductions would
have to be substantial

If there are critical

How will greenhouse gas abundances change in the
future?

We need to know future greenhouse gas concentrations in
order to estimate future chimate change As already
mentioned, these concentrations depend upon the
magnitude of human-made emissions and on how changes
in climate and other environmental conditions may
influence the birospheric processes that control the
exchange of natural greenhouse gases, including carbon
dioxide and methane between the atmosphere, oceans and
terrestrial biosphere  the greenhouse gas 'feedbacks
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Table 2: Stabitlisation of Atmospheric Concentiations
required to stabilise concentiations at present day levels

Policymakers Summai y

Reductions in the human-made emissions of gieenhouse gases

Greenhouse Gas Reduction Required

Carbon Dioxide >60%

Methane 15 - 20%
Nitrous Oxide 70  80%
CFC 11 70 - 75%
CFC 12 75 - 85%
HCFC 22 40 - 50%

Note that the stabihisation of each of these gases would have different effects on climate,

as explained in the next section

Four scenarios of future human-made emissions were
developed by Working Group III The first of these
assumes that few or no steps are taken to limit greenhouse
gas emissions and this 1s therefore termed Business-as-
Usual (BaU) (It should be noted that an aggregation of
national forecasts of emisstons of carbon dioxide and
methane to the year 2025 undertaken by Working Group III
resulted in global emissions 10-20% higher than in the BaU
scenanto) The other thiee scenarios assume that pro-
gressively increasing levels of controls reduce the growth
ol emissions these ate refetred to as scenartos B, C, and D
They are brietly desciibed in the Annex to this summary
Future concentrations of some of the greenhouse gases
which would artse from these emissions are shown 1n
Figure 5

Greenhouse gas feedbacks
Some of the possible feedbacks which could significantly
modity tuture greenhouse gas concentrations in a warmer
wotld are discussed n the tollowing paragraphs

The net emissions of carbon dioxide from terrestrial
ccosystems will be elevated 1t higher temperatures mcrease
1espiration at a faster rate than photosynthesis or if plant
populations particularly large forests, cannot adjust rapidly
cnough to changes in climate

A net flux of carbon dioxide to the atmosphere may be
particularly evident 1n warmer conditions 1n tundra and
boreal regrons whetre there are large stores of carbon The
opposite 15 true 1f higher abundances of carbon dioxide n
the atmosphere enhance the productivity of natural
ccosystems or if there 1s an increase in sotl moisture which
can be eapected to stimulate plant growth in dry
ecosystems and to increase the storage of carbon 1n tundra
pcat The extent to which ccosystems can scquester
mctreasing atmospheric carbon dioxide remains to be
quantitied

It the oceans become warmer, their net uptake of carbon
droxide may decrease because of changes in (1) the

chemustry of carbon dioxide in seawater, (1) biological
activity 1n surface waters, and (1) the rate of exchange of
carbon dioxide between the surface layers and the deep
ocean This last depends upon the rate of formation of deep
water 1n the ocean which, in the North Atlantic for
example, might decrease if the salinity decreases as a result
of a change in climate

Methane emissions from natural wetlands and rice
paddies are particularly sensitive to temperature and <oil
motsture  Emissions are sigmficantly larger at higher
temperatures and with increased soil moisture, conversely,
i sotl moisture would 1esult in smaller
emissions  Higher temperatures could increase the
emissions of methane at high northern latitudes from
decomposable organic matter trapped n permafrost and
mcthane hydrates

As tllustrated carlier, 1ce core 1ecords show that methane
and carbon dioxide concentrations changed in a stmilar

a4 decrease

sense (o temperature between ice ages and interglacials

Although many of these feedback processes are poorly
understood, it seems likely that, overall, they will act to
increase, rather than decrease, greenhouse gas con
centrations n a warmet world

Which gases are the most important?

We are certain that increased greenhouse gas con-
centrations increase radiative forcing We can calculate the
forcing with much more confidence than the climate
change that results because the former avoids the need to
evaluate a number of poorly understood atmospheric
responses We then have a base from which to calculate the
1elative effect on chimate of an ncrease 1n concentration
of each gas n the piesent-day atmosphere both 1n absolute
terms and 1clative to catbon dioxide These 1elative etfects
span a wide range methane 15 about 21 times more
effective molecule for-molecule, than carbon dioxide, and
CFC 11 about 12,000 times more cifective On a kilogram
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Figure 5: Atmospheric concentrations of carbon dioxide
methane and CFC-11 resulting from the four IPCC emisstons
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per-kilogram basis, the equivalent values are 58 for
methanc and about 4,000 for CFC-11, both rclative to
carbon dioxide Values for other greenhouse gases are to be
found 1n Section 2

The total 1adiative forcing at any time 1s the sum of those
{rom the individual greenhouse gases We show in Figuie 6

LTAY

how this quantity has changed 1n the past (based on
observations of greenhouse gases) and how 1t might change
in the future (based on the four IPCC emissions scenarios)
For simplicity, we can express total forcing 1n terms of the
amount of carbon dioxide which would give that forcing,
this 1s termed the equivalent carbon dioxide conc-
entration Greenhouse gases have increased since pre-
industrial times (the mid-18th century) by an amount that 15
radiatively equivalent to about a 50% increase 1n carbon
dioxide, although carbon dioxide itself has risen by only
26%, other gases have made up the rest

The contributions of the various gases to the total
increase in climate forcing during the 1980s 1s shown as a
pie diagram 1n Figure 7, carbon dioxide 1s responsible for
about half the decadal increase (Oczone, the cifects of
which may be significant, 15 not included)

How can we evaluate the effect of different greenhouse
gases?

To evaluate possible policy options, 1t 1s useful to know the
relative radiative effect (and, hence, potential chmate
effect) of equal emissions of each of the greenhouse gases
The concept of relative Global Warming Potentials
(GWP) has been developed to take 1nto account the
differing times that gases remain 1n the atmosphere

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

The GWPs 1n Table 3 are shown for three time horizons
reflecting the need to consider the cumulative cifects on
chimate over various time scales The longer time horizon 15
appropriate for the cumulattve effect the shorter timescale
will indicate the response to emission changes 1n the short
term There are a number of practical difficulties 1n
devising and calculating the values of the GWPs and the
values given here should be considered as preliminary In
addition to these direct cticcts, there are indirect effects of
human-made emuissions arising from chemical reactions
between the various constituents The indirect effects on
stratospheric water vapour, carbon dioxide and trop
osphetric ozone have been included 1n these estimates

Table 3 mdicates, for example that the etfectiveness of
methane n influencing climate will be greater in the first
few decades after 1release whereas emission of the longer
hived nitious oxide will affect chimate for a much longer
time  The Lifetimes of the proposed CFC replacements
range from | to 40 years the longer hived replacements are
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Figure 6: Increase in radiative forcing since the mid-18th century, and predicted to result from the four IPCC emissions scenarios, also

expressed as equivalent carbon dioxide concentrations.
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Figure 7: The contribution from each of the human-made
greenhouse gases to the change in radiative forcing from 1980 to
1990. The contribution from ozone may also be significant, but
cannot be quantified at present.

still potentially effective as agents of climate change. One
cxample of this, HCFC-22 (with a 15 year lifetime), has a
similar effect (when released in the same amount) as CFC-
I'1 on a 20 year time-scale; but less over a 500 year time-
scale.

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

of greenhouse gases in 1990 are shown relative to carbon
dioxide. This is illustrative; to compare the effect of
different emission projections we have to sum the effect of
emissions made in future years.

There are other technical criteria which may help
policymakers to decide, in the event of emissions red-
uctions being deemed necessary, which gases should be
considered. Does the gas contribute in a major way to
current, and future, climate forcing? Does it have a long
lifetime, so earlier reductions in emissions would be more
effective than those made later? And are its sources and
sinks well enough known to decide which could be
controlled in practice? Table 5 illustrates these factors.

How much do we expect climate to change?

It is relatively casy to determine the direct effect of the
increased radiative forcing due to increases in greenhouse
gases. However, as climate begins to warm, various
processes act to amplify (through positive feedbacks) or
recduce (through negative feedbacks) the warming. The
main feedbacks which have becn identified are due to
changes in water vapour, sea-ice, clouds and the oceans.
The best tools we have which take the above feedbacks
into account (but do not include greenhouse gas feedbacks)
are three-dimensional mathematical models of the climate
system (atmospherc-occan-ice-land), known as General
Circulation Models (GCMs). They synthesise our
knowledge of the physical and dynamical processes in the
overall system and allow for the complex interactions
between the various components. However, in their current
state of development, the descriptions of many of the
processes involved are comparatively crude. Because
of this, considerable uncertainty is attached to these
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Table 3 Global Warming Potentials The warnung effect of an emussion of 1kg of each gas relative to that of CO?

These figures are best estimates calculated on the basis of the present day atmospheric composition

TIME HORIZON

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

Global Warming Potentials for a range of CFCs and potential replacements are given 1n the full text.

Table 4 The Relative Cumulative Climate Effect of 1990 Man-Made Enmissions

XXt

GWP 1990 emuissions Relative contribution
(100yr horizon) (Tg) over 100yr

Carbon dioxide 1 260007 61%

Methane* 21 300 15%

Nitrous oxide 290 6 4%

CFCs Various 09 11%

HCFC-22 1500 01 0.5%

Others* Various 8.5%

* These values include the indirect effect of these emissions on other greenhouse gases via chemical reactions in the
atmosphere Such estimates are highly model dependent and should be considered preliminary and subject to change
The estimated effect of ozone 1s included under "others” The gases included under "others” are given 1n the full

report.

+ 26 000 Tg (teragrams) of carbon dioxide = 7 000 Tg (=7 Gt) of carbon

Table 5 Characteristics of Greenhouse Gases

GAS MAJOR CONTRIBUTOR? LONG LIFETIME? SOURCES KNOWN?
Carbon dioxide yes yes yes

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

CFCs yes yes yes

HCFCs, etc not at present mainly no yes

Ozone possibly no qualitatively
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predictions of climate change, which 1s reflected 1n the
range of values given, further details are given 1n a late.
section

The estimates of climate change presented here are based
on

1) the "best-estimate” of equilibrium climate sensitivity
(1e the equilibrium temperature change due to a
doubling of carbon dioxide in the atmosphere)
obtained from model simulations, feedback analyses
and observational considerations (see later box
"What tools do we use?")

1) a "box-diffusion-upwelling” ocean-atmosphere clim-
ate model which translates the greenhouse forcing
into the evolution of the temperature response for the
prescribed climate sensitivity (This stmple model has
been calibrated against more complex atm-osphere-
ocean coupled GCMs for situations where the more
complex models have been run)

How quickly will global climate change?

a If emissions follow a Business-as-Usual pattein

Under the IPCC Business-as-Usual (Scenario A) emissions
of greenhouse gases, the average rate of increase of global
mean temperature during the next century 1s estimated to be
about 0 3°C per decade (with an uncertainty range of 0 2°C
to 05°C) This will result 1n a likely increase 1n global
mean temperature of about 1°C above the present value
(about 2°C above that 1n the pre-industrial period) by 2025
and 3°C above today's (about 4°C above pre-industrial)
before the end of the next century

Policymaker s Summary

The projected temperature rise out to the year 2100, with
high, low and best-estimate climate responses, ts shown 1in
Sigure 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-
eratures, at any time we would also be committed to a
further temperature rise toward the equilibrium temperature
(see box "Equilibrium and Realised Climate Change") For
the BaU "best-estimate” case 1n the year 2030, for example,
a further 0 9°C nise would be expected, about 0 2°C of
which would be realised by 2050 (1n addition to changes
due to further greenhouse gas increases), the rest would
become apparent 1n decades or centuries

Even 1f we were able to stabilise emissions of each of the
greenhouse gases at present day levels from now on, the
temperature 1s predicted to rise by about 0 2°C per decade
for the first few decades

The global warming will also lead to increased global
average precipitation and evaporation of a few percent by
2030 Areas of sea-1ce and snow are expected to diminish

b [If emussions are subject to connols

Under the other IPCC emussion scenarios which assume
progressively increasing levels of controls, average rates of
increase 1n global mean temperature over the next century
are estimated to be about 0 2°C per decade (Scenarto B),
Just above 0 1°C per decade (Scenario C) and about 0.1°C
per decade (Scenario D) The results are illustrated in
Figure 9, with the Business-as-Usual case shown for
comparison Only the best-estimate of the temperature rise
1s shown 1n each case

- BUSINESS
AS-USUAL

above 1765 (°C)

HIGH ESTIMATE

BEST ESTIMATE

LOW ESTIMATE

o ~ — 71

REALISED TEMPERATURE RISE

1850 1900 1950 2000

YEAR

2050

2100

Figure 8: Simulation of the mcrease 1n global mean temperature from 1850-1990 due to observed increases in greenhouse gases, and
predictions of the rise between 1990 and 2100 resulting from the Business-as-Usual emissions
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Figure 9: Simulations of the increase in global mean temperature from 1850-1990 due to observed increases in greenhouse gases, and
predictions of the rise between 1990 and 2100 resulting from the IPCC Scenario B,C and D emissions, with the Business-as Usual case

for comparison

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

What will be the patterns of climate change by 2030?
Knowledge of the global mean warming and change n
precipitation 1s of limited use 1n determining the 1mpacts of
climate change, for instance on agriculture For this we
need to know changes regionally and seasonally

Models predict that surface air will warm faster over
land than over oceans, and a mimimum of warming will
occur around Antarctica and tn the northern North Atlantic
region

There are some continental-scale changes which are
consistently predicted by the highest resolution models and
for which we understand the physical reasons The
warming 1s predicted to be 50-100% greater than the global
mean 1n high northern latitudes 1n winter, and substantially
smaller than the global mean n regions of sea-ice in
summer Precipitation 1s predicted to incredase on average in
muddle and high latitude continents 1n winter (by some 5 -
10% over 35-55°N)

Five regions, each a few milhon square kilometres in
area and representative of different climatological regimes,
were selected by IPCC for particular study (see Figure 10)
In the box (over page) are given the changes 1n
temperature, prectpitation and soil moisture, which are
predicted to occur by 2030 on the Business-as-Usual
scenarlio, as an average over each of the five regions There

may be considerable variations within the regions In
general, confidence 1n these regional estimates 15 low,
especially for the changes in precipitation and soil
moisture, but they are examples of our best estimates We
cannot yet give reliable regional predictions at the smaller
scales demanded for impacts assessments

How will climate extremes and extreme events change?
Changes 1n the vaniability of weather and the frequency of
extremes will generally have more impact than changes 1n
the mean climate at a particular location With the possible
exception of an increase in the number of intense showers
there 1s no clear evidence that weather variability will
change 1n the future In the case of temperatures, assuming
no change n vanability, but with a modest increase 1n the
mean, the number of days with temperatures above a given
value at the high end of the distribution will increase
substantially On the same assumptions, there will be a
decrease 1n days with temperatures at the low end of the
distribution So the number of very hot days or frosty
nights can be substantially changed without any change in
the variability of the weather The number of days with a
minimum threshold amount of so1l moisture (for viability
of a certain crop. for example) would be even more
sensitive to changes In average precipitation and
cvaporation

If the large-scale weather regimes, for instance
depression tracks or anticyclones, shift their position this
would effect the vanability and extremes of weather at a
particular location, and could have a major effect
However, we do not know 1f, or in what way, this will
happen
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ESTIMATES FOR CHANGES BY 2030

(IPCC Business-as-Usual scenario; changes from pre-industrial)

The numbers given below are based on high resolution models, scaled to be consistent with our best estimate of
global 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 by 50% for the high estimate.
Precipitation estimates are also scaled in a similar way.

Confidence in these regional estimates is low

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

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

Sahel (10°-20°N 20°W-40°E)
The warming ranges from 1 to 3°C. Area mean precipitation increases and area mean soil moisture decreases
marginally in summer. However, throughout the region, there are areas of both increase and decrease in both
parameters throughout the region.

Southern Europe (35°-50°N 10°W- 45°E)
The warming is about 2°C in winter and varies from 2 to 3°C in summer. There is some indication of increased
precipitation in winter, but summer precipitation decreases by 5 to 15%, and summer soil moisture by 15 to 25%.

Australia (12°-45°S 110°-115°E)

The warming ranges from 1 to 2°C in summer and is about 2°C in winter. Summer precipitation increases by
around 10%, but the models do not produce consistent estimates of the changes in soil moisture. The area averages
hide large variations at the sub-continental level.
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Figure 10: Map showing the locations and extents of the five areas selected by IPCC
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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 climate 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
parameterisations) of the smaller-scale processes such as those due to clouds and deep mixing in the ocean. In a
climate model an atmospheric component, essentially the same as a weather prediction model, is coupled to a

model of the ocean, which can be equally complex.

Climate forecasts are derived in a different way from weather forecasts. A weather prediction model gives a des-
cription of the atmosphere's state up to 10 days or so ahead, starting from a detailed description of an initial state
of the atmosphere at a given time. Such forecasts describe the movement and development of large weather systems,
though they cannot represent very small 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 is a description of the model's simulated climate which, if the model is a good one, will bear a
close resemblance to the climate of the real atmosphere and ocean. The above exercise is then repeated with
increasing concentrations of the greenhouse gases in the model. The differences between the statistics of the two
simulations (for example in mean temperature and interannual variability) provide an estimate of the accompany-
ing climate 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 to compare models. The range of results from model studies
is 1.9 10 5.2°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 half of this range. Hence the models results do
not justify altering the previously accepted range of 1.5 to 4.5°C.

Although scientists are reluctant to give a single best estimate in this range, it is necessary for the presentation of
climate predictions for a choice of best estimate to be made. Taking into account the model results, together with
observational evidence over the last century which is suggestive of the climate sensitivity being in the lower half of
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 completely different, and potentially useful, way of predicting patterns of future climate is to search for periods
in the past when the global mean temperatures were similar to those we expect in future, and then use the past
spatial patterns as analogues of those which will arise in the future. For a good analogue, it is also necessary for
the forcing factors (for example, greenhouse gases, orbital variations) and other conditions (for example, ice cover,
topography, etc.) to be similar; direct comparisons with climate situations for which these conditions do not apply
cannot be easily interpreted. Analogues of future greenhouse-gas-changed climates have not been found.

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

Will storms increase in a warmer world?

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

Tropical storms, such as typhoons and hurricanes, only
develop at present over seas that are warmer than about
26°C. Although the area of sea having temperatures over
this critical value will increase as the globe warms, the
critical 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 forcing on the earth-atmosphere system 1s changed, for example by increasing greenhouse gas
concentrations, the atmosphere will try to respond (by warming) immediately But the atmosphere 1s closely
coupled to the oceans, so 1n order for the air to be waimed by the greenhouse effect. the oceans also have to be
warmed, because of their thermal capacity this takes decades or centuries  This exchange of heat between atmos-
phere and ocean will act to slow down the temperature rise torced by the greenhouse effect

In a hypothetical example where the concentration ot greenhouse gases in the atmosphere, following a period of

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

level This increased radiative torcing would cause the atmosphere and oceans to warm, and eventually come to

4 new, stable, temperature A commitment to this equilibrium temperature rise 15 incurred as soon as the green-
house gas concentration changes But at any time before equilibrium 1s reached, the actual temperature will have
nisen by only part of the equilibrium temperature change, known as the realised temperature change

Models predict that, for the present day case of an increase in radiative forcing which 1s approximately steady, the
realised temperature rise at any time 15 about 50% of the commutted temperature rise 1f the climate sensitivity (the
response to a doubling of carbon dioxide) 1s 4 5°C and about 80% 1f the climate sensitivity 1s 1 5°C  If the forcing
were then held constant, temperatures would continue to rise slowly, but 1t 1s not certain whether 1t would take
decades or centuries for most of the remaining rise to equilibrium to occur
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probably be weakened 1n a warmer world (at least 1n the
Northern Hemisphere), 1t might be argued that mid-latitude
storms will also weaken or change therr tracks, and there 1s
some indication of a general reduction 1n day-to-day
variability 1n the mid-latitude storm tracks in winter 1n
model simulations. though the pattern of changes vary from
model to model Present models do not resolve smaller-
scale disturbances, so 1t will not be possible to assess

changes 1n storminess unti] results from higher resolution
models become available 1n the next few years

Clhimate change in the longer term

The foregoing calculations have focussed on the period up
to the year 2100, 1t 1s clearly more difficult to make
calculations for years beyond 2100 However, while the
timing of a predicted increase 1n global temperatures has



file:///makei

Policymaker s Summary

substantial uncertainties, the prediction that an increase will
eventually occur 1s more certain Furthermore, some model
calculations that have been extended beyond 100 years
suggest that, with continued increases in greenhouse
climate forcing, there could be significant changes 1n the
ocean circulation, including a decrease in North Atlantic
deep water formation

Other factors which could influence future climate
Variations 1n the output of solar energy may also affect
climate On a decadal time-scale solar vanability and
changes 1n greenhouse gas concentration could give
changes of similar magnitudes However the vartation in
solar intensity changes sign so that over longer time-scales
the increases 1n greenhouse gases are likely to be more
important Aerosols as a result of volcanic eruptions can
lead to a cooling at the surface which may oppose the
greenhouse warming for a few years following an eruption
Again, over longer periods the greenhouse warming 1s
likely to domunate

Human activity 1s leading to an increase in aerosols in
the lower atmosphere, mainly from sulphur emissions
These have two effects, both of which are difficult to
quantify but which may be significant particularly at the
regional level The first 1s the direct effect of the aerosols
on the radiation scattered and absorbed by the atmosphere
The second 1s an indirect effect whereby the aerosols affect
the microphysics of clouds lecading to an increased cloud
reflectivity Both these effects might lead to a significant
regional cooling, a decrease 1n emissions of sulphur might
be expected to mncrease global temperatures

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

How much confidence do we have in our predictions?

Uncertainties 1n the above climate predictions arise from
our imperfect knowledge of

+ future rates of human-made emissions

+ how these will change the atmospheric con-
centrations of greenhouse gases

» the response of climate to these changed con-
centrations

Firstly, 1t 1s obvious that the extent to which climate will
change depends on the rate at which greenhouse gases (and
other gases which affect their concentrations) are emitted
This in turn will be determined by various complex

i

economic and sociological factors Scenarios of future
emissions were generated within IPCC WGIII and are
described 1n the Annex to this Summary

Secondly, because we do not fully understand the
sources and sinks of the greenhouse gases, there are
uncertainties 1n our calculations of future concentrations
arising from a given emissions scenarto We have used a
number of models to calculate concentrations and chosen a
best estimate for each gas In the case of carbon dioxide,
for example, the concentration increase between 1990 and
2070 due to the Business-as-Usual emissions scenario
spanned almost a factor of two between the highest and
lowest model result (corresponding to a range n radiative
forcing change of about 50%)

Furthermore, because natural sources and sinks of
greenhouse gases are sensitive to a change 1n chimate, they
may substantially modify future concentrations (see earher
section "Greenhouse gas feedbacks") It appears that, as
climate warms, these feedbacks will lead to an overall
increase, rather than decrease, 1n natural greenhouse gas
abundances For this reason, climate change 15 likely to be
greater than the estimates we have given

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

Furthermore, we must recognise that our imperfect
understanding of climate processes (and corresponding
ability to model them) could make us vulnerable to
surprises, just as the human made ozone hole over
Antarctica was entirely unpredicted In particular, the ocean
circulation, changes in which are thought to have led to
periods of comparatively rapid climate change at the end of
the last 1ce age, 1s not well observed, understood or
modelled

Will the climate of the future be very different?

When considering future chmate change, 1t 15 clearly
essential to look at the record of climate variation 1n the
past From 1t we can learn about the range of natural
climate variability, to see how 1t compares with what we
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CONFIDENCE IN PREDICTIONS FROM CLIMATE MODELS

What confidence can we have that climate change due to increasing greenhouse gases will look anything like the
model predictions? 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 several indicators that give us some conf-
1dence 1n the predictions from chimate models

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

observed boundary conditions their simulation of present climate 1s generally realistic on large scales, capturing

the major features such as the wet tropical convergence zones and mid-latitude depression belts, as well as the con-
trasts between summer and winter circulations The models also simulate the observed variability, for example, the
large day-to-day pressure variations in the middle latitude depression belts and the maxima 1n 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 1n all models

Overall confidence 15 increased by atmospheric models’ generally satisfactory portrayal of aspects of variability of
the atmosphere, for instance those associated with variations 1n sea surface temperature There has been some suc-
cess 1n stmulating the general circulation of the ocean, including the patterns (though not always the intensities) of
the principal currents, and the distributions of tracers added to the ocean

Atmospheric models have been coupled with simple models of the ocean to predict the equilibrium response to
greenhouse gases, under the assumption that the model errors are the same in a changed chmate The ability of
such models to simulate important aspects of the climate of the last ice age generates confidence 1n their usefulness
Atmospheric models have also been coupled with multi-layer ocean models (to give coupled ocean-atmosphere
GCMs) which predict the gradual response to increasing greenhouse gases Although the models so far are of rela-
tively coarse resolution, the large scale structures of the ocean and the atmosphere can be simulated with some
skill However, the coupling of ocean and atmosphere models reveals a strong sensitivity to small-scale errors
which leads to a dnft away from the observed climate As yet, these errors must be removed by adjustments to the
exchange of heat between ocean and atmosphere There are similarities between results from the coupled models
using simple representations of the ocean and those using more sophisticated descriptions, and our understanding

of such differences as do occur gives us some confidence in the results

expect 1n the future, and also look for evidence of recent
climate change due to man's activities

Climate vartes naturally on all time-scales from hundreds
of millions of years down to the year-to-year Prominent in
the Earth's history have been the 100,000 year glacial-
interglacial cycles when climate was mostly cooler than at
present Global surface temperatures have typically varied
by 5-7°C through these cycles, with large changes n 1ce
volume and sea level, and temperature changes as great as
10-15°C 1n some middle and high latitude regions of the
Northern Hemisphere Since the end of the last ice age,
about 10,000 years ago, global surface temperatures have
probably fluctuated by httle more than 1°C Some
fluctuations have lasted several centuries, including the
Little Ice Age which ended n the mineteenth century and
which appears to have been global 1n extent

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

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

which have occured naturally on Earth over the last 10,000
years, and the rise in sea level will be about three to six
times faster than that seen over the last 100 years or so

Has man already begun to change the global climate?

The instrumental record of surface temperature 1s
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 last
century, any bias due to urbanisation 1s likely to be less
than 0 05°C

Moreover since 1900 similar temperature increases are
seen 1n three independent data sets one collected over land
and two over the oceans Figure 11 shows current estimates
of smoothed global-mean surface temperature over land
and ocean since 1860 Confidence 1n the record has been
increased by their similarity to recent satellite
measurements of mid-tropospheric temperatures
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Figure 11: Global-mean combined land-air and sed-surface temperatures, 1861

Although the overall temperature rise has been broadly
similar i both hemispheres, it has not been steady, and
differences in their rates of warming have sometimes
persisted for decades Much of the warming since 1900 has
been concentrated n two periods, the first between about
1910 and 1940 and the other since 1975 the five warmest
years on tecord have all been i the 19805 The Northern
Hemisphere cooled between the 1940s and the carly 19705
when Southern Hemisphete temperatures stayed nearly
constant The pattern ot global warming since 1975 has
been uncven with some iegions mainly 1 the notthern
hemisphere continuing to cool untl recently This regional
diversity indicates that future regronal tempetature changes
are likely to ditfer considerably from a global average

The conclusion that global tempetrature has been rising s
sttongly supported by the tetieat of most mountain
glaciers of the woild since the end of the nineteenth
century and the fact that global sea level has 1isen over the
same period by an average of 1 to 2mm pet year  Estimates
of thermal expansion ot the oceans and of increased
melting of mountam glaciers and the 1ce margin in West
Gieenland over the last century show that the major part of
the sca level rise appears to be 1elated to the observed
global warming This appatent connection between
observed sca level rise and global warming provides
grounds for beheving that futurte warming will lead to an
acceleration m sea level rise

The s17e of the warming over the last century 15 broadly
consistent with the predictions of climate models but 15
also of the same magnitude as natutal climate varabihity
[f the sole cause of the observed warming weie the human
made gireenhouse effect, then the mmplied chimate
sensitivity would be ncar the lower end of the 1ange
infetred from the models The observed increase could be

1970 1990

1989, relative to the average for 1951-80

largely due to natural variability, alternatively this
variability and other man-made factors could have offset a
still larger man-made greenhouse warming The
unequivocal detection of the enhanced greenhouse effect
from observations 1s not likely tor a decade or more, when
the committment to future climate change will then be
considerably larger than 1t 1s today

Global-mean temperature alone 1s an 1nadequate
indicator of greenhouse-gas-induced climatic change
Identifying the causes of any global-mean temperatuie
change 1equires examination of other aspects of the
changing climate, particularly 1ts spatial and temporal
characteristics  the man-made climate change signal
Patterns of c¢himate change from models such as the
Northern Hemisphere warming faster than the Southern
Hemisphete and surface ant warming faster over land than
over oceans dare not apparent in observations to date
However, we do not yet know what the detailed
looks like because we have limited confidence m our
predictions ot climate change patterns Furthermore, any
changes to date could be masked by natural variability and
other (possibly man made) factors, and we do not have a

stgnal

clear pictuie of these

How much will sea level rise ?

Simple models were used to calculate the rise 1n sea level
to the year 2100, the results are 1llustrated below The
calculations necessarily 1gnore any long-term changes
unrelated to greenhouse forcing, that may be occurting but
cannot be detected from the present data on land 1ce and the
ocean The sea level rise expected from 1990-2100 under
the IPCC Business as-Usual emissions scenario 1s shown in
Figure [2 An average 1ate of global mean sea level 11se of



Policymakers Summary

§ 120
" L BUSINESS HIGH ESTIMATE
® 100 b AS-USUAL
m -
o sof
& - BEST ESTIMATE
- 60 |
< I
[17]
[/2] 40 F
a I LOW ESTIMATE
w
® 20t
J -
<
B 0 T T T T T T T

1980 2000 2020 2040 2060 2080 2100

YEAR

Figure 12: Sea level rise predicted to result from Business-as-Usual emissions, showing the best-estimate and range

about 6cm per decade over the next century (with an
uncertainty range of 3 - 10cm per decade) The predicted
rise 15 about 20cm 1n global mean sea level by 2030, and
65cm by the end of the next century There will be
significant regional variations

The best estimate 1n each case 15 made up mainly of
positive contributions from thermal expansion of the
oceans and the melting of glaciers Although, over the next
100 years, the eftect of the Antarctic and Greenland ice
sheets 15 expected to be small they make a major
contribution to the uncertainty 1n predictions

Even 1f gicenhouse forcing ncreased no further, there
would still be ¢ commitment to a continuing sea level rise
for many decades and even centuries due to delays in
chmate ocean and 1ce mass 1esponses As an iHustration 1f
the incieases 1in greenhouse gas concentrations were (o
suddenly stop n 2030, sea level would go on 11sing from
2030 to 2100 by as much again as from 1990-2030, as
shown in Figuie 13

Predicted sca level rises due to the other three emissions
scenat1os ate shown in Figure 14 with the Business-as-
Usual case tor compartson only best-estimate calculations
are shown

The West Antarctic Ice Sheet 15 of special concern A
large portion of 1t containing an amount of 1ce equivalent
to about Sm of global sea level, 15 grounded far below sea
level There have been suggestions that a sudden outflow of
1ce might result from global warming and raise sea level
quichly and substantially Recent studies have shown that
individual 1ce streams are changing rapidly on a decade to
century time-scale however this 15 not necessarily related
to chmate change Within the next century 1t 1s not hikely

that there will be a major outflow of i1ce from West
Antarctica due directly to global warming

Any nise m sea level 1s not expected to be uniform over
the globe Thermal expansion, changes 1n ocean circ-
ulation, and surface air pressure will vary from region to
region as the world warms, but 1n 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 1n global mean sea level these movements have to
be taken 1nto account when predicting local change 1n sea
level 1elative to land

The most scvere cffects of sca level rise are likely to
result from cxtreme cvents (for example, storm surges) the
inctdence of which may be affected by climatic change

What will be the effect of climate change on
ecosystems?

Ecosystem processes such as photosynthesis and res-
piration arc dependent on climatic factors and carbon
dioxide concentration in the short term In the longer term,
chmate and carbon dioxide are among the factors which
control ecosystem structure, 1€, species composition,
cither directly by increasing mortality 1n poorly adapted
species, or indirectly by mediating the competition between
species Ecosystems will respond to local changes n
temperature (1ncluding its rate of change), precipitation,
so1l moisture and extieme events Current models are
unable to make reliable estimates of changes 1n these
parameters on the required local scales
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Figure 13: Commutment to sea level rise in the year 2030 The
curve shows the sea level rnise due to Business-as Usual emissions
to 2030, with the additional rise that would occur in the remainder
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Figure 14: Model estimates of sea level rise from 1990-2100 due
1o all four emissions scenarios

Photosynthesis captures atmospheric carbon dioxide,
water and solar energy and stores them in organic
compounds which dare then used for subsequent plant
growth, the growth of animals or the growth of microbes in
the soil  All of these organisms release carbon dioxide via
respiration into the atmospherc Most land plants have a
system of photosynthesis which will respond positively to
increased atmospheric carbon dioxide (' the carbon dioxide
ferihzation etfect ') but the response varies with species
The cffect may decrease with ime when restricted by other
ccological limitations, for example nutrient avatlability It
should be emphasized that the carbon content ol the
terrestrial brosphere will ncicase only 1f the toiest

(RRY)

ecosystems In a state of maturity will be able to store more
carbon 1n a warmer climate and at higher concentrations of
catbon dioxide We do not yet know tf this 15 the case

The response to increased carbon dioxide results 1n
greater etficiencies of water, light and nitrogen use These
increased efficiencies may be particularly important during
drought and 1n arid/semi-arid and infertile areas

Because species respond ditferently to chimatic change
some will increasc 1n abundance and/or range while others
will decrease Ecosystems will thercfore change 1n structure
and composition Some species may be displaced to higher
latitudes and altitudes, and may be more prone to local and
possibly even global extinction other species may thrive

As stated above ecosystem structure and species
distribution are particulatly sensittve to the rate of change
of climate We can deduce something about how quickly
global temperature has changed in the past from palaeo
chimatological records As an example at the end of the last
glaciation, within about a century, tempetature mcreased by
up to 5°C in the North Atlantic region, mamly 1n Western
Europe Although during the increase from the glacial to
the current interglacial temperature simple tundia
ecosystems responded positively a similar rapid temp-
erature ncicase applied to more developed ccosystems
could result 1n therr instabihty

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

Although we can say that some climate change 1s
unavoidable. much uncertainty exists in the prediction ot
global climate properties such as the temperature and
rainfall Even greater uncertainty exists in predictions of
regional climate change. and the subsequent consequences
for sea level and ecosystems The key areas ot scientific
uncertamnty are

» clouds: primarily cloud formation dissipation and
radiative properties which iniluence the responsc ot
the atmosphere to gicenhousc forcing

« oceans: the exchange of encrgy between the ocean
and the atmosphere, between the upper layers of the
ocean and the deep ocean. and transport withm the
ocean, all of which control the rate of global chimate
change and the patterns of regional change,

+ greenhouse gases: quantification of the uptake and
release of the greenhouse gases, their chemical
reactions in the atmosphere, and how thesc may be
influenced by chmate change,

+ polar ice sheets: which affect predictions of sea level
1se

Studies of land surface hydrology, and of 1mpact on
ecosystems ate also important
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DEFORESTATION AND REFORESTATION

Man has been detoresting the Eaith tor nillennia Until the carly pait of the century, this was mainly 1n temperate
regions more recently 1t has been concentrated tn the tiopics  Deforestation has several potential impacts on clim-
ate  through the carbon and nitrogen cycles (where 1t can lead to changes 1in atmospheric catbon dioxide concent-
rations) through the change n reflectivity of teriain when forests are cleared, through 1ts ettect on the hydrological
cyele (precipitation, evaporation and runoff) and surface roughness and thus atmospheric circulation which can

produce remote effects on climate

It 1 estimated that each year about 2 Gt of carbon (GtC) 1s releascd to the atmosphere due to tropical deforestation
The rate of forest clearing 1s difficult to estimate, probably until the mid-20th century, temperate deforestation and the
loss of organic matter from sotls was a more important contributor to atmospheric carbon dioxide than was the
burning ot fossil fuels Since then tossil fuels have become donmunant one estimate 1s that around 1980, 1 6 GtC
was being released annually from the clearing of tropical torests compared with about 5 GtC from the burning of
tossil fuels If all the tropical forests were removed the mnput s vaniously estimated at trom 150 to 240 GtC, this
would increase atmospheric carbon dioxide by 35 to 60 ppmv

To analyse the etfect of reforestation we assume that 10 million hectares ot forests are planted each year for a per-
10d of 40 years, 1 e , 4 milhon km” would then have been planted by 2030 at which time 1 GtC would be absorbed
annually until these forests 1each maturity This would happen in 40-100 years for most forests The above scenario
implies an accumulated uptake of about 20 GtC by the year 2030 and up to 80 GtC after 100 years This accumul-
ation of carbon 1n forests 15 equivalent to some 5-109% of the emission due to fossil fuel burning 1n the Business-

as Usual scenarno

Detorestation can also alter climate directly by increasing 1eflectivity and decreasing evapotranspiration  Experim-
ents with climate models predict that replacing all the forests of the Amazon Basin by grassland would reduce the
rainfall over the basin by about 20% and increase mean temperature by several degrees

To 1educe the current scientific uncertainties in each of
these areas will require internationally coordinated
rescaich, the goal of which is to improve our capabulity to
obscrve, model and understand the global climate system
Such a program of research will reduce the scientific
uncertainties and assist 1n the formulation of sound national
and nternational response strategies

Systematic long term observations of the system are of
vital importance for understanding the natural variability of
the Earths climate system detecting whether mans
activities are changing 1t parameterising key processes for
models and verifying model simulations Increased
accurdey and coverage 1n many observations are 1equired
Assocrated with expanded observations 1s the need to
devclop appropriate comprehensive global information
bases for the rapid and efficient dissemination and
uttlization of data The main observational requirements
are

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

1) the maintenance and enhancement of a programme of
monitoring, both from satellite-based and surface-
based instruments of key ciimate elements for which
accurate observations on a continuous basis are
required such as the distiibution of 1mportant
atmospheric constituents clouds the Earth s radiation

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

u1)  the establishment of a global ocean observing system
to measure changes 1n such variables as ocean surface
topography, circulation, transport of heat and
chemicals, and sea-ice extent and thickness

1v)  the development of major new systems to obtain data
on the oceans, atmosphere and terrestrial ecosystems
using both satellite-based 1nstruments and inst-
ruments based on the surface, on automated
mstrumented vehicles in the ocean, on f{loating and
deep sca buoys, and on ancraft and balloons

v) the use of palaco climatological and historical inst
rumental records to document natural variability and
changes 1 the chimate system, and subsequent
environmentdl response

The modelling of climate change requires the development
of global models which couple together atmosphete land,
ocean and 1ce models and which incorporate more realistic
formulations of the 1elevant processes and the nteractions
between the different components i the
biosphere (both on land and n the ocean) also need to be

Processes
included Higher spatial 1esolution than 1 currently
generally used 1s requured 1f 1egional patterns are to be
predicied These models will 1equnie the largest computers
which are planned to be available during the next decades
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Understanding of the climate system will be developed
from analyses of observations and of the results from
model simulations In addition, detailed studies of
particular processes will be required through targetted
observational campaigns Examples of such field
campaigns include combined observational and small-scale
modelling studies for different iegions, of the formation,
dissipation, radiative, dynamical and microphysical
properties of clouds, and ground-based (ocean and land)
and aircraft measurements of the fluxes of greenhouse
gases from specific ecosystems In patticular, emphasis
must be placed on field experiments that will assist 1n the
development and 1mprovement of sub grid-scale
parametrizations for models

The required program of research will require
unprecedented 1nternational cooperation, with the World
Climate Research Programme (WCRP) of the World
Metcorological Organization and International Council of
Scientific Unions (ICSU) and the International Geosphere-
Biosphere Programme (IGBP) ot ICSU both playing vital
roles These are large and complex endcavours that will
require the nvolvement of all nations partrcularly the
developing countries Implementation of existing and
planned projects will require increased financial and human
resources, the latter has 1mmediate
implications at all levels of education, and the international
community of scientists needs to be widened to include
more members from developing countries

The WCRP and IGBP have a number of ongoing or
planned research programmes, that address each of the

three key areas of scientific uncertainty Examples include

requirecment

* clouds
International Satellite Cloud Climatology Project
(ISCCP),
Global Energy and Water Cycle Experiment
(GEWEX)
* oceans
World Ocean Circulation Experiment (WOCE),
Tropical Oceans and Global Atmosphere (TOGA)
* trace gases
Joint Global Ocean Flux Study (JGOFS),
International Global Atmospheric Chemistry (IGAC),
Past Global Changes (PAGES)

As research advances, increased understanding and
improved observations will lead to progressively more
reliable clhimate predictions However considering the
complex nature of the problem and the scale of the
scientific programmes to be undertaken we know that rapid
results cannot be expected Indecd fuither scientific
advances may expose unforeseen problems and areas of
1gnorance

g

Time-scales for narrowing the uncertainties will be
dictated by progress over the next 10-15 years in two main
areas

» Use of the fastest possible compulers, to take into
account coupling of the atmosphere and the oceans in
models, and to provide sufficient resolution tor
regional predictions

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

The Steening Group of the Response Strategics Working
Group requested the USA and the Netherlands to develop
criisstons seenanos for evaluation by the IPCC Working
Group I The scenarios cover the emissions of carbon
diovde 1CO»>) methane (CHg), nitrous oxide (N20),
Chlorotiuorocarbons (CFCs), carbon monoxide (CO) and
nutrogen ovides (NOy) from the present up to the year
2100 Growth of the economy and population was taken
vommon for all scenarios Population was assumed to
approdch 10 5 bilhion 1n the second halt of the next century
Economic growth was assumed to be 2-3% annually in the
coming decade in the OECD countries and 3 5 % 1n the
Eastern European and developing countries The economic
zrowth levels were assumed to deciease thereatter In order
to reach the required targets, levels of technological
development and environmental controls were varied

In the Business-as-Usual scenario (Scenario A) the
energy supply 1s coal intensive and on the demand side
only modest efficiency increases are achieved Carbon
monoxide controls are modest, deforestation continues until
the tropical torests are depleted and agricultural emissions
ot methane and nitrous oxide are uncontrolled For CFCs
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the Montreal Protocol 1s implemented albeit with only
partial participation Note that the aggregation of national
projections by IPCC Working Group IIl gives higher
emissions (10 20%) of carbon dioxide and methane by
2025

In Scenario B the energy supply mix shifts towards
lower carbon fuels, notably natural gas Large efficiency
increases are achieved Carbon monoxide controls are
stringent, deforestation 1s reversed and the Montreal
Protocol implemented with full participation

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

For Scenario D a shift to renewables and nuclear in the
first halt of the next century reduces the emissions of
carbon dioxide, initially more or less stabilizing emissions
in the industrialized countries The scenario shows that
stringent controls in industrialized countries combined with
moderated growth of emissions in developing countries
could stabilize atmospheric concentrations Carbon dioxide
emissions are reduced to 50% of 1985 levels by the middle
of the next century
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Group [H



Introduction

Purpose of the Report

The purpose of this report is to provide a scientific
assessment of:

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

2. the responses of the atmosphere-ocean-land-ice
system to those factors;

3. the current ability to model global and regional
climate changes and their predictability;

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

On the basis of this assessment, the report presents
current knowledge regarding predictions of climate change

Changes of
solar radiation

] 4}

SPACE

(including sea-level rise and the effect on ecosystems) 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 of the report.

The Climate System

A simple definition of climate is the average weather. A
description of the climate over a period (which may
typically be from a few years to a few centuries) involves
the averages of appropriate components of the weather over
that period, together with the statistical variations of those
components.
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Schematic llustration of the chmate system components and interactions. (from Houghton, J.T. (ed), 1984: The Global Climate;

Cambridge University Press, Cambridge, UK, 233pp)
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Fluctuations of climate occur on many scales as a resull
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 may occur over the
next century as a result of human activities. More conplete
definitions 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
land surface, to the oceans and to those parts of the Earth
covered with ice (known as the cryosphere). There is also
strong coupling to the biosphere (the vegetation and other
living systems on the land and in the ocean). These five
components (atmosphere, land, ocean, ice and biosphere)
together form the climate system.

Forcing of the Climate System

The driving force for weather and climate is energy from
the Sun. The atmosphere and surface of the Earth intercept
solar radiation (in the short-wave, including visible, part of
the spectrurn); about a third of it is reflected, the rest is
absorbed. The encrgy absorbed from solar radiation must
be balanced by outgoing radiation from the Earth
(terrestrial radiation); this is in the form of long-wave
invisible infra-red energy. As the amount of outgoing
terrestrial radiation is determined by the temperature of the
Earth, this temperature will adjust until there is a balance
between incoming and outgoing radiation.

There are several important factors (known as climate
forcing agents) which can change the balance between the
energy (in the form of solar radiation) absorbed by the
Harth and that emitted by it in the form of long-wave infra-
red radiation - the radiative forcing on climate. The most
obvious of these is a change in the amount or seasonal
distribution of solar radiation which reaches the Earth
(orbital changes were probably responsible for initiating
the ice ages). Any change in the albedo (reflectivity) of the
land, due to desertification or deforestation will also
affect the amount of solar enmergy absorbed, as will
absorption of solar radiation (and outgoing long-wave
radiation) by aerosols in the lower atmosphere (where
they can be man-made) or the upper atmosphere (where
they are 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 long-wave terrestrial

Introduction

SUN

Some solar radiation
is reflected by the Earth
and the Almosphere

ATMOSPHERE

e

* Some of the
infrared radiation
is absorbed by
the greenhouse
gases, The effect
-+ isto warm the

.- surface and the
--. lower atmosphere

infrared radiation
is emitted from the
Earth's surface

Mosl solar radiation passes
through the clear atmosphere,
is absorbed by the Earlh's
surface, and warms it

A simplified diagram illustrating the greenhouse effect

radiation emitted by the warm surface of the Earth is
partially absorbed and then re-emitted out to space by a
number of trace gases in the cooler atmosphere above.
This process adds to the net cnergy inpul to the lower
atmosphere and the underlying surface thereby increasing
their temperature. This is the basic grecnhouse effect; the
trace gases are often thought of as acting in a way
somewhat analogous to the glass in a greenhouse. The main
greenhouse gases are not the major constituents, nitrogen
and oxygen, but water vapour (the biggest contributor),
carbon dioxide, methane, nitrous oxide and {in recent
years) chiorofluorocarbons.

How do we Know that the Greenhouse Effect is Real?

We know that the greenhouse effect works in practice, for
several reasons. Firstly, the mean temperature of the Earth's
surface is already 32°C warmer than it would be if the
natural greenhouse gases (mainly carbon dioxide and water
vapour) were not present. Satellite measuremenis of the
radiation emitted from the Earth's surface and atmosphere
demonstrate the absorption due to the greenhouse gases.

Secondly, 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.

Thirdly, measurements from ice cores, dating back
160,000 years, show that the Earth's temperature was
closely related to the concentration of greenhouse gases in
the atmosphere. The ice core record shows that the
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AN

Surface Main Surface Observed Surface Warming
Pressure Greenhouse temperature m Temperature due to
(Relative to Gases absence of Greenhouse
Earth) Greenhouse effect Effect
VENUS 90 >90% CO2 469C 4779C 5230C
EARTH 1 ~0 04% CO2 -189C 15°C 330C
~1% H20
MARS 0 007 > 80% CO?2 -579C -479C 10°9C

atmospheric levels of carbon dioxide, methane, and nitrous
oxide were much lower during the ice ages than during
interglacial periods It 1s likely that changes in greenhouse
gas concentrations contributed, in part, to the large (4 -
5°C) temperature swings between ice ages and interglacial
periods

The Enhanced Greenhouse Effect

An 1ncrease 1n concentrations of greenhouse gases 1s
expected to raise the global-mecan surface-air temperature
which, for stmplicity, 15 usually referred to as the global
temperature' Strictly this 1s an enhanced greenhouse
effect - above that occurring duc to natural greenhouse gas
concentrations The word enhanced 1s frequently omitted,
but should not be forgotten 1n this context

Changes in the Abundances of the Greenhouse Gases

We know, with certainty, that the concentrations of
naturally occurring greenhouse gases in the atmosphere
have varied on palaeo time-scales For a thousand years
prior to the industrial revolution the abundances of these
gases were relatively constant However as the world s
population increased, emissions of greenhouse gases such
as carbon dioxide, methane, chlorofluorocarbons, nitrous
oxide, and tropospheric ozone have increased substantially
due to industrialisation and changes in agriculture 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 gases
Section 1 of the report summaiises our knowledge of the
vartous greenhouse gascs, then sources, sinks and
lifetimes, and thetr likely rate of incicase

Relative Importance of Greenhouse Gases

So far as radiative forcing of the climate 1s concerned, the
increase 1n carbon dioxide has been the most important
(contributing about 60% of the increased forcing over the
last 200 years), methane 1s of next importance contributing
about 20%, chloroflourocarbons contribute about 10% and
all the other gases the remaining 10% Section 2 of the
report reviews the contributions of the different gases to
radiative forcing in more detatl

Feedbacks

If everything else 1n the climate system remained the same
following an increase 1n greenhouse gases, 1t would be
relatively easy to calculate, from a knowledge of their
radiative properties, what the increase in average global
temperature would be However, as the components of the
system begin to warm, other tactors come nto play which
are called feedbacks These factors can act to amplhity the
initial warming (positive feedbacks) o1 reduce 1t (negative
feedbacks) Negative teedbacks can reduce the warming
but cannot produce a global cooling The simplest of these
fecdbacks arises because as the atmosphere warms the
amount ol water vapout it holds increases  Water vapour s
an important greenhouse gas and will therefore amplify the
warming Other teedbacks occur through interactions with
snow and sea-ice, with clouds and with the biosphere
Section 3 explores these more fully

The Role of the Oceans

The oceans play a central role 1in shaping the climate
thiough thice distinct mechanisms Firstly they absorb
carbon dioxide and exchange 1t with the atmosphere
(Section 1 addresses this aspect of the carbon cycle)

Secondly, they exchange heat water vapour and
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momentum with the atmosphere Wind stress at the sea
surface drives the large-scale ocean circulation Water
vapour, evaporated from the ocean surtace, 1s transported
by the atmospheric circulation and provides latent heat
cnergy to the atmosphere The ocean circulations in their
turn redistribute heat, fresh water and dissolved chemicals
around the globe Thirdly, they sequester heat, absorbed at
the surtace, 1n the deepest regions for periods of a thousand
years or more through vertical circulation and convective
mixing

Therefore, any study of the climate and how 1t might
change must include a detailed description of processes 1n
the ocean together with the coupling between the ocean and
the atmosphere A description of ocean processes 1s
presented 1n Section 3 and the results from ocean
atmospheie coupled models appear in Section 6

Climate Forecasting

To carry out a climate forecast 1t 1s necessary to take into
account all the complex interactions and feedbacks
between the different components of the climate system
This 15 done through the use of a numerical model which
as far as possible includes a description of all the processes
and teractions  Such a model 15 a more elaborate version
of the global models currently employed for weather
forccasting

Global torecasting models concentrate on the circulation
of the atmosphere (for that reason they are often called
atmospheric general circulation models (or atmospheric
GCMs) They are based on equations describing the
atmosphere s basic dynamics, and include descriptions 1n
simple physical terms (called parameterizations) of the
physical processes Forecasts are made for several days
ahead from an analysis derived from weather observations
Such torecasts are called deterministic weather forecasts
because they describe the detailed weather to be expected
at any place and time on the synoptic scale (of the order of
a tew hundred kilometres) They cannot of course, be
deterministic so far as small scale phenomena, such as
individual shower clouds are concerned

The most elaborate ¢limate model employed at the
present time consists of an atmospheric GCM coupled to an
ocean GCM which describes the structure and dynamics of
the ocean Added to this coupled model are appropriate
descriptions although necessarily somewhat crude, of the
other components of the chimate system (namely, the land
surface and the 1ce) and the mteractions between them If
the model 15 run for several years with parameters and
forcing apptopriate to the current chimate the model s
output should bear a close resemblance to the observed
chimate [t

parameters representing  say

greenhouse gases are mtroduced into the model 1t can be

mereasing

used to simulate or predict the resulting chmate change
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To run models such as thesc requires very large
computer resources indeed However, simplified models
are also employed to explore the various sensitivities of the
climate system and to make simulations of the time
evolution of climate change In particular, stmplifications
of the ocean structure and dynamics are included, details
are given 1n 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 employing a climate model to
determine the response to a change 1n forcing due to
increases 1n greenhouse gases 1s to first run the model for
several years with the current forcing, then to change the
forcing (for instance by doubling the concentration of
carbon dioxide n the appropriate part of the model) and
run the model again Comparing the two model climates
will then provide a forecast of the change 1n climate to be
expected under the new conditions Such a forecast will be
of the equilibrium response, 1t 15 the response expected to
that change when the whole climate system has reached a
steady state Most climate forecasting models to date have
been run 1n this equilibrium response mode Section 5
summarises the results obtained from such models

A more complicated and difficult calculation can be
carried out by changing the forcing in the model slowly on
the appropriate natural time-scale Again, comparison with
the unperturbed model climate 15 carried out to obtain the
time-dependent response of the model to climate change

These time-dependent models, results from which are
presented 1in Section 6, are the ones which describe the
climate system most realistically However, rather few of
them have been run so far Compartson of the magnitude
and patterns of chimate change as predicted by these
models has been made with results from models run n the
cquilibrium response mode The results of this comparison
provide guidance on how to interpret some of the more
detailed 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 palaeco-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 1n these differing climate regimes It 1s only
within about the last hundred years, however, that accurate
observations with good global coverage exist Even so,
there have been numerous changes n instruments and
observational practices during this period, and quite
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sophisticated numerical corrections are required to
standardize the data to a self consistent record

Section 7 discusses these issues and provides evidence,
from land and sea temperature rccords and glacier
measurements, that a small global warming has occurred
since the late nineteenth century The temperature and
precipitation records are examined regionally as well, and
recent data on sea-ice and snow cover are shown

Within these time-series of data we can examine the
natural variabihty of climate and search for a possible
climate change signal due to increasing greenhouse gases
Section 8 compares the expectations from model
predictions with the observed change 1n climate At a
global level the change 1s consistent with predictions from
models but there may be other effects producing 1t
Problems arise at a regional level because there are
differences between the various predictions and because
the changes observed so far are small and comparable to
spatial and temporal noise In this Section, however, an
estimate 1s made of the hkely time-scale for detection of
the enhanced greenhouse effect

Changes in Sea Level

An important consequence of a rise 1n global temperature
would be an increase 1n sea level Section 9 assesses the
contribution from thermal expansion of the oceans, melting
of mountain glaciers and changes to the Greenland and
Antarctic 1ce sheets under the four IPCC Scenarios of
future temperature rise Measurements of sea level from
tide gauges around the world date back a hundred years and
provide evidence for a small increase which appears to be
fairly steady The stability of the West Antarctic Ice Sheet,
which has sometimes been invoked as a possible
mechanism for large sea level rise in the future, 1s
examined

Climate Change and Ecosystems

Ecosystems (both land and marine based plant-life) will
respond to climate change and through feedback
processes, influence it Section 10 looks at the direct effect
of climate change on crops forests and tundra Plant
growth and metabolism are functions of temperature and
soil moisture, as well as carbon dioxide 1itself, changes 1n
the activity of ecosystems will therefore modify the carbon
cycle Plant species have migrated in the past, but their
ability to adapt 1n future may be limited by the presence of
artificial barriers caused by human activities and by the
speed of climate change This Section also looks at the
cffects of deforestation and reforestation on the global
carbon budget

(R RTAY

Improving our Predictions

Despite our confidence in the general predictions from
numerical models, there will be uncertainties 1n the detailed
timing and patterns of climate change due to the enhanced
greenhouse ettect for some time to come Section 11 lists
the many programs which dre already underway or are
planned to narrow these uncertainties These cover the full
range of Earth and Space based observing systems, process
studies to unravel the details of feedbacks between the
many components 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 1s useful to quantify the climate benefits of
different levels of controls on different time-scales The
Annex to this Report shows the full pathway of emissions
to temperature change and sea-level rise for the four IPCC
Policy Scenarios plus four other Science Scenarios The
Policy Scenarios were derived by IPCC Working Group 11
and assume progressively more stringent levels of emission
controls The Science Scenarios were chosen artificially to
illustrate the effects of sooner, rather than later, emission
controls, and to show the changes in temperature and sea
level which we may be commuitted to as a result of past
emissions of greenhouse gases
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EXECUTIVE SUMMARY

The Earth’s climate 1s dependent upon the radiative balance of the
atmosphere, which 1n turn depends upon the mput of solar
radiation and the atmospheric abundances ot 1adiatively active
trace gases (1€, greenhouse gases), clouds and aerosols

Since the industrial revolution the atmospheric concentrations
of several greenhouse gases, 1 e, carbon dioxide (CO2) methane
(CHg), chlorofluorocarbons (CFCs), nitrous oxide (N2O), and
tropospheric ozone (O3), have been increasing primarily due to
human activities Several of these gieenhouse gases have long
atmospheric litetimes, decades to centuries, which means that
their atmospheric concentrations respond slowly to changes 1n
emission rates In addition there 15 evidence that the
concentrations of tropospheric acrosols have increased at least

regionally

Carbon Dioxide

The atmospheric CO? concentration at 353 ppmy 1n 1990 1s now
about 25% greater than the pre industital (1750 1800) value of
about 280 ppmv, and higher than at any time 1n at least the last
160,000 years Carbon dioxide 15 currently rising at about 1 8
ppmv (0 5%) per year due to anthropogenic emissions
Anthropogenic emissions of CO?2 are estimated to be 5 7+0 5 Gt
C (in 1987) due to fossil fuel burning, plus 06 25 Gt C (in
1980) due to deforestation The atmospheric inciease during the
past decade corresponds to (48£8)% of the total cmissions during
the same period with the remainder being taken up by the oceans
and land Indirect evidence suggests that the land and oceans
sequester CO?2 1n roughly equal proportions though the
mechanisms are not all well understood The tme taken for
atmospheric CO?2 to adjust to changes 1n sources o1 sinks 15 of
order 50 200 years, determined mainly by the slow exchange of
carbon between surface waters and deeper layers of the ocean
Consequently CO?2 emutted nto the atmosphere today will
influence the atmospheric concentiation of CO?2 tor centuries into
the future Three models have been used to estimate that even 1f
anthropogenic emissions of CO?2 could be kept constant at present
day rates, atmospheric CO2 would mcrease to 415 - 480 ppmv by
the year 2050, and to 460 - 560 ppmv by the year 2100 In order
to stabilize concentrations at present day levels an immediate
reduction in global anthropogenic emissions by 60 80 percent

would be necessary

Methane
Current atmospheric CH4 concentration, at 1 72 ppmy 15 now
more than double the pre-industrial (1750 1800) value of about

0 8 ppmv, and 15 increasing at a rate of about 0 015 ppmv (0 9%)
per year The major sink tor CH4, reaction with hydroxyl (OH)
radicals 1n the troposphere, results 1in a relatively short
atmospheric hfetime of about 10 years Human activities such as
rice cultivation, domestic ruminant rearing, biomass burning, coal
mining, and natural gas venting have increased the input of CHyg
mto the atmosphere, which combined with a possible decrease in
the concentration of tropospheric OH yields the observed rise 1n
global CH4 However the quantitative importance of each of the
factors contributing to the observed increase 1s not well known at
present In order to stabilize concentrations at present day levels
an immediate reduction n global anthropogentc emissions by 15
20 percent would be necessary

Chlorofluorocarbons

The current atmospheric concentrations of the anthropogenically
produced halocarbons CCI3F (CFC 11) CCIpF2 (CFC 12)
C2C13F3 (CFC 113) and CCl4 (carbon tetrachlorde) are about
280 pptv 484 pptv 60 pptv and 146 pptv respectively Over the
past few decades their concentrations, except tor CCl4 have
increased more rapidly (on a percentage basis) than the other
gicenhouse gases, currently at rates ot at least 4% per year The
fully halogenated CFCs and CCl4 are primarily removed by
photolysis in the stratosphere, and have atmospheric lifetimes 1n
eacess of 50 years Future emissions will, most likely, be
eliminated or significantly lower than today s because of current
international negotiations to strengthen regulations on
chlorofluorocarbons However, the atmospheric concentrations ot
CFCs 11 12 and 113 will sull be significant (30 - 40% ot current)
for at least the next century because of their long atmospheric

hitetimes

Nitrous Oxide

The current atmospheric N20O concentration, at 310 ppbv, 15 now
about 8% greater than in the pre-industnal era, and 15 increasing at
a rate of about 0 8 ppbv (0 25%) per year The major sink tor
N2O, photolysis n the stratosphere, results 1n a relatively long
atmospheric lifetime ot about 150 years It 1s ditficult to
quantitatively account tor the source of the current imcrease 1n the
atmospheric concentration of N20O but 1t 1s thought to be due to
human activities  Recent data suggest that the total annual flus ot
N20 trom combustion and biomass burning 15 much less than
pteviously believed  Agricultural practices may stimulate
emissions of N20O from sotls and play 4 major role In order to

stabiize concentrations at present day levels an immediate



reduction ot 70 80% of the additional flux of N2O that has

?
occurred since the pre industrial era would be necessary

Ozone

Ovone 15 an effective greenhouse gas especially 1n the middle and
upper troposphere and lower stratosphere Its concentration in the
troposphere 15 highly variable because of 1its short lifetime It 1s
photochemically produced in-s1tu through a series of complex
reactions involving carbon monoxide (CO), CH4, non-methane
hydrocarbons (NMHC), and nitrogen oxide radicals (NOy), and
also transported downward from the stratosphere The hmited
observational data support positive trends of about 1% per year
for O3 below 8 km 1n the northern hemisphere (consistent with
positive trends 1n several of the precursor gases, especially NOy,
CH4 and CO) but probably close to zero trend in the southern
hemisphere There 1s also evidence that O3 has decreased by a
few percent globally 1n the lower stratosphere (below 25 km)
within the last decade Unfortunately, there are no reliable long-
term data near the tropopause

Greenhouse Gases and Aerosols 1

Aerosol particles

Aerosol particles have a lifetime of at most a few weeks 1n the
troposphere and occur 1n highly variable concentrations A large
proportion of the particles that influence cloud processes and the
radiative balance 1s derived from gaseous sulphur emissions Due
to fossil fuel combustion, these emissions have more than doubled
globally, causing a large increase 1n the concentration of aerosol
sulphate especially over and around the industrialized regions of
Europe and North America Future concentrations of aerosol
sulphate will vary 1n proportion to changes 1n anthropogenic
emissions Aerosol particles derived from natural (biological)
emissions may contribute to climate feedback processes During a
few years following major volcanic eruptions the concentrations

of natural aerosol particles in the stratosphere can be greatly
enhanced




1 Greenhouse Gases and Aerosols

1.1 Introduction

The Earth s climate 15 dependent upon the radiative balance
of the atmosphere, which n turn depends upon the input of
solar radiation and the atmospheric abundances of
radiatively active trace gases (1 e, greenhouse gases),
clouds and aerosols Consequently, 1t 15 essential to gain an
understanding of how each of these climate forcing
agents varies naturally, and how some of them might be
influenced by human activities

The chemical composition of the Earth < atmosphere 1s
changing, largely due to human activitics (Table 1 1) Aur
trapped 1n Antarctic and Greenland 1ce shows that there
have been major increases 1n the concentrations of
radiatively active gases such as carbon dioxide (CO»7),
methane (CHg4), and nitrous oxide (N2O) since the
beginning of the industrial revolution In addition
industrially-produced chlorofluorocarbons (CFCs) are now
present 1n the atmosphere 1n significant concentrations, and
there 1s evidence that the concentrations of tropospheric O3

and aerosols have increased at least regionally

Atmospheric measurements ndicate that in many cases the
rates of change have increased 1n recent decades Many of
the greenhouse gases have long atmospheric hife-times,
decades to centuries, which implies that their atmospheric
concentrations respond slowly to changes 1n emission rates

The effectiveness of a greenhouse gas n influencing the
Earth s radiative budget 1s dependent upon its atmospheric
concentration and 1ts ability to absorb outgoing long-wave
terrestrial radiation  Tropospheric water vapour 15 the
single most important greenhouse gas, but its atmospheric
concentration 1s not significantly influenced by direct
anthropogenic emissions Of the greenhouse gases that are
directly affected by human activities, CO? has the largest
radiative effect, followed by the CFCs, CHgy, tropospheric
03, and N2O Although the present rate of increase in the
atmospheric concentration of CO2 15 about a factor of
70,000 times greater than that of CCI3F (CFC-11) and
CClpFy (CFC-12) combined, and a factor of about 120
times greater than that of CHg, 1ts contribution to changes
in the radiative forcing during the decade of the 1980s was

Table 1.1 Summary of Key Gireenhouse Gases Influenced by Human Activities 1

Parameter COp CHy CFC-11 CFC-12 NoO
Pre-industrial atmospheric 280 ppmv2 0 8 ppmv 0 0 288 ppbv2
concentration (1750-1800)

Current atmospheric concentration 353 ppmv 1 72 ppmv 280 pptv2 484 pptv 310 ppbv
(1990)3

Current rate of annual atmospheric 1 8 ppmv 0015 ppmv 95 pptv 17 pptv 0 8 ppbv
accumulation (0 5%) 0 9%) (4%) (4%) (0 25%)
Atmospheric Iifetime# (years) (50 200) 10 65 130 150

1 Ozone has not been included 1n the table because of lack of precise data

2 ppmv = parts per million by volume,
pptv = parts per trillion by volume

ppbv =

parts per billion by volume,

3 The current (1990) concentrations have been estimated based upon an extrapolation of measurements reported for
earlier years, assuming that the recent trends remained approximately constant
4  Foreach gas in the table, except CO2 the lifetime 1s defined here as the ratio of the atmospheric content to the total

rate of removal  This time scale also charactenzes the rate of adjustment of the atmospheric concentrations if the
emission rates are changed abruptly  CO» 15 a special case since 1t has no real sinks but 1 merely circulated between
various reservoirs (atmosphere ocean biota) The lifetime of CO7 given 1n the table 15 a rough indication of the
time 1t would take for the CO7 concentiation to adjust to changes in the emissions (see section 1 2 1 for turther

detatis)



about 55%, compared to 17% for CFCs (11 and 12), and
15% for CH4 (see Section 2) Other CFCs and N2O
accounted for about 8%, and 5%, respectively, of the
changes 1n the radiative forcing While the contribution
from tropospheric O3 may be important, 1t has not been
quantified because the observational data 1s inadequate to
determine 1ts trend This pattern arises because of
differences 1n the efficiencies of the gases to absorb
terrestrial radiation

Aerosol particles play an important role 1n the climate
system because of their direct interaction (absorption and
scattering) with solar and terrestrial radiation, as well as
through their influence on cloud processes and thereby,
indirectly, on radiative fluxes

There 1s a clear need to document the historical record of
the atmospheric concentrations of greenhouse gases and
aerosols, as well as to understand the physical, chemical,
geological, biological and social processes responsible for
the observed changes A quantitative understanding of the
atmospheric concentrations of these gases requires
knowledge of the cycling and distribution of carbon,
mtrogen and other key nutrients within and between the
atmosphere, terrestrial ecosystems, oceans and sediments,
and the influence of human actions on these cycles
Without knowledge of the processes responsible for the
observed past and present changes in the atmospheric
concentrations of greenhouse gases and aerosols 1t will not
be possible to predict with confidence future changes in
atmospheric composition, nor therefore the resulting
changes 1n the radiative forcing of the atmosphere

1.2 Carbon Dioxide

1.2.1 The Cycle of Carbon in Nature
Carbon 1n the form of CO7, carbonates, organic
compounds, etc 1s cycled between various reservoirs,
atmosphere, oceans, land biota and marine biota, and, on
geological time scales, also sediments and rocks (Figure
1 1, for more detailed reviews see Sundquist, 1985 Bolin,
1981, 1986, Trabalka, 1985, Siegenthaler, 1986) The
largest natural exchange fluxes occur between the
atmosphere and the terrestrial biota and between the
atmosphere and the surface water of the oceans By
comparison, the net inputs 1nto the atmosphere from fossil
fuel combustion and deforestation are much smaller, but
are large enough to modify the natural balance

The wrnover ime of CO2 1n the atmosphere, measured
as the ratio of the content to the fluxes through 1t, 1s about 4
years This means that on average 1t takes only a few years
betore a CO2 molecule 1n the atmosphere 15 taken up by
plants or dissolved 1n the ocean This short time scale must
not be confused with the time it takes tor the atmospheric
CO97 level to adjust to a new equilibrium tf sources or sinks
change This adjustment time, corresponding to the lifetime
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Figure 1.1: Global carbon reservoirs and fluxes The numbers
apply for the present-day situation and represent typical hiterature
values Fluxes, e g between atmosphere and surface ocean, are
gross annual exchanges Numbers underlined indicate net annual
CO;, accumulation due to human action Units are gigatons of

carbon (GtC, 1Gt = 109 metric tons = 10!2kg) for reservorr sizes
and GtC yr-1 for fluxes More details and discussions are found
1n several reviews (Sundquist, 1985, Trabalka, 1985, Bolin, 1986
Siegenthaler, 1986)

in Table 1 1, 1s of the order of 50 - 200 years, determined
mainly by the slow exchange of carbon between surface
waters and the deep ocean The adjustment time 1s
important for the discussions on global warming potential,
cf Section227

Because of 1ts complex cycle, the decay of excess CO2
in the atmosphere does not follow a simple exponential
curve, and therefore a single time scale cannot be given to
characterize the whole adjustment process toward a new
equihbrium The two curves 1n Figure 1 2, which represent
simulations of a pulse mput of CO2 nto the atmosphere
using atmosphere-ocean models (a box model and a
General Circulation Model (GCM)), clearly show that the
nitial response (governed mainly by the uptake of CO7 by
ocean surface waters) 15 much more rapid than the later
response (influenced by the slow exchange between surface
waters and deeper layers of the oceans) For example, the
first reduction by 50 percent occurs within some 50 years,
whereas the reduction by another 50 percent (to 25 percent
of the mtial value) requires approximately another 250
years The concentration will actually never return to 1ts
original value, but reach a new equilibrium level, about 13
percent of the total amount of CO7 emitted will remain 1
the atmosphere
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Figure 1.2: Atmospheric CO) concentration excess after a pulse
input at time 0 (1imit1ally doubling the atmospheric CO7
concentration), as calculated with two ocean-atmosphere models
Sold line 3-dimensional ocean-circulation model of Mater-
Rermer and Hasselmann (1987), dashed line 1-dimensional box-
diffusion model of Siegenthaler and Oeschger (1987) The
adjustment towards a new equilibrium does not follow an
exponental curve, 1t 1s very fast during the first decade, then
slows down more and more The concentration excess does not
go to zero, after a long time, a new equilibrium partitioning
between atmosphere and ocean will be reached, with about 15
percent of the input residing 1n the atmosphere

1211 Theole of the atmospher e

The mean annual concentration of CO27 1s relatively
homogeneous throughout the troposphere because the
troposphere 1s mixed on a time scale of about 1 year The
pre-industrial atmospheric CO7 concentration was about
280 ppmv, as reconstructed from ice core analyses (c f
Section 1 2 4 1), corresponding to an atmospheric amount
of 594 Gigatonnes of carbon (GtC 1 Gt = 10% = 1015g, 1
ppmv CO7 of the global atmosphere equals 2 12 GtC and
7 8 Gt COy), today, the level 1s about 353 ppmv (Figures
13and 14) The atmospheric increase has been monitored
since 1958 at a growing number of stations (Keeling and
Heimann, 1986, Keeling et al, 1989a, Beardsmore and
Pearman, 1987, Conway et al , 1988)

1212 Theiole of the ocean
On time scales of decades or more, the CO? concentration
of the unperturbed atmosphere 15 mainly controlled by the
exchange with the oceans, since this 1s the largest of the
carbon reservoirs  There 1s a continuous exchange of CO2
n both directions between the atmosphere and oceans The
net flux into (or out of) the ocean 1s driven by the
difference between the atmospheric partial pressure of CO?
and the equilibrium partial pressure of CO2 (pCO2) n
surface waters

The exchange of carbon between the surface and deeper
layers 15 accomplished mainly through transport by water
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Figure 1.3: Atmospheric CO9 increase i the past 250 years, as
indicated by measurements on air trapped n ice from Siple
Station, Antarctica (squares, Neftel et al , 1985a, Friedli et al ,
1986) and by direct atmospheric measurements at Mauna Loa,
Hawau (triangles, Keeling et al , 1989a)
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Figure 1.4: Monthly average CO2 concentration n parts per
million of dry arr, observed continuously at Mauna Loa, Hawan
(Keeling et al 1989a) The seasonal variations are due primanily
to the withdrawal and production of CO» by the terrestnal biota

motions Ventilation of the thermocline (approximately the
uppermost km of the ocean) 1s particularly important for
the downward transport of anthropogenic CO2 The deep
circulation 1s effective on time scales of 100-1000 years
The natural carbon cycle 1n the ocean and 1n particular
pCO2 n surface ocean water are strongly influenced also
by biological processes The marine biota serve as 4
‘biological pump , transporting organic carbon from
surface waters to deeper layers as a ram of detritus at a rate
ot about 4 GtC per year (Eppley and Peterson 1979)
which 1s balanced by an equal upward transport of carbon
by decper water richer in CO?7 than surface water This
biological pump has the effect of reducing surface pCO»
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very substantially  without the biological pump ("dead
ocean ) the pre-industrial CO7 level would have been
higher than the observed value of 280 ppmv, at perhaps 450
ppmv (Wenk, 1985, Bacastow and Maier-Reimer, 1990)
Alterations 1n the marine biota due to climatic change could
thercfore have a substantial cffect on CO2 levels 1n the
future Note, however, that the "biological pump” does not
help to sequester anthropogenic CO? (see Section 1 2 4 2)

1213 Therole of teriestiial vegetation and soils
The most important processes n the exchange ot carbon
are those of photosynthesis, autotrophic respiration (1 e,
CO9 production by the plants) and heterotrophic (1 e,
essentially microbial) respiration converting the organic
material back into CO2 mainly 1n sotls (¢ { Section 10 for a
detailed discussion) Net primary production (NPP) 1s the
net annual uptake of CO2 by the vegetation, NPP 1s equal
to the gross uptake (gross pnimary production, GPP) minus
autotrophic respiration In an unperturbed world, NPP and
decomposition by heterotrophic respiration are approx-
imately balanced on an annual basis, formation of soils and
peat corresponds to a (relatively small) excess of NPP

The carbon balance can be changed considerably by the
direct impact of human activities (land use changes,
particularly deforestation), by climate changes, and by
other changes 1n the environment, e g, atmospheric
composition Since the pools and fluxes are large (NPP 50-
60 GtC per year, GPP 90 120 GtC per year, Houghton et
al 1985b) any perturbations can have a significant effect
on the atmospheric concentration of CO?

1.2.2 Anthropogenic Perturbations

The concentrations of CO7 1n the atmosphere are primartly
affected by two anthropogenic processes release of CO2
from fossil fuel combustion, and changes n land use such
as deforestation

1221 Historical fossil fuel input
The global input of CO?2 to the atmosphere from fossil fuel
combustion, plus minor industrial sources like cement
production, has shown an exponential increase since 1860
{about 4% per year), with major nterruptions during the
two world wars and the economic ciisis 1n the thirties
(Figure 1 5) Following the 'o1l crisis of 1973, the rate of
increase of the CO72 emissions fiust decrcased to
approximately 2% per year, and after 1979 the global
emissions remained almost constant at a level of 53 GtC
per ycar until 1985, when they started to rise again,
reaching 57 GtC per year in 1987 (Figure 15) The
cumulative release of CO2 from fossil fuel use and cement
manufactuning trom 1850 to 1987 1s estimated at 200 GtC +
10% (Marland, 1989)

Ninety tive percent of the industrial CO2 emissions are
from the Northern Hemisphere, dominated by industial
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Figure 1.5: Global annual emissions of CO7 from fossil fuel
combustion and cement manufacturing, expressed in GtC yr-1
(Rotty and Marland, 1986, Marland, 1989) The average rate ot
increase 1 emissions between 1860 and 1910 and between 1950
and 1970 15 about 4% per year

countries, where annual releases reach up to about 5 tC per
capita (Rotty and Marland, 1986) In contrast, COp
emission rates 1n most developing countries lie between 0 2
and 0 6 tC per capita per year However, the relative rate of
increase of the CO2 emissions 1s much larger in the
developing countries (~ 6% per year), showing almost no
slowing down after 1973 1n contrast to Western Europe and
North America where the rate of increase decreased from
about 3% per year (1945-72) to less than 1% per year
(1973-84)

[ 222 Historical land use changes
The vegetation and sotls of unmanaged forests hold 20 to
100 times more carbon per umit area than agricultural
systems The amount of carbon released to the atmosphere
compared to that accumulated on land as a result of land
use change depends on the amounts of carbon held
biomass and soils, rates of oxidation of wood products
(either rapidly through burning or more slowly through
decay), rates of decay of organic matter in soils, and rates
of regrowth of forests following harvest or abandonment of
agricultural land The heterogeneity of terrestrial eco-
systems makes estimation of global inventories and fluxes
difticult

The total release of carbon to the atmosphere from
changes n land use, primarily deforestation, between 1850
and 1985 has been cstimated to be about 115 GtC
(Houghton and Skole, 1990), with an crror limit of about
135 GIC The components of the flux to the atmosphere
are (1) burning associated with land use change, (2) decay
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of biomass on site (roots, stumps, slash, twigs etc ), (3)
oxidation of wood products removed from site (paper,
lumber, waste etc ), (4) oxidation of soil carbon, minus (5)
regrowth of trees and redevelopment of so1l organic matter
following harvest Although the greatest releases of carbon
mn the nineteenth and early twentieth centuries were from
lands 1n the temperate zone (maximum 0 5 GtC per year),
the mayor source of carbon during the past several decades
has been from deforestation 1n the tropics, with a
significant increase occurring since 1950 Over the entire
135 yr pertod, the release from tropical regions is estimated
to have been 2-3 times greater than the release from muddle
and high latitudes Estimates of the flux in 1980 range from
06 to 25 GtC (Houghton et al, 1985a, 1987, 1988,
Detwiler and Hall, 1988) virtually all ot this flux 1s from
the tropics The few regions for which data exist suggest
that the annual flux 1s higher now than it was in 1980

1.2.3 Long-Term Atmospheric Carbon Dioxide Vanations
The most reliable information on past atmospheric CO2
concentrations 1s obtained by the analysis of polar ice
cores The process of aimr occlusion lasts from about 10 up
to 1000 years, depending on local conditions (e g,
precipitation rate), so that an air sample 1n old 1ce reflects
the atmospheric composttion averaged over a corr-
esponding time terval

Measurements on samples representing the last glacial
maximum (18,000 yr before present) tiom ice cores from
Greenland and Antarctica (Neftel et al, 1982 1988
Delmas et al , 1980) showed CO2 concentrations of 180-
200 ppmv 1 ¢, about 70 percent of the pre-industrial value
Analyses on the 1ce cores from Vostok, Antarctica, have
provided new data on natural variations ot CO?, covering a
full glacial interglacial cycle (Figure 1 6, Barnola et al
1987) Over the whole period there 15 a remarkable
correlation between polar temperature. as deduced from
deuterrum data, and the CO2 profile The glacial-
interglactal shifts of CO2 concentrations must have been
linked to large-scale changes 1n the circulation ot the ocean
and 1 the whole nterplay of brological, chemical and
phy«ical processes, but the detatled mechanisms are not yet
vety clear  The CO2 variations were large enough to
potentially contribute, via the greenhouse effect, to a
substantial (although not the major) part of the glacial-
interglacial climate change (Hansen et al , 1984, Bioccol:
and Manabe 1987)

Ice core studies on Greenland 1ce indicate that during the
last glaciation CO72 concentration shifts of the order of 50
ppmv may have occurred within less than 100 years
(Staufter ct al , 1984), patallel to abrupt, drastic climatic
events (tempetatuie changes of the order of 5°C) These
raptd CO2 changes have not yet been 1dentitied 1n ice cotes
from Antaictica (possibly due to long occluston times,
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Figure 1.6: CO7 concentrations (bottom) and estimated

temperature changes (top) during the past 160,000 years, as
determined on the 1ce core from Vostok, Antarctica (Barnola et
al 1987) Temperature changes were estimated based on the

medsured deuterium concentrations

Neftel et al , 1988), therefore, 1t 1s not yet clear 1f they are
real or represent artefacts 1n the ice record

1.2.4 The Contemporary Record of Carbon Dioxide -
Observations and Interpretation
1241 The carbon diovde inciease fiom pre-industiial
period
Relatively detailed CO2 data have been obtained for the
last millennium from Antarctic 1ce cores (Neftel et al ,
1985a, Friedh et al, 1986, Siegenthaler et al, 1988,
Raynaud and Barnola, 1985, Pearman et al , 1986) They
indicate that during the period 1000 to 1800, the
atmospheric concentration was between 270 and 290 ppmv
The relative constancy seems surprising in view of the fact
that the atmosphere cxchanges about 30 percent of its CO?
with the oceans and biota each year This indicates that the
sensitivity of atmospheric CO2 levels to minor climatic
changes such as the Little Ice Age (lasting from the end of
the 16th to the middle of the 19th century), when global
mean {emperatures probably decreased by about 1°C, 15

small
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A precise reconstruction of the CO2 increase during the
past two centuties has been obtained from an 1ce core from
Siple Station, Antarctica (Figure 1 3, Neftel et al , 1985a,
Friedliet al, 1986) These 1esults indicate that COp started
to 11s¢ around 1800 and had already increased by about 15
ppmv by 1900 Precise direct atmospheric measurements
started in 1958, when the level was about 315 ppmv and the
rate of increase O 6 ppmv per year The present atmospheric
CO»2 level has reached 353 ppmv, and the mean growth rate
has now reached about 1 8 ppmv per year (Figure 1 4,
Keehing et al , 1989a)

1242 Uptake by the ocean
The ocean 15 an 1mportant reservoir for taking up
anthropogenic CO72 The relative increase of dissolved
inorganic carbon (total CO2) 1n ocean water 1s smaller than
in the atmosphere (only 2-3 percent until now see below)
Precise measurements of dissolved norganic carbon can be
made with present analytical tools However, an accurate
determination of the trend 1n dissolved inorganic carbon 1s
ditficult because of 1ts variability in time and space
Hence, 1epeated transects and time series will be required
to assess the total oceanic CO7 uptake with good precision

The net flux of CO2 1nto (or out of) the ocean 15 given by
the product of a gas transfer coefficient and ApCO2 (the
CO2 partial pressure difference between occan and
atmosphere) The gas transter coetficient increases with
mcicasing wind speed and also depends on water
temperatute  Therefore, the net flux 1nto the ocean can be
cstimated from a knowledge of the atmospheric CO»p
concentration pCO2 n surface water (for which the data
ate stll sparse), the global distribution of wind speeds over
the ocean as well as the relation between wind speed and
gas tiansfer coetficient (which 1s known to £30% only)
There have been several estimates of the global net uptake
ol CO7 by the occans using observations (¢ g Enting and
Pearman 1982 1987) The most 1ecent estimate yields 1 6
GtC per year (Tans ct al, 1990) the error of this estimate
15, according to the authors, not easy to estimate

Estimates of occante CO2 uptake 1n the past and in the
future 1equire models of the global carbon cycle that take
INto dccount air-sea gas exchange aqueous carbonate
chemistry and the transport from the surface to deep ocean
layers The aqueous carbonate chemistry n sea water
opetates 1n a mode that 1if the atmospheric CO2
concentration increases by eg 10% then the con-
centration of dissolved inorganic carbon 1n sea water
increcases by only about 1% at equilibiium Therefore, the
occan 1s not such a powertul sink for anthropogemic CO? as
might scem at first when comparing the relative sizes of the
reservorrs (Figure [ 1)

The 1ate at which anthropogenic CO2 15 transported fiom
the suttace to deeper ocean layers 15 determined by the 1ate

of water exchange n the vertical It 15 known from
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measurements of the radioactive 1sotope 14C that on
average 1t takes hundreds to about one thousand years for
wadtet at the surface to penetrate to well below the mixed
layer of the major oceans (e g, Bioecker and Peng, 1982)
Thus, 1n most oceanmic regions only the top several hundred
metres of the oceans have at present taken up significant
amounts of anthropogenic CO2 An exception 1s the North
Atlantic Ocean wheie bomb-produced tritium has been
observed even near the bottom of the sea, indicating the
active formation of new deep water

The 1a1n of biogenic detrital particles, which 15 important
for the natural caitbon cycle, does not significantly
contribute to a sequestering of excess CO?7, since the
marine biota do not directly respond to the CO7 ncrease
Therr activity 15 controlled by other factors, such as hight,
temperature and hmiting nutrients (e g, nitrogen,
phosphorus, silicon) Thus only the input of fertilizers
(phosphate, nitrate) into the ocean through human activities
may lead to an additional sedimentation of organic carbon
in the ocean, ditferent authors have estimated the size of
this additional sink at between 0 04 and 0 3 GtC per year
(see Baes et al 1985) It seems thus justified to estimate
the tossil fucl CO2 uptake to date considering the
biological flux to be constant as long as climatic changes
due to increasing greenhouse gases, or natural causes, do
not modify the marine biotic processes Although this
appears a 1casonable assumption for the past and present
situation, 1t may well not be so 1n the future

The carbon cycle models used to date to simulate the
atmosphere-ocean system have often been highly simp-
lified, consisting of a tew well-mixed or ditfusive
reservolirs (boxes) (¢ g, Oeschger et al , 1975, Broecker et
al, 1980, Bolin, 1981, Enting and Pearman, 1987,
Siegenthaler, 1983)  Even though these box models are
highly simplified they are a powerful means for identitying
the importance of the differcnt processes that determine the
flux of CO7 into the ocean (e g , Broecker and Peng, 1982,
Peng and Broecker 1985) The results of these models are
considered to be reasonable because, as long as the ocean
circulation 1s not changing, the models need only simulate
the transport of cxcess CO2 trom the atmosphere into the
occan, but not the actual dynamics of the ocean In the
simple models, the occanic transport mechanisms e g,
formation of deep water are parameterized The transport
parameters (e g, eddy diffusivity) are determined from
observations of transient tracers that are analogues to the
flux of anthropogenic CO2 into the ocean If a model
reproduces correctly the observed distribution of, e g,
bomb produced 14C, then 1t might be expected to simulate
reasonably the flux ot CO2 mnto the ocean A 1-D box-
diftfusion model yields an occanic uptake of 2 4 GLC per
yeat on average for the decade 1980 - 1989, and an
outcrop-diffusion model (both described by Siegenthaler,
1983) 3 6 GtC per year The lattet model most probably
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overpiedicts the flux mnto the ocean, because 1t includes an
infinitely fast exchange between high-latitude surface
waters and the deep ocean

However 1t 1s obviously desirable to use 3-dimensional
(3-D) general circulation models of the oceans for this
purpose At this time, only a few modelling groups have
started to do this One 3-D model (Mailer-Reimer and
Hasselmann, 1987) gives a stmilar CO2 uptake as a 1-D
box-diftusion model of Siegenthaler (1983), as illustrated
by the modcl response to a pulse input of CO> (Figure
12) In a recent revised version of this model (Maier-
Reimer et al , personal communication) the ocean takes up
less CO9, about 1 2 GtC per year on average for the decade
1980 - 1989 The GFDL 3-D ocean model (Sarmiento et
al 1990) has an oceanic uptake of 1 9 GC per year tor the
same period 3-D ocean models and especially coupled
atmosphere ocean models arc the only means to study mn a
realistic way the feedback effects that climate change may
have on atmospheric CO7 via alteration of the ocean
circulation (cf Section 1 27 1) However, models need to
be constramed by more data than are presently available

The oceanic uptake of CO2 for the decade 1980 - 1989,
as estimated based on carbon models (e g Siegenthaler
and Oeschger, 1987, Mailer-Reimer et al personal
communication, 1990, Goudriaan, 1989, Sarmiento et al ,
1990) 15 1n the range 2 020 8 GtC per year

1243 Redistribution of antli opogenic carbon diovde
During the period 1850 to 1986, 195120 GtC were released
by tossil fuel burning and 117135 GtC by deforestation and
changes 1n land use, adding up to a cumulative input of
312140 GiC

Atmospheric CO2 increased from about 288 ppmv to
348 ppmv during this period, coiresponding to (4116)% of
the cumulative input  This percentage 15 sometimes called
the airboine fraction , but that term should not be mis-
understood  all CO2 anthropogenic and non-anthio
pogenic 15 continuously being exchanged between atmos-
phere occan and biosphere Conventionally an  airborne
fraction referiing to the tossil tuel mput only has often
been quoted because only the emissions due to fossil fuel
burning are known with good precision However this may
be misleading since the atmospheric inciease 1s a response
to the total emissions We thercfore preler the definition
based on the latter The airborne fraction for the period
1980 1989 (see calculation below) corresponds (o
(48%8)% of the cumulative input

In model simulations of the past CO2 ncrease using
estimated emissions from fossil fuels and detorestation 1t
has generally been found that the simulated icrease s
larger than that actually observed An estimate for the
decade 1980 1989 15

13

Cmissions trom tossil fuels into the atmosphere GtClyr
(Figure 1 5) 54205
Emissions from deforestation and land use 16x10
Accumulation 1n the atmosphere 34402
Uptake by the occan 20408
Net imbalance 1614

The result from this budget and from other studies 15 that
the estimated emissions exceed the sum of atmospheric
mcrease plus model-calculated oceanic uptake by a
significant amount The question theretore arises whether
an important mechanism has been overlooked All attempts
to 1dentify such a missing sink 1n the ocean have
however failed so far A possible exception 1s that a natural
fluctuation in the oceanic carbon system could have caused
a decreasing atmospheric baseline concentration in the past
few decades, this does not appear hikely 1n view of the
relative constancy of the pre-industrial CO2 concentration
There are possible processes on land which could account
for the missing CO2 (but 1t has not been possible to verily
them) They include the stimulation of vegetative growth
by increasing CO3 levels (the CO7 fertilization eftect) the
possible enhanced productivity of vegetation under warmer
conditions and the direct effect of fertilization from
agricultural tertilizers and from nitrogenous releases into
the atmosphere It has bcen estimated that increased
ferulization by nitrogenous releases could account for a
sequestering of up to a maximum of 1 GtC per year In
terrestrial ecosystems (Melillo private communication
1990) In addition changed forest management practices
mdy also result in an increase n the amount of carbon
stored 1n northern mid-latitude forests The extent to which
mid-latitude terrestrial systems can sequester carbon betoie
becoming saturated and eftective 15 unknown As mid
latitude terrestrial systems become close to saturation and
hence meftective in sequestering carbon this would allow
moic of the CO7 to remain 1n the atmosphere

A technique for establishing the global distribution of
surtace sources and sinks has been to take global
observations of atmospheric CO2 concentration and
1sotopic composition and to mvert these by means of
atmospheric transpoit models to deduce spatial and
temporal patterns ot surface fluxes (Pearman et al 1983
Pearman and Hyson 1986, Keeling and Heimann 1986)
The obscived inter hemispheric CO72 concentration
difference (currently about 3 ppmv) 15 smaller than one
would expect given that nearly all fossil releases occeur 1n
the Notthern Hemisphere The results of this approach
suggest that there 15 an unexpectedly large sink in the
Noithern Hemisphere equivalent to more than halt of the
fossil tuel CO7 1elease (Enting and Mansbridge 1989
Tansetal 1990 Keeling et al  1989b) Furthermore 1t has
been concluded that the oceanic uptahe compatible with
occanic and atmospheric CO2 data and with a 3
dimensional atmospheric transport model 15 at most 1 GtC
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per year (Tans et al., 1990). Thus, a significant terrestrial
sink, possibly larger than the oceanic uptake, is suggested
by these model analyses.

1.2.4.4 Seasonal variations

Atmospheric CO2 exhibits a seasonal cycle, dominated by
the seasonal uptake and release of atmospheric CO2 by
land plants. Its amplitude is small (1.2 ppmv peak-to-peak)
in the Southern Hemisphere and increases northward to a
maximum of order 15 ppmv peak-to-peak in the boreal
forest zone (55-65C N).

The amplitude of the seasonal cycle has been observed 1o
be increasing (e.g., Pearman and Hyson, 1981: Bacastow et
al., 1985; Thompson et al., 1986). For example, at Mauna
Loa, Hawaii, the seasonal amplitude has increased by
nearly 20% since 1958. The increase has however, not been
monotonic, and different evaluation methods yield
somewhat different values; still, it is statistically sig-
nificant. This increasing amplitude could point to a
growing productivity (NPP) of the terrestrial ecosystems,
and to a sequestering of carbon by a growing biomass,
provided the increase in biomass is not fully compensated
by respiration. It is important to note that such a change
does not necessarily indicate increased productivity or
increased storage of carbon (Pearman and Hyson, 1981;
Kohlmaier et al., 1989; Houghton, 1987); it could also be
due to, e.g., accelerated soil respiration in winter,

1.24.5 Interannual variations

Small imbalances in natural exchange fluxes are reflected
in interannual CO7 concentration fluctuations (1 ppmv
over |-2 years). They are correlated with the Bl Nifio-
Southern Oscillation (ENSO) phenomenon (Thompson et
al., 1986; Keeling et al., 1989a), which suggests a relation
to changes in the equatorial Pacific Occan, where normally
the upwelling cavses a high pCO7 peak and outgassing of
CO7 into the aimosphere. However, a closer inspection
shows that this cannot be the dominating mechanism, since
during El Nifio, the equatorial pCO2 peak disappears
(Fecly et al., 1987), while atmospheric COp grows more
strongly than normally. Alternatively, processes in the land
biosphere, perhaps in response to climatic events connected
with ENSO events, may be responsible. This explanation is
supported by one set of stable carbon isotope dala on
atmospheric CO7 (Kecling et al., 1989a); but not supported
by a second set (Goodman and Francey, 1988).

1.2.4.6 Temporal variations of carbon isotopes

The release of CQp from biospheric carbon and fossil fuels,
both having lower 13¢12¢ ratios than atmospheric CO7,
has led to a decrease of the isotope ratio £3¢/12¢ in the
atmosphere by about 19/po. The man-made emissions of
14¢_free fossil fuel CO2 have likewise caused a decrease of
the atmospheric 14¢ concentration (measured on free-rings)
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of the order of.2% from 1800 to 1950. Both isotopic
perturbations can be used to constrain the history of the
anthropogenic release of CO2. The observed decrease of
13(, as observed in air trapped in ice cores (Friedii et al.,
198%6) and MC, observed in ftree rings, agree, within
experimental uncertainty, with those expected from model
calculations with the same carbon cycle models as used for
studying the CO2 increase (Stuiver and Quay, 1981,
Siegenthaler and Oeschger, 1987). The interpretation of
13 trends in tree rings has proven to be difficult becaunse
of plant physiological effects on isotope fractionation
(Francey and Farquhar, 1982).

1.2.5 Evidence that the Contemporary Carbon Dioxide
Increase is Anthropogenic
How do we know that in fact human activity has been
responsible for the well documented 25% increase in
atmospheric CO2 since the early 19th century? Couldn't
this rise instead be the result of some long-term natural
flgctuation in the natural carbon cycle? Simple arguments
allow us to dismiss this possibility.

Eirst, the observational CO7 records from ice cores with
good time resolution clearly show that the maximum range
of natural variability about the mean of 280 ppmv during
the past 1000 years was small {10 ppmv over a 100 year
time-scale), that is an order of magnitude less than the
observed rise over the last 150 years. A value as high as the
current level of 353 ppmv is not observed anywhere in the
measured ice core record for the atmospheric history during
the past 160,000 years; the maximum value is 300 ppmv
during the previous interglacial, 120,000 years ago.

Second, the observed rate of CO7 increase closely
parallels the accumulated emission trends from fossil fuel
combustion and from land use changes {c.f. Section 1.2.2).
Since the start of atmospheric monitoring in 1958, the
annual atmospheric increase has been smaller each year
than the fossil CO7 input. Thus, occans and biota together
must have been a global sink rather than a source during all
these years. Further evidence is provided by the facl that
the north-to-south CO9 concentration difference has been
observed to increase from 1 ppmv in 1960 to 3 ppmy in
19835, parallel to the growth of the (Northern Hemisphere)
fossil fuel combustion sources (Keeling et al., 1989a).

Third; the observed isotopic trends of 3¢ and 14C agree
qualitatively with those expected due to the CO7 emissions
from fossil fuels and the biosphere, and they are
quantitatively consistent with results from carbon cycle
modelling.

1.2.6 Sensitivity Analyses for Future Carbon Dioxide
Concentrations

Future atmospheric CO7 concentrations depend primarily

on cmission rates from energy use and deforestation, and

on the effectiveness of the occan and fand biota as CO2
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sinks For the sake of illustration, several schematic
scenar1os are shown n Figures | 7 and | 8 Those of Figure
1 7 are based on prescribed total CO2 emission rates after
1990, tfor those 1in Figure | 8 atmospheric concentrations
after 1990 were prescribed and the corresponding emission
rates were calculated to fit these concentrations A box-
diffusion model of the global cycle was used for these
simulations (Enting and Pearman, 1982, 1987), with an
oceanic eddy diffusivity of 5350 mzyedr‘[ and an air-sea
gas exchange rate corresponding to an exchange coefficient
ot 012 year'! The calculations assume no biospheric-
chimate feedbacks, and also assume that after 1990 the net
biospheric input of CO2 15 zero, 1 e, the nput of CO2 from
tropical deforestation 15 balanced by uptake of CO7 by
terrestrial ecosystems

In case a (all emissions stopped Figure 1 7), the
atmospheric concentration declines, but only slowly (from
351 ppmv 1n 1990 to 331 ppmv 1n 2050 and 324 ppmv 1n
2100), because the penetration of man-made CO? to deeper
ocean layers takes a long time  Even if the emissions were
reduced by 2% per ycar from 1990 on (case b), atmos-
pheric CO2 would continue to increase for several decades
Case ¢ (constant emission rate atter 1990) gives CO? levels
of about 450 ppmv 1n 2050 and 520 ppmv 1n 2100 A
constant relative growth rate of 29% per year (case d) would
yield 575 ppmv in 2050 and 1330 ppmv in 2100
Compartson of cases b, ¢ and d clearly shows that measures
to reduce emissions will result 1n slowing down the rate of
atmospheric CO2 growth

Cases b and ¢, 1n comparison to b and ¢, schematically
tllustrate the effect of reducing emissions m 2010 instead of
in 1990

If an (arbitrary) threshold of 420 ppmv 1e, 50% above
pre-industrial, 15 not to be exceeded (case e, Figure 1 8),
then CO7 production rates should slowly decline, reaching
about 50% of their present value by 2050 and 30% by
2100 In order to keep the concentration at the present
level (case f) emissions would have to be reduced
drastically to 30% of present immediately and to less than
20% by 2050

The 1esults of scenario calculations with a 3-D ocean-
atmosphere model (Maier-Reimer and Hasselmann, 1987,
Maiter Reimer et al, personal communication, 1990 -
revised model) give higher concentrations than those
shown in Figure 1 7 obtained with a box-diffusion model,
for mnstance, about 480 ppmv in the year 2050 and about
560 ppmv 1n the year 2100 for Scenario C, compared to
about 450 ppmv and 520 ppmv On the other hand,
calculations with a box model that includes a biospheric
CO2 sink (Goudriaan, 1989) yields somewhat lower
concentrations than shown m Figure 1 7, for instance about
415 ppmv 1n the year 2050 and 460 ppmv 1n the year 2100
for Scenario C

15

60— T
500

400

Atmospheric CO; (ppmv)

300k

Figure 1.7: Future atimospheric CO2 concentrations as simulated
by means of a box-diffusion carbon cycle model (Enting and
Pearman, 1982, 1987) for the following scenarios (a) - (d)
anthropogenic COy production rate p prescribed after 1990 as
follows (a) p =0, (b) p decreasing by 2% per year, (c) p =
constant, (d) p increasing at 2% per year Scenarios (b) and (¢} p
grows by 2% per year from 1990-2010, then decreases by 2% per
year (b)) or1s constant (c) Before 1990, the concentrations are
those observed (cf Figure 1 3), and the production rate was
calculated to fit the observed concentrations
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Figure 1.8: Future CO7 production rates calculated by means of

a box-diffusion carbon cycle model (Enting and Pearman, 1982,
1987) so as to yield the prescribed atmospheric COp
concentrattons after 1990 (e) concentration increasing steadily
(logistic function of time) to 420 ppmv (f) concentration constant
after 1990

1.2.7 Feedbacks from Climate Change into the Carbon
Dioxide Cycle

As ncreasing greenhouse gas concentrations alter the

Earth s climate, changing climate and environmental

conditions 1n therr turn act back on the carbon cycle and
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atmospheric COy The chimate change Earth has exp
erienced n the recent past 1s still within the range of
natural short-term variability, and so are probably
theietore the feedback efiects of anthropogenic climate
change However, as the changes n the climate become
larger than natural chmatic variation the magnitude of the
feedback eiffects should begin to have a significant effect
These icedbacks could 1n geneial be either positive
(amplifying the mtial changes) or negative (attenuating
them)

1271 Occanic feedbach effects
The following are possible feedback eftects on the occan
atmosphetre carbon system

12711 Ocean temperatur¢  Occan temperature changes
can attect sea water CO2 chemistry  Surface-water pCO2
will mcrease with increasing temperatute, tending to
decicase the net uptake by the oceans The future
atmospheric CO2 inciease may be amphtied by something
like 5 percent due to this effect (Lashot 1989)

12712 Ocean cnculation The ocean circulation may
change 1n response to climatic change As a consequence of
increasing surtace water temperatures the thermocline may
become more resistant to vertical miaing and slow down
the uptake of anthropogenic CO2 Moditied wind stress
may affect the ocean circulation However, the overall
change 1n ocean dynamics and conscquently in CO?
uptake due to a climatic change cannot be estimated from
stmple considerations, a proper evaluation of such an etfect
can only be done using dynamical ocean models Studies
on Greenland ice cores 1ndicates that during the last
glactation, significant CO7 concentiation shifts may have
occurred within less than 100 years (¢t Section 12 3)
probably caused by strong changes of large-scale ocean
circulation  Theretore, the possibility that, due to climatic
changes unexpected abrupt events may take place i the
natural carbon system cannot be excluded

12713 Gas cxchange rates A change 1n the global wind
pattern could nfluence the gas transfer from the
atmosphete to the sea surface Carbon cycle models show
that the net CO» uptake by the global ocean 1s not sensitive
to the gas transfer coefticients (because 1t 15 controlied
mainly by vertical mixing, not by gas exchange, Oeschger
1975 Broecker et al 1980 Sarmiento et al 1990)
o this etfect would probably be of mmor influence

et al

127 14 Modificaton of occanic brogcochenucal
Gvolimg The rain of dead orgamc particles coresponds to
a continuous export flux of carbon (and nutiients) out of
the occan surface which under non-perturbed conditions 15

balanced by an equal upward transport ot dissolved carbon
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(and dissolved nutrients) by water motion In polar regions
and strong upwelling sones, where productivity 1s not
Iimited by nitrogen o1 phosphorus, the balance could
become disturbed consequent on variations in ocean
dynamics (¢t Section 127 12), so as to influence
atmospheric CO2 As a result of climate change, the
distribution ot marine ecosystems and species composition
could change, which could affect pCO7 1n surface waters
It 1s not possible at present to predict the direction and
magnitude of such etfects

Warming of the occans might lead to accelerated
decomposition of dissolved organic carbon, converting 1t
into CO2 and thus amplify the atmospheric increase
(Brewer, personal communication, 1990)

12715 UV Biadiatton A 1eduction 1n stratospheric O3
would increase the intensity of UV-B radiation at the
Earth s surface This might have negative effects on the
marine biota due to a decrease of marine productivity and
thus on the brological catbon pump This could lead to an
increase 1n the concentration of CO7 in surface waters and
consequently 1n the atmosphere

1272 Tenrestial biospheric feedbacks
The following are probable feedback effects on the
terrestrial biosphere atmospheric carbon system

12721 Carbon dioxide fertilization Short-term exp-
eriments under controlled conditions with crops and other
annuals, as well as with a few perennials, show an increase
in the rates of photosynthesis and growth in most plants
under elevated levels of CO2 (Strain and Cure, 1985) If
elevated levels of CO7 increasc the productivity of natural
ecosystems, more carbon may be stored 1n woody tissue or
soil organic matter Such a storage of carbon will withdraw
carbon from the atmosphere and serve as a negative
feedback on the CO?7 increase Of particular importance 1s
the responsc of forests (Luxmoore et al , 1986), given that
forests conduct about 2/3 ot global photosynthesis (50% of
this cycles annually through leaves, while 50% 1s stored n
woody tissue) However, 1t 1s not clear whether the
increases n photosynthesis and growth will persist for
more than a few giowing scasons, whether they will occur
at all 1 naturdl ecosystems and to what degree they will
result 1n an increased storage of carbon in terrestrial
€cos)y stems

12722 Eutophication and tovfication The increased
availability of nutrients such as nitrate and phosphate from
agricultural fertilizers and from combustion of fossil fuels
may stimulate the growth of plants It has been estimated
that the efiect of cutrophication, both on land and 1n the
oceans, could be as large as | GtC per year (Mclillo,
private communication 1990) However, 1t should be noted
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that the greater availability of nutrients has often been
associated with mcreasing levels of acid precipitation and
air pollution, which have been associated with a reduction
in the growth of terrestrial biota

12723 Tempeirature Under non-tropical conditions,
photosynthesis and respiration by plants and by microbes
both tend to increase with increasing temperature, but
respiration 15 the more sensitive process, so that a warming
of global air temperature 15 hikely to result in an imtially
increased release of carbon to the atmosphere Estimates
indicate that the additional flux might be significant
perhaps as large as one or a few GtC per year (Woodwell,
1983, Kohlmaier, 1988, Lashof, 1989, Houghton and
Woodwell, 1989) This temperature-enhanced respiration
would be a positive feedback on global warming

12724 Water Changes in so1l water may affect carbon
fixation and storage Increased moisture can be expected to
stimulate plant growth m dry ecosystems and to increase
the storage of carbon 1n tundra peat There 15 a possibility
that stresses brought about by chmatic change may be
alleviated by increased levels of atmospheric CO2 At
present however, 1t 15 not posstble to predict reliably either
the geographical distribution of changes m soil water or the
net effect of these changes on carbon fluxes and storage 1n
different ecosystems Changes 1n climate are generally
believed to be more important than changes n the
atmospheric concentration of CO2 in affecting ecosystem
processes (¢ f Section 10 )

12725 Change mn geographical distithution of vegetation
npes In response to environmental change, the structure
and location of vegetation types may change If the rate of
change 15 slow, plant distributions may adjust  If, however
the rate of change 15 fast, large areas of forests might not be
able to adapt rapidly enough, and hence be negatively
affected with a subscquent release of CO2 to the
dtmosphere

12726 UV-Bradiation A reduction in stratospheric O3
would ncrease the intensity of UV-B radiation at the
Earth s surface Increased UV-B may have a detrimental
effect on many land biota, including crops (Teramura,
1983), thus affecting the strength of the biospheric sink of
CO7 over land

1.2.8 Conclusions

The atmospheric CO72 concentration 1s now about
353ppmv 29% higher than the pre industrial (1750-1800)
value and higher than at any time n at least the last
160,000 years  This 11se, currently amounting to about 1 8
ppmv per year, 1s beyond any doubt duc to human
activities  Anthropogenic emissions of CO2 were 5 720 5
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GtC due to fossil fuel burning 1n 1987, plus 06 to 2 5 Gi1C
due to deforestation (estimate for 1980) During the last
decade (1980 - 1989) about 48% of the anthiopogenic
emissions have stayed 1n the atmosphere, the remainder has
been taken up by the oceans and possibly by land
ecosystems Our qualitative knowledge of the global
carbon cycle 1s, mn view of the complexity of this cycle,
relatively good However, the current quantitative estimates
of sources and of sinks of CO2 do not balance the
atmospheric increase 1s less rapid than expected from
carbon cycle models (in which CO7 fertihization or
environmental responses of the biosphere are not included)
This, and model analyses of the inter-hemispheric CO?
giadient, indicate that the Northern Hemisphere terrestrial
ecosystems may act as a significant sink of carbon Such a
stnk has, however, not been directly identifred To
summarize the total annual mput of anthropogenic CO2 15
currently (1980-1989) about 70x1 1 GtC assuming a
central value for the input of CO2 from tropical
deforestation, the annual uptake by the oceans 1s estimated
(based on the box models, GCMs and Tans et al 1990) to
be about 20x1 0 GtC, and the annual atmospheric
accumulation 1s about 3 4+0 2 GtC Thus, the annual
sequestering by the terrestrial brosphere should be about
1 615 GtC While several mechanisms have been
suggested that could sequester carbon in terrestiial
ecosystems, it 15 difficult to account for the total required
sink Theretore, 1t appears likely that, (1) the uptake of CO»
by the oceans 15 underestimated (i) there are important
unidentified processes 1n terrestrial ecosystems that can
sequester CO7, and/or (1) the amount ot CO7 released
from tropical deforestation 15 at the low end of cuirent
estimates

If the land biota presently act as a sink of carbon due to a
fertilization cffect, then they might become saturated with
respect to this fertilization at some time in the future This
means that we cannot assume that the teriestrial sink
which may be active currently, will continue to exist
unchanged through the next century

In order to avoid a continued rapid growth of CO2 1n the
atmosphere
necessary The time taken for atmospheric CO2 to adjust
to changes n sources or sinks is of the order of 50-200
years, determined mainly by the slow exchange of carbon
between surface waters and deeper layers of the ocean
Even 1f all anthropogenic emissions of CO7 weie halted
the atmospheric concentration would decline only slowly,
and 1t would not approach 1ts pre-industrial level for many
hundieds of years Thus, any reductions in emissions will
only become fully effective after a ime of the order of a
century o1 more Based on some model estimates which
neglect the feedbacks discussed carlier the atmospheric
concentration 1 the year 2050 would be between 530 - 600

severe rcductions on emissions will be

ppmv for a constant relative growth of the annual
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anthropogenic emisstons by 2% per year, and between 415
- 480 ppmv (increastng to 460 - 560 ppmv by the year
2100) for a constant anthtopogenic emission rale at the
1990 level In order not to exceed 420 ppmv (50% above
pre-industrial), annual anthropogenic emissions would have
to be reduced continuously to about 50% of their present
value by the year 2050 In order to stabilize concentrations
at present day concentrations (353 ppmv), an immediate
reduction n global anthropogenic emissions by 60-80
peicent would be necessary The size of the estimated
1reduction depends on the carbon cycle model used

Duting the millennium preceding the anthropogenic CO7
growth, the concentration was relatively constant near 280
ppmv, with a varnability of less than = 10 ppmv This
indicates that the sensitivity ot atmospheric CO7 levels to
minot climatic changes such as the Little Ice Age, where
global mean temperatures probably decreased by about
1°C, 15 within this range However, the anticipated climatic
and environmental changes may soon become large cnough
10 act back on the occanic and terrestiial carbon cycle n a
more substantial way A close interaction between climate
variations and the carbon cycle 1s indicated by the glacial-
interglacial CO2 variations  The 1ce-core record shows that
CO2 concentiations during the coldest part of the last
glaciation were about 30% lower than during the past
10 000 years The glacial interglacial CO2 vanations were
probably duc to changes 1n ocean circulation and marine
biological activity, and were correlated to variations 1n
global climate There 1s some (not fully clear) evidence
from 1ce cores that rapid changes ot CO2, ca 50 ppmv
within about 4 century, occurred during and at the end of
the 1ce age

It global temperatures increase, this could change the
natural fluxes of carbon, thus having feedback etfects on
atmospheric CO2 Some of the 1dentified feedbacks are
potentially large and could signiticantly mfluence future
CO2 levels They are difficult to quantify, but 1t seems
likely that there would be a net positive teedback, 1 e, they
will enhance the man-made increase On the longer term,
the possibility of unexpected large changes in the mech-
anisms of the carbon cycle due to a human-induced change
in c¢limate cannot be excluded

1.3 Methane

Methane 15 a chemically and radiatively active trace gas
that 15 produced from a wide variety of anaerobic (1¢e,
oxygen deticient) processes and 1s primartly removed by
reaction with hydroxyl radicals (OH) in the troposphere
Oxidation of CH4 by OH 1n the stratosphere 15 a significant
source of stratospheric water (H2O) where 1t 1s an
important gicenhouse gas
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Figure 1.9: Methane concenirations (bottom) and estimated
temperature changes (top) during the past 160,000 years as
determined on the 1ce core from Vostok, Antarctica (Chappelaz et
al 1990) Temperature changes were estimated based on the
measured deutertum concentrations

1 3.1 Atmospheric Distribution of Methane
1 311 Palaeo-atmospheiic 1ecord of methane
There are good data on the atmospheric concentration of
CHyg (Figure 1 9) from Antarctic and Greenland 1ce cores
for the period between 10,000 and 160,000 years ago
(Raynaud et al 1988, Stauffer et al, 1988, Craig and
Chou, 1982, Chappellaz et al, 1990) The minimum
concentration during the last glacial periods (about 20,000
and 150,000 years ago) was around 0 35 ppmyv, and rose
rapidly, in phase with the observed temperature increases,
to about 065 ppmv durning the glacial-interglacial
transitions (about 15,000 and 130,000 years ago) The
atmospheric concentrations of CH4 decrecased rapidly, prior
to, and during the last deglaciation period about 10,000
11,000 years ago (the Younger Dryas period when there
were abrupt temperature decreases n Greenland and
northern Europe), and increased rapidly thercafter

Because ot the brittle nature ol the ice cores, data on the
atmosphetic concentiations of CHg ate 1eliable only durning

the last 2,000 years of the Holocene period (last 10 000
years)
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1312 Contemporary record of methane

Ice core data (Figure 1 10) indicate that the atmospheric
concentrations of CH4 averaged around 0 8 ppmv between
two hundred and two thousand years ago, increasing to 0 9
ppmv one hundred years ago (Craig and Chou, 1982,
Rasmussen and Khalil, 1984, Stauffer et al , 1985, Pearman
and Fraser, 1988, Pearman et al , 1986, Ethendge et al ,
1988) Since then, the atmospheric concentration of CHy
has increased smoothly to present levels, highly correlated
with global human population Analysis of infrared solar
spectra has shown that the atmospheric concentration of
CHg has increased by about 30% over the last 40 years
(Rinsland et al , 1985, Zander et al , 1990)

Atmospheric concentrations of CH4 have been measured
directly since 1978 when the globally averaged value was
1 51 ppmv (e g, Rasmussen and Khalil, 1981, Blake and
Rowland, 1988) Currently the value 15 172 ppmv,
corresponding to an atmospheric reservoir of about 4900
Tg(l Tg= 1012 g) and 1t 1s increasing at a rate of 14 to 17
ppbv per year (40 to 48 Tg per year),1e, 08 to 1 0% per
year (Blake and Rowland 1988, Steele et al , 1987) The
atmospheric concentration of CHg4 1n the Northern
Hemisphere 1s 1 76 ppmv compared to 1 68 ppmv 1n the
Southern Hemisphere (Figure 1 11} The magnitude of the
seasondl variability varies with latitude (Steele et al 1987,
Fraser et al 1984), being controlled by the temporal
vartability 1n source strengths and atmospheric con-
centration of OH radicals

1313 Isotopic composition of methane

Methane 1s produced trom ditferent sources with
distinctive proportions of carbon 12C 13C and 14C, and
hydrogen 1sotopes H, D (2H) and T (’H) Similarly the
rates of processes that destroy CHg4 depend upon 1ts
1sotopic composition Consequently the CHg4 budget can
be constrained by knowledge of the 150topic composition of
atmospheric CHgy, the cxtent ot 1sotopic fractionation
duning removal, and the 15otopic signatutes of CHg from
different sources Recent work (o elucidate the sources ot
CHg has proceeded through an analysis of carbon 1sotopic
signatures (Cicerone and Oremland 1988 Wabhlen et al
1989, Lowe et al . 1988 and icierences therem) One
example of this 1s an analysis of 14C data which suggests
that about 100 Tg CH4 per year may atse from fossil
sources (Cicerone and Oremland 1988, Wahlen et al
1989) Such a distinction 15 possible because CHy from
fossil sources 15 14C-tree while that trom other sources has
essentially the 14¢ concentration of modern carbon

1.3.2 Sinks of Methane

The major sink for atmospheric CH4 15 reaction with OH
the tropospheire the OH concentiation being controlled by
a complex set of 1eactions mvolving CHy CO NMHC
NOy and tropospheric O3 (discussed in Section 17 Sze
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Figure 1.10: Atmospheric methane variations in the past few
centuries measured from air 1n dated ice cores (Etheridge et al
1988 Pearman and Fraser 1990)
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Figure 1.11: The global distribution, seasonality and trend of
methane from the GMCC network (Steele et al , 1987 and
unpublished data)

1977, Crutzen 1987) Based on the reaction rate coefficient
between CH4 and OH, and the estimated tropospheric
distribution of OH an atmospheric lifetime for CHy of
between 8 and 11 8 years has been estimated (Prinn ct al

1987) This estimate 15 supported by the fact that models ot
global OH are tested by analyses of the budgets for
CH3CCl3 (Logan et al 1981, Fraseret al 1986a Prinn et
al  1987) and 14CO (Appendix to WMO 1989b) The
reaction between CHyg and OH currently represents a sink
of 400 to 600 Tg of CHy4 per year The efficiency of this
sk may however have decieased during the last century
because the atmospheric concentration of OH in the
troposphete may have decieased hence the htetime of CHy
would have ncrcased 1n response 1o increasing
concentrations of CO NMHC and CH4 (Sz¢ 1977)
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Table 1 2 Estimated Sow ces and Sinks of Methane

Greenhouse Gases and Aerosols 1

Annual Release (Tg CHy) Range (Tg CHy)
Source
Natural Wetlands (bogs, swamps, tundra, etc) 115 100 - 200
Rice Paddies 110 25-170
Enteric Fermentation (animals) 80 65 - 100
Gas Drilling, venting, transmission 45 25- 50
Biomass Burning 40 20- 80
Termutes 40 10- 100
Landfills 40 20- 70
Coal Mining 35 19- 50
Oceans 10 5- 20
Freshwaters 5 1- 25
CH4 Hydrate Destabihization 5 0-100
Sink
Removal by soils 30 15-45
Reaction with OH in the atmosphere 500 400 - 600
Atmospheric Increase 44 40- 48

Soils may represent a removal mechanism for CH4 The
magnitude of this sink has been estimated (this assessment)
to be 30£15 Tg CHg4 per year from the work of Harriss et
al 1982 and Seiler and Conrad, 1987

1.3.3 Sources of Methane

Mecthane 15 produced from a wide variety of anaerobic
sources (Cicerone and Oremland, 1988) Two main
pathways tor CH4 production have been identified (1)
reduction of CO2 with hydrogen, fatty acids or alcohols as
hydiogen donors, or (11) transmethylation of acetic acid or
methyl alcohol by CHg4-producing bacteria Table 1 2
summart/zes identified sources of CHy4 with ranges of likely
annual emissions  The total annual CHg source must equal
the atmospheric sink ot about 500 (400 to 600) Tg CH4 per
year the possible soil sink of about 30 (15 to 45) Tg CHyg
per year, and the annual growth of 40 to 48 Tg CH4 1n the
atmosphere The sum of the present best estimates of the
sizes of the individual sources 1dentified 1n Table 1 2 equal
525 Tg CH4 per year It should be noted that the newest
data for rice paddies, biomass burning, and coal mining
sources suggest that the values may be even less than those
of Table | 2, possibly indicating a missing source of CHgyg,
or an overestimate of the sink for CH4

1 3 31 Natural wetlands

Sigmficant progress has been made 1n quantifying the
magnitude of the source of CH4 from natural wetlands
(Svensson and Rosswall, 1984, Sebacher et al, 1986,
Whalen and Reeburgh, 1988, Moore and Knowles, 1987,
Mathews and Fung, 1987, Harriss et al , 1985, Crnill et al ,
1988, Andronova, 1990, Harriss and Sebacher, 1981,
Burke et al, 1988, Harriss et al, 1988, Aselmann and
Crutzen, 1989) Recent data support earlier estimates of a
global flux of 110 - 115 Tg CHg4 per year, but reverses the
relative importance of tropical and high latitude systems
(Bartlett et al, 1990) The data base, which 1s still quite
limited (no data from Asia), suggests 55 Tg CHyg per year
(previously 32 Tg CHg per ycar) from tropical wetlands,
and 39 Tg CHy4 per year (previously 63 Tg CHy per year)
from high latitude wetlands Since CHg4 15 produced
through biological processes under anaerobic conditions,
any factors affecting the physical, chemical or biological
characteristics of sotls could affect CH4 emission rates

1332 Rice paddies

Rice paddies are an important source of CHg with
estimates of the globally averaged flux ranging from 25 -
170 Tg CHg4 per year (Neue and Scharpenseel, 1984, Yagi
and Minami, 1990, Holzaptel-Pschoin and Seiler, 1986,
Cicerone and Shetter, 1981, Cicerone et al , 1983) The flux
of CHg4 from rice paddies 15 critically dependent upon
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several factors including (1) agricultural practices (e g,
fertilization, water management, density of rice plants,
double cropping systems, application of manuie or rice
straw), (11) so1l / paddy characteristics (so1l type, acidity,
redox potential, temperature, nutrient availability, sub-
strate, profile of anaerobic environment), and (111) time of
season One difficulty in obtaining accurate estimates 15
that almost 90% of the world s harvested area of rice
paddies 1s 1in Asia, and of thts about 60% are in China and
India from which no detailed data are available The annual
production of rice since 1940 has approximately doubled as
a result of double cropping practices and an increased area
of cultivation It 1s likely that CH4 emissions have
mncreased proportionally as well

1 3 33 Biomass burning

Biomass burning 1n tropical and sub tropical regions is
thought to be a significant source of atmospheric CHg, with
estimates of global emission rates ranging from 20 to 80 Tg
CHy per year (Andreae et al , 1988, Bingemer and Crutzen,
1987, Crutzen et al , 1979, Crutszen et al , 1985, Crutzen
1989, Greenberg et al , 1984 Stevens et al 1990 Quay et
al, 1990) Improved estimates require an enhanced
understanding ot (1) CH4 emuission factors, (1) the amount,
by type, of vegetation buint each year on an arca basis and
(1) type of burning (smouldering vs tlaming) Current
estimates indicate that over the last century the rate of
forest clearing by burning has incieased (¢t Section
1222)

1 334 Entciic fermentation (anmmals)

Methane emisstons from enteric fermentation 1in ruminant
ammals ncluding all cattle, sheep and wild animals 15
estimated to provide an atmospheric source of 65 - 100 Tg
CHy per year (Crutzen et al , 1986 Lerner et al  1988)
Methane emissions depend upon animal populations as
well as the amount and type of food It 15 ditficult to
cstimate the change 1n this source over the last century
accurately because the significant increase 1 the number of
cattle and sheep has been partially offset by decreases 1n
the populations of elephants and North American bison
One estimate suggests that the magnitude of this souice has
increased from 21 Tg CHg4 per year in 1890 to 78 Tg CHy4
per year 1 1983 (Crutzen ct al , 1986)

1335 Teimites

There 15 a large range 1n the magnitude of the estimated
fluxes of CH4 from termutes, 10 - 100 Tg CHy4 per year
(Cicerone and Oremland, 1988, Zimmerman et al , 1982,
Rasmussen and Khalil, 1983, Seiler et al 1984 Fiaser ct
al  1986b) The values are based on the results of
laboratory experiments applied to estimates of global
termite populations and the amount of biomass consumed

by tetmites both of which aire uncertain, and field
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experiments It 15 important to determine whether the
global termite population 1s currently increasing, and
whether 1t 15 likely to 1espond to changes in climate

1 336 Landfills

The anaerobic decay of organic wastes 1n landfills may be a
significant anthropogenic source of atmospheric CHgy, 20 -
70 Tg CH4 per year However, several factors need to be
studied 1n order to quantify the magnitude of this source
more precisely, including amounts, trends, and types of
waste materials, and landfill practices (Bingemer and
Crutzen, 1987)

1 337 Oceans and freshwater s

Oceans and freshwaters are thought to be a minor source of
atmospheric CHgq The estimated flux of CH4 from the
ocedns 1s based on a limited data set taken in the late
1960 s / early 1970 s when the atmospheric concentration of
CHyg was about 20% lower They showed that the open
oceans were only shghtly supersaturated in CHg with
respect to 1ts partial pressure 1n the atmosphere There are
1nadequate recent data from either the open oceans or
coastal waters to reduce the uncertainty in these estimates
(Cicerone and Oremland, 1988)

1338 Coal nunng

Methane 1s released to the atmosphere from coal mine
ventilation, and degassing from coal during transport to an
end-use site A recent unpublished study estimated the flux
ot CH4 from coal mining, on a country basis, for the top
twenty coal producing countries, and deduced a global
minimum emission of 19 Tg CHy4 per year Global CHg
fluxes trom coal mining have been estimated to range from
10 - 50 Tg CH4 per year (Cicerone and Oremland 1988,
ICF, 1990, and recent unpublished studies by others)

1339 Gas drilling venting and transmisston

Methane 1s the major component of natural gas hence
leakage from pipelines and venting from o1l and gas wells
could represent a significant source of atmosphertc CHy
(Cicerone and Oremland, 1988) The global flux trom these
sources 1s estimated based on limited data of questionable
reliability, to range from 25 - 50 Tg CHy4 per year

1.3.4 Feedbacks from Climate Change 1nto the Methane
Cycle
Future atmospheric concentrations of CHg will depend on
changes 1n the strengths of either the sources or sinks
which are dependent upon social, cconomic, and political
and also environmental factors and in particular changes
climate Methane emissions from wetlands arc particularly
sensitive to temperature and so1l moisture and hence future
climatic changes could significantly change the {luxes of
CH4 from both natural wetlands and rice paddies
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Tropospheric OH, which provides the atmospheric sink for
CHy4, is dependent upon a number of factors, including the
intensity of UV-B radiation, and the ambient con-
centrations of HO, CO, CHy, reactive nitrogen oxides, and
tropospheric O3 (See Section 1.7) (Crutzen, 1987; Isaksen
and Hov, 1987; Thompson and Cicerone, 1986).

1.34.1 Tropical methane sources

The major sources of CH4 in tropical regions (natural
wetlands and rice paddies) are quite sensitive to variations
in soil moisture. Consequently, changes in soil moisture,
which would result from changes in temperature and
precipitation, could significantly alter the magnitude of
these large sources of atmospheric CHy. Increased soil
moisture would result in larger fluxes. whereas a decrease
in soil moisture would result in smaller fluxes.

1.3.4.2 High latitude methane sources

Methane fluxes from the relatively tlat tundra regions
would be sensitive to changes of only a few centimetres in
the level of the water table, with tlooded soils producing a
factor of 100 more CH than dry soils. Similarly, emissions
of CHy are significantly larger at warmer temperatures. due
to accelerated microbiological decomposition of organic
material in the near-surface soils (Whalen and Reeburgh,
1988: Crill et al.. 1988). Consequently. an increase in soil
moisturc and temperatures in high latitude wetlands would
result in enhanced CHy emissions. whereas warmer dryer

Table 1 3 Halocarbon Concentrations and Trends (1990)
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soils might have decreased CH4 emissions.

Higher temperatures could also increase the fluxes of
CHgy4 at high northern latitudes from; (i) CH4 trapped in
permafrost, (ii) decomposable organic matter {rozen in the
permafrost, and (iii) decomposition of CH4 hydrates
(Cicerone and Oremland, 1988; Kvenvolden, 1988; Nisbet,
1989). Quantifying the magnitudes of these positive
feedbacks is difficult. Time-scales for thawing the
permafrost, located between a few centimetres to metres
below the surface, could be decades to centuries, while the
time for warming the CH4 hydrates could be even longer,
although one study (Kvenvolden, 1988) estimated that the
flux of CHy4 from hydrate decomposition could reach 100
Tg CHy4 per year within a century.

1.3.5 Conclusions
Current atmospheric CH4 concentrations, at 1.72 ppmv, are
now more than double the pre-industrial value (1750-1800)
of about 0.8 ppmv, and are increasing at a rate of 0.9% per
year. The ice core record shows that CH4 concentrations
were about 0.35 ppmv during glacial periods, and increased
in phase with temperature during glacial-interglacial
transitions. The current atmospheric concentration of CHyg
is greater than at any time during the last 160,000 years.
Reaction with OH in the troposphere, the major sink for
CHg, results in a relatively short atmospheric lifetime of
1012 years. The short lifetime of CH4 implies that
atmospheric concentrations will respond quite rapidly, in

Mixing Ratio Annuat Rate of Increase Lifetime
Halocarbon pptv pptv % Years
CCI3F (CFC-11) 280 9.5 4 65
CCl2F2 (CFC-12) 484 16.5 4 130
CCIF3 (CFC-13) 5 400
CaClzF3 (CFC-113) 60 4-5 10 90
Ca2CioFy (CFC-114) 15 200
C2CiFs (CFC-115) 5 400
CClg 146 2.0 1.5 50
CHCIF2 (HCFC-22) 122 7 7 15
CH3Cl 600 1.5
CH3CCl3 158 6.0 4 7
CBrCIF2 (halon 1211) 1.7 0.2 12 25
CBrF3 (halon 1301) 20 0.3 15 110
CH3Br 10-15 L5

+  There are a few minor differences between the lifetimes reported in this table and the equivalent table in WMO 1989b.
These differences are well within the uncertainty limits. The 1990 mixing ratios have been estimated based upon an
extrapolation of measurements reported in 1987 or 1988, assuming that the recent trends remained approximately

constant.
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Figure 1.12: Halocarbon concentrations measured at Cape Grim, Tasman:a during the period 1978-1989 (Fraser and Derek, 1989,

and unpublished data)

comparison to the longer lived gases such as CO2, N2O,
and CFCs, to changes 1n emissions In order to stabilize
concentrations at present day levels, an immedate
reduction 1n global man-made emissions by 15-20 percent
would be necessary (this and other scientific sensitivity
analyses are discussed 1n the Annex) Global con-
centrations of OH are dependent upon the intensity of UV-
B radiation, and the concentrations of gases such as H2O,
CO, CHy4, NOx, NMHC, and O3 and may have declined
during the twentieth century due to changes in the
atmospheric concentrations of these gases

The 1ndividual sources of atmospheric CH4 have been
qualitatively 1dentified, but there are significant un
certainties 1n the magnitude of their strengths Human
activities such as rice cultivation, rearing of domestic
ruminants, biomass burning, coal mining, and natural gas
venting have increased the nput of CH4 nto the
atmosphere, and these combined with an apparent decrease
in the concentration of tropospheric OH, yields the
observed rise 1in global CH4 However, the quantitative
importance of each of the factors contributing to the
observed increase 1s not well known at present

Several potential feedbacks exist between climate change
and CH4 emuissions, 1n both tropical and high latitude
wetland sources In particular, an increase in high latitude
temperatures could result in a significant release of CHyg
from the melting of permafrost and decomposition of CHg
hydrates

1.4 Halocarbons

Halocarbons containing chlorine and bromine have been
shown to deplete O3 1n the stratosphere In addition, 1t has
been recognized that they are important greenhouse gases
Their sources, sinks, atmospheric distributions, and role 1n
perturbing stratospheric O3 and the Earth's radiative
balance have been reviewed in detail (WMO 1985, 19894,
1989b) Many governments, recognizing the harmful
effects of halocarbons on the environment, signed the
Montreal Protocol on Substances that Deplete the Ozone
Layer' (UNEP 1987) 1in 1987 to limit the production and
consumption of a number of fully halogenated CFCs and
halons The control measures of the Montreal Protocol
freeze the production and consumption of CFCs 11, [2,
113, 114, and 115 1n developed countries at their 1986
levels from the year 1990, a reduction to 80% of their 1986
levels from the year 1993, with a further reduction to 50%
ot their 1986 levels from the year 1998 Developing
countries, with a per capita use of CFCs of less than 0 3 kg
per capita, are allowed to increase their per capita use up to
this Iimit and can delay compliance with the control
measures by 10 years All major producing and consuming
developed countries. and many developing countries. have
signed and ratified the Montreal Protocol

1.4.1 Atmospheric Distribution of Halocarbons

The mean atmospheric concentrations of the most abundant
radiatively active halocarbons are shown 1n Table 1 3 The
atmospheric concentrations of the halocarbons are currently
increasing more rapidly on a global scale (on a percentage
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basis) than the other greenhouse gases (Figure 1 12)
The concentrations of the fully halogenated chloro
fluorocarbons (CFCs), shightly greater in the northern
hemisphere than in the southern hemisphere, are consistent
with the geographical distribution of releases (>90% from
the industrialized nations), a 45°N - 45°S mixing time of
about | year, and their very long atmospheric hfetimes

1.4.2 Swinks for Halocarbons

There 15 no significant tropospheric removal mechanism for
the fully halogenated halocarbons such as CCI3F (CFC-11),
CCl3F2 (CFC 12), C2CI3F3 (CFC 113), C2CloF4 (CFC-

114), CpCIF5 (CFC-115), carbon tetrachloride (CClyg), and
halon 1301 (CBrF3) They have long atmospheric lifetimes

decades to centuries, and are primarily removed by
photodissoctation 1n the mid - upper stiatosphere There 15
currently a significant imbalance between the sources and
sinks giving rise to a rapid growth n atmospheric
concentrations To stabilize the atmospheric concentiations
of CFCs 11, 12 and 113 at current levels would require
reductions i emissions of approximately 70-75%, 75-85%,
and 85-95%, respectively (see Annex)

Non fully halogenated halocarbons containing a
hydrogen atom such as methyl chloride (CH3Cl),
methylchloroform (CH3CCI3), CHCIFy (HCFC-22), and a
number of other HCFCs and HFCs being considered as
substitutes for the current CFCs (¢ f Section | 4 4) are
primarily removed in the troposphere by reaction with OH
These hydrogen containing species have atmospheric
litctimes ranging from about one to forty years, much
shorter on average than the fully halogenated CFCs To
stabilize the atmospheric concentrations of HCFC-22 at
current levels would require reductions in emissions of
approximately 40-50%

1.4.3 Sources of Halocarbons

Most halocarbons, with the notable exception of CH3Cl,
are exclusively of industrial onigin Halocarbons are used as
aerosol propellants (CFCs 11, 12, and 114), refrigerants
(CFCs 12 and 114, and HCFC-22) foam blowing agents
(CFCs 11 and 12) solvents (CFC-113 CH3CCl3, and
CCly). and fire retardants (halons 1211 and 1301) Current
emission {luxes are approximately CFC 11 350Gg/y CFC
12 450 Gg/y CFC-113 150 Gg/y HCFC-22 140 Ggly,
others are significantly smaller  The atmospheric
concentration of methy! chloride 15 about 0 6 ppbv, and 15
primatily released from the oceans and during biomass
burning There 15 no evidence that the atmospheric
concentration of CH3Cl 15 increasing Methyl bromide
(CH?3Br) 15 produced by oceanic algac and there 15
cvidence that its atmospherie concentiation has been
incireasing 1 recent times due to a significant anth-
ropogenic source (Penkett et al 1985 Wotsy etal 1975)
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1.4.4 Future Atmospheric Concentration of Halocarbons
Future emissions of CFCs 11, 12, 113, 114, and 115 will be
governed by the Montreal Protocol on "Substances that
Deplete the Ozone Layer as discussed in Section 14 In
addition, international negotiations are currently in progress
that will likely (1) result in a complete global phase-out of
production of these chemicals by the year 2000, and (11)
enact Immitations on the emissions (via production and
consumption controls) of CClg, and CH3CCl3 However,
even with a complete cessation of production of CFCs 11,
12 and 113 1n the year 2000 their atmospheric
concentrations will still be significant for at least the next
century because of their long atmospheric lifetimes It
should be noted that emissions of these gases into the
atmosphere will continue for a period of time after
production has ccased because of their uses as refrigerants,
foam blowing agents fire retardants, etc

A number of hydrofluorocarbons (HFCs) and
hydrochlotofluorocarbons (HCFCs) are being considered as
potential replacements for the long-lived CFCs (11, 12,
113, 114, and 115) that are regulated under the terms of the
Montreal Protocol The HFCs and HCFCs primarily being
considered include HCFC 22, HCFC-123 (CHCI2CF3),
HCFC 124 (CHCIFCF3), HFC 125 (CHF2CF3), HFC-
134a (CH2FCF3), HCFC-141b (CH3CClaF), HCFC-142b
(CH3CCIF2), HFC 143a (CH3CF3), and HFC-152a
(CH3CHF?) The calculated atmospheric ifetimes of these
chemicals are controlled primarily by reaction with
tropospheric OH and range between about | and 40 years
It has been estimated (UNEP 1989) that a mix of HFCs
and HCFCs will replace the CFCs currently 1n use at a rate
of about 0 4 kg of substitute for every kg of CFCs currently
produced, with an annual growth rate of about 3%
Because of their shorter lifetimes, and expected rates of
substitution and emissions growth rates, the atmospheric
concentrations of HFCs and HCFCs will be much lower for
the next several decades than 1f CFCs had continued to be
used, even at current rates However, continued use,
accompanied by growth in the emission rates of HFCs and
HCFCs for more than several decades would result in
atmospheric concentrations that would be radiatively
important

14.5 Conclusions

The atmospheric concentrations of the industrially-
produced halocarbons, primarily CCI3F, CClpF2,
CoClI3F3, and CCly are about 280 pptv, 484 pptv, 60 pptv,
and 146 pptv, respectively Over the past few decades their
concentrations (except CClg) have increased more rapidly
(on a percentage basis) than the other greenhouse gases,
currently at rates of at least 4% per year The fully
halogenated CFCs and CCl4 arc primarily removed by
photolysts 1n the stratosphere
Lifetimes 1 excess of 50 years

and have atmospheric
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Most halocarbons, with the notable exception of methyl
chloride, are exclusively anthropogenic and their sources
(solvents, refrigerants, foam blowing agents, and acrosol
propellants) are well understood.

To stabilize, and then reduce, the current atmospheric
concentrations of the fully halogenated CFCs (e.g, 11, 12
and 113) would require approximate reductions 1n
emssions of 70-75%, 75-85%, and 85-95%, respectively.
Future emissions of CFCs and CClg will, most likely, be
eliminated or be significantly lower than today's because
the stringency, scope, and uming of international
regulations on chlorine and bromine containing chemicals,
(1.e., the Montreal Protocol on Substances that Deplete the
Ozone Layer) are currently being renegotiated. However,
the atmospheric concentrations of CFCs 11, 12 and 113
will still be significant (30 - 40% of current) for at least the
next century because of their long atmospheric lifetimes.

1.5 Nitrous Oxide

Nitrous oxide 1s a chemically and radiatively active trace
gas that 1s produced from a wide variety of biological
sources 11 soils and water and 15 primarily removed 1n the
stratosphere by photolysis and reaction with electronically
excited oxygen atoms.

1.5.1 Atmospheric Distribution of Nitrous Oxide

The mean atmospheric concentration of N2O 1 1990 1s
about 310 ppbv, corresponding to a reservoir of about 1500
TgN, and increasing at a rate of 0 2 - 0.3% per year (Figure
[ 13, Weiss, 1981; Prinn et al , 1990; Robinson et al., 1988;
Elkins and Rossen, 1989, Rasmussen and Khalil, 1986).
This observed rate of increase represents an atmospheric
growth rate of about 3 to 4.5 TgN per year. The
atmospheric concentration of N2O 15 higher in the Northern
Hemisphere than in the Southern Hemisphere by about |
ppbv Ice corc measurements show that the pre-industral
value of N2O was relatively stable at about 285 ppbv for
most of the past 2000 years, and started to increase around
the year 1700 (Figure 1 14, Pearman et al, 1986, Khalil
and Rasmussen, 1988b, Ethendge et al, 1988; Zardin et
al, 1989) Figure 1.14 shows that the atmospheric
concentrations of N2O may have decrecased by a few ppbv
during the period of the "Little Ice Age”

1.5.2 Sinks for Nitrous Oxide

The major atmospheric loss process for N2O 1s
photochemical decomposition in the stratosphere, and 1s
calculated to be 10£ 3 Tg N per year (Table 1 4) Nitrous
oxide has an atmospheric lifetime of about 150 years The
obscived 1ate of growth represents a 30% i1mbalance
between the sources and sinks (Hao ¢t al, 1987)
Tropospheric sinks such as surface loss 1n aquatic and soil
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Figure 1.13: Atmospheric measurements of nitrous oxide from
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Figure 1.14: Nitrous oxide measurements from 1ce-core samples

systems are constdered to be small (Etkins et al., 1978,
Blackmer and Bremner, 1976).

1.5.3 Sources of Nitrous Oxide

1531 Oceans

The oceans are a significant, but not dominant source of
NoO (McElroy and Wofsy, 1986) Based on measurements
of the concentration gradients between the atmospherc and
surface waters (Butler et al., 1990, and NOAA GMCC
unpublished data), and on estimates of the gas exchange
coettficient, the current estimate of the magnitude ot the
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Table 1 4 Estumated Sour ces and Sinks of Nitrous Ovide

Range
(TgN per year)

Source
Oceans 14-26
Soils (tropical forests) 22-37

(temperate forests) 07-15
Combustion 01-03
Biomass burning 002-02
Fertilizer (including ground-water) 001-22
TOTAL 44 105
Sink
Removal by soils ?
Photolysis in the stratosphere 7-13
Atmospheric Increase 3 45

ocean source ranges from 14 - 26 Tg N per year,
significantly lower than earher estimates (Elkins et al,
1978, Cohen and Gordon, 1979, Chine et al , 1987) An
accurate determination of the global annual ocean flux 1s
difficult because of uncertainties associated with
quantitying the gas exchange coefficient and because the
partial pressure of N2O 1n the surface waters 1s highly
varable, both spatially and temporally The partial pressure
of N2O in surface waters varies considerably, ranging trom
being supersaturated by up to 40% n upwelling regtons to
being undersaturated by a few percent in areas around
Antarctica and within gyres Data suggest that during El
Nino cvents when upwelling 1n the Pacific ocean 1s
supptessed the ocean fluxes of NoO are significantly lower
(Chne et a1l 1987, Butler et al , 1990) It 1s still unclear
whether N2O 1s primarily produced from nitrification in
near surface waters, or denitrification 1n oxygen deficient
deep waters Based on vertical profile measurements of
occantc N2O (NOAA GMCC, unpublished) the oceanic
reservoll has been estimated to be between 900 and 1100
Tg N comparable to the atmosphere Consequently,
changes 1n the exchange fluxes of N2O between the ocean
and the atmosphere could have a significant impact on 1ts
atmospheric concentration

1532 Souls

Denitrification in aerobic soils 1s thought to be a dominant
source of atmospheric N2O (Keller et al , 1986, Matson
and Vitousek, 1987, Matson and Vitousek 1989, Slemr et
al  1984) Nitntication under anacrobic conditions could,

Gieenhouse Gases and Aeiosols 1

however, produce higher yields of N2O per unit of
transformed nitrogen Quantitication of global N2O
emissions from soils 15 difficult because of the
heterogeneity of terrestrial ecosystems and the variability 1n
environmental conditions that control the fluxes of N2O

Estimates of global fluxes of N2O from tropical forests
range from 22 - 37 Tg N per year The impact of
deforestation on the emissions of N2O from tropical sotls 1s
unclear, with some studies suggesting that the emissions of
N20 from deforested land are cnhanced by as much as a
factor of three (Luizao et al , 1990), whereas other studies
concluded that N2O fluxes decreased 1f vegetation did not
return (Robertson and Tiedje, 1988)

Quantifying the roles of temperate forest soils and
grasslands 1n the N2O budget 1s difficult because of the
paucity of data, and contlicting results Estimates of N2O
fluxes from temperate forest soils range from 07 - 1 5 Tg
N per year in one study (Schmudt et al , 1988), to almost
none in another study (Bowden et al , 1990) One study
also reported that deforestation in temperate forests would
lead to enhanced emissions of NoO (Bowden and
Bormann, 1986) Rehiable global N2O fluxes from
grasslands are impossible to derive from the fragmented
data available One study (Ryden, 1981) concluded that
English grassland soils, with no fertilization, are a sink for
N20O, whereas hmited studies of tropical grasslands and
pastures suggest that they may be a moderate to significant

source of N2O (Luizao et al , 1990, Robertson and Tiedje,
1988)

1533 Combustion

Until recently, the combustion of fossil fuels was thought to
be an important source of atmospheric N2O (Pierottt and
Rasmussen, 1976, Weiss and Craig, 1976, Hao et al,
1987) However, a recent study has shown that the earlier
results are incorrect because N20 was being artificially
produced in the flasks being used to collect N2O from
combustion sources (Muzio and Kramlich, 1988) The
latest estimate of the global flux of N2O from combustion
sources 15 between 0 1 and 0 3 Tg N per year, compared to
earlier values which were as igh as 3 2 Tg N per year

1 534 Biomass burning

Biomass burning 1s now thought to be a minor source of
atmospheric N>O with a global flux of less than 02 Tg N
per year (Muzio and Kramlich, 1988, Crutzen 1989, Elkins
et al, 1990, Winstead et al , 1990, Gnffith et al , 1990)
This value 15 1-2 orders of magnitude less than previous
estimates (Crutzen et al , 1979, 1985) which were inf-
luenced by artifacts involving N2O analysis (Crutzen et al ,

1985) and N2O production in sampling flasks (Muzio and
Kramlich, 1988)
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1535 Ferttlizer | Ground-Watei

Nitrous oxide production from the use of nitrate and
ammonium fertihizers 15 difficult to quantify because the
N7O fluxes are dependent upon numerous factors including
type of fertilizer, soil type, soil temperature, weather, and
farming practices (e g, ploughing, sowing, irrigating)
Conversion of fertilizer N to N2O ranges from 0 01 - 2 0%
(Conrad et al, 1983, Bremner et al, 1981) This range,
coupled with a global fertilizer production of 55 Tg N per
year 1n 1980, results 1n a total N2O emission of between
001-11TgN per year (Conrad et al , 1983) Leaching of
mtrogen fertilizers from soils 1into groundwater may result
in additional fluxes of N2O up to 1 1 Tg N per year
(Conrad et al , 1983, Ronen et al, 1988) Consequently, a
range of 001 - 22 Tg N per year can be derived for the
flux of N2O from fertilizer use

1.5.4 Conclusions
Nitrous oxide 1s a greenhouse gas whose atmospheric
concentration, at 310 ppbv, 1s now about 8% greater than in
the pre-industrial era, and 15 increasing at a rate of about
02 - 03% per year, corresponding to about 3 - 45 Tg N
per year Thuis represents an excess of 30% of current global
emissions over current sinks The major sink for N2O 1s
photolysis 1n the stratosphere, resulting 1n a relatively long
atmospheric lifetime of about 150 years The magnitude of
the sink for N2O 1s relatively well known (£ 30%) In order
to stabilize concentrations at present day levels, an
immediate reduction of 70 80% of the additional flux of
N2O that has occurred since the pre-industrial era would be
necessary

Quantification of the various natural and anthropogenic
sources 1s uncertamn  Since the latest studies indicate that
the total combined flux of N2O from combustion and
biomass burning 1s between 0 1 to 05 Tg N per year n
contrast to earher estimates of about 5 Tg N per year, and
production of N2O from fertilizer (including groundwater)
is believed to be less than or equal to 2 2 Tg N per year, 1t
1s difficult to account for the annual increase based on
known sources Stimulation of biological production due to
agricultural development may account for the missing
anthropogenic emissions Estimates of the removal rate of
N2O by photodissociation n the stratosphere range from 7
- 13 Tg N per year Therefore, the total source needed to
account for the observed annual atmospheric growth 1s 10 -
175 Tg N per year against a flux of N2O from known
sources of 44 - 10 5 Tg N per year These data suggest that
there are missing sources of N2O, or the strengths of some
ot the identified sources have been underestimated
Despite these uncertainties, 1t 1s belhieved that the observed
increase 1n N2O concentrations 1s caused by human
activities
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1.6 Stratospheric Ozone

Stratospheric O3 1s an important constituent of the Earth s
atmosphere It protects the Earth's surface from harmful
solar ultraviolet radiation and 1t plays an important role 1n
controlling the temperature structure of the stratosphere by
absorbing both incoming solar ultraviolet radiation and
outgoing terrestrial (longwave) radiation Part of the
absorbed outgoing longwave radiation 1s then re-radiated
back to the surface-troposphere system Reductions in
stratospheric O3 can modify the surface temperature via
two competing processes more solar radiation 1s
transmitted to the surface-troposphere system, thereby
contributing to a surface warming, on the other hand, the
cooler stratosphere (due to decreased solar and long-wave
absorption) emits less to the troposphere which would tend
to cool the surface The solar warming (a function of total
column amount of O3) and longwave cooling (a function of
the vertical distribution of O3) are similar in magnitude
Therefore, the magnitude as well as the sign of the change
in surface temperature depends critically on the magnitude
of the O3 change, which 1n turn 15 depends strongly on
altitude, latitude and season

The concentration and distribution of stratospheric O3 1s
controlled by dynamical, radiative and photochemical
processes Stratospheric O3 1s photochemically controlled
by chemically active species 1n the (1) oxygen, (11)
hydrogen, (1n) nitrogen, (1v) chlorine, and (v) bromine
families The precursors for the photochemically active
species are (1) 02, (1) H2O and CHgy, (111) N2O, (1v) CFCs,
CClyg, CH3CCl3, CH3Cl, and (v) halons and CH3Br,
respectively

1.6.1 Stratospheric Ozone Trends

1611 Total column ozone trends

The Antarctic ozone hole, which formed during the mid to
tate 1970s, recurs every springtime To determine O3
trends more widely. data from the ground-based Dobson
network have been re-evaluated, station by station, and
used to determine changes 1n total column O3 over the past
two decades Unfortunately, the network and data are
adequate for only a lmited geographical region, 1e . 30 -
64°N They are inadequate to determine total column O3
changes 1n the Arctic, tropics, subtropics, or southern
hemisphere apart from Antarctica Satelhte data can
provide the desired global coverage, but the current record
1s too short (about one solar cycle, 1978 to present) to
differentiate between the effects of natural and human
influenced processes on O3 The re evaluated data was
analysed for the eftects of known natural geophysical
processes (seasonal variation, the approximately 26-month
quasi-bienmal-oscillation, and the 11-ycar solar cycle) and
possible human perturbations After allowing for natural
variability, the analyses, using a variety of statistical
models and assumptions, showed measurable 7onal mean
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O3 decreases in the range 3.4% to 5.1% between 30 and
64°N latitude for the winter months (December - March)
between 1969 and 1988, with the larger decreases at the
higher latitudes (WMO, 198%a,b}. No statistically sig-
nificant zonal rends were found for the summer period
{(May - August). Lasily, within longitudinal sectors,
regional differences in the O3 trends were indicated, with
the largest values over North America and Europe and the
smallest over Japan.

1.6.1.2 Changes in the vertical distribution of ozone
Substantial uncertainties remain in defining changes in the
vertical distribution of O3. Analysis of SAGE I and 11
satellite data, averaged over 20 to 50°N and S latitudes,
indicates that near 40 km O3 decreased by {3+£2)%
between February 1979 - November 1981 and October
1984 - December 1988 (WMO, 1989b). Because the SAGE
record is so short (less than one solar cycle), no attempt has
been made to distinguish between solar-induced and
human-influenced contributions to thesc changes. A
thorough analysis of data from 10 ground-based Umkehr
siations in the Northern Hemisphere for the period 1977 1o
1987 indicates a statistically significant decrease in 03
between 30 and 43 km. The decrease near 40 kin of
(4.813.1)%, after allowing for seascnal and sclar-cycle
effects and correcting the data for aerosol interferences, is
broadly consistent with theoretical predictions. Based on
satellite, ground-based, and ozonesonde data, there are
indications of a continuing stratospheric O3 decrease since
the late 1970s of a few percent at 25 km and below.
Photochemical models (which do not take into account
heterogeneous processes) do not predict these changes, but
the measurements are qualitatively consistent with those
required for compatibility with the total column
measurements.

1.6.2 Future Changes

Future changes in stratospheric O3 are critically dependent
upon future emissions of CFCs, other halocarbons, CHgy,
N7O, and CO2. Assuming that the current regulatory
measures agreed under the Montreal Protocol are not
strengthened, then the ¢hlorine loading of the atmosphere is
predicted to reach about 9 ppbv by the year 2060, about
three times today’s level, and a bromine loading of about 30
ppty, about twice today's level . Models predict column O3
reductions of 0 to 4% in the tropics, and from 4 1o 12% at
high latitudes in late winter. These predictions do not
include the effects of heterogeneous processes, which play
a critical role in the formation of the Antarctic ozone hole.
Consequently, models that include the effects of
heterogeneous processes would predict larger 03 de-
pletions, at least in polar regions. Ozone is predicted o
decrease by 25 - 50% at 40 km and result in stratospheric
temperature decreases of 10 to 20 K. If, as expected, the
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Montreal Protocol is modified fo eliminate the emissions of
CFCs 11, 12, 113, 114, 115, halons 1211 and 1301, and
restrict the emissions of CClg and CH3CCl3, by the year
2000, then the chlorine loading of the atmosphere by the
year 2060 will probably lie between 2.5 and 4 ppbv
(depending upon the emissions of CClg and CH3CCl3, and
HCECs). Models that do not include heterogeneous
processes predict that global O3 levels would be similar to
today. However, if the atmospheric chlorine iloading
approaches 4 ppbv the implications for polar O3, and its
subsequent impacts on 3 at mid-latitudes, are unknown,

1.7 Tropospheric Ozone and Related Trace Gases
{Carbon Monoxide, Non-Methane Hydrocarbons,
and Reactive Nitrogen Oxides)

1.7.1 Tropospheric Ozone

Tropospheric 03 is a greenhouse gas, of particular

impaortance in the upper troposphere in the tropics and sub-

tropics.lis distribution is controlled by a complex interplay
between chemical, radiative, and dynamical processes.

Ozone is: (i) transported down into the lroposphere {rom

the stratosphere; (ii) destroyed by vegetative surfaces; (jii)

produced by the photo-oxidation of CO, CH4_ and NMHC

in the presence of reactive nitrogen oxides (NOy), and (iv)

destroyed by uv-photolysis and by reaction with hydrogen

oxide radicals (HO3) (Danielsen, 1968; Mahlman and

Moxim, 1978; Galbally and Roy, 1980; Crutzen, 1974;

Isaksen ei al.,, 1978}, Chemical processes in clouds could

have a strong influence on O3 production and destruction

rates (Lelieveld and Cruizen, 1990).

Consequently, while CO, NMHC, and NOy are not
important greenhouse gases in themselves, they are
important precursors of tropospheric O3 and they are
therefore treated in some detail in this sub-section,

1.7.1.1 Atmospheric distribution

Ozone in the troposphere has a lifetime of at most several
weeks, hence its concentration varies with latitude,
longitude, altitude and season (Chatfield and Harrison,
1977; Logan, 1985). Near the surface, monthly mean
concentrations (30 - 50 ppbv) are highest in spring and
surnmer at northern mid-latitudes (Figure 1.15). In the
middle troposphere at northern mid-latitudes values are
highest also in spring and summer, 60 - 65 ppbv. The
summer maximum resuits from photo-oxidation of O3
precursors from fossil fuel combustion and industrial
activity (Isaksen et al., 1978; Fishman et al., 1985; Logan
1985). Ozone values are highest in winter and spring at
other latifudes, in part because the stratospheric source is
largest then (Levy et al., 1985). There is 35% more O3 at
40°N than at 40°S, in the middle troposphere (Logan,
1985).
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Figure 1.15: The seasonal variation of surface ozone The solid
line shows data from Montsouris, France, for 1876 86 (Volz and
Kley, 1988) All other data are from the 1970s and 1980s dashed
line, Arkona, GDR (Feister and Warmbt, 1987), dotted line
Ellerslie, Alberta, Canada (Angle and Sandhu, 1986) dot-dash
line, average of eight rural sites in the northeastern U S the
SURE sites (Logan, 1988) long dashed line Hohenpeissenberg
FRG (Logan [985) All the recent data are shown as monthly
means of daily average values

Concentrations of O3 tend to be smaller 1n the tropics
than 1n mid-latitudes, except 1n the dry season when
emissions of O3 precursors from biomass burning provide
a photochemical source (Delany et al , 1985, Crutzen et al ,
1985, Logan and Kirchhoff 1986 Fishman et al 1990)
Ozone values during the southern spring over South
America can reach almost as high values as found over the
industrialized mid-latitudes n summer Large regions
of the tiopical troposphere appear to be influenced by
sources of O3 from biomass burning (Fishman et al  1990)
Remote marine air and continental air during the wet
season may provide a photochemical sk for O3 in the
tropics mean surface concentrations as low as 4 12 ppbv
have been measured (Liu ct al 1980 Oltsmans and
Komhy1 1986, Kirchhoti 1990)

1712 Ticnds

Most long-term measurements ol O3 have been made at
northern mid-latitudes from surface sites and from
balloons Only sporadic data ai¢ available before the 19705
A comparison of data obtained n Paris from 1876-1910
(Vols and Kley 1988) with rural data from the present day
trom Europe and Notth America (Logan 1985 1989)
suggests that surface O3 has mcieased by a factor of 2 3
on average the increase 1s largest in summer the factor
then being 4 6 (Figure 1 15) Ovzone values in Eutope in
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the 1970s appear to be about twice those found between
1930 and 1950 (Crutzen, 1988) Data from Europe suggest
an increase of | - 2% per year trom the mid-1950s to the
early 1980s, with increascs in winter and summer (Feister
and Warmbt, 1987, Bojkov, 1988) Since the mid-1970s
O3 has increased by 0 8% per year at remote sites n
Alaska and Hawan, shown no annual trend at Samoa, but
has decreased by 0 5% per year at the South Pole (Oltmans
etal, 1988) Decreases of 1 8% per year arc found at both
Samoa and South Pole in summer Trend data are lacking
for tropical continental sites

Ozonesonde data for northern mid-latitudes between
1965 and 1986 suggest that O3 has increased by about 1%
per year below 8 km, primarily over North Europe and
Japan (Angell and Korshover, 1983, Logan 1985, Tiao et
al, 1986, WMO, 1989a,b), but there are no clear trends 1n
the upper troposphere By contrast O3 has decreased in the
lower stratosphere (below 25 km), the crossover 1n the
trend being near the tropopause There 1s no tiend 1n O3 at
the single sonde station at southern mid-latitudes, and long
term sonde data are lacking in the tropics

1 7 1 3 Relationships between ozone and its precui soi's
The concentration of tropospheric O3 1s dependent 1n a
very non-linear manner on the atmospheric concentrations
of 1ts precursor gases, 1e, CO, CH4, NMHC, and, in
particular NOyx (NOx = NO + NO2) Nitrogen oxide
concentrations and trends control changes 1n the con
centiatton of O3 (Dignon and Hameed 1985) At low NOy
concentrations (where NOy 1s less than 5 - 30 pptv this
threshold depends on the concentrations of O3 and
hydrocarbons) increases in CO CH4 and NMHC lead to a
decicase 1n O3 whereas at high NOy concentratrons
increases mm CO CHyg4 and NMHC lead to stgnmifrcant
enhancements 1n O3 Therefore no simple 1elationship
exists between increases 1n the precursor gases and changes
in tropospheric O3 Several model calculations have been
performed to investigate the sensitivity of O3 changes to
changes 1n the precursor gases both individually and
collectively Al models that have attempted to simulate
changes 1n O3 during the past century have calculated
increases  Northern Hemisphete O3 by up to a factor of
two broadly consistent with observations, depending upon
the assumptions made regarding the nitial concentration
distribution and changes 1n precursor gas concentrations
particularly NOy

Understanding the feedbacks among O3 and it
precursor gases 1s essential to understand topospheric OH
which controls the atmospheric ifetimes of CHy and the
NMHCs The global concentration of OH  which
determines the onidizing capacity ot the ttoposphere can
be cither enhanced because of clevated levels of
trtopospheric O3 NOy o1 water vapour (assoctated with a
global warming) or suppressed because of mcrcases 1n
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CHgy, CO, and NMHC (Crutzen, 1987, Thompson et al ,
1989) Prediction of regional and global trends in OH
concentrations requires an understanding of regional
emissions of CHy, CO, NMHC and NOy, as well as
transport of O3 between 1ts source regions and the remote
troposphere  One key point 15 that a continued increase in
levels of CO would reduce the global concentration of OH
because NOy 15 too short-lived to counteract that etfect
over much of the globe This would increase the atmos-
pheric hitetime of CHy

1.7.2 Carbon Monoxide

1721 Amospheric distithution of carbon monovde

The atmospheric concentration of CO exhibits signiticant
spattal and temporal variability because of 1ts short
atmospheric lifetime (2 - 3 months) The short atmospheric
litetime, coupled with an nadequate monitoring network,
means that the global spatial variability and long-term
trends 1n CO are not well documented The limited
observational data base (Heidt et al , 1980, Dianov-Klokov
and Yurganov, 1981, Seiler and Fishman, 1981, Sciler et
al, 1984, Khalil and Rasmussen, 1984, 1988a, Fraser ct al ,
19864, c, Newell et al, 1989, Zander et al, 1989,
Kuchhotf and Marinho, 1989, Kirchhotf et al , 1989) has
demonstrated that the concentration of CO, (1) 1s about a
factor of two gieater in the Northern than 1n the Southern
Hemisphere where the annual average 1s about 50 - 60
ppbv, (u1) increases with latitude 1 the Northern
Hemisphere, (111) exhibits strong seasonal variations in both
hemispheres at mud to high latitudes, and (1v) decreases
with altitude CO appears to be increasing at about 1% per
year in the Northern Hemisphere, but the cvidence for
increases in the Southern Hemisphere 1s ambiguous

1722 Sowces and sinks of carbon monoxide
The total annual source of CO 15 about 2400 Tg CO, being
about cqually divided between direct anthropogenic
(incomplete combustion of fossil fuels and biomass) and
atmospheric (oxidation of natural and anthropogenic CHg
and NMHC) sources (Logan et al 1981, Cicerone, 1988)
Atmospheric concentrations of CO may have increased
the Northern Hemusphere because of the tossil fuel source,
and becausc of changes 1n the rate of oxidation of CHy,
whose atmospheric concentration has increased since pre-
industrial times Fossil fuel sources of CO are at present
decreasing 1in North America (EPA, 1989) and possibly n
Europe, but may be increasing elsewhere

The major removal process for atmospheric CO 15
rcaction with OH (Logan et al 1981) The observed
seasonal variabthity n the Southern Hemisphere distant
trom seasonally varying sources can be cxplained by the
seasonal variability in the concentration of tropospheric
OH Soils may provide a minor sink for CO (Conrad and
Sciler, 1985)
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1.7.3 Reactive Nutrogen Oxides

The key constituents of tropospheric NOy, detined as the
sum of all nitrogen oxide specics except for N2O, are
NOx, mtric actd (HNO3), peroxyacetylnitrate (PAN
CH3CO3NO2), and organic nitrates Most primary sources
of nitrogen oxides release NOy (mainly NO), the other
species are produced by photochemical reactions in the
atmosphere  While the atmospheric lifetime of NOy 1s
short (about 1 day), the atmospheric lifetime of NOy can
range up to several weeks Thus NOy can transport
nitrogen compounds away from source regions to more
remote locations, where photolysis of HNO3 and PAN, and
thermal decomposition of PAN, can regenerate NOy

1731 Amospheric distribution of mitiogen ovdes

The atmospheric concentrations of NOy exhibit significant
spattal and temporal variability, reflecting the complex
distribution of sources and the short atmospheric Iifetime
The near surface and free tropospheric concentrations of
NOy each vary by several orders of magnitude, highly
influenced by the proximity of source regions Near surface
concentrations of NOy range from as low as 0 001 ppbv 1n
remote maritime air to as high as 10 ppbv in Europe and
Eastern Notth Ametica (excluding urban areas), while free
tropospheric concentrations range from 002 ppbv 1n
remote regions to more than 5 ppbv over populated areas
(Fehsenfeld et al , 1988)

The spatial inhomogeneity, coupled with a sparsity of
measurements, means that the spatial and temporal
distribution and long-term trends in NOx and NOy are not
adequately documented, although reconstructed emissions
inventorics of NOy suggest large increases throughout this
century (Dignon and Hameed, 1989) Data from a
Greenland 1ce core have shown that the concentration of
nitrate 1ons (dissolved nitrate from HNO3) remained
constant from 10,000 yecars ago to about 1950, then
doubled by the late 1970, consistent with the increase in
industrial emissions (Neftel et al 1985b) Data from glacier
1icc 1n Switzerland indicates that nitrate 1ons increased by a
factor of 4 5 between 1900 and the 1970's in Western
Europe (Wagenbach et al 1988)

1732 Souices and sinks of nitrogen oudes

The sources of atmospheric NOy are about equally divided
between anthropogenic (combustion of fossil fuels 21 Tg
N per year, and biomass burning 2 - 5 Tg N per year), and
natural (microbial processes n sotls 20 Tg N per year,
hghtning 2 - 8 Tg N per year, and transport from the
stratosphere 1 Tg N per year) (Galbally, 1989) Emissions
of NOyx (6 3 Tg N per year) from the combustion of fossil
tuels have not mcreased 1in North America since 1970
(EPA, 1989) Soil emissions of NO are stumulated by
agricultural activity (e g, addition of fertilizer, manure,
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etc ), hence, agricultural soil emissions may provide
significant sources of NOyx 1n many areas

The dominant removal processes for NOy are (1)
conversion to HNO3, PAN, and organic nitrates by
photochemical mechanisms, (1) reactions mnvolving NO3
radicals, and possibly (111) deposition of NO72 on veg-
etation The resulting NOy species are then removed from
the atmosphere by wet and dry deposition, or by conversion
back to NOyx

1.7.4 Non-Methane Hydrocarbons
1741 Atmospheiic distiibution
hvdrocarbons

The NMHC can be classified by atmospheric hifetime (1)
relatively long-lived (lifetimes > week) where the highest
concentrations (up to 3 ppbv for ethane) are observed at
middle to high northern latitudes, (1) more reactive
(Iifetimes between half a day and one week) such as C7 -
Cs alkenes whose concentrations exhibit significant
temporal and latitudinal variability from <O Ippbv 1n
remote areas to a few ppbv close to source regions, and (111)
extremely short lived (lifetimes of hours) such as terpenes
or 1soprene whose local concentrations may reach about 10
ppbv very close to their sources Trends in the atmospheric
concentrations of NMHC have not been established due to

of non-methane

a lack of measurements

1742 Souices and sinks for non methane Indrocarbons
The oceans are a major source of NMHC, mainly alkenes
Estimates of the source strength of ethene and propene
range from 26 Tg C per year (Bonsang et al . 1988) to as
high as 100 Tg C per year (Penkett, 1982) Emissions of
NMHC from terrestrial vegetation are dependent upon
environmental factors as well as the type of vegetation
Isoprene 15 primarily emitted trom deciduous plants,
whereas conifer trees are primarily a souice of terpenes
Isoprene and terpene emission rates are very large, about
500 Tg per year for each (Rasmussen and Khalil, 1988)
The souice strength of NMHC from anthiopogenic
activities such as biomass burning, solvents and fossil fuel
combustion has been estimated to be about 100 Tg per
year

The dominant loss mechanism for most NMHC 1s 1apid
(much faster than CHg) reaction with OH The products of
these reactions are capable of forming O3 1n the presence
of NOy

1.7.5 Feedbacks Between Climate and the Methane/Non-
Methane Hydrocarbon/ Carbon Monoxide/Oxides
of Nitrogen/ Tropospheric Ozone System

There are numerous potentrally mmpottant feedbacks

between climate change and tropospheric O3 and OH

Changes 1n cloud cover, precipitation and circulation

patterns, as well as changes n the biospheric soutce
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strengths of CHg4, CO, NMHC and NOy, will induce
changes 1n homogeneous and heterogeneous reactions
controlling O3 and OH In addition, changes 1n
stratospheric O3 may induce changes n tropospheric
processes, through changes 1n ultraviolet radiation
Stratospheric O3 depletion 1s likely to increase trop-
ospheric O3 when the levels of CO, NOy, and NMHC are
high, but reduce 1t in regions of very low NOx The
importance of these feedback processes remains to be
determined

1.7.6 Conclusions
Tropospheric O3 15 a grecnhouse gas that 15 produced
photochemically through a series of complex reactions
involving CO, CH4, NMHC and NOyx Hence, the
distribution and trends of tropospheric O3 depend upon the
distribution and trends of these gases whose atmospheric
concentrations are changing

The short atmospheric lifetimes of O3 (several weeks),
and many of 1ts precursor gases, coupled with 1nadequate
observational networks, leave their distributions and trends
inadequately documented Most data support positive
trends of about 1% per year for O3 below § km altitude 1n
the Northern Hemisphere (consistent with positive trends 1n
several of the precursor gases, especially NOyx, CHyg, and
CO), and a simlar trend tor CO 1n the Northern
Hemisphere, but not in the Southern Hemisphere While
there 1s no systematic series of data that allow quantitative
estimates of trends in NMHC and NOy to be made, their
atmospheric concentrations are likely to have increased
during the past few decades because of increased
anthropogenic sources The 1ce core records of nitrate
levels provide indirect evidence for a Northern Hemisphere
increase 1n atmospheric NOx

1.8 Aerosol Particles

1.8.1 Concentrations and Trends of Aerosol Particles in
the Troposphere

Aerosol particles play an important role 1n the climate
system because of their direct interaction (absorption and
scattering) with solar and terrestrial radiation, as well as
through their influence on cloud processes and thereby.
indirectly, on radiative fluxes These processes are
discussed 1in more detail 1n Sections 23 2 and 233 Two
separate tssues should be 1dentified The first 15 the ettect
ot increasing or decreasing anthropogenic emissions of
aerosol particles and therr precursors 1n regions impacted
by these emissions The second 1s the role of feedback
processes linking chimate change and natural (biological)
production of particles in unpolluted regions, especially
over the oceans (¢t Section 10 8 3)

Total suspended particulate matter 1n air vartes from less
than | pg m™3 over polar 1ce caps or in the free mid-ocean
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troposphere to 1 mg m-3 1n desert dust outbreaks or in
dense plumes from for example, forest fires In a typical
sample of continental air, mineral dust, sulphuric acid,
ammonium sulphate as well as organic material and
clemental carbon (soot) may be found both as pure or
mixed particles Most of the soluble particles become
solution droplets at relative humidities above 80%, thus the
radiative properties of aerosol particles even vary with
relative humidity at constant dry aerosol mass

A large part of the aerosol mass 1n submicron size
particles 1s derived from gas-to-particle conversion through
photochemical processes involving gaseous sulphur and
hydrocarbon compounds Such conversion may take place
thiough photochemical processes involving the oxidation
of sulphur dioxide (SO9) and other sulphur gases to
sulphuric acid (H2SO4) by reaction with OH The H2S04
so formed, having a low equilibrium vapour pressure,
immediately condenses onto cxisting aerosol particles or
forms new ones Transformation to sulphuric acid and
sulphate also takes place in cloud droplets, the majority of
which eventually evaporate leaving the sulphate 1n the
acrosol phase Trends 1n the emission of these gaseous
precursors espectally the sulphur gases, are therefore of
great importance for the regional aerosol burden and
thercby potentially for climate

Large quantities of aerosol particles are also emitted
from the burning of savannas and forests in tropical
regions The directly emutted particles consist largely of
carbonaceous materials including black carbon (soot)
(Andreae et al 1988) In addition particles are formed
trom precursor gases like SO2 and hydrocarbons emitted
by fires

The average tropospheric lifetime of aerosol particles
and of their precursor gases 15 of the order of only days or
weehs This 15 much shorter than the hifetime of most
greenhouse gases It implies that the atmospheric loading at
any one time reflects the emissions that have taken place
during the past tew weeks only No long-term acc-
umulation 1n the troposphere 15 thus possible and any
reduction 1n anthropogenic emissions will immediately
result 1n a corresponding reduction 1n tropospheric
concentrations The short lifetime also implies large spatial
and temporal variabihity in the concentrations of acrosol
particles

It has been established from analyses of Greenland ice
cores that the amounts of sulphate, nitrate and trace metals
detived mainly trom atmospheric aerosols have been
mcreasing since 1ndustriahisation began (Neftel et al
1985b Mayewsky et al , 1986) However, there are almost
no long-term, continuous direct observations ot aerosol
parameters n the atmosphere outside urban and industnal
arcas (Charlson 1988) Indirect evidence from visibility
obscrvations indicates that the concentration ot submicron
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aerosols over much of the eastern part of the US has
increased during the period 1948-1978 (Husar et al , 1981)

Another example of a trend analysis of atmospheric
aerosols 15 due to Winkler and Kaminsk: (1988), who
concluded that submicrometer aerosol mass outside
Hamburg has increased by a factor of nearly two between
1976 and 1988 due to long range transport from
industrialized centres n the region

The hypothesis by Charlson et al (1987) of a connection
between climate and phytoplankton activity 1 ocean
surface waters 15 based on the role played by soluble
aerosol particles 1n determining the microphysical
properties of clouds The proposed climate-phytoplankton
feedback rests on the facts that cloud condensation nucleus
(CCN) concentrations 1n air are low over oceans far from
land, that the CCN available in clean maritime air are
composed almost totally of sulphate particles, and that this
sulphur originates almost entirely from emissions of
reduced sulphur gases (principally dimethylsulphide
(DMS)) from the ocean surface There 1s a significant non-
linearity 1n the eftect on cloud microphysics of given
changes in CCN concentration, depending on the starting
CCN concentration characteristics of clean oceanic air

There 1s abundant evidence in the literature to confirm
the role played by CCN concentration in determining cloud
droplet size distribution However, at this stage neither the
sign nor magnitude of the proposed climate feedback can
be quantitatively estimated, though preliminary cal-
culations based on plausible scenartos indicate that this
hypothesis merits careful consideration Preliminary
attempts to test this hypothesis using existing historical
data of various types have been inadequate and have
vielded only equivocal conclusions

1.8.2 The Atmospheric Sulphur Budget
Current estimates of the global sulphur cycle show that
anthropogenic emissions of SO7 are likely to be at least as
large as natural emissions of volatile sulphur species, cf
Table 1 5 (based essentially on Andreae, 1989) Within the
industrialized regions of Europe and North America,
anthropogenic emissions dominate over natural emissions
by about a factor of ten or even more (Galloway et al ,
1984, Rodhe, 1976) The anthropogenic SO emissions
have increased trom less than 3 TgS per year globally 1n
1860, 15 1n 1900, 40 in 1940 and about 80 1n 1980
(Ryaboshapko 1983) It 1s evident from these numbers that
the sulphur fluxes through the atmosphere have increased
very substantially during the last century, especially 1n the
Northern Hemisphere During the past decade the
anthropogenic sulphur emissions in North America and
parts of Europe have started to decline

Small amounts of carbonyl sulphide (COS) aic also
emitted into the atmosphere They do not significantly
aftect the sulphur balance of the troposphere but they are
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Table 15 Estimates of Global Emussion to the
Atmosphei e of Gaseous Sulphur Compounds T

Source Annual Flux (TgS)
Anthropogenic (mainly SO7 from 80
fossil fuel combustion)
Biomass burning (SO?) 7
Oceans (DMS) 40
Soils and plants (H2S, DMS) 10
Volcanoes (H2S, SO2) 10
TOTAL 147

t  The uncertainty ranges are estimated to be
about 30% for the anthropogenic flux and a
factor of two for the natural fluxes

important I maintaining d4n aerosol layer 1n the
stratosphere

Because of the limited atmospheric hifetime of most
sulphur compounds, the augmentation of the sulphur
concentrations brought about by industrialization 15 not
evenly distributed around the globe This is illustrated by
Figure 1 16, which shows an estimate of how much more
aerosol sulphate there 1s at present i the lower atmosphere
(900 hPa level) than n the pre-industrial situation (Langner
and Rodhe 1990) Over the most polluted regions of
Europe and North America the sulphate levels have gone
up by more than a factor of 10 Smaller increases have
occurred over large parts of the oceans
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1.8.3 Aerosol Particles in the Stratosphere

The vertical profile of aerosol particle concentration
normally exhibits a marked decline up through the
troposphere followed by a secondary maximum in the
lower stratosphere at around 20 km The stratospheric
aerosol layer 1s maintained by an upward flux of gaseous
precursors, mainly carbonyl sulphide (COS)
Concentrations may be greatly enhanced over large areas
for a few years following large volcanic eruptions, such as
El Chichon 1in 1982 No significant trends have been
detected 1n the global background aerosol layer in the
stratosphere during periods of low volcanic activity
(WMO, 1989a) The potential impact on climate of
stratospheric aerosols 1s discussed 1n Section 2 3 2

1.8.4 Conclusions
Aerosol particles have a lifetime of at most a few weeks 1n
the troposphere and occur 1n highly varable
concentrations A large proportion of the particles which
influence cloud processes and for radiative balance are
derived from gaseous sulphur emisstons These emissions
have more than doubled globally, causing a large increase
in the concentration of aerosol sulphate especially over and
around the industrialized regions 1in Europe and North
America If anthropogenic sulphur emissions are indeed a
major contributor to cloud condensation nucle:
concentrations on a global scale, then any chimate
prediction must take account of future trends in regional
and global anthropogenic sulphur emission, which may be
quite different from those of the greenhouse gases

Aerosol particles derived from natural (biological)
emissions may contribute n mmportant ways to climate
teedback processes During a few years following major
volcantc eruptions the concentration of aerosol particles
can be greatly enhanced
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Figure 1.16: Simulated concentration ot sulphate at 900 hPa Ratio of concentrations based on total emissions (natural plus
anthropogenic) divided by concentrations based on natural emissions 1n July (Langner and Rodhe, 1990)
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EXECUTIVE SUMMARY

1 The climate of the Earth is affected by changes 1n radiative
forcing due to several sources (known as radiative forcing agents)
these include the concentrations of radiatively active (greenhouse)
gases, solar radiation, aerosols and albedo In addition to their
direct radiative eftect on chimate, many gases produce idirect
effects on global radiative forcing

2 The major contributor to increases in 1adiative forcing due to
increased concentrations of greenhouse gases since pre industrial
times 15 carbon dioxide (CO2) (61%)
contributions from methane (CHy) (17%) mitrous oxide (N2O)
(4%) and chlorofluorocarbons (CFCs) (129%) Stratospheric water

with substantial

vapour ncreases, which are expected to result from methane
emissions, contribute 6%, although evidence for changes 1n
concentration 1s based entirely on model calculations

The contribution from changes in tropospheric and stratospheric
ozone 1s difficult to estimate, ncreased levels of tropospheric
ozone may have caused 10% of the total forcing since pre

industrial times Decreases 1n lower stratospheric ozone may have
decreased radiative forcing 1n recent decades

3 The most recent decadal increase in radiative torcing 1s
attributable to COp (56%), CHg (11%), N2O (6%) and
CFCs(24%), stratospheric HpO 15 estimated to have contnibuted
4%

4 Using the scenario A ("business-as-usual case) ot tuture
emissions derived by IPCC WG3, calculations show the following
forcing from pre ndustrial values (and percentage contribution to

total) by the year 2025

CO; 29 Wm™=2(63%), CHy; 07 Wm?(15%), N.O 02
Wm 2 (4%), CFCs and HCFCs 05 Wm 2 (11%),
stratospheric HyO 0 2Wm 2 (5%)

The total, 4 6 Wm * corresponds to an effective CO2 amount ot
more than double the pre-industiial value

5 Anindex 15 developed which allows the ¢ limate eftects of
the emissions of greenhouse gases to be compated This 15
termed the Global Warming Potential (GWP) The GWP depends
on the position and strength of the absorption bands of the gas ats
lIifetime n the atmosphere 1ty molecular weight and the time
period over which the chimate effects are of concern A number
of simplifications are used to derive values for GWPs and the
values presented here should be considered as preliminary It 15

quoted here as 1cliive to CO»

Over a 500 year time period, the GWP of equal mass emussions
of the gases 1s as follows

CO, 1, CHy 9, 20 190, CFC 11
4500, HCFC-22 510

1500, CFC-12

Over a 20 year time period, the corresponding figures are

CO2 1, CHg4 63, NpO 270, CFC-11 4500, CFC 12
7100, HCFC-22 4100

Values for other gases are given in the text There are many
uncertainties assoclated with this analysis, for example the
atmospheric lifetime of CO2 1s not well characterized The GWPs
can be applied by considering actual emissions of the greenhouse
considering anthropogenic
1990,

ettect over 100 years, shows that 60% of the greenhouse forcing

gases For example,

emisstons of all gases n and integrating their

from these emissions comes from CO2

6 Although potential CFC replacements are less (o1, n some
cases, not at all) damaging to the ozone layer, the GWPs ot
several of them dre still substantial, however, over periods greater
than about 20 years most ot the substitutes should have a
markedly smaller impact on global warming than the CFCs they

replace, assuming the same emissions

7 Changes 1n chimate forcing over the last century due to
greenhouse gas increases are likely to have been much greater
than that due to solar radiation Although decadal
variations of solar radiation can be comparable with greenhouse
forcing, the solar forcing 15 not sustained and oscillates m sign
This limuts the ability of the chmate system to respond to the
forcing In contrast, the enhanced greenhouse effect causes a

sustained forcing

8 Stratospheric aerosols resulting from volcanic eruptions can
cause a significant radiative forcing A large eruption such as El
Chichon can cause a radiative torcing, averaged over a decade
about one third of (but the opposite sign to) the greenhouse gas
tforcing between 1980 and 1990 Regional and short term effects

of volcanic eruptions can be even larger

9 Man made sulphur emissions which have increased n the
Notthern Hemuisphere over the last century atfect radiative
forcing by formung aerosols and intluencing the radiative

properties of clouds so as to cool the Earth It 15 very ditficult to



46 Radiative Forcing of Climate 2

estimate the size of this effect, but it is conceivable that this forcing due to sulphur emissions in the future could be of either
radiative forcing has been of a comparable magnitude, but of sign, as it is not known whether the emissions will increase or
opposite sign, to the greenhouse forcing earlier in this century;  decrease.

regional effects could even have been larger. The change in




2 Radiatne Forcng of Climate

2.1 Introduction

The climate of the Earth has the potential to be changed on
all umescales by the way in which shortwave radiation
from the Sun 1s scattered and absorbed, and thermal
infrared radiation 1s absorbed and emutted by the Earth-
atmosphere system If the climate system 1s 1 equilibrium,
then the absorbed solar energy 1s exactly balanced by
radiation emutted to space by the Earth and atmosphere
Any factor that 1s able to perturb this balance, and thus
potentially alter the climate, 15 called a radiative forcing
agent

Of particular relevance to concerns about climate change
are the changes in radiative forcing which arise from the
increases 1n the concentration of radiatively active trace
gases ( greenhouse gases ) 1n the troposphere and
stratosphere described 1in Section | These changes 1n
concentration will come about when their emissions or
removal mechanisms are changed so that the atmospheric
concentrations are no longer in equilibrium with the
sources and sinks of the gas The growing concentrations of
greenhouse gases such as carbon dioxide, methane
chlorofluorocarbons and nitrous oxide are of particular
concern In addition, indirect effects on radiative forcing
can result from molecules that may not themselves be
greenhouse gases but which lead to chemical reactions
which create greenhouse gases For example, 1ndirect
effects are believed to be altering the distribution ot
stratospheric and tropospheric ozone

Although water vapour 15 the single most important
greenhouse gas the effect of changes n 1ts tropospheric
concentration (which may arise as a natural consequence of
the warming) 15 constdered as a feedback to be treated 1n
chimate models, similarly changes in cloud amount or
properties which result from climate changes will be
considered as feedbacks Both these factors are discussed in
Section 3 Possible feedbacks between occan temperature
and dimethy! sulphide emissions, which may alter sulphate
aerosol amounts, are also considered to be a feedback and
will be considered 1n Section 3

Other factors can alter the radiative balance of the planet
The most obvious of these 1s the amount of solar radiation
reaching the Earth and this 1s known to vary on a wide
range of time scales The amount of solar radiation
absorbed by the Earth atmosphere system 15 determined by
the extent to which the atmosphere and Earth s surface
reflect the radiation (their albedo) and by the quantities of
gases such as ozone and water vapour in the atmosphere
The albedo of the Earth's surface can be aftected by
changes 1n the land surface, e g, deserufication The
planetary albedo can be altered by changes in the amount of
aerosol particles 1n the atmosphere, 1n the stratosphere the
dominant source 1s from volcanic eruptions, while i the
troposphere the source can be either natural or man-made
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The planetary albedo will also change if the properties of
clouds are changed, for instance, if additional cloud
condensation nucler are provided by natural or man-made
changes 1n aerosol concentrations Changes 1n aerosol
concentrations can also affect radiative forcing by their
ability to absorb thermal infrared radiation

Although all of the above factors will be considered 1n
this section, the emphasis will be very strongly on the
greenhouse gases, as they are likely to change radiative
forcing over the next few decades by more than any other
factor, natural or anthropogenic They are also candidates
for any policy action which may be required to Iimit global
climate change Obviously factors such as those related to
emissions from volcanoes and the effects ot solar
variability are completely outside our control

The purpose of this section 15 to use the information
described 1n Section 1, on how the forcing agents
themselves have changed in the past and how, based on a
number of emission scenarios, they may change 1n the
future This information will then be used 1n climate
models, later in the report, to show the climate and sea
level consequences of the emission scenarios

However, we can dalso use the estimates of radiative
forcing from this section 1n their own right, by looking at
the relative contribution from each of the agents - and n
particular the greenhouse gases The advantage of dealing
with radiative forcing, rather than climate change 1tself], 1s
that we can cstimate the former with a great deal more
certainty than we can estimate the latter In the context of
policy formulation, the relative importance of these agents
1s of major significance 1n assessing the effectiveness of
response strategies The radiative forcing 1s expressed as a
change 1n flux of cnergy 1n Wm2

In order to formulate policy on the possible hmitations of
greenhouse gas emissions (undertaken within IPCC by
Working Group III), 1t 1s essential to know how abatement
of the emussions of each of the trace gases will affect global
chimate forcing n the future This information can then be
used for calculations of the cost-effectiveness of reductions,
e g CO7 emissions compared to CH4 emissions There 1s
no 1deal index that can be used for each gas, but values of
onc ndex, the Global Warming Potential, are derived in
this section Research now under way will enable such
indices to be refined

2.2 Greenhouse Gases

2.2.1 Introduction

A typical global-average energy budget for the climate
system shows that about half of the incident solar radiation
{at wavelengths between 0 2 and 4 0 um) 1s absorbed at the
Carth s surface This radiation warms the Earths surface
which then emits energy 1n the thermal infrared region (4-
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100um), constituents 1n the Earth s atmosphere are able to
absorb this radiation and subsequently emit 1t both upwards
to space and downwards to the surface This downward
cmission of radiation serves to further warm the suiface,
this warming 15 known as the greenhouse effect

The strength of the greenhousc effect can be gauged by
the ditfercnce between the effective emitting temperature
of the Earth as seen from space (about 255K) and the
globally-averaged surface temperature (about 285K) The
principal components of the greenhouse effect are the
atmospheric gases (Section 2 2 2), clouds and aerosols also
absorb and emit thermal infrared radiation but they also
inctease the planetary albedo, and 1t 1s beheved that then
net etfect 15 to cool the surface (see Sections 3 3 4 and
232) Of the atmospheric gases the dominant greenhouse
gas 15 water vapour It H2O was the only greenhouse gas
present then the greenhouse effect of a clear sky mid-
latitude atmosphere, as measured by the diffeience between
the emitted thermal infrared flux at the surface and the top
ol the atmosphere, would be about 60 70% of the value
with all gases included, by contrast, 1f CO2 alone was
present the corresponding value would be about 25% (but
note that because of overlap between the absorption bands
of ditferent gases, such percentages are not strictly
additive)

Here we are primanly concerned with the impacts of
changing concentrations of greenhouse gases A number of
basic factors affect the ability of different greenhouse gases
to force the chimate system

The absorption strength and the wavelength of this
absorption 1n the thermal infrared are of fundamental
importtance n dictating whether a molecule can be an
important greenhouse forcing agent, this ettect 15 modified
by both the existing quantities of that gas in the atmosphere
and the oveilap between the absorption bands and those of
other gases present 1n the atmosphere

The ability to build up significant quantities of the gas n
the atmospherc 15 of obvious importance and this 1s
dictated not only by the emissions of the gas, but also by 1ts
lifetime 1 the atmosphere  Fuither, these gases, as well as
those that are not significant greenhouse gases can, via
chemical reactions result 1n products that are greenhouse
gases

In addition the relative strength of greenhouse gases will
depend on the period over which the etfects of the gases
are to be considered For example, a short lived gas which
has a stiong (on a kg-per-kg basis) greenhouse effect may,
i the short term be more cifective at changing the
radiative torcing than a weaker but longer-lived gas, over
longet pertods however the integrated effect of the weaker
gas may be greater as a result of its persistence n the
atmosphere

From this inttoduction 1t 1s clear that an assessment of
the strength of greenhouse gases m influencing radiative
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forcing depends on how that strength 1s measured There
are many possible appiroaches and 1t 1s 1mportant to
distinguish between them

Some of the more important indices that have been used
as measures of the strength of the radiative forcing by
greenhouse gases include

1) Relative molecular forcing. This gives the relative
forcing on a molecule-per-molecule basis of the
different species It 1s normally quoted relative to
CO7 Since the forcing of some atmospheric species
{most notably CO7, methane and nitrous oxide) 1s
markedly non-linear in absorber amount, this relative
forcing will be dependent on the concentration
changes tor which the calculations are performed A
small change 1n current atmospheric concentrations 1s
generally used This measure emphasises that the
contributions of individual gases must not be judged
on the basis of concentration alone The relative
molecular forcing will be considered 1n Section 2 2 4

1)  Relative mass forcing. This 1s similar to the relative
molecular forcing but 1s relative on a kilogram per
kilogram basis It 15 related to the relative molecular
forcing by the molecular weights of the gases
concerned It will also be considered in Section 2 2 4

ur)  Contribution of past, present and future changes
in trace gas concentration. This measure, which can
either be relative or absolute calculates the
contribution to radiative forcing over some given
period due to observed pdst or present changes, or
scenarios of future changes 1n trace gas
concentration This 1s an important baseline The
relative measures (1) and (11) above, can belittle the
mfluence of carbon dioxide since 1t 1s relatively weak
on a molecule-per-molecule basis, or a kg-per-kg
basis This measure accounts for the fact that the
concentration changes for CO9 are between two and
four orders of magnitude greater than the changes of
other important greenhouse gases This measure wiil
be considered 1n sections 22 5 and 22 6 Care must
be taken 1n interpreting this measure as 1t 1s
sometimes presented as the total change 1n forcing
since pre industrial times and sometimes as the
change 1n forcing over a shorter period such as a
decade or 50 years

1v) Global Warming Potential (GWP). All the above
measures are based on concentration changes 1n the
atmosphere, as opposed to enussions Assessing the
potential impact of future emissions may be far more
important {rom a policy poimnt of view Such
measures combine calculations of the absorption
strength of a molecule with assessments of 1ts
atmospheric lifetime, 1t can also include the indirect
greenhouse cffects due to chemical changes in the
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atmosphere caused by the gas The development of
an index 1s still at an early stage, but progress has
been made and preliminary values are given 1n
Section 227

A detailed assessment of the climatic effects of trace
gases was made by WMO (1985) (see also Ramanathan et
al, 1987) The effect of halocarbons has been considered 1n
detail 1n the recent Scientific Assessment of Stratospheric
Ozone (UNEP, 1989) (see also Fisher et al , 1990) This
section should be considered as building on these
assessments and bringing them up to date

2.2.2 Direct Effects

Many molecules 1n the atmosphere possess pure-rotation or
vibration-rotation spectra that allow them to emut and
absorb thermal infrared radiation (4-100 um), such gases
include water vapour, carbon dioxide and ozone (but not
the main constituents of the atmosphere, oxygen or
nmitrogen) These absorption properties are directly
responsible for the greenhouse effect

It 1s not the change tn thermal infrared flux at the surface
that determines the strength of the greenhouse warming
The surface, planetary boundary layer and the free
troposphere are tightly coupled via ar motions on a wide
range of scales so that in a global-mean sense they must be
considered as a single thermodynamic system As a result
1t 18 the change 1n the radiative flux at the # opopause, and
not the surface, that expresses the radiative forcing of
climate system (see € g , Ramanathan et al 1987)

A number of factors determine the ability of an added
molecule to affect radiative forcing and n particular the
spectral absorption of the molecule in relation to the
spectral distribution of radiation emutted by a black-body
The distributton of emitted radiation with wavelength 15
shown by the dashed curves for a range of atmospheric
temperatures 1n Figure 2 1 Unless a molecule possesses
strong absorption bands in the wavelength region of
significant emission, 1t can have little effect on the net
radiation

These considerations are complicated by the effect of
naturally occurring gases on the spectrum of net radiation
at the tropopause Figure 2 1 shows the spectral variation of
the net flux at the tropopause for a clear-sky mid-latitude
profile For example, the natural quantittes of carbon
dioxide are so large that the atmosphere 15 very opaque
over short distances at the centre of 1ts 15 pm band At this
wavelength the radiation reaching the tropopause, from
both above and below, comes from regions at temperatures
Iittle different to the tropopause 1tself The net flux 1s thus
close to zero The addition of a small amount of gas
capable of absotbing at this wavelength has neghgible
effect on the net flux at the tropopause The effect of added
carbon dioxide molecules 15, however, significant at the
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Figure 2.1: The dashed Iines show the emission from a black
body (Wm 2 per 10 cm ! spectral interval) across the thermal
infrared for temperatures of 294K, 244K and 194K The solid
line shows the net flux at the tropopause (Wm 2) in each 10
cm ! interval using a standard narrow band radiation scheme
and a clear-sky mid-latitude summer atmosphere with a
surface temperature of 294K (Shine, pers comm ) In general,
the closer this line 1s to the dashed line for 294K, the more

transparent the atmosphere

edges of the 15 pm band, and 1n particular around 13 7 and
16 um At the other extreme, 1n more transparent regions
of the atmosphere (for example between 10 and 12 pum),
much of the radiation reaching the tropopause from beneath
1s, for clear skies, from the warm surface and the lower
troposphere, this emission 1s not balanced by downward
emission of radiation from the overlying stratosphere A
molecule able to absorb 1n such a transparent spectral
region 1s able to have a far larger effect

The existing concentrations of a particular gas dictate the
effect that additional molecules of that gas can have For
gases such as the halocarbons, where the naturally
occurring concentrations are zero or very small, their
forcing 15 close to linear in concentration for present-day
concentrations Gases such as methane and nitrous oxide
are present mn such quantities that significant absorption 15
already occurring and 1t 1s found that their forcing 1
approximately proportional to the square root of their
concentration Furthermore, there 1s significant overlap
between some of the infrared absorption bands of methane
and nitrous oxide which must be carefully considered in
calculations of forcing For carbon dioxide, as has already
been mentioned, parts of the spectrum are already so
opaque that additional molecules of carbon dioxide are
even less effective, the forcing 1s found to be logarithmic in
concentration These effects are reflected 1n the empirical
expressions used to calculate the radiative forcing that are
discussed m Section 2 2 4
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A further consideration 1s the spectroscopic strength of
the bands of molecules which dictates the strength of the
infra-red absorption. Molecules such as the halocarbons
have bands with intensities about an order of magnitude or
more greater, on a molecule-per-molecule basis, than the
15 pm band of carbon dioxide The actual absorptance by a
band 15, however, a complicated function of both absorber
amount and spectroscopic strength so that these factors
cannot be considered entirely n 1solation.

2.2.3 Indirect Effects
In addition to their direct radiative cftects, many of the
greenhouse gases also have indirect radiative effects on
climate through therr interactions with atmospheric
chemical processes Several of these interactions are shown
in Table 2.1

For example, both atmospheric measurements and
theoretical models indicate that the global distribution of
ozone 1n the troposphere and stratosphere 15 changing as a
result of such interactions (UNEP, 1989, also see Section
)]

Oconc plays an important dual role n aftecting climate
While CO7 and other greenhouse gases are relatively well-
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mixed 1n the atmosphere, the climatic effect of ozone
depends strongly on its vertical distribution throughout the
troposphere and stratosphere, as well as on 1ts total amount
in the atmosphere Ozone 1s a primary absorber of solar
radiation 1n the stratosphere where 1t 1s directly responsible
for the increase in temperature with altitude. Ozone 15 also
an mmportant absorber of infrared radiation It 1s the balance
between these radiative processcs that determines the net
effect of ozone on climate. Changes 1n ozone in the upper
troposphere and lower stratosphere (below 25 km) are most
effective in determining the change 1n radiative forcing,
with increased ozone leading to an increased radiative
forcing which would be expected to warm the surtface (e g,
Wang and Sze, 1980, Lacis et al , 1990) This 1s because
the greenhouse effect 15 directly proportional to the
temperature contrast between the level of emission and the
levels at which radiation 1s absorbed This contrast 15
greatest near the tropopause where temperatures are at a
minimum compared to the surface. Above about 30 km,
added ozone causes a decrease in surface temperature
becausc 1t absorbs extra solar radiation, effectively robbing
the troposphere of direct solar energy that would otherwise
warm the surface (Lacis et al, 1990).

Table 2.1: Durect radiative effects and indiiect trace gas chemical-climate mnteractions (based on Wuebbles et al , 1989)

Is 1ts tropospheric

Effects on tropospheric  Effects on *

Gas Greenhouse Gas concentration affected chemustry? * stratospheric chemustry?
by chemistry?
COp Yes No No Yes, affects O3 (see text)
CHy4 Yes Yes, reacts with OH Yes, affects OH, O3 and Yes, affects O3 and H,O
COp
CcO Yes, but weak Yes, reacts with OH Yes, affects OH, O3 and Not significantly
COp
N20 Yes No No Yes, affects O3
NOx Yes Yes, reacts with OH Yes, affects OH Yes, affects O3
and O3
CFC-11 Yes No No Yes, affects O3
CFC-12 Yes No No Yes, affects O3
CFC-113 Yes No No Yes, affects O3
HCFC-22 Yes Yes, reacts with OH No Yes, affects O3
CH;CCl4 Yes Yes, reacts with OH No Yes, affects O3
CF,CIBr Yes Yes, photolysis No Yes, affects O3
CF;Br Yes No No Yes, affects O3
SO, Yes, but weak Yes, reacts with OH Yes, increases aerosols Yes, increases aerosols
CH;SCH4 Yes, but weak Yes, reacts with OH Source of SO7 Not significantly
Cs, Yes, but weak Yes, reacts with OH Source of COS Yes, increases aerosols
COS Yes, but weak Yes, reacts with OH Not significant Yes, Incredses aerosols

0,

Yes

Yes

Yes

Yes

* - Effects on atmospheric chemistry are limited to effects on constituents having a significant influence on climate
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Stratospheric water vapour 1s an important greenhouse
gas A major source of stratospheric water vapour 1s the
oxidation of methane (e g, WMO 19§5), 1t 15 anticipated
that increased atmospheric concentrations of methane will
lead to increases 1n stratospheric water vapour It 15 also
possible that changes 1n climate will affect the transfer of
water vapour from the troposphere to the stratosphere,
although the sign of the net effect on stratospheric water
vapour 1s unclear Unfortunately, observations of
stratospheric water vapour are inadequate for trend
detection In this section the impact of increased emissions
of methane on stratospheric water vapour will be included
as an indirect radiative forcing due to methane

The oxidation of fossil based methane and carbon
monoxide 1n the atmosphere lead to the production of
additional carbon dioxide Although CO2 has no known
chemical interactions of consequence within the
troposphere or stratosphere 1ts increasing concentrations
can affect the concentrations of stratospheric ozone through
its radiative cooling of the stratosphere In the upper
stratosphere the cooling slows down catalytic ozone
destruction and results in a net increase 1n ozone, where
heterogeneous ozone destruction 1s important, as n the
Antarctic lower stratosphere ozone destruction may be
accelerated by this cooling (UNEP, 1989) The
combination of these indirect effects, along with their
direct radiative effects, determines the actual changes 1n
radiative forcing resulting from these greenhouse gases

The hydroxyl radical, OH 15 not 1tself a greenhouse gas
but it 1s extremely important in the troposphere as a
chemical scavenger Reactions with OH largely control the
atmospheric lifetime, and, therefore the concentrations of
many gases important n determining climate change
These gases include CH4q CO the non-methane
hydrocarbons (NMHCs), the hydrochloroiluorocarbons
(HCFCs), the hydrofluorocarbons (HFCs) CH3CCl3, HpS
507 and dimethyl sulphide (DMS) Then reaction with OH
also aftects the production of tropospheric ozone, as well as
determining the amounts of these compounds 1eaching the
stratosphere, where these spectes can cause changes in the
ozone distribution In turn the reactrons of these gases
with OH also atfects 1ts atmospheric concentration The
increase 1n tropospheric water vapour concentration
expected as a result of global warming would also increase
photochemical production of OH It 1s important that
effects of interaction between OH and the greenhousc
gases, along with the resulting impact on atmospheric
Iifetimes of these gases, be accounted for in analysing the
possible state of future climate

The indirect effects can have a significant effect on the
total forcing these effects will be detatled later m the

section
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2.2.4 Relationship Between Radiative Forcing and
Concentration

To estimate climate change using simple energy balance
climate models (see Section 6) and 1n order to estimate the
relative importance of different greenhouse gases 1n past,
present and future atmospheres (e g, using Global
Warming Potentials, see Section 2 2 7), 1t 1s necessary to
express the radiative forcing for each particular gas in
terms of 1ts concentration change This can be done in
terms of the changes 1n net radiative flux at the tropopause

AF =f(Cq, C)

where AF 1s the change 1n net flux (in Wm'z)
corresponding to a volumetric concentration change from
Coto C

Drirect-effect AF-AC relationships are calculated using
detailed radiative transfer models Such calculations
simulate the complex variations of absorption and emission
with wavelength for the gases included, and account for the
overlap between absorption bands of the gases, the effects
of clouds on the transfer of radiation are also accounted for

As was discussed 1 Section 2 2 2, the forcing 1s given
by the change 1n net flux at the tropopause However as1s
explained by Ramanathan et al (1987) and Hansen et al
(1981) great care must be taken in the evaluation of this
change When absorber amount varies, not only does the
flux at the tropopause respond, but also the overlying
stratosphere 1s no longer n radiative equilibrium For some
gases, and 1 particular CO2, the concentration change acts
to cool the stratosphere, for others, and n particular the
CFCs, the stratosphere warms (see ¢ g Table 5 of Wang et
al (1990)) Calculations of the change in forcing at the
tropopause should allow the stratosphere to come into a
new equilibrium with this altered flux divergence, while
tropospheric temperatures are held constant The
consequent change 1n stratospheric temperature alters the
downward emission at the tropopause and hence the
forcing The AF-AC relationships used here imphlicitly
account for the stratospheric response If this point 15
1ignored, then the same change 1n tlux at the tropopause
from different forcing agents can lead to a diffcrent
tropospheric temperature response Allowing for the
stratospheric adjustment means that the temperature
response for the same flux change from different causes are
in far closer agreement (Lacis, personal communication)

The torm of the AF AC relationship depends primarily
on the gas concentration For low/moderate/high
concentrations, the form 1s well approximated by a
linear/squarc-root/logarithmic dependence of AF on
concentration For ozone, the form follows none of these
because of marhed vertical variations m absorption and
concentratton Vertical variations tn concentiation change
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Table 2.2: E\piressions used to derne radiative forcng for past trends and future scenarios of greenhouse gas

concentrattons

TRACE GAS

RADIATIVE FORCING

APPROXIMATION GIVING AF

IN Wm-2

COMMENTS

Carbon dioxide

Methane

AF =63 1In(C/Co)

where C 1s CO2 1 ppmv for C

< 1000 ppmv

AF = 0036 (YM - VM) -
(f(M, No)-f(Mg, No))

where M 1s CH4 1 ppbv

and N 1s N2O 1n ppbv

Functional form from Wigley (1987),
coefficient derived from Hansen et al
(1988)

Functional form from Wigley (1987),
coefficient derived from Hansen et al
(1988) Overlap term, f(M, N) from
Hansen et al (1988)*

Valid for M <Sppmv
AF =0 14 (VN - VNg) -
Nitrous Oxide
with M and N as above
Vald for N <5ppmv

AF=022 (X - Xo)

(fMg, N) - f(Mq, Ng))

Functional form from Wigley (1987),
coefficient derived from Hansen et

al (1988) Overlap term from Hansen et
al (1988)"

Based on Hansen et al (1988)

Based on Hansen et al (1988)

CFC-11 where X 1s CFC-11 1n ppbv
Valid for X <2ppbv
AF=028(Y-Yyp)
CFC-12

Valid for Y <2ppbv

AF =0011 (¥M - VM)
where M 1s CH4 1n ppbv

Stratospheric water vapour

AF =002 (0 - Ogp)

Tropospheric ozone where O 1s ozone

where Y 1s CFC-12 1n ppbv

Stratospheric water vapour forcing taken
to be 0 3 of methane forcing without
overlap based on Wuebbles et al (1989)

Very tentative illustrative
parameterization based on value from

n ppbv Hansen et al (1988)
AF=A(Z-Zy) Coefficients A derived from Fisher et al
Other CFCs, HCFCs and HFCs where A based on forcing relative to (1990)

CFC-111n Table 2 4 and

Z 1s constituent 1n ppbv

* Methane-Nitrous Oxide overlap term

£ (M,N)=047 In [1 +201x10-5 (MN)0 75 + 5 31x10715 M (MN) 1 52), M and N are 1n ppbv
Note typographical error on page 9360 of Hansen et al (1988) 0014 should be 0 14

for ozone make 1t even more difficult to relate AF to
concentration 1n a simple way

The actual relationships between forcing and
concentration dertved from detailed models can be used to
develop simple expressions (e g . Wigley, 1987, Hansen et
al 1988) which are then more casily used for a large
number of calculations  Such simple expressions are used
in this Section  The values adopted and their sources are
given in Table 22 Values derived trom Hansen et al have

been multiplied by 3 35 (Lacis, personal communication)
to convert forcing as a temperature change to forcing as a
change 1n net flux at the tropopause after allowing for
stratospheric temperature change These expressions
should be considered as global mean forcings, they
implicitly include the radiative effects of global mean cloud
cover

Significant spatial variations i AF will exist because 1ts
value for any given AC depends on the assumed
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tempetatute and water vapour profiles  Variations will also
occur due to spatial variations in mean cloudiness  These
factors can produce marked differences i the relative
contributions of difterent grecnhouse gases to total
radiative forcing in different regions but these are not
accounted for here

Uncertainties in AF-AC relationships arise in three ways
First, there are stilll uncertainties in the basic spectroscopic
data for many gases In particular, data for CFCs, HFCs
and HCFCs are probably only accurate to within £10-20%
Part of this uncertainty 1s related to the temperature
dependence of the intenstties, which 1s generally not
known For some of these gases, only cross-section data
are available For the line intensity data that do exist, there
have been no dctailed intercomparisons of results from

Table 2.3: Radiative forcing relatne to CO2 per unit
molecule change, and per unit mass change 1n the
atmospher e for present day concentrations CO2 CH4 and
N20 forcngs from 1990 concentrations in Table 2 5

TRACE GAS AF for AC per AF for AC per
molecule relative  unit mass
to COy relative to COy

60)] 1 1

CHg 21 58

N20 206 206

CFC-11 12400 3970

CFC-12 15800 5750

CFC-113 15800 3710

CFC-114 18300 4710

CFC-115 14500 4130

HCFC-22 10700 5440

CCly 5720 1640

CH3CCl3 2730 900

CF3Br 16000 4730

Possible CFC

substitutes

HCFC-123 9940 2860

HCFC-124 10800 3480

HFC-125 13400 4920

HFC-134a 9570 4130

HCEC 141b 7710 2900

HCFC 142b 10200 4470

HFC 143a 7830 4100

HFC 152a 6590 4390
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different laboratories  Further information on the available
spectroscopic data 1s given by Husson (1990)

Second, uncertainties arise through details 1n the
radiative transfer modelling Intercomparisons made under
the auspices of WCRP (Luther and Fouquart, 1984) suggest
that these uncertainties are around 10% (although
schemes used 1n climate models disagreed with detailed
calculations by up to 25% for the flux change at the
tropopause on doubhing CO»2)

Third, uncertainties arise through assumptions made n
the radiative model with regard to the following

(1) the assumed or computed vertical profile of the
concentration change For example, for CFCs and
HCFCs, results can depend noticeably on the
assumed change 1n stratospheric concentration (see
e g , Ramanathan et al , 1985)

the assumed or computed vertical profiles of
temperature and moisture

(1)

Table 2.4: Radiative forcing of a number of CFCs,
possible CFC substitutes and other halocarbons 1elatiy e to
CFC-11 per umit molecule and per unit mass change All
values, except CF3B1, from Fisher et al , 1990 CF3Bi

from Ramanathan et al , 1985

AF/AC per AF/AC per
TRACE GAS molecule unit mass

relative to relative to

CFCt1 CFCl11
CFC-11 100 100
CFC-12 127 145
CFC-113 127 093
CFC-114 147 118
CFC-115 117 104
HCFC-22 086 136
HCFC-123 080 072
HCFC-124 087 088
HFC-125 108 124
HFC-134a 077 104
HCFC-141b 062 073
HCFC-142b 082 112
HFC-143a 063 103
HFC-152a 053 110
CCly4 046 045
CH3CCl3 022 023
CF3Br 129 119
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() assumptions made with regard to cloudiness Clear
sky AF values are 1n general 20% greater than those
using realistic cloudiness

the assumed concentrations of other gases (usually,
present-day values are used) These are important
because they determine the overall IR flux and
because of overlap between the absorption lines of
different gases

the indirect effects on the radiative forcing due to
chemical nteractions as discussed 1n Section 2 2 3

(1v)

v

The overall effect of this third group of uncertainties on
AF 1s probably at least £10%

Direct radiative forcing changes for the different
greenhouse gases can be easily compared using the above
AF-AC relationships There are two ways 1in which these
comparitsons may be made, per volumetric
concentration change (equivalent to per molecule) or per
unit mass change Comparison for the major greenhouse
gases are given 1n Table 2 3  The relative strength of the
CFCs, HFCs and HCFCs, relative to CFC-11, are shown 1n
Table 2 4 (from Fisher et al , 1990) It can be seen that, by

unit
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these measures, many of the potential CFC substitutes are
strong frared absorbers

2.2.5 Past and Present Changes in Radiative Forcing
Based on the expressions given 1n Table 2 2 the radiative
forcing between 1765 and 1990 was calculated using
observed variations of the greenhouse gases The
concentrations are given 1n Table 2 5, they are updated
values from Wigley (1987) and Section 1 Values for 1990
have been extrapolated from recent values In addition to
the well-observed variations 1n the gases given 1n Table
2 5,1t 1s assumed that increased concentrations of methane
have led to increases 1n stratospheric water vapour,
although such changes are based entirely on model
estimates (see Section 2 2 3)

Table 2 6 gives the contributions to the forcing for a
number of pertods This 1s shown diagrammatically in
Figure 2 2 as the change in total forcing from 1765
concentrations, 1t 1s shown as a change 1n forcing per
decade 1n Figure 2 3

Table 2.5: Tiace gas concentrations from 1765 to 1990, used to construct Figure 2 2

YEAR COy CH4 N70 CFC-11 CFC-12
(ppmv) (ppbv) (ppbv) (ppbv) (ppbv)

1765 279 00 7900 28500 0 0

1900 29572 974 1 29202 0 0

1960 31624 12720 296 62 00175 00303

1970 32476 14209 298 82 00700 01211

1980 337 32 15690 30262 01575 02725

1990 35393 17170 309 68 02800 04844

Table 2.6: Foircing in Wm=2 due to changes in tiace gas concentrations in Table 25 All values aie for changes in
foicing from 1765 concentrations The change due to stiatospheric water vapour 1s an ndirect effect of changes in

methane concentration (see tet)

YEAR SUM COp CHy Strat NO CFC-11 CFC-12  Other
direct H>0O CFCs
1765 1900 053 0137 010 0034 0027 00 00 00
1765 1960 117 079 024 0082 0045 0004 0008 0005
1765 1970 148 096 030 010 0054 0014 0034 0021
1765 1980 191 120 0136 012 0 068 0035 0076 (048
1765 1990 245 1 50 042 014 010 0 062 014 0085
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Figure 2.2: Changes 1n radiative forcing (Wm‘z) due to
increases i greenhouse gas concentrations between 1765 and
1990 Values are changes in torcing from 1765 concentrations
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Figure 2.3: Decadal contributions to radiative forcing (Wm 2)
due to increases n greenhouse gas concentrations for periods
between 1765 and 1990 The changes for the periods 1765-1900
and 1900-1960 are the total changes during these periods divided
by the number of decades

Changes 1n halocarbons other than CFC-11 and CFC-12
have been accounted for by using concentration changes
from Section | and the forcing versus-concentration
changes given i Tables 22 and 24 It 15 found that they
contribute an extra 43% of the sum of the forcig from
CFC-11 and CFC 12, most of this contitbution results from
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changes in HCFC-22, CFC-113, carbon tetrachlonde and
methyl chloroform This 15 1n reasonable agreement with
Hansen et al (1989) who using less recent spectioscopic
data, {ind these halocarbons contribute dan extra 60% of the
combined CFC-11 and CFC-12 forcing

For the period 1765 to 1990, CO2 has contributed about
61% of the forcing, methane 17% plus 6% from
stratosphertc water vapour, N20O 4% and the CFCs 12%
For the decade 1980-1990, about 56% of the torcing has
been due to changes in CO2, 11% due to the direct effects
of CH4 and 4% via stratospheric water vapour, 6% from
N2O and 24% from the CFCs

As discussed 1n Section 1, the distribution of
tropospheric ozone has almost certainly changed over this
period, with a possible mmpact on 1adiative forcing
Difficulties 1n assessing the global changes in ozone, and 1n
calculating the resultant radiative forcing, prevent a
detailed assessment of the effect Estimates of tropospheric
ozone change driven by changing methane and NOy
emissions are highly model dependent partly because of
the inherent spatial averages used in current two-
dimensional models Estimates of changes in tropospheric
ozone from pre-industrial values (e g Hough and Derwent
1990) and simplifted estimates of the 1adiative forcing
(Table 2 2) suggest that tropospheric ozone may have
contributed about 10% of the total forcing due to
greenhouse gases since pre-industrial times

Decreases in lower stratospheric ozone, particularly
since the mid-70s, may have led to a decreased radiative
forcing, this may have compensated for the effects of
tropospheric ozonc (Hansen et al ,1989, Lacis et al 1990)
This compensation should be considered as largely
forturtous, as the mechantsms nfluencing ozone
concentrations mn the troposphere and stratosphere are
somewhat different

2.2.6 Calculations of Future Forcing
Using the radiative forcing expressions described in
Section 224, and the four scenarios developed by
Working Group I11, possible changes in radiative forcing
over the next century can be calculated The four scenarios
are 1ntended to provide wnsight into policy analysis for a
range of potential changes 1n concentrations, Scenario A 15
a 'Business as Usual case, whilst Scenanios B,C and D
represent cases ot reduced emissions  These four scenarios
are considered in more detail 1n the Appendix | As in the
previous section the indirect ctfect of methance on forcing
vid stratospheric water vapour changes 1s included, whilst
the effects of possible changes 1n ozone are neglected

[t must be stressed here that the gas referred to as HCFC-
22 as given i the scenaiios 15 used as a surrogate for all the
CFC substitutes  Since all HCFCs and HFCs are of similar
tadiative strength on a molecule-per-molecule basis (see
Table 2 4) the crior from this source 1in using HCFC-22 as
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Figure 2.4: Possible tuture changes in radiative torcing (Wm 2 due 1o 1ncreases greenhouse gas concentrations between 1985 and

2100 using the four policy scenarios given 1n the Appendix |

a proxy for the other gases will be small However, since
the concentrations, as specitied n the scenarios, were
calculated assuming the HCFC-22 Iifetime and molecular
weight considerable errors 1n the forcing may result from
criors 1n the concentrations Since some of the CFC
substitutes have a longer lifetime than HCFC-22, and some
shorter 1t 15 not possible to calculate the sign of the error
without knowing the precise mix of substitutes used

Figuie 2 4 shows the radiative forcing change (hrom pre
mdustiial) for cach gas from the four scenaros the 1esults
are tabulated m Table 27

Fot CO2 rtemains the donmnant
contnibutor to change thioughout the period In the

these scenaiios

Values are changes in forcing from 1765 concentrations

Business as Usual Scenario, for example, 1ts contribution
to the change always cxceeds 60% For the scenarios
chosen for this analysis, the contribution of HCFC-22
becomes significant in the next century It 15 contributing
119% of the 25 year forcing change between 2025-2050 in
the Business-as-Usual Scenarto and 18% 1n Scenario B
Since the concentration of chlorine can be anticipated to
increase n the stratosphere for at least the next decade
(Section 1 6 2 see also Prather and Watson  1990) further
decreases 1in stratospheric ozone can be anticipated
Decteases i upper stiatosphetic ozone will fead to a small
warming ellect decteases in the lower stiatosphere would

cause a4 cooling effect A 1% loss in osone 1 the lower
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Table 2 7: Changes in radative forcng in Wm 2 for the 4 policy scenarios The change due to stratospheiic water
vapour 1s an induect effect of changes in methane concentiation (see text) All values are changes i forcing fiom 1765

concentrations

SCENARIO A (Business-as-Usual)

YEAR SUM COp CHy4 Strat N0 CFC-11  CFC-12 HCFC-22
direct H»O

1765 2000 295 1 85 051 018 012 008 017 004

1765 2025 459 288 072 025 021 011 025 017

1765 2050 649 415 090 031 031 012 030 039

1765 2075 828 549 102 035 040 013 035 055

1765 2100 990 684 109 0138 047 014 039 059

SCENARIO B (Low Emissions)

YEAR SUM COp CHyg Strat N20 CFC-11 CFC-12 HCFC- 22
direct H»O

1765 2000 277 175 045 016 011 008 017 004

1765 2025 380 2135 056 019 018 010 024 017

1765 2050 4 87 297 065 022 023 011 029 039

1765 2075 584 369 066 023 028 012 033 053

1765 2100 6 68 443 066 023 033 012 036 056

SCENARIO C (Control Policies)

YEAR SUM COp CHgy4 Strat N20 CFC-11 CFC-12 HCFC- 22
direct H»>O

1765 2000 274 175 044 015 011 008 017 005

1765 2025 363 2134 051 017 017 007 017 020

1765 2050 449 296 053 018 022 005 014 041

1765 2075 500 342 047 016 025 003 012 055

1765 2100 507 362 0137 013 027 002 010 057

SCENARIO D (Accelerated Policies)

YEAR SUM COr CH4 Strat N>O CFC-11 CFC-12 HCFC-22
direct H»>O

1765 2000 274 175 044 015 011 008 017 004

1765 2025 352 229 047 016 017 007 017 020

1765 2050 399 260 043 015 021 005 014 040

1765 2075 422 277 039 013 024 003 012 053

1765 2100 430 290 034 012 026 002 010 056

stratosphere would cause a change of about 0 05 Wm-2 so be expected to lead to a slow recovery of stratospheric
that changes could be stgnificant on a decadal time-scale  ozone over many decades, which would then result 1n a
Possible decicases 1n chlorine content as a result of  small positive forcing over the period of that recovery
International agreements (Prather and Watson 1990) would
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2.2.7 A Global Warming Potential Concept for Trace
Gases

In considering the policy options for dealing with
greecnhouse gases, 1t 1s necessary to have a simple means of
describing the relative abilities of emissions of each
greenhouse gas to affect radiative forcing and hence
chmate A useful approach could be to cxpress any
estimates relative to the trace gas of primary concern,
namely carbon dioxide It would follow on from the
concept of relative Ozone Depletion Potential (ODP) which
has become an integral part of the Montreal Protocol and
other national and 1nternational agreements for
controlling emissions of halocarbons (e g UNEP
1989) The long lifctime of some greenhouse gases implies
some commitment to possible climate impacts for decades
o1 centuties to come, and hence the inclusion of potential
in the formulation of the concept

Estimates of the 1elative greenhousc torcing based on
atmospheric concentrations have been detatled in Section
223 these are relatively straightiforward to evaluate
Relative forcings based on emissions are of much greater
intinsic nterest to policy makers but require a carcful
consideration of the radiative propertics of the gases their
Iifetimes and then indirect ctfects on greenhouse gases
Wuebbles (1989) has reviewed various approaches to the
design ol relative torcings based on emissions using past
and curient trends 1n global emissions and concentrations

It must be stressed that there 15 no universally accepted
mcthodology for combining all the relevant factors into a
sigle global warming potential for greenhouse gas
emussions In fact there may be no single approach which
will tepresent all the needs of policy makers A simple
approach has been adopted here to tllustrate the difficulties
inherent n the concept, to tllustiate the importance of some
of the current gaps 1n understanding and to demonstrate the
curtent tange of uncertaintics However, because of the
impottance ot greenhouse warming potentidls, a
preliminary evaluation 1s made

The Global Warming Potential (GWP) of the
emissions of a greenhouse gas, as employed 1n this report,
15 the ime integrated commitment to chimate forcing from
the instantaneous release of | kg of a trace gas expressed
rclative to that from 1 kg of carbon dioxide

I

n
IO aco, o, dt

alcldt

GWP =

Radiative Forcang of Climate 2

where q; 15 the instantancous radiative forcing due to a unit
icrease 1n the concentration of trace gas, 1, ¢ 15
concentration of the trace gas, 1, remaining at time, t, after
1ts release and n 15 the number of ycars over which the
calculation 1s pertormed The corresponding values for
carbon dioxide are in the denominator

Fisher et al (1990) have used a similar analysis to derive
a global warming potential for halocarbons taken relative to
CFC-11 In then work 1t 1s mmplicitly assumed that the
integration time 15 out to nfinity

Early attempts at defining a concept of global warming
potentials (Lashof and Ahuja 1990, Rodhe, 1990, Derwent
1990) are based on the instantaneous emissions 1o the
atmosphere of a quantity of a particular ttace gas The
trace gas concentration then declines with time and whilst it
15 present 1n the atmosphere it generates a grecnhouse
warming It 1ts dechne 15 due to atmospheric chemistry
then the products of thesc 1eactions may
generate an additional greenhouse warming A 1cahstic
emissions scenat1o can be thought of as due to a large
number of instantancous releases of ditferent magnitudes
over an extended tme period and some emission abatement
scendrios can be evaluated using this concept

Particular problems associated with evaluating the GWP
are

processes

the estimation of atmospheric lifetimes of gases (and m
particular CO?2), and the variation of that lifetime 1n
the future,

the dependence of the radiative forcing of a gas on its
concentration and the concentration of other gases
with spectrally overlapping absorption bands

the calculation of the indirect effects of thc emitted
gascs and the subsequent radiative etfects of these
indirect greenhouse gases (ozone poses a particular
problem),

the specification of the most appropriate time period
over which to perform the integration

The full resolution of the above problems must await
further research The assumptions made in the present
assessment arc described below

For some environmental impdcts, 1t 15 important o
evaluate the cumulative grecenhouse warming over an
extended period after the instantaneous release of the trace
gas For the evaluation of sea-level rise, the commitment to
greenhouse warming over a 100 year or longer time
horizon may be appropriate For the cvaluation of short
term effects, 4 time horizon of a few deccades could be
taken, for example, model studies show that continental
areds are able to respond rapidly to radiative forcing (see
e g, Section 6) so that the relative eifects of emissions on
such timescales are relevant to predictions of near-term
climate change This consideration alone dramatically
changes the cmphasis between the different gicenhouse
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gases, depending on their persistence n the atmosphere
For this 1eason, global warming potentials in Table 2 8
have been evaluated over 20, 100 and 500 years These
three different time horizons are presented as candidates for
discusston and should not be considered as having any
special significance

The figures presented 1n Table 2 8 should be considered
preliminary only Constderable uncertainty exists as to the
lifetimes of methane and many of the halocarbons, due to
difticulies 1in modelling the chemustry of the troposphere
The specification of a single Iifetime for carbon dioxide
also presents difficulties, this 15 an approximation of the
actual lifetume due to the transier of CO2 amongst the
difterent reservorrs The detailed time behaviour of a pulse
of carbon dioxide added to the atmosphere has been
de<cribed using an ocean-atmosphere-biosphere carbon
dioxide model (Siegenthaler, 1983) The added carbon
dioxide declines 1n a markedly non-exponential manner
there 15 an n1t1al fast decline over the first 10 year period,
followed by a more gradual decline over the next 100 years
and a rather slow decline over the thousand year time-scale
The time pertod tfor the first half-life 15 typically around 50
years for the second, about 250 ycais (see Section 1 2 1 for
details) A single hifetime figuie defined by the decline to
1/e 15 about 120 years Indeed the uncertainties associated
with specitying the lifetime of CO2 means that presentation
of the GWP relative to CO2 may not be the 1deal choice,
relative GWPs of gases other than CO2 to each other are
not affected by this uncertainty

In performing the integration of gieenhouse impacts mto
the future a number of simplifications have been made
The neglect of the dependence ol the radiative term on the
tracc gas concentratton 1mplies  small
concentration changes Further, the overlap of the infrared
absorption bands of methane and nitrous oxide may be
significant and this restricts the application of the GWP to
small pertutbations around present day concentrations

An assumption implicit n this simple appioach 1s that
the atmosphertc lifetimes of the trace gases 1emain constant
over the integiation time horizon This 15 hikely to be a poor
assumption for many trace gases for a variety of ditferent

trace gas

reasons For those trace gases which are removed by
tropospheric OH radicals, a significant change n lifetime
could be anticipated n the future, depending on the impact
of human activitics on methane, catbon monoxide and
oxides of nitrogen emissions  For some scendrios, as much
as a 50% ncrease in methane and HCFC 22 hifetimes has
been estimated  Such incieases i hifetime have a dramatic
influence on the global warming potentials 1in Table 2 8,
integrated over the longer time horizons Much more work
needs 1o be done to determine global warming potentials
which will propeily account tor the processes atiecting
atmospheric composition and for the possible non-lincat
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feedbacks influencing the impacts of trace gases on
climate

It 1s recognised that the emissions of a number of trace
gases, including NOy, carbon monoxide, methane and other
hydrocarbons, have the potential to influence the
distribution of tropospheric ozone It 1s not straightforward
to estimate the greenhouse warming potential of these
indirect effects because changes in tropospheric ozone
depend, 1n a complex and non-linear manner on the
concentrations of a range of species The limited spatial
resolution 1n current tropospheric chemistry models means
that estimates of increased tropospheric ozone production
are highly model-dependent Furthermore, the radiative
impacts of tropospheric ozone changes depend markedly on
their spatial distribution As a result, the GWP values for
the secondary greenhouse gases have been provided as first
order estimates only, using results from a tropospheric two-
dimensional model of global atmospheric chemistry
{Hough and Derwent, 1990) and the radiative forcing given
mm Table 2 2 (see Derwent (1990) for further details)
Evaluation of the radiative forcing resulting from changes
in concentrations of stratospheric ozone (as a result of CFC,
N>O, and CH4 emissions) have not been included due to
insufficient time to undertake the analysis this requires

Bearing 1n mind the uncertainties inherent 1n Table 2 8, a
number of important points are raised by the results
Firstly, over a twenty year period a kilogram of all the
proposed CFC substitutes, with the exception of the
relatively short lived HCFC-123 and HFC-152a, cause
more than a three order of magnitude greater warming than
I kg of CO» However, tor a number of these gases (but not
the five CFCs themselves) the global warming potential
reduces markedly as the integration time 1s increased, this
implies that over the long term, the replacement
compounds should have a much lower global warming
effect than the CFCs they replace, for the same levels of
cmissions In addition, the shorter Iifetimes mmply that
abrupt changes in total emissions would impact on the
actual global warming relatively quickly A further
important pont 1s that 1n terms of radiative forcing over the
short-term the effect ot the CFC substitutes 1s considerably
greater than indicated by the halocarbon global warming
potential (GWP) of Fisher et al (1990) For example, over
a 20 year period, the eftect of 1 kg emission of HCFC 22
contitbutes only shghtly less to the radiative forcing than
the same amount of CFC-11, even though 1ts 'infinite’ GWP
15 about 035 This 1s because, on a kg-per-kg basis,
HCFC 22 15 a stronger greenhouse gas than CFC-11 (Table
24

The indirect greenhouse warmings listed i Table 2 8 are
potentially very significant The production of CO7
stratospheric water vapoutr and tropospheric ozone as a
1esult of emissions of methane leads to an nduect effect
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Table 2.8: Global warnung potentials following the mistantaneous injection of 1 kg of each tiace gas, 1elative to carbon
dionide A specific example of an application of these potentials ts gnven in Table 2 9

Global Warming Potential

Trace Gas Estimated Lifetime,

years Integration Time Horizon, Years

20 100 500

Carbon Dioxide * 1 1 1
Methane - inc indirect 10 63 21 9
Nitrous Oxide 150 270 290 190
CFC-11 60 4500 3500 1500
CFC-12 130 7100 7300 4500
HCFC-22 15 4100 1500 510
CFC-113 90 4500 4200 2100
CFC-114 200 6000 6900 5500
CFC-115 400 5500 6900 7400
HCFC 123 16 310 85 29
HCFC-124 66 1500 430 150
HFC-125 28 4700 2500 860
HFC-134a 16 3200 1200 420
HCFC-141b 8 1500 440 150
HCFC-142b 19 3700 1600 540
HFC-143a 41 4500 2900 1000
HFC 152a 17 510 140 47
CClg 50 1900 1300 460
CH3 CCl3 6 350 100 34
CF3Br 110 5800 5800 3200
INDIRECT EFFECTS
Source Gas Greenhouse Gas

Affected
CH4 Tropospheric O3 24 8 3
CH4 CO2 3 3 3
CH4 Stratospheric HoO 10 4 1
CO Tropospheric 03 5 1 0
CO COp 2 2 2
NOx Troposphernic O3 150 40 14
NMHC Tropospheric O3 28 8 3
NMHC CcO2 3 3 3

CI'Cs and other gases do not include etfect through depletion of stratospheric ozone
Changes 1n lifetime and variations of radiatrve forcing with concentration are neglected The effects of N2O forcing due to
changes in CHy4 (because of overlapping absorption), and vice versa, are neglected

* The persistence of carbon dioxide has been estimated by explicitly integrating the box-diffusion model of Siegenthaler

(1983) an approximate lifetime 15 120 years

almost as large as the direct ettect for integration times of a
century o1 longet  The potential for emissions ot gases,
such as CO NO, and the non-methane hydrocarbons, to
contribute indirectly to global warming 1s also significant
It must be stressed that these indirect effects are highly

model dependent and they will need tfurther revision and
evaluation An example of uncertainty concerns the 1mpact
of NOy emussions, these emissions generate OH which
leads to increased destruction of gases such as methane
(e g, Thompson et al, 1989) This would constitute a
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Table 2.9: Example of use of Global Warnung Potentials
The table shows the integiated effects over a 100 year time
horizon of total emussions in 1990 enen as a fraction of
the total effect

Trace Gas Current Man Proportion of
Made Emissions  total effects
Tg yr-1 %

COp 26000 61

CHy 300 15

N20 6 4

CFC-11 03 2

CFC 12 04 7

HCFC-22 01 04

CFC 113 015 15

CFC-114 0015 02

CFC 115 0005 01

CCly 009 03

CH3CCl3 081 02

(6(0) 200 1

NOx 66 6

NMHCs 20 05

Carbon dioxide emussions given on CO9 basts,

equivalent to 7 GtC yr'1 Nitrous oxide
emussions given on N2O basis, equivalent to 4

MiN yr I NOy emissions given on NO7 basis
equivalent to 20 MtN yr !

negative indirect effect of NOy emissions which would
oppose the forcing due to increased tropospheric ozone
formation

As an example of the use of the Global Warming
Potentials, Table 2 9 shows the integrated effects over a
100 year time horizon for the estimated human-related
greenhouse gas emissions in 1990 The derived cumulative
effects, dertved by multiplying the appropriate GWP by the
1990 emissions rate, indicates that CO7 will account for
61% of the radiative forcing over this time period
Emissions of NOy, whose effect 1s entirely indirect 15
calculated to contribute 6% to the total forcing

2.3 Other Radiative Forcing Agents

231 Solar Radwation

The Sun 1s the primary source of energy for the Earths
chimate system  Variations i the amount of solar 1adiation
recetved by the L arth can affect our climate  There are two
distinct sources of this variability  The first which acts
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with greatest impact on time-scales of 10,000 to 100,000
years 15 caused by changes in the Sun-Earth orbital
parameters The second comes from physical changes on
the Sun itself, such changes occur on almost all time-scales

2311 Vanability due to orbital changes

Variations 1n climate on time-scales ranging from 10,000 to
100,000 years, including the major glacial/interglacial
cycles during the Quaternary period, are believed to be
initiated by variations 1n the Earths orbital parameters
which 1n turn influence the latitudinal and seasonal
variation of solar energy received by the Earth (the
Milankovitch Effect) Although the covanation of these
orbital parameters and the Earths climate provides a
compelling argument in favour of this theory, internal
feedback processes have to be invoked to explain the
observed climatic vanations, 1n particular the amplitude of
the dominating 100,000 year period one such feedback
could be the changes to the carbon cycle and the
greenhouse effect of atmospheric CO? (see Section 1)

The radiative forcing associated with the Milankovitch
Effect can be given for particular latitudes and months to
illustrate that the rate of change of forcing 15 small
compared to radiative forcing due to the enhanced
greenhouse effect, of course, the chmatic 1mpact of the
Milankovitch Effect results from the redistribution of solar
energy, latitudinally and seasonally, so that a comparison 1s
necessarily rather rough As an example, 1n the past 10,000
years, the incident solar radiation at 60°N 1n July has
decreased by about 35 Wm-2 (e g, Rind et al , 1989), the
average change in one decade 1s -0 035 Wm-2, compared
with the estimate, 1n Section 2 2 5, that the greenhouse
forcing over the most recent decade increased by 06
Wm-2 more than 15 times higher than the Milankovitch
forcing

2 312 Vanability due to changes n total solar niadiance
Variations 1n the short-wave and radio-frequency outputs of
the Sun respond to changes 1n the surface activity of the
star and follow 1n phase with the 11-year sunspot cycle
The greatest changes, 1n terms of total energy, occur in the
short-wave region, and particularly the near ultraviolet At
0 3 um, the solar cycle variation 1s less than 1%, since only
about 1% of the Suns radiation lies at this or shorter
wavelengths solar-cycle variations 1n the ultraviolet will by
themselves induce variations of no more than 0 01% n
total 1rradiance, although these may be important for
atmospheric chemistry 1n the middle atmosphere

Ot greater potential importance, 1n terms of direct affects
on chmate are changes integrated over all wavelengths the
total solar 1rradiance or the so-called solar constant
Continuous spaceborne measurements of total irradiance
have been made since 1978 These have shown that on

time-scales of days to a decade there are 1rradiance
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Figure 2.5: Reconstructed solar uradiance (Wm 2y from 1874
to 1988 using the model of Foukal and Lean (1990), The model
was calibrated using direct observations of solar rrradiance from
satellites between 1980 and 1988 Data from J Lean (pers
comm ) Note that the solar forcing 1s only 0 175 times the
irradiance due to area and albedo effects

variations that are associated with activity 1n the Sun s outer
layer, the photosphere  specifically, sunspots and bright
areas known as faculae The very high frequency changes
aie too rapid to affect the climate noticeably However,
theie 15 a lower frequency component that follows the 11-
year sunspot cycle which may have a climatic effect It has
been found that the increased irradiance due to faculae
morc than offsets the decreases due to the cooler sunspots
conscquently, high sunspot numbers dre associated with
high solar output (Foukal and Lean, 1990) Over the period
1980-86, there was a decline in irradiance of about | Wm-
2 corresponding to a globally-averaged forcing change at
the top of the atmosphere of a hittle less than 02 Wm-2
Since then irradiance has increased, tollowing the sunspot
cycle (e g, Willson and Hudson, 1988)

This 15 compatable with the greenhouse forcing which
over the period 1980-86, increased by about 0 3 Wm 2
However over longer periods these solar changes would
have contiibuted only minimally towards offsetting the
greenhouse cftect on global-mean temperature because of
the ditferent time-scales on which the two mechanisms
operate  Because of oceanic thermal inertia (see Scction 6),
and because of the relatively short time scale of the forcing
changes assocrated with the solar cycle only a small
fraction of possible temperature changes due to this souice
can be realised (Wigley and Raper 1990) In contrast the
sustained nature of the greenhousce forcing allows a much
greater fraction of the posstble temperature change to be
realised so that the greenhouse forcing dominates

Radiative Forcing of Chmate 2

Because the satellite record of solar irradiance began so
recently, we cannot say with absolute certainty what past
variations may have becn However, a physically based
statistical model has been developed by Foukal and Lean
(1990), which attempts to reconstruct the solar-cycle
related changes back more than 100 years (see Figure 2 5)
This figure illustrates that the changes from 1980 to 1986
were probably the largest in the past century

While the model of Foukal and Lean (1990) indicates
that the direct effects of solar-cycle-related irradiance
changes may have been very small this does not rule out
the possibility ot larger, lower-frequency effects Three
possibilities have been hypothesized, they are not
supported by direct observational evidence of solar
irradiance variations, and their magnitudes are derived by
assuming that observed or inferred temperature variations
are responses to solar forcing The first 1dea 1s that on the
time scale of about a century, some underlying variation
exists that parallels the envelope of sunspot activity, 1¢
the smooth curve joining the peaks of successive sunspot
maxima (Eddy 1977, Reid,1987) The envelope curve
shows a quasi-cyclic behaviour with period about 80-90
years referred to as the Gleissberg cycle (e g, Gilliland
1982, Gilliland and Schneider, 1984)

There 15 no reason why one should expect the envelope
curve to be related to solar irradiance variations beyond
those associated with the Foukal-Lean mechanism  Reidss
study appears to have been spurred by the visual stmilarity
between the Folland et al (1984) global marne
temperature curve and the envelope curve This simularity
1s less apparent when more recently compiled temperatures
are constdered (see e g, Section 7) and 1s much less
apparent n the Southern Henusphere than in the Northern
With no way to estimate the range of irradiance variation a
priort Reid tuned this to obtain a best match between
modelled and observed tcmperatures Assuming solar
change as the sole forcing mechanism, the imphied decadal
trme-scale 1rradiance range 1s about 0 6%, or 1 5 Wm-2 at
the top of the atmosphere, for an assumed climate
sensitivity of 2 5°C for a CO2 doubling This value 15 about
thirty imes that inferred by direct satellite data

Reid emphasizes that his work 1s mainly an exercise in
cutve-fitting so that the results should be used with
extreme caution Nevertheless, 1t has been taken seriously
by the Marshall Institute (1989) so a brief analysis 1s 1
order Kelly and Wigley (1990) have performed a similar
analysis to Rerd s mncorporating a greenhousc forcing
history (Section 2 2 5) and using more recent temperature
compilations (Section 7) The amplitude A of the radiative
forcing duc to solar variability (which 1s tied to sunspot
number) 15 cvaluated s0 as to give the best agreement
between observed and modelled temperatures betwecn
1861 and 1989 The valuc of A which gives the best fit 1s
found to depend critically on the assumed climate
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senstivity  For values of equilibrium change due to
doubled CO2 (see Section 52 1) of greater than 2°C, 1t 15
found that the best {1t 15 obtained 1f there 15 a negative
conclation between solar output and sunspot number
(which contiadicts 1ecent observations) At the lower end
of the 1ange of climate sensitivity suggested in Section
521(15°C) the best {1t 15 obtained for a value of A about
one fifth that derived by Rerd However, even for this
value the percentage varance explamned 1s only marginally
better when the solar and greenhouse effects aie considered
together than when greenhouse forcing 15 considered
alone This analysis provides no evidence for low-
frequency 1rradiance vartations larger than the small
thanges that have been duectly inferred from satellite
based 1rradrance obscrvations

The second suggested solar effect makes use of the
relattonship between solar radius variations and nradiance
changes Radius variations have been observed over the
past few centuries but whether these could have significant
wradiance changes associated with them 15 unknown The
propottionality constant relating radius and ntadiance
changes 15 o uncertain that 1t could mmply an entirely
negligible or a gquite noticcable irradiance variation
{Gililland 1982 Wigley 1988) Gilliland (1982) therelore
itempted to estimate the solar cffect empirically by
modelfled data  Gilhland
concluded that solar induced quast cyclic temperature
changes (~80 year cycle) with range about 0 2°C mught
extst  but to obtain a reasonable fit he had to invoke a
phase lag between radius and nradiance changes Most
theories relating radius and irradiance changes do not allow
such a phase lag although an exception has been noted by
Wigley (1988) While the physical basts for the radius
effect 18 at least 1easonable these 1esults ate far {rom being
convincing 1n a statistical sense as Gilliland himself noted
Nevertheless we cannot completely rule out the possibility
of solar forcig changes telated to radius vatiations on an

LOMparing and obscrved

80 year time-scale causing global mean temperatuie
fluctuations with a 1ange of up to 0 2°C  Hansen and Lacis
(1990) regard about 0 & Wm 2 as a probable upper limit for
the change i forcing duc to variations in solar output over
such pertods

The third suggested solar eftect 15 that 1elated to the
minimd in sunspot activity such as the Maunder Mimimum
for which the associated changes 1n atmospheric
radiocarbon content are used as a proxy These 1deas were
revived by Eddy (1977) The hypothests has some credence
in that the sunspot minima are manifestations of solar
change (although nradiance changes associated with them
would be only a few tenths Wm 2 based on the Foukal-
Lean model) as are radiocatbon fluctuations But netther 1s
direct evidence of solar nradiance changes  Indirect
evidence of nradiance changes comes from the clhimate
record specifically the observation that duning the
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Holocene the timing of the neoglacial (1e  Luttle Ice
Age type) events show some conespondence with times of
anomalous atmospheric radiocarbon content Wigley
(1988) and Wigley and Kelly (1990) found the correlation
over a 10 000 year period to be statistically significant but
far from convincing Nevertheless, if one accepts 1ts reahty,
the magnitude of the solar forcing changes required to
cause the observed ncoglacial events can be shown to have
been up to 1 3 Wm-2 at the top of the atmosphere, averaged
over 100 200 years  These results have also been used by
the Marshall Institute (1989) who suggest that another
Little Ice Age 15 imminent and that this may substantially
otiset any future greenhousc-gas-induced warming  While
onc might expect such an cvent to occur some time 1n the
future the timing cannot be predicted Further the 173
Wm-2 solar change (which 1s an upper limit) 15 small
compared with gieenhouse forcing and even 1f such a
change occurred over the next few decades, 1t would be
swamped by the enhanced greenhouse effect

2 3.2 Direct Aerosol Effects

The tmpact of aerosol particles, 1e  solid or liquid particles
i the size range 0 001-10 pm radwus, on the radiation
budget of the Earth-atmosphere system 15 manifold, erther
diectly through scattering and absorption in the solar and
thermal nfrared spectral ranges or indirectly by the
moditication of the miciophysical properties of clouds
which affects thenr radiative properties There 1s no doubt
that aerosol particles influence the Earths climate
However their intluence 15 far more difficult to assess than
that of the trace gases because they constitute their own
class of substances with different size distributions shape
chemical compositions and optical propetties and because
then concentrations vary by orders of magnitude 1n space
and time and because obscrvations of their temporal and
spatal vartation aie poort (Section 1)

[t 15 not casy to determine the sign of changes in the
planetary 1adiation budget due to aerosols Depending on
absorption-to-backscattering ratio surface albedo total
actosol optical depth and solar elevation 1f ordered
approammately according to importance - additional aerosol
patticles may either increase or decrease local planetary
albedo (e g Coakley and Chylek 1975 Grassl and
Newiger 1982) A given aerosol load may increase the
planetary albedo above an ocean surface and decreasc it
above a sand desert The effect of aerosol particles on
terrestrial radiation cannot be neglected, 1n conditions
where the albedo change 15 small, the added greenhouse
ctfect can dominate (Grass! 1988)

While 1t 15 easy to demonstrate that aerosol particles
measurably 1educe solar iradiance 1n industrial regions the
lack of data and 1nadequate spatial coverage preclude
extending this demonstration to larger spatial scales  For
example Ball and Robinson (1982) have shown for the
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eastern U.S. an average annual depletion of solar irradiance
ot 75% at the surface. Somec of this depleted radiation
will, however, have been absorbed within the troposphere,
<o that the perturbation to the net flux at the tropopause will
be somewhat less and the impact on the thermal infrared 15
not quantified. Most of this perturbation 15 anthropogenic.
The depletion 1s regionally very significant, for example,
for a daily mean surface wrradiance of 200 Wm-2, 1f about
half of the depleted irradiance 15 lost to space, the change n
forcing would be 7.5 Wm-2.

Carbon black (soot) plays an especially important role
for the local heating ratc in the air as 1t 15 the only strong
absorber 1n the visible and ncar mfrared spectrum present
in aerosol particles Soot incorporated nto cloud particles
can also directly aftect the radiative properties of clouds by
decreasing cloud albedo and hence lead to a positive
forcing (c.g., Grassl 1988).

In view of the above uncertainties on the sign. the
affected area and the temporal trend of the direct impact of
acrosols, we are unable to estimate the change in forcing
due to tropospheric aerosols.

Concentrations of stratospheric aerosols may be greatly
cnhanced over large arcas for a tew ycars following large
explosive volcanic eruptions although there 15 no evidence
for any sccular increase in background aerosol (Section 1).

Major volcanic cruptions can 1nject gaseous sulphur
dioxide and dust, among other chemicals, into the
stratosphere  The sulphur dioxide 1s quickly converted into
sulphunic acid acrosols. 1t present i sufficient quantities 1n
the stratosphere, where the half-lite 1s about 1 year, these
acrosols can significantly affect the net radiation balance of
the Earth.

These acrosols can drastically reduce (by up to tens of
percent) the direct solar beam, although this 15, to some
cxtent, compensated by an incrcase in ditfuse radiation, so
that decieases 1n total radiation are smaller (typically 5-
10%) (c.g.. Spaenkuch, 1978; Coulson, 1988). This
decrease i insolation, coupled with the warming due to the
thermal infrared cttects of the aerosols, leaves only a small
deficit 1n the rachative heating at the surface, for even a
madjor volcanic cruption Furthermore, volcanic aerosol
clouds usually cover only a lIimited portion of the globe and
they exist for a time (1-3 years) that 15 short compared to
the response time of the ocean-atmosphere system (which
1s of order decades). Thus their climatic effects should be
relatively short-lived. Because the s1ze distribution and the
optical propertics of the particles are very important 1n
determining whether the Earth's surtace warms or cools,
theoretical estimates of their etfect on the surface climate
are strongly dependent on the assumptions made about the
actosols (¢ g., Mass and Portman (1989) and reterences
therem).

A number of empirical studies have been carried out to
detect the tmpact of volcanic eruptions on surface
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temperatures over the last 100 years or more (e.g., Bradley,
1988; Mass and Portman, 1989) Generally these studies
have concluded that major volcanic events, of which there
were only about 5 during the past century, may cause 4
global-mean cooling of 0.1 to 0.2°C for a one to two year
period after the event A duect calculation of the radiative
impact of a major volcanic eruption (Ramanathan, 1988)
shows that the decadal radiative forcing may be 0.2 - 0.4
Wm-2, indicating that they can have a significant climatic
impact on decadal time-scales.

There have also been claims of longer time-scale effects
For example, Hammer et al. (1980) and Porter (1987) have
claimed that the climate fluctuations of the last millentum,
including events like the Little Ice Age, were due largely to
variations n explosive volcanic activity, and various
authors have suggested that decadal time-scale trends in the
twenticth century were strongly ifluenced by the changing
frequencies of large eruptions (SCOPE, 1986). These
claims are highly contentious and generally based on
debatable evidence For mstance, a major problem in such
studies 1s that there 15 no agreed record of past volcanic
forcing - alternative records published in the lhterature
correlate poorly. In consequence, the statistical evidence
for a low frequency volcanic effect 1s poor (Wigley et al
1986) but not negligible (Schonwiese, 1988); since the
lifetime of the aerosols in the stratosphere 1s only a few
years, such an effect would require frequent explosive
eruptions to cause long time-scale fluctuations in aerosol
loading

In summary, there 1s httle doubt that major volcanic
eruptions contribute to the interannual variability of the
global temperature record. There 1S no convincing
evidence, however, of longer time-scale effects. In the
future, the effects ot volcanic eruptions will continue to
impose small year-1o-year fluctuations on the global mean
temperature. Furthermoie, a period of sustained intense
volcanic activity could partially offset or delay the effects
of warming due to increased concentrations of greenhouse
gases. However, such a period would be plainly evident
and readily allowed tor in any contemporary asscssment of
the progress of the greecnhouse warming.

2.3.3 Indirect Aerosol Effects

Cloud droplets form exclusively through condensation of
water vapour on cloud condensation nucler (CCN): 1e.,
aerosol particles. Therefore, the size, number and the
chemical composition of aerosol particles, as well as
updraughts, determine the number of cloud droplets. As a
conscquence, continental clouds, especially over populated
regions, have a higher droplet concentration (by a factor of
order 10) than those 1n remote marine arcas. Clouds with
the same vertical extent and hiquid water content are
calculated to have a higher short-wave albedo over
continents than over the oceans (c.g., Twomey, 1977). In
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other words, the more polluted an area by aerosol particles
the more 1cflective the clouds This effect 15 most
pronounced for moderately thick clouds such as marine
stratocumulus and stratus clouds which cover about 25% of
the Earth s suiface Hence, an increased load of acrosol
prticles has the potential to inciease the dalbedo of the
planet and thus to some extent counteract the enhanced
greenhouse effect

The strongest confirmation of this acrosol/cloud albedo
connection stems from observations of clouds n the wake
of ship-stack effluents  Ships enhance existing cloud cover
(Twomey et al, 1984), and measurably increase the
retlectivities (albedo) of clouds 1in overcast conditions
{(Codkley ct al, 1987) While the in-situ observations
(Radke et al , 1990) have shown the expected increase n
droplet numbers and decrease 1n droplet sizes for the
contaminated clouds, they have also shown an increase 1n
cloud liqud water content (LWC) 1n contradiction to the
suggestion by Twomey et al , (1984) that the changes in the
droplet s17ze distribution will leave the LWC nearly
unchanged Albrecht (1989) has suggested that the LWC
mcrease could be due to the suppression of drizzle 1n the
contaminated clouds An increasc of the number of CCN
therefore may have an even more complicated nfluence
than has been analysed

The 1ncrease 1n acrosol sulphate caused by
anthropogenic SO2 emissions (Section | Figure 1 16) may
have caused an 1ncrease in the number of CCN with
possible subsequent influence on cloud albedo and climate

Cess (personal communication) has reported changes 1n
planetary albedo over cloudy skies that are consistent with
a larger-scale effect of sulphate emissions Measurements
from the Earth Radiation Budget Experiment satellite
mstruments indicate after other factors have been taken
nto account that the planetary albedo over low clouds
decreases by a fcw per cent between the western and
eastern North Atlantic The implication 1s that sulphate
emisstons from the east coast of North America are
affecting cloud albedos downwind A similar effect can be
seen 1n the North Pacific off the coast of Asia

There are important gaps 1n our understanding and to0o
little data, so that a confident assessment of the fluence of
sulphur emisstons on radiative forcing cannot be made
Wigley (1989) has estimated a global-mean forcing change
of between -0 25 and -1 25 Wm-2 from 1900 to 1985 (with
all of 1t actually occurring 1n the Northern Hemisphere)
Derving a forcing history during this period presents even
further difficultics <o that we use, for a typical decadal
forcing, the average change ot -0 03 to -0 IS5 Wm 2 per
decade

Reference to Figure 2 3 shows that this forcing may have
contributed significantly to the total torcing particularly
earlier 1n the century at these times 1t may have been of a
simifar size, but of opposite sign to the forcing caused by
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the enhanced greenhouse ciffect Indeed, it has becn
suggested that the increase in CCN of industrial onigin (see
Section 1 7 1) might explain why the Northern Hemisphere
has not been warming as rapidly as the Southern
Hemisphere over the last 50 years Wigley (1989) estimates
that each 0 1°C increase 1n the twentieth century warming
of the Southern Hemisphere relative to the Northern
Hemisphere corresponds to a mean forcing differential of
around -0 5 Wm-2, or a CCN increase of about 10%

Sulphur emissions are actively being reduced in many
countries Hence even if some compensation 1n the total
forcing 15 occurring because of changes in sulphate and
greenhouse gascs, 1t 15 not clear whether that compensation
will continue 1n the future Because of the limited
atmospheric residence time of the sulphur compounds, their
possible effects on climate will be reduced as soon as their
emissions are decreased A decrease in sulphur emissions
would, via this theory, cause a decrease 1n cloud albedo
The change 1n forcing over a decade could then be positive
(although the total change from pre-industrial times would
remain less than or equal to zero) Hence we are unable to
estimate even the sign of future changes in forcing due to
this sulphate etfect

A further important point 15 that even 1if the cloud albedo
increases exactly offset the forcing due to increased
concentrations of greenhouse gases, this would not
necessarily imply zero chmate change The sulphate effect
would tend to act only regionally, whilst the greenhouse
forcing 15 global Hence regional climate change would still
be possible even 1f the global mean perturbation to the
radiation balance were to be zero

2.3.4 Surface Characteristics

The etfects of desertification, salinization, temperate and
tropical deforestation and urbanization on the surface
albedo have been calculated by Sagan et al (1979) They
calculated an absolute change 1n surface albedo of 6 x 10-3
over the last 1 000 years and 1 x 10-3 over as short a time
as the last 25 years  Henderson-Sellers and Gornitz (1984)
updated thesc latter calculations to a maximum albedo
change over the last 25-30 years of between 3 3 and 6 4 x
10-4  From Hansen et al , (1988) the radiative forcing (in
Wm-2) for a change 1n a land surface albedo 1s about

AF = 43 Ax (Ax<0 1)

where Ax 1s the change (as a decimal fraction) in the land
albedo (The expression implicitly accounts for the fact that
the land surfacc occupies only 30% of the total surface area
of the globe)

Thus the albedo change over the last few decades will
have produced a radiative forcing of 0 03 Wm-2 at most
1c the ctfects of surface albedo changes on the planctary
1adiation budget are very small The effects of changes 1n
surface chatacteristics on water balance and surface
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roughness are likely to be far more important tor the
regional climate, the changes are discussed 1n Section 5 6

2.4 The Relative Importance of Radiative Forcing
Agents in the Future

The analyses of past trends and future projections of the
changes n concentrations of greenhouse gases indicate that
the radiative forcing from these gases may increase by as
much as 04-0 6 Wm-2 per decade over the next several
decades As discussed 1n Section 2 3, decadal-scale changes
n the radiative forcmng can also result from other causes
Natural cffects on the forcing as a result of solar variability
and volcanic eruptions are patticulatly relevant on decadal
timescales  Other potentially mmpoitant anthropogenic
effects may result from mncreases 1 the acrosol content of
the lower atmosphere, particularly as a result of sulphur
emissions It 15 impottant to consider how these additional
forcings may modily the atmospheric radiative forcing
trom that expected from greenhouse gases on both decadal
and longer timescales

Over the pertod ot a decade the other radiative forcings
could extensively modily the expected radiative forcing
from gicenhouse gases  The additional forcing could either
add to subtract from o1 even largely negate the 1adiative
forcing from greenhouse gases, with the ellect over any
given decade possibly being quite difterent {from that over
other decades Figure 2 6(a) estimates the 1ange of possible
cffects from solar variability, volcanic eruptions, and man
made sulphut emissions over a decade as compared with
the results using the four policy scenarios which give, over
the net decade changes anging from 041 10 0 56 Wm 2
For solar flux vartations 1t 1s assumed that the variability
over a decade when averaged over the cleven year solar
cycle should be less than the longer term change The
catlier discusston indicates that over a decade the solar flux
vattabihity could modity the radiative forcng by = 01
Wm 2 and one large volcanic etuption in a decade could
cause a decicase of 02 Wm-2 The global-mean effect of
sulphur emissions on cloud albedos was estimated to be up
to 0 15 Wm-2 per decade but, on a decadal scale not even
the sign of the ctfect 1s certain - Since both the volcanic and
sulphate cifects do not act globally, the possible
compensations between incteased gieenhouse forcing and
possible decreases from the other effects may be even
greater 1egionally, whilst 1n other regions, such as 1n the
southern hemisphere, the impact of sulphur emissions may
be very small

Radiarnve Foircing of Climate 2

Policy
N - Scenarios (a)
N 06
=
z 041
3 :: Man made
£ .2 3 Sulphur
o E 021 N Solar Emissions
2 ] Varnabihty
| VI N
g \’ H
2> 00 N %
52 % U
Cw
©
e~ -02-9
S Large
=0 Volcanic
a -0 4 1 Eruption
0
m -
c
2
O -06
o 41 Policy
By Scenarios (b)
£ ]
2
- 37
> 0
£5
Ca
L5 27
Nt
'g = Man made
T 0 Sulphur
T ® kN Emissions
g = Solar
=2 Variability ?
c ©
£ 0
o 74
8, 1 Large
5 Volcanic
£ -1 Eruptions
O

Figure 2.6: Comparison of different radiative forcing
mechanisms for (a) a 10 year period, and (b) a 50 year period
n the future The greenhouse gas forcngs are for the periods
1990 2000 and 2000 2050 respectively using the tour policy
scenartos  Forcings due to changes in solar radiation and sulphur
emisstons could be either positive or negative over the two
periods

While other cifects could gieatly amphfy or negate the
greenhouse-gas-induced radiative forcing over any given
decade, the ctiects of such forcings over a longer time
pertod should generally be much smaller than the forcing
expected from the greenhouse gases This 15 shown
Figure 2 6(b) for the changes n radiative forcing oyer a
50-year period The {our policy scenaios lead to changes
in forcing of between 13 and 35 Wm-2 for the period
2000-2050 The cftects from solar variability volcanic
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eruptions and man-made sulphur emisstons are hikely to be
much smaller The prior discussion suggests a change n
radative forcing of 0 2 Wm-=2 from solar variability could
occur over several decades In the unlikely case of one
major volcanic cruption per decade, a resulting net decrease
inradiative forcing of 0 2 Wm-< could be sustained over a
50 year period The effect of man-made sulphur emissions
1s again highly uncertain but using the earlier estimates 1t
could be up to 075 Wm-2 of erther sign  Effects on
radiative forcing from changes in surface characteristics
should be less than 0 1 Wm 2 over this time period

In addition to the effects from other forcings that oppose
or remnforce the greenhouse gas forcing, there are also
decadal-scale climate changes that can occur without any
changes 1n the radiative forcing Non-linear interactions 1n
the Earth-ocean-atmosphere system can result 1n
unforced 1nternal climatic vanability (see e g Section
652) As aresult of the combined effects of forced and
unforced effects on chimate a range of unpredictable
variations of either sign will be superimposed on a trend of
nsing temperature
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EXECUTIVE SUMMARY

The climate system consists of the five components

atmosphere
ocean
cryosphere (1ce)
biosphere
geosphere

The fundamental process driving the global climate system 1s
heating by mcoming short-wave solar radiation and cooling by
long-wave infrared radiation into space The heating 1s strongest
at tropical latitudes, while cooling predominates at the polar
latitudes of each winter hemisphere The latitudinal gradient of
heating drives the large scale circulations 1n the atmosphere and
in the ocean, thus providing the heat transfer necessary to balance
the system

Many facets of the climate system are not well understood, and
a signficant number of the uncertainties i modelling
atmospheric, cryospheric and oceanic interactions are directly due
to the representation or knowledge of interactive climate feedback
mechantsms  Such feedback mechanisms can either amphify or
reduce the climate response resulting from a given change of
climate forcing

In oirder to predict changes 1n the climate system, numerical
models have been developed which try to simulate the ditferent
feedback mechanisms and the nteraction between the ditferent
components of the chimate system

So far most climate simulations have been carned out with
numerical Atmospheric General Circulation Models (AGCMs)
which have been developed or derived from weather torecast
models For investigations of climate change due to increased
greenhouse gas concentrations, they have generally been run
coupled with simple representations ot the upper ocean and, in
some cases, with more detailed, but low resolution, dynamical
models of the ocean to 1ts full depth Relatively simple schemes

for interactive land surface temperature and soil moisture are also
usually included Representations of the other elements of the
climate system (land-ice, biosphere) are usually included as non-
mteractive components The resolution of these models 15 as yet
too coarse to allow more than a limited regional nterpretation of
the results

Unfortunately, even though this 1s crucial for climate change
prediction, only a few models linking all the main components of
the chimate system in a comprehensive way have been developed
This 15 mainly due to a lack of computer resources, since a
coupled system has to take the different timescales of the sub-
systems 1nto dccount An atmospheric general circulation model
on 1ts own can be integrated on currently available computers for
several model decades to give estimates of the variability about its
equihibrium response when coupled to a global ocean model
(which needs millennia to reach an equilibrium) the demands on
computer time are increased by several orders of magnitude The
mcluston of additional sub-systems and the refinement of
resolution needed to make regional predictions demands computer
speeds scveral orders of magnitude faster than 15 available on
current machines

It should be noted that current simulations of climate change
obtained by incomplete models may be expected to be superseded
48 soon as more complete models ot the climate system become
available

An alternative to numerical model simulations 15 the palaeo-
analogue method (the reconstruction of past chmates) Although
its usefulness for climate prediction 1s questioned because of
problems nvolving data coverage and the validity of past climate
torcing compared with future scenarios, the method gives
valuable information about the possible spectrum of climate
change and 1t provides information for the broader calibration ot
atmospheric circulation models 1n different climate regimes







3 Pirocesses and Modelling

3.1 Introduction

The aim of this section 1s to provide background
understanding of the climate system, to explain some of the
technical terms used 1in chimate research (1e, what 1s a
transient and what 1s an equilibrium response), and to
describe how climate change can be predicted In the
limited space available to this Section 1t 1s impossible to
give more than a brief description of the climate system and
its prediction  The discussion will therefore be limited to
the most relevant aspects More detailed description are
found 1n the references and in, for example, the books of
Gates (1975) and Houghton (cd) (1984)

A section has been devoted to feedback processes which
mtroduce the non-linearities mto the chimate system, and
which account for many of the difficulties in predicting
climate change Climate models and therr technical details
are discussed where relevant to subsequent Sections of the
Report For more detailed information the reader 1s referred
to the book by Washington and Parkinson (1986)

To 1llustrate some of the difficulties and uncertainties
which arise 1n chimate change predictions from numenical
models we compare results from two independent
numerical simulations at the end of the Section

3.2 Climate System
The climate system (see Figure 3 1) consists of the five
components

75

biosphere
geosphere

The fundamental processes driving the global climate
system are heating by incoming short wave solar radiation
and the cooling by long-wave radiation into space The
heating 1s strongest at tropical latitudes, while cooling
predominates 1n the polar regions during the winter of each
hemisphere The latitudinal gradient of heating drives the
atmosphere and ocean circulations, these provide the heat
transfer necessary to balance the system (see Simmons and
Bengtsson, 1984)

3.2.1 The Atmosphere
The bulk of the incoming solar radiation 15 absorbed not by
the atmosphere but by the Earth's surface (soil, ocean, 1ce)
Evaporation of moisture and direct heating of the surface
generate a heat transfer between the surface and the
atmosphere 1n the form of latent and sensible heat The
atmosphere transports this heat meridionally, mainly via
transient weather systems with a timescale of the order of
days

The following processes are important it determining the
behaviour of the atmospheric component of the climate

system

Turbulent transfer of heat , momentum and moisture at
the surface of the Earth,

The surface type (1 e, 1ts albedo), which determines the
proportion of incoming to reflected solar radiation

atmosphere
ocean Latent heat release when water vapour condenses,
clouds, which play an important role 1n reflectin
cryosphere play p &
Changes of
solar radiation
SPACE 4}
” ATMOSPHERE
terrestrial
radiation

H20 Nz, Oz CO. Oj; etc
Aerosol

atmosphere-land coupling  atmosphere-ice coupling

ice—ocean

Changes of coupling

atmospheric composition

heat exchange

precipitation

evaporation

wind stress

atmosphere-ocean coupling OCEAN

74Y

Changes of land features
orography vegetation
albedo etc

EARTH

Changes of ocean basin
shape salinity etc

Figure 3.1: Schematic illustration of the components of the coupled atmosphere-ocean 1ce-land climatic system The full arrows are
examples of external processes, and the open arrows are examples of mternal processes in climatic change (from Houghton, 1984)
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incoming solar short-wave radiation and in absorbing
and emutting long-wave radiation,
The radiative cooling and heating of the atmosphere by
CO», water vapoutr, osone and other trace gases,
Acrosols (such as volcanic dust), the orbital parameters,
mountain ranges and the land-sea distribution.

Atmospheric processes are also mfluenced by a number
of feedback mechanisms which nvolve interactions
between the atmospheric processes themselves (radiation
and clouds, for example) and between these processes and
the underlying surface. Such feedback mechanisms are
discussed in more detail in 3.3 1

The problems concerning the impact of human activitics
on the greenhouse ettect has broadened 1n scope trom a
CO7 chimate problem to a trace gas chimate problem
(Ramanathan et al., 1987). The climatic effects of trace
gases are strongly governcd by interactions between
chemustry, radiation and dynamics. The nature of the trace
gas radiative heating and the importance of chemical-
1adiative nteractions has been alicady discussed 1n Section
2

3.2.2 The Ocean

The ocean also plays an essential role in the global climate
system. Over half of the solar radiation reaching the Earth's
surtace 1s first absorbed by the ocean, where 1t 1s stored and
redistiibuted by ocean currents betoie escaping to the
atmosphere, largely as latent heat of evaporation, but also
as long-wave radiation. The currents are driven by the
cxchange of momentum, heat and watet between the ocean
and atmosphere. They have a comphcated horizontal and
vertical structure determined by the pattern of winds
blowing over the sca and the distribution of continents and
submerged mountain ranges. The vertical structure of the
occan comprises three layers:

The Scasonal Boundary Layer, mixed annually from the
surface, 15 less than 100 metres deep in the tropics
and rcaches hundreds of meties mn the sub-polar seas
(other than the North Pacific) and several kilometres
in very small regions of the polar scas 1n most years;

The Warm Water Sphere (permanent thermochne),
ventilated (1. e., exchanging heat and gases) from the
seasonal boundary layer, 15 pushed down to depths of
many hundreds of metres 1n gyres by the
convergence of surface (Ekman) currents driven
directly by the wind; and

The Cold Water Sphere (deep occan), which fills the
bottom 80% of the ocean's volume, ventilated from
the seasonal boundary layer in polar seas

The ocean contains chemical and the biological
mechanmisms which are important 1n controlling carbon
dioaide 1n the climate system. Carbon dioxide 15 transterred
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from the atmosphere nto the interior of the ocean by the
physical pump mechanism (described 1n the previous
Section) caused by differences in the partial pressure of
carbon dioxide 1n the ocean and the lowest layers of the
atmosphere. Furthermore the annual ventilation of the
seasonal boundary layer trom the surface mixed-layer
controls the efticiency of the biological pump by which
ocean plankton convert dissolved carbon dioxide into
particulate carbon, which sinks mto deep water. These two
pumps are responsible for extracting carbon dioxide from
the global carbon cycle for periods i excess of a hundred
years. The ocean branch of the carbon cycle involves a flux
of carbon dioxide from the air into the sea at locations
where the surface mixed layer has a partial pressure of CO9p
lower than the atmosphere and vice versa. Mixed-layer
partial pressure of CO? 1s depressed by enhanced solubility
1n cold water and enhanced plankton production during the
spring bloom. The rate of gas exchange depends on the air-
sca difference 1n partial pressure of CO7 and a coefficient
which increases with wind speed.

The following processes control the the climate response
of the ocean.

The small-scale (of order 50 km) transient eddies nside
the ocean influence the structure of permanent gyres
and streams and their interaction with submerged
mountain ranges. The eddies also control the
horizontal dispersion of chemicals (such as CO?7)
dissolved 1n seawater.

The small-scale (tens of kilometres) patches of deep
winter convection in the polar seas and the
northernmost part of the North Atlantic, which
transport heat and dissolved carbon dioxide below
one kilometre into the deep reservorr of the cold
water sphere, and the slow currents which circulate
the newly implanted water around the world ocean.

The more extensive mechanism of thermocline
ventilation by which some of the water 1n the surface
mixed-layer flows from the seasonal boundary layer
into the warm water sphere reservoir of the ocean,
which extends for several hundreds of metres below
most of the ocean's surface area.

The global transport of heat, freshwater and dissolved
chemicals carried by ocean currents which dictate the
global distributions of temperature, salinity, sea-ice
and chemicals at the sea surface. Fluctuations in the
large-scale circulation have modulated these patterns
over years and decades. They also control the
regional variations 1n sea surface properties which
atfect climate at this scale.

The biological pump in the seasonal boundary layer by
which microscopic plants and animals (the plankton)
consume some of the carbon dioxide dissolved 1n the
seawater and sequester the carbon 1n the deep ocean
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away from the short term (up to a hundred years)
interactions between ocean and atmosphere

3.2.3 The Cryosphere
The terrestrial cryosphere can be classified as follows
(Untersteiner, 1984)

Seasonal snow cover, which responds rapidly to
atmospheric dynamics on timescales of days and
longer In a global context the seasonal heat storage
in snow 1s smdll The primary influence of the
cryosphere comes from the high albedo of snow
covered surfaces

Sea 1ce, which atfects climate on time scales of seasons
and longer This has a similar effect on the surface
heat balance as snow on land It also tends to
decouple the ocean and atmosphere since 1t inhibits
the exchange of moisture and momentum
regions 1t influences the formation of decp water
masses by salt extrusion during the freezing period
and by the generation of fresh water layers n the
melting period

Ice sheets of Greenland and the Antarctic, which can be
considered as quast-permancent topographic features
They contain 80% of the existing fresh water on the
globe, thereby acting as a long term reservon 1n the
hydrological cycle Any change in s1ze will therefore
influence the global sea level

Mountain glaciers are a4 small part of the cryosphere
They also represent a freshwater reservoir and can
therefore influence the sea level They are used as an
important diagnostic tool for chmate change since
they respond rapidly to changing environmental
conditions

Permafrost affects surface ccosystems and rniver
discharges It influences the thermohaline circulation
of the ocean

In some

3.2.4 The Biosphere

The biosphere on land and 1n the oceans (discussed above)
controls the magnitude of the fluxes of several greenhouse
gases 1ncluding COj and methane, between the
atmosphere, the oceans and the land The processes
mvolved are sensitive to climatic and environmental
conditions, so any change 1n the climate or the environment
(e g, increases tn the atmospheric abundance of CO2) will
influence the atmospheric abundance of these gases A
detailed description of the feedbacks and their respective
magnitudes can be found n Section 10

3.25 The Geosphere

The land processes play an important part n the
hydrological cycle These concern the amount of fresh
water stored 1n the ground as soil moistuie (thereby
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interacting with the biosphere) and 1n underground
reservortrs, or transported as run-off to different locations
where 1t might intluence the ocean circulation, particularly
in high latitudes The soil interacts with the atmosphere by
exchanges of gases, aerosols and moisture, and these are
influenced by the so1l type and the vegetation, which again
are strongly dependent on the soil wetness Our present
knowledge about these strongly interactive processes 1s
hmited and will be the target of future research (see Section
1)

3.2.6 Timescales

While the atmosphere reacts very rapidly to changes n 1ts
forcing (on a timescale of hours or days), the ocean reacts
more slowly on timescales ranging from days (at the
surface layer) to millennia in the greatest depths The ice
cover reacts on timescales of days for sea ice regions to
millennia for 1ce sheets The land processes react on
timescales of days up to months, while the biosphere reacts
on time scales from hours (plankton growth) to centuries
(tree-growth)

3.3 Radiative Feedback Mechanisms

3.3.1 Discussion of Radiative Feedback Mechanisms
Many tacets of the chimate system are not well understood,
and 4 signtficant number of the uncertainties in modelling
atmospheric, cryospheric and oceanic interactions are
directly due to interactive climate feedback mechanisms
They can cither amphiy or damp the climate response
resulting ltom a given chmate forcing (Cess and Potte,
1988) For simplicity, emphasis will here be directed
towards global-mean quantities, and the interpretation of
chimate change as a two-stage process forcing and
responsc This has proved useful in mterpreting clhimate
teedback mechanisms n general circulation models It
should, n fact, be emphasized that the conventional
concept ol climate fecedback applies only to global mean
quantities and to changes from one equilibrium climate to
another

As discussed n Section 2, the radiative torcing of the
surface-atmosphete system AQ 15 evaluated by holding all
other climate parameters fixed, with G = 4 Wm-2 for an
instantaneous doubling of atmospheric CO7 It readily
follows (Cess et al, 1989) that the change in surface
climate, expressed as the change 1n global-mean surface
temperature ATs, 1s related to the radiative forcing by ATs
= A x AQ, where A 15 the climate sensitivity parameter

1
}\, =
AF/ATS

AS/ATs

where F and S denote respectively the global-mean emitted
infraied and net downward solar fluxes at the Top Of the
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Atmosphere (TOA) Thus AF and AS arc the chimate-
change TOA responses to the radiative forcing AQ An
increase n A thus represents an increased climate change
duc to a given radiative forcing AQ (= AF - AQ)

The definition of radiative torcing requires some
clarification Strictly speaking, 1t 1s defined as the change
in net downward radiative flux at the tropopause, so that
for an instantancous doubling of CO7 this 15 approximately
4 Wm-2 and constitutes the radiative heating of the
surface-troposphere system If the stratosphere 15 allowed
to respond to this forcing, while the climate parameters of
the surface-troposphere system are held tfixed, then this 4
Wm 2 flux change also applies at the top of the
atmosphere It 15 1n this context that radiative forcing 15
used 1n this section

A doubling of atmospheric CO2 serves to illustrate the
use ol A for evaluating feedback mechanisms Figure 3 2
schematically depicts the global radiation balance
Averaged over the year and over the globe there 15 340
Wm-2 of icident solar radiation at the TOA Of this
toughly 30% o1 100 Wm 2 15 reflected by the surtace -
atmosphere system Thus the climate system absoibs 240
Wm-2 of solar radiation, so that under equilibrium
conditions 1t must emit 240 Wm-2 ot intrared radiation
The CO7 radiative forcing constitutes a reduction n the
emitted infrared radiation, since this 4 Wm-2 forcing
iepiesents a heating of the climate system Thus the COp

Global Radiation Budget

Incident Solar
340 Wm-2

Reflected Solar

100 Wm-=2
CLIMATE SYSTEM
Absorbed Solar ::::
240 Wm-2 -
~ i,
\:“A
\\\\ ‘
|
Emitted Infrared
240 Wm-2
Absorbed  Emitted

Instantaneous CO2

-2 2
doubling 240 Wm 236 Wnr

New Equilibrium with

240Wm2 240Wm?2
no other change

Figure 3 2 Schematic illustration of the global radiation budget
it the top ot the atmosphere
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doubling results i the chmate system  absorbing 4 Wm-2
more eneigy than 1t emits, and global warming then occurs
S0 as to inciease the emitted radiation 1n order to re-
establish the Eairth s radiation balance If this warming
produced no change n the climate system other than
temperature, then the system would return to 1ts original
radiation balance, with 240 Wm-2 both absorbed and
emitted In this absence of clhimate feedback mechanisms,
AF/ATs =33 Wm-2 K-1 (Cess et al , 1989 ) while AS/ATs
=0,%0 that A=03 Km2 W-1 It n turn follows that ATs =
A x AQ =12°C If it were not for the fact that this warming
introduces numerous interactive feedback mechanisms,
then ATs = 1 2°C would be quite a robust global-mean
quantity Unfortunately, such feedbacks introduce con-
stderable uncertainties mto ATs estimates Three of the
commonly discussed feedback mechanisms are described
in the following sub-sections

3 3.2 Water Vapour Feedback
The best understood feedback mechanism 1s water vapour
feedback and this 1s intuitively easy to comprehend For
Hlustrative purposes a doubling of atmospheric CO2 will
agamn be considered The ensuing global warming 1s, of
course, the result of CO7 being a greenhouse gas This
warming, however, produces an interactive effect, the
wdarmer atmosphere contains more water vapour, 1tself a
gieenhouse gas  Thus an inctease 1n one greenhouse gas
(CO2) induces an increase 1n yet another greenhouse gas
(water vapour), resulting 1n a positive (amplifying)
teedback mechanism

To be more specific on this point, Raval and
Ramanathan (1989) have recently employed satellite data
to quantify the temperature dependence of the water vapour
greenhouse effect From then results 1t readily follows
(Cess, 1989) that water vapour feedback reduces AF/ATs
from the prior valuc of 33 Wm 2Kk-Tw023 wm2K-1
This 1n turn ncreases A from 03 Km?2 W1 to 043 Km?
W-1 and thus increases the global warming from ATs =
12°C to ATs = 1 7°C There 15 yet a further amplification
caused by the mcreased water vapour Since water vapour
also absorbs solar radiation, water vapour fecedback leads to
an additional heating of the climate system through
enhanced absorption of solar radiation In terms of AS/ATs
as appears within the expression for A, this results n
AS/ATs = 02Wm=2 K ! (Cess et al, 1989), so that A 1s
now 048 Km2 W-! while ATs = 19°C The point 1s that
water vapour feedback has amplified the initial global
warming of 1 2°C 10 1 9°C, 1 e, an amplification factor of
16

3.3.3 Snow-Ice Albedo Feedback

An additional well-known positive feedback mechanism 1s
snow-ice albedo teedback, by which a warmer Earth has
less snow and 1ce cover resulting 1n a less reflective planet
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which 1n turn absorbs more solar radiation For simulations
in which the carbon dioxide concentration of the
atmosphere 1s increased, general circulation models
produce polar amplification of the warming in winter, and
this 1s at least partially ascribed to snow-icc albedo
feedback The real situation, however, 15 probably more
complex as, for example, the stability of the polar
atmosphere 1n winter also plays a part Illustrations of
snow-ice albedo feedback, as produced by general
circulation models, will be given 1n Section 3 5 It should
be borne 1n mind, however, that there 15 a need to diagnose
the interactive nature of this teedback mechanism more
fully

3.3.4 Cloud Feedback
Feedback mechanisms related to clouds are extremely
complex To demonstrate this, 1t will be useful to first
consider the mmpact of clouds upon the present climate
Summarized 1n Table 3 1 are the radiative impacts of
clouds upon the global climate system for annual mean
conditions These radiative impacts refer to the etfect of
clouds relative to a 'clear-sky Earth, as will shortly be
described this 15 termed cloud-radiative forcing

The presence of clouds heats the climate system by 31
Wm 2 through reducing the TOA infrared enmission Note
the similarity to trace-gas radiative forcing, which 1s why
this 1mpact 15 referred to as cloud radiative torcing
Although clouds contribute to the greenhouse warming of
the climate system, they also produce a cooling through the
reflection and reduction in absorption of solar radiation As
demonstrated 1n Table 3 |, the latter process dominates
over the tormer, so that the net effect of clouds on the
annual global climate system 15 a 13 Wm-2 radiative
cooling As discussed below with respect to cloud feedback
components, cloud-radiative forcing 15 an integrated eifect
governed by cloud amount, cloud vertical distribution,
cloud optical depth and possibly the cloud droplet
distribution (Wigley, 1989, Charlson et al, 1987)

Although clouds produce net cooling of the climate
system, this must not be construed as a possible means of

Table 3.1: Infiared, solar and net cloud-radiative forcing
(CRF) These are annual-mean values

-2

Infrared CRF 31 Wm
Solar CRF - 44 Wm-2
Net CRF - 13 Wm-2
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ottsetting global warming due to increasing greenhouse
gases As discussed 1n detail by Cess et al (1989), cloud
feedback constitutes the change 1n net CRF associated with
a change 1n climate Choosing a hypothetical example, 1f
climate warming caused by a doubling of CO2 were to
result 1n a change in net CRF from 13 Wm-2t0-11 Wm-2,
then this increase i net CRF of 2 Wm-2 would amphiy the
4 Wm-2 immitial CO? radiative forcing and would 5o act as a
positive feedback mechanism It 1s emphasized that this 15 a
hypothetical example, and there 15 no a prior1 means of
determining the sign of cloud feedback To emphasize the
complexity of this feedback mechanism, three contributory
processes are summarized as follows

Cloud Amount: If cloud amount decreases because of
global warming, as occurs 1n typical general
circulation model simulations, then this decrease
reduces the infrared greenhouse effect attributed to
clouds Thus as the Earth warms 1t 15 able to emit
infrared radiation more efficiently, moderating the
warming and so acting as & negative climate
feedback mechanism But there 15 a related positive
feedback, the solar radiation absorbed by the climate
system 1ncreases because the diminished cloud
amount causes 4 reduction of 1eflected solar radiation
by the atmosphere There 15 no simple way of
appraising the sign of this feedback component

Cloud Altitude: A vertical redistribution of clouds will
also induce feedbacks For example, 1f global
warming displaces a given cloud layer to a higher
and colder region of the atmosphere, this will
produce a positive feedback because the colder cloud
will emut less radiation and thus have an enhanced
greenhouse effect

Cloud Water Content There has been considerable
recent speculation that global warming could
increase cloud water content thereby resulting n
brighter clouds and hence a negative component of
cloud feedback Cess et al (1989) have recently
suggested that this explanation 1s probably an
oversimplification In one case, they demonstrated
that this negative solar feedback
compensating posttive nfrared feedback In a more
recent study they further indicate that in some
models the net effect might thereby be that of
positive feedback (see also Schlesinger and
Roeckner, 1988, Roeckner ct al 1987)

induces a

The above discussion clearly illustrates the multitude ot
complexities associated with cloud feedback and the
uncertaintiecs due to this feedback will further be
cmphasized m Section 35 In that both cloud and snow 1ce
albedo feedbacks are geogiaphical in nature then these
feedback mechanisms can only be addiessed through the
use of three-dimensional numetical circulation models
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3.4 Predictability Of The Climate System

The prediction of change in the climate system due to
changes in the forcing 1s called  climate forecasting  In the
chimate system the slow components (for example the
occanic carculation) are altered by the fast components (for
cxample the atmosphere) (Hasselmann, 1976,
Mikolajewicz and Mater Retmer 1990) which agamn are
influenced by the slow components, so that the complete
system shows a considerable vaitance just by an interactton
of all components involved This ettect 15 an tllustration of
"natural vartability

Taking the chmate system as @ whole we note that some
clements of the system are chaotic viewed on a century to
millenntum time scale, while other parts are remarkably
stable on those time scales The existence of these (in the
time  frame considered) stable components allows
prediction of global change despite the existence of the
chaotic clements The chaotic elements of the climate
system are the weather systems i the atmospheie and 1n
the occan

The wedther systems 1n the atmosphete have such a large
hotizontal scale that 1t s necessary to treat the whole of the
atmosphene circulation as chaotic, nevertheless there are
stable clements in the atmosphere as witnessed by the
smooth scasonal cycle i such phenomena as the
temperature distributions over the continents, the monsoon
storm tracks, nter-tropical convergence sone etc That
stabihity gives us hope that the response of the atmospheric
chimate (mcluding the statistics of the chaotic weathet
systems) to greenhouse forcing will itselt be stable and that
the mteractions between the atmosphere and the other
clements of the chimate system will also be stable even
though the mechanisms of teraction depend on the
weather systems

This leads to the common assumption used n ¢himate
prediction that the climate system 1s in equilibrium with its
forcing  That means, as long as 1ts forcing 15 constant and
the slowly varying components alter only shghtly in the
time scale considered., the mean state of the climate system
will be stable and that if there 15 a change n the foraing, the
mean state will change until 1t 15 agan in balance with the
torcing - This state 18 desceribed as an equilibrium state the
transition between one mean and another mean state 15
called a transient state

The time-scale of the tansition period 15 determined by
the adjustment time of the slowest climate system
component. 1 ¢ the ocean The stable ('quast stationary™)
behaviour of the chmate system gives us the opportunity to
detect changes by taking time averages Because the
mternal vanability of the system 1s so high the averaging
interyal has to be long compated to the chaotie fluctuations
to detect a statistically significant signal which can be

attiibuted to the external torcing
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A number of statistical test have been devised to
optimize the detection of climate change signals (v Storch
& Zwiers, 1988, Zwiers, 1988, Hasselmann, 1988, Santer
and Wigley, 1990) (see Section 8)

Studies of the completed change from one mean state to
another are called equilibrium response ' studies Studies
of the nme cvolution of the climate change due to an
altered forcing, which mught also be time dependent, are
called transient responsc experiments

The weather systems 1n the ocean have much smaller
horizontal scales (less than one hundred kilometies) than in
the atmosphere leaving the large-scale features of the world
occan circulation to be non-chaotic The success of
classical dynamical occanography depends on that fact
Obscrvations of the penetration of transient tracers nto the
ocean show that the large-scale ocean currents are stable
over periods of scveral decades Palaco-oceanographic
evidence shows that the currents and gyres adjusted
smoothly to the 1ce age cycle That evidence and theotetical
understandimg of the large-scale ocean ciiculation suggests
that we are indeed dealing, in the ocean, with a predictable
system at least on timescales of decades The question 1s
whether the existence of predictability 1in the ocean
component ol the Earth s climale system makes the system
predictable as a whole However, this seems to be a
teasonable working hypothesis, which receives some
support {rom the smooth transient response simulated by
coupled occan-atmosphere models (see Section 6)

3.5 Methods Of Predicting Future Climate

Two approaches have been taken to predict the future
climate

a) the analogue method , which tries to estimate future
chimate change from reconstructions of past climates
using palaco-climatic data,

b) climate simulations with numerical models (GCM s)
of the atmospheric general circulation, which have
been derived from weather forecast models They
include representations of the other elements of the
climate system (using ocean models, land surface
models, etc) which have varying degrees of soph-
istication A comprehensive lList of the models
employed and the research groups involved can be
found 1n Table 3 2(a) and (b)



Table 3.2(a): Summary of 1esults from global mived laver ocean atmosphecre models wused in equilibriem 2 v CO2 c\periments

E RESOLUTION

N No ot No ot Diurnal Conv  Ocean Cloud Cloud AT AP

T Group Investigators Year waves Vertical Cycle ection  Heal Prop- (°C) (%) COMMENTS

R or lat x Layers Trans- erties

Y ‘long __port

A. Fixed, zonally averaged cloud; no ocean heat transport

1 GFDL Manabe & Stouffer 1980 R15 9 N MCA N FC F 20 3 5 Based on 4 x COy simulation

2 Wetherald & Manabe 1986 8 RIS 9 N MCA N FC F 32 n/a

B. Variable cloud; no ocean heat transport

3 Oosu Schlesinger & Zhao 1989 4°x 5° 2 N PC N RH F 28 8

4 1989 4° x5 2 N PC N RH F 4 4 11 As (3) but with revised clouds

5 MRI Noda & Tokioka 1989 4°x 5° 5 Y PC N RH F 43 * 7% % Equilibrium not reached

6 NCAR Washington & Meehl 1984 R1S 9 N MCA N RH F 35* 7% > Excessive ice Estimate AT = 4°C at equilibrium
7 1989 RI15 9 N MCA N RH F 40 8 As (6) but with revised albedos for sea-ice, snow
8 GFDL Wetherald & Manabe 1986 8 RIS 9 N MCA N RH F 40 9 As (2) but with variable cloud

(  Variable cloud; prescribed oceanic heat transport

9 AUS Gordon & Hunt 1989 R21 4 Y MCA Y RH F 40 7

10 GISS Hansen et al 1981 8 x 10° 7 Y PC Y RH F 39 n/a

11 Hansen et al 1984 8 x 10° 9 Y PC Y RH F 42 11

12 Hansen et al 1984 8 x 10° 9 Y PC Y RH F 4 8 13 As (11) but with more sea-ice control

13  GFDL Wetherald & Manabe 1989 + R135 9 N MCA Y RH F 40 8

14 MGO Meleshko et al 1990 T21 9 N PC Y RH F n/a n/a  Simulation 1n progress

15 UKMO  Wilson & Mitchell 1987 ST x75° B! Y PC Y RH F 52 15

16 Mitchell & Warrilow 1987 5°x75° 11 Y PC Y RH F 52 15 As (15) but with four revised surface schemes

17 Mitchell et al 1989 5°x75° 11 Y PC Y cw F 27 6 As (16) but with cloud water scheme

18 1989 5°x75° 11 Y PC Y cw F 32 8 As (17) but with alternative 1ce formulation

19 1989 5°x75° 11 Y PC Y CW N4 19 3 As (17) but with variable cloud radiative properties
D. High Resolution

20 CCC Boer et al 1989 T32 10 Y MCA Y RH v 35 4 *  Soft convective adjustment

21  GFDL Wetherald & Manabe 1989 ¥+ R30 9 N MCA * RH F 40 8 * SSTs prescribed, changes prescnibed from (13)
22 UKMO  Mitchell et al 1989 25°x375° 11 Y PC Y cw F 35 9 As (18) but with gravity wave drag

All modcls arc global with realistic geography, a mixed-layer ocecan, and a seasonal cycle of insolation

RT
N

pC
FC

F
GEDL
MGO
ALS

= Rhomboidal/Trnangular truncation 1n spectral space

= Not included

= Penctrative convection

= Frued ddoud

= Fined dloud radiative properties

= Geophysical Fluid Dynamics Laboratory Princeton USA
= Mam Geophysical Observatory Leningrad USSR

= CSIRO Australia

AT
Y

CA
RH

NCAR
CCC

Except where stated, results are the equilibrium response to doubling CO»

= Equilibrium surface temperature change on doubling CO»

= Included

= Convective adjustment
= Condensation or relative humidsty based cloud

Personal communication
National Center for Atmospheric Research Boulder CO USA

= Canadian Chimate Center

AP = Percentage change in precipitation
MCA = Moist convective adjustment
W = Cloud water

\Y = Vanable cloud radiative properties

n/a = Not available
MRI = Meteorological Rescarch Institute Japan
UKMO = Metcorological Office United Kingdom



Table 3.2(b): Summary of experiments carried out with global coupled ocean-atmosphere models

E RESOLUTION
N No. of Atmos. Diurmnal Conv- Ocean Cloud
T Group Investigators Year Spectral Levels Cycle ection Levels COMMENTS
R Waves
Y
I. GFDL  Stouffer et al. 1989 R15 9 N RH 12 MCA 100 Years, 1% CO2 increase compounded.
2. NCAR  Washington & Meehl 1989 R15 9 N RH 4 FC 30 Years, 1% CO3 increased linear.
3. MPI Cubasch et al. 1990 T21 19 Y PC 11 cw 25 Years, instantaneous CO2 doubling.
4, UHH Oberhuber et al. 1990 T21 19 Y PC 9 CcwW 25 Years, instantaneous CO2 doubling.
All models are global, with realistic geography and a seasonal cycle of insolation.
R, T = Number of waves in spectral space; Y = Included;
N = Not included; PC = Penetrative convection;
MCA = Moist convective adjustment; W = Cloud water;
CA = Convective adjustment ; A\ = Variable cloud radiative properties.
FC = Fixed cloud;
GFDL = Geophysical Fluid Dynamics Laboratory,Princeton, USA; UHH = Met Institute, University of Hamburg, FRG;

MPI = Max Planck Institut fir Meteorologie, Hamburg, FRG; NCAR = National Center for Atmospheric Research, Boulder, Co, USA.




3 Processes and Modelling

3.5.1 The Palaeo-Analogue Method

This method has two distinct and rather independent parts
The first derives an estimate of global temperature
sensitivity to atmospheric CO» concentrations based on
estimates of CO7 concentrations at various times 1n the past
and the corresponding global average temperatures,
adjusted to allow for past changes in albedo and solar
constant In the second part regional patterns of climate are
reconstructed for selected past epochs, and they are
regarded as analogues of future climates under enhanced
greenhouse conditions For a further discussion of the
method, see for example Budyko and Izracl (1987)

3511 Estimate of temperature sensitnity to CO2 changes
There are three stages (Budyko ct al , 1987)

1) determining the global mean changes for past palaeo-
climates This 15 done for four periods (Early
Pliocene, early and middle Miocene, Palaeocene-
Eocene and the Cretaccous) The temperature
changes are based on 1sotopic temperatures obtained
by Emihiant (1966) and maps derived by Sinitsyn
(1965,1967) (see Budyko, 1982)

n) subtracting the temperature change attributed to
changes 1n the solar constant which 1s assumed to
have increased by 5% every billion years, and to
changes n surface albedo A 1% increase 1n solar
constant 1s assumed to raise the global mean surface
temperature by 14°C The changes 1n albedo are
derived from the ratio of land to occan, and each 0 01
reduction 1n albedo 15 assumed to have raised global
mean temperaturc by 2°C These corrections
contribute to between 25% and S0% of the total
change

m) relating the residual warming to the estimated change
in atmospheric CO2 concentrations The COj
concentrations aic dernived from a carbon cycle
model The concentrations during the Eocene are
estimated to be more than five times greater than
present, and for the Cretaceous nine times greater
(Budyko et al , 1987) On the other hand Shackleton
(1985) argued that 1t 15 possible to constrain the total
CO2 in the ocean, and suggests that atmospheric
CO7 concentrations were unlikely to have been more
than double today's value

The result 1s a sensitivity of 3 0°C for a doubling of CO»,
with a possible range of + 1°C, which 1s very similar to that
obtained on the basis of numerical simulations (Section 5)

3512 Construction of the analogue patterns

In their study, Budyko et al (1987) used the nud-Holocene
(5-6 kbp) the Last Interglacial (Eemian or Mikulino,125
kbp) and the Pliocene (3-4 mbp) as analogues tor future
climates January, July and mean annual temperatures and
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mean annual precipitation were reconstructed for each of
the above three epochs (see Figuies 73, 74 and 7 5)
Estimates of the mean temperatures over the Northern
Hemisphere exceeded the tempetature at the end of the pre-
industrial period (the 19th century) by approximately 1°, 2°
and 3-4°C during the mid-Holocene, Eemian and Pliocene
respectively These periods were chosen as analogues of
future climate for 2000, 2025 and 2050 respectively
Although the nature of the forcing during these periods
was probably difterent, the relattve values of the mean
latitudinal temperature change n the Northern Hemisphere
for each epoch were similar in each case (Figure 3 3) Note
however that the observational coverage was rather lmited,
especially for the Eemian when the land-based data came
essentially from the Eastern Hemisphere (see Section
7 2 2) Correlations were also calculated between estimated
temperature anomalies for 12 regions of the Northern
Hemusphere 1n each of the three epochs These were found
to be statistically significant in most cases, despite the
limited quality and quantity of data in the earlier epochs
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Fagure 3.3: Relative surface air temperature changes in difterent
latitudes of the Northern Hemisphere during the palaco-climatic
Full line = Holocene
Dashed e = last interglacial Dash-dotted line = Pliocene
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The considerable similarity between the temperature
anomaly maps for the three different epochs suggests that
the regional temperature anomaly changes are, to a first
approximation, directly proportional to increasing mean
global temperature If this 15 true, then the regional
distributions of surface air temperature anomalies are
analogous to cach other and the similarities between these
maps also suggest that the empirical methods tor estimating
the spatial temperature distribution with global warming
may be relatively robust

Similarly, annual mean precipitation changes have been
reconstructed, though the patterns 1in the mid Holocene
differ from those found tor the other two periods (see
Section 5 4, Section 7 2 2)

When reconstructions of past climate conditions are
accurate and thorough, they can provide relatively rehable
estimates of sclf-consistent spatial patterns of climatic
changes  Weaknesses 1n developing these relationships can
arise because of uncertainties

1) nireconstructing past climates
1) mextending himited areal coverage to global scales
) anterpreting the effects of changing orography and
cquihibrium versus non-equilibrium conditions
tv) n determining the relative influences of the various
factors that have caused the past chmatic changes

3.5.2 Atmospheric General Circulation Models
General circulation models are based on the physical
conservation laws which describe the redistribution ot
momentum, heat and water vapour by atmospheric
motions  All of these processes are formulated in the
primutive  equations  which describe the behaviour of a
1Twd (air or water) on a rotating body (the Eairth) under the
intluence of a differential heating (the temperature contrast
between equator and pole) caused by an external heat
source (the Sun)  These governing equations are non-linear
partial differential equations  whose solution cannot be
obtamed except by numetical methods These numerical
methods subdivide the atmosphere vertically mto discrete
layers wheren the vaniables ate cartied  and computed
For cach layer the horzontal varations of the predicted
quantities are determined cither at disciete gnid points over
the Earth as i gnid point (fimite ditierence) models or by a
finite number of presciibed mathematical tunctions as in
spectral models The horizontal resolution of a typical
atmospherie model used for chimate studies s illustrated by
its representation ol land and sea shown i Figuie 3 4
The values of the predicted varables (wind temperature
humudity suttace pressure ramfall ete) tor cach laves
(ncluding the sutface) and gnd point (o1 mathematcal
function) are deteimined {rom the governing cquation by
marchimg  (ntegrating) forward in time m discicte tme

steps statting lrom some given mtial condittons To
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Figure 3.4: The model land sea mask for a typical climate model
(T21, ECHAM, after Cubasch et al, 1989)

prevent the solution from becoming numerically unstable,
the trime step must be made smaller than a value that
depends on the speed of the fastest moving disturbance
(wave), the the grid si1ze (or smallest resolved wavelength),
and the integration method

The spatial resolution of GCM's 1s constrained for
practical reasons by the speed and memory capacity of the
computer used to perform the numerical integrations
Increasing the resolution not only increases the memory
required (linedrly for vertical resolution, quadratically for
horizontal resolution), but also generally requires a
reduction 1n the integration time step Consequentially, the
computer time required increases rapidly with increasing
resolution Typical models have a horizontal resolution of
300 to 1000 km and between 2 and 19 vertical levels
These resolutions are sufficient to represent large-scale
teatures of the climate, but allow only a hmited
interpretation of results on the regional scale

1521 Phvsical paramcterizations

Due to their imited spatial resolution, GCM's do not (and
will not with any foresecable mcrease of resolution) resolve
several physical processes ot importance to climate
However the statistical effects of these sub grid-scale
processes on the scales 1esolved by the GCM have to be
incorporated 1nto the model by relating them to the
resolved scale variables (wind, temperature, humidity and
surface pressure) themselves Such a process 15 called
patametnization, and 15 based on both observational and
theorctical studics Figure 3 5 shows the physical processes
parameterized in a typical GCM, and then interactions

3522 Radianon and the cffect of clouds

The patametitzation of 1adiation 15 possibly the most
important 1ssue for chimate change experiments, sice 1t 18
through radiation that the effects of the gicenhouse gases
ate transterred into the gencial cuculation A radiation
patametitzation scheme calcutates the radiative balance of
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Figure 3.5: The processes parametrized in a numerical
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of the arrows indicates the strength of the nteraction (from
Houghton 1984)

Frction

Ground
temperature

Ground
roughness

the incoming solar radiation and the outgoing terrestrial
long-wave radiation and, as appropriate, the reflection,
emission and absorption of these fluxes 1n the atmosphere
Absorption and emussion are calculated 1n several broad
spectral bands (for reasons of economy) taking 1nto account
the concentration of different absorbers and emutters like
COp, water vapour, ozone and aerosols

Onc sensitive part 1n any radiation scheme 1s the
calculation of the radiative etfect of clouds In early GCM
experiments clouds were prescribed using observed cloud
chmatologies (fixed cloud (FC) experiments), and were not
allowed to alter during the experiments with (for example)
changed CO7 concentration Later schemes contained
interactive cloud parametrizations of various soph
1strication, but mostly based on an estimate of the cloud
amount from the relative humidity (RH experiments)
Only the most advanced schemes calculate the variation ot
cloud optical properties by the cloud water content (CW
experiments) Capital letters 1n brackets indicate
abbreviations used in Table 3 2 (a) and 3 2 (b)

The scasonal variation of the solar insolation 1s included
in almost all experiments, but a diurnal cycle 15 omutted in
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many simulations Climate experiments run without a
seasonal cycle are limited 1n scope and their reliability for
climate change experiments 1s therefore doubtful The
inclusion of the diurnal cycle improves the realism of some
feedback mechanisms and therefore the quality of the
climate simulations

3523 Sub gnd-scale transports
Most of the solar radiation absorbed by the climate system
1s absorbed at the surface This energy becomes available
for driving the atmospheric general circulation only after 1t
has been transferred to the atmosphere through the
planetary boundary layer (PBL), primarily by small-scale
turbulent and convective fluxes of sensible and latent heat,
but also by net long-wave radiative exchange On the other
hand, the general circulation 1s slowed down by frictional
dissipation which basically takes place 1n the PBL through
vertical transport of momentum by turbulent eddies

In most GCMs the turbulent fluxes of heat, water vapour
and momentum at the surface are calculated from empirical

bulk formulae with stability dependent transfer

coefficients The fluxes at the PBL top (at a fixed height
generally) are erther neglected or parametrized from simple
mixed-layer theory In GCMs that resolve the PBL, the
eddy diffusion approach 1s generally employed
Considerable efforts are made to incorporate nto the PBL
parametrizations the effects of cloud, vegetation and sub
grid-scale terrain height

Cumulus convection 1n a vertically unstable atmosphere
1s one of the main heat producing mechanisms at scales
which are unresolvable in GCMs A common procedure 15
to adjust the temperature and water vapour profile to a
conditionally stable state (Moist Convective Adjustment
MCA) The second class of cumulus parameterizations
often employed in GCMs 1s based on a4 moisture
convergence closure (KUO) Other GCMs use Penetrative
Convection (PC) schemes to mix moist conditionally
unstable air from lower model layers with dry air aloft
The question of how sophisticated convective para-
meterizations 1n GCMs need be, and how much the
sensittvity of chimate change experiments depends on their
formulation 1s still open

3524 Land suiface processes

Another important parametrization 1s the transfer of heat
and water within the soil, for instance the balance between
evaporation and precipitation, snow melt, storage of water
in the ground and river runoff This parametrization 15 of
extreme relevance for chimate change predictions since 1t
shows how local chhmates may change from hunud to and
and vice versa depending on global circulation changes It
turthermore reflects, 1n some of the more sophisticated
schemes the changes that could occur through alterations
in sutface vegetation and land-usc
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Most sotl moisture schemes used to date are based either
on the so-called “bucket” method or the force-restore
method In the former case, so1l moisture 15 available trom
a single reservorr, or thick soil layer When all the moisture
15 used up, evaporation ceases In the latter method, two
layers of so1l provide moisture for evaporation, a thin, ncar-
surface layer which responds rapidly to precipitation and
evaporation, and a thick, deep soil layer acting as a
teservorr  If the surface layer dries out, deep soil motsture
1s mostly unavatlable for evaporation and cvaporation 1ates
fall to small However, 1n the presence of
vegetation, redlistic models use the deep soil layer as a
source of moisture for evapotranspiration

values

At any given gnd-point over land, a balance between
ptecipitation, evaporation, runoff and local accumulation of
Is evaluated If precipitation exceeds
cvaporation, then local accumulation will occur until
saturation 1s achieved  After this, runotf 15 assumed and
the excess water 1s removed  The avatlability of this runoft
as fiesh water input o the ocean has been allowed for 1n
ocean models only recently (Cubasch et al, 1990) Most
modecls ditfer 1in the amount of {reshwater 1equited for
saturation, and few treat more than one soil type The
lorce-restore method has recently been extended to include
atange of soil types by Notlham and Planton (1989)

so1l moisture

3525 Boundary conditions

To determine a unique solution of the model cquations, 1t 15
necessary to specify a set of upper and lower boundary
conditions These are

input of solar radiation (including temporal variation) at
the top of the atmosphere,

orography and land sea distribution,

albedo of bare land,

surface roughness,

vegetatton characteristics

The lower boundary over the sca 15 cither presciibed
from climatological data or, as this 1s not very appiopriate
for ciimate change experiments 1t has to be calculated by
an ocean model As comprehensive ocean models are
cypensive to tun (see Section 35 3) the most commonly
used occan model coupled to atmosphere models 15 the

muved-layer model  This model describes the uppermost
layer ot the ocean where the oceanic temperature 15
relatively uniform with depth Tt 1s trequently modelled as a
stmple slab for which a fixed depth ot the mixed layer 15
prescribed and the occanie heat storage 15 calculated  the
oceanic heat transpott 1s either neglected o1 1s carnied only
within the mined layer or 1s prescrrbed trom climatology

Sea 1ce extents are determined interactively  usually with g
vartant of the thermody namie sea 1ee model due to Semtnet
(1976)
hmutations for studies of chimate change partculatly as 1t

Such an occan model evidently has stiong
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docs not allow for the observed lags 1n heat storage of the
upper ocean to be 1epresented Variations of mixed-layer
depth, oceanic heat flux convergence, and exchanges with
the deep ocean, which would entail an additional storage
and redistribution of heat, are all neglected as well
Attempts have been made to couple atmospheric models to
ocean models ol ntermediate complexity Thus, for
example, Hansen et al (1988) have used a low resolution
atmospheric model run with a mixed layer model coupled
diffusively to a deep ocean to simulate the time dependent
response to a gradual increase 1n trace gases

3.5.3 Ocean Models

To simulate the role of the ocean more adequately, a
number of dynamical ocean models have been developed
(Bryan, 1969, Semtner, 1974, Hasselmann, 1982, Cox,
1984, Oberhuber, 1989) The typical ocean model used for
chimate simulations follows basically the same set of
equations as the atmosphere 1f the equation defining the
water vapour balance 15 replaced by one describing salinity
As with atmospheric GCMs, numerical solutions can be
obtained by applying finite difference techniques and
specifying appropriate surface boundary conditions (1€,
fluxes of heat, momentum and fresh water) either from
observations (uncoupled mode) or from an atmospheric
GCM (coupled mode see Section 35 6) The vertical and
horizontal exchange of temperature, momentum and
salinity by diffusion or turbulent transters 15 parametrized

The formation of sea-ice 15 generally treated as a purely
thermodynamic process However, some models already
include dynamical effects such as sea i1ce drift and
deformation caused by winds and ocean currents
(Oberhuber et al  1989)

One of the problems of simulating the ocean 1s the wide
range of tume and length scales involved The models for
climate sensitivity studies resolve only the largest time and
length scales (horizontal resolution 200 to 1000 km, time
scale hours to 10 000 years, vertical resolution 2 to 20
levels) High 1esolution models, which can resolve eddies,
are now being tested (Semtner and Chervin, 1988) but
with the currently available computer power cannot be run
sufficiently long enough to simulate climate changes

3.5.4 Carbon Cycle Models

The exchange of carbon dioxide between the ocean and
atmosphere can be simulated by adding equations to the
ocean component for the air-sea gas flux, the physics of gas
solubtlity the chemistry of catbon dioxide buffering i sea
water  and the biological pump (Maler Reimer and
Hasselmann 1989) This extension of the coupled ocean-
atmosphere model will permit diagnosis of the frac-
tionation of carbon dioxide between the atmosphere and
occan 1n the last hundied years and changes to that
fractionation n the future as the ocean begins to respond to
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global warming, in particular through changes in the ocean
mixed layer depth, which affects both the physical uptake
of carbon dioxide and the efficiency of the biological
pump The physical and chemical equations are well
established, but more work 15 needed to establish equations
for the biological pump The latter must parametrize the
biological diversity, which varies regionally and seasonally
and 15 likely to vary as the climate changes, 1deally the
equations themselves must cope with such changes without
introducing too many variables Candidate sets of such
robust biological equations have been tested in one-
dimensional models and are now being used 1n ocean
circulation models with encouraging results It seems hikely
that they will have to be incorporated 1nto eddy-resolving
ocean circulation models 1n order to avoid biases due to the
patchy growth of plankton They will also have to pay
speclal attention to the scasonal boundary layer (the
biologist s euphotic zone) and tts interaction with the
permanent thermocline 1n order to deal with nutrient and
carbon dioxide recirculation Such models are comp-
utationally expensive and complete global models based on
these equations will have to await the arrival of more
powerful supercomputers later in the 1990s Besides the
biological organic carbon pump the biological calcium
carbonate counter pump and interactions between the
seawater and carbon sediment pools must be considered
First results with models which include the organic carbon
pump with a sediment 1eservorr indicate the importance of
these processes (Heinze and Maier Reimer 1989)

3.5.5 Chemical Models

Due to the increasing awarcness of the 1mportance of trace
gases other than CO2 a number of research groups have
now started to develop models considering the chemical
interactions between a variety of trace gases and the
general circulation (Prather et al 1987) At the time of
writing, these models have not yet been used 1n the models
discussed so far to esimate the global climate change It
will be interesting to see then 1mpact on future climate
change modelling

35.6 Coupled Models of the Atmosphere and the Ocean
Due to the dominating nfluence of the ocean atmosphere
link 1n the climate system, realistic climate change
experiments require OGCM s and AGCM s to be coupled
together by exchanging information about the sea surface
temperatute, the 1ce covet, the total (latent ,sensible and net
longwave radiative) heat flux, the solar radiation and the
wind stress

One basic problem 1n the construction of coupled models
arises from the wide range of time scales from about one
day for the atmosphere to 1000 years for the deep ocean
Synchronously coupled atmospheie ocean models ate
extremely time consuming and limited computer resources
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prohibit equilibrium being reached except with mixed-layer
models Various asynchronous coupling techniques have
been suggested to accelerate the convergence of a coupled
model However, the problem 1s far from being solved and
can only really be tackled by using faster computers

A second basic problem that arises through such
coupling 1s model drift The coupled model normally
drifts to a state that reflects the systematic errors of cach
respective model component because each sub model 15 no
longer constrained by prescribed observed fluxes at the
ocean-atmosphere interface Therefore flux correction
terms are sometimes 1ntroduced to neutralize the climate
drift and to obtain a realistic reference climate for climate
change experiments (Sausen et al, 1988 Cubasch, 1989)
(c f Section 4 9) However, these terms are additive and do
not guarantee stability from further drift, They are also
prescribed from present-day conditions and are not allowed
to change with altered forcing from increased CO9

Carbon cycle models have already been coupled to ocean
models, but coupling to an AGCM-OGCM has not yet been
carricd out

3.5.7 Use of Models
Despite therr shortcomings, models provide a powerful
facility for studies of climate and climate change A review
of such studies 1s contained in Schlesinger (1983) They are
normally used for investigations of the sensitivity of
cltmate to internal and external factors and for prediction of
chimate change by firstly carrying out a control
integration with parameters set for present day climate in
order to establish a reference mean model climatology and
the necessary statistics on modelled climatic variabihity
These can both be verified against the observed climate and
used for examination and asscssment of the subscquently
modelled chimate change The climate change (peit
urbation) 1un s then carried out by repeating the mode! run
with appropriately changed parameters (a doubling of CO2
for example) and the diffeiences between this and the
parallel control run exammed The difference between the
contiol and the perturbed experiments 1s called the
iesponse  The significance of the response must be
assessced aganst the model s natural vartability (determined
in the control run) using appropriate statistical tests These
cnable an assessment to be made (usually expressed 1n
terms of probabilities) of the confidence that the changes
obtained 1epresent an implied climatic change, rather than
simply a result of the natural variabihity of the model
Typical integration times range from 5 to 100 years
depending on the nature of the invesugation Untl now
most citort to study the response to increased levels of
greenhouse gas concentrations has gone nto determining
the ecquilibrium response of climate to a doubling of CO»>
using atmospheric models coupled to slab ocean models A
compatatively small number of attempts have been made to
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determine the transient (1e time-dependent) climate
response to anthropogenic forcing using coupled atmos-
phere and ocean circulation models

3571 Equilibrium iresponse experiments

In an equilibrium response experiment both simulations,
1e, the control experiment with the present amount of
atmospheric CO2 and the perturbation experiment with
doubled CO23, are run sufficiently long to achieve the
respective equilibrium climates A review of such exp-
ertments 15 given 1n Schlesinger and Mitchell (1987) For a
mixed-layer ocean the response time to reach equilibrium
amounts to several decades, which 15 feasible with present
day computers  For a fully coupled GCM the equilibrium
response time would be several thousand years and cannot
be achieved with present day computers A comprchensive
list of equilibrium response experiments can be found 1n
Table 3 2(a)

3572 Time dependent 1esponse experiments

Equilibrium response studies for given CO2 increases are
required as standard benchmark calculations for model
intercomparison  The results may be misleading, however,
il applied to actual chimate change caused by mans
activities, because the atmospheric CO7 concentrations do
not change abruptly but have been growing by about 0 4%
per year Moreover, the timing of the atmospheric response
depends crucially on the ocean heat uptake which might
delay the CO2 induced warming by several decades Thus,
tot realistic climate scenario computations, not only have
the atmospheric processes to be simulated with some
fidelity but also the oceanic heat transport which 15 largely
governed by ocean dynamics First experiments with
coupled dynamical atmosphere occan models have been
performed (Table 3 2(b)) and will be discussed later in
Section 6

3.6 Illustrative Equilibrium Experiments

In this section chimate sensitivity results, as produced by a
large number of general circulation models, are sum-
marized tor two quite difterent chmate change simulations
The tust relers to a simulation that was designed to
suppress snow-1ce albedo feedback so as to concentrate on
the water vapour and cloud feedbacks  The second consists
of a summary of global warming due to a CO2 doubling
The tirst case, addressing only water vapour and cloud
tecdbacks consists ot a perpetual July simulation 1n which
the chimate was changed by imposing a 4°C perturbation on
the global sca surtace temperature while holdimg sea e
tixed Since a perpetual July simulation with a general
circulation model results e very hittle snow cover 1n the
Notthern Hemusphere this effectively eliminates snow-1ce
albedo feedback The details of this simulation are given by
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Figure 3.6: Summary of the clear sky and global sensitivity
parameters for 17 general circulation models

Cess et al (1989), the main point 1s that it was chosen so as
to minimize computer time and thus allow a large number
of modelling groups to participate 1n the itercomparison
This procedure 15 1n essence an inverse clhimate change
simulation Rather than introducing a radiative forcing into
the models and then lctting the model climates respond to
this forcing, the climate change was instead prescribed and
the models 1n turn produced their respective radiative
torcings

Cess et al (1989) have summanzed clhimate sensitivity
parameters as produced by 14 atmospheric general
circulation models (most of them are referenced in Table
3 2(a) and 3 2(b) This number has since risen to 17
models and their sensitivity parameters (A as defined 1n
Section 3 3 1) are summarized in Figure 3 6 The important
point here 1s that cloud effects were 1solated by separately
averaging the models clear sky TOA fluxes, so that in
addition to evaluating the climate sensitivity parameter for
the globe as a whole ({illed circles in Figure 3 6), 1t was
also possible to evaluate the sensitivity parameter for an
equivalent clear-sky Earth (open circles)

Note that the models are 1n remarkable agreement with
respect to the clear shy sensiivity parameter, and the
model average A = 047 Km2W-1 15 consistent with the
discussion of water vapour feedback (Section 3 3 2), for
which 1t was suggested that A = 048 Km2W-1 There 1s,
however a nearly threefold variation 1n the global
sensitivity parameter and since the clear sky sensitivity
parametets are i good agreement, then this implies that
most of the disagicements can be attributed to differences
in cloud feedbackh A more detailed demonstration of this 1s
ginen by Cess et al (1989) The important conclusions
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from this intercomparison are that the 17 models agree well
with an observational determination of water vapour
feedback, whereas improvements n the treatment of cloud
feedback are needed 1f general circulation models are
ultimately to be used as reliable climate predictions

The second type of simulation refers to a doubling of
atmospheric CO2, so that in procceding from one equi-
librium climate to another, snow-ice albedo feedback 1s
additionally activated 1n the general circulation models It
must be cautioned however, that cloud feedback i this
type of simulation should not be expected to be similar to
that for the perpetual July simulation Furthermore, one
should anticipate interactive effects between cloud feed-
back and snow-ice albedo feedback

Summarized in Table 3 2(a) are ATs results, as well as
the related changes 1n global precipitation, for CO?
doubling simulations using a number of general circulation
models All models show a significant increase in global-
mean temperature which ranges from 1 9°Cto 5 2°C Asin
the perpetual July simulations, cloud feedback probably
introduces a large uncertainty, although here 1t 15 difficult
to quantify this point

Most results lie between 3 5°C and 4 5°C, although this
does not necessarily imply that the correct value lies 1n this
range Nor does 1t mean that two models with comparable
ATs values likewise produce comparable individual
feedback mechanisms For example consider the
Wetherald and Manabe (1988) and Hansen et al (1984)
simulations for which the respective ATs values are 4 0°C
and 4 2°C Summarized n Table 3 3 are their diagnoses of
individual feedback mechanisms These two models
(labelled GFDL and GISS respectively) produce rather
similar warmings 1n the absence of both cloud teedback
and snow-1ce albedo feedback The incorporation of cloud
feedback, however, demonstrates that this 15 a stronger
feedback 1n the GISS model, as 15 consistent with the
perpetual July simulations But curiously the additional
incorporation of snow-ice albedo feedback compensates for

Table 3.3: Comparison of ATs (°C) for the GFDL and
GISS models with the progressine addition of cloud and
snow ice feedbacks

FEEDBACKS GFDL GISS
No cloud or snow-ice 17 20
Plus cloud 20 32
Plus snow 1cc 40 42
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their differences 1n cloud feedback Thus, while the two
models produce comparable global warming, they do so for
quite different reasons

It should be emphasized that Table 3 3 should not be
used to appraise the amplification factor due to cloud
teedback since feedback mechanisms are interactive For
cxample, from Table 3 3 the cloud feedback amplifications
for the GFDL and GISS models might be inferred to be 1 2
and 1 6 respectively But, these are in the absence of snow-
ice albedo feedback Conversely, if snow-ice albedo
feedback 1s incorporated before cloud feedback, then the
respective amplification factors are 1 3 and 18 These
larger values are due to an amplification of cloud feedback
by snow-1ce albedo feedback

3.7 Summary

Many aspects of the global climate system can now be
stmulated by numerical models The feedback processes
assoclated with these aspects are usually well represented,
but there appear to be considerable differences in the
strength of the interaction of these processes 1n simulations
using different models Section 4 examines results from
various models in more detail

Unfortunately, even though this 1s crucial for chimate
change prediction, only a few models linking all the main
components of the climate system in a comprehensive way
have been developed This 1s mainly due to a lack of
computer resources, since a coupled system has to take the
different timescales ot the sub-systems into account, but
also the task requires interdisciplinary cooperation

An atmospheric general circulation model on 1ts own can
be integrated on currently available computers for several
model decades to give estimates of the variability about 1ts
equilibrium response, when coupled to a global ocean
model (which needs millennia to reach an equilibrium) the
demands on computer ttme are increased by several orders
of magnitude The inclusion of additional sub-systems and
a refinement of resolution needed to make regional
predictions demands computer speeds several orders of
magnitude faster than 1s available on current machines

We can only expect current simulations of climate
change to be broadly accurate and the results obtatned by
existing models may become obsolete as more complete
models of the chimate system are used Results from fully
coupled atmosphere ocean models are now beginning to
emerge, these are given in Section 6

The palaeo-analogue method, although of limited use for
detailed climate prediction (see Scction 5), nevertheless
gives valuable information about the spectrum of past and
future climate changes and provides data for the calibration
of circulation models in climate regimes diftering trom the
present Results from these calibrations are shown in
Section 4
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Executive Summary

1 The validation of the present day climate simulated by
atmospheric general circulation models shows that there 1s
considerable skill in the portrayal of the large-scale distribution of
the pressure, temperature, wind and precipitation 1 both summer
and winter, although this success 1s 1n part due to the constraints
placed on the sea surface temperature and sea-ice

2 On regional scales there are sigmificant errors 1n these variables
in all models Validation for five selected regions shows mean
surface air temperature errors of 2 to 3°C, compared with an
average seasonal variation of 15°C  Simuilarly, the simulation of
precipitation exhibits errors on sub continental scales (1000-2000
km) which differ in location between models Validation on these
scales for the five selected regions shows mean errors of from

20% to 50% of the average rainfall depending on the model

3 The limited so1l moisture data available show that the simulated
middle latitude summer and winter distributions qualitatively
reflect most of the observed large-scale characteristics

4 Snow cover can be well simulated m winter apart from errors 1n
regions where the temperdature 1s poorly simulated. Though
comparison 1s difficult 1in other seasons because of the different
forms of model and observed data, 1t 15 evident that the broad
seasonal vanation can be simulated, although there are significant
errors on regional scales

5 The radiative fluxes at the top of the atmosphere, important for
the response of climate to radiative perturbations, are simulated
m some models, in cloud

well indicating some skill

parameterization  Errors averaged around latitude circles are
mostly less than 20 Wm-2 with average error magnitudes as low
as 5 Wm-2 or about 2% of the unperturbed values, however, there
are substantial discrepancies 1n albedo, particularly in middle and
high latitudes due to the sensitivity of the parameterization

schemes

6. There has been a general reduction n the errors in more recent
models as a result of increased resolution, changes n the
parameterization of convection, cloudiness and surface processes
and the mtroduction of parameterizations of gravity wave diag

7 Although the daily and interannual vanability of temperature
and precipitation have been examined only to a limited extent,
there 1s evidence that they are overestimated 1n some models,
especially during summer The daily variability of sea-level
pressure can be well simulated, but the eddy kinetic energy 1n the
upper troposphere tends to be underestimated

8 Our confidence that changes simulated by the latest
atmospheric models used in climate change studies can be given
credence 1s increased by their generally satisfactory portrayal of
aspects of low-frequency vanability, such as the atmospheric
response to sea surface temperature anomalies assoctated with the
El Nifio and with wet and dry periods in the Sahel, and by their
ability to simulate aspects of the climate at selected times during
the last 18,000 years

9 Models of the oceanic general circulation simulate many of the
observed large scale features of ocean climate, especially i lower
latitudes, although their solutions are sensitive to resolution and to
the parameterization of sub-gridscale processes such as mixing

and convective overturning

10 Atmospheric models have been coupled with simple mixed

layer ocean models 1n which a flux adjustment 15 often made to
compensate for the omission of heat advection by ocean currents
and for other deficiencies Confidence in these models 15
enhanced by their ability to stmulate aspects of the climate of the

last ice age

11 Atmospheric models have been coupled with multi-layer
oceanic general circulation models, 1n which an adjustment 15
sometimes made to the surface heat and salinity fluxes Although
so far such models are of relatively coarse resolution, the large
scale structure of the ocean and atmosphere can be simulated with
some skill

12 There 1s an urgent need to acquire further data for climate
model validation on both global and regional scales, and to
perform validation against data sets produced in the course of
operational weather forecasting







4 Validation of Climate Models

4.1 INTRODUCTION

Chmate models, and those based on general circulation
models (GCMs) 1n particular, are mathematical
formulations of atmosphere, ocean and land surface
processes that are based on classical physical principles
They represent a unique and potentially powerful tool for
the study of the climatic changes that may result from
increased concentrations of CO2 and other greenhouse
gases in the atmosphere Such models are the only
available means to consider simultaneously the wide range
of interacting physical processes that characterize the
climate system, and their objective numerical solution
provides an opportunity to examine the nature of both past
and possible future climates under a variety of conditions
In order to evaluate such model estimates properly
however, 1t 15 necessary to validate the simulations against
the observed climate, and thercby to identify their
systematic errors, particularly errors common to several
models These errors or model brases must be taken into
account 1n evaluating the estimates of future climate
changes Additional caution from the GCMs’
relatively crude treatment of the ocean and their neglect of
other potentially-important elements of the climate system
such as the upper atmosphere and atmospheric chemical
and surface biological processes While 1t 15 to be expected
that GCMs will gradually improve there will always be a
range of uncertainty assoctated with their results, the
scientific challenge to climate modelling 15 to make these
uncertainties as small as possible

The purpose of this section 1s to present an authoritative
overview of the accuracy of current GCM based climate
models, although space limitations have not allowed
consideration of all climate variables We have also not
considered the simpler climate models since they do not
allow assessment of regional climate changes and have to
be calibrated using the more complex models We begin
this task by evaluating the models’ ability to reproduce
selected features of the observed mean climate and the
average seasonal climate variations, after which we
consider their ability to simulate climate anomalics and
extreme events We also consider other aspects which
increase our overall confidence in models such as the
performance of atmospheric models 1n operational weather
prediction and of atmospheric and coupled atmosphere-
ocean models 1n the simulation of low-frequency
variability and palaeo-climates

driscs

4.1.1 Model Overview

The models that have been used for climate change
experiments have been described in Section 3 5 and are
discussed further below Because of limitations 1n
computing power, the higher resolution atmospheric
models have so far been used only in conjunction with the
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simple mixed-layer ocean models, as 1n the equilibrium
experiments 1n Section 5 Many of these models give
results similar to those from experiments with prescribed
sea surface temperature (SST) and sea-ice, because these
varlables are constrained to be near the observed values by
use of prescribed advective heat fluxes This assessment
places an upper bound on the expected performance of
models with more complete representations of the ocean,
whose results are discussed 1 Section 6

Although the atmospheric models that have been
developed over the past several decades have many
differences n their formulations and especially n their
physical parameterizations, they necessarily have a strong
family resemblance It can therefore be understood that
though they all generate simulations which are to a
substantial degree realistic, at the same time they display a
number of systematic errors 1 common, such as
excessively low temperatures 1n the polar lower
stratosphere and excessively low levels of eddy kinetic
cnergy 1n the upper troposphere On a regional basis
atmospheric GCMs display a wide variety of errors, some
of which are related to the parameterizations ot sub-grid-
scale processes and some to the models’ limrted resolution
Recent numerical experimentation with several models has
revealed a marked sensitivity of simulated climate (and
climate change) to the treatment of clouds while
significant sensitivity to the parameterization of
convection, so1l moisture and frictional dissipation has also
been demonstrated These model errors and sensitivities
and our cuirent uncertainty over how best to represent the
processes involved require a serious consideration of the
extent to which we can have confidence in the performance
ol models on different scales

As anticipated above, the first part of this validation of
climate modcls focuses on those models that have been
used for equilibrium experiments with incieased CO2 as
discussed 1n Section 5 Many of the models considered
(Table 3 2(a) - sce caption to Figure 4 1(a) for models
teference numbers) are of relatively low resolution since
until recently 1t 15 only such models that could be integrated
for the long penods 1equired to obtain a clear signal To
represent the scasonal cycle reahistically and to estimate
equilibrium chmate change the ocean must be represented
1n such a way that 1t can respond to seasonal forcing with
an appropriate amplitude All the models in Table 3 2(a)
have been run with a coupled mixed-layer or slab ocean
The period used for validation of these models 15 typically
about ten years this 18 believed to be sufficient to define
the mean and standdrd deviation of atmospheric variables
for vahdation purposes Additionally some of these models
(versions histed 1n Table 3 2(b)) have been coupled to a
dynamic model of the deeper ocean (see Section 6)
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4 1.2 Methods and Problems of Model Validation

The questions we need to answer 1 this assessment
concern the suitability of individual models for estimating
climate change The response of modelled chimate to a
perturbation of the radiative or other forcing has been
shown to depend on the control chimate How serious can a
model's errors be for its response to a perturbation still to
be credible? Mitchell et al (1987) pomnted out that 1t may
be possible to allow for some discrepancics between
simulated and observed climates, provided the patterns are
suthciently alike that relevant physical mechanisms can be
identificd For cxample, they found that with increased
CO2 and incicased sutface tempetatures, precipitation
tended to increase where 1t was already heavy, so that f a
rainbelt was difterently located in two models, the response
patterns could differ but still have the same implications for
the 1eal climate change However, although a perfect
simulation may not be required, 1t 1s clear that the better the
stmulation the more reliable the conclusions concerning
climate change that may be made Also, since, as discussed
in Section 3, the magnitude of the response depends on the
feedbacks, these feedbacks should be realistically rep-
resented 1in the models Thus, n sclecting model variables
with which to vahidate atmospheric components of the
climate models, we considered the following

4)  Variables that are important for the description of the
atmospheric circulation and which therefore ought to
be realistically portrayed in the control stmulations 1f
the modelled changes are to be given credence
Examples include sea-level pressure and atmospheric
wind and temperature, and their variability as
portrayed by the kinetic encrgy of eddies

b)  Variables that are critical 1in detiming chmate changes
generated by greenhouse gases  These data also need
to be realistic 1n control simulations for the present
climate 1f the model predictions are to be credible
Examples include surface air temperature, pre-
cipitation, and soil moisture, along with their day-to-
day and year-to-year vartabihty

¢)  Variables that are important for chmate feedbacks If
they are poorly simulated. we cannot expect changes
in global and regional climate to be accurately
estimated Examples arc snow cover sea-ice, and
clouds and their radiative etfects

In general, the assessments made can only be relattve 1n
character It 15 not usually possible to specify a critical
value that crrors must not exceed Thus temperature
changes may be realistically simulated cven when the
modelled temperatures are 1n error by several degrees, for
cxample, the error may be due to cxcessive night time
coolimg of air near the surface which may have little effect
on other aspects of the simulation On the other hand 1t
may be obvious that an errotr 15 too sertous for much
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ciedence to be given to changes 1n a particular region  for
cxample, a prediction ol changes in temperature 1n a
coastal region with observed winds off the ocean, 1f the
simulated winds blow off the land To allow the reader to
make such assessments, maps are shown for a number of
key variables and modecls for which detailed changes are
depicted i Section 5

The validation of climate models requires, of course, the
availability of appropriate observed data For some
variables of interest, observed data are unavailable, or are
available for only certain regions of the world In addition
to traditional climatological data, useful compilations of a
number of variables simulated by climate models have
been piovided by Schuts and Gates (1971, 1972), Oort
(1983) and Levitus (1982), and more recent compilations
of atmospheric statistics have been made using analyses
from operational weather prediction (see, for example,
Trenberth and Olson, 1988) Rather than attempting to
provide a comprehensive summary of observed climatic
data, we have used what appeadr to be the best available
data 1n cach case, even though the length and quality of the
data are uneven Satellite observing systems also provide
important data sets with which to validate some aspects of
climate models, and when fully incorporated 1n the data
assimilation routines of operational models such data are
expected to become an important new source of global data
tor model validation

A wide range of statistical methods has been used to
compare model simulations with observations (Livezey,
1985, Katz, 1988, Wigley and Santer, 1990, Santer and
Wigley, 1990) No one method, however, 1s "ideal” n
view of the generally small samples and high noise levels
involved and the specific purposes of each validation
Other factors that can complicate the validation process
include vanations 1n the form i which variables are
represented 1n difterent models, for example, so1l moisture
may be expressed as a fraction of soil capacity or as a
depth, and snowcover may be portrayed by the fractional
cover or by the equivalent mass of liquid water Another
problem 1s the inadequate representation of the distribution
of some climatic variables obtainable with available
observations, such as precipitation over the oceans and soil
moisture

Another method of validation which should be
considered 1s internal validation where the accuracy of a
particular model process or parameterization 1s tested by
comparison with observations or with results of more
detailed models of the process This approach has only
been applied to a very hmited extent The best example 1s
the validation of radiative transfer calculations conducted
under the auspices of the WCRP programme for
Intercomparison of Radiation Codes in Climate Models
(ICRCCM) This intercomparison established the relative
accuracy of radiation codes for clear sky conditions against
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line-by-line calculations, and has led to improvements 1n
several climate models Similarly, the intercomparison of
simulated cloud-radiative forcing with satellite
observations trom the Earth Radiation Budget Experiment
(ERBE) should result in improvements in the rep-
resentation of clouds tn climate models

In addition to validation of the present chimate, 1t 18
instructive to consider the evidence that climate models are
capable of simulating climate changes Important evidence
comes from atmospheric models when used 1n other than
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chimate simulations, since the ocean surface temperature 1s
often constrained in similar ways Relevant experiments m
this regard for atmospheric models are those with
variations of tropical sea-surface temperature (SST) m the
El Nifio context Numerical weather prediction, which uses
atmospheric models that are similar 1n many respects to
those used 1n climate simulation, provides an additional
source of vahidation The simulation of chimate since the
last glacial maximum, for which we have some knowledge
of the land 1ce, trace gas concentrations and ocean surface
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Figure 4.1: Zonally averaged sea-level pressure (hPa) for observed (Schutz and Gates, 1971, 1972) and models (a) December-
January-February, (b) June-July-August Model reference numbers (Table 3 2 (a)) are CCC (20), GFHI (21), GFLO (13), GISS (11),

NCAR (7) UKHI (22), UKLO (15)
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temperatures, also provides a useful test of climate models
Finally for vahdation of the experiments on transient
chimate change discussed n Section 6, 1t 15 important to
constder the validation of ocean and coupled ocean-
atmosphere models

4.2 Simulation of the Atmospheric Circulation

In this section we consider a number of basic atmospheric
varlables for which validation data are readily available
and whose satisfactory simulation 15 a prerequisite for
confidence 1n the models ability to portray ¢limate change

4.2.1 Sea-Level Pressure
The sea-level pressure pattern provides a useful char
acterization of the atmospheric circulation near the surtace
and s closely related to many aspects of climate A simple
but revealing measure of the pressuie pattern 1s the north-
south profile of the 7zonal average (average around a
latitude circle) (Figure 4 1) In both solstitial seasons the
structure 15 rather similar, with a deep Antarctic trough
subtropical ridges with a near-equatorial trough between
and a rather weak and asymmetric pattern 1n northern
middle and high latitudes The models approximate the
observed pattern with varying degrees of success all
stmulate to some extent the subtropical ridges and
Antarctic trough The ridges are 1n some cases displaced
polewatrd and thete 15 a considerable range in then strength
particulatly in the NH (Northern Hemisphere) In the lower
1esolution models the Antarctic trough 15 generally too
weak and sometimes poorly located

The dependence of the simulation of the Antarctic trough
cvident here for the GFDL and UKMO
has been found n several previous studies
(Manabe et al 1978 Hansen et al 1983 Dyson 1985)
While Manabe ct al found 1t to be marked 1n the GFDL
specttal models only in July the similar GFDL model

on resolution
models

constdered here shows it clearly in January also The carlier
GFDL result 1s consistent with experiments with the CCC
model by Boer and Lazare (1988) showing only a shight
decpening of an alieady deep Antarctic trough as resolution
was mcicased  The important 1esult n the present context
15 that the more realistic models used 1in CO2 expermments
are those with higher resolution (CCC GFHI and UKHI)

The NH winter subtropical rrdge 15 too strong in most
models while the decrease in pressure from this ridge to
the nud-latitude trough 15 generally excessive this 1s
assoctated with excessively decp occanic lows n some
models and with spurious westerlies over the Rockies 1n
others The westerlies in high resolution models are very
sensitive to the representation of the diag associated with
gravity waves mduced by mountains without 1t a ring of
strong westerlies extends around middle latitudes durning
northern winter (Shingo and Pearson 1987)
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The models simulate the seasonal reversal from northern
summer to winter (for example Figure 4 2) To some
degree this reflects the dominance of thermal forcing of the
pressure pattern and the fact that most of the models have
ocean temperatures which are kept close to climatology
Summer temperatures over land are strongly atfected by
the availabihity of soil moisture (see Section 4 3 3), the
absence of evaporative cooling generates higher surface
temperature and lower pressure as in the “dry land”
experiment of Shukla and Mintz (1982) This effect 1s
evident in some of the models simulations of pressure over
land 1n the summer A serious shortcoming of the lower
resolution models 1n the northern summer 15 the tendency
to develop too strong a ridge between the Azores high and
the Arctic, this error shows up as the absence of a trough
near 60°N 1n Figuie 4 1(b) and was also found m previous
assessments (e g , Manabe et al 1978, Dyson, 1985)

The variability of the pressure pattern can usefully be
separated nto the daily variance within a month and the
interannual varrability of monthly means Both are
simulated with some skill by models, especially the daily
vartance (e g Figure 4 3) 1n particuldr, the variability
maxima over the castern Atlantic and northeast Pacific are
well simulated and 1n the Southern Hemisphere high
values are simulated near 60°S as observed These results
indicate that the models can successfully simulate the
major storm tracks in middie latitudes On smaller scales,
however there are regionally important errors, associated
for example with the displacements of the variability
maxima in the Northern Hemisphere

In summary the recent higher resolution models are
capable of generally realistic stmulations of the time
averaged sca level pressure and of the temporal pressure
vartability

4.2 2 Temperature

While models successfully simulate the major features of
the observed tempetrature structure of the atmosphere, all
models contain systematic errors such as those shown 1n
the simulated zonally averaged temperatures 1n Figure 4 4
Of errors common to many models, the most notable 1s the
general coldness of the simulated atmosphere, simulated
temperatures 1n the polar upper troposphere and lower
stratosphere are too low in summer by more than 10°C
while the lower troposphere 1n tropical and middle latitudes
15 too cold n both summer and winter The latter error may
In some cases be alleviated by increasing the hoiizontal
resolution (Boer and Lazare 1988, Ingram, personal
communication) The existence of such common
deticiencies despite the considerable differences in the
models resolution numerical treatments and physical
parametertzations tmplies that all models may be
misrepiesenting (or imndeced omitting) some physical

mechanisms  In contrast 1n some regions of the
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Figure 4.2: Sea-level pressure (hPa) for December-January-February (a.b) and June-July-August (c.d) for: (a,c) Observed (Schutz and Gates 1971, 1972) and (b,d) the UKHI model
(No. 22, Table 3.2(a))
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Figure 4.3; Daily standard deviation of 1000 hPa height (hm) for December-January-February for: (a) Observed (Trenberth and

Olson, 1988), (b) For CCC model (No. 20 Table 3.2(a)).
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Figure 4.4: Zonally averaged temperature errors (°C} for an early
version of the CCC model (not shown in Table 3,2(a)) for
December-January-February. Contours every 2°C with negative
errors dashed.

atmosphere, the simulaied temperatures do not have a
consistent bias and are warmer than observed in some
models and cooler than observed in others.

In summary, the major features of the observed zonally
averaged temperature structure are successfully simulated
by modern general circulation models. There are, however,
characteristic errors in specific regions, notably the polar
upper troposphere and lower stratosphere in summer and
much of the lower troposphere where temperatures are
colder than observed in all models.

4.2.3 Zonal Wind

The winds are closely linked to the pressure and
temperature distributions. The general poleward decrease
of terperature in most of the troposphere leads to westerly
flow, at least in the zonal mean (Figure 4.5). The major
features in both solstitial seasons are the closed-off jets in
each hemisphere and the easterlies in the tropics, especially
near the surface and in the lower stratosphere. While most
of the models represent these features to some extent, there
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Figure 4.5; Zonally averaged zonal wind (ms™1) for December-
January-February for: (a) Observed (Arpe, personal
communication), based on ECMWF analyses; (b) GFHI model
(No. 21 Table 3.2¢a)).

are a number of errors in common. The most prominent of
these are excessive westerlies above the summer jet,
especially in the SH, and above and poleward of the winter
jet. In consequence, some models fail to close the winter
subtropical jet (i.c., separate it from the stratospheric polar
night jet). This problem can also be alleviated by
improving the vertical resolution (Cariolle et al., (1990)).
In the NH the closure error is smallest in the more recent
simulations using higher resolution models (e.g., Figure
4 5(1)), although this improvement may owe more 1o the
inclusion of gravity wave drag than to the improvement in
resolution. Dyson (1985) found that improved resolution
helped to intensify the NH summer jet; this result is also
evident here, as shown by Figure 4.6, which allows
comparison of the observed and modelled meridional
profiles of wind at 200 hPa. At this level the June-July-
August jet in the SH is realistically simulated in most
models, but again most fail to close it.

In summary, although most models represent the broad
features of the observed zonal wind structure, only the
more recent models with the more realistic simulations of
sea-level pressure succeed in closing the winter jets and in
providing a sufficiently strong NH summer jet.

4.2.4 Eddy Kinetic Energy

A realistic climate model should simulate correctly not
only the zonally-averaged atmospheric variables but also
their space-time variability. Nearly half the atmospheric
kinetic energy resides in “eddies”, by which meteorologists
understand deviations of the flow from zonally-averaged
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Figure 4.8: Zonally averaged surface air temperatures (K) for various models and as observed (Schutz and Gates, 1971, 1972) for

(a) December-January-February, (b) June-July-August

conditions, as caused, for example, by cyclones and
meanders of the jet stream A measure of the intensity of
the eddies ts the “eddy kinetic energy" (EKE), which 15
observed to be largest in the extratropical latitudes in the
upper troposphere

A persistent error of atmospheric general circulation
models 15 their tendency to underestimate the EKF
particularly the transient  part representing vatiations
about the time-averaged flow When integrated from 1cal
mitial condittons  the models tend to lose EKE m the
coutse of the itegration untif they reach their own

characteristic climate  For example, Figure 4 7 compares
the transient EKE for December-January-February in a
version of the CCC model (Boer and Lazare, 1988) with
the corresponding observed EKE (Trenberth, personal
communication), and shows a significant underestimate of
the EKE maxima in middle latitudes There 15 a suggestion
ol overestimation 1 the tropics Similar results have been
obtained tor forecast models (WGNE 1988 sce also
Section 4 7)  Since 1ecent experiments have indicated that
resolution 15 not the basic reason tor this systematic EKE
errot (Bocr and Lazare 1988 Tibaldr et al, 1989), 1t 1s
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Figure 4.9: Surface air temperature errors for December-January-February (a) and June-July-August (b) for GISS model (No. 11,
Table 3.2(ay). Errors calculated relative to Schutz and Gates (1971, 1972). Areas less than -3°C shaded.

probably caused by the models’ treatment of physical
processes.

In summary, models suffer from a deficiency of transient
eddy kinctic energy, an error which appears most marked
in the upper extratropical troposphere and which may be
reversed in the tropics.

4.3 Simulation of Other Key Climate Variables

In this section we assess the global distribution of variables
involved 1n the energy and hydrological balances whose
satisfactory simulation is important for determining the
climate's response to increased greenhouse gases.

4.3.1 Surface Air Temperature

The temperature of the air near the surface is an important
climatic parameter. The global pattern is dominated by
large pole to equator gradients which models simulate well
(Figure 4.8) though it should be recalled that in most of the
models shown, the ocean surface temperatures are main-
tained near the correct level by 'flux adjustment’
techniques. Because of the dominance of the pole-to-
equator gradient, the maps shown (Figure 4.9) are of
departures of temperature from the observed. Validation of
this quantity from atmospheric GCMSs is complicated by
the models’ low vertical resolution and by the relatively
large diurnal variation of temperature near the surface.
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A principal conclusion from the comparison of simulated
with observed necar-surface air temperature 15 that while
cach model displays systematic errors, there are few errors
common to all models One characteristic error 1s that
temperatures over eastern Asia are too cold m winter (e g,
Figurc 4 9(a) over southeast Asia) Another, common to
most models, 15 that temperatures arc too high over the
Antarctic 1ce sheet (Figure 4 8), 1n winter at least, this can
be attributed to the models’ difficulty in resolving the
shallow cold surface layer In summer, errors in the
simulated ground wetness appear to be responsible for
many of the temperature errors over the continents
(compare Figures 4 8 and 4 12) this crror being less
marked 1 models with more complete representations of
the land surface (e g, Figure 4 9) (See Section 4 4 for a
detailed assessment for five selected arcas)

The varability of surface an temperatute can, like sea-
level pressure, be considered n terms of the day-to-day
vattations within a month or scason, and the interannual
Detailed
validations of these quantities for selected regions in North
America in relatively low resolution models have been
made by Rind et al (1989) and Mearns ct al , (199) Both
found vartances to be too high on a daily time-scale, while
for interannual timescales, the results differed between the
models An carlier study by Reed (1986) with a version of
the UKMO model (not 1n Table 3 2(a)) also revealed too
high variability on a daily time-scale in castern England
On the other hand, for the models reviewed in this
assessment for which data were available, the daily
vartance appeared to be capable of reahistic simulation
though 1t tended to be deficient over northern middle
latitudes, especially m summer

In summary, the patterns of <simulated surface air
temperature are generally similar to the observed Errors
common to most models include excessively cold air over
castern Asia mn winter and too waim condittons over
Antarctica Errors over the continents in summer are often
associated with errors 1n ground wetness

vartations of monthly or scasonal mecans

4.3.2 Precipitation

A realistic sitmulation of precipitation 1s essential for many
it not all studies of the impact of climate change A number
of estimates of the distributions of precipitation from
observations are available, some of these are dertved from
station observations, which are generally considered
adequate over land, one 15 derived from satellite
measurements of outgoing longwave radiation (Arkin and
Meisnet, 1987, Arkin and Ardanuy 1989) while another 15
from ship observations of curient weather coupled with
estimated equivalent rainfall rates (e g Dorman and
Bouthe 1979) The ditferences among these analyses ate
not nsigniticant smaltler than the
ditferences between the analyses and model simulations

but are mostly
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While all models simulate the broad features of the
observed precipitation pattern, with useful regional detail in
some regions, (see, for example the zonaily averaged
patterns 1n Figure 4 10 and the patterns tor the higher
resolution models in Figute 4 11), significant errors are
present, such as the generally inadequate simulation of the
southeast Asta summer monsoon ramnfall (see also Section
4 5 3), the 7onal raintall gradient across the tropical Pacific,
and the southern summer rains in the Zaire basin These
errors reduce the correlation between observed and
modelled patterns over land to about 0 75 (model 22, Table
3 2(a)) A similar level of skill 1s evident in the assessment
in Section 4 42 Some of the earlier models underestimate
the dryness of the subtropics (Figure 4 10), while several
models are much too wet 1n high latitudes in winter
Models that do not use a flux correction to ensure an
approximately correct SST fail to simulate the eastern and
central equatorial Pacific dry zone (not shown) There are
also large differences between the recent model simulations
of the intensity of the tropical oceanic rainbelts though the
(inevitable) uncertainties in the observed ocean pre-
cipitation can make 1t unclear which models are nearer
reality

Rind et al (1989) and Mearns et al (1990) have found
that over the USA interannual vanability of simulated
precipitation in the GISS and NCAR models 15 generally
excessive 1n both summer and winter, while daily
variability 15 not seriously biased tn either season, at least
relative to the mean precipitation The NCAR study also
revealed considerable sensitivity of the daily precipitation
to the model formulation, particularly to aspects of the
parameterization of evaporation over land Analyses of the
UKMO model (Reed, 1986, Wilson and Mitchell, 1987)
over western Europe showed that there were too many rain
days, although occurrences
underpredicted

of heavy rain were

In summary, current atmospheric models are capable of
realistic simulations of the broadscale precipitation pattern
provided the ocean surface temperatures are accurately
represented All the models assessed, however, have some
important regional precipitation errors

4.3.3 Soil Moisture

Sotl moisture 1s a climatic variable that has a significant
impact on ccosystems and agriculture Some model
experiments on the impact of increasing greenhouse gases
on climdate have shown large decreases in soil moisture
over land 1n summer, this can provide a positive feedback
with higher surface temperatures and decreased cloud
cover  Since there 15 no global coverage of observations of
sotl moisture 1ts validation s difficult Estimates of soil
motstuie have been made by Mintz and Serafun (1989)
from precipritation data and estimates of evaporation but
comparison with a recent analysis of observations over the
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Figure 4.10: Zonally averaged precipitation (mm day !) for various models and as observed (Jaeger, 1976) for (a) December

January February, (b) June-July-August

western USSR (Vinnikov and Yeserkepova, 1990) suggests
the estimates are too low in high latitudes in summer
(Table 4 1

Compared with the Mintz-Serafim1 observational
estimates, model simulations generally show a greater
seasonal variation, especially i the tropics In general the
simulations errors (n sotl moisture resemblc those in
precipitation, and vary considerably among models, as 1s
evident fiom the zonally averaged Junc-August data
(Figure 4 12) The simulations over Eutasia and northern
Africa ate quite close to the “observed™ in most models
However the sonally averaged data and also comparison
with the USSR data (e g, Table 4 1), suggests that some

models become too dry in summer 1n middle latitudes Al
models have difficulty with the extent of the aridity over
Australia, especially 1n the (southern) summer

In summary, the limited soi1l moisture data available
show that the simulated middle latitude summer and winter
distributions qualitatively reflect most of the observed
large-scale characteristics However, therc are large
differences in the models’ simulations of so1l moisture. as
cxpected from the precipitation simulations, and 1t should
be emphasized that the representation (and validation) of
soil moisture 1n current climate models 15 stull relatively
crude




(a) DJF PRECIPITATION: OBSERVED {b) DJF PRECIPITATION: CCC

Figure 4.11: Precipitation (mm day'l) for December-January-February (a, b, ¢, d) and June-July-August (e, f, g, h); observed (Jaeger, 1976) (a, e) and CCC model (No. 20) (b, f),
GFHI model (No. 21) (c, g) and UKHI model (No. 22) (d, h) (see Table 3.2(a) for model reference numbers).
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Table 4.1 Averages of available soil moistuwre as percentage of capacity for 30 60°E as observed (Vinnikov and
Yeserkepora 1990) estimated from obsenvations (Mintz and Serafini 1989) and for three models (CCC, GFHI and
UKHI) for December February (DJF) and June August (JJA)

Model
or Vinnikov & Mintz & CCC GFHI UKHI
Data Yeserkepova Serafini

Seasons DJF JJA DIF JJA DIJF JA DJF JJA DIF JJA

62°N 100 100 100 55 >%0 88 56 54 93 97
58°N 100 98 97 41 >90 85 32 22 90 93
54°N 85 57 83 27 78 77 25 13 81 67
50°N 63 24 57 12 35 22 28 10 70 30

NOTE The capacities vary between the data sets For Mintz and Serafini1 and GFHI, they are 15cm For UKHI, there 1s
no fixed capacity, but the runoff parameterization leads to an effective capacity close to 15cm, as used for the above
results CCC and Vinnikov and Yeserkepova have larger capacities, their data were provided as actual fractions of

capacity
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Figure 4.12: Zonally averaged soil moisture (cm) for land points as estimated by Mintz and Serafim (1989) for July and as modelled
tor June-July-August

4.3.4 Snow Cover

Snow 15 an important chimate element because of its high ~ Snow cover observations used for model validation were a
retlectivity for solar radiation dand because of its possible 15 year satellite-derived data set of the frequency of cover
involvement 1n a feedback with temperature The correct  (Matson et al , 1986) and an earlier snow depth data set
simulation of snow extent 15 thus critical for accurate (Arctic Construction and Frost Effects Laboratory, 1954)
prediction of the response to increasing greenhouse gases  These observations document the expected maximum snow
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cover 1n the Northern Hemisphere winter, with Southern
Hemisphere snow confined mainly to Antarctica

Detailed assessments of the simulations, especially for
seasons other than winter, are hindered by the different
forms of the model data (mostly seasonal mean liquid
water content) and the observed data (either frequency of
cover or maps of depth at ends of months) While all
models capture the gross features of the seasonal cycle of
snow cover, some models exhibit large errors Otherwise,
except over eastern Asia where snow extents are mostly
excessive (consistent with the low simulated temperatures
(e g, Figure 4 9)), the models’ average winter snow depths
can be near those observed, this 1s 1llustrated for North
America in Figure 4 13, which compares the observed Scm
snowdepth contour at the end of January with the modelled
lem hquid water equivalent contour averaged for
December to February Comparable results are obtained
over Europe and western Asia

In summary, several models achieve a broadly realistic
simulation of snow cover Provided snow albedos are

—— OBSERVED +---+GFDL
_____ GFDL HIGH x  x UKMO
------- UKMO HIGH - - -CCC
| I \J
50N
o
g A\ e
£ 40N N\ 2 B
] W\ -
-
30N

1 1
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Longitude
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Figure 4.13: Winter snow cover over North America as detined
for various models by the mmimum latitude at which the
December-January February simulated snow coverhad a [ cm
liquid water cquivalent contour, and as observed by the
mimimum latitude of the end-ot-January average 2 inch (5 cm)
depth contowr  (GFDL HIGH = GFHI, UKMO HIGH = UKHI
GFDL = GI'l O UKMO = UKLO)
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realistic, the simulated snow extent should thus not distort
simulated global radiative feedbacks However, there are
significant errors 1n the snow cover on regional scales n all
models

4.3.5 Sea-Ice
An accurate simulation of sea-ice 15 important for a
model’s ability to simulate climate change by virtue of 1ts
profound effect on the surface heat flux and radiative
feedbacks n high latitudes An attempt 1s made to ensure a
good simulation of sea-ice extent by including a prescribed
ocean heat flux in many current models, this flux 1s
assumed to be unchanged when the climate 15 perturbed
Without 1t, models tend to simulate excessive temperature
gradients between pole and equator, particularly in the
Northern Hemisphere winter, with a consequent excess of
sea-ice Sea-ice 1n the Arctic Ocean 15 constrained to
follow the coast in winter, but 1n summer and autumn the
ice separates from the coast in many places, this behavioui
1s simulated by some models Experiments with relatively
sophisticated dynamic-thermodynamic sea-ice models
(Hibler, 1979, Hibler and Ackley, 1983, Owens and
Lemke, 1989) indicate that a realistic simulation of scda-1ce
variations may require the inclusion of dynamic effects,
although the optimal representation for climate applications
has not yet been determined Although the thickness of sea-
1ce 15 not readily validated due to the inadequacy of
observational data, models display substantial differences
in simulated sea-ice thickness

In summary, considerable improvement in the rep-
resentation of sea 1ce 15 necessary before models can be
expected to simulate satisfactortly high-latitude climate
changes

4.3.6 Clouds and Radiation

The global distribution of clouds has been analysed from
satellite data over recent years i ISCCP, and the diagnosed
cloud cover can be compared with modelled cloud For
example, L1 and Letreut (1989) showed that the patterns of
cloud amounts m a 10-day forecast were similar to those
diagnosed 1in ISCCP over Africa in July, but were deficient
over the southeast Atlantic However, the definition of
cloud may differ from model to model and between model
and observations s0, as discussed by L1 and Letreut, 1t 15
often easier and more satisfactory to compare measutable
radiative quantities A useful indication of cloud cover can
be obtained fiom top-of-the-atmosphere satellite meas

urements of the outgoing longwave radiation (OLR) and
planctary albedo, as provided by Nimbus 7 Earth Radiation
budget measurements (Hartmann et al , 1986 Ardanuy ct
al  1989) These quantities describe the exchange of
cnergy between the whole climate system (ocean, ground

1ice and atmosphceie) and outer space, and 1 that sense
constitute the net foraing of the chimate At the same time




114

OBSERVED
NCAR
UKHI

320
300
280
260
240
220
200
180
160
140
120

100 T T

Validation of Climate Models 4

T 1 1 T T
15 0 -15
LATITUDE

L

-30

OUTGOING LONGWAVE RADIATION (W/M**2)

T T ¥ 1

-45 -60 -75 -90
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Figure 4.15: Zonally averaged planetary albedo for December-January-February (models) and for January (observed, Nimbus-7
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they depend critically on many mechanisms that are
mternal to the climate system, and in particular the
hydrological cycle As a result, the ability of models to
stimulate the OLR and planetary albedo properly depends
not only on the algonithms used to compute the radiative
transters within the atmosphere but also on the simulated
snow cover, surface temperature and clouds

The zonally averaged OLR (Figuie 4 14) 15 dominated
by maxima i low latitudes and minima 1 high latitudes

Clouds generate minimum OLR near the tropical con-
vergence zones, which are also evident as maxima 1n the
albedo (Figure 4 15) The ncrease 1n albedo toward high
latitudes, on the other hand, can be associated with clouds,
snow and 1ce, or changes in land surface type and solar
senith angle

Because of the important radiative cffects of clouds and
their association with precipitation, observed tropical and
subtropical OLR extremes are highly correlated with those
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of preciprtation In general, 1n tropical regions the models’
OLR values are realistic, and models successfully simulate
the correlation of precipitation with planetary albedo At
higher latitudes 1n winter, there 15 considerable dispanty
among models 1n the simulated values of planetary albedo,
evidently due to the differing simulations of snow cover
and/or clouds and the different specifications of albedo for
particular surfaces or cloud types In general, the models
stmulate polar OLR minima which are below the observed
values, probably because of the temperature errors there
(Figure 4 4, 4 8) Apart from these high latitude regions,
the zonally averaged OLR 1s generally within 20 Wm 2 ot
the observed The mean error magnitudes for individual
models are as low as 5 Wm-=2 (Model 20, Table 3 2(a)) or
2% of the climatological values For absorbed solar
radiation, errors are mostly below 20 Wm-2 with albedo
errors less than O 1 except in northern middle and high
latitudes

In summary, this assessment has shown that although the
latitudinal variation of top of the atmosphere radiative
parameters can be well simulated, there are some
discrepancies, particularly 1n the albedo in middle and high
latitudes due to the sensttivity of the parameterization
schemes Most models underestimate the OLR 1n high
latitudes

4.4 Simulation of the Regional Seasonal Cycle

The seasonal cycle constitutes the largest regularly
observed change of the atmosphere-ocean system, and
provides an important opportunity for model validation In
gencral, all GCMs simulate a recognizable average
seasondl variation of the principal climate variables, as
measured by the phasc and amplitude of the annual
harmonic  The seasonal variation of the amplitudes of the
transient and stationary waves can also be simulated with
reasonable fidelity (e ¢ the GLA GCM sec Straus and
Shukla, 1988 and Section 4 2 )

A mote detailed summary of GCMs simulations of the
seasonal cycle and a comparison with observational
estimates for five selected tegions 1s given i Table 4 2 1n
terms of the suiface air temperatute and precipitation In
this statistical summary, cach model s grid-point data over
land areas within the selected region have been averaged
without interpolation o1 area-weighting, the arcas are
bounded as follows Region | (35 50N, 85 105W), Region
2(5-30N 70-105E), Region 3 (10-20N, 20W-40E), Region
4 (35-50N, 10W-45E), Region 5 (10 455, [10 I55E)
Similar areas are uscd 1n analysing regional changes 1n
Section 5

441 Surface Air Temperature
The surface temperature data 1n Table 4 2 ate for the
bottom model layer except tor the CCC model for which
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an estimate of screen temperature at 2m was supplied For
the UKMO models, 00GMT data were adjusted to daily
means using detailed data for selected pomnts The
differences between the model simulations are generally
much larger than those between the observed data sets,
with the best agreement among the models’ surface air
temperature occurring over southeast Asia in summer, and
the poorest agreement over the Sahel in winter In general,
the seasonal differences for each of the regions show that
the models are, on average, capable of a good rep-
resentation of the seasonal variation of surface air
temperature

The magnitudes of the average errors of the individual
models lie 1n the range 2 620 8°C, with larger values 1n
winter (3 1°C) than mn summer (2 1°C) For the high
resolution models, the average 15 2 3°C  These figures may
be compared with the mean seasonal variation of 15 5°C
There appears to be no surface air temperature bias
common to all the models, although the models with higher
resolution (of the eight assessed) show an average
temperature below that observed Average regional errors
are generally small, with only southeast Asia in winter
having a mean error ( 2 6°C) of more than 1 5°C, the
models average estimates of the seasonal range are within
1°C of that observed for each region except southeast Asta

In summary, climate models simulate the regional
seasonal cycle of surface air temperature with an error of 2
to 3°C, though this error 1s 1n all cases a relatively small
fraction of the seasonal temperature range 1tself

4.4.2 Preciypitation
Average values of the simulated and observed precipitation
over the five regions are presented 1n Table 4 2 Most
models succeed 1n 1dentifying southeast Asia i summer as
the wettest and the Sahel in winter as the driest seasonal
precipitation regimes of those assessed, the region and
season which gives the most difficulty appears to be
southeast Asia in winter where several of the models are
much too wet Indeed, all four northern winter validations
reveal a preponderance of postive errors and Australia
also tends to be too wet The mean magnitude of model
crrotr varies quite widely between models, from 0 5 to 12
mm day-1, or from 20 to 50% ot the observed the three
higher resolution models have the smallest mean errors
The relatively large ditferences among the models indicate
the ditticulty of accurately simulating precipitation 1n a
specific 1egion (even on a seasonal basis), and underscores
the need for improved parameterization of precipitation
mechanisms

In summary as for temperature, the range of model skill
in simulating the seasonal precipitation 1s substantial the
mcan crrors being from 20% to 50% of the average
precipitation The models tend to overestimate precipitation
In winter
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Table 4.2 Regional unweighted averages of seasonal surface air temperature ( °C, upper portion) and precipitation (mm
day-1, lower portion) as simulated in model control runs and as observed over five selected regions (see text). Here DJF
is December-January-February and JJA is June-July-August (see Table 3.2(a) for model identification, where different

from Figure 4.1).

Region 1 Region 2 Region 3 Region 4 Region §

Model Gt. Plains S E Asia Sahel S Europe Australia
(l))rata DJF JIA DJF JIA DJF JA DJF JA DJF JJA
CCC -8.4 21.2 10.9 25.3 13.5 27.5 23 20.7 26.9 11.3
NCAR (#6) -35 29.9 10.5 27.4 25.2 31.8 23 26.4 29.3 17.0
GFDL R15 (#8) -5.7 25.9 14.1 27.3 259 317 2.0 26.7 319 16.1
GFHI -7.3 23.7 9.0 255 18.3 26.0 -3.8 20.9 24.9 11.8
GISS -1.2 19.5 14.7 254 21.3 28.6 7.5 229 26.5 14.3
OSU (#3) 4.8 20.4 13.9 28.2 30.5 32.8 -1.0 20.2 30.7 224
UKLO -1.7 19.5 17.7 25.8 26.0 26.9 3.7 20.1 25.2 16.3
UKHI -11.4 20.2 13.1 252 21.1 28.5 -2.0 18.5 25.5 15.3
Oort -6.3 20.8 16.2 25.9 227 28.8 1.5 20.8 273 15.3
Schutz -1.7 22.1 15.0 25.6 22.1 28.2 03 21.9 27.6 144
CCcC 1.4 38 2.0 8.6 0.1 2.9 24 1.7 2.0 0.8
NCAR (#6) 1.6 1.0 3.1 9.3 0.5 43 29 0.8 34 2.7
GFDL R15 (#8) 1.9 33 33 9.5 1.0 39 2.8 1.1 23 25
GFHI 1.3 2.1 1.6 8.6 0.5 4.5 1.6 14 29 1.0
GISS 2.0 3.1 59 6.0 0.9 3.2 3.0 2.0 2.6 1.6
OSU (#3) 1.4 1.7 0.8 1.4 02 1.5 2.2 1.1 1.3 0.9
UKLO 1.2 4.0 1.5 4.1 0.3 3.8 2.2 35 3.0 0.8
UKHI 1.0 2.7 0.5 43 0.0 2.8 28 1.5 4.1 1.0
Jaeger 1.1 2.5 0.6 9.0 0.1 4.4 2.1 2.0 24 0.8
Schutz 1.1 24 0.6 6.3 0.2 34 1.7 1.8 2.1 1.1

4.5 Simulation of Regional Climate Anomalies

4.5.1 Response to El Nifio SST Anomalies

The El Nifio Southern Oscillation (ENSO) phenomenon is
now recognized to be an irregular oscillation of the coupled
occan/atmosphere system in the tropical Pacific, occurring
approximately every three to five years. During the peak
of an El Nifo, sca surface temperatures (SSTs) in the

eastern tropical Pacific can be several degrees warmer than
the climatological mean. The convective rainfall maximum
is shifted towards the warm SST anomalies, and the
associated anomalous latent heat release forces changes in
the large scale atmospheric circulation over the Pacific
basin (and this in turn helps to maintain the anomalous
SST). In addition, there is evidence that the extratropical
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Figure 4.16: Sea surface temperature anomaly (°C) for January
1983 Dashed contours are negative (Fennessy and Shukla
1988b)
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Figure 4.17: Anomalies of mean convective precipitation

(mm day 1) from mid-December 1982 to mid February 1983

(a) Observed, (b) Simulated Observed precipitation anomalies
are calculated from OLR data, simulated anomalies are the
average of three 60-day integrations with the Goddard Laboratory
for Atmospheres GCM starting trom 15, 16 and 17 December
(Fennessy and Shukla, 1988b)

jet streams are significantly displaced from therr
chmatological positions during strong El Nifio events,
particularly over the North Pacific and North America
(Fennessy and Shukla, 1988a)

Before thc capability of coupled atmosphere/ocean
GCMs to simulate EI Nifio and 1ts teleconnections can be
assessed, 1t 15 first necessary to assess whether the
atmospheric component of these models can respond
realistically to observed SST anomalies There has been
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considerable research on this problem 1n recent years as
part of the WCRP TOGA programme (see for example,
Nihoul, 1985, WMO, 1986, 1988) following Rowntree's
(1972) imiuial studies Figure 4 16 shows the SST anomaly
in the Pacific for January 1983, with a maximum of 4°C in
the eastern Pacific An example of the observed and
simulated precipitation anomalies from mid-December
1982 to mud-February 1983 1s shown in Figure 4 17
(Fennessy and Shukla, 1988b), where a close corr
espondence across the central and eastern Pacific as well as
over Indonesia and northern Australia can be seen The
observed and simulated anomalies 1n the zonal departure of
the 200mb stream function for this same period are shown
in Figure 4 18 The strong anticyclonic couplet straddling
the equator 1n the central and eastern Pacific and the
weaker couplet to the east 1n the tropics are well simulated
in the model though their magnitudes are t0oo weak In the
extratropics over the Pacific and North America, an
castward-shifted PNA-like pattern (Wallace and Gutzler,
1981), with cyclonic anomaly over the North Pacific and
anticyclonic anomaly over Canada, 1s present in both the
observed and simulated anomaly fields

While the results above indicate that atmospheric GCMs
can respond realistically to El Nifio SST patterns,
comparison of different GCMs' responses to identical SST
anomalies underscores the importance of a realistic model
control climate (Palmer and Mansfield, 1986) For
example, the responses of models to an 1dentical El Nifio
SST anomaly are significantly different in those regions
where the models control climates differ markedly In such
experiments there are also errors in the simulated
anomalous surface heat flux and wind stress, which would
give rise to quite ditferent SST if used to force an ocean
model

Comparative extended-range forecast experiments using
initial data from the El Nifio winter of 1982/3 with both
observed and chimatological sea surface temperatures,
showed that 1n the tropics the use of the observed SST led
to consistent improvements 1n forecast skill compared with
runs with climatological SST, while 1n the extratropics the
improvements werc more variable (WMO, 1986) These
results suggest that, 1n the winter-time extratropics, the
internal low-frequency variability of the atmosphere 1s as
large as the signal from tropical forcing by El Niiio, while
in the tropics the influence of the El Nifio forcing 1s
dominant

In summary, we may conclude that, given a satistactory
cstimate of anomalous SST 1n the tropical Pacific,
atmospheric GCMs can provide a realistic stmulation of
seasonal tropical atmospheric anomalies at least for intense
El Nino episodes This success serves to increase our
confidence 1n these models and 1n their response to surface
torcing Problems associated with clhimate dnft, particularly
i relation to fluxes at the occan-atmosphere interface,
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Figure 4.18: Mean departure from the zonal mean of anomalies of the 200 hPa stream-function (106m2s-1). Dashed contours are
negative. Other details as in Figure 4.17. (Upper panel shows observed, lower panel shows simulated).

however, have so far inhibited consistently successful El  4.5.2 Sahelian Drought

Nifio prediction with coupled ocean-atmosphere GCMs, Over much of the 1970s and 1980s, sub-Saharan Africa
although recent simulations have reproduced some aspects  experienced persistent drought, while in the 1950s rainfall
of observed El Nifio phenomena (Sperber et al., 1987; was relatively plentiful. Climate models have been useful
Mechl, 1990). in determining the mechanisms responsible for the drought,
although the successful prediction of seasonal rainfall

anomalies requires further model development.
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Figure 4.19: Simulated and observed Sahel rainfall in the six
years for which simulations have been made Simulations were
made both with climatological and interactive soil moisture 1n the
UKMO GCM (version not shown 1n Table 3 2(a)) (Folland, 1990
- personal communication)

A number of GCM studies have indicated that local
changes 1n land surface conditions have an important
influence on rainfall For example, Charney et al (1977),
Sud and Fennessy (1982) and Laval and Picon (1986) have
shown that an increase 1n land albedo over the Sahel can
mhibit rainfall, while Rowntree and Sangster (1986) have
shown that restriction of soil moisture storage (as well as
albedo increases) can also have a substantial impact on
rainfall 1n the Sahel Other experiments indicate that the
chimate of the Sahel 1s sensitive to changes in local
vegetation cover

Further GCM experimentation has been described by
Folland et al (1989), the UKMO GCM has now been run
from observed imitial conditions in March and forced with
the observed SST for seven months of each of 1950, 1958,
1976, 1983, 1984 and 1988 (Folland, personal comm-
unication) For each of these years, two experiments were
performed one with an interactive soil moisture
parameterization, and one with fixed climatological so1l
moisture  Figure 4 19 shows a comparison of the observed
and simulated rainfall over the Sahel It 1s clear that the
decadal time-scale trend in Sahel rainfall has been well
captured Moreover, the results suggest that so1l moisture
feedback 15 not the main cause of the large modelled
differences 1n rain between the wet and dry years, though 1t
does contribute to the skill of the simulattons Insofar as
these decadal timescale fluctuations in large-scale SST are
associated with internal variability of the ocean atmosphere
system, 1t would appear that Sahel drought 15 part of the
natural variabihity of the climate, although the physical
mechanisms whereby SST influences Sahel ramn clearly
mnvolve remote dynamical processes (Palmer, 1986)
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In summary, atmospheric model experiments exhibit an
ability to simulate some of the observed interannual
variations in Sahel rainfall, given the correct SST patterns

4.5.3 Summer Monsoon
The monsoon, especially the Asian monsoon, displays
significant seasonal variation and interannual variability,
and the onset and retreat of the summer monsoons in Asia
and Australia are associated with abrupt changes in the
atmospheric general circulation (Yeh et al , 1959, McBride,
1987) An earlier or later monsoon onset, or a longer or
shorter duration, usually causes flood or drought
Therefore, not only the accuracy of the seasonal monsoon
precipitation but also the accuracy of the monsoon timing
are 1mportant aspects of a model’s ability to simulate
regional climate anomalies

In general, most atmospheric GCMs simulate the gross
features of summer monsoon precipitation patterns though
there are significant deficiencies (see Section 4 3 2),
although this aspect of model performance has not been
extensively examined, some models have been shown to
simulate the monsoon onset and associated abrupt changes
(Kitoh and Tokioka, 1987, Zeng et al , 1988) Part of the
interannual vanabihity of the summer monsoon has been
found to be associated with anomalies in SST, both local
(Kershaw, 1988) and remote For example, there 15 an
apparent correlation between the strength of the Indian
monsoon and SST 1n the eastern tropical Pacific, in the
sense that a poor monsoon 1s generally associated with a
warm east Pacific (Gregory, 1989)

4.6 Simulation of Extreme Events

The occurrence of extreme events 1s an important aspect of
climate, and 1s 1n some respects more important than the
mean climate Many relatively large-scale extreme cvents
such as intense heat and cold, and prolonged wet and dry
spells, can be diagnosed from climate model experiments
(e g, Mearns et al , 1984) The ability of climate models to
simulate smaller-scale extreme events 15 not well est-
ablished, and 1s examined here only in terms of tropical
storm winds and small-scale severe storms

Krishnamurti and Oosterhof (1989) made a five-day
forecast of the Pacific typhoon Hope (July 1979) using a
12-layer model, with different horizontal resolutions At a
resolution of 75 km the model's forecast of strong winds
was close to the observed maximum, while with a
resolution of 400 km the maximum wind was less than half
of the correct value and was located much too far from the
centre of the storm Since most climate models have been
run with a resolution of 300 km or more they do not
adequately resolve major tropical storms and therr
assoclated severe winds It may be noted, however, that
by using appropriate criteria, Manabe et al (1970),
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Haarsma et al (1990), and Broccoli and Manabe (1990),
have reported that climate models can simulate some of the
geographical structure that 1s characteristic of tropical
cyclones

Neither models with resolutions of 300 - 1000 km nor
current numerical weather prediction models simulate
individual thunderstorms, which are controlled by
mesoscale dynamical processes However, they do simulate
vartables that are related to the probability and intensity of
severe weather such as thunderstorms, hail, wind gusts and
tornadoes [t the appropriate variables are saved from a
chimate model, 1t should thereforc be possible to determine
whether the frequency and intensity of severe convective
storms will change 1n an altered climate

In summary, while changes 1n the occurrence of some
types of extreme events, such as the frequency of high
temperatures, can be diagnosed directly from climate
model data, special techniques are needed for inferring
changes 1n the occurrence of extreme events such as
intense rainfall or severe local windstorms

4.7 Validation from Operational Weather Forecasting

As was recognized at the outset of numerical modelling,
the climatological balance of a weather forecast model
becomes of importance after a few days of prediction,
while an extension of the integration domain to the whole
globe becomes necessary This means that modelling
problems 1n numerical weather prediction (NWP), at least
in the medium and extended range, have become similar to
those 1 modelling the climate on timescales of a tew
months (Bengtsson, 1985)

The development of numerical models over the past
several decades has led to a considerable improvement 1n
forccast skill - This advance can be scen in the increased
accutacy of shoit-range predictions, in the extension of the
time 1ange of usetul predictive <kill, and in the increase 1n
the number of uselul forecast products A systematic
evaluation of the quality of short range forccasts n the
Northern Hemusphere has been cartied out by the
WMO/CAS Working Group on Weather Prediction
Research covermg the 10-year period 1979 1988 (Lange
1989} Under this intercomparison project operational
forecasts from several centres have been verified on a daily
basis, considerable improvement has taken place, esp
cctally 1n the tropics and 1n the Southern Hemisphere
(Bengtsson, 1989)

Ot particular importance {or climate modelling are
model errors of a systematic (or case-independent) nature
Such modecl detficiencies give rise to a4 climate drift  n
which the model simulations generally develop significant
ditferences from the real chimate  Although there has been
a progressive reduction of systematic errors n NWP
models as noted above a tendency to zonalization ot the
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Figure 4.20: Zonal and vertical means (500-200 hPa) of zonal
wind errors (forecast-analysis) of ECMWF day-10 forecasts
Contours drawn from scasonal mean values at intervals of 1 ms-!
(zero line suppressed) The lettering at the top of the diagram
indicates imes of major model changes

flow 1s still present  Figure 4 20 shows the evolution of 10-
day errors of the zonal wind component 1n the ECMWF
model, and 1llustrates the global character of the model's
errors (Arpe, 1989) The systematic errors typical of
forecast models include the tendency for reduced
vartability in large-scale eddy activity, which shows up
synoptically as a reduction n the frequency of blocking
and quasi-stationary cut-off lows (see also Section 4 2 4)

In summary, the development and sustained imp-
rovement of atmospheric models requires long periods of
validation using a large ensemble of different weather
situations  Confidence 1n a model used for climate
stmulation will therefore be increased 1f the same model 1s
successful when used 1n a forecasting mode

4.8 Simulation of Ocean Climate

The occan influences chimate change on seasonal, decadal
and longer timescales 1n several important ways The large-
scale transports of heat and fresh water by ocean currents
are 1mportant climate paramecters, and affect both the
overall magnitude as well as the regional distribution of the
response of the atmospherc-ocean system to greenhouse
warming (Spelman and Manabe, 1985) The circulation and
thermal structure of the upper ocean control the penetration
ot heat 1nto the deeper ocean and hence also the timescale
by which the ocean can delay the atmospheric response to
CO2 increases (Schlesinger et al , 1985) Vertical motions
and water mass formation processes in high latitudes are
controlling factors (besides chemical and biological
imteractions) for the oceanic uptake of carbon dioxide
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through the sea surface, and thus influence the radiative
forcing 1n the atmosphere To be a credible tool for the
prediction of climate change, ocean models must therefore
be capable of simulating the present circulation and water
mass distribution, including their seasonal variabihity

4.8.1 Status of Ocean Modelling

The main problems 1n ocean modelling arise from
uncertainties 1n the parameterization of unresolved
motions, from insufticient spatial resolution, and from poor
estimates of air-sea fluxes In general, ocean modelling 1s
less advanced than atmospheric modelling, reflecting the
greater difficulty of observing the ocean, the much smaller
number of scientists/institutions working n this area, and
the absence until recently of adequate computing resources
and of an operational demand equivalent to numerical
weather prediction Global ocean models have generally
followed the work by Bryan and Lew1s (1979), they mostly
have horizontal resolutions of several hundred kilometres
and about a dozen levels n the vertical Coarse grid models
of this type have also been used 1n conjunction with
atmospheric GCMs for studies of the coupled ocean-
atmosphere system (scc Section 4 9)

The performance of ocean models on decadal and longer
timescales 1s critically dependent upon an accurate para-
meterization of sub-gridscale mixing The mamn con-
tribution to poleward heat transport 1n ocean models arises
from vertical overturning whereas the contribution
associated with the horizontal circulation 15 somewhat
smaller Most models underestimate the heat transport and
simulate western boundary currents which ate less intense
and broader than those obseived The need for eddy-
resolving models (¢ g , Semtner and Chervin, 1988) 1n
climate simulations 1s not yet established Coarse vertical
resolution, on the other hand can sigmificantly alter the
cffective mixing and thus intluence the overturning and
heat transport 1n a model The main thermocline 1 most
coarse-resolution simulations 15 constderably warmer and
more diffuse than observed a tesult probably due to a
deficient representation of lateral and vertical mixing

An important component of the deeper ocean circulation
1s driven by fluxes of hecat and fiesh water at the sea
surface In the absence of 1chable data on the surface fluxes
of heat and fresh water, many ocean modellers have
parameterized thesc 1n terms of obseived sea surface
temperature and salinity The fluxes diagnosed in this way
vary considerably among models While surface heat tlux
and surface temperatuic aie strongly related there 15 no
correspondingly strong connection between surface fresh
water flux and surface salinity a consequence 1s the
possible existence of multiple equilibrium states with
significant differences 1n oceanic heat transport (Manabe
and Stouffer, 1988)

4.8.2 Vahdation of Ocean Models
The distribution of temperature, salinity and other water
mass properties 15 the primary information for the
validation of ocean models Analysed data sets (e g,
Levitus, 1982) have been very uscful although the use of
original hydrographic data 1s sometimes preterred The
distributions of transient tracers, in particular tri-
tium/helium-3 and C-14 produced by nuclear bomb tests,
and CFCs, place certain constraints on the circulation and
are also useful diagnostics for model evaluation (Sarmiento
1983, Toggweller et al , 1989) The poleward transport of
heat 1n the ocean zonal hydrographic sections (¢ g the
annual mean of 1 0-1 2 PW at 25N 1n the North Atlantic
found by Bryden and Hall, 1980) appeats to have high
reliability, and zonal scctions planned 1n the World Ocean
Circulation Experiment could significantly improve ocean
heat transpoit estimates

Direct observations of the fluxes of heat, fresh water and
momentum at the sea surface are not very accurdate, and
would not appear to be viable 1n the near future However
monttoring upper ocedn parameters, in particular the heat
and fresh water content n connection with ocean circ
ulatton models, can contribute to an indirect determination
of the surface fluxes The validation of ocean models using
large data sets can in general be made more efficient 1
appropriate mverse modelling and/or data assimilation
procedures are employed

The validation of ocean models may conveniently be
considered separately on the time-scales of a season, a
decade and a century The goal 15 a model which will
cortectly sequester excess heat produced by greenhouse
warming and produce the right prediction of changing sed
surface temperatures when 1t 1s run n coupled mode with
an atmospheric model

Scasonal timescales i the upper ocean are important for
a simulation of greenhouse warming both because seasonal
variations are a fundamental component of chimate and
because ol the seasonal variation of vertical mixing mn the
ocedn Sarmiento (1986) has demonstrated that the seasonal
vartation of mixed layer depths can be simulated with a
sutficiently detatled repiesentation of the upper occan

Perhaps the best way to check ocean models on decadal
time scales 15 to simulate the spread of transient tracers
Data sets based on these tracers provide a unique picture ol
the downward paths from the surface mto the ocean
thermocline and decp water The invasion of trittum mto
the western Atlantic about a decade after the peak of the
bomb tests 15 compared with calculations by Sarmiento
(1983) in Figurc 4 21 The data show that the tiitium very
rapidly invades the main thermochine but only a small
fraction gets nto deep water The model succeeds n
reproducing many of the important featurces of the data
such as the shallow equatorial penetration and the deep
penetration in high latitudes The main fatlure 1s the lack of
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Figure 4.21: Trittum 1n the GEOSECS section 1n the western North Atlantic approximately one decade after the major bomb tests
(a) GEOSECS observations, (b) as predicted by a 12-level model (Sarmiento, 1983) In Tritium units

penetration at 30-50°N, which may be related to some
inadequacy in simulating cross-Gulf Stream/North Atlantic
Current exchange (Bryan and Sarmiento, 1985) A notable
result 1s the importance of seasonal convection for vertical
mixing An obvious difficulty 1n using transient tracer data
to cstimate the penetration of excess heat from greenhouse
warming is the feedback caused by changes in the density
field A very small temperature perturbation should behave
like a tracer, but as the amphtude increases, the per-
turbation will atfect the circulation (Bryan and Spelman
1985)

In many parts of the ocean, salinity 1s an excellent tracer
of ocean circulation The salinity field of the ocean 1s
cxtiemely ditficult to simulate The reason for this s that
soutces and sinks of tresh water at the ocean surface have a
rather complex distribution, much more <o than the
transtent tracers Water masses with distinctive salimity
signatures he at the base ot the thermocline 1n all the major
occans In the Southern Ocean and the Pacific, these water
masses are chdaracterized by salinity mmima and relatively
weak stability The characteristic renewal timescale of
these water masses 15 greater than a decade but less than a
century 4 range very important for greenhouse warming
At present, these water masses have not been simulated 1n a
satisfactory way 1n an ocean circulation model

In summary, oceanic processes are expected to play a
majot role m climate change The satisfactory rep
resentation of vertical and horizontal transport processes
(and of sea-1ce) are thus of particular importance There 15
encouraging evidence from tracer studies that at least some
aspects of these mixing processes are captuted by ocean

models However, at present, ocean models tend to

underestimate heat transport

4.9 Validation of Coupled Models

While much has been learned from models of the
atmosphere and ocean formulated as separate systems, a
more fundamental approach 15 to treat the ocean and
atmosphere together as a coupled system This 1s unlikely
to improve on the simulation of the time-meaned
atmosphere and ocean when treated as separate entities
(with realistic surface fluxes), since the average SST can
only become less realistic, however, i1t is the only way 1n
which some of the climate system’s long-term interactions,
including the transient response to progressively increasing
CO2, can be realistically studied (see Section 6)

Typical of the current generation of coarse-grid coupled
GCMs 15 the simulation shown n Figure 4 22 from
Washington and Meehl (1989) The general pattern of
zonal mean temperature 15 reproduced 1n both atmosphere
and ocean 1n this freely interacting coupled model,
although during the time period simulated the temperature
1in the deeper ocean is still strongly related to the inital
conditions On closer inspection, comparison of the
simulated near-surface temperatures 1n the ocean with
observed values from Levitus (1982) shows warmer-than-
observed temperatures 1n the high latitude southern oceans,
colder-than-observed temperatures in the tropics, and
colder-than-observed temperatures at high northern
latitudes The latter can be traced to the North Atlantic
where the lack of a well-defined Gulf Stream and
associated thermohaline circulation inhibits the transport of
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Figure 4.22: Zonal mean temperatures for December-January February for atmosphere and ocean as simulated 1n a 30 year integration
with (left) the NCAR coupled mode! (Washington and Meehl, 1989) and (right) from observations Observed atmospheric
temperatures are from Newell et al (1972) observed ocean temperatures are from Levitus (1982) The unlabelled contour in the
observed near the tropical surface 1s 295K The maximum ocean temperatures 1n this same region are 27°C (observed) and 25°C

(computed)

heat to those latitudes Simuilar patterns of systematic sea-
surface temperature errors have been found in other
coupled models (Gates et al , 1989, Manabe and Stouffer
1988), and their effects on the simulated surface heat flux
have been examined by Mechl (1989)

In view of such errors, a practical decision faces those
designing coupled models On the onc hand they can
decide that the systematic errors, while serious n terms of
the control integration do not prevent the useful
interpretation of results from sensitivity experiments On
the other hand, they may consider that the systematic etrors
represent a significant bias in the control run and would
affect the results ot sensitivity experiments to an
unacceptable degree The alternative then 1s to somehow
adjust for the errors 1n the control run to provide a more
realistic basic state for sensiivity experiments Such
techniques have been devised and aic variously called  flux
correction” (Sausen et al 1988) or tlux adjustment
(Manabe and Stouffer, 1988) These methods efiectively
remove a large part of the systematie errors and such
coupled simulations are closer to observed conditions
However, since the correction terms are additive the
coupled model can sull exhibit ditft and the flux conection

terms cannot change during the course of a chmate change
experiment (1e, 1t 15 effectively assumed that the model
errors are the same for both the control and perturbed
climates)

One way to validate coupled models 1s to analyse the
simulated interannual variability, a fundamental source of
which 1s associated with the El Nifio - Southern Oscillation
(ENSO) (see also Section 4 5 1) The current generation of
coarse-grid coupled models has been shown to be capable
of simulating some aspects of the ENSO phenomenon
(Sperber et al 1987 Meehl 1990 Philander et al 1989)
although the simulated intensity 15 1n generdal 100 weak
Ultimately a coupled climate model should be verified by
1ts simulation of the observed evolution of the atmosphere
and ocean over historical umes For hypothetical future
rates of CO2 increase current coupled GCMs at least
indicate that the patterns of the climate s transient response
are likely to be substantially different 1n at least some
ocean regions from those given in equilibrium simulations
without a fully interacting ocean (Washington and Mechl
1989 Stoutfer et al , 1989 see also Section 6)

In summary coupled models of the ocean atmospherc
system are sull in an early stage of development and have
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so far used relatively coarse resolution Nevertheless, the
large scale structures of the ocean and atmosphere can be
simulated with some skill ustng such models and current
simulations give results that are generally similar to those
of equilibrium models (see Sections 5 and 6)

4.10 Validation from Palaeo-Climate

Studies of palaeco-climatic changes are an 1mportant
element 1n chimate model vahdation for two reasons

Iy they improve our physical understanding of the
causes and mechanisms of large climatic changes so
that we can mmprove the representation of the
appropriate processes in models, and

2) they provide unique data sets for model validation

4.10.1 Observational Studies of the Holocene

The changes of the Earth’s climate during the Holocene
and since the last glacial maximum (the last 18,000 years)
arc the largest and best documented 1n the palaeo climatic
record, and arc therefore well-suited for model vahidation,
the data sets aie near-global in distiibution, the time control
(based upon radiocarbon dating) 1s good, and estimates of
palaco-climatic conditions can be obtained from a variety
ot palaco-environmental records, such as lake sediment
cores, ocean sediment cores, 1ce cores, and so1l cores At
the last glacial maximum there were large ice sheets n
North America and northern Eurasia, sea-level was about
100m below present, the atmospheric CO7 concentration
was around 200ppm, sea-1ce was more extensive than at
prescnt, and the patterns of vegetation and lake distribution
were different from now During the last 18,000 years. we
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theretore have the opportunity to observe how the climate
system evolved during the major change from glacial to
ptesent (inteiglacial) conditions CLIMAP Project
Members (1976 1981) and COHMAP Members (1988)
have assembled a comprehensive data set for the climate of
the last 18,000 years as summatized in Figure 4 23

The period from 95 5-6kbp (thousand years before
present) 1s probably the earliest date 1n the Holocene when
the boundary conditions of 1ce-sheet extent and sea level
werce analogous to the present There 1s also general
agreement that vegetation was close to equilibrium with the
climate at this ime Radiocarbon dating ot most of the
sources of stratigraphic data allows an accuracy of better
than plus-or-minus 1000 years 1n the selection of data for
the purposes of making reconstructions The earlier period
around 9kbp 15 of particular 1nterest because the differences
of the radiative forcing from the present were particularly
large (Berger, 1979), although there was still a substantial
North American ice sheet

4 10.2 Model Studies of Holocene Climate

Several atmospheric GCMs have been used to simulate the
climate of the 18kbp glactal maximum, and have helped to
clanfy the relative roles ol continental ice sheets, sea-ice,
ocean temperature and land albedo in producing major
shifts in circulation, temperature and precipitation patterns
(Gates, 1976a, b, Manabe and Hahn, 1977, Kutzbach and
Guetter, 1986, Rind 1987) In addition to specifying land-
based 1ce sheets and changed land albedos, these models
also prescribed SSTs and sea-ice extents Manabe and
Broccoli (1985) successtully simulated the SSTs and sea-
1ce during the Last Glacial Maximum using an atmospheric
GCM coupled to a mixed-layer ocean model, this

Palaeoclimatic Data
Sites with

o Pollen Data ® Marine Data o o -
+ Lake level Data * Marine Data .
O Midden Data (18 ka only) q/gﬁ - —

Figure 4.23: Data sites in the CLIMAP/COHMAP global palaeo-climatic data base (COHMAP Members, 1988)




4 Validation of Climate Models

SPRUCE POLLEN (as observed)

2.

////

ik

E%y

15 Kbp 12 Kbp

18 kbp

9 kbp

6 kbp 3 kbp 0 kbp
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from 18,000 YBP to the piesent The region with diagonal lines 1n the north 15 a digital representation of the location of the Laurentide
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experiment also demonstrated the sensitivity of glacial age
climate simulations to the lowered level of glacial-age
atmospheric CO2 (Broccolt and Manabe. 1987) The
chimate's sensitivity to orbital parameter changes has been
confirmed through compaiisons of model simulations with
palaco-climatic data both using atmospheric GCMs
(Kutzbach and Guetter, 1986, Royer et al 1984) and using
atmospheric GCMs coupled to mixed layer occan models
(Kutzbach and Gallimote 1988, Mitchell et al , 1988)
Manabe and Stouffer (1988), motcover, 1cport evidence of
two stable equilibria of a coupled atmosphere-occan GCM
that may be of impoitance for explaming abrupt short-tetm
chmate changes such as the cooling which occurted about
10,500 years ago Rind ct al (1986) Overpeck et al (1989)
and Oglesby et al (1989) have sought understanding of this
cooling from model caperiments m which cooling of the
North Atlantic or the Gulf of Mexico was specified

In general, palaco-chimate modelling studies have
found encouraging agieement between simulations
and observations on continental scales For example, the
COHMAP comparisons using the NCAR model show
temperature and precipitation changes, [8kbp to piesent,
that are generally consistent with observations in North
America, at least as interpreted by the movement of spruce
populations (Figure 4 24), while the simulated enh
ancement of northern tropical monsoons around 9kbp 15
also supported by palaco-climatic data (COHMAP
Membeis, 1988) On the other hand. palaco-climate

modelling studies, like their modern counterparts. also
reveal regions and times where model and data disagree
For example, Figure 4 24 shows errors over southeastern
North America from 18 to 12kbp associated with simulated
summer temperatures that are too high, while Manabe and
Broccoli (1989) obtain larger cooling of the tropical oceans
at 18kbp than palaeo-climatic data suggest

Because the mid-Holocene may have been warmer than
now at least during northern summer. the question aiises
whether or not this period might be 1n some sense
analogous to the climate with doubled CO2 Gallimore and
Kutzbach (1989) and Mitchell (1990) have discussed the
ditfciences n forcing (orbital parameters versus CO2) and
differences 1n the chimatic response as simulated by GCMs
Even though the two types of forcing ate very different, we
can learn a great deal about our models by determining
how well model experiments with orbitally-caused changes
in solai radiation simulate the observed cxtent of increase
in northern mid continent summer warmth and dryness the
decrease 1n Arctic sea-ice, and the increase in northern
tropical precipitation

4.10.3 Other Validation Opportunities

Studics of the previous interglacial around 125kbp by
CLIMAP Project Members (1984) and Prell and Kutsbach
(1987) among others for warmer
conditions, espectally in high latitudes, reduced sca-ice
At this

show cvidence

extent, and enhanced northern tropical monsoons
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time CO7 levels were above pre-industnal levels, sca-level
was somewhat higher than now, the Greenland ice sheet
wadas perhaps smaller, and orbital parameters favoured
greatly enhanced Northern Hemisphere seasonality
Because of the indications of warmth and relatively high
CO3 levels (relative to before and after 125 kbp) this
period is also of interest for modelling and model
validation studies Modelling experiments by Royer et al
(1984) have emphasised the strong cooling from the
equilibrium climate with orbital parameters for 125kbp to
that for 115kbp However, data sets are not nearly as
cxtensive or as well-dated as for the mid-Holocene

There 15 strong evidence that the first growth of ice
sheets and the development of glacial/interglacial cycles
began in North America and northern Eurasia around 2 4
million years ago, prior to this time the chimate was
presumably significantly warmer than at present This
period may well be our only geologically-recent example
of a chimate that was significantly warmer than now over
large areas However, the period poses many problems,
including the marked differences from the present day in
major global topographic features and the uncertainties n
torcing conditions, these factors make 1t unsuitable for
detailed model validation at the present time, although such
simulations would be of considerable scientific interest

In summary, palaeo-chmatic data have provided
encouraging evidence of the ability of climate models to
simulate climates different from the present, especially
during the Holocene This indicates that further such data
would be useful for climate model validation

4.11 Conclusions and Recommendations

This somewhat selective review of the performance of
current global climate models has shown that there 15
considerable skill in the simulation of the present day
climate by atmospheric general circulation models 1n the
portrayal of the large-scale distribution of the pressure,
temperature, wind and precipttation 1n both summer and
winter  As discussed 1n Section 4 1 2 the responses to
peiturbations can be given credence, provided simulated
and observed patterns are sufficiently similar for
cortesponding features and mechanisms to be identified
Recent models appear to satisfy this condition over most of
the globe Although quantification of this conclusion 15
difficult 1t 1s supported by the skill demonstrated by
atmospheric models 1n simulating, firstly, the circulation
and rainfall changes associated with the El Nifio ocean
temperature anomalies and, secondly, the rainfall
anomalies characteristic of wet and dry periods in the Sahel
region of Atrica when the observed sea surface temperature
anomalies are used

On 1egional scales there are significant errors n these
variables 1n all models Vahidation for selected regions
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shows mean surface air temperature errors of 2 to 3°C,
compared with an average seasonal variation of 15°C The
large-scale distribution of precipitation can be realistically
simulated apart from some errors on sub-continental scales
(1000 2000 km) whose locations differ between models
Validation on these scales for selected regions shows mean
errors of from 20% to 50% of the average rainfall
depending on the model

The limited data available show that the simulated
summer and winter so1l moisture distributions in middle
latitudes qualitatively reflect most of the large-scale
characteristics of observed soil wetness Snow cover can be
well simulated 1n winter except in regions where the
temperature 1s poorly stmulated The radiative fluxes at the
top of the atmosphere, important for the response of
climate to radiative perturbations, are simulated with
average errors 1n the zonal mean as small as 5 Wm-2
There are, however, substantial discrepancies in albedo,
particularly in middle and high latitudes

There has been a general reduction 1n the errors in more
recent models as a result of increased resolution, changes in
the parameterization of convection, cloudiness and surface
processes, and the introduction of parameterizations of
gravity wave drag In addition to the conclusions drawn
from the validation of atmospheric model control
stmulations, our overall confidence in the models is
increased by their relatively high level of accuracy when
used for short and medium-range weather prediction, by
their portrayal of low-frequency atmospheric variability
such as the atmospheric response to realistic sea surface
temperature anomalies (also referred to above), and by
their ability to simulate aspects of the climate at selected
times during the last 18,000 years Further confidence 1n
atmospheric models would be obtained by their successful
stmulation of the climate changes shown by the observed
mstrumental record

Other opportunities for validation not considered in
detail here include the simulation of variations 1n
stratospheric temperature and circulation Models have
been successful in simulating the impact on temperatures of
the Antarctic ozone hole (Kiehl et al , 1988, Canolle et al ,
1990), although they have not successfully simulated the
quasi-biennial oscillation 1n stratospheric wind and
temperature

The latest atmospheric models, while by no means
perfect, are thus sufficiently close to reality to inspire some
confidence n their ability to predict the broad features of a
doubled CO7 climate at equilibrium, provided the changes
In sea-surface temperature and sea-ice are correct The
models used 1n simulating the equilibrium responses to
increased greenhouse gases employ simple mixed-layer
ocean models, 1n which adjustments to the surface flunes
have usually been made to maintain realistic present day
sea-surface temperatures and sea-ice in the control
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experiments Our confidence 1n the ability of these models
to simulate changes 1n the climate, including ocean
temperatures and sea-ice, 1s enhanced by their successful
simulation of aspects of the climates during and since the
most recent ice age

Despite the present computational constraints on
resolution, the performance of ocean models lends
credence to our ability to simulate many of the observed
large-scale features of ocean climate, especially in lower
latitudes However, coupled ocean-atmosphere models
exhibit characteristic errors which as yet can only be
removed by empirical adjustments to the ocean surface
fluxes This 1s due 1n part to the use of atmospheric and
oceanic models of relatively low resolution, and in part to
inadequate parameterizations of fluxes at the air-sea
mterface Nevertheless, the latest long runs with such
models, discussed in Section 6, exhibit variability on
decadal timescales which 1s similar to that observed
(compare Figure 6 2 and Figure 7 10)

There 1s a clear need for further improvement of the
accuracy of climate modecls through both increased
resolution and improved parameterization of small-scale
processes, especially the treatment of convection, clouds
and surface effects in atmospheric GCMs, and mixing and
sea-ice behaviour 1n oceanic GCMs Much further
experience needs to be gained 1n the design of coupled
models 1n order to avoid the equally unsatisfactory choices
of accepting a progressive climatic dnift or of empirically
correcting the behaviour of the upper ocean These
improvements and the associated extended simulations will
require substantial amounts of computer time, along with
increased coordination and cooperation among the world’s
climate modelling community Data from satellite
programmes, such as EOS, and from field experiments are
necded to provide more complete data sets for specifying
land surface characteristics, for initialhisation and validation
of ocean simulations and to improve parameterizations Of
particular value should be ERBE ISCCP and FIRE data for
radiation and cloud, the ISLSCP and the HAPEX for land
surface processes, the GEWEX for energy and water
balances, and WOCE and TOGA data for the oceans

The vahidation of a number of atmospheric model
variables has been handicapped by limitations in the
available observed and modecl data In particular, future
model assessments would benefit from improved cstimates
of precipitation and evaporation over the oceans, and of
evaporation, so1l moisture and snow depth over land, and
by more uniform practices in the retention of model data
such as snow-cover frequency and depth, and daily near-
surface temperature extremes or means The genctation of
data suttable for vahdating cloud simulations deserves
continuing attention, as does the assembly of palaco-
chmatic data sets appropriate for chimate model validation
over the Earth’s recent geological history The lack ot
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appropriate data has also severely hindered the vahdation
of ocean models Adequate data on the seasonal
distribution of ocean currents and their variability and on
salinity and sea-ice thickness are especially needed

Although the ten year atmospheric data set for 1963-73
compiled by Oort (1983) and the oceanographic set
assembled by Levitus (1982) have been of great valuc n
model assessment, the subsequent availability of 4
dimensional assimilation techniques and the expansion of
observing platforms provide the opportunity for
considerably improved data sets Indeed, many data sets
now used by modellers for validation have been produced
by global forecasting centres as a by-product of their
operational data assimilation, although changes 1n forecast
and assimilation techniques have led to temporal
discontinuities 1n the data The proposal by Bengtsson and
Shukla (1988) for a re analysis of observations over d
recent decade (e g, 1979-1988) with a {rozen up-to-date
assimilation system 1s therefore of great potential value for
climate model validation If carried out over additional
decades, such a data set could also contribute to our
understanding of how to distinguish between natural
climate fluctuations and changes caused by increased
greenhouse gases
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EXECUTIVE SUMMARY

1. All models show substantial changes in climate when CO»
concentrations are doubled, even though the changes vary from

model to model on a sub-continental scale.

2. The main equilibrium changes in chimate due to doubling CO9
deduced from models are given below. The number of *'s
indicates the degree ot confidence determined subjectively from
the amount of agreement between models, our understanding of
the model results and our confidence in the representation of the
relevant process in the model. Five *'s indicate virtual certainties,

one * indicates low confidence.

Temperature:

****% the lower atmosphere and Earth's surface warm,

****%*  the stratosphere cools;

hokk near the Earth's surface, the global average warming les
between +1.5°C and +4.5°C, with a "best guess” of 2.5°C,

***  the surface warming at high latitudes 1s greater than the
global average 1n winter but smaller than 1n summer (In
time dependent simulations with a deep ocean, there 15
little warming over the high latitude southern ocean);

kkok the surface warming and its seasonal variation are least in

the tropics.

Precipitation:

#¥**  the global average increases (as does that of evaporation),

the larger the warming, the larger the increase;

*kE increases at high latitudes throughout the year;

Hdk increases globally by 3 to 15% (as does evaporation),

** increases at mid-latitudes tn winter;

*k the zonal mean value increases 1n the tropics 