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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
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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
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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
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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
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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



16

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,
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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

Greenhouse Gases and Aerosols [

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

31

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
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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
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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

Processes and Modelling 3

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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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

(a) ——  OBSERVED -——  @iss
4050 - - ——  NCAR +-—-~+ GFLO
-———  GFHI X X UKLO
1040 - UKHI - - - c¢ce
@ 1030
£
€ 1020
1
7]
& 1010
a
m
> 1000
Y
]
4 990
w
L 980
970 T T T T T T T T T T T 1
%0 75 60 45 30 15 0 15 -30 -45 60 -75 -90
LATITUDE
(b) ———  OBSERVED -——  @lss
1050 4 -~ —  NCAR +-—--4 GFLO
-———  GFHI X X UKLO
1040 UKHI - - - cce
@ 1030
2
€ 1020
T 102
]
#1010
a
g
1000
4
]
4 990
17} 4
§ 980
970 T T T T T T T L] T T T L}

90 75 60 45 30 15 0 -5 30
LATITUDE

45 60 -75 90

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))



Validation of Climate Models 4

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
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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

Validation of Climate Models 4

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)
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ice sheet  Area of spruce abundance as determined by spruce pollen 1s shown by dark stippling tor >20%, intermediate stippling tor 5
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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 although
there are areas of decrease. Shifts in the main tropical rain
bands differ from model to model, so there is little
consistency between models in simulated regional
changes;

*x changes little in subtropical arid areas.

Soil moisture:

Fokok increases in high latitudes in winter;
*k decreases over northern mid-latitude continents 1n

summer.

Snow and sea-ice:

**¥*  the area of sea-1ce and seasonal snow-cover diminish.

The results from models become less reliable at smaller scales,
so predictions for smaller than continental regions should be
treated with great caution. The continents warm more than the
ocean Temperature increases in southern Europe and central
North America are greater than the global mean and are
accompanied by reduced precipitation and soil moisture 1n

summer The Asian summer monsoon ntenstfies

3. Changes 1n the day-to-day variability of weather are uncertatn
However, episodes of high temperature will become more
frequent 1n the future simply due to an increase 1n the mean
temperature. There 1s some evidence of a genecral increase in

convective precipitation

4. The direct effect of deforestation on global mean chimate 15
small. The indirect effects (through changes in the CO?2 «ink)
may be more important. However, tropical deforestation may lead
to substantial local effects, including a reduction of about 209% 1n

precipitation.

5. Improved predictions of global climate change require better
treatment of processes attecting the distribution and properties ot
cloud, ocean-atmosphere interaction, convection, sca-ice and
transfer of heat and moisture from the land surface Increased
model resolution will allow more realistic predictions of global-
scale changes, and some improvement in the prediction of
regional climate change.







5 Equilibrium Climate Change

5.1 Introduction

5.1.1 Why Carry Out Equilibrium Studies ?

Climate 1s 1n equilibrium when 1t 1s 1n balance with the
radiative forcing (Section 3 2) Thus, as long as greenhouse
gas concentrations continue to increase, climate will not
reach equilibrium Even if concentrations are eventually
stabilised at constant levels and maintained there, 1t would
be many decades before full equilibrium 1s reached Thus
equilibrium simulations cannot be used directly as
forecasts Why carry out equilibrium studies?

First, approximate equilibrium simulations using atmos-
phere-oceanic mixed layer models which i1gnore both the
deep ocean and changes 1n ocean circulation (Section 3,
Section 6 4 4 1) require less computer time than time-
dependent simulations which must include the influence of
the deep ocean to be credible

Second, equilibrium experiments are easier to compare
than time-dependent experiments This, combined with the
fact that they are relatively inexpensive to carry out, makes
equilibrium simulations 1deal for sensitivity studies in
which the effect of using alternative parameterizations (for
example, of cloud) can be assessed

Third, 1t appears that apart from areas where the oceanic
thermal 1nertia 1s large, as in the North Atlantic and 1n high
southern latitudes, equilibrium solutions can be scaled and
used as approximations to the time-dependent response
(see Section 6)

Most equilibrium experiments consider the effect of
doubling the concentration of atmospheric carbon dioxide
since the effect of increases n other trace gases can be
calculated 1in terms of an effective CO2 increase (see
Section 2) Note that only the radiative effects of increases
1n gases are taken into account, and not the effects of
related factors such as deforestation and possible changes
in cloud albedo due to sulphur emissions

Simulated changes in climate are known to be dependent
on the simulation of the undisturbed climate ! (see, for
example, Mitchell et al 1987) The simulation of present
day climate 1s discussed i more detail in Section 4

5.1.2 What Are The Limitations Of Equilibrium Climate
Studies ?
Firstly, most equilibrium studies use models which exclude
possible changes 1n ocean circulation Nearly all the
equilibrium studies which do allow changes in ocean
circulation have been simplified in other ways such as
1gnoring the seasonal cycle of insolation (Manabe et al |
1990), or using 1dealised geography (Manabe and Bryan,
1985) The effects of the ocean and the differences between

V' For example 1if the snowline 15 misplaced i the
stmulation of present climate then the lar g warnung
associated with the 1etieat of the snowline will be
misplaced in the simulated climate (hangc
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non-equilibrium and equilibrium climate simulations are
discussed further 1n Section 6

Secondly, different areas of the world respond at
different rates to the gradual increase 1n greenhouse gases
Over most of the ocean, the response to the increase 1n
radiative heating will be relatively rapid, as little of the
extra heat will penetrate below the thermocline at about
500m (see Section 6) On the other hand, in parts of the
northern North Atlantic and the high latitude southern
ocean, particularly in winter, the extra heat will be mixed
down to several kilometres, significantly reducing the rate
of warming and consequently the warming reached at any
given time In other words, the geographical patterns of the
equilibrium warming may differ from patterns of the time-
dependent warming as 1t evolves 1n time This applies both
to model simulations and palaeo-climatic analogues

5.13 How Have The Equihbrium Experiments Been
Assessed ?

Over 20 simulations of the equilibrium response to
doubling CO7 using general circulation models (GCMs)
coupled to mixed-layer oceans have been carried out by 9
modelling groups (Table 3 2a) All those cited involved
global models with realistic geography, a mixed layer
ocean and a seasonal cycle of insolation The more recent
studies include a prescribed seasonally-varying oceanic
heating (Section 3) Models 13 20 and 21 1n Table 3 2a
also prescribe a heat convergence under sea i1ce Clearly 1t
1s not possible here to show results from all 20 or o
experiments, so some way of condensing the available data
must be chosen We have chosen not to average the results
as there are aspects of each model which are misleading
Nor 1s 1t reasonable to choose a best model as a par-
ticular model may be more reliable than another for one
climatic parameter but not for another Moreover a result
which 1s common to most models 15 not necessarily the
most reliable - 1t may merely reflect the fact that many
models use similar (possibly erroneous) representations of
complex atmospheric processes

In this section, the climate changes which are common to
all models and which are physically plausible are
emphasised and illustrated by typical results Where there
15 disagreement among model results those which are
probably unreliable (for example because of large crrors in
the simulation of present climate) have been eliminated
and examples 1llustrating the range of uncertainty are
included The reasons for the discrepancies (1t known) are
stated and an assessment of what seems most hkely to be
the correct result in the hight of current knowledge
including evidence from time-dependent simulations
(Secction 6), 1s given

The contents of the remainder of this section are as

follows First we consider the large-scale changes in
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temperatute precipitation and other climatic elements n
equilibrium simulations of the etfect of doubling CO2, with
the emphasis on new results Secveral comprehensive
revicws have been published recently (for example
Dickinson 1986, Schlesinger and Mitchell, 1985,1987,
Mitchell 1989) to which the reader 15 referred tor further
discussion of earlier studies The purpose here 1s to
describe the changes and to assess the realism of the
mechanisms producing them The possible changes 1n
climatic variability are then discussed Next, we consider
simulated seasonal mean changes tfrom three diiferent
models i five sclected regions These results have been
scaled 1o give a best estimate  of the warming which
would occur at 2030 (at about the time of cfifective
doubling of CO2 1n the [PCC Business-as-Usual Scenario
This 15 followed by an assessment of forecasts using the
palaco-analogue method and a review of attempts to model
the diect chimatic effects ot deforestation Finally, the
main uncertainties are discussed

5.2 Equilibrium Changes 1n Climatic Means Due to
Doubling CO»

5.2.1 The Global Mean Equilibrium Response
All models show a significant equilibrium 1ncredse 1n
global average surtace temperature due to a doubling of
CO» which ranges fiom [ 9 to 5 2°C (Table 3 2a) Most
results hie between 3 5 and 4 5°C, although this does not
necessarily mmply that the correct value lies 1n this range
The main uncertamty arises tfrom the problems of sim-
ulating cloud  With no changes 1n cloud a warming of 2 to
3 C 15 obtained (Table 3 2a, entries 1 and 2 <ee also
1984 Schlesinger 1985) wheicas models in
which cloud amount 15 calculated nteractively from
relative humidity  but 1in which radiative properties are
fixed give a warming ot 4 to 5°C (Table 3 2a entries 3 to
16 21D

Even amongst those models which calculate cloud from
telative humidity there 1s a wide variation 1n sensitivity
(Table 3 2a entites 3 to 16 20 22) and cloud fecdback
(Cess et al 1989 - Table 3 2a entries 3 and 4 sce also
34 4) Sensitivity also varies for many other

Hansen et dl

Section
rcasons mcluding the extent of sca ice n the control
(Table 3 2a, entries 11 and 12 Manabe and
1980, Ingram et al , 1989)

Specitying cloud from relative humidity with fixed
radiative propertics 1gnores the possible effects of changes
1n cloud microphysics, such as changes n total cloud water
content the partinon between cloud e and cloud water,

and changes 1n the effective radius of cloud partticles

climate
Stoutter

Because of this attempts have been made to model cloud
water content exphatly (Roeckner et al 1987 Smuth
1990h Chmate warming may produce an increase n cloud
water content and hence 1n the retlectivity of cloud (a
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Figure 5.1: Percentage change 1n globally and annually averaged
precipitation as a function of global mean warming from 17
models The numbers refer to the entries describing the models n
Table 3 2a

negative feedback), but also an increase 1n the long-wave
emissivity of cloud (increasing the greenhouse effect, a
positive feedback especially for thin high cloud) Models
disagree about the net effect which depends crucially on
the radiative properties at solar and infrared wavelengths
One general circulation experiment (Mitchell et al 1989 -
Table 3 2a cntires 18 and 19) and experiments with simple
one-dimensional 1adiative convective models (Somerville
and Remer 1984 Somerville and lacobellis, 1988), suggest
a negative feedback A further possible negative teedback
due to increases n the proportion of water cloud at the
expense of 1ce cloud has been identified (Table 3 2a,
entries 16 17 Mitchell et al , 1989)

On the basis of evidence from the more recent modelling
studies (Table 3 2a entries 3 4, 7-9, 17-22) 1t appears that
the equilibrium change 1n globally averaged surface
temperature due to doubling CO?2 1s between | 9 and 4 4°C
The model tesults to not provide any compelling reason to
alter the previously accepted range 15 to 45°C (US
National Academy of Sciences, 1979, Bolin et al , 1986)
The clustering of estimates around 4°C (Table 3 2a, Figure
5 1) may be largely due to the neglect of changes n cloud
microphysics 1n the models concerned In the 2xCO2
simulations m which some aspects of cloud microphysics
are paramcterized (Table 3 2a, entries 17 20, 22), the
warming s less than 4°C However, in 1dealised sim
ulations (Cess et al 1990} changes 1n cloud microphysics
produced positive feedbacks 1n some models and negative
teedbacks m others Thus we cannot reduce the upper limit
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of the range The modelling studies do not on their own
provide a basis for choosing a most likely value

Dickinson (in Bolin et al , 1986) attempted to quantily
the uncertainty in the sensitivity of global mecan temp-
erature ATs to doubling CO7 by considering the
uncertainties n ndividual feedback processes as
determined from climate model cxperiments The climate
sensitivity parameter A (the reciprocdl of that defined 1n
Section 33 1) 1s the sum of the individual feedback
strengths, and the range of ATs 15 deduced from the range
of A through

ATs = AQ/A

where AQ 1s the change in radiative hcating due to
doubling CO2 (See Section 3 3 1) Repeating this analysis
with revised estimates 2 gives a range of 1 7to 4 1°C The
mid-range value of A gives a sensitivity of 2 4°C which 1s
less than the mid-range value of ATs This 15 because for
high sensitivity (small A), a given increment in A gives a
bigger change in ATs than for low sensitivity Similarly,
taking the value of A corresponding to the middle of the
range of A imphlied by [ 5 to 4 5°C gives a value of 2 3°C
for ATs

One can attempt to constrain the range of model
sensitivities by comparing predictions of the expected
warming to date with obsetvations This approach 1s
fraught with uncertainty Global mean temperatures are
subject to considerable natutal fluctuations (Section 7) and
may have been influenced by cxternal tactors other than the
greenhouse effect In particular the effect of acrosols on
cloud (Section 2 3 3) may have suppressed the expected
warming There 1s also some uncertainty concerning the
extent to which the thermal inertia ot the oceans slows the
rate of warming (Section 6) Hence observations alone
cannot be used to reduce the range of uncertainty though
assuming that factors other than the greenhouse effect
remain unchanged, they are more consistent with a value in
the lower end of the tange 1 Sto 4 5°C (Section 8 1 3)

The evidence from the modelling studics from obs
ervations and the sensitivity analysces dicate that the
sensiivity of global mean surface iecmpcerature to doubling
COa7 15 unlikely to lie outside the 1ange | 5 to 4 5°C There
15 no compelling evidence to suggest i what part of this
range the correct value 15 most likely to hie There 1s no
particular virtue in choosing the middle of the 1ange, and
both the sensitivity analysis and the observational evidence

2 water vapowr and lapse 1ate feedback 24 0 IWm 2K 1
(Raval and Ramanathan 1989) swiface albedo
feedbach 03X02 Wm 2K ! (Ingiam et al  1989) cloud
feedback 03207 Wm 2 K 1 (as ongmnally estimated
Dickinson consistent with range of ATs in Muchcll ¢t
al 1989) the sensitvin A=18X07Wm?2K !
assunung the errors are tndependent of onc another
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neglecting factors other than the greenhouse etfect ndicate
that a value n the lower part of the 1ange may be more
likely Most scientists declined to give a smgle number
but for the purpose of illustrating the IPCC Scenarios, a
value of 2 5°C 15 considered to be thec best guess in the
light of current knowledge.

The simulated global warming due to a doubling of CO9
15 accompanied by increases 1 global mean evaporation
and precipitation, ranging from 3 to 15% (Table 3 2a,
Figure 5 1) In general, the greater the warming, the greater
the enhancement of the hydrological cycle Since evap-
oration 1ncreases as well as precipitation increased
precipitation does not necessarily imply a wetter land
surface

5.2.2 What Are The Large-Scale Changes On Which The
Models Agree ?
Although globally averaged changes give an indication of
the likely magnitude of changes 1n climate due to mcreases
in greenhouse gases, the geographical and seasonal
distribution ot the changes are needed to estimate the
economic and social impacts of climate change Despite the
large range of estimates for the global annual average
warming there are several large-scale featurcs of the
simulated changes which are common to all models These
are outlined below Where appropriate 1esults from the
high resolution models (Table 3 2a, entites 20 22) are
quoted to give the reader a rough indication of the size of

the changes

5221 Temperatw e changes

The results from equilibrium simulations shown here are
averaged over periods of 5 to 15 years Because there 1s
considerable 1nterannual variability 1in simulated sutface
temperatures particularly in high latitudes in winter some
ot the smallei-scale features may be random fluctuations
duc to the short sampling period rather than persistent
changes due to doubling atmospheric CO?2

I All moddls produce awarnung of the Earth’s surfacc and
troposphere (lower atmosphere) and a cooling of the
stratosphere (Figue 5 2)

The warming of the surface and troposphere are due to an
enhancement of the natural greenhouse effect The
stratospheric cooling 15 due to enhanced radiative cooling
to space and increases with height, reaching 3 to 6°C at
about 25 mb Note that the models considered have at most
two levels 1n the tropical stratosphere and so cannot resolve
the details of the stratospheric cooling Models with high
resolution produce a cooling of up to I1°C in the
stratosphere on doubling CO2 (Fels et al  1980) The
indirect etfects of stratospheric cooling are discussed 1n
Section 223 Note that other greenhouse gases (for
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Figure 5.2: Height latitude diagram of the zanally averaged
change in air temperature due to doubling CQ+ for the months of
June, July and August in two models giving a global mean
wartning of 4°C. Cooling, and warming by > 4°C, stippled.

(from Schlesinger and Mitchell, 1987): (a) with penctrative
convection (Hansen et al, 1984), (b) with moist convection
adjustment (Manabe and Wetherald, 1988).

example, methane, chlorofluorocarbons) produce a weak

radiative warming of the stratosphere (Wang et al., 1990).

2. All models produce an enhanced warming in higher
latitudes in late autumn and winter (Figures 5.2,5.3):

This enhancement of the warming in higher latitudes is the
result of a variety of processes.

First, in the warmer 2 x CO7 climate, sea-ice forms later
in autumn giving a pronounced warming in the Arctic
(Figures 5.3, 5.4 a, b, ¢ - see over page) and around
Antarctica in the corresponding Southern Hemisphere
season (Figures 5.3, 5.4 d, e, T - over page). (In high
latitudes over the southern ocean, there is liitle or no
warming at any time of year in time-dependent simulations
(Section 6)). The reduction in the extent of sea-ice, which
is highly reflective, leads to greater solar heating of the
surface, mainly in summer, and further warmin 2 (a positive
"temperature albedo” feedback, see Section 3.3.3). Second,
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Figure 5.3: Time-latitude diagram of the zonally averaged
increase in surface temperature due to doubling CO7 in the GISS

model (Hansen et al, 1984; from Schlesinger and Mitchell, 19873,
Warming > 4°C stippled.

the warming leads to thinner sea ice allowing a greater flux
of heat through the icc from the occan in winter, enhancing
the warming of the surface (Manabe and Stouffer, 1980).
Third, there is a further temperature albedo feedback over
the northern extra-tropical continents in spring due to the
reduced extent and earlier melting of highly reflective
snow-cover. Fourth, the warming is confined to near the
surface. Thus the increase in outgoing long-wave radiation
(at the top of the atmosphere) for cach degree of warming
is small relative to lower latitudes, where the warming is
mixed throughout the troposphere. As a result, a larger
warming is required in high latitudes to counterbalance the
increase in downward radiation due to the increase in
greenhouse gases. Finally, there is increased latent-heat
release in high latitudes because of the stronger flux of
moisture from the tropics (see Section 3).

In the more recent high resolution simulaticns (Table
3.2a, entries 20 - 22), the warming over North America in
winter is about 4°C, rising to 8°C in the northeast of the
continent (for example, Figure 5.4 a, b, ¢ - over page).
Similarly, over Europe and northern Asia, the warming is
of order 4°C, with some arcas of much larger warming as
for example in eastern Siberia.

The comparatively large warming over sea-ice in autumn
and early winter, and over the northern continenis in
spring, is physically plausible., Much of the variation in
these features from model to model can be attributed to
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Figure 5.4: Change in surface air temperature (ten year means) due to doubling CO3, for months December-January-February, as
simulated by fhree high resolution models: (a) CCC: Canadian Climate Centre (Boer, pers. comm,, 1989), (b) GFHIL: Geophysical
Fluids Dynamics Laboratory (Manabe and Wetherald, pers. comm., 1990), and (c) UKHI: United Kingdom Meteorological Office
(Mitchell and Senior, pers. comm., 1990). Contours cvery 2°C, light stippling where the warming cxceeds 4°C, dushed shading where
the warming exceeds 8°C. Also shown in the colour section.
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{d) JJA 2 X CO2 - 1 X CO2 SURFACE AIR TEMPERATURE: CCC

Figure 5.4 continued: Change in surface air temperature (ten year means) due to doubling CO2, for months June-July-August, as

simulated by three high resolution models: (d) CCC, (e) GFHI, and (f) UKHL Other details as Figure 5.4. Also shown in the colour
section.
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differences in the sea-ice extents and snow cover in the
simulation of present climate.

3. The warming is smaller than the global mean over sea-
ice in the Arctic in summer (Figure 5.4 d, e, f) and around
Antarctica in the corresponding season (Figure 54 a, ¢):
In summer the temperature of the surface of permanent sea-
ice reaches melting point in both 1xCO?7 (present day) and
2xCO7 simulations (Figure 5.3). Even in models where
sea-ice disappears in summer in the 2xCO7 simulation, the
large heat capacity of the ocecanic mixed layer inhibits
further warming above 0°C during the few months when it
is ice free. Thus, the winter and annual average warmings
are largest in high latitudes, but the summer warming is
smaller than the annual average warming.

4. In all models, the tropical warming is both smaller than
the global mean and varies little with season being
typically 2 to 3 °C (for example. Figures 5.3,5.4):

The saturation vapour pressure of water increases non-
linearly with temperature, so that at higher temperature,
proportionally more of the increase in radiative heating of
the surface is used to increase evaporation rather than to
raise surface temperaturc. As a result, the surface warming
is reduced relative to the global mean because of enhanced
evaporative cooling. The enhanced cvaporation is ass-
ociated with increased tropical precipitation (sce Section
5.2.2.2). Thus the warming of the upper troposphere in the
tropics is greater than the global mean due to increased
latent-heat release (Figurc 5.2). Note that the magnitude of
the warming in the tropics in those models with a similar
global mean warming varies by a factor of almost 2 (Figure
5.2). The reasons for this arc probably differences in the
treatment of convection (Schlesinger and Mitchell, 1987;
Cunnington and Mitchell. 1990) (the vertical transfer of
heat and moisture on scales smaller than the model grid). in
the choice of cloud radiative parameters (Cess and
Potter,1988) and the distribution of model layers in the
vertical (Wetherald and Manabe. [988). Some of these
factors have been discussed further in Section 3.

5. In most models, the warming over northern mid-latitude
continents in summer is greater than the global mean (for
example, Figure 5.4 d. ¢, f):

Where the land surface becomes sufficiently dry to restrict
evaporation, further drying reduces evaporation and hence
evaporative cooling, leading to further warming of the
surface (Figure 5.5). The reduction in evaporation may also
produce a reduction in low cloud (for example, Manabe
and Wetherald, 1987), further enhancing the surface
warming (Figure 5.5). In onc model, (Washington and
Mecchl, 1984; Mechl and Washington, 1989) the land
surface becomes gencrally wetter in these latitudes in
summer, reducing the warming. This is probably due to the
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1 4
MORE LESS LOW
WARMING < CLOUD
2 3
DRIER REDUCED
SURFACE > EVAPORATION

Figure 5.5: Schematic representation of soil moisture
temperature feedback through changes in evaporation and low
cloud.

land surface being excessively dry in the control simulation
(see Section 5.2.2.3).

The summer warming in the more recent simulations
(Table 3.2a, entries 20-22) is typically 4 to 5°C over the St.
Lawrence-Great Lakes region and 5 to 6°C over central
Asia (for example, Figure 5.4 d, e, f). Many of the inter-
model differences in the simulated warming over the
summer continents can be attributed to differences in the
simulated changes in soil moisture and cloud.

5.2.2.2 Precipitation changes

1. All models produce enhanced precipitation in high
latitudes and the tropics throughout the year, and in mid-
latitudes in winter (see for example, Figure 5.6 ).

All models simulate a substantially moister atmosphere
(increased specific humidity). Precipitation occurs in
regions of lower level convergence, including the mid-
latitude storm tracks and the inter-tropical convergence
zone (ITCZ), where moist inflowing air is forced to ascend,
cool and precipitate to remove the resulting super-
saturation. The increases in atmospheric moisture will lead
to a greater flux of moisture into these regions and hence
increased precipitation provided there are no large
compensational changes in circulation. The high resolution
models (Table 3.2a, entries 20-22) give an increasc of 10 to
20% in precipitation averaged over land between 35 and
55°N.



144 Equilibrium Climate Change 5

(a) DJF 2 X CO2 - 1 X CO2 PRECIPITATION: CCC
R

G

Figure 5.6; Change in precipitation (smoothed 10-year means) due to doubling CO2, for months December-January-February, as
simulated by three high resolution models: (a} CCC, (b) GFHI, and {¢) UKHI. Contours at£0, 1,2, 5 mm day1, areas of decrease
stippled. Also shown in the colour section.
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(dy JJA 2 X COZ - 1 X CO2Z PRECIPITATION: CCC

Figure 5.6 continued: Change in precipitation {smoathed 10-year means) due to doubling CQ-, for months June-July-Aungust, as
simulated by three high resolution medels: (d) CCC, (e} GFHI, and (f) UKHI. Contours at + 0, 1, 2, 5 mm day !, areas of decrease
stippled. Also shown in the colour section.
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2. Changes in the dry subtropics are generally small and
with both increases and decreases.

The interannual variability of precipitation is Targe relative
to its mean value in these regions, so many of the changes
indicated by the models cannot be demonsiraied to be
statistically significant. Note that even small changes of
precipitation in arid regions can have substantial impacts,

3. There are considerable discrepancies regarding changes
in precipitation on sub-continental scales, especially in the

tropics although most models simulate an enhancement of
the precipitation associated with a strengthening of the
Southwest Asian monsoon (Table 3 2a, entries 3,7, 8, 13,

15-22, Figure 5.6):

The inter-model agreement concerning changes in
precipitation is less than in the case of temperature changes

for two reasons. First, precipitation is changed ndirectly by

a wider variety of different processes, many of them not
resolved on the model's grid, and so is inherenily more

difficult to model, whereas the warming is primarily a
direct response to increased radiative heating, Second, the
changes in precipitation are relatively small compared with
the natural variations and so are more difficult to detect in

the short sampling period available.

In many of the models, summer rainfall decreases
slightly over much of the northern mid-latitude continents
and there is a tendency for the tropical maximum of the
precipitation to shift further into the summer hemisphere.
In other models, the tropical rain belt tends to shift into the
winter hemisphere (Table 3.2a, entries 11, 12) or
southwards throughout the year {Table 3.2a, entry 6). In
some models, enhancement of the Asian monsoon appears
to be associated with strong positive cloud feedback
whereby decreases in cloud cover over Eurasia in summer
enhance the solar heating of the surface (Wilson and
Mitchell 1987a). This increases the land-sea temperature
contrast which drives the summer monsoon.

Some of the precipitation over mid-latitude continents in
summer originates from local evaporation (Mintz, 1984) so
the simulated changes in precipitation are likely to be
sensitive to the wetness of the surface and the formulation
of evapotranspiration. Changes in soil moisture are
considered in more detail in the following sub-section.

52.2.3 Soil moisture changes.

In all simulations with enhanced COgp, both evaporation
and precipitation increase. In regions where precipitation
increases, increases in evaporation may be even greater,
Current models represent the availability of water in the
upper soil layers by a soil moisture variable, which is
augmented by precipitation and snow melt, and depleted by
evaporation and runoff, The representations of surface
hydrology in models used so far in 2xCO2 experiments are
highly simplified, though some models make allowance for
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the type of soil and/or vegetation in a simple manner (Table

3.2a, entries 11, 12, 20). Note that none of the models

considered allow for the dircct effect of CO7 on vegetation.

Of particular importance is the expected increase in water

efficiency (Section 10) which, in the absence of other

changes, would reduce evapotranspiration from the surface.
The main findings from equilibrium simulations are:

1. All models simulate a general increase in the soil
moisture of the northern high-latitude continents in winter
(Figure 57,58 a, b, ¢):

This increase is due to some or ali of the following factors:-
enhanced winter precipitation, more precipitation falling as
rain rather than snow, more snowmeli and the relatively
low rate of increase of potential evaporation with
temperature found at lower winter temperatures. Note only
a few models {Table 3.2a, entries 11, 12, 16, 20) allow in
any way for the effects of groundwater becoming frozen.

2. Most models produce an enhanced large-scale drying of
the Earth’s surface in northern mid-latitude during
northern summer (Figure 5.7, 5.8 d, e, f):

Although there is good agreement among the most recent
simulations in this respect, confidence in the reliability of
the simulated changes is low in view of the simplified
representation of the land surface. In the three high
resolution models, the reduction in soil moisture averaged
over 35 to 55°N ranges from 17 to 23%. The reasons for
this drying are discussed in more detail below. In three of
the simulations that do not produce such a drying (Table
3.2a; entries 6, 7, 16), the soil in the control simulation is
excessively dry. In the other two (Table 3.2a, entrics 11,
12), it has been argued that the simulated changes are
equivalent to increased frequency of drought in these
latitudes (Rind ct al., 1989a).

BON
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[=]
W A R

Latitude

Figure 5.7: Time-latitude diagram of changes in soil moisture
due to doubling CO2_ Contours every cm, areas of decrease

stippled. (Manabe and Wetherald, 1987).
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{a) DJF 2 X CO2 - 1 X CO2 SOIL MOISTURE: CCC

{c) DJF 2 X CO2 - 1 X CO2 SOIL MOISTURE: UKHI

Figure 5.8: Change in soil moisture (smoothed 10-year means) due to doubling CO3, for months December-January-February, as
simulated by three high resolution models: (a) CCC, (b) GFHI, and (¢) UKHI. Note that (a) has a geographically variable soil capacity
whereas the other two models have the same capacity everywhere. Contours at+ 0, 1, 2, 5 cm, areas of decrease stippled. Also shown
in the colour section.
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(d) JUA 2 X CO2 - 1 X CO2 SOIL MOISTURE: CCC

f) JJA 2 X CO2 - 1 X CO2 SCIL MOISTURE: UKHI

Figure 5.8 continued: Change in soil moisture (smoothed 10-year means) due to doubling CO3, for months June-July-August, as
simulated by three high resolution madels: (d} CCC, (ey GFHI, and (f) UKHI. Note that {d) has a geographically variable soil capacity
whereas the other two models have the same capacity everywhere. Coniours at £ 0, 1, 2, 5 cm, areas of decrease stippled. Also shown
in the colour section.
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Figure 5.9: Changes in area means due to doubling CO7

averaged over land between 35 to 55°N. (a) Water budget (mm
day!y (b) Heat budget (Wm-2) (¢) Soil moisture (1xCO2 and
2xCO7) (from the study by Manabe and Wetherald, 1987).

Since drying of the northern mid-latitude continents in
summer could have significant impacts, these changes
warrant a close examination of the physical processes
responsible, and the fidelity of their iepresentation in
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models needs to be considered carefully. Hence the water
and cnergy budgets in this region have becn analysed
some detail. In the control simulation, all models produce
a maximum in soil moisture in winter and spring. and a
rapid drying to a minimum n summer (Figurc 5.9¢). With
doubled CO2, enhanced winter precipitation (and snow
melt) (Figure 5.9a) produce higher soil moisture levels mto
early spring (Figure 5.9¢). In the warmer climate. snow
melt and the summer drying begin carlicr, reducing the sotl
moisture levels in summer relative to the present climate
(Figures 5.8d, e, f, 5.9c). The drying in the 2xCO»
simulation is also morc rapid duc to the higher
temperatures and in some regions 1s reinforced by reduced
precipitation. Reductions in surface moisture may Icad to a
drying of the boundary layer, reduced low cloud and hence
further warming and drying of the surface (Manabe and
Wetherald, 1987) (see also Figure 5.5).

In most models, the <soil over much of mid-latitudes (35
to 55°N) is close to saturation in spring in both the 1xCO»
and 2xCO» simulations, so that on enhancing CO», the
summer drying starts carlier but from the same level (for
example, Figure 5.10a). In a minority of models (Meehl
and Washington, 1988,1989: Mitchell and Warrilow, 1987)
the soil in the 1xCO7 formulation is not close to saturation,
and the enhanced winter precipitation in 2xCO2 simulation
is stored in the soil. Hence, although the summer drying in
the 2xCO7 experiments starts earlier, it starts from a higher
level than in the control simulation, and may not become
drier before next winter season (Figure 5.10b). Even 1n
these models, the surface becomes drier 1n the southern
mid-latitudes in the 2xCQO2 simulations.

From the experiments carried out to date, the following
factors appear to contribute to the simulated summer drying
in mid-latitudes.

1)  The soil is close to saturation n late winter (spring n
higher latitudes) in the control simulation. so that
Increased precipitation in the anomaly simulation 15
run off and is not stored 1n the soul.

i)  The greater the seasonal variation of soil moisture in
the control simulation, the greater the change due to
an earlier start to the drying season (for example
Figure 5.9¢). Of course, 1f the so1l moisture content 1n
the simulation of present climate is very small in
summer, it cannot decrease much. A comparison of
model and field data over the Soviet Union
(Vinnikov and Yeserkepova, 1989) indicates that the
simulated soil moisture levels in some models are
much too low in summer. The simulated reduction in
soil moisture due to doubling CO2 in such models
would then be less than if higher. more realistic
levels of soil moisture were present i the control
simulation.
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Figure 5.10: Seasonal cycle of soil moisture for normal and
doubled CO7y concentrations, averaged over land, 45-60°N

(a) With standard treatment of runoff (b) With snowmelt run
oit over frozen ground (from Mitchell and Warrillow 1987)

u) In higher latitudes, snow melts earlier Hence
accurate simulation of snow cover 1s important

tv)  The changes 1n soil moisture can be amphfied by
teedbacks involving changes in cloud

v) Enhanced summer drying 1n mid-latitudes may occur
cven 1n models which produce enhanced pre-
cipitation Of course, the drying 1s more pronounced
in those models (and regions) in which precipitation
1s reduced 1n summer

The simulated changes of soil moisture 1n the tropics
vary from model to model, being more directly related to
changes in precipitation

§224 Sea e changes

In simulations with enhanced CQO2, both the extent and
thickness of sea ice are signiticantly reduced In some
summer sitmulations sea 1ce 15 completely removed 1n the
Arctic (Wilson and Mitchell, 1987a Boer, 1989, personal
communication) and around Antarctica (Wilson and
Mitchell 1987a) In other models there are large reductions
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in the extent of sea 1ce but some cover temains in the
Arctic and around Antarctica in summer (Noda and
Tokioka, 1989 Mecehl and Washington, 1989) Finally
some models (Wetherald 1989, pers comm) the extent of
sea-1ce change 15 less, but the thickness 1s reduced by up to
a factor of two

The factors contributing to the differences between
models include diffeiences n the sea-ice extent and depth
in the control simulation (Spelman and Manabe, 1984),
differences 1n the treatment of sea-ice albedo (for example,
Washington and Mecehl, 1986), and the inclusion of
corrective heat-tlux under sea i1ce in some models (for
example Manabe and Wetherald, 1989, personal comm-
unication, Boer, 1989 personal communication) and not
others

On the basis of cuttent simulations, 1t 15 not possible to
make reliable quantitative estimates of the changes 1n the
sea 1ce extent and depth It should be noted that the models
considered here neglect ice dynamics, leads, salinity
effects, and changes 1n occan circulation

5225 Changes in mean sea level pressure

Except 1n arcas close to the equator, sca-level pressure
(SLP) changes give an indication of changes m the low-
level circulation, including the strength and intensity of the
mean sutface winds The changes in SLP have been
assessed using the limited number of results available
(Table 3 2a, entrics 7, 13, 15, 20-22), though 1n most cases,
information on the statistical significance of the changes
was not provided

I Thioughout the year there 1s a weakening of the north
south pressure gradient in the southern hemisphere
extratropics (for example Figue 5 11 over page) implying
aweakenmeg of the nud latitude wester lies

Both the subtropical anticyclones and the Antarctic
circumpolar low pressure trough diminish 1n intensity
(Figure 5 11 over page) This 15 presumably due to the
relatively strong warming over sea-ice around Antarctica
reducing the equator-to-pole temperature gradient (for
example, Figure 52) Note that at higher levels of the
troposphere, the equator-to-pole temperature gradient 15
increased (for example, Figure 5 2) and may be sufficient
to produce stronger westerly flow at upper levels (Mitchell
and Wilson, 1987a), and that coupled models do not
produce a large warming around Antarctica (see Section 6)
2 In December January and February most models
produce lugher pressune off New foundland, consistent with
an eastward shift of the Iceland low and a geneial
Stheria

deciease over eastern

wcahamne of the Stherian anticvclone (Figure 5 11a)

apparently duc to a

3 In June Tuly and August SLP decieases over Eurasia
wtensifying the monsoon low and there aire mncieases over
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{a) DJF 2 X CO2 - 1 X CO2 MEAN SEA LEVEL PRESSURE: CCC

Figure 5.11: Changes in mean sea level pressurc due to doubling CO2 as simulated by a Canadian Climate Centre model (Boer,

private communication, 1989). Contours every 1 mb, areas of decrease are stippled. (a) December, January and February, (b) June,

July and August

India, implying a northward shift of the monsoon trough at
those longitudes (Figure 5.11b ). There is also a weakening
of the Azores anticyclone:

Although these features are common to most of the models
considered, there are also large differences in the location
of individual features from model to model. Hence changes
in low level circulation at a particular localion are
uncertain. The interannual variability of SLP is large,
particularly in the extra-tropics in winter. This, as well as
differences in model formulation, contributes to inier-
model differences.

5.2.26 Deep ocean circulation changes.

There have been few cquilibrium CO7 experiments using
atmospheric medels coupled to a full dynamical model of
the ocean, and most so far (Spelman and Manabe, 1984;

Manabe and Bryan, 1985) have assumed a simplified
geomeiry and neglected the seasonal variation of ins-
olation. Two main features have emerged.

1. The large warming of the ocean in high latitudes is
propagated downwards to the ocean floor, where it
spreads to all latitudes. The warming of the deep
oceans is consistent with palaeo-oceanographic data
for a warmer climate (the Cretaceous, about 70
willion years ago).

2. There is a weakening of the mean meridional oceanic
circulation of the Atlantic on doubling CO7 from
present to higher levels (Manabe et al., 1990). This is
also secn in the transicnt response experiments
{Section 6).
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5.3 Equilibrium Changes in Variability due to
Doubling CO3

Changes in the variability and frequency of cxtreme events
may have more impact than changes in mean climate.
Changes in the frequency of extreme events may occur ina
number of ways. For example, the shape of the frequency
distribution may not be altered, but the mcan may change,
feading to a sharp increase in the frequency of cxtreme
events at one end of the frequency distribution, and a
decreasc at the other end (Mearns et al., 1984,1990; Parry
and Carter, 1985; Wigley, 1985; Pittock, 1989) (Figure
5.12a). Thus the general warming due to increases in
greenhouse gases will undoubtedly lead to more frequent
"hot" days and fewer "cold" days. Conversely, the mean
may be unchanged, but the shape of the frequency
distribution may alter. For example, the standard deviation
(spread) of the frequency distribution may increase
producing more extreme events at both ends of the
distribution (Figure 5.12b). Of course, the mean and the
spread of the frequency distribution may change
simultaneously.

In the first example, the changes in the frequency of
extreme events can be calculated by simply shifting the
currently observed (or simulated control) frequency
distribution by the mean change (Figure 5.12a). Here, the
second type of change is considered in more detail. The
standard deviation of the frequency distribution is used as a
measure of variability, and both the standard deviation of
daily values about the monthly mean and the standard
deviation of the interannual variation of monthly means are
considered, as appropriate. For day-to-day variability,
results from only two models were available (Table 3.2a,
entries 20, 22), whereas for interannual variability, results
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from five models were used (Table 3.2a, entries 7, 11, 13,
15,20).

Several factors must be borne in mind when deriving
changes in standard deviations from numerical simulations.
First, a much longer simulation is required to establish that
changes in standard deviations, as opposed to changes in
means, are statistically significant. Most studies to date use
periods of 15 years or less, which is barely sufficient to
establish that the simulated changes in standard deviation
are unlikely to have occurred by chance. Second, although
the models exhibit a measure of agreement on the larger
scales, there is much less agreement on the regional scale,
especially in the case of precipitation. Hence, only the
changes in standard deviations on the larger scales will be
considered. Third, information on changes in variability is
not as readily available as information on changes in
means. Thus the conclusions below are based on a much
smaller number of simulations than is generally the case in
Section 5.2. Einally, the coupled atmosphere mixed layer
models used to derive the results in this section do not
reproduce the El Nifio - Southern Oscillation phenomena
which are the main source of interannual variability in the
tropics (Section 7.9.1).

5.3.1 Temperature

5.3.1.1 Day-to-day variability

Results from only two models were available globally.
There are reductions in the standard deviation over and
around the winter sea-ice margins - notably over Hudson
Bay, the Norwegian Sea and the Sea of Okhotsk in January
and around Antarctica in July. The decrease in these
regions may be attributed to the reduction in the north-
south temperature gradient (Figure 5.4), and o a reduction

Figure 5.12: Schematic changes in frequency distributions. The solid area marks the 5% extremes of 2 normal distribution. The shaded
area represents an increase in the number of extreme events outside the unperturbed 5% limits. (a) Increase in mean only. Note the
large increase in the number of extreme events to the right of the original distribution, (b} No change in mean but a 50% increase in
standard deviation. Note the increase in extreme events on both sides of the original distribution.
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in the frequency or ntensity of atmospheric disturbances
(see Section 5 3 3) There are also reductions over much of
the northern hemisphere continents 1n January, although
both models produce increases over parts of Canada and
Sibena A third study (Rind et al , 1989b) reports decreases
over the United States though generally they are not
statistically significant

5312 Interannual variabiliny

Apart from a general reduction 1n the vicinity of the winter
sea-1ce margins, no meaningful patterns of change could be
distinguished (Five models were considered, Table 3 2a,
entries 7, 11, 13, 15, 20)

5313 Duunal range of temperatii ¢
There 15 no compelling evidence for a general reduction in
the amplitude of the diurnal cycle

The ncreases in CO7 and other
increase the downward longwave flux at the surface
(Section 2) Both the upward flux of longwave radiation
and evaporative cooling increase non linearly with surface
temperature One would expect the mcreased downward
radiation to produce a larger warming at night (when the
surface temperature and hence the 1ate of increase of
radiative and evaporative cooling with increasc 1n
temperature ts smaller) than during the day and hence a
reduction 1n diurnal range

Only a few models contain a diurnal cycle (see Table
3 2a) Boer (personal communication) reports a small
reduction (0 28°C) 1n the globally averaged diurnal 1ange
of temperature (Table 3 2a, entry 20) In another study
(Rind et al , 1989b) the range usually decreased over the
United States, especially 1in summer However Cao
{personal communication) found that increases 1n the
diurnal 1ange of temperature were evident over much ot the
notthern mid-latitude continents espectally n spring and
autumn (Table 3 2a, entty 195) although the global annual
mean was reduced by 0 17°C  The amplitude of the diurnal
cycle may also be reduced by increases n cloud cover o1
ground wetness, or altered by changes 1n the latitude of the
snowline As these quantities (and changes 1n these
quantities) vary greatly from model! to model a reduction
in the diurnal cycle seems far from certain

greenhouse  gases

5.3.2 Precipuitation

Precipitation exhibits much more temporal and spatial
variability than temperature As a result, the simulation of
the mean (and variability) of precipitation for present day
climate 1s less reliable than for temperatute, particularly in
low 1esolution models, and 1t 15 only possible to make weak
statements concerning changes 1n variability

1 There 1s some indication that vaniabiliny (interannual
standard deviation) mcreases where mean preapitation
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mereases and vice-versa (Wilson and Mitchell 1987h
Rind et al  1989b), though this 1s not alwavs the case

For example, 1n one study (Rind et al, 1989b) this
tendency 1n interannual variability was found at 60-70% of
the grid-points considered In another study (Wilson and
Mitchell, 1987b) the summer rainfall over southern Europe
decreased and the maximum number of consecutive days
without rainfall increased substantially

2 There 15 a consistent increase in the frequency of
comectne (sub grid-scale) precpitation usually at the
expense of precipitation from the larger scale (1esolhyed)
vertical motions (Noda and Tokioka 1989 Hanscn et al

1989 Mitchell pers comm )

In one study (Noda and Tokioka, 1989) the area of
preciprtation over the globe decreased even though global
mean precipitation increcased There 15 a tendency for
convective motions to penetrate higher (Mitchell and
Ingram, 1989, Wetherald and Manabe, 1988) and perhaps
over greater depth (Hansen et al, 1989) in a warmer
climate These changes imply an increase n the more
intense local rain storms and hence 1n run off, at the
expense of the gentler but more persistent rainfall events
associated with larger scale disturbances Note that not all
models include the diurnal cycle which has a strong
modulating influence on convection

The tendency for local convective instability to increase
1s likely to be independent of the particular model used as
m a warmer chimate, the radiative cooling of the
atmosphere and the radiative heating of the surtace both
increase (Mtichell et al, 1987) These changes must be
balanced by the enhanced vertical transport of heat from
the surface Furthermore, given the non-linear incrcase n
potential evaporation with increase 1n temperature the
incicase 1n vertical heat transport 1s more hkely to be
achieved through latent heat rather than by sensible heat,
and hence accompanied by a marked inciease 1n convective
ramfall

5.3.3 Winds and Disturbances

Current chmate models particularly those at lower
resolution have himited success 1n simulating storm tracks
and low frequency variability, and do not resolve smaller
scale disturbances such as hurricanes exphicitly (Sections
424,46) Hence results from current models at best only
give an indication of the likely changes m winds and
disturbances

I There ts some indication of a general 1eduction i day
to dav and mterannual yariabilies m the nud-lattude storm
tracks mowinter though the patterns of change vary from
model to model

Here, the standard deviation of variations in mean sed-fevel
picssure (SLP) has been used as an indication of the
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fiequency and intensity of disturbances A reduction 1n
mid-latitude synoptic variability might be expected as a
1result of the reduction n the equator to-pole tempetature
gradient at low levels (for example Figure 5 2) Results on
changes 1in day-to-day variability wete available from only
two models There was a genetal reduction 1n the standard
deviation in mid-latitudes 1 winter though the patterns of
change differed considerably By applying a time filter to
the daily vanances of 500mb height one can pick out the
mid latitude storm tracks (Blackmon 1975) In wintel

Stegmund (1990) found a reduction 1n the intensity ol the
filtered vartances of 500mb height in nmud latitudes and an
increase in high latitudes (Table 3 2a entry 15) In another
1986 Table 3 24 cntiy 6) 4
similar reduction in the filtered vartance of 500mb heights

study (Bates and Mechl

was teported  All these changes indicate a deciease in the
intensity or frequency (ot both) of disturbances resolved on
the model grid (typically greater than about 1 000 km) but
do not allow one to conclude the same for smaller scale
synoptic distutbances One study (Bates and Meehl 1986)
reports o reduction in blocking  (defined as ateas of high
piessute anomaly which persist for mote than seven days)
in the southern hemisphere, and changes 1n the positions
but not the intensity of blocking 1 the Noithern
Hemisphere though no information was provided on the
statistical significance of the results

In the five models considered theie was a general
teduction 1n the standard deviation of terannual variations
in monthly mean SLP However the patteins varied
considerably from model to model o no other meaningful
conclusions could be drawn

2 There s some evidence from modcl simulations and
empucal considerations that the frcquency par vear

mntensity and arca of occuricnce of nopical disturbanccs
may mcrease though it is not ot compcling

It has been observed that tropical stoims (hurricanes
typhoons or cyclones) form only wheie the sca surface
temperatures (SSTs) are 27°C or gieater This might lead
one 1o cxpect a more widespread occurrence of tropical
storms 1N a warmer climate A recent theoietical model of
tropical storms suggests that the maximum possible
mtensity would increase, with an enhancement of
destructive powet (as measured by the square of the wind
speed) of 40% for an increase of 3°C 1n SST (Emanuel

1987) However, Emanuel (1987) did note that very few
tropical storms tn the present chimate actually attained the
maxtmum intensity predicted by his analysis In a
complementary study, Merrill (1988) discussed the
cnvironmental influences on huiticane intensification In
agreement with Fmanuel Memnil concluded that the
maximum mtensity of a tropical storm 15 bounded above by
a monotonically ncreasing tunction of sea surface
temperature (SST) By compositing intensifying versus
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non 1ntensifymg systems over a six year period for the
North Atlantic Merrill was able to identify a number of
cnvironmental factors which could nhibit the further
deepening of a tropical storm, even 1if the SSTs are
tavourable The non mtensitying composite storms dis-
played stionger vertical wind shears and uni directional
flow over and near the storm centre than intensifying
storms Griay (1979) 1dentified the need for weak vertical
wind-shear over and near the storm centre and enhanced
low-level cyclonic vorticity and mid-tropospheric humidity
as factors favouring ntensification of a tropical cyclone
There 15 no guarantee that criteria such as the lower bound
of SST ot 27 C would 1emain constant with changes 1n
climate  There 15 hittle agreement 1n the simulated changes
in tropicdl criculation due to doubling CO» 1n current
chimate models (as shown by the ditfcring patteins of
changes n tropical precipitation)  Furthermore, the models
considered n this section 1gnore changes in ocean
ciiculation which form part of the El Nifio phenomenon
and lead to the i SST and
atmosphetic circulation which have a protound influence
on the present distitbution and fiequency of tropical

dassoctated anomalies

storms

High 1esolution atmosphetic models used for weather
forecasting show considerable success at predicting the
development and track of topical cyclones (Dell Osso and
Bengtsson 1985 Krnishnamuiti et al , 1989, Morris 1989)
although the horizontal resolution used (~100km) 1
inadequate to 1esolve their detailed structure Krishnamurti
ct al (1989) tound that the quality of the foiecasts
decieased as horizontal 1esolution was decreased but even
50 the simulated maximum wind mtensity decreased little
until much coarser (above 400 km) 1esolution was reached
At the lower 1esolution used in climate studies (250 km or
gieater) one can choose objective criteria (for example, a
warm core and low level vorticity and surface pressure
depiession greater than specified limits) to select
appropriate cyclones and compare their seasonal and
geographical distiibutions with those of observed tropical
In both 1espects the simulated storms resemble
those obscrved over most oceans (Manabe et al 1970,
Bengtsson et al 1985 Bioccolr and Manabe 1990 (Table
324 entty 21) ) Thus although global models cannot
resolve hurricanes explicitly they give a surprisingly good
indication of the regions of potential hurricanc formation
In contiast to empirical methods the criteria chosen are not
obviously dependent on the present climate

Using models with prescribed cloudiness, Broccoli and
Manabe (1990) found an increase of 20% 1n the number of
storm days (a combined measure of the number and
duration of storms) on doubling CO2 This 15 attributed to
cenhanced cvaporation leading to increased moisture

storms

conveigence and latent heat release which 15 converted to
locally transient kinetic energy (stronger winds) In
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contrast, 1n an experiment 1n which cloudiness was allowed
to change, the number of storm days deciecased by 10 to
15% even though the increase 1n evaporation was even
greater in this experiment The ncreases n local cnergy
generation and conversion were smaller, and the assoclated
winds weakened slightly The reason for this discrepancy
has not been found. nor has the role of cloud feedback in
these results been 1dentified

A preliminary experiment with a model which resolves
hurricanes (Yamasaki, personal communication) showed an
increase 1n the number, and a decrease in the intensity of
tropical disturbances when sea surface temperatures were
increased, but the stmulation was very short

In summary, the maximum intensity of tropical storms
may 1ncrease, but the distribution and frequency of
occurrence will depend on the detailed changes 1n aspects
of circulation 1n the tropics which are probably not yet
adequately simulated by climate models

5.4 Regional Changes - Estimates for 2030 (assuming
IPCC "Business-as-Usual" Scenario )

5.4.1 Introduction
In order to assess the impacts of future changes n climate,
one nceds to know the changes and rates of change in
climate on a regional scalc (1 e, areas ot order 1000 km
square or s0) Results from current equilibrium experiments
often difter regarding regional variations in the changes
Furthermore, few time-dependent simulations have been
carried out (Section 6), none correspond exactly to the
IPCC Scenartos and all use low horizontal resolution
Neveitheless, onc of the briefs of Working Group I was to
provide cstimates of changes in 5 sclected regions

In order to provide these regional estimates 1t has been
necessary to make certain assumptions and approximations
(Section 5 4 3)

The main conclusions of this section (see Table ST -
next page) are

I The regional changes 1n temperature may vary
substantially from the global mean, and the
magnitudes of regional changes in precipitation and
so1l motsture are typically 10 to 20% at 2030 under
the IPCC "Business-as-Usual Scenario

2 Although there 1s still substantial disagreement 1n
some regions between the models considered, the
agreement 1s better than in earlier studies (e g,
Schlesinger and Mitchell, 1987)

5.4.2 Lumutations Of Simulated Regional Changes

Although there 1s agreement between models on the
qualitative nature of the large-scale changes 1in temperature
and to a lesser extent precipitation, there 15 much less
agrecment when one considers variations in the changes on
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a 1egional (sub continental) scale 1e  areas of order
1 000 000 km2 For example 1t 1s likely that increases
greenhouse gases will nciease piecipitation near 60
degrees of latitude north, but there 1s little agreement
between models on the variation of the mncreases with
longitude The horizontal resolution of most models used
until now (typically 250-700km) 15 1nadequate to produce
an accurate representation of many of the regional features
of climate especially precipitation, which 15 stiongly
influenced by topography The parameterization of pio-
cesses not explicitly resolvable on the model grid also leads
to errors at regional scales The models in Table 3 2a do
not allow for changes or nterannual variations i oceanic
heat transport

The nature of inter-model discrepancies mn these studies
15 tllustrated by considering the changes averaged over
several regions of about 4,000 000 km2 The regions are
chosen so as to represent a4 range ol climates Diffeient
models perform well in different regions Inconsistencies in
the changes produced by different models may be 1esolved
to some extent by selecting those models giving the moie
realistic stmulations of present climate Such critical
evaluations at regional level will best be done by the
potential users and revised as improved model simulations
bccome available Coniidence 1n any one prediction of
spatial variations 1 changes at a regional scale must
presently be regarded as low

An estimate of the changes in temperature, precipitatton
and soil morsture averaged over the 5 1egions selected by
IPCC 15 given 1n Section 5 4 4 The 1esults ate based on the
high resolution studies (Table 3 2a, entrtes 20-22) since 1n
general these produce a better simulation of present day
climate (see Section 4) Results from five low 1esolutton
models (Grotch 1988, 1989, personal communication)
(Table 3 2a.entries 3,7 11 13 15) were also considered
There may be considerable variations within the regrons
and 1n the changes produced by the different models within

the regions

5.4.3 Assumptions Made In Deriving Estimates For 2030
The following assumptions have been made

1) The concentrations of greenhouse gases increase
as in the IPCC "Business-as-Usual" Scenario.
This assumes only modest incteases n efficiency and
gives an etffective doubling of CO2 by about 2020
and an effective quadrupling by about 2080
Reference will also be made to IPCC Scenario B
which assumes lairge efficiency increases and sub
stantial emissien controls which delay an effective
doubling of CO2 to about 2040

1)  The "best guess" of the magnitude of the global
mean equilibrium increase in surface temperature
due to doubling CQy (the climate sensitivity) 15
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Table 5.1 Esumates of changes in areal means of suiface an tempeiature and precipitation over selected regions, from
pre-industrial imes to 2030 assunung the IPCC "Busmess-as Usual” Scenaito These are based on thiee high 1esolution
equilibrium studies which are considered to give the most 1elhiable regional patterns but scaling the simulated vulues to
conrespond to a ¢lobal mean warming of 1 8°C the warming at 2030 assuming the IPCC "best guess” sensitnity of 25C
and allowing for the thermal inertia of the oceans The 1ange of values arises from the use of th ee different models For
a sensivity of 1 5 C, the values below should be 1educed by 30%, for a sensitivity of 4 5 °C they should be inci1 eased by
50% Confidence in these estimates is low, paiticularly for preapitation and soil mowisture Note that there are

considerable vaiiations in the changes within some of these 1egions

M
REGION 0] TEMPERATURE PRECIPITATION SOIL MOISTURE
D o) (% change) (% change)
E DIF JJA DIF JJA DIF JJA
L
1 Central 1 4 2 0 -5 -10 -15
North
America
(35-50°N, 2 2 2 15 -5 15 -15
80-105°W) 3 4 3 10 -10 -10 -20
2 South East 1 1 1 -5 5 0 5
Asla
(5-30°N, 2 2 1 0 10 -5 10
70 105°E) 3 2 2 15 15 0 5
3 Sahel 1 2 2 -10 5 0 -5
(10-20°N, 2 2 1 -5 5 5 0
20W-40°E) 3 1 2 0 0 10 -10
4 Southern 1 2 2 5 -15 0 -15
Europe
(35-50°N, 2 2 2 10 -5 5 -15
10W-45°E) 3 2 3 0 -15 -5 -25
5 Australia 1 1 2 15 0 45 5
(12-45°S, 2 2 2 5 0 -5 -10
110-155°E) 3 2 2 10 0 5 0

The numbers 1, 2 and 3 1n the third column correspond to the models under entries 20, 21 and 22 respectively in

)

Table 3 2a

2.5°C. This estimate 1s based on evidence from both
models and observations (Section 52 1)

The most reliable estimate of the regional patterns
of change is given by the high resolution models.
(Table 3 2a, entries 20-22) These models 1n general
produce a better simulation of present climate than
those run at lower resolution (Section 54 1) and give
results which are mote consistent than those from
carlier low resolution studies (see tor example,
Schlesinger and Mitchell 1987 and Section 54 4)
Note that although other models give a mcan
warming which 1s closer to the best guess  (for

1v)

example, Table 3 2a, entries 17-19) they have a
coarser resolution which degrades their simulation of
regional chimate  Hence the pattes ns of change have
been derived from the high resolution models, even
though they give a warming which 1s larger than the
"best guess” of 2 5°C

The patterns of equilibrium and transient climate
change are similar. As stated in Section 5 4 [, the
tew time dependent simulations that have been run
do not usc the IPCC Emission Scenartos and so
cannot be used directly and have been run at low
horizontal 1esolution degrading their capability to
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simulate regional changes Recent results from the
coupled ocean-atmosphere models (Section 6)
indicate that the reduction of the warming due to
oceanic thermal mertia 1s particulaily pronounced n
the circumpolar ocean of the southern ocean and the
northern North Atlantic where decp vertical mixing
of water occurs Elsewhere, the reduction 1s much
smaller and the time-dependent response 15 stmilar to
the equilibrium responsc (Scction 6, Figure 6 Sc)
The distribution of the changes 1n the hydrological
cycle was also similar to that at equihibrium, but
reduced 1n magnitude

v) The regional changes in temperature,
precipitation and soil moisture are proportional to
the global mean changes in surface temperatures.
This will be approximately valid except possibly 1n
regions where the changes are associated with a shift
in the position of steep gradients, for example where
the snowline retrcats, or on the edge of a rainbelt
which 1s displaced In general, this assumption 1
likely to be less valid tor precipitation and soil
moisture than for temperature In the experiment
described 1n detail in Secuion 6 (Stoutfer et al, 1989),
the mean temperature 1csponsc north of 30°S 15 about
15% higher than the global mean response this
enhancement 1s omitted 1n the regional estimates
given below.

vi) The changes in global mean temperature can be
derived from a simple diffusion-upwelling box
model. For the Business-as-Usual Scenario, this
gives a warming of 1 3 to 2 6°C from pre-industrial
times to present, with a "best guess" of | 8°C
(Section 6.6.2) For Scenario B, these estimates
should be reduced by about 15%
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Although 1t 15 hard to justify some of these assumptions
on riguorous scientific grounds, the errors nvolved are
substantially smaller than the uncertainties arising irom the
threefold range of climate sensttivity On the basts of the
above assumptions, the estimates of regional change have
been obtained by scaling the results from the high
resolution models by a factor of 1 8/ATs where ATs 15 the
climate sensitivity of the model involved

5.4.4 Estimates Of Regional Change; Pre-industrial to
2030 (IPCC "Business-as-Usual’’ Scenario)

The 1cader should be aware of the lmited ability ot current
chimate modecls to simulate regional climate change and
assumptions made 1 derniving the 1egional estimates
(Sections 5 4 2 and 5 4 3 1espectively) The range of values
indicates the 1ange ot uncertainty 1n regronal changes
artsing from using three different models with a similar
global sensitivity The results assume a global mean
warming of 1 8°C at 2030, consistent with a global mean
sensitivity ot 2 5°C (Section 6 6 2)  IPCC Scenario B gives
results which are about 15% lower For a sensitivity of
1 5°C, the estimates below should be reduced by 30%. tor a
sensitivity of 4 5°C, they should be increased by 50% In
geneial, confidence in these estimates is low, copecially
for the changes n precipitation and soil moisture The
regions dare shown m Figure 5 13 and the estimates from
the three individual models are given in Table 5 1

Central North America (35-50°N, 85-105°W)

The warming varies from 2 to 4°C 1n winter and 2 to 3°C 1n
summer. Preciprtation increases range from 0 to 15% 1n
winter whereas there are deceases of 5 to 10% 1n summer
Soil moisture decreases 1n summer by 15 to 20% of the
present value.

Figure 5.13: IPCC regions for which area means are given in Section 5 4 4 and Table 5 1
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South East Asia (5-30°N, 70-105°E)

The warming varies from | to 2°C throughout the yeai
Precipitation changes little in winter and generally 1mc-
1cases throughout the region by 5 to 15% 1n summer
Summer so1l moisture increases by 5 to 10%

Sahel (10-20°N, 20°W-40°E)

The warming ranges from 1 to 2°C Arca mean precip-
1iation increases and area mean o1l morsture decicases
marginally in summer However there arc areas of both
inctease and decrease 1in both parameters throughout the
region which difter from model to model

Southern Europe (35-50°N, 10°W-45°E)

The warming 15 about 2°C 1n winter and varties from 2 to
3°C in summer There 1s some indication of increased
ptecipitation in wintet, but summer precipitation decreases
by 5 to 15%. and summer so1l moisture by 15 to 25%

Australia (10-45°S, 110-155°E)

The warming ranges from 1 to 2°C in summer and 15 about
2°C in winter Summer precipitation increases by around
10% , but the models do not produce consistent estimates of
the changes 1n soil mossture The area averages hide large
variations at the sub-continental level

Many of the differences in these results can be attributed
to ditterences in model resolution, neglect or otherwise of
ocean heat transport, and ditferences 1n the number of
physical processes 1ncluded and the way they ate
1epresented

5.5 Empirical Climate Forecasting

5.5.1 Introduction
In the light of the poor reliabthity of regional climate
simulations using general circulation models, various
authors have suggested the use of data from past climates
as andicators of 1egional chimatic relationships for
projections ot future climate (for example Flohn, 1977
Budyko ct al, 1978, Budyko 1980, Kellogg and Schware
1981 Budyko and lztael, 1987 Budyko ct al, 1987) A
briet description ot the method 15 given in Section 3 4 |
The mid-Holocenc (5-6 kbp). the Last Interglacial
(Eemian o1 Mikiluno, 125-130 kbp) and the Pliocene (3-4
mbp) have been used as andlogues for tuture climates
January July and mean annual temperatutes and mean
annual precipitation were reconstructed tor each of the
above thiee cpochs (see Section 7 2 2) Estimates of the
mean tempetatures over the Northern Hemisphere exceed
the piesent temperature by approsximately 1 2 and 3-4°C
during the mid-Holocene Eemrian and Pliocene
respectively  These periods were chosen as analogues of
future chimate tor 2000 2025 and 2050 respectively
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5.5.2 Results

5521 Temperature

Winter-time tempetature changes 1n the low and middle
latitude zones are quite small for arcas dominated by
marine climates Winter cold 1s, however, less severe 1n the
itertor regions of the continents in middle and high
latitudes Summer warming 1s gredater mainly 1n high
latitudes In some low latitude continental regions there are
some areas of cooling due to increasing evaporation
resulting from incrcased precipitation over these regions

5522 Prcaprtation

The mtluence of global warming on annual precipitation
over the continents appears to be more complicated than
for air temperature During the mid-Holocene, precipitation
was greater than at present over most of the northern
continents although there wete decreases 1n some regions
of the Eutopean tertory of the Soviet Union, as well as n
some central tegrons of the United States (Figuie 7 4b)
Reconstructions of the Pliocene climate indicate that
precipitation ncreased over all land areas for which data
are available, particularly 1n a number of ateas that are now
deserts (Figure 7 2b) For this epoch, the mean latitudinal
increase 1n annual precipitation over the continents of the
Northern Hemisphete seems to show little dependence on
latitude, averaging approximately 20 cm yr-! The tentative
results for the Eemian for which data are less complete,
indicate that precipitation considerably exceeded the
modern value 1n all regions for which data exist As
discussed 1n Section 7 the data used mn this study have
vartous limitations, and 1t 15 possible that the need for
datable material to survive has introduced a bias against
finding evidence of aridity

5.5.3 Assessment Of Empirical Forecasts

I For a climate situation tn the past to be a detailed
analogue of the hikely climate in the next centivy with
increased greenlonse gas concentration it 1s necessary foi
the forcng factors (e ¢ greenhouse gases orbital
variations) and the boundary conditions (e g 1ce
coverage topograpin et ) to be similar

The change n forcing during the mid-Holocene and
Eemian was very different to that duc to doubling CO2
During both these periods, CO2 concentrations were
smaller than present being close to the pre-industrial level
(Barnola ct al, 1987) The orbital perturbations increase
the annual mean radiative heating in high latitudes (up to 5
Wm-2 during the mid-Holocene) and reduce 1t in the
tropics (1 Wm 2 during the mid-Holocene) The radiative
forcing due to doubling CO2 increases everywhere, fiom
about 25 Wim-2 i high latitudes to 5 Wm 2 1n the tropics
(Mitchell 1990) The changes n orbital perturbations
produce scasonal anomalies ot up to 40 Wm-2 at certain

latitudes (Berger 1979) wheireas the COp forcing 15
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relatively constant thioughout the year Thus the mid-
Holocene and Eemian cannot be considered as reliable
analogues for a chmate with mcieased concentrations of
greecnhouse gases

The changes 1n forcing during the Pliocene are less well
known Carbon dioxide levels may have been higher than
present, but whether or not they were as high as double
present concentrations ts disputed (Section 72 2 1) Other
tactors, such as a lower Himalayan massif and an open
Isthmus of Panama (which would have profoundly affected
the circulation of the North Atlantic) are likely to have
altered the climate in those regions The geographical
distribution of data for the Pliocene are himited and there
are difficulties in establishing that data from different sites
are synchronous (Section 72 2) In view of all these
factors, 1t 1s at best unclear that the reconstiucted patterns
of climate change during the Phocene can be regarded as
analogues of warming due to increases in greenhouse
gases

2 Because mamy aspects of climate change i1espond to
these factors and conditions in a non linear wav duect
comparisons with climatc sitnations for which these
condiions do not apply cannot be easilhy interpreted

The analogue method 15 based on the assumptions that the
patterns of chimate change are relatively insensitive to the
different changes n forcing factors leading to warming
Recent numerical studies of the equilibrium responsc to
increased CO7 give a consistent picture of continental scale
changes so one can compare the laige-scale features from
these simulattons with those deduced trom the palaco-
analogue approach The main discrepancies are

1) The palaco chimatic data suggest a cooling over
large areas of the tropics whareas CO- simulations
pi? oduce a substantial war ming
A cooling 1s consistent with the 1eduction 1n
insolation in the tropics during the mid-Holocene and
Eemian, and 1s also reproduced 1n numerical
stmulations m which the orbital perturbations have
been imposed (for example, Kutzbach and Guetter
1986, Mitchell et al , 1988) As noted above 1nc
1eases 1n CO2 produce a radiative warming ot the
tropics, whereas the relevant changes n oibital
properties produce a radiative cooling  Thus on both
simple physical grounds and on the basts of model
stmulations, the palaeo-climatic reconstructions are
probably misleading 1n this 1espect

) The palaco chimatic data suggcst that precipitation
mcreases markedh i much of the anid subtiopics of
the Northern Homisphere (for example COHMAP

1988 Section 7222 7223)

recent numertcal simulations with cnhanced €02

menmber s wheoreas

mndicate little change in these 1egrony
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Thus, numerical simulations of the nmid-Holocene
and Eemian produce tncreases i precipitation m
much of the and subtropics because the enhanced
summer nsolation ntensifies the sunimer monsoon
circulations  Again, on simple physical grounds and
on the basis of model simulations (for example
Kutzbach and Guetter, 1986, Mitchell et al  1988) 1t
appeats that the changes in precipitation in the arid
subtropics during these epochs are due to otbital
changes
ut)  The palaeo climatic data suggest that the warming
(in the Northern Hemisphere) i summer would be
greatest tn high latitudes whereas tn model sim-
ulattons with increased CO2 (this section) or o1bital
perturbations  (for example Kutzhach and Guctte
1986 Mutchell et al 1988) the warnung 1s small in
high latitudes in summer
The simulated changes may be 1n error (though there
15 a plausible physical explanation) o1 the palaeo
climatic data have been miscompiled or mis-
interpreted

From the above 1t seems likely that changes 1n orbital
parameters alone can account for much of the changes from
present chimate found 1n the mid-Holocene and the Eemian
that some of the large scale effects of the orbital pert-
urbations differ from those expected with an increase m
trace gases, and thercfore that a necessary condition fo1
these periods to be considered as analogues for future
climate change 1s that the ettects of orbital variations
should be subtracted out At present, there 15 no way of
doing this apart from using simulated changes

In conclusion the palaeo analogue approach 1s unable to
give 1eliable estimates of the equilibrium chimatic etfect of
Incicases i greenhousc gases as stitable analogues are not
available and 1t 15 not possible to allow for the deficiencies
in the analogues which are available Nevertheless
information on past chmates will provide usetul data
against which to test the performance of climate models
when run with appropriate forcing and boundary conditions
(Sce Section 4 10) It should be noted that from the point
ol view of understanding and testing climate mechanisms
and models palaeo climatic data on cool epochs may be
Just as usetul as data on warm epochs Special attention
should be paid to times of relatively rapid climatic change
when time-dependent cffects and ecosystem responses may
more closely 1esemble those to be expected 1n the coming
century

5.6 The Climatic Effect of Vegetation Changes

5.6.1 Introduction

In addition to the climatic impacts of increasing greenhousc
gases alteration of vegetation cover by man can modily the
climate For small areas this may result in only local



160

impacts, but for large areas 1t may result in important
regronal climate change, and may impinge upon regions
remote from the area of change

The vegetative cover (or lack of 1t) strongly controls the
amount of solar radiative heating absorbed by the land
surface by varying the albedo (reflectivity) Heat absorbed
by the surface, in addition to heating the soil, provides
eneigy for evaporation and for heating the atmosphere
directly (sensible heat) Thus, changes n albedo can
strongly affect evaporation and atmospheric heating and so
influence the hydrological cycle and atmospheric
circulation Other aspects of vegetation cover, such as
aerodynamic roughness, stomatal resistance canopy
moisture capacity and rooting depth can affect the
partitioning of 1ncoming radiation between
evapotation and sensible heat

There ate three clhimatic regions wheie vegetation
changes may have significant impacts on climate tropical
forests, semi-arid and savannah and boreal forests The fiist
has recerved considerable attention and 15 covered 1n more
detail below and 1n Section 10 Model studies of
degradation of vegetation 1n the Sahel region of Atiica,
particularly with regard to changes 1n albedo and soil
motsture avatlability, have shown that rainfall can be
reduced over a wide part of the region (Rowntree and
Sangster, 1986) Removal of boreal torests has been shown
to delay spring snowmelt shightly by increasing albedo
(Thomas, 1987)

solar

5.6.2 Global Mean Effects

I The net effect of deforestation on global mean limate 15
likely to be small although the regional impacts may be
profound

The conversion of forests to grassland 15 increasing 1 the
tropics  The current rate of deforestation 15 estimated to be
0 1x100 km?2 yr‘l (the total area of tropical forest 1s about
9 x 100 km2) Associated with the clearing 1s a substantial
telcase of CO2 to the atmosphere (Section 1) The re-
placement of forest by grassland also increases the
1reflection of solar radiation to space which tends 1o cool the
climate, but this elfect 15 at present small compared with
the warming cffect of the accompanying mncreased CO2
(seec Section 1, 222, Section 2) The net effect of
detorestation 1s therefore to warm climate  The removal of
all the topical forests could warm the climate by about
03°C ' Alternatively, if 10% ol the Earths land surface

Y Assunnng that 13x100km2 of forest 1s 1emored and
releases 12 SGt C1100km2 (bascd on Bolin et al 1986)
with half the 1esulting CO2 1emanung i the
armosphere  Also it 1s assumed that deforestation
mcreases the swiface albedo by S% and that only 50%
of the msolation at the top of the atmosphere 1eaches
the swiface The chimate sensitiviny 1 tahen to be 3°C
for a doublmg of CO>
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were afforested in addition to the present cover, a global
cooling of 02 to 0 4°C would be expected

5.6.3 Regional Effects: Deforestation Of Amazonia

One of the best studied examples of deforestation 15 the
Amazon Basin Besides changing net carbon storage in
Amazonia detforestation 15 affecting the regional energy
and water balance A number of modelling studies have
concentrated on the climatic impact that might arise from
complete deforestation of South America and, in particular,
Amazonia (Henderson-Sellers and Gornitz, 1984, Wilson,
1984, Dickinson and Henderson-Sellers, 1988, Lean and
Wartilow 1989, Nobie et al, 1990) The Amazon Basin
contains about half of the world s tropical raintorests and
plays a significant 1ole in the climate of that region It 1s
estimated that apptoximately half ot the local raintall 1s
derived trom local cvaporation (Salati et al , 1978) The
remainder 15 derived friom moisture advected from the
surrounding oceans A major modification of the forest
cover could therefore have a significant climatic impact
Reduced evaporation and a general reduction in rainfall,
although by variable amounts, was found 1n most
experiments

I Total dcforcstation of the Amazon basin could 1educe
ramfall locally by 20%

The studies by Lean and Wartifow (1989) and Nobre et
al (1990) show teductions of about 20% 1n rainfall 1n
simulations i which vegetation parameters for forest were
replaced by those for grassland (Figuie 5 14) Lean and
Warrilow showed that albedo and roughness changes
contributed almost cqually to the rainfall reduction,
although more recent work suggests that the contribution
from roughness may have been shightly oveiestimated

Nobre et al suggest that the switch to a more seasonal
ramfall regime which they obtained, would prevent torest
recovery A 1ecent experiment (Lean and Rowntree, 1989,
personal communication) considered the impact of setting
vegetation cover to deseit over South Ametica noith of
30°S  Albedos stimilar to those of the most 1eflective parts
of the Sahata were used Annual rainfall was reduced by
70% The scasonal change of rainfall (Figure 5 15) became
typical of that observed i semi-arid regions such as the
Sahel This would permit the growth of some rainy season
vegetation and thus a desert would be unlikely to be
maintained over the whole region However, the results
suggest that a widespread deforestation of the South
American tropics could lead to an irreversible decline n
ramfall and vegetative cover over at least part of the region

5.7 Uncertainties

Here we summatize the major uncertainties in model
predictions
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Figure 5.14: Changes 1n annual means due to deforestation of
northern South America (from Nobre et al ,1990) (a) Surface
temperature (contours every 1°C), (b) Precipitation (contouis
every | mm day !, negative contours are dashed)

One of the largest sources of uncertainty in the
simulation of equilibrium climate change lies in the
prediction of clouds It has been shown that clouds can
produce either a positive or negative feedback depending
on the model and parameterization of cloud used (Cess ct
al 1989 Mitchell et al . 1989) giving an uncertanty of a
factor of two or more 1n the equilibiium warming  Eathier

schemes base cloud cover on relative humidity and
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Figure 5.15: Rainfall over South America (2 5 to 30°S, mm
day ') Dashed line simulated, forested surface, Solid line
simulated, desert surface Dots, observed (Lean and Rowntree
personal communication, 1989)

prescribed radiative properties later models use schemes
which explicitly represent cloud water and allow ¢loud
radiative properties to vary The latter are more detailed but
not necessarily more accurate as more parameters have to
be specified The radiative effect of clouds depends on
cloud height, thickness and fractional cover on cloud water
content and cloud droplet size distribution (and in the case
of 1ce clouds the size distribution shape and onentation of
particles) (see Section 3 3 4) Thus theie 15 a need to
understand both the microphysics of cloud and then
relation to the larger scale cloud propertics This will
require further satellite observations (for example
Barkstrom ct al , 1986) and catetully designed tield studies
(for example Raschhe [988 Cox et al 1987) In
particular, there 15 a need to retine our knowledge of 1ce
clouds and the1t radiative propertics

Another large uncertainty hes in the iepresentatton ot
convection 1n large-scale models Again the mote detailed
(though not necessarily more accurate) parameterizations
produce difterent results from the simpler schemes
including a much greater warming m the tropics It s less
obvious how 1o reduce this uncertainty though it may be
that a comparison of the observed and simulated response
to past anomalies n tropical SSTs may help to ehminate
the more unrealistic schemes

Thudly, the changes in ground wetness and surtace
temperatute have been shown to be highlv sensitive to the
treatment of the fand surface In addition the cttects ot
vegetatton and changes 1 vegetation aie ignoted i the
models used 1n Table 3 24 Agamn process studies along

with satellite measurements (World Meteorolozidl
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Organization, 1985, 1987) are nceded to guide the devel-
opment of surface parameterizations and their validations.

Finally the oceans and sea-ice constitute a major source
of uncertainty about which more is said in Section 6. Here
it has been shown that the distribution of seca-ice and
changes in sea-ice extent have a dominant influence on
local temperature change, especially in winter. Most of the
models considered here ignore salinity effects and possible
changes in ocean heat and ice transport: some ignore ocean
transport altogether. The inclusion of a more complete
represcntation of the ocean may modify the simulated
changes in sea-ice described here, and changes in ocean
circulation could produce pronounced local anomalies in
SST particularly in the neighbourhood of the major current
systems or the main areas of deep water formation, with
profound effects on the local climate.
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Figure 5.4 Change in surface air temperature (ten year means) due to doubling CO,. for months December-
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EXECUTIVE SUMMARY

The slowly changing response of climate to a gradual increase in

greenhouse gas concentrations can only be modelled rigourously

using a coupled ocean-atmosphere general circulation model with

full ocean dynamics This has now been done by a small number

of researchers using coarse resolution models out to 100 years

Their results show that

a)

b)

0

For a steadily increasing forcing, the global rise 1n
temperature 15 an approximately constant fraction of the
equilibrium rise corresponding to the instantaneous forcing
for a time that 15 earlier by a fixed oftset For an
atmospheric model with temperature sensitivity 4°C for a
doubling of CO»9, this fraction 1s approximately 66% with
an offset of 11 years In rough terms, the response is about
60% of the current equilibrium value Extrapolation using
robust scaling principles indicates that for a sensitivity of
1 5°C the corresponding values are 85% 6 years and 80%
respectively

The regional patterns of temperature and precipitation
change generally resemble those of an equilibrium
simulation for an atmospheric model, though uniformly
reduced 1n magmtude Exceptional regions are around
Antarctica and 1n the northern North Atlantic, where the
warming 1s much less

These results are generally consistent with our
understanding of the present circulation 1n the ocean, as
evidenced by geochemical and other tracers However,
available computer power 1s still a serious limitation on

model capability, and existing observational data are
inadequate to resolve basic 1ssues about the relative roles of
various mixing processes, thus affecting the confidence
level that can be applied to these simulations

d) The conclusions about the global mean can be extended
though with some loss of rigour, by using a simple energy
balance climate model with an upwelling diffusion model
of the ocean, similar to that used to simulate CO2 uptake
It 1s inferred that, if a steadily increasing greenhouse
forcing were abruptly stabilized to a constant value
thereafter, the global temperature would continue to rise at
about the same rate for some 10-20 years, following which
it would increase much more slowly approaching the
equilibrium value only over many centuries

e) Based on the IPCC Business as Usual scenarios, the
energy-balance upwelling diffusion model with best
Judgement parameters yields estimates of global warming
from pre-industrial times (taken to be 1765) to the year
2030 between 1 3°C and 2 8°C, with a best estimate of
20°C Ths corresponds to a predicted rise trom 1990 of
07-1 5°C with a best estimate of 1 1°C

Temperature rise from pre-industrial times to the year 2070 15
estimated to be between 2 2°C and 4 8°C with a best estimate of
33°C This corresponds to a predicted rise from 1990 of 1 6°C to
3 5°C, with a best estimate of 2 4°C
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6.1 Introduction

6.1.1 Why Coupled Ocean-Atmosphere Models ?
The responses discussed 1n Section 5 are for a radiative
forcing that 1s constant for the few years required for the
atmosphere and the surface of the ocean to achieve a new
equilibrium following an abrupt change Though the
atmospheric models are detailed and highly developed, the
treatment of the ocean 1s quite primitive However, when
greenhouse gas concentrations are changing continuously,
the thermal capacity of the oceans will delay and
effectively reduce the observed clhimatic response At a
given time, the realized global average temperature will
reflect only part of the equilibrium change for the
corresponding 1nstantaneous value of the forcing Of the
remainder, part 1s delayed by storage 1n the stably stratified
layers of the upper ocean and 1s realized within a few
decades or perhaps a century, but another part 15 effectively
mnvisible for many centuries or longer, until the heating of
the deep ocean begins to influence surface temperature In
addition, the ocean currents can redistrnibute the greenhouse
warming spatially, leading to regional modifications of the
equilibrium computations Furthermore, even without
changes 1n the radiative forcing, interactions between the
ocean and atmosphere can cause interannual and inter-
decadal fluctuations that can mask longer term climate
change for a while

To estimate these effects, and to make reliable
predictions of climate change under realistic scenarios of
increasing forcing, coupled atmosphere-ocean general
circulation models (GCMs) are essential Such models
should be designed to simulate the time and space
dependence of the basic atmospheric and oceanic variables,
and the physical processes that control them, with enough
fidelity and resolution to define regional changes over
many decades 1n the context of year to year variability In
addition, the reasons for difterences between the results of
different models should be understood

6.1.2 Types of Ocean Models
The ocean circulation 1s much less well observed than the
atmosphere, and there 15 less confidence 1n the capability of
models to simulate the controlling processes As a result,
there are several conceptually different types of ocean
model 1n use for studies of greenhouse warming

The simplest representation considered here regards the
ocean as a body with heat capacity modulated by down-
ward diffusion below an upper mixed layer and a
horizontal heat flux divergence within the mixed layer
These vary with position, but are prescribed with values
that result, 1n association with a particular atmospheric
model running under present climatic conditions 1n
simulations which fit observations for the annual mean
surface temperature, and the annual cycle about that mean

In such a no surprises ocean (Hansen et al , 1988) the
horizontal currents do not contribute to modifications of
climate change

A more faithful representation 1s to treat the additional
heat associated with forcing by changing greenhouse gases
as a passive tracer which 1s advected by three-dimensional
currents and mixed by specified diffusion coefficients
intended to represent the sub-grid scale processes These
currents and mixing coefficients may be obtained from a
GCM simulating the present climate and ocean circulation,
including the buoyancy field, in a dynamically consistent
manner Using appropriate sources, the distributions of
transient and other tracers such as temperature-salimty
relationships, l4C, trittum and CFCs are then inferred as a
separate, computationally relatively inexpensive, step and
compared with observations Poorly known parameters
such as the horizontal and vertical diffusion coefficients are
typically adjusted to improve the fit In box-diffusion
models, which generally have a much coarser resolution,
the currents and mixing are inferred directly from tracer
distributions or are chosen to represent the aggregated
effect of transports within a more detalled GCM  Though
potential temperature (used to measure the heat content per
unit volume) affects the buoyancy of sea-water and hence
1s a dynamically active variable, a number of studies (e g,
Bryan et al , 1984) have demonstrated that small, thermally
driven, perturbations in a GCM do 1n fact behave in the
aggregate very much as a passive tracer This approach 15
usetul for predicting small changes 1n chimate from the
present, 1in which the ocean currents and mixing co-
efficients themselves are assumed not to vary n a
significant manner There are at present no clear guidehnes
as to to what 1s significant for this purpose

A complete representation requires the full power of a
high resolution ocean GCM, with appropriate boundary
conditions at the ocean surface involving the wind stress,
net heat flux and net freshwater flux obtained from dan
atmospheric model as a function of time 1n exchange for a
simulation of the ocean surface temperature The explicit
simulation of mixing by mesoscale eddies 1s fcasible and
highly desirable (Semtner and Chervin 1988), but 1t
requires high spatial resolution, and so far the computer
capacity required for 100 year simulations on a coupled
global eddy resolving ocean-atmosphere GCM has not
been available Sea-ice dynamics are needed as well as
thermodynamics, which 1s highly parameterized 1n existing
modeis For a fully credible climate prediction what 15
required 15 such a complete, dynamically consistent
representation, thoroughly tested against observations

General circulation models of the coupled ocean
atmosphere system have been under development for many
years but they have been restricted to coarse resolution
models m which the mixing coefficients in the ocean must
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be prescribed ad hoc, and other unphysical devices are
nceded to match the ocean and atmospheric components
Despite these limitations, such models are giving results
that scem consistent with our present understanding of the
broad features of the ocean circulation, and provide an
important tool for extending the conclusions of the
cquilibrium atmospheric climate models to time dependent
situations, at least while the ocean circulation does not vary
greatly from the present

Because running coupled ocean-atmosphere GCMs 15
expensive and fime consuming many of our conclusions
about global trends 1n future climates are based upon
stmplified models, 1n which parts of the system are
replaced by highly aggregated constructs in which key
formulae are inferred from observations or from other, non-
interactive, models An energy-balance atmospheric model
coupled to a one dimensional upw elling-ditfusion model of
the occan provides a usetul conceptual framework, using a
tracer representation to aid the interpretation of the results
of the GCMs, as well as a powerful tool for quickly
exploring future scenartos of chmate change

6.1.3 Major Sources of Uncertainty
An unresolved question related to the coarse resolution of
general circulation models 15 the extent to which the details
of the mixing processes and ocean currents may affect the
storage of heat on ditterent time ~cales and hence the
fraction of the equilibrium global temperature rise that 1s
realized only after several decades as opposed to more
quickly or much more slowlv Indeed this 1ssue rests in
turn on questions whether the principal control mechanisms
governing the sub-grnid scale mising are correctly
incorporated For a more detailed discussion see Section
48

Paralleling these uncertainties are serious limitations on
the observational data base to which all these models arc
compared, and from which the present rates of circulation
are inferred These give rise to conceptual differences of
optnion among oceanographers about how the circulation
actually functions

Existing observations of the large scale distribution of
temperature, salinity and other geochemical tracers such as
trittum and 14C do indicate that near surface water smks
deep 1nto the water column to below the main thermocline,
primartly 1n restricted regions in high latitudes 1n the North
Atlantic and around the Antarctic continent Assoctated
with these downwelling regions, but not not necessarily co-
located, are highly locahized patches of intcrmittent deep
convection, or turbulent overturning of a water column that
15 gravitationally unstable Though controlled to a sig-
nificant extent by salinity variations rather than by
temperature, this deep convection can transfer heat
vertically very rapidly
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However, much less ciear 15 the return path of deep
water to the occan surface through the gravitationally stable
thermocline which covers most of the ocean It 1s disputed
whether the most important process 1s nearly horizontal
motion bulk motion 1n sloping 1sopycnal surfaces of
constant potential density, ventilating the thermocline
laterally In this view, significant mixing across 1sopyncal
surfaces occurs only where the latter intersect with the well
mixed layer just below the ocean-atmosphere interface,
which 1s stirred from above by the wind and by surface
heat and water fluxes (Woods, 1984) Another view, still
held by some oceanogiaphers, 1s that the dominant
mechanism 15 externally driven in situ mixing 1n a
gravitationally stable environment and can be described by
a local bulk diffusivity To obtain the observations
necessary to describe more accurately the real ocean
circulation, and to improve our ability to model 1t for
climate purposes, the World Ocean Circulation Experiment
15 currently underway (see Section 11)

6.2 Expectations Based on Equilibrium Simulations

Besides the different types of model, 1t 1s important also to
distinguish the different experiments that have been done
with them

With the exception of the few time-dependent
simulations described in Sections 6 3 - 6 6, perceptions of
the geographical patterns of CO2-induced climate change
have been shaped mainly by a generation of atmospheric
GCMs coupled to simple mixed layer or slab ocean models
(see review by Schlesinger and Mitchell, 1987) With these
specified-depth mixed-layer models having no computed
ocean heat transport, CO2 was nstantaneously doubled and
the models run to equilibrium Averages taken at the end of
the simulations were used to infer the geographical patterns
of CO7 induced chimate change (Section 5)

Generally, the models agreed among themselves n a
qualitative sense Surface air temperature increase was
greatest 1n late autumn at high latitudes in both
hemispheres, particularly over regions covered by sea-ice
This was associated with a combination of snow/sea-ice
albedo feedback and reduced sea-ice thermal nertia  Soil
moisture changes showed a tendency for drying of mid-
continental regions 1n summer, but the magnitude and even
the sign of the change was not uniform among the models
(sec also Section 52 2 3) This inconsistency 1s caused by
a4 number of factors Some had to do with how soil
moisture amounts were computed 1n the control sim-
ulations (Meehl and Washington, 1988), and some had to
do with the method of simulating the land surface (Rind ct
al, 1989) Also, all models showed a strong cooling in the
lower stratosphere due to the radiative effects of the
increased carbon dioxide
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Recently, a new generation of coupled models has been
run with atmospheric GCMs coupled to coarse-grid,
dynamical ocean GCMs These models include realistic
geography, but the coarse grid of the ocean part (about 500
km by 500 km) necessitates the parameterization of
mesoscale ocean eddics through the use of horizontal heat
diffusion This and other imitations involved with such an
ocean model are associated with a number of systematic
errors 1n the simulation (e g , Meehl, 1989) However, the
ability to include an explicitly computed ocean heat
transport provides an opportunity to study, for the first
time, the ocean's dynamical effects on the geographical
patterns of CO7-1nduced climate change

6.3 Expectations Based on Transient Simulations

The first simulations with these global, coupled GCMs
applied to the CO2 problem used the same methodology as
that employed 1n the earlier simple mixed-layer models
That 1s, CO2 was doubled instantaneously and the model
run for some time-period to document the climate changes
It has been suggested, however, that because of the long
thermal response time ot the full ocean, and the fact that
the warming penetrates downward from the ocean surface
mnto 1ts interior, the traditional concept of a sensitivity
experiment to determine a new equilibrium may be less
useful with such a coupled system (Schlesinger and Jiang,
1988)

Schlesinger et al (1985) ran a two-level atmospheric
model coupled to a 6-layer ocean GCM for 20 years after
instantaneously doubling CO2 They noted that the model
could not have attained an equilibrium 1n that period, and
went on to document changes 1n climate at the end of the
experiment  Washington and Meehl (1989) performed a
similar expertment over a 30 year period with 1nst-
antancously doubled CO2 in their global spectral
atmospheric GCM coupled to a coarse-grid ocean GCM
Manabe et al (1990) also used a global spectral atm-
ospheric GCM coupled to a coarse-grid ocean model 1n an
mnstantaneous CO2 doubling experiment for a 60-year
period

These model simulations have been referred to as
transient experiments 1n the sense that the time evolution of
the whole climate system for a prescribed 'switch-on'
instantaneous CO2 doubling could be examined 1n a
meaningful way

In some respects, all the switch-on coupled GCM
experiments agree with the earlier mixed-layer tesults  In
the Northern Hemisphere, warming 15 larger at higher
latitudes, and there 15 some evidence, though agam mixed
of drying 1n the mid-continental regions 1n summer
Manabe et al (1990) also obtained a wetter soil in middle
latitudes 1in winter In the summer however, Manabe et al
(1990) found large areas 1n the middle latitudes where the
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soil was drier  However, sector-configuration simulations
(Bryan et al , 1988) with a coupled GCM first suggested a
major difference 1n the patterns of chmate change
compared with the earlier mixed-layer model experiments
Around Antarctica, a relative warming mimimum, at times
even a shight cooling, was evident 1n these simulations

6.4 Expectations Based on Time-Dependent
Simulations

The term time-dependent in the present context 1s taken to
mean a model simulation with gradually increasing
amounts of greenhouse gases This 15 what 1s happening in
the real climate system, and such simulations provide us
with the first indication of the climate-change signals we
may expect 1n the near future

To date, three such simulations have been published
One has been performed with an atmospheric model
coupled to a simple ocean with fixed horizontal heat
transport (Hansen et al , 1988), and the other two have used
atmospheric models coupled to coarse-grid dynamical
ocean models, that s, atmosphere-ocean GCMs
(Washington and Meehl, 1989, Stouffer et al, 1989)
Other studies using coupled ocean-atmosphere GCMs are
in progress at the UK Meteorological Office (Hadley
Centre) and the Max Plank Institute fur Meteorologie,
Hamburg

6.4.1 Changes In Surface Air Temperature
Hansen et al (1988) performed scveral simulations with
CO2 and other greenhouse gases increasing at various
rates, aimed at assessing the detectability of a warming
trend above the mherent variability of a coupled ocean-
atmosphere system The occan model was a no surprises
ocean as described 1n Section 6 1 2, which simulates the
spatially varying hecat capacity typical of present chmate
but precludes feedback to climate change from the ocecan
currents At any given time the stmulated warming was
largest 1n the continental nterior of Asia and at the high
latitudes of both hemispheres, though 1t was tirst
unambiguous m the tropies where the interannual
variability 15 least Contrasting with some other sim-
ulations, regional patterns ot climate anomalies also had a
tendency to show greater warming in the central and
southeast U S, and less warming in the western U S The
Antarctic also warmed about as much as corresponding
northern high latitudes, a result that may be sensitive to the
assumptions about ocean heat transport n this model
Washington and Meehl (1989) spectiied a 1% per year
linear mcrease of CO2 1n then coupled atmosphere-ocean
GCM over a 30-year period and documented changes in the
occan-atmosphere system For this period there was a
tendency for the land areas to warm faster than the oceans
and for the warming to be larger in the surface layer of the
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ocean than below Significant areas of ocean surface
temperature increase tended to occur between 50°S and
30°N (Figure 6.1). Warming was smaller and less
significant around Antarctica. In the high latitudes of the
Northern Hemisphere there was no zonally consistent
warming pattern, in contrast to the earlier mixed-layer
experiments. In fact, there was a cooling in the North
Atlantic and Northwest Pacific for the particular five-year
period shown 1n Figure 6.1. Washington and Meehl (1989)
show that this cooling was a consequence of alterations 1n
atmospheric and ocean circulation 1involving changes in
precipitation and a weakening of the oceanic thermohaline
circulation However, there was a large inter-annual
variability at high latitudes 1n the model, as occurs n
nature, and Washington and Meehl pointed out that the
pattern for this five-year period was indicative only of
coupled anomalies that can occur in the system.
Nevertheless, similar patterns of observed climate
anomalies have been documented for temperature trends
over the past 20-year period 1n the Northern Hemisphere
(Karoly, 1989; Jones et al., 1988).

(a) ATgeer DJF, transient minus controf, (yr 26—30)
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Stouffer et al. (1989) performed a time-dependent
experiment  with CO2 1ncreasing 1% per year
(compounded), and documented geographical patterns of
temperature differences for years 61-70. Stouffer et
al (1989) show the continents warming faster than the
oceans, and a significant warming mimnimum near 60°S
around Antarctica, as was seen 1In earlier sector
expermments (Bryan et al., 1988). As was also seen in the
Washington and Meehl results, there was not a uniform
pattern of warming at all longitudes at high latitudes 1n the
Northern Hemisphere A minimum of warming occurred 1n
the northwestern North Atlantic in association with deep
overturning of the ocean. Though the greatest warming
occurred at high latitudes of the Northern Hemisphere, the
greater variability there resulted 1in the warming being
unambiguously apparent first in the subtropical ocean
regions.

The main similarities 1n the geographical patterns of
CO2-1nduced temperature change among these three time-
dependent experiments are:

R S
AN

(b) ATesr JJA transient minus control (yr 26—30)

\ AR
AN
N\ DR

Figure 6.1: Geographical distnibutions of the surface temperatuie difference, transient minus control, of years 26-30 for (a) DJF and
(Y JJA (°C. lowest model layer) Difterences significant at 5% level are hatched Adapted from Washington and Meehl (1989)
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1) the warming at any given ume 1s less than the
corresponding equilibrium value for that inst-
antaneous forcing,

2) the areas of warming are generally greater at high
latitudes 1n the Northern Hemisphere than at low
latitudes, but are not zonally uniform in the earlier
stages of the ime-dependent experiments, and

3) because of natural variability, statistically significant
warming 15 most evident over the subtropical oceans

The ditferences between the time-dependent experiment
using specified ocean heat transports (Hansen et al , 1988)
and the two time dependent experiments with dynamical
ocean models (Washington and Meehl, 1989, Stouffer et
al , 1989) are

1) a warming mimmmmum (or slight cooling) around
Antarctica 1n the models with a dynamical ocean
precludes the establishment of the large, positive ice-
albedo feedback that contributes to extensive
southern high-latitude warming n the mixed-layer
models, and

2) a warming minimum 1n the northern North Atlantic

These local minima appear to be due to exchange of the
surface and deep layers of the ocean associated with
upwelling as well as downwelling, or with convective
overturming The downwelling of surface water in the
North Atlantic appears to be susceptible to changes of
atmospheric circulation and precipitation and the attendant
weakening of the oceanic thermohaline circulation

6.4.2 Changes In Sou Moisture

As 1ndicated 1in Section 4 5, large-scale precipitation
patterns are very sensitive to patterns of sea-surface
temperature anomalics Rind et al (1989) link the occ-
urrence of droughts with the climate changes 1n the time-
dependent simulations of Hansen et al (1988), and predict
increased droughts by the 1990s  Washington and Mcehi
(1989) found n their ime-dependent experiment that the
sotl 1n mid-latitude continents was wetter in winter and had
small changes of both signs in summer These time
dependent results are consistent with the results from their
respective equilibrium chmate change simulations (Section
5) A full analysis of the experiment described in Stoutter
et al (1989) 1s not yet available, but preliminary ind-
ications (Manabe, 1990) are that they are similarly
consistent, though there may be some small changes 1n
global scale patterns

6.5 An Illustrative Example

In this section, we illustrate the promise and limitations of
interactive ocean-atmosphere models with more detatls of
one of the integrations described in Section 6 4 drawing on
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Stouffer et al (1989) and additional material supplied by
Manabe (1990)

6.5.1 The Experument
Three 100-yedar simulations are compared with different
radiative forcing, each starting from the same, balanced
mtial state The concentration of atmospheric carbon
dioxide 15 kept constant 1 & control run In two
complementary perturbation runs the concentration of
atmospheric carbon dioxide 1s increased or decreased by
1% a year (compounded) mmplying a doubling or halving
after 70 years This 1ate of increase roughly corresponds
terms of CO7 cquivalent units to the present rate of
increase of forcing by all the greenhouse gases Since
greenhouse warming 1s proportional to the logarithm of
carbon dioxide concentration (see Section 2, Table 22 4 )
an exponential increase gives a linedr mcrease 1n radiative
forcing

To reach the mitial balanced state the atmospheric model
15 forced to a steady state with the annual mean and
seasonal variation of sea surfdace temperature given by
chimatological data Using the scasonally varying winds
from the atmospheric model the ocean 15 then foiced to a
balanced state with the sca surface temperature and scd
surface salimty specified from climatological data For
models perfectly representing the present chimate and
assuming the climatological data are accurate the fluxes of
heat and moisture should agree exactly In practice the
models are less than perfect and the heat and moisture flux
fields at the ocean surface have a substantial mismatch

To compensate for this mismatch when the two models
are coupled an ad hoc flux adjustment 15 added to the
atmospheric heat and moisture fluxes This flux ady
ustment which 15 a fixed function of position and season 15
precisely the correction tequired so that as long as the
radiative forcing of the atmospheric model remains the
same the coupled model will 1emain balanced and
fluctuate around a mean state that includes the observed sea
surface temperature and sea surface salinity When the
radiative balance of the atmospheric model 15 perturbed the
coupled model 1s free to seek a new equilibrium because
the ad hoc flux adjustments remarn as specified and
provide no constraint to damp out departures from the
present climate

The flux adjustments in this treatment are nonphysical
and disconcertingly large (Manabe 1990) but are simply a
symptom of the inadequacies 1n the separate models and of
a mismatch between them Unfortunately cxisting mea
surements of ocean surface fluxes are quite madequate to
determine the precise causes This device or 1ts equtvalent
(e g Sauscnetal 1988) 1s the price that must be paid for
a controlled simulation ot perturbations from a realistic
present day, ocedan atmosphere climate Though varying
through the annual cycle the pattern of adjustment 15 the
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Figure 6.2: The temporal variation ot the deviation of global
mean surface air temperature (°C) of the coupled ocean
atmosphere model from its long term average From Manabe
(1990), personal communication

same 1n all three simulations Its direct etfects thus
disappear when differences are considered, and the con-
clusions from such experiments should be reasonable
provided the differences remain small However, when the
simulated ocean circulation or atmospheric state differs
greatly from that presently observed, indirect effects are
likely to be substantial and too much credence should not
be attached to the results There are currently no
quantitative criterta for what differences should be
regarded as small for this purpose

6.5.2 Results
Before examining the changes due to greenhouse torcing, it
15 instructive to note the random fluctuations n global
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mean surface air temperature within the control run itself
(Figure 6 2) These imply a standard deviation in decadal
averages of about *0 08°C, which, though an accurate
representation of the model climatology, appears to be
somewhat less than what has been observed during the past
100 years (see Section 8) The regional manifestation
shown 1n Figure 6 3 illustrates the uncertainty that 1s
inherent 1n estimates of time dependent regional climate
change over 20 year periods
Figure 6 4 shows the difference in 10-year, global

average surface air temperature, between the +1% pert-
urbation run and the long term average of the control run,
increasing approximately hnearly as a function of time

After 70 years, the instantancous temperature 1s only 58%
of the equilibrium value (4°C, see Wetherald and Manabe,
1988) appropriate to the radiative forcing at that time This
result compares reasonably well with the estimate of 55%
obtained by running the box diffusion model of Section 6 6
with similar scenario of radiative forcing and a chimate
sensitivity of 4°C for a doubling of CO? (see Figure 6 7

later) However a result of both simulations 1s that the
response o a4 hnear increase 1n forcing with time 1s also,
after a brief 1nitial phase very close to linear 1in time The
time dependent response 15 thus at all times proportional to
the instantaneous forcing, but at a reduced magnitude
compared to the equilibrium Close examination of Figures
64 and 6 7 show that a straight line fit to the response
intersects the time axis at ten years Since lag in the
response Increases with time 1t 1s not a useful parameter to
describe results As an alternative, the response 1s described
in terms of a fraction of the equilibrium forcing which
corresponds to a ime with fixed offset to ten years earlier

Thus 1n the case of Figure 6 4, the fractional response

STANDARD DEVIATION OF 20 YEAR MEAN CONTROL RUN TEMPERATURE

Figure 6.3: The geographic distribution of the standard deviation of 20 year mean surface air temperatures 1n the control run From

Manabe (1990) personal communication
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Figure 6.4: The temporal variation of the difference in globally
averaged, decadal mean surface air temperature ("C) between the
perturbation run (with 1% /year increase of atmospheric CO7) and
the control run of the coupled ocean-atmosphere model For
comparison, the equilibrium response of global mean surface air
temperature of the atmosphere mixed layer ocean model to the
doubling of atmospheric CO5 1s also indicated by x symbol at
70th year when the gradually increasing CO, doubles

would be 58%, with a slope of 68%, and an offset of about
10 years A lag of about this magnitude was also noted by
Washington and Meehl (1989) for their switch-on CO2
experiment (see their Figure 4)

On a regional scale, a 20-year average centred on 70
years (Figure 6 5(a)) 1s sufficient to determine gencral
features of climate change that aite significant against the
background of natural variability (Figure 6 3) These
features may be compared to the corresponding inst-
antaneous equilibrium (Figure 6 5(b)) As shown in Figuie
6 5(c), which 1illustrates the ratio of the values in Figures
6 5(a) and 6 5(b), the 1esponse 1s n general a relatively
constant fraction, 60% 80%, ot the equilibiium  Major
exceptions to this general picture are the northern North
Atlantic, and the entire Southern Ocean between 40°S and
60°S, where change 15 largely suppressed

For the -1% perturbation run, the changes mn temperature
patterns from the control closely mirror those from the
+1% run, for the first 70 years at least but are opposite
sign This supports the concept that the departuie from the
present climate can be described as a small perturbation,
and 15 not inconsistent with the interpietation of additional
heat 1n the ocean behaving like a passive tracer
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6.5.3 Discussion
A qualitative explanation for these model results seems to
lie 1n strong vertical pathways between the surface and
intermediate to deep water 1n the northern North Atlantic
and 1n the Southern Ocean In this coupled occan-
atmosphere model, for which the radiative transfer to space
1s relatively inefficient, downward transfer of additional
heat through these pathways short circuits up to 40% of the
global greenhouse gas forcing to the deep water, where 1t
mixes 1nto a large volume causing a small local temp-
erature rise Thence 1t 15 carried away by deep currents and
1s sequestered for many centuries As discussed in Section
6 6 below, for a less sensitive atmospheric model the
fraction short circuited would be smaller Over time-scales
of 10-20 years, the remainder of the greenhouse warming
brings the upper few hundred meters of most of the world
ocean (the seasonal boundary layer and upper part of
permanent thermocline) to approximate locdl equilibrium
The pattern of temperature change resembles that of the
equilibrium calculation though with a response
commensurate with the reduced effective global forcing,
because non-local processes 1n the atmosphere dominate
inter-regional heat transfers n the surface layers of the
ocean

However, 1n exceptional regions an additional eftect 15
operating In the northwestern North Atlantic localized
deep convection, which 15 a realistic feature of the model
influenced by salinity contrasts, causes a very efficient heat
transier which, every winter eftectively pins the nearby
ocean surface temperature to that of the deep water below
Because ocean currents and atmospheric transports act to
smooth out the effects the surface temperatuie risc of the
whole nearby region 15 greatly reduced In the Southern
Hemisphere geochemical tracer studies using the same
global ocean model (Toggweller ct al  1989) show that the
most important vertical pathway 1s associated with the very
large, deeply penetrating wind induced downwelling just
north of the Antarctic Circumpolar Current and comp
ensating upwelling of cold deep water between there and
the Antarctic continent The ettect 15 hikewise to reduce the
regional temperature rise from what would otherwise be the
global response

Thus the results described above of coupling this
particular ocean and atmosphere GCM aie all qualitatively
explicable 1n terms of additional heat being advected as a
passive tracer by the simulated piesent day ocean
ciiculation 1 a manner sinular {o 1neit transient tracers
such as tritum and CFCs Indeed the
consistent with a very simple globally averaged model of
the ocean, which nvolves only a single well mixed sutface

results are

layer providing a lag of about 10 years and a deep layer
below of eftectively infimite heat capacity though this
model 15 cleatly not unique  However this explanation

15 not umversally accepted within the  occanographic
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Figure 6.5; (a) The time-dependent response of surface air temperature ("C) in the coupled ocean-atmosphere model to a 1% yr-
increase of atmospheric CO,. The difference between the 1% yr-1 pertarbation run and years 60-80 of the control run when the

atmospheric CO, concentration approximately doubles.is shown (b) The equilibrium response of surface air temperature (CC)inthe
atmosphere-mixed-layer ocean model to a doubling of atmosphetic CO,. (¢) The ratio of the time-dependent to equilibrium responses
shown above. From Manabe (1990) pers. comm. Also shown in the colour section.
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community as an adequate representation of the controlling
processes in the real ocean, reflecting the unresolved
questions described in Section 6.1.3 about heat storage and
the return path of deep water to the surface. Also, from
available analyses of the results of Stouffer ¢t al. {(1989) it
is noi possible to determine what fraction of the heat
storage is in iruly deep water with time scales of retum to
the surface of many centuries, as opposed to being in
intermediate water with return times to the surface that
could be shorter (see Section 6.6.3). Thus extrapolation io
other cases should be treated with caunfion. In particular, the
apparent agreement with the results of the upwelling
diffusion model may prove to be illusory, particularly if
consideration is given to a very different forcing.

6.5.4 Changes In Ocean Circulation

Examination of the long term changes simulated in the
model shows some other trends with potentially important
consequences. Under the influence of incrcasing surfacc
temperature and precipitation, the vertical circulation and
overiurning in the North Atlantic are becoming sys-
tematically weaker (Figure 6.6). That this is not an acc-
idental artefact is confirmed by the minus 1% experiment,
in which the radiative forcing becomes steadily more
negative and this overturning circulation strengthens
significantly. The same does not occur in the Antarctic,
where the controls on exchanges with the sub-surface
waters are different. ‘The indications are, that if the plus 1%
experiment were continued to perhaps 150 years, the
downwelling and deep convection in the North Atlantic
might cease altogether, with climate there and in Western
Europe entering a new regime about which it would be
premature to speculate. There might also be a significant
effect on the carbon cycle and global atmospheric CO7
fevels (Section 1.2.7.1).
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Though the potential for substantial climate change is
implicit in such changes in ocean circulation regime,
simulations from present coupled ocean-almosphere
models must be used with considerable caution in making
such predictions. Both the parameterization of eddy mixing
processes in these models, and the flux adjustment at the
ocean-atmosphere interface, have been selected for the
present ocean circulation, and cannot be expected to
function reliably under drastically different circumstances.

6.6 Projections of (Global Mean Change

It is possible to use an energy-balance atmospheric model
coupled to an upwelling-diffusion model of the ocean to
estimate changes in the global-mean surface air temp-
erature induced by different scenarios of radiative forcing
and to help interpret the results from GCMs. Within the
limitations of the tracer representation, it summarizes in
terms of a few parameters the basic results of more
complex simulations of the ocean circulation in time
dependent climaie change, and enables rapid extrapolation
to other cases. As in the case of ocean GCMs, the
parameters have been selected to fit geochemical tracer and
water mass data and therefore reflect the present state of
the world ocean. Therefore, the same caveats must be
applied to extrapolating the resulis of thc upwelling
diffusion models to very different climatic regimes.

6.6.1 Ar Upwelling Diffusion Model

Such a simple climate/ocean model was proposed by
Hoffert et al. (1980} and has since been used in several
studies of the time-dependent response of the climate
system to greenhouse-gas-induced radiative forcing [see,
for example, Harvey and Schneider (1985); Wigley and
Raper (1987), -and the review papers by Hoffert and

ha
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Figure 6.6: The sireamfunction describing the vertical circulation in the Atlantic after 100 years: (a) confrol; (b) increasing forcing.

Units are 108m3s"!. From Stouffer et al, (1989).
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Flannery (1985) and Schiesinger (1989)] This simple
climate model determines the global-mean surface
temperature of the atmosphere and the temperature of the
occan as a function of depth from the surface to the ocean
floor It 15 assumed that the atmosphere mixes heat
cfficiently between latitudes, so that a single temperature
rise AT characterizes the surface of the globe, and that the
incremental radiation to space associated with the response
to greenhouse gas forcing 1s proportional to AT The model
ocean 15 subdivided vertically into layers, with the
uppermost being the mixed layer Also, the ocean 1s
subdivided horizontally into a small polar region where
water downwells and bottom water 1s formed, and a much
larger nonpolar region where thete 15 a slow uniform
vertical upwelling In the nonpolar region heat 1s
transported upwards toward the surface by the water
upwelling there and downwards by physical processes
whose bulk effects are treated as an equivalent diffusion
Besides by radiation to space, heat 1s also removed from
the mixed layer 1n the nonpolar region by a transport to the
polar region and downwelling toward the bottom, this heat
being ultimately transported upward from the ocean floor
in the nonpolar region

In the simple climate/ocean model, five principal
quantities must be specified

1) the temperature sensitivity of the climate system,
AT72x characterized by the equilibrium warming
induced by a CO7 doubling,

2) the vertical profile of the vertical velocity of the
ocean 1n the non-polar region, u,

3) the vertical profile of thermal diffusivity in the ocean,
k, by which the vertical transter of heat by physical
processes other than large-scale vertical motion 1s
1epresented,

4)  the depth of the well-mixed, upper layer of the ocean,
h, and

5) the change 1n downwelled sea surfacc temperature n
the polar region relative to that in the nonpolar
region, T

For the following simulations the parameters are those
sclected by Hoffert et al, 1980, in their original
presentation of the model Globally averaged upwelling,
u. outside of water mass source regions 1s taken as 4 m/yr
which 15 the equivalent of 42 x 100m3s-1 of deep and
intermediate water formation from all sources Based upon
an e-folding scale depth of the averaged thermociine of
500m (Levitus, 1982), the cortesponding A 15 0 63 cm?2 5-1
I 15 taken to be 70 m, the approximate globally averaged
depth of the mixed layer (Manabe and Stoufter 1980)
Lastly, two values are considered for 1 namely | and 0
the former based on the assumption that the additional heat
in surface water that 15 advected mto high latitudes and

downwells 1n regions of deep water formation 15
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Figure 6.7: The change 1n surface temperature for a linear
increase 1n greenhouse gas forcing, with an equivalent CO7

doubling time of 70 years The simulations were performed with
an energy balance/upwelling diffusion ocean model with ATy =

40C, an upwelling velocity w of 4 m y-1, a mixed layer depth / of

70m a vertical diffusivity & of 0 66 cm2 s-1, and a T parameter
of 1

transported down rather than rejected to the atmosphere,
and the latter on the alternate assumption that the polar
ocean temperature remains at the freezing temperature for
sea water and therefore does not change For the latter case
to be applicable, the atmosphere would have to accept the
additional heat, presumably meaning that the surrounding
ocean surface temperature would have to be relatively
substantially warmer than elsewhere at that latitude

Selecting @ = 1, these valucs of the parameters are used
for best judgement estimates of global warming 1n Sections
8 and 9 The choice 15 somewhat arbitrary, but the impact
of uncertainty must be judged against the sensitivity of the
conclusions to then values

6.6.2 Model Results

Figute 6 7 shows the simulated increase in global mean
temperature for the radiative forcing function used by
Stouffer et al (1989), with the appropriate atmospheric
sensitivity AT2x equal to 4°C for a doubling of CO2 and a
7 factor of 1 Since the occan parameters used were chosen
independently as standard for best estimate simulations 1n
Sections 7 and 8, the gencral correspondence with Figure
6 4 provides some cncouragement that this simphified
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Figure 6.8: As for Figure 6 7 for a n parameter of 1 but for
various values of atmospheric chimate sensitivity ATy,

model 1s consistent with the ocean GCM Note, however,
the slight upward curvature of the response in Figure 6 7,
due to intermediate time scales of 20-100 years associated
with heat diffusion or ventilation 1n the thermoclhine A
tangent line fit at the 70 year mark could be described as a
fractional response that 15 approximately 55% of the
mstantaneous forcing, with a slope of 66% superimposed
on an offset of about 11 years For the sense in which the
terms percentage response and lag are used here see
Section 65 2

Figure 6 8 shows the simulated increase 1n global mean
temperature for the same radiative forcing but with
atmospheric models of differing climate sensitivity For a
sensitivity of 1 5°C for a doubling of CO2 the response
fraction defined by the tangent line at 70 years 1s
approximately 77% of the instantaneous forcing with a
slope of 85% supcrimposed on an ottset of 6 years
whereas for 4 5°C the conesponding values are 52% 63%
and 12 years

Figure 6 9 compaies the response for the standard
parameter values with those for a & tactor of ze1o and for a
purely diffusive model with the same diffusivity

Varying /i between 50 and 120 m makes very hittle
difference to changes over several decades The effect of
varying A between 05 and 20 cm2 s | with historical
forcing has been discussed by Wigley and Raper (1990} It
k/w 15 held constant, the realized warming varies over this
range by about 18% for ATpx =4 5°C and bv 8% tor ATox
=15°C

Figure 6 10 shows the cffect of terminating the inciease
of forcing atter 70 years The response with T = | continues
to giow to a value coriesponding to an offsct of some 10
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Figure 6.9: As for Figure 6 7but forw=4, =1
(corresponding to Response curve in Figure 6 7), w=4 n =0,
and w = 0 (dashed curve) Figure 6 7 shows the equilibrium case
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Figure 6.10: As for Figure 6 7 but for a forcing rising linearly
with time until an equivalent CO? doubling after 70 years
followed by a constant forcing

20 years, then rises very much more slowly to come to true
equilibrium only after many centuries

Also shown (Figure 6 11) are projections of future
chimate change using radiative forcing from IPCC
Business-as-Usual and B-D emission scenanos, for values
of the climate sensitivity AT2x equal to 1 5,2 5 and 4 5°C
These scenar1os are discussed 1n the Annex Assuming A =
063 m=1 andw=4ms ! the realised warming 15 1 3
1 8 and 2 6°C (above pre-industrial temperatures) under the
Business as Usual Scenarto For Scenario B
estimates should be reduced by about 15%

these
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Figure 6.11: The contribution of the change 1n greenhouse gas
concentrations to the change in global-mean surface air temp
erature (°C) during 1879 to 1985 together with projections from
1985 to 2100 tor IPCC Scenarios BaU-D  The temperature rise 15
from 1765 (pre-industrial) The simulation was pertormed with an
energy balance climate/upwelling dittusion ocean model with an
upwelling veloaity w ot 4 m y-b mixed layer depth /1 of 70 m
vertical diftusivity & of 066 cm2 s I and a w patameter of 1 The
thice diagrams are tot ATay-values ot (a) 4 5°C (0)25°Cand (c)
15 C The equilibrium temperature 15 also shown tor the BaU
emissions and 2 5°C chimate sensitivity
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6.6.3 Discussion
The model used for these projections 1s highly simplified,
and somewhat different choices could be made of the
parameters while still retaining consistency with the
observed average thermocline depth and accepted rates of
global deep water formation However, the impact ot these
residual uncertainties on the time-dependent giobal mean
climate response 1s relatively small compared to that
associated with the cloud-radiation feedback (Figure 6 8)
Similar models have also been widely used in mterpreting
the observed distribution of geochemical tracers in the
ocean and for modelling the uptake of CO2 As discussed
in Section 6 1, the detailed physical basis for a model of
this type may be questioned, but 1t yields global average
results that are apparently not inconsistent with simulations
using more detatled coupled ocean-atmosphere GCMs
(Bryan et al, 1984, Schlesinger et al, 1985) Given the
limited speed of supercomputers available in 1990, 1t
remains the only tool available for exploring time-
dependent solutions for a wide range of forcing scenarios
Thus 1t 15 important to appreciate the basic reasons the
model gives the results 1t does

The 1ncreased percentage response for low climate
sensitivities shown 1in Figure 6 8 1s a broadly applicable
consequence of the distribution of the prescribed forcing
into the parallel processes of radiation to space and
increasing storage in the ocean Treating heat 1n the ocean
as a passive tracer, for cach process the heat flux at any
given time is proportional to the 1ealized temperature rise
However, for radiation the constant of proportionality is
inversely proportional to the climate sensitivity, whereas
for storage the constant 15 independent of 1t Since both
fluxes are positive, and must add to a fixed value, the
forcing, decreasing the climate sensitivity will increase the
percentage response (though the realized temperature rise
will increase) This conclusion, though not the storage
proportionality constant, 15 unaffected by changing the
formulation of the storage mechanism 1n the ocean,
provided only 1t can be modelled by a passive tracer

The difference between each curve in Figure 6 9 and that
tor the equilibrium value at the corresponding time 1s
proportional to the rate of increase of heat stored 1n the
oceans, and the arca between the curves to the cumulative
storage Compared to pure diffusion (u = 0), this storage 15
increased by upwelling, provided the additional heat that 1s
added, as water rising through the thermocline 15 brought to
cver higher temperatures at the ocean surface, 15 then
retained 1n the ocean (1 = 1) If, on the other hand, that heat
15 lost to the atmosphere before the surface water 1n high
latitudes downwells (m = 0) then the ocean heat storage 15
reduced, presumably because, once heated, a given parcel
of water can retain that heat only for a finite time as the
entire volume of the thermoclhine 15 recycled into the deep
occan 1n 150 years or so After correcting for different
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surface temperatures, the difference between these two
curves measures for the case © = | the effective storage in
the deep ocean below thc thermocline, where the re-
circulation time to the surface 15 many centurics The
difference between 1t = 0 and the equilibrium, on the other
hand, measures the retention in the surface layers and the
thermocline Though the latter aica 15 substantially larger
than the former, 1t does not mecan that all the heat
concerned 1s immediately available to sustain a surface
temperature rise

Figure 6 10 shows that within this model with T = [,1f
the increase in forcing ceases abruptly after 70 years, only
40% ot the then unrealized global surface temperature
increase 1s realized within the next 100 years, and most of
that occurs 1n the first 20 years If there 1s no heat storage
in the deep ocean this percentage 1s substantially higher

It 15 thus apparent that the interpretation given 1n Section
6 5 3 of the results of Stouffer et al (1989) 1n terms of a
two-layer box model 1s not unique However, 1t 1s re-
assuring that broadly similar results emerge from an
upwelling-diffusion model Nevertheless, 1t 1s clear that
further coupled GCM simulations, different analyses of
experiments already completed, and, above all, more
definitive observations will be necessary to resolve these
1ssues

6.7 Conclusions

Coupled ocean atmosphere gencral circulation models,
though still of coarse resolution and subject to technical
problems such as the flux adjustment are providing useful
insights 1nto the expected climate response due to a time-
dependent radiative forcing However, only a very few
simulations have been completed at this time and to
explore the range of scenarios necessary for this assessment
highly simphtied upwelling-diffusion models of the ocean
must be used instead

In response to a forcing that 1s steadily increasimg with
time, the simulated global 11s¢ of temperatute n both types
of model 15 approximately a constant traction of the
equilibrium rise cotresponding to the forcing at an earher
time For an atmospheiic model with a temperatuie
sensitivity of 4°C for a doubling of CO2 this constant 1s
approximately 66% with an offset of Il years For a
sensitivity of I 5°C, the values ate about 85% and 6 years
respectively Changing the parameters n the upwelling
diffusion model within ranges supposcdly consistent with
the global distribution ot geophysical tracers can change
the response fraction by up to 20% for the most sensitive
atmospheric models but by only 10% tor the least sensitive

Indications from the upwelling diffusion model are that
if after a steady 1isc the foraing wetre to be held steady the
response would continue (o increase at about the same rate
for 10 20 years, but thereafter would increcase only much
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more slowly taking several centuries to achieve
equilibitum This conclusion depends mostly on the ass-
umption that ® = I, 1e, greenhouse warming n surface
waters 1s transported downwards n high latitudes by
downwelling or exchange with deep water rather than
being rejected to the atmosphere, and 1s thereafter
sequestered for many centuries Heat storage in the
thermochine affects the surface temperature on all time-
scales, to some extent even a century or more later

There 1s no conclusive analysis of the relative role of
different water masses 1 ocean heat storage for the GCM
of Stouffer et al (1990), but there are significant transfers
of heat into volumes of intermediate and deep water from
which the return time to the surface 15 many centuries
Further analysis 1s required of the implications for tracer
distributions of the existing simulations of the circulation
the control run, for comparison with the upwelling
diffusion model Likewise, further stmulations of the fully
interactive coupled GCM with different forcing functions
would strengthen confidence 1n the use of the simphtied
tracer representation for studies of near tetm chmate
change

A sudden change of forcing induces transient contrasts in
surface temperature between land and occan areas
affecting the distribution of precipitation Nevertheless the
regional response pattern for both temperature and
precipitation of coupled ocean-atmosphere GCMs for a
steadily increasing forcing generally resembles that for an
equilibrium simulation except uniformly reduced n
magnitude However, both such models with an active
ocean show an anomalously large reduction n the 11se of
surface temperature around Antarctica and one shows d
similar reduction n the northern Noith Atlantic  These
anomalous regions are assoctated with 1apid vertical
exchanges within the ocean due to convective overturning
o1 wind driven upwelling downwelling

Coupled occan-atmosphere GCMs demonstiate an
inherent mterannual vanability, with a significant fraction
on decadal and longer timescales It 15 not clear how
realistic current simulations of the statistics of this
vartability really are At a given time warming due to
greenhouse gas forcing 15 largest n high latitudes of the
northern hemisphere, but because the natural varability s
greater there, the warming first becomes clearly apparent in
the tropics

The major sources of uncertamty n these conclusions
arise from nadequate observations to document how the
present ocean circulation really functions Even fully
interactive GCMs need mixing parameters that must be
adjusted ad hoc to fit the real ocean and only when the
processes controlling such mixing are fully understood and
reflected 1n the models can there be confidence in chimate
simulations under conditions substantially different from
the present day There 15 an urgent nced to establish an
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operational system to collect oceanographic observations
routinely at sites all around the world ocean,

Present coarse resolution coupled ocean-atmosphere
general circulation models are yielding results that are
broadly consistent with existing understanding of the
general circulation of the ocean and of the atmospheric
climate system With increasing computer power and
improved data and understanding based upon planned
ocean observation programs, 1t may well be possible within
the next decade to resolve the most serious of the
remaining technical 1ssues and achieve more realistic
simulations of the time-dependent coupled ocean-
atmosphere system responding to a variety of greenhouse
forcing scenarios Meanwhile, useful estimates of global
warmuing under a variety of different forcing scenarios may
be made using highly simplified upwelling-diffusion
models of the ocean, and with tracer simulations using
GCM reconstructions of the existing ocean circulation
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EXECUTIVE SUMMARY

*xxx*  There has been a real, but irregular, increase of global

surface temperature since the late nineteenth century.
*x%** There has been a marked, but irregular, recession of the
majority of mountain glaciers over the same period.
###%+  Precipitation has varied greatly in sub-Saharan Africa
on time scales of decades.
**%% Precipitation has progressively increased in the Soviet
Union over the last century.
*kk A steady increase of cloudiness of a few percent has
been observed since 1950 over the USA.
* A larger, more sudden, but less certain increase of

cloudiness has been observed over Australia.

Observational and palaeo-chimatic evidence indicates that the
Earth's climate has varied in the past on time scales ranging from
many millions of years down to a few years. Over the last two
million years, glacial-interglacial cycles have occurred on a time
scale of 100,000 years, with large changes 1n i1ce volume and sea
level. During this time, average global surface temperatures
appear to have varied by about 5-7°C. Since the end of the last ice
age, about 10,000 BP, globally averaged surface temperatures
have fluctuated over a range of up to 2°C on ume scales of
centuries or more. Such fluctuations include the Holocene
Optimum around 5,000-6,000 years ago. the shorter Medieval
Warm Period around 1000 AD (which may not have been global)
and the Little Ice Age which ended only n the middle to late
nineteenth century. Details are often poorly known because
palaeo-climatic data are frequently sparse.

The instrumental record of surface temperatures over the land
and oceans remains sparse until after the middle of the nineteenth
century. It is common, therefore, to emphasize trends 1n the globat
instrumental record from the late nineteenth century. The record
suggests a global (combined land and ocean) average warming of
0.4540.15°C since the late nineteenth century, with an estimated
small (less than 0.05°C) exaggeration due to urbanisation in the
land component. The greater part of the global temperature
increase was measured prior to the mid-1940s. Global warming is
indicated by three independent data sets: an temperatures over
land, air temperatures over the ocean, and sca surface
temperatures. The latter two data sets show only a small lag
compared with land temperatures. A matked retieat of mountain
glaciers in all parts of the world «<ince the end ot the mneteenth
century provides further evidence of warming.

The temperature record of the last 100 years shows significant
differences in behaviour between the Northern and Southern

Hemispheres. A cooling of the Northern Hemisphere occurred
between the 1940s and the early 1970s, while Southern
Hemisphere temperatures remamed nearly constant from the
1940s to about 1970. Since 1970 in the Southern Hemisphere and
1975 in the Northern Hemisphere, a more general warming has
been observed, concentrated into the period 1975-1982, with Iittle
global warming between 1982 and 1989. However, changes of
surface temperature n different regions of the two hemispheres
have shown considerable contrasts for periods as long as decades
throughout the last century, notably in the Northern Hemisphere

Over periods as short as a few years, fluctuations of global or
hemispheric temperatures of a few tenths ot a degree are
common. Some of these are related to the El Nifo-Southern
Oscillation phenomenon in the tropical Pacific. Evidence 1s also
emerging of decadal time scale variability of ocean circulation
and deep ocean heat content that 15 likely to be an important tactor
in climate change.

It is not yet possible to deduce changes in precipitation on
global or even hemispheric scales. Some regions have, however,
experienced real changes over the past few decades. A large
dechine 1n summer seasonal rainfall has been observed n sub-
Saharan Africa since the 1950s but precipitation appears to have
increased progressively over the Soviet Union during the last
century.

Relable records of sea-ice and snow are too short to discern
long-term changes. Systematic changes n the number and
ntensity ot tropical cyclones are not apparent, though fluctuations
may occur on decadal time scales. There 18 no evidence yet of
global scale changes n the frequency of extreme temperatures
Increases 1n cloud cover have been reported trom the oceans and
some land areas Uncertainties 1n these records are mostly too
large to allow firm conclusions to be drawn  Some of the changes
are artificial, but increases ot cloudiness over the USA and
Austraha over the last forty years may be real.

We conclude that despite great limitations 1 the quantity and
quality of the available historical temperature data, the evidence
points consistently to a real but irregular warming over the last
century. A global warming of larger size has almost certainly
occurred at least once since the end of the last glaciation without
any appreciable increase 1n greenhouse gases. Because we do not
understand the reasons for these past warming events 1t 1s not yet
possible to attribute a specitic proportion of the recent, smaller.,

warming (o an increase of greenhouse gases.







7 Observed Climate Varation and Change

7.1 Introduction

This Section focuses on changes and variations n the
modern climate record To gain a longer term perspective
and to provide a background to the discussion of the
palaeo-analogue forecasting technique in Section 3,
vanations 1n palaeo-climate are also described Analyses of
the climate record can provide important information about
natural climate variations and vanability A major
difficulty 1n using observed records to make deductions
about changes resulting from recent increases In
greenhouse gases (Sections | and 2) 15 the existence of
natural climatic forcing factors that may add to, or subtract
from, such changes Unforced internal variabihity of the
climate system will also occur further obscuring any signal
induced by greenhouse gases

Observing the weather, and converting weather data to
information about climate and climate change 15 a very
complex endeavour Virtually all our information about
modern climate has been derived from measurements
which were designed to monitor weather rather than
climate change Even greater difficultiecs arise with the
proxy data (natural 1ccords of clhimate sensitive
phenomena, mainly pollen remains, lake varves and ocean
sediments, insect and animal tematns glacier termint)
which must be used to deduce the characteristics of climate
before the modern instrumental period began So special
attention 1s grven to a critical discussion of the quality of
the data on climate change and vanability and our
confidence 1n making deductions from these data Note that
we have not made much use of several kinds of proxy data,
for example tree ring data, that can provide information on
climate change over the last millenmium We recognise that
these data have an increasing potential however their
indications are not yet sufficiently easy to assess nor
sufficiently integrated with indications from other data to
be used 1n this report

A brief discussion of the basic concepts of climate
chmate change, climate trends etc together with references
to material containing more precisc definitions of terms, 1s
found 1n the Introduction at the beginning ot this Report

7.2 Palaeo-Climatic Variations and Change

7.2.1 Climate Of The Past 5,000,000 Y ears

Climate varies naturally on all time scales from hundreds
of millions of years to a few years Prominent in recent
Earth's history have been the 100,000 ycar Pleistocene
glacial-interglacial cycles when climate was mostly cooler
than at present (Imbrie and Imbrie 1979) This period
began about 2,000,000 years before the present time (BP)
and was preceded by a warmer epoch having only limited
glaciation, mainly over Antarctica called the Pliocene
Global surface temperatures have typicatly varied by 5-7 C
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through the Pleistocene ice age cycles with large changes
1n 1ce volume and sea level, and temperature variations as
great as 10-15°C 1n some muddle and high latitude regions
of the Northern Hemisphere Since the beginning of the
current 1nterglacial epoch about 10 000 BP global
temperatures have fluctuated within a much smaller range
Some fluctuations have nevertheless lasted several
centuries, including the Little Ice Age which ended 1n the
nineteenth century and which was global n extent

Proxy data clearly indicate that the Earth emerged from
the last 1ce age 10,000 to 15,000 BP (Figure 7 1) During
this glacial period continental si17e 1ce sheets covered
much of North America and Scandinavia and world sea
level was about 120m below present values An important
cause of the recurring glaciations 1s belicved to be
variations 1n seasonal radiation receipts in the Northein
Hemisphere These variations are due to small changes 1n
the distance of the Earth {rom the sun n given seasons and
slow changes 1n the angle of the tilt of the Earths axis
which affects the amplhitude of the scasonal msolation
These Milankovitch orbital effects (Berger, 1980) appear
to be correlated with the glacial-interglacial cycle since
glacrals arise when solar radiation 1s least in the
extratropical Northern Hemisphere summer

Variations i carbon dioxide and methane 1n 1ce age
cycles are also very mmportant factors, they served to
modify and perhaps amplify the other forcing cffects (see
Section 1) However, there 15 evidence that rapid changes
in chimate have occurred on time scales of about a century
which cannot be directly related to orbital forcing o1 to
changes 1n atmospheric composition  The most diamatic of
these events was the Younger Diyas cold episode which
involved an abrupt reversal of the general warming trend n
progiess atound 10500 BP as the last episode of
continental glaciation came to a close The Younger Dryas
was an event of global significance 1t was clearly observed
in New Zealand (Salinger  1989) though 1ts influence may
not have cxtended to all parts of the globe (Rind et al
1986) There 15 as yet no consensus on the reasons for ths
climatic reversal which lasted about 500 years and ended
very suddenly  However because the signal was strongest
around the North Atlantic Ocean suggesttons have been
made that the chhmatic reversal had 1ts physical origin in
large changes 1n the sea surface temperature (SST) of the
North Atlantic Ocean One possibility 15 that the cooling
may have resulted from reduced deep water production in
the Notth Atlantic following large scale melting of the
Laurentide Ice sheet and the resulting intlux of huge
amounts of low density freshwater mto the northern Notth
Atlantic ocean (Broecker et al  1985)
changes i the global occanic circulation may have
occunied (Street Penrott and Perrott 1990) which may have
imvolved vaniations 1 the strength of the thamohaline

Consequential
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cireulation in the Atlantic: This closed oceanic circulation
involves northward flow of water ncar the occan surface
sinking 1n the sub-Arctic and a return flow at depth  The
relevance of the Younger Dryas to today s conditions 1s that
1L 15 possible that changes 1n the thermohaline circulation ot
a qualitatively similar character might occur quite quickly
during a warming of the climate induced by greenhouse
gases A possible trigger might be an increase of
precipitation over the extratropical Noith Atlantic
(Broccker, 1987), though the changes 1n ocean circulation
arc most likely to be considerably smaller than i the
Younger Dryas  Section 6 gives further details

The pertod since the end of the last glactation has been
characterized by small changes in global average
temperature with a range of probably less than 2°C (Figure
7 1), though 1t 15 sull not clear whether all the fluctuations
indicated were truly global However, large regional
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800,000 600,000 400 000 200 000
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Figure 7.1: Schematic diagrams of global temperature variations
since the Pleistocene on three time scales  (a) the last million
years (b) the last ten thousand years and (c) the last thousand
years The dotted line nominally represents conditions near the
beginning of the twentieth century
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changes n hydrological conditions have occurred, par-
ticularly 1 the tropics Wetter conditions 1n the Sahara
from 12 000 to 4,000 years BP enabled cultural groups to
survive by hunting and fishing in what are today almost the
most arid regions on Earth During this time Lake Chad
cxpanded to become as large as the Caspian Sea 1s today
(several hundred thousand AmZ2, Grove and Warren, 1968)
Drier conditions became established after 4,000 BP and
many former lake basins became completely dry (Street-
Perrot and Harrison 1985) Pollen sequences from lake
beds of northwest India suggest that periods with subdued
monsoon activity existed during the recent glacial
maximum (Singh ct al  1974) but the epoch 8,000 to 2,500
BP experienced a humid climate with frequent floods

There 15 growing evidence that worldwide temperatures
wete higher than at present during the mid-Holocene
(espectally 5 000-6 000 BP), at least in summer, though
carbon dioxide levels appear to have been quite similar to
those of the pre-industrial era at this ime (Section 11 Thus
parts &f westetn Eutope China, Japan, the eastern USA
were a fcw degrees warmer 1n July during the mud-
Holocene than in recent decades (Yoshino and Urushibara,
1978, Webb et al 1987, Huntley and Prentice, 1988,
Zhang and Wang 1990) Parts of Australasia and Chile
The late tenth to early thirteenth
centuries (about AD 950-1250) appear to have been
exceptionally warm 1n western Europe, Iceland and
Greenland (Alexandre 1987, Lamb, 1988) This period 1s
known as the Medieval Climatic Optimum China was,
however, cold at this time (mainly 1n winter) but South
Japan was warm (Yoshino, 1978) This period of
widespread warmth 1s notable 1n that there 1s no evidence
that 1t was accompanied by an increase of greenhouse
gdses

Cooler episodes have been associated with glacial

were also warmel

advances 1 alpine regions ot the world, such neo-glacial’
episodes have been increasingly common 1n the last few
thousand years Of particular interest 15 the most recent
cold event, the Little Ice Age , which resulted in extensive
glacial advances in almost all alpine regions of the world
between 150 and 450 ycars ago (Grove, 1988) so that
glaciers were more extensive 100-200 years ago than now
nearly everywhere (Figure 7 2) Although not a period of
continuously cold climate, the Little Ice Age was probably
the coolest and most globally extensive cool period since
the Younger Dryas In a few regions, alpine glaciers
advanced down-valley even further than during the last
glaciation (for example, Miller, 1976) Some have argued
that an increase in explosive volcanism was responsible for
the coolness (for example Hammer, 1977, Porter, 1986),
others claim a connection between glacier advances and
reductions 1n solar activity (Wigley and Kelly, 1989) such
as the Maunder and Sporer solar activity minima (Eddy,
1976), but see also Pittock (1983) At present, there 15 no
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Figure 7.2: Worldwide glacier termini fluctuations over the last
three centuries (after Grove, 1988, and other sources)

agreed explanation for these recurrent cooler episodes The
Little Ice Age came to an end only 1n the nineteenth
century Thus some of the global warming since 1850
could be a recovery from the Little Ice Age rather than a
direct result of human activities So 1t 1s important to
recognise that natural variations of climate are appreciable
and will modulate any future changes induced by man

7.2.2 Palaeo-Climate Analogues from Three Warm
Epochs

Thiee periods from the past have been suggested by
Budyko and Izrael (1987) as analogues of a future warm
climate For the second and third periods listed below,
however, 1t can be argued that the changed seasonal
distribution of incoming solar radiation existing at those
times may not necessarily have produced the same chimate
as would 1esult from a globally-averaged increase 1n
greenhouse gases

1) The clhimate optimum of the Pliocene (about
3,300,000 to 4,300,000 years BP)

203

2) The Eemtan nterglacial optimum (125,000 to
130,000 years BP),
3) The mid-Holocene (5,000 to 6,000 years BP)

Note that the word optimum” 1s used here for
convenience and 1s taken to mmply a warm climate
However such a climate may not be "optimal" in all senses

7221 Plocene chimatic optimum (about 3,300,000 to
4,300,000 BP)

Reconstructions of summer and winter mean temperatures

and total annual precipitation have been made for this

(a)

90°W 180°

Figure 7.3: (a) Departures of summer air temperature (°C) from
modern values for the Pliocene chimatic optimum (4 3to 3 3
mtllion years BP) (from Budyko and Izrael 1987)

(b) Departures of annual precipitation (mm) from modern values
for the Phiocene climatic optimum (from Budyko and Isracl 1987
Peshy and Velichko 1990)
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peniod by scientists in the USSR Many types of proxy data
were used to develop temperature and precipitation patterns
over the land masses of the Northern Hemisphere (Budyko
and Izracl 1987) Over the oceans, the main sources of
information were cores drilled 1n the bed of the deep ocean
by the American Deep sea Ocean Core Drilling Project
Some ol these reconstructions are shown in Figure 7 3a
and b

Figure 7 3a suggests that md-latitude Northern
Hemisphere summer temperatures averaged about 3-4°C
higher than present-day values Atmospheric concen-
trations of catbon dioxide arc estimated by Budyko et al
(1985) to have been near 600 ppm, 1e twice as large as
immediately pre industrial values However Berner et al
(1983) show lower carbon dioxide concentrations So there
1s some doubt about the extent to which atmospheric
catbon dhoxide concentrations were higher than present
values during the Phocene Figure 7 3b 1s a partial re
construction of Northern Hemisphere annual precipitation,
this was generally greater during the Pliocene Of special
interest 15 increased annual precipitation in the arid regions
of Middlc Asia and Northern Africa where temperatures
were lower than at present in summer

Uncertainties associated with the interpretation of these
reconstiuctions are considerable and include

1) Imprecise dating of the records, especially those from
the continents (uncertainties of 100,000 years or
more),

2) Datlerences from the present day surface geography,
including changes 1n topography thus Tibet was at
least 1000m lower than now and the Greenland 1ce
sheet may have been much smaller,

3) The ecology of life on Earth trom which many of the
proxy data are derived was significantly ditferent

See also Sections 553 and 4 10

7222 Ecnuan nterglacial optimum (125 000 130 000
years BP)
Palaco-botanic oxygen-1sotope and other geological data
show that the climates of the warmest parts of some of the
Pleistocene interglacials were considerably warmer (1 to
2°C) than the modern climate They have been considered
as analogues ot tuture chimate (Budyko and izrael, 1987,
Zubakov and Borzenkova, 1990) Atmospheric carbon
dioxide reached about 300 ppm during the Eemian
optimum (Section 1) but a more important cause of the
warmth may have been that the eccentricity of the Earth s
orbit around the sun was about twice the modern value,
giving markedly more radiation in the northern hemisphere
summer The last interglacial optimum (125 000 130 000
years BP) has sutficient information (Vehichko et al 1982
1983 1984 and CLIMAP 1984) to allow quantitative
reconstructions to be made of annual and seasonal air
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Figure 7.4: Departures of summer air temperature (*C) from
modern values for the Eemian interglacial (Velichko et al , 1982,
1983 1984)

temperature and annual precipitation for part of the
Northern Hemisphere For the Northern Hemisphere as a
whole, mean annual surface air temperature was about 2°C
above 1ts immediately pre-industrial value Figure 74
shows differences of summer air temperature, largest (by 4-
8°C) 1n northern Siberia, Canada and Greenland Over
most of the USSR and Westein Europe north of 50-60°N,
temperatures were about 1-3°C warmer than present South
of these areas temperatures were similar to those of today,
and precipitation was substantially larger over most parts of
the continents of the Northern Hemisphere In individual
regions of Western Europe the north of Eurasia and Soviet
Central Asia and Kazakhstan annual precipitation has been
estimated to have been 30-50% higher than modern values

It 15 difficult to assess quantitatively the uncertainties
assoclated with these climate reconstructions The
problems include

1)  Variations between the iming of the deduced thermal
maximum 1n different records,

2) The difficulties of obtaining proxy data in arid areas,

3) The absence of data from North America and many
other continentdl regions 1n both Hemispheres

7223 Chmate of the Holocene Optimum (5 000-6 000
vear s BP)

The Early and Middle Holocene was characterized by a

rclatively warm climate with summer temperatures 1n high

northern latitudes about 3 4°C above modern values

Between 9 000 and 5 000 years BP, there were several
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short-lived warm epochs, the last of which, the mud
Holocene optimum, lasted from about 6,200 to 5,300 yecars
BP (Varushchenko et al., 1980). Each warm epoch was
accompanicd by increased precipitation and higher lake
levels in subtropical and high latitudes (Singh et al., 1974;
Swain et al., 1983). However, the level of such mid-latitude
lakes as the Caspian Sea, Lake Geneva and the Great Basin
lakes in the USA was lowered (COHMAP, 1988;
Borzenkova and Zubakov, 1984).

Figures 7.5a and b show maps of summer surface air
temperature (as departures from immediately pre-industrial
values) and annual precipitation for the mid-Holocene
optimum in the Northern Hemisphere. This epoch is

(a)

Figure 7.5: Departures of: (a) summer temperature (°C),
(b) annual precipitation (mm), from modern values for the
Holocene climatic optimum (Borzenkova and Zubakov, 1984;
Budyko and lzrael, 1987).
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Figure 7.5 (continued): (c) Summer temperatuies (relative o
the mid-twentieth century) in Europe and China between 5,000
and 6,000 BP (after Huntley and Prentice, 1988; Wang et al ,

personal communication).

sometimes used as an analogue of expected carly-214t
century climate. The greatest relative warmth in summer
(up to 4°C) was in high latitudes north of 70°N (Loshkin
and Vazhenin, 1987). In middle latitudes, summer
temperatures were only [-2°C higher and fuither south
summer temperatures were often lower than today. for
example in Soviet Central Asia, the Sahara. and Arabia.
These areas also had increased annual precipitation. Annual
precipitation was about 50-100 mm higher than at present
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in the Northern regions of Eurasia and Canada but in
central regions of Western Europe and in southern regions
of the European USSR and West Siberia there were small
decreases of annual precipitation. The largest decrease in
annual precipitation took place in the USA, especially in
central and eastern regions (COHMAP, 1988).

The above reconstructions are rather uncertain; thus
Figure 7.5a disagrees with reconstructions of temperature
over north east Canada given by Bartlein and Webb (1985).
However the accuracy of reconstructions is increasing as
more detailed information for individual regions in both
hemispheres becomes available. For instance, the
CLIMANZ project has given quantitative estimates of
Holocene temperature and precipitation in areas from New
Guinea to Antarctica for selected times (Chappell and
Grindrod, 1983). Detailed mid-Holocene reconstructions of
summer temperature in Europe and China are shown in
Figure 7.5c.

Observed Climate Variation and Change 7

7.3 The Modern Instrumental Record

The clearest signal of an enhanced greenhouse effect in the
climate system. as indicated by atmosphere/ocean general
circulation models, would be a widespread, substantial
increase of near-surface temperatures. This section gives
special attention to variations and changes of land surface
air temperatures (typically measured at about two metres
above the ground surface) and sea surface temperatures
(S§STs) since the mid-nineteenth century. Although earlier
temperature, precipitation, and surface pressure data are
available (Lamb, 1977), spatial coverage is very poor. We
focus on changes over the globe and over the individual
hemispheres but considerable detail on regional space
scales is also given.

IN DEG C

ANOMALY

1870 1890 1910 1930 1950

1970 1990

0. | )

IN DEG C

R N

DTGP T O
sl | |

ANOMALY

b e
{] ir#.;--:- |

1 ||. !m_ul |
NEEP 4Tl -1:
.

1870 18380 1310 1330 1850

1970 19380

Figure 7.6: Land air temperatures, expressed as anomalies relative to 1951-80. Annual values from P.D. Jones. Smoothed curves of
values from P.D. Jones (1861-1989) (solid lines). Hansen and Lebedeft (1880-1987) (dashed lines), and Vinnikov et al. (1861-1987 NH
and 1881-1987 SH) (dots). (a) Northern Hemisphere, (b) Southern Hemisphere.
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7.4 Surface Temperature Variations and Change

7.4 1 Hemuspheric and Global

7411 Land

Three rescarch groups (Jones et al  1986a,b, Jones, 1988,
Hansen and Lebedeft, 1987, 1988, and Vinnikov et al ,
1987, 1990) have produced similar analyses of hemispheric
land surface air temperature vanations (Figure 7 6) from
bioadly the same data All three analyses indicate that
during the last decade globally-averaged land temperatures
have been higher than 1n any decade 1n the past 100 to 140
years (The smoothed lines in Figure 7 6, as tor all the
longer time series shown in this Section, are produced by a
low pass biomial filter with 21 tetms opcrating on the
annual data The filter passes fluctuations having a period
of 20 years or more almost unattenuated)

Figure 7 6 shows that temperature increased from the
relatively cool late nineteenth century to the relatively
warm 1980s, but the pattern of change ditfered between the
two hemispheres In the Northern Hemisphere the
temperature changes over land are nregular and an abrupt
warming of about (0 3°C appears to have occurred during
the early 1920s This chimatic discontinuity has been
pomted out by Ellsacsser et al (1986) 1n therr interpretation
of the thermometric Northern Hemispheie
temperatures prior to the climatic discontinuity 1n the 19205
could be interpreted as varying about a stationary medn
clhimate as shown by the smoothed curve The nearest
approach to a monotonic trend 1n the Noirthern Hemisphere
time series ts the dcciease of temperature from the late
1930s to the mid-1960s of about 0 2°C The most recent
warming has been dominated by a relatively sudden
increase of nearly 0 3°C over less than ten years before
1982 Of course, 1t 1s possible to f1t a monotonic trend line
to the entire time scites such a tiend fitted to the curient
version of the Jones (1988) data gives a 1ate of waiming of
0 53°C/100 years when the trend 1s calculated from 1881 to
1989 or the reduced 1f less reliable value ot 045°C/100
years if 1t 15 calculated trom 1861 Clearly this 15 a gross
oversimplification of the observed variations even though
the computed hinear trends are highly sigmificant 1 a

record

statistical sense

The data for the Southetn Hemispheie mnclude the
Antarctic land mass since 1957 except for the data of
Vinnmkov et al (1987 1990) Like the Northemn
Hemisphere, the climate appears stationary thioughout the
latter half of the nincteenth century and into the carly part
of the twentieth century  Subsequently there 15 an upward
trend 1n the data unul the late 1930 but in the next three
decades the mean temperdatute remains cssentially
stattonary agam A fairly steady incicase of temperature
resumes before 1970 though 1t may have slowed 1ecently
Linear trends for the Southern Hemisphete are 0 52 C/100
years from 1881 to 1989 but somewhat less and less
reliable, at 0 45°C/100 yeais for the peniod 1861 1989

207

The nterpretation of the risc n temperature shown in
Figure 76 15 a key issue for global warming so the
accuracy of these data needs careful consideration A
number of problems may have aftected the record
discussed n turn below

1)  Spatial coverage of the data 1s incomplete and varies

greatly,

2) Changes have occurred 1n observing schedules and
practices,

3) Changes have occurred 1n the exposures of
thermomecters,

4)  Stations have changed their locations
5) Changes i the environment especially urbanisation
have taken place around many stations

Land areas with sutficient data to estimate scasonal
anomalies of temperature 1n the 1860s and 1980s arc
shown (with ocean dreas) in Figure 77 Decades between
these times have an mtermediate coverage There are
obvious gaps and changes 1n coverage Prior to 1957 data
for Antarctica are absent while some other parts of the
global land mass lack data as late as the 1920s for example
many parts of Africa parts of China the Russtan and
Canadian Arctic and the tropics of South America In the
1860s coverage 15 sparsest thus Africa has hittle or no data
and much of North America 15 not covered The cilect of
this drastically changing spatial coverage on hemispheric
tempcerature variations has been tested by Jones et al
(1986a b) who find that spaise spatial coverage
exaggerates the variability of the annual averages The
teduction n vartability of the Northein Hemisphere annual
time series after about 1880 (Figuie 7 6) 15 attuibuted to this
cifect  Remarkably themnr analysis using 4 frozen grid
experiment (see Section 74 1 3 for a detatled discussion
for the combined land and ocean data) suggests that
changes of station density since 1900 have had relatively
little impact on estimates of hemispheric land temperature
anomalies However priot to 1900 the decadal uncertainty
could be up to 0 1°C  This 15 quite small 1elative to the
overall change  Thus varying data coverage does not seem
to have had a serious impact on the magnitude of the
percerved warming over land over the last 125 years

Another potential bias from changes n
observation schedules Even today there 15 no mternational
standaid for the calculation of mean datly temperature
Thus each country calculates mean daily temperature by a
method of 1ts choice such as the average of the maximum
and the mintmum, or some combination of houtly readings
weighted according to a hixed formula As long as cach
country continues the same practice the shape of the
Unfortunately  few

ArIses

temperature 1ecord 1s unaffected
countrics have maintamned the same practice over the past
century biases have therefore been introduced mito the
chimate record some of which have been corrected for in
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(a) 1861-1870 PERCENTAGE COVERAGE OF OBSERVATIONS
CONTOURS AT 10%, 50%, 90%

Observed Climate Variation and Change 7
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(b) 1980-1989 PERCENTAGE COVERAGE OF OBSERVATIONS
CONTOURS AT 10%, 50%, 90%

Figure 7.7: Coverage of land surface air (P.D. Jones) and sea surface (UK Meteorological Office) temperature data. Isopleths are
percentage of seasons with one or more month’s data in 5° x 5° boxes in a given decade. Contours drawn for 90%, 50% and 10%

coverage. (a) 1861-70, (b) 1980-89.

existing global data sets, but some have not. These biascs
can be significant; in the USA a systematic change in

observing times has led to a nominal 0.2°C decrease of

temperature in the climate record since the 1930s (Karl et
al., 1986). The cffects of changing observation time have
only been partly allowed for in the USA temperature data
used in analyses presented here. So an artificial component
of cooling of rather less than 0.2°C may exist in the USA
part of the temperature analyses for this reason, offsetting
the warming cffects of increasing urbanisation in that
country. Artificial changes of temperature of either sign
may exist in other parts of the world due to changes in
observation time but have not been investigated.
Substantial systematic changes in the exposure of
thermometers have occurred. Because thermo-meters can
be affected by the dircet rays of the sun, reflected solar
radiation. extrancous heat sources and precipitation, there
has been a continuous cffort to improve their exposures

over the last 150 ycars. Additional biases must accompany
these changes in the thermometric record. Since many of
the changes in exposure took place during the nineteenth
and early twentieth centuries, that part of the record is most
likely to be affected. Recently, Parker (1990) has reviewed
the carlier thermometer exposures, and how they evolved,
in many different countries. The effects of exposure
changes vary regionally (by country) and seasonally. Thus
tropical temperatures prior to the late 1920s appear to be
too high because of the placement of thermometers in
cages situated 1n open sheds. There is also evidence that
for the mid-latitudes prior to about 1880 summer
lemperatures may be too high and winter temperatures too
low due to the use of poorly screened exposures. This
includes the widespread practice of exposing thermometers
on the north walls of buildings. These effects have not yet
been accounted for in existing analyses (sec Scction
7.4.2.2).
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Changes 1 station environment can scriously aftect
temperature records (Salinger, 1981) Over the years,
stations often have minor (usually under 10 km) relocations
and some stations have been moved from rooftop to ground
level Even today, international practice allows for a
variation of thermometer heights above ground trom 1 25
to 2 metres Because large vertical temperature gradients
exist near the ground, such changes could seriously affect
thermometer records When 1elocations occur in a random
manner, they do not have a serious impact on hemispheiic
or global temperaturc anomalies, though they impan our
ability to develop information about much smaller scale
temperature vartations A bias on the large scale can
emerge when the character of the changes 15 not random
An example 1s the systematic relocations of some
observing stations from mside cities 1n many countries to
more rural airport locations that occurred several decades
ago Because of the heat 1sland etfect within cities such
moves tend to introduce artificial cooling nto the climate
record Jones et al (19864, b) attempt 1n some detail to
adjust for station relocations when these appear to have
introduced a significant bias 1n the data but Hansen and
Lebedeff (1988) do not belicving that such station moves
cancel out over large time and space averages Vinnikov et
al (1990) do adjust for some of these moves Thete are
several possible correction procedures that have been or
could be, applied to the Jones (1988) data set (Bradley and
Jones, 1985, Karl and Williams 1987) All depend on
denser networks of stations than are usually available
except in the USA Eutope the Western Soviet Union and
a few other areas

Of the above problems incicasing urbanisation around
fixed stations 1s the most scrious source of systematic crion
for hemispheric land temperature time series that has so far
been 1dentified A number of researchers have tited to
ascertain the mmpact of urbanisation on the temperatuie
record Hansen and Lebedel!t (1987) found that when they
removed all stations having a population in 1970 of greate:
than 100,000, the tiend of tecmperature was reduced by
0 1°C over 100 ycars They spcculated that pethaps an
additional 0 1°C of bias mught remain due to mcieases mn
urbanisation around stattons i smalfer cities and towns
Jones et al (1989) estimate that the effect of urbanisation
in then quality-contiolled data 15 no more than 0 1°C ovetr
the past 100 years This conclusion 15 based on a
comparison of then data with a dense network of mostly
rural stations over the USA Groisman and Koknaeva
(1990) compare the data from Vinnihov et al (1990) with
the 1ural American data set and with rural stations n the
Soviet Union and find very small warm 1elative biases ot
less than 0 05°C per 100 years In the USA Katl et al
(1988) find that incieases due to urbanisation can be
signifrcant (0 1°C), even when utban arcas have
populations as low as 10 000 Other ateas of the globe ate
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now bemng studied Preliminary results indicate that the
effects of urbanisation are highly regional and timc
dependent  Changes mn urban warming m China (Wang ¢t
al, 1990) appear to be quite large over the past decade, but
in Australia they are rather less than 1s observed 1n the
USA (Coughlan et al, 1990) Recently Jones and co
workers (paper 1n preparation) have compared tiends
denived from their quality-controlled data and those of
Vinnikov et al (1990), with specially sclected data from
more rural stations 1n the USSR, castern China, and
Australta - When compared with trends from the mote ruiral
stations only small (positive) differences of temperature
trend exist 1n the data used 1n Jones (1988) and Vinnikov et
al (1990) in Australia and the USSR (of magnitude less
than 0 05°C/100 years) In eastern China the data used by
Vinnikov et al (1990) and Jones (1988) give smaller
warming trends than those derived from the mote rural
stations This 1s an unexpected result It suggests that erther
(1) the more rural set 1s sometimes affccted by urbanisation
or, (2) other changes n station characteristics over
compensate for urtban warming bias  Thus 1t 1s known that
the effects of biases due to mcreased urbanisation mn the
Hansen and Lebedeff (1987) and the Vinnihov et al (1990)
data sets are partly offset by the artificial cooling
introduced by the movement of stations from city centres to
more rural anport locations during the 19405 to 19605
(Karl and Jones 1990) Despite this, some of these new
rural airport locations may have suffered recently from
incredsing urbanisation

In light of this evidence, the estimate provided by Jones
et al (1989) of a maximum overall warming bias 1n all
three land data sets due to urbantsation of 0 1°C/100 years
or less 15 plausible but not conclusive

7412 Sea

The oceans compiise about 61% of the Northern
Hemisphere and 81% of the Southern Hemisphere

Obviously a comptlation of global temperatuie vartations
must mclude ocean temperatures  Farmer et al (1989) and
Bottomley et al (1990) have each created historical
analyses of global ocean SSTs which aie denved mostly
from obscivations taken by commercial ships  These data
are supplemented by weather ship data and 1 recent years

by an increasing number of driting and moored buoys

The Farmer ct al (1989) analyses arc denived tiom a
collection of about 80 million observations assembled n
the Compichensive Ocean-Atmosphere Data Set (COADS)
in the USA (Woodrutf et al , 1987) The data sct used by
Bottomley ct al (1990) 15 based on a shghtly smallet
collection of over 60 million observations assembled by the
United Kingdom Meteorological Office Most but not all
ol the obscivations i the latter are contained n the
COADS data sct
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Figure 7.8: Sea surface temperature anomalies 1861 1989, relative to 1951 1980 Annual values (bars) and sohd curves from UK
Meteorological Office data Dashed curves from Farmer et al (1989) (a) Northern Hemisphere (b) Southern Hemisphere

Long-term variations of SSTs over the two hemispheres,
shown 1n Figure 7 8, have been, 1n general, similar to their
land counterparts The increase in temperature has not been
continuous There 1s evidence for a fairly rapid cooling in
SST of about 0 1 to 0 2°C at the beginning of the twentieth
century 1n the Northern Hemisphere This is beheved to be
real because night marine air temperatures show a shghtly
larger cooling The cooling strongly affected the North
Atantic, especially after 1903 and 15 discussed at length
by Helland-Hansen and Nansen (1920) The cool period
was terminated by a rapid rise mn temperature starting after
1920 This resembled the sudden warming of land
temperatures, but lagged 1t by several years Subsequent
cooling from the late 1950s to about 1975 lagged that over
land by about five years, and was followed by rencwed
warming with almost no lag compared with land data
Overall warming of the Northern Hemisphere oceans since
the late nincteenth century appears to have been shightly
smaller than that of the land (Figure 7 8a) and may not
have exceeded 0 3°C

In the Southern Hemisphere ocean (remembering that
the Southern Ocean has always been poorly measured)
there appear to have been two distinct stable chimatic
pertods the first lasting until the late 1920s the second
lasting from the nud 1940s until the early 1960s  Since the
middle 1970s SSTs in the Southern Hemisphere have
continued to rise to their highest levels of record Overall

warming has certainly exceeded 0 3°C since the nmineteenth
century, but has probably been less than 0 5°C (Figure
7 8b), and has been shghtly less than the warming of the
land However 1f the increases of temperature are
measured from the time of therr mimimum values around
1910, the warming of the oceans has been slightly larger
than that of the land Despite data gaps over the Southern
Ocean, the global mean ocean temperature variations
(Figure 79) tend to take on the characteristics of the
Southern Hemisphere because a larger area of ocean 1s
often sampled 1n the Southern Hemisphere than the
Northern Hemisphere Overall warming in the global
oceans between the late nineteenth century and the latter
half ot the twentieth century appears to have been about
04°C

Significant differences between the two SST data sets
presented in Figure 7 8 result mainly from diftering
assumptions concerning the correction of SST data for
instrumental biases The biases arose chiefly from changes
in the method of sampling the sea water for temperature
measurement Several different types of bucket have been
used for sampling made for example, of wood, canvas,
rubber or metal but the largest bias arose from an
apparently rather sudden transition from various un
insulated buckets to ship engine intake tubes in World War
II A complex correction procedure developed by Folland
and Parker (1989) and Bottomley et al (1990) which
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Figure 7.9: Global sea surface, night marine air (crosses) and land air temperature anomalies (dots) 1861-1989, relative to 1951-80
Sea surface temperatures are values from Farmer et al (1989) (solid hne) and the UK Meteorological Office (dashed line) Night
marine air temperatures from UK Meteorological Office Land air temperatures are equally weighted averages of data from Jones,

Hansen and Lebedeff, and Vinnikov et al

creates geographically varying corrections, has been also
been used 1n nearly the same form by Farmer et al
Differences 1in the two data sets remain, however, primarily
because of different assumptions about the mix of wooden
versus canvas buchets used during the nineteenth century
Despite recommendations by Maury (1858) to use wooden
buckets with the thermometer inserted tor four to five
minutes, such buckets may have been much less used 1n
practice (Toynbee, 1874, correspondence with the Danish
Meteorological Service, 1989) possibly because of damage
iron-banded wooden buckets could mflict upon the hulls of
ships Some differences also result even as recently as the
1970s, because the data are not always derved from
1dentical sources (Woodruff 1990)

No corrections have been apphed to the SST data from
1942 to date Despite published discussions about the
diffcrences between bucket and engine intake SST data
in this period (for example James and Fox 1972) there are
several reasons why 1t 15 believed that no turther
corrections, with one rescivation noted below  are needed
Firstly the anomalies 1in Figure 7 8 are calculated from the
mean conditions in 1951 1980 So only relative changes in
the mix of data since 1942 are important  Secondly many
ot the modern 'buckets are insulated (Folland and Parker
1990) <o that they cool much less than canvas buckets A
comparison of about two nullion bucket and four nullion
engine intake data tor 1975-1981 (Bottomley et al  1990)
reveals a global mean difference of only 0 08°C the engine
intake data being the warmer  Thus a substantial change 1n
the mix of data types (currently about 25 30% buckets)
must occur before an appreciable artificial c¢hange will
occur i Figure 78 This conclusion 1s strongly supported
by the great stmilanty between time series of globally-
averaged anomalies of colocated SST and night marine arr
temperature data from 1955 to date (not shown) Less

perfect agreement between 1946 and the early 1950s (SST
colder) suggests that uninsulated bucket SST data may
have been more numerous then than 1n 1951-80, yielding
an overall cold bias of up to 0 1°C on a global average
Marine air temperatures are a valuable test of the
accuracy of SSTs after the early 1890s Biases of day-time
marine air temperatures are so numerous and difficult to
overcome that only night time marine air temperatures
have been used The biases arise during the day because
overheating of the thermometers and screens by solai
insolation has changed as ships have changed their physical
charactenistics (Folland et al  1984) On the other hand
apprectable biases of night time data are currently behieved
to be confined to the mineteenth century and much of the
Second Woild War Night marine an temperatures have
been found to be much too high relative to SST o1 to
modein values 1n certain tegions and seasons before 1694
(Bottomley et al
SSTs but subsequently (except in 1941 1945) night manine

1990) Thesc values were cotrected using

air temperature data constitute independent evidence
everywhere although corrections are also made tor the
imcreasing heights of ship dechs (Bottomley et al  1990)
Figure 7 9 indicates that multi decadal global vartations of
corrected night time marme air temperature have been
quite similar to those of SST To provide a complete
and UK
Meteorological Office global SST curves separately along

pictute, Figuic 79 shows the Farmer ct al

with a global land an temperature seiies created by
averaging the series of Jones Hansen and Lebededt and
Vinnthov et al  Both SST and might marime an temperature
data appear to lag the land data by at least five years during
the period of warming {from 1920 to the 1940 However
some of the apparent warmth of the tand at this tme may
be erroncous due to the use of open shed screens in the
tropics (Section 74 1 1)
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The above results differ appreciably 1n the mineteenth
centuty from those published by Oott et al (1987) who
tollowed the much less detatled correction procedure of
Folland ct al (1984) to adjust the COADS SST and all
hours marine air temperature data sets Newell et al
(1989} also present an analysis quite similar to that of the
above authors, based on a UK Meteorological Office data
sct that was current 1n carly 1988  All these authors obtain
higher values of global SST and marine air temperature n
the middle to late nineteenth century typically by about
0 1°C and 0 15°C respectively than arc indicated 1n this
report It 1s our best judgement that the mote 1ecent
analyses repiesent a recal improvement but the
discrepancies highlhight the uncertainties 1n the nter
pretation of carly marine temperature records  Yamamoto
et al (1990a) have tried to quantily changing biases in the
COADS all hours marinc air tempetatute data using a
mixture of weather ship air temperature data from the
1940s to 1970s and sclected land an temperature data
mainly m three tropical coastal 1egions to calculate ime
varying corrections Based on these corrections ' Yamamoto
ct al (1990b) calculate a global air tempeiatuie anomaly
curve for 1901-1986 of similar overall character to the
night marine air temperature curve 1 Figuie 79 but with
typically 0 15°C warmer anomalies 1n the eatly pait of the
twentieth century, and typically 0 1°C cooler anomalies in
the warm period around 1940 1950
stmilar

Recent data are
It could be argued that the comnections of
Yamamoto et al may be influenced by biases n the land
data including warm biases arising from the use of tropical
open sheds earlier this century Warm biases may also exist
n some ocean weadther ship day-time air temperature data
(Folland 1971) Although we believe that the night marine
au tempetature analysis in Figute 7 9 mimimises the known
sources of error the work of Yamamoto et al undetlines
the level of uncertanty that exists m tiends derived from
marine an temperature data

7413 Land and sca combined

Combined land and sea surface temperatures show o
significant increase of temperature from the late nineteenth
to the late twenueth century (Figures 7 104 to ¢) These
data are an average of two data sets a4 combination of the
Jones land data and the Farmer et al SST data and a
combination of the Jones land data and the UK
Mcteorological Oftice SST data Note that the relative
contributions of land and sea to the combined data have
varted according to changing data availability over land
and ocean (bottom of Figure 7 10c) Over the globe the
combined data gives an increase ot temperature of 0 45°C
between the average for the two decades 1881-1900 and
the decade 1980 89 The comparable inciease for the
Northern Hemisphere 15 042 C and tor the Southern
Hemisphere 0 48°C A simular calculation for the changes

Obscryved Chmate Vanation and Change 7

of temperature between 1861-1880 and 1980 89 gives
045°C 038°C and 053°C iespectively A lincar trend
fitted between 1890 and 1989 gives values of 0 50°C/100
years (globe) 047°C/100 ycars (Northern Hemisphere) and
0 53°C/100 years (Southern Hemisphere), a linear trend
fitted between 1870 and 1989 gives the reduced values of
041°C 039°C and 0 43°C/100 ycars respectively

Apparent decadal rates of change of smoothed global
combined temperature have varied from an increase of
0 21°C between 1975 and 1985 (largely between 1975 and
1981) to a decrease of 0 19°C between 1898 and 1908
(though data coverage was quite poor around 1900)
Surptisingly the maximum magnitudes of decadal change
(warming or cooling) over land and ocean (SST) have been
quite similar (Figure 7 9) at about 0 25°C Smoothed night
global marme air temperature showed the largest apparent
change around 1900 with a maximum cooling of 0 32°C
between 1898 and 1908 though this value 1s very
uncertam

Combined land and ocean temperatuie has increased
rather differently i the Northern than in the Southern
Hemisphere (Figuie 7 10) A rapid increase in Northern
Hemisphere temperature during the 1920s and 1nto the
1930s contrasts with a more gradual increase 1n the
Southern Hemispheie Both hemispheres had relatively
stable temperatures trom the 1940s to the 1970s though
with some evidence of cooling 1n the Northern
Hemisphere  Since the 1960s in the Southern Hemisphere,
but after 1975 n the Northein Hemisphere temperatures
have risen with the overall 11se being more pronounced n
the Southein Hemisphere Only a small overall rise was
observed between 1982 and 1989

An 1mportant problem concerns the varying spatial
coverage of the combined marine and land obscivations
Figure 7 7 indicates that this has been far from uniform 1n
time o1 space and even today coverage 1s not comp-
rehensive  Ships have tollowed pieferred navigational
toutes and large areas of the ocean have been inadequately
sampled The effcct that this may have on global estimates
of SSTs has been tested 1n
(Bottomley ct al

frozen giid analyses
1990) and 1n cigenvector analyses
(Folland and Colman 1988) In the frozen grid analyses,
global and hemispheric time series were recalculated using
data from 5 x5° boxes having data in nominated earlier
decades for cxample 1861 1870 Rematkably, the small
coverage of this period (Figurte 7 7a) appears surprisingly
adequate to estimate long term trends probably because the
data are distributed widely 1n both hemispheres throughout
the last 125 years An cigenvector analysis of combined
land and occan data (Colman, personal communication)
1solates an underlying signal of century time scale chimate
change which 1s surprisingly uniform geographically and
very like Figure 7 10c even though gross regional changes
vary because of other tactors Figure 7 10d shows the
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Jones and sea surface temperatures from the UK Meteorological Otfice and Farmer et al. (1989). Sea surface temperature component 1
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results of a frozen grid analysis applied to a combination of
the Jones land data and the UK Meteorological Office SST
data Froszen gnds were defined for [861-1870, 1901 1910,
1921-30 and global series using these were compared with
that incorporating all data (also shown n Figure 7 9)
Varying the data coverage has only a small etfect on
trends, confining the data to the 1861-70 grid augments the
temperature increase since the late nincteenth century by
about 0 05°C at most However, omission of much of the
Southern Ocean 1n these tests, as well as air temperatures
over the Arctic ocean north of 80°N, 1s a cause for concern
So the uncertainties in trends duc to varying data coverage
may be underestimated by Figure 7 10d

In models forced with enhanced greenhouse gases
(Sections 5 and 6), warming over the land 1s substantially
gieater than that over the ocean, so that the steadier and
larger warming of the Southern Hemisphere n recent
decades 1s not predicted The latter may be part of a global-
scale natural fluctuation of the ocean cuculation (Street-
Perrott and Perrott, 1990) Comparing Northern Hem-
isphere land and ocean, Figure 7 11 shows that the land 1s
now relatively warmer than the occans by the about the
same amount as 1n the period of global warming during the
tirst half of this century Southern Hemisphere land (not
shown) shows no recent warming relative to the oceans

In summary, the overall increase of temperature since
the nincteenth century can be estimated as follows It 1s
probable that a small residual positive bias remains in the
land surface temperatures due to increasing urbanisation
(Section 74 1 1) However, the contribution of the
urbanisation bias 1s at least halved in recent decades n the
combined ocean and land data, <o 1t 15 unhkely to exceed
0 05°C From Figure 7 10d, allowing for arcas never
adequately sampled, we estimate that varying data
covetage produces an uncertamnty n trend of at least
0 05°C We also recognise the cxistence of several other
sources of bias, highlighted by some disagrecments
between individual analyses, but are uncertain as to their
tiue sign Therefore our best estimates of the lower and
upper limits of global warming between the late nineteenth
century and the 19805 are about 0 3°C and not more than
0 6°C respectively, shghtly less than most pirevious
estimates

7.4.2 Regional, Seasonal, and Dwurnal Space and Tumne
Scales

We show that regional, including sonally-averaged, climate
variations often do not match those ot the globe as a whole
Some apparent differences between large-scale variations
ol temperature in different seasons are shown Finally we
discuss vartations of maximum and minimum daily
temperatures over the relatively restricted areas so far
analysed

Obseirved Climate ¥ ariation and Change 7

C 0w
[da]
ul
o 02
z ///A“/
- 00
; \/\/
g 02
(=]
g o0
06

1870 1890 1910 1930 1950 1970 1990

Figure 7.11: Differences between land air and sea surface
temperature anomalies, relative to 1951 80, for the Northern
Hemisphere 1861-1989 Land air temperatures from P D Jones
Sea surface temperatures are averages of UK Meteorological
Office and Farmer et al (1989) values

7421 Land and Sea
Regional time scries suffer from many near-random errors
that can nearly cancel 1n analyses of global and
hemispheric temperatures (Kleshchenko et al , 1988) The
20° latitude x 60° longitude areas analysed 1n Figure 7 12a
have been chosen to be large enough to minimise random
errors and yet be small enough to capture the individual
character of regional temperature changes Figure 7 12a
demonstrates considerable regional variability 1n
temperature trends which nevertheless evolve coherently
between adjacent regions  Particularly striking 1s the peak
warmth in the north east Atlantic and Scandinavian regions
around 1940 45 followed by a sharp cooling, and the strong
warming in the South Atlantic and much of the Indian
Ocean since about 1965

Figure 7 12b shows zonally averaged land air temp-
eraturc and SST anomalics using the same data as 1n Figure
7 12a  Almost umiformly cooler conditions 1n the
nineteenth century are clearly seen 1n all zones, extending
mnto the carly twentieth century Warming around 1920-
1940 occurs 1n most zones, except perhaps over the
northern part of the Southern Ocean, with a strong
warming, cxceeding 0 8°C occurring to the north of 60°N
over this period Note that the polar cap (north of 80°N) has
insutficient data for analysis and nsufficient data exist to
calculate repiesentative sonal means south of 40°S untl
after 1950 The cooling after 1950 was mainly confined to
the Northern Hemisphere, though weak cooling 15 evident
in the Southern Hemusphere tropics between about 1940
and the early 1950y There was renewed warming 1n most
Southern Hemisphere zones before 1970 This warming
continued until the carly 1980s but then slowed markedly
However very little change of temperature 15 evident over
Antarctica (south of 60°S) since records began there around
1957 Renewed warming 1s seen in the Northern
Hemisphere 1n all sones after the early 1970, including
small rises 1n high latitudes, a fact hitherto little
appreciated probably because of the marked cooling 1n the
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Figure 7.12: (a) Regional surface temperature anomaly variations over 20° latitude x 60° longitude boxes and Antarctica (regions
south of 60°S). (b) Zonal averages of combined sea surface and land air temperature data, 1861-1989. Land air temperatures from
P.D. Jones and sea surface temperatures from the UK Meteorological Office.

Atlantic/Barents Sea sector in recent decades (Figure
7.12a) which is not seen elsewhere in high latitudes. The
temperature curve cited by Lindzen (1990) as showing
recent Arctic cooling is in fact one representative of the
North Atlantic Arctic sector only (much as Figure 7.12.
third curve from the left, northernmost row) and is
thercfore not properly representative of high latitudes of the
Northern Hemisphere as a whole. General circulation
models with” enhanced concentrations of carbon dioxide
tend to show largest increases of annual mean temperature

[

in Northern Hemisphere polar latitudes. The rate of

warming has slowed again in many Northern Hemisphere
zones in recent years and, almost simultancously, cooling
in the middle to high latitude Atlantic sector has ceased.
Figure 7.13 shows the pattern of temperature anomalies
in 1950-59, 1967-76 and 1980-89. Much of the Southern
Hemisphere has warmed steadily since 1950-59, with a few
exceptions, for example, parts of Brazil and Antarctica. In
the Northern Hemisphere the middle decade of those
shown was coolest (scc Figures 7.6, 7.8, 7.10). The most
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(¢) 1980-89. Also shown in the colour section.
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consistent recent warming 1s found n subtropical and
tropical regions, cspecially the Indian Ocean and regions
near to, and including, the tropical South Atlantic By
contrast, cooling occurred 1n paits of the extratropical
North Pacific and North Atlantic, especially between 1970
and 1985 Recent warming has also been weak or absent
over the Canadian archipelago, the Eastern Soviet Union,
and Europe In Section 7 9 1t will be shown that some ot
these regional temperature variations are hnked to regional-
scale fluctuations 1n the circulation of the atmosphere, so 1t
1s not surprising that pronounced variations in regional
temperature trends occur

74 22 Seasonal variations and changes

Figure 7 14 1indicates that the increase of land based
temperatures 1n the Northern Hemisphere since 1975 has
largely consisted of an increase between December and
May, but with little incrcase between June and November
In the Southern Hemisphere there 1s little difference n
recent seasonal trends (not shown) Of some concern are
substantial differences in seasonal trends before 1900 1n the
Northern Hemusphere The relative warmth of summer and
coolness of winter at that ime reflect considerably greater
seasonal differences of the same character in the
continental interiors of North America and Asia (not
shown) It 1s not clear whether a decrease 1n the seasonal
cycle of temperature that commenced around 1880 1s real,
it could be due to changes in the circulation of the
atmosphere or 1t may reflect large, seasonally dependent,
biases 1n some nineteenth century land data The latter
mught arise from the progressive changes of thermometer
exposure known to have occurred then (Section 74 1 1)
The Southern Hemisphere (not shown) shows a similar
decrease 1n the seasonal cycle of temperature 1n the last
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Figure 7.14: Smoothed seasonal land surface air temperature
anomalies, relative to 1951-80, for the Northern Hemisphere
Data from P D Jones
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part of the nmineteenth century, but with less than half
the amplitude of that in the Northern Hemisphere

7423 Day-time and Night time
Because the ocean has a large heat capacity, diurnal
temperature variations 1n the ocean and n the overlying air
are considerably muted compared with those over land and,
from a climatic point of view, are likely to change Iittle
Over land, diurnal vaniations are much less restricted so the
potential for relative variations in maximum and mmnimum
temperature 15 much larger Such relative changes might
result from changes 1n cloudiness, humidity, atmospheric
circulation patterns  windiness or even the amount of
moisture 1n the ground Unfortunately, 1t 15 not yet possible
to assess varidations of maximum and minimum tempeiatute
on a hemispheric or globdl scale However in the regions
discussed below, multi-decadal tiends of day-time and
night-time temperatures have been studied and do not
always appear to be the same

Figure 7 15a, second panel shows a rise of minimum
temperatures (these usually occur around dawn) in the
USA The rise has not been reflected in maximum
temperatures (which usually occur during mid-afternoon)
(See also Section 7 10 1) Simuilar bchaviour has been
found 1n other parts of North America (Karl et al , 1984)
Appreciably different variations of maximum and
minimum temperatures on decadal time-scales are also
observed at inland stations in Australia (Figure 7 15b) It 1s
unlikely that urban heat 1slands play a significant role n
these variations as the data for both countries have been
extensively scrutinized for urban heat 1sland biases In
China (Figure 7 15c¢), the mintmum temperature also
appears to have risen more than the maximum It 15
uncertatn to what extent mcreases 1n urbanisation
contribute to the changes in China, especially as urban heat
1sland biases tend to be greatest during the might  Over
New Zealand, a strong 1nfluence ot atmospheric circulation
variations on variations in daily maxima relative to daily
minima has been observed (Salinger, 1981) This 1s an
indication that the above results can only be fully
understood when changes 1n atmospheric circulation over
these countries have been studied 1n some detall
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Figure 7.15: Changes of maximum (day-time) and minimum (night-time) temperatures. (a) United States, (b) South-eastern

Australia, (¢) China.

7.5 Precipitation and Evaporation Variations and
Changes

7.5.1 Precipitation Over Land

Scveral large-scale analyses of precipitation changes over
the Northern and Southern Hemisphere land masses have
been carried out (Bradley et al., 1987; Diaz et al., 1989;
Vinnikov ¢t al., 1990). These have demonstrated that
during the last few decades precipitation has tended to
increase in the mid-latitudes, but decrcase in the Northern
Hemisphere subtropics and generally increase throughout
the Southern Hemisphere. However. these large-scale

features contain considerable spatial variability. Figure
7.16 illustrates this variability for three regions in the
Northern Hemisphere and East Africa. Annual precipitation
over the Soviet Union displays a remarkably consistent
increase over the twentieth century (Figure 7.16a). An
apparent increase in precipitation has been found over
northern Europe (Schénweise and Birrong, 1990) with a
suggestion of a decrecase in extreme southern Europe,
though these data have not yet been corrected for changing
instrumental biases. In the tropics, East African rainfall
departures {rom normal show significant deccadal
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Figure 7.16: Standardised regional annual precipitation anomalies (a) USSR, (b) Sahel, (c) East Africa, (d) All India monsoon
Note that Sahel values are annual averages of standardised station values restandardised to reflect the standard deviation of these

annual averages

variability, but consistent trends are absent (Figure 7 16c)
Summer monsoon rainfall in India also reflects multi
decadal changes 1n climate (Figure 7 16d), but consistent
trends are also absent The period 1890-1920 was
characterised by a high frequency of droughts in India,
while 1930-1964 had a much lower frequency Since 1965
the frequency of droughts has again been higher relative to
1930-1964 (Gadgil 1988), mostly 1n the wet ateas of north
eastern India (Gregory 1989)

The dramatic drying of sub Saharan Africa shown 1n
Figure 7 16b deserves specral comment  Various
explanations have been proposed 1eviewed in Diuyan
(1989), sce also Semazzi et al (1988) and Wolter (1989)
The most consistent 1esult of these studies was to show
over the last few decades a pattern of anomalously high
SSTs 1n the Atlantic south of about 10°N
normal SSTs in the Atlantic to the notth of 10°N and higher

lower than

SSTs 1n the tropical Indian Ocean (Figure 7 13¢) There has
been a distinct weakening of some these patterns recently
and a return to near normal rainfall m 1988 and 1989 Such
large-scale changes of SST appear to have a major impact
on the sub-Saharan atmospheric circulation (Folland et al
1990, Wolter, 1989) Although SST changes appear to be
strongly related to the decreased rainfall since the 19505
they are probably not the only cause (Nicholson 1989)
Folland et al (1990) show however that at least 60% of
the vartance of Sahel rainfall between 1901 and 1988 on
time scales of one decade and longer is explained by
worldwide SST variations Reductions of 1ainfall occurred
at much the same time immeduately south of the Sdhel and
over much of Ethiopra and the Caribbean

It 1s 1mmportant to consider the accuracy ot the
precipitation data sets Precipitation 15 more difficult to
montitor than temperature as 1t varies much more in time
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and space A higher spatial density of data 15 needed to
provide an analysis of variations and trends of comparable
accuracy High density data often reside within national
meteorological centres, but thete 15 no 1regular international
exchange The number of stations required to sample a
regional ramnfall climate adequately varies with region and
an adequate number may not always be available

A severe problem for analysmg multr decadal variations
of precipitation lies in the fact that the efficiency of the
collection of precipitation by raingauges varies with gauge
siting construction and climate (Sevruk 1982, Folland
1988, Legates and Willmott 1990) Major influences ate
the wind speed during rain, the size distribution of
precipitation particle sizes, and the exposure of the
raingauge site Fortunately, appropiiate climatological
averages of the fust two, highly variable quantities can be
used 1o assess usefully their effects over a long enough
period (Folland, 1988, Appendix 1) Collection efficiency
has tended to increase as operational practices have
improved, often 1n poorly documented ways that may give
arttficrtal upward trends 1n precipitation 1 some 1egions
Thus precipitation data are not completely compatible
between countries due to the lack of agreed standards Of
particular concern 15 the measurement of snowfall from
conventional gauges where errors of at least 40% 1n long
term collection efficiency can occur When precipitation
criors dre expiessed as a percentage of the true ramnfall 1t s
not surprising that they tend to be greatest in high latitude
windy, climates and least in wet equatorial regions

Vinnikov et al, (1990) have carried out detatled
conections to USSR data for the varying actodynamic and
wetting problems suffered by gauges These corrections are
incorporated 1n the record shown in Figure 7 16a though
no aerodynamic corrections were thought necessary in
summer In winter the (positive) aerodynamic corrections
can be large and vary from 5% to 40% (the latter fo1 snow)
Wetting corrections, which are also positive and tend to be
largest i summer, varied typically in the range 4% to 10%
and were applied after correction for aerodynamic cficcts
Despite these large biases, comparisons of ddta scts ovel
the USSR from Bradley et al (1987) who only partially
cotrected for brases, and Vinnikov et al  who corrected
more extensively show that most of the important long-
term variations are apparent in both data sets (Bradley and
Groisman, 1989) Many of the major variations apparent in
precipitation records are evident 1in hydrological data such
as the rise 1n the levels of the North American Great Lakes
Great Salt Lake and the Caspian Sea during the early
1980s, and the severe desiccation of the Sahel
Nevertheless the lack of bias corrections m most raintall
data outside the USSR 1s a severe impediment to
quantitative assessments of rainfall trends
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75 2 Ranfall Over The Oceans

Quantitative estimates of precipitation over the oceans are
limited to the tropics wheie they aie still very appiroximate
The mean temperature of the upper sutfaces of convective
clouds deduced trom satellite measurements of outgoing
long wave thermal radiation (OLR) are used to estimate
mean rainfall over periods of days upwairds The colder the
clouds the less 1s OLR and the heavier the rainfall (Section
4 gives 1eferences) Nitta and Yamada (1989) found a
significant downward tiend in OLR averaged over the
global equatorial belt 10°N to 10°S between 1974 and
1987, implying an increase of equatorial rainfall over that
time Arkin and Chelliah (1990) have investigated Nitta
and Yamadas tesults for this Report They find that
inhomogeneities 1n the OLR data are sutficiently serious to
cast doubt on Nitta and Yamadas conclusions However
the latters claim that equatorial SST has risen over this
period scems justified (Flohn and Kapala, 1989, and
Figures 7 12 and 7 13) This trend 15 likely to result 1n
increased deep convection and more rainfall there (Gadgil
ctal 1984, Graham and Barnett, 1987)

Section 7 5 has shown that some regional scale rainfall
trends have occurred over land However much more
attention nceds to be paid to data quality and to improving
data coverage before more comprehensive conclusions can
be diawn about precipitation variations over the global land
sutface Precipitation cannot yet be measuted with suf-
ficient accuracy over the oceans to reliably estimate trends,
even though quite modest changes in SST 1n the tropics
could give rise to important changes 1n the distribution of
tropical ramtall (see also Section 79 1)

7 5 3 Evaporation from the Ocean Surface

It 15 diffrcult to estimate trends 1n evaporation from the
oceans An increase 15 however, expected as a result of an
increase n greenhouse gases (Section 5) The most
important problem concerns the reliability of measurements
of wind speed that are an essential component of
cvaporation estimates Oceanic wind speeds have
apparently increased in recent decades However, Cardone
et al (1990) have demonstrated that much of this increase
can be explamed by changes in the methods of estimating
wind speed from the state of the sea surface, and changes n
the heights of anemometers used to measure wind speed on
ships Untl these problems are substantially reduced, 1t 15
considered that estimates of trends in evaporation are
unlikely to be reliable

7.6 Tropospheric Variations and Change

7.6.1 Temperature

Tropospheric and stratospheric temperatures are central to
the problem of greenhouse warming because general
cuiculation models (Section 9) predict that temperature
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change with enhanced concentrations of greenhouse gases
will have a characteristic profile in these layers, with more
warming in the mid-troposphere than at the surface over
many parts of the globe, and cooling in much of the
stratosphere One of the "fingerprint” techniques (Section
8) for detecting anthropogenic climate change depends in
part on an ability to discriminate between tropospheric
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Figure 7.17: Temperature anomalies 1n the troposphere and
lower stratosphere 1958-1989, based on Angell (1988)

(a) Annual global values for 850-300mb Dots are values trom
Spencer and Christy (1990) (b) 300-100mb (c) Annual values
for Antarctic (60°S-90°S) for 100-50mb
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Figure 7.17 (continued): (d) Annual global anomalies for
1979-1988 tropospheric satellite temperatures from Spencer and
Christy (1990) (solid Imne), 850 300mb radiosonde temperatures
based on Angell (1988) (dots), combined land and sea surface
temperatures as in Figure 7 10 (dashed line) All anomalies are
referred to the average of their respective data sets for 1979-1988

warming and stratospheric cooling (Barnett and
Schlesinger, 1987) Observational studies of varnations in
recent temperature changes with height have been made by
numerous authors, for example Parker (1985), Barnett
(1986), Sellers and Liu (1988) and Karoly (1989) Layer
mean temperatures from a set of 63 radiosonde stations
covering the globe have been derived by Angell (1988)
Most stations have operated continuously only since about
1958 (the International Geophysical Year) The network 1s
zonally well distributed, but about 60% of the stations are
in the Northern Hemisphere and only 40% in the Southein
Hemisphere Layer mean temperatures from this network
have been integrated for the globe Figuic 7 17a shows that
over the globe as a whole, mid-tropospheric (850 300 mb)
temperatures increased by about (0 4°C between the late
1960s and mid-1980s, with much of the rise concentrated
between 1975 and the carly 1980s as at the surface  Zonal
average anomalies tor 850-300mb (not shown) indicate that
the largest changes occurred mn the zone 10°S to 60°S
followed by the equatorial region (10°N to 10°S) waith [ittle
trend north of 60°N or south of 60°S This finding 15 1n
good agreement with surface data (Figures 7 12a and b)

In the upper troposphere (300 100 mb) Figurc 7 17b
shows that there has been a rather steady decline 1n
temperature since the late 1950s and carly 1960s 1n general
disagreement with model stmulations that show warming
at these levels when the concentration of gicenhouse gases
15 1ncreased (Section 5) The greatest change 1n temperature
has been 1n the lower stratospheie (100-50 mb) where the
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decrease after 1980 15 much beyond the vanability of the
previous decades It 1s mostly attributed to changes over
and around Antarctica (Figure 7 17¢) wheie the cooling
since 1973 has reached nearly 10°C 1n austral spting and
2°C 1n summer (Angell, 1988) but with small values of
cooling 1n other seasons A small amount of lower
stratospheric cooling has been observed elsewhere n the
Southern Hemisphere, mainly 1n the tropics, and also 1n the
cquatorial belt (10°N to 10°S) The abrupt decrease over
Antarctica 1n spring may dat lcast be partly related to the
formation of the "ozone hole

Temperatures derived from 1adiosondes ate subject to
instrumental biases These biases have not been assessed
in the data used by Angell (1988) although theie have been
many changes 1n 1adiosonde instrumentation over the last
31 years In 1984-85, international radiosonde comparisons
were carried out (Nash and Schmidlin 1987) Systematic
diffcrences between various types of radiosonde were
determined for a series of thights which penetrated the
tropopause The estimated heights of the 100mb surface
generally dittercd by up to 10 20 geopotential metres
which 15 equivalent to average differences of 0 25°C n the
layer from the surface to 100 mb

7.6.2 Comparisons of Recent Tropospheric and Surface
Temperature Data
A mcasure of the robustness of the tropospheric data
derived by Angell (1988), at least 1n recent years, can be
obtained by comparing his 850-300mb data with ten years
of independent satellite measutements analysed by Spencer
and Christy (1990) for 1979 1988 Spencer and Christy
have used the average of measurements from microwave
sounding units (MSU) aboatrd two USA National
Occanographic and Atmospheric Administration (NOAA)
TIROS-N serics of satellites to derive global temperatures
in the mud troposphere Although surface and mid-
tropospheric data are likely to show rather dillcient
changes n their values over individual regions, better but
not perfect, coupling 15 expected when the data are
averaged over the globe as a whole Figure 7 17d compares
the annual global combined land air temperature and SST
data used m Figure 7 10 with annual values of these two
troposphetic data sets for the pertod 1979-1988 1n cach
case the 10 annual anomalies are calculated from therr
respective 1979-1988 averages The agrecement between the
three data sets 15 surprisingly good, despite recent
suggestions that 1t 15 poor Thus the corielations and root
mcan squared ditlerences between the surface and MSU
data are 0 85 and 0 08°C respectively, while the correlation
betwcen the surface and the radiosonde data 1s 091 The
correlation between the two tropospheric data sets 1s, as
capected shghtly higher at 0 96 with a root mean squared
ditterence of 0 02°C The latter represents excellent
agreement given the relatively spaise network of
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radiosondes Note that annual values n both tropospheric
data sets have nearly twice the variability of the surface
values, as measured by their standard deviation This partly
explams why the 100t mean square difference between the
MSU and surface data 15 appreciably larger than that
between the two tropospheric data sets, despite the high
correlation This 15, arguably, an indication of genuine
chimatological difteicnces between the interannual
variability of mud-troposphere temperatures and those of
the surtace  All three data sets show a small positive trend
over the period 1979-1988, varying from 0 04°C/decade for
the MSU data to 0 13°C/decade for the surface data These
trends ate not significantly different over this short period
and agamn reflect surprisingly great agreement Further
discussion of these results 15 given 1n Jones and Wigley
(1990)

7.6.3 Moisture
Water vapour 1s the most abundant greenhouse gds, and 1ts
incredses dre expected to augment the warming due to
increases of other greenhouse gases by about 50%
Trenberth et al (1987) estimate that doubling carbon
dioxide concentrations would increase the global con-
centration of water vapour by about 20%, and Hansen et al
(1984) estimate a 33% incicase

There 15 evidence that global water vapour has been a
few percent greater during the 1980s than during the 1970s
(Elhott et al , 1990) Hense et al (1988), and Flohn et al
(1990) find a 20% increase in water vapour content in the
mid troposphere over the equatorral Pacific from 1965-
1986 with at least a 10% nise between the surface and the
300mb level Despite great uncertainties in these data some
increase seems to have taken place Because of numerous
changes 1n radiosondes a global assessment of variations
priot to 1973 15 difficult and trends after 1973 have an
uncertain accuracy See also Section 8

7.7 Sub-Surface Ocean Temperature and Salinity
Variations

The sub-sutface ocean data base 15 now just becoming
sufficient for climate change studies 1n the North Atlantic
and North Pactiic basins to be carried out A few, long,
local time series of sub-surface measurements exist,
sufficient to alert the scientific community to emerging
evidence of decadal scale temperature variability n the
Atlantic Ocean Beginning about 1968, a fresh, cold water
mass with 1ts origins in the Arctic Ocean appears to have
circulated around the sub-Arctic gyre of the North Atlantic
Ocean This event has been described by Dickson et al
(1988) as the Great Salimity Anomaly  Some of this cold,
fresh water penctrated to the deep waters of the North
Atlantic (Bicwer et al , 1983) The marked cool anomalies



7 Obsenved Chimare Vanation and Change

in the North Atlantic SST shown in Figure 7 13 for 1967-
76 partly reflect this event

Recently, Levitus (1989a, b, ¢ d) has cartied out a major
study of changes of sub surface temperature and salinity of
the North Atlantic Ocean between 1955 59 and 1970 74
1955-59 was near the end of a very warm period of North
Atlantic suiface waters, but by 1970-74 the subscquent
cool period was well developed (Figure 7 13) Cooler water
cxtended from near the sea surface to 1400m depth 1n the
subtropical gyre (30-50°N) Beneath the subtropical gyre, a
warming occurred between the two periods North of this
gyre there was an increase mn the temperature and salinity
of the western sub arctic gyre The density changes
associated with these changes in temperature and sahinity
indicate that the transport of the Gulf Stream may have
decieased between the two periods Temperature difference
fields along 24 5°N and 36 5°N piescnted by Roemmich
and Wunsch (1984) based on data gathered during 1981
and the late 1950s, arc consistent with these 1deas

Antonov (1990) has carried out a complementary study
for the North Atlantic and North Pacific using subsurface
temperature data held in the USSR and SST data fiom the
UK Mecteorological Office He finds that zonal averages of
temperaturc changes between 1957 and 1981 show
statistically significant cooling 1n the upper layers and a
warming below 600m when averaged over the North
Atlantic as a whole This agrees well with Levitus results
for the North Atlantic Basin mean temperatute changes
(1957 to 1981) for the North Atlantic and North Pacific, as
computed by Antonov, aie shown in Figure 7 18

The reasons for some of these changes are partially
understood For example, the cooling of the upper 1400m

Temperature change
01 02°C

~——
~

1000 m ¢+ AN

Figure 7.18: Sub-surface ocean temperature changes at depth
between 1957 and 1981 1n the North Atlantic and North Pacific
Adapted from Antonov (1990)
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of the subtropical gyre was due to an upward displacement
of cooler fiesher water  Why this displacement occurted 1s
not definitely known but most probably 1s 1clated to
changes 1n the large scale wind tfield over the Notth
Atlanttc  Of particular 1mmportance 15 the temperature
increase of approximately 0 I°C ovet, on average, a
thousand metre thick layer in the deep North Atlantic
because 1t represents a relatively large heat storage Even
the uppet few metres of the ocean can store as much heat as
the entire overlying atmosphetic column of air Scientists
have long 1ecognized (Rossby, 1959) that the ocean could
act to store large amounts of heat through small
temperature changes in 1ts sub-surface layers for hundreds
or thousands of years When this heat 1eturns to the
atmospheie/cryosphere system 1t could also significantly
affect climate  Scction 6 gives more details

The magnitude and extent of the observed changes in the
temperature and salmity of the deep North Atlantic are thus
large enough that they cannot be neglected 1n future
theories of climate change

7.8 Vanations and Changes in the Cryosphere

Snow, 1ce, and glacial extent aie key variables in the global
chimate system They can influence the global heat budget
through regulation ot the exchange of heat moisture, and
momentum between the ocean, land, and atmosphere
Accurate information on cryospheric changes ts essental
for tull understanding of the climate system Cryospheric
data are also integrators of the variations of several
variables such as temperatuic, sunshine amount and
precipitation, and for sea-ice, changes m wind stiess
Therefore caution must be exercised when interpieting a
cryospheric change Variations 1n the Greenland and
Antarctic 1ce sheets are discussed 1n Section 9

7.8.1 Snow Cover

Surface-based observations of snow cover are sufficiently
dense for regional climate studies of the low lying areas of
the Northern Hemisphere mid-latitudes Unfortunately, a
hemisphere-wide data set of mid-latitude snow cover
observations has not yet been assembled (Barry and
Armstrong, 1987)
measurements are gencrally incomplete (Karl et al , 1989)
Since 1966 Northern Hemisphere snow cover maps have
been produced operationally on a weckly basis using
satellite imagery by NOAA The NOAA data contain
snow/no-snow formation for 7921 grid boxes covering
the globe and weie judged by Scialdone and Robock
(1987) as the best of four data sets which they compared
Deticiencies have been noted by Wiesnct et al (1987) such
as until

In fact sustamned high-quality

1975 the charts did not consistently include
Himalayan snow cover, there were occastonal extensions

of the southern edge of the snow cover beyond observed
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Figure 7.19: Northern Hemisphere snow extent anomalies.
Data from NOAA (USA).

surface limits; the seasonal variation of sunlight limits
polar coverage in the visible wavelengths; and scattered
mountain snows are omitted because of the coarse grid
resolution. Data are believed to be usable from 1972 with
caution, but are better from 1975 onwards.

Consistent with the surface and tropospheric temperature
measurements is the rapid decrease in snow cover extent
around 1980 (Figure 7.19). This decrease is largest during
the transition seasons. Robinson and Dewey (1990) note
that the reduction in snow cover cxtent during the 1980s is
largest in Eurasia where they calculate decreases during
autumn and spring of about 13% and 9% respectively
relative to the 1970s.

7.8.2 Sea-ice Extent and Thickness

There has been considerable interest in the temporal
variability of global sea-ice in both the Arctic and Antarctic
(for example, Walsh and Sater, 1981; Sturman and
Anderson, 1985). This interest has been increased by
general circulation model results suggesting that
greenhouse warming may be largest at high latitudes in the
Northern Hemisphere. It must be recognized, though, that
sea-ice is strongly influenced by surface winds and ocean
currents so that the consequences of global warming for
changes in sca-ice extent and thickness are unlikely to be
straightforward.

Sea-ice limits have long been observed by ships, and
harbour logs often contain reported dates of the appearance
and disappearance of harbour and coastal ice. These
observations present many problems of interpretation
(Barry, 1986) though they arc thought to be more reliable
after about 1950. Changes and fluctuations in Arctic sea-
ice extent have been analysed by Mysak and Manak
(1989); they find no long term trends in sea-icc extent
between 1953 and 1984 in a number of Arctic ocean
regions but substantial decadal time scale variability was
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Sea ice extent anomaly (106 km?2)

Sea ice extent anomaly (106 km2)

Figure 7.20: (a) Northern Hemisphere, and (b) Southern
Hemisphere sea-ice extent anomalies. Data from NOAA (USA).

evident in the Atlantic sector. These variations were found
to be consistent with the development, movement and
decay of the "Great Salinity Anomaly" noted in Section
7.7.

Sea-ice conditions are now reported regularly in marine
synoptic observations, as well as by special reconnaissance
flights, and coastal radar. Especially importantly, satellite
obscrvations have been used to map sea-ice extent
routinely since the early 1970s. The American Navy Joint
Ice Center has produced weekly charts which have been
digitised by NOAA. These data are summarized in Figure
7.20 which is based on analyses carried out on a 1° latitude
x 2.5° longitude grid. Sea-ice is defined to be present when
its concentration exceeds 10% (Ropelewski, 1983). Since
about 1976 the areal extent of sea-ice in the Northern
Hemisphere has varied about a constant climatological
level but in 1972-1975 sea-ice extent was significantly less.
In the Southern Hemisphere since about 1981, sca-ice
extent has also varied about a constant level. Between 1973
and 1980 there were periods of several years when
Southern Hemisphere sea-ice extent was either appreciably
more than or less than that typical in the 1980s.
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Gloersen and Campbell (1988) have analysed the
Scanning Multi-channel (dual polarization) Microwave
Radiometer data from the Nimbus 7 satellite from 1978
1987 They find httle change 1n total global 1ce area but a
significant decrease of open water within the ice Their
time series 1s short, and 1t 15 uncertain whether the decrease
1s real

Sea-ice thickness 15 an important parameter but 1t is
much more difficult to measure than sea-ice extent The
heat flux from the underlying ocean into the atmosphere
depends on sea-ice thickness Trends in thickness over the
Arctic Ocean as a whole could be a sensitive indicator of
global warming The only practical method of making
extenstve measurements 1s by upward-looking sonar from
submarines Apart from a very recent deployment of
moorings, data gathering has been carried out on voyages
by military submarines In the past repeated tracks carried
out in summer have either found no change in mean
thickness (Wadhams 1989) or vanations that can be
ascribed to interannual variability in summer 1ce limits and
1ce concentration (McLaren 1989) Recently however,
Wadhams (1990) found a 15% or larger decreasc in mean
sea-ice thickness between October 1976 and May 1987
over a large region north of Greenland Lack of a
continuous set of observations makes 1t impossible to
assess whether the change 1s part of a long term trend In
the Antarctic no measurements of thickness variability
exist and so far only onc geographically extensive set of
sea-ice thickness data 15 available (Wadhams et al  1987)

7.8.3 Land Ice (Mountain Glaciers)
Measurements of glacial 1ce volume and mass balance are
more informative about climatic change than those of the
extent of glacial ice, but they are considerably scarcer Ice
volume can be determined fiom transects of bedrock and
1ce surface elevation using arrborne radio-echo sounding
measurements Mass balance studies performed by
measuring winter accumulation and summer ablation are
slow and approximate, though widely used Section 9
discusses changes 1n the Greenland and Antarctic 1ce-caps
so attention 1s confined here to mountain glaciers

A substantial, but not continuous, recession of mountain
glaciers has taken place almost everywhere since the latter
halt of the nineteenth century (Grove, 1988) This
conclusion 15 based on a combination of mass balance
analyses and changes 1n glacial terminus positions, mostly
the latter The recession 1s shown in Figure 7 2, evidence
for glacial retreat 1s found in the Alps, Scandinavia
Iceland, the Canadian Rockies, Alaska, Central Asia, the
Himalayas, on the Equator, 1n tropical South America, New
Guinca, New Zealand, Patagoniaq, the sub Antarctic 1slands
and the Antarctic Peninsula (Grove 1988) The rate of
recession appears to have been gencrally laigest between
about 1920 and 1960

to
o
n

Glacial advance and retreat 15 influenced by temperature
precipitation, and cloudiness For cxample at a given
latitude glaciers tend to extend to lower altitudes 1in wetter
cloudier, maritime regions with cooler summers than in
continental regions The complex relation between glaciers
and climate makes their ubiquitous recesston since the
nineteenth century remarkable temperature changes appeat
to be the only plausible common factor (Oerlemans 1988)
The 1esponse time of a glacter to changes 1n environmental
conditions varies with 1ts s1ze <o that the larger the glacier
the slower 1s the response (Haeberli et al  1989) Inrecent
decades glacial recession has slowed 1n some regions
Makarevich and Rototacva (1986) show that between 1955
and 1980 about 27% of 104 North American glaciers were
advancing and 53% were retreating whereas over Asia
only about 5% of necarly 350 glaciers were advancing
Wood (1988) found that from 1960 to 1980 the number of
retreating glaciers decrecased This may be related to the
relatively cool period in the Northern Hemisphere over
much of this time (Figure 7 10) However Patselt (1989)
tinds that the proportion of retreating Alpine glaciers has
increased sharply since the early 1980s so that 1etreat has
dominated since 1985 1n this region A similar analysis for
other mountan regions after 1980 15 not yet available

7.8.4 Permafrost

Permafrost may occur where the mean annual air
temperatures are less than 1°C and 15 generally continuous
where mean annual temperature 15 less than 7°C The
vertical profile of temperature measurements in permafrost
that 1s obtained by drilling boreholes can indicate
integrated changes of temperature over decades and longer
However, nterpretation of the profiles requircs knowledge
of the ground conditions as well as natural o1 human

induced changes 1n vegetation cover Lachenbruch and
Marshall (1986) provide evidence that a 2 1o 4 C warming
has taken place 1n the coastal plain of Alaska at the
permafrost surface over the last 75 to 100 years but much
of this rise 1s probably assoctated with warming prior to the
1930s  Since the 1930s there 15 httle evidence for
sustamed warming 1n the Alaskan Arctuic (sce Figure 7 12a
and Michacls, 1990) A fulier understanding of the
relationship between permafrost and temperature requies
better information on changes 1n snow cover scasonal
variations of ground temperature, and the mmpact of the
inevitable disturbances associated with the act of drilling
the bore holes (Bairry 1988)

7.9 Variations and Changes 1n Atmospheric
Circulation

The atmospheric circulation 1s the main control behind

tegional changes m wind temperature, precipitation sotl

mossture and other chimatic variables Variations in many
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of these factors are quite strongly related thiough large
scale leatures of the atmospheric crrculation as well as
through interactions involving the land and ocean surfaces
One goal of research nto regional changes of atmospheric
circulation 1s to show that the changes of temperature
raimnfall and other climatic variables are consistent with the
changes 1n frequency of various types of weather pattein

Climates at the same latitude vary considerably around
the globe, while vanations 1n regional temperatures that
occur on decadal time scales are far from uniform but form
distinctive large-scale patterns as indicated 1n Figute 7 13
The spatial scale of these climatic patterns 15 pattly
governed by the regional scales ol atmospheric circulation
patterns and of their vartations Changes tn weather
patterns may nvolve changes 1 the quast stationary
atinospheric long waves 1n the extratropics o1 1n monsoonal
circulations (van Loon and Willlams 1976) Both phen
omena have a scale of several thousand kilometies Therr
large-scale features are i1elated to the fixed spatial patterns
ol land and sea, topography, sca tempetature patteins and
the seasonal cycle of solar heating

Persistent laige scale atmospheric patterns tend to be
wavelike so that regronal changes of atmospheric heating
if powerful and persistent enough can give 11se to a
sequence of remote atmospherie disturbances Thus a
number of well separated areas ol anomalous tempetatuie
and precipitation of opposite character may be produced
The best known examples are 1 pait 1clated to the large
changes 1in SSTs that accompany the El Niilo-Southern
Oscillatton (ENSO), whereby changes n the atmosphere
over the tropical Pacific often associated with the SST
changes there are linked to atmospheric circulation changes
in higher latitudes (Wallace and Gutrsler 1981) The 1988
North Ametican drought has been claimed to be paitly a
response to petsistent positive tropieal SST anomalies
located to the west of Mexico and to the north of the cold
La Nifia SST anomalies existing at that time (Tienberth et
al  1988) Such localised SST anomalies may themselves
have a much larger scale cause (Namias 1989)

An cmerging topic concerns obscrvational evidence that
the 'l year solar cycle and the stratospheric quast biennial
oscillation (QBO) of wind durection near the equator are
linked to changes 1n tropospheric circulation 1 the
Northern Hemisphere (van Loon and Labitzke 1988)
Coherent variations n troposphetic circulation are claimed
to occur over cach 11 year solar cycle in certan regrons
but their character depends crucially on the phase (casterly
or westeily) of the QBO No mechanism has been proposed
tor this etfect and the data on the QBO cover only about
35 solar cycles so that the reality of the elfect s very
uncertain However Bainston and ©ivesey (1989) 1 a
careful study find evidence tor statistically signitficant
mfluences of these factors on atmosphenic cuculation
patterns in the Northern Hemisphete extratiopies in wintet
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Many previous largely unsubstantiated claims of links
between the 11 year, and other solar cycles, and climate are
reviewed 1n Pittock (1983) Section 2 discusses current
thinking about the possible magnitude of the physical
torcing of global climate by solar radiation changes 1n
some detail

Several examples are now given of links between
changes n atmospheric circulation over the last century
and regional-scale variations or trends of temperature

7 9.1 El Niio-Southern Oscillation (ENSO) Influences
ENSO 1s the most prominent known source of interannual
vatldability in weather and climate around the world, though
not all areas are atfected The Southern Oscillation (SO)
component of ENSO 15 an atmospheric pattern that extends
over most of the global tiopics It principally involves a
scesaw 1n almospheric mass between regions near
Indonesta and a tropical and sub-tropical south cast Pacitic
Occan region centred near Easter I[sland The influence of
ENSO sometimes extends to higher latitudes (see Section
7973) The El Nino component of ENSO 15 an anomalous
warming of the eastern and central ttopical Pacific Ocean
In major  Wairm Events  warming extends over much of
the troptcal Pacific and becomes clearly linked to the
atmospheric SO pattein - An opposite phase of  Cold
Events  with opposite patterns of the SO 15 sometimes
icferied to a5 La Nila  ENSO cvents occur every 3 to 10
years and have tar 1caching climatic and cconomic
influences around the world (Figute 7 21a adapted from
Ropelewskt and Halpert 1987) Places especially affected
include the tropical central and East Pacific 1slands, the
coast of notth Petu eastern Australia New Zealand
(Salinger 1981) Indonesia India (Parthasarathy and Pant,
1989) and parts of castern (Ogallo, 1989) and southern
Africa (van Heerden et al 1988) A fuller description of
ENSO can be found in Rasmusson and Carpenter (1982)
and Zebiak and Cane (1987) Over India, the occurrence of
ENSO and that of many droughts (see Section 75 1) 15
stitkingly comncident Droughts tend to be much more
frequent 1n the fnst year of an ENSO event though,
intniguingly this 15 often before the ENSO event has fully
devecloped However not all Indian dioughts aie assoclated
with ENSO

While ENSO 15 a natural part of the Eaiths climate, a
major 1ssue concerns whether the itensity or frequency of
ENSO cvents might change as a result of global warming
Unul recently the models used to examine the climatic
conscquences of enhanced greenhouse forcing had such
simplitied oceans that ENSOs could not be simulated
Some models now simulate ENSO hike but not entirely
realistic SST variations (Section 4) untortunately fong
term variations 1 ENSO cannot be studied yet using
models The observational 1ecord reveals that ENSO events
have changed 1n fiequency and intensity 1n the past The
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Figure 7.21: (a) Schematic diagram of areas and times of the year with a consistent ENSO precipitation signal (adapted from
Ropelewski and Halpert, 1987). (b) Monthly tropical sea surface and land air temperature anomalies 1961-1989; land data from P.D.
Jones and sea surface temperature data from the UK Meteorological Office. Tropics extend from 20°N to 20°S. Arrows mark

maximum ENSO warmth in the tropics.

strong SO fluctuations from 1880 to 1920 led to the
discovery and naming of the SO (Walker and Bliss. 1932)
and strong SO events are clearly cvident in recent decades.
A much quieter period occurred from the late 1920s to
about 1950, with the exception of a very strong multi-year
ENSO in 1939-42 (Trenberth and Shea, 1987; Cooper et
al., 1989). Quinn et al. (1987) (covering the past 450 years)
and Ropelewski and Jones (1987) have documented
historical ENSO events as secn on the northwest coast of
South America. Therefore, the potential exists for a longer
palaco-record based on river deposits. ice cores, coral
growth rings and tree rings.
During ENSO events, the heat stored in the warm
tropical western Pacific is transferred directly or indirectly
to many other parts of the tropical occans. There is a

greater than normal loss of heat by the tropical oceans,
resulting in a short period warming of many, though not all,
parts of the global atmosphere (Pan and Oort, 1983).
Consequently, warm individual years in the record of
global temperatures (Figure 7.10) are often associated with
El Nifios. Maxima in global temperatures tend to occur
about three to six months after the peak warmth of the El
Nifio (Pan and Oort, 1983). Figure 7.21b shows monthly
anomalics of combined land surface air temperatures and
SST for the global tropics from 1961-1989. The strong,
1982-83 and
1986-88 ENSO events on the record of tropical temperature

coherent, warming influence of the 1972-73,

is very clear, as is the cold influence of the strong La Nifa
cpisodes of 1974-75 and 1988-89.
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From an inter-decadal perspective, ENSO is a substantial
source of climatic noise which can dominate the tropical
temperatre record. It is possible to remove ENSO signals
statistically (for example Jones, 1989) to give a smoother
global temperature curve; in this way 20 to 30% of decadal
and shorter time scale variance is removed. The warming
of the globe in the last 15 years then is reduced by about
0.1°C, ie., by about one half. However other temperature
signals might also be partly removed at the same time, for
example those relating to the effects of volcanic eruptions,
though some ability to separate these signals has recently
been shown (Mass and Portman, 1989) (sec also Section 2).
As it is unclear whether ENSO might change with and
contribute directly to long-term global warming, it seems
preferable 1o retain ENSO variability as an integral part of
the global climate record,

7.9.2 The North Atlantic

The early twenticth century cooling of the Northern
Hemisphere oceans (Figure 7.8) was accompanied by a
period of intensified westerlies in the extratropical
Northern Hemisphere, especially in the Atlantic sector, that
affected most of the year. An extensive discussion is given
in Lamb (1977). The global warming which took place in
the 19205 and 1930s (Figure 7.10) was largest in the
extratropical North Atlantic and in the Arctic (Figure 7.12),
and coincided with the latter part of the period of intense
westerlies. The westerly epoch is regarded as finishing
around 1938 (Makrogiannis et al., 1982). The effects of the
enhanced westerlies on surface climate were clearest in
winter when there was an absence of very cold outbreaks
over Burope and winters were persistently mild. Rogers
{1985) noted that the best correlation between temperatures
in Burope and wind direction is with the westerly
component, largely reflecting whether or not the
encroaching air masses have had an oceanic moderating
influence imposed on them. Figure 7.22 shows an index of
westerly flow expressed as the difference in atmospheric
pressure measured at mean sea level between the Azores
and Iceland in winter. High index epochs have stronger or
more frequent westerly flow across the extratropical North
Atlantic. Also shown is the air temperature anomaly over
northern Burope and the adjacent seas from 45"N-60"N and
5*W-35°E in winter. The inter-decadal variations of the
pressure index are strikingly large, with weakest flow
centred around the late 19605 (less westerlies) and a return
to a stronger westerlies recently (Flohn et al., 1990).
Wallen (1986) notes that the period of intense westerly
flow also affected summer temperatures in western Europe,
making them generally cooler between the late 1890s and
about 1920, giving striking decreases in the differences
between July and January temperatures. This suggests that
at least a small part of the decrease in the annual range of
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Figure 7.22: Smoothed standardised indices in winter (using
binonial filter with 21 terms applied three times) of difference in
atmospheric pressure at mean sea level between Ponta Delpada,
Azores and Stykkisholmur, Icelund (solid line) and surface
temperature for 45°-60°N, 5"W-35"E, based on land air (P.D,
Jones) and night marine air temperature (UK Meteorological
Office). December 1866-February 1867 to December 1989-
February 1990,

Morthern Hemisphere land surface air temperature seen at
this time in Figure 7.14 may be real,

Variations in the westerly index of Figure 7.22 are
associated with changes in the depth of the Iceland low
pressure centre both near the surface and in the troposphere
{van Loon and Rogers, 1978). Buropean temperatures well
downstream are quite strongly related to this Atlantic
pressure index, especially during winter, being warmest
when the index is largest | i.e., pressure over Iecland is
lowest relative to the Azores. Relative to the level of the
westerly pressure index, there is a long-term increase of
European winter surface air temperature in Figure 7.22,
much as noted by Moses el al. (1987) for a small set of
stations in western Europe. Above normal winter
temperatures in Europe tend to go hand-in-hand with below
normal temperatures in Greenland and the Canadian Arctic
where there are increased northerlies as a result of the
deeper leeland Low. Stronger westerlies over the Atlantic,
do not, therefore, account for the Arctic warming of the
1920s and 1930s on their own: in fact they preceded it by
20 years. Iceland (Einarsson, 1984) and Spitzbergen began
to warm after about 1917 (Lamb, 1977), whereas
Greenland and Northern Canada did not warm until the
mid-1920s (Rogers, 1985). When both Greenland and
Northern Europe had above normal temperature, especially
in the winter half year, the atmospheric circulation was
more zonal around most of the Arctic, not just in the
Atlantic sector, This was associated with increased
cyclonic activity over the whole Arctic basin which
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imcreased the frequency of zonal flows over the higher
latitudes of the continents Note that the character of the
warming experienced 1n the higher latitude Northern
Hemisphere 1n the the 1920s and 1930s differs from that of
the mid-1970s to early 1980s (Figure 7 10) when the North
Atlantic and Arctic stayed cool, or in parts, cooled further

Inter-decadal changes 1n the west African monsoon
circulation which have patticularly affected Sub-Saharan
African rainfall (Figure 7 16) were mtroduced 1n Section
75 1 The main change in atmospheric circulation has been
in the convergence of winds mto sub Saharan Africa in
summer from the north and the south (Newell and Kidson,
1984), less intense convergence gives less rainfall (Folland
et al, 1990) Drier years are also often accompanied by a
shghtly more southerly position of the mamn wind
convergence (rain bearing) zone The North Atlantic
subtropical high pressure belt also tended to extend further
southward and eastward during the summer 1n the dry
Sahel decades (Wolter and Hastenrath, 1989)

7.9.3 The North Pactfic
Circulation changes 1 the North Pacific have recently been
considerable and have been linked with regional
temperature changes Figure 7 23 shows a time series of
mean sea level piessure for the five winter months
November to March averaged over most of the extra-
tropical North Pacific for 1946 1988 (Trenberth 1990)
This index 15 closely related to changes 1n the intensity of
the Aleutian low pressure centre It 15 also quite strongly
linked to a pattern of atmospheric circulation variability
known as the Pacific North American (PNA) pattern
(Wallace and Gutzler 1981) which 1s mostly confined to
the Noith Pacitic and to extratropical Noith America All
five winter months showed a much deeper Aleutian Low 1n
the pertod 1977 to 1988 with 1educed pressute over nearly
all the extratropical Noith Pacific north of about 32 N
(Flohn et al  1990) The change n pressure in Figuie 7 23
appedrs to have been unusually abrupt other examples of
such climatic discontinuities  have been analysed (Zhang
et al  1983) though discontinuities can sometimes be
artifacts of the statistical analysis of irregular time scries
The stronger Aleutian Low 1esulted in warmer moister an
being carried mto Alaska while much colder au moved
south over the North Pacific These changes account for
the large Pacific temperature anomalies for 1980-89 shown
in Figure 7 13, which are even cleater for the decade 1977-
86 (not shown) This decade had a positive anomaly
(relative to 1951 80) of over | 5°C in Alaska and negative
anomaly of more than 0 75°C 1n the central and western
North Pacific

The above changes ate likely to have been 1elated to
conditions n the equatonal Pacific 1977 1987 was a
period when much of the tropical Pacific and tiopical
Indian Oceans had persistently above normal SSTs (Nitta

N
N
O

52 58 64 70 76 82 88
Year

Figure 7.23: Time series of mean North Pacific sea level
pressures averaged over 27 5 to 72 5°N, 147 5°E to 122 5°W for
November through March Means for 1946 76 and 1977 87 are
indicated

and Yamada, 1989, and Figure 7 12a) Very strong El Nifio
events and a lack of cold tropical La Nifia events 1n the
period 1977-1987 (Figure 7 21b) contributed to this
situation

7.9.4 Southern Hemusphere

In Antarctica strong surface temperature inversions form in
winter but elsewhere in the Southern Hemisphere maritime
influences dominate The SO has a pronounced influence
on precipitation over Australia (Pittock 1975) and also
affects New Zealand temperatures and precipitation
(Gordon 1986) However the best documented regional
circulatron-temperature relationship 1in the Southern
Hemisphere 1s that between an index of the mendional
(southerly and noitherly) wind (Trenberth 1976) and New
Zcaland temperatuie The index 1s calculated by subtiacting
sca level pressure values measured at Hobart (Tasmania)
trom those at Chatham Island (east of New Zealand) A
tendency for mote northerly mean flow across New
Zcaland (Hobart pressure 1elatively low) especially from
about 1952 to 1971 has been related to generally warmet
conditions in New Zealand after 1950 However a return to
more southerly (colder) flow after 1971 1s not strongly
teflected 1In New Zealand temperatures so the recent
warmth may be related to the gencral increase 1n
temperature 1n much of the Southern Hemisphere (Figures
7 10b, 7 12 and 7 13) This finding indicates that regional
temperature changes due to a future greenhouse warming
are likely to result from an interplay between large scale
warming and changes 1 local weather patterns
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7.10 Cloudiness

Clouds modity both the shortwave (solar) and longwave
(terrestrial) radiation, the former by reflection and the latter
by absorption Therefore they may cause a net warming o1
cooling of global temperature, depending on their type
distribution, coverage, and radiative characteristics
(Sommerville and Remer, 1984 Cess and Potter, 1987)
Ramanathan et al (1989) show that with todays
distribution and composition of clouds, their overall effect
15 to cool the Earth (Section 3 3 4) Changes 1n cloudiness
arc therefore likely to play a significant role in climate
change Furthermore, local and regional climate variations
can be strongly influenced by the amount of low muiddle
and high clouds

Observations of cloudiness can be made from the Earth s
surface by trained observers from land stations or ocean
vessels, or by automated systems Above the Earths
surface, aircraft or space platforms are used (Rossow
1989, McGuffie and Henderson-Sellers  1989a)
Surpuisingly, surface-based observations of cloudiness give
closely similar results to space based observations  Caretul
and detailed intercomparisons, undertaken as a preliminary
part of the International Satellite Cloud Climatology
Project (ISCCP) by Sze et al (1986), have demonstrated
conclusively that surface and space based observations are
highly correlated Space-based observations ot cloudiness
from major international programs such as ISCCP are not
yet available for pertods sufticiently long to detect long-
term changes

7.10.1 Cloudness Over Land

Henderson Sellers (1986 1989) and McGutfie and
Henderson-Sellers (1989b) have analyzed changes 1n total
cloud cover over Europc and North America during the
twenticth century It was found that annual mean cloud-
mess increased over both continents Preliminary analyses
for Australia and the Indian sub-continent also give
imcreases n cloudiness The mcreases are substantial 7%
ot imual cloudiness/50 years over India 6%/80 years over
Europe 8%/80 years for Australia and about 10%/90 years
for North America These changes may partly result from
alterations 1n surface-based cloud observing practices and
in the subsequent processing ol cloud data This may be
espectally true of the large increase n cloudiness app-
atently observed in many arcas 1n the 1940s and 1950s At
this time (about 1949 or later, depending on the country)
the synoptic meteorological code, from which many ot
these observations are derived generally underwent a
major change but not i the USA USSR and Canada
Observers began recording cloud cover in oktas (cighths)
mstead of 1n tenths When skies were partly cloudy 1t 15
possible that some observers who had been used to making
observations 1n the decimal system converted decimal
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observations of cloud cover cironeously to the same
number of oktas thereby overestimating the cloud cover

Recently Karl and Steurer (1990) have compared day-
time cloudiness statistics over the USA with data from
automated sunshine recorders They indicate that there was
a much larger mcrease of annual cloud cover during the
19405 than can be accounted for by the small observed
decrecase 1n the percentage of possible sunshine The large
increase of cloudiness may be attributed to the inclusion of
the obscurning ettects of smoke, haze, dust, and fog 1n cloud
cover reports from the 1940s onward (theie being no
change i the recording practice from tenths to oktas in the
USA) The mncrease in cloudiness after 1950 may be real
because an increase 1s consistent with changes in the
temperatute and precipitation 1ecords m the USA,
including the decreased diuinal temperature range scen in
Figure 7 15

Obscived land based changes in cloudiness are difficult
o assess Nonetheless total cloud amount appears to have
increased 1 some continental regions, a possibility
supported by noticeable reductions n the diurnal range of
tempeiature 1n some of these regions Elsewhere the
cloudiness record cannot be interpieted reliably

7.10.2 Cloudiness Over The Oceans

Ocean-based observations of cloud cover since 1930 have
been comptled by Warren ct al (1988) The data are
derived from maritime synoptic weather observations
Then number varies between 100,000 and 2 000,000 each
year 1ncreasing with time and the geographic coverage
also changes The data indicate that an increase 1 marine
cloudiness exceeding one percent in total shy covered on a
global basis took place fiom the 1940s to the 1950s This
mcrease 1s not reflected 1n the proportion of observations
having a clear sky or a complete overcast The largest
INCreases weie in Northern
Hemisphere mid-latitudes and 1 cumulonimbus 1n the
tropics  Since 1930 mean cloudiness has incieased by 3-4
percent of the total arca of sky n the Northern Hemisphere
and by about half of this value n the Southern Hemisphere
Fixed ocean weather ships placed after 1945 1n the North
Atlantic and North Pacitic with well trained observers,
showed no trends 1n cloudiness between the 1940s and
1950s when other ship data from nearby locations showed

in stratocumulus clouds

refatively large increases changes of the same sign as those
1in available land records (Section 7 10 1) It 15 clearly not
possible to be confident that average global cloudiness has
really increased

7.11 Changes of climate Variability and Climatic
Extremes

Aspects of climate variabiity include those associated with
day-to-day changes 1nter-seasonal and intcrannual var-
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iations, and the spatial variability associated with
horizontal gradients. A pervasive problem for assessments
of changes in the temporal variability of climate is the
establishment of a reference level about which to calculate
that variability. For example, the results of an investigation
to determine whether the variability of monthly mean
values was changing could give different results depending
on how the average, or baseline, climate was calculated. If
the climate was changing, calculations of variability would
depend on whether a fixed baseline was used or whether it
was allowed to change smoothly or discontinuously.
Additionally, attempts to identify whether the number of
extremes is decreasing or increasing may be critically
dependent on the definition of the threshold value above
which an extreme s defined. An attempt was made for this
Report to estimate changes in the number of extremes of
monthly average temperature values for a globally
distributed set of about 150 stations, all having at least 60
years of record. The results were found to be very sensitive
to the threshold chosen to define the extreme, and to the
baseline climatology selected, so that no firm deductions
about changes in extremes or variability were possible.

80 . T : : T

60
40
20

Percentage

-
BN
.7

|
x
o O
A

1930 1950 1970

Year

1890 1910 1990

Percentage

—-80

" 1930 1950 1970

Year

1890 1910 " 1990

231

Interest in climatic variability often includes that on
daily time-scales: a common question concerns whether
daily temperatures above or below given threshold values,
for example frosts, are changing in their frequency.
Although considerable local climatic information exists on
daily time-scales in any national meteorological data
cenfre, such information covering the globe as a whole is
not readily available at any one centre. Thus many of the
data needed for a comprehensive assessment of changes in
variability still need to be assembled and a scientifically
sound method of analysis needs to be developed.
Nevertheless a few comments can be made about var-
iability which are discussed below.

7.11.1 Temperature

Several researchers have assessed relationships between
anomalously cold or warm seasons and daily temperature
variability in the USA. Brinkmann (1983) and Agee (1982)
both find reduced day-to-day variability in anomalously
warm winters, though Brinkmann (1983} provides evidence
of enhanced day-to-day variability during anomalously
warm summers. It is likely, however, that these relat-

(b}

Percentage

— 204
._404

— SO_

1930 1950 1970

Year

G T T
1890 1910 1990

Percentage

-80

1890 1930 1950 1970 1990

Year

" 1910

Figure 7.24: Regional drought and moisture index series. Unshaded region indicates excessive moisture. (a) Part of USSR (from
Meshcherskaya and Blazhevich, 1977), (b) India, {¢) USA, (d) China.
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1onships are highly sensitive to the choice of region There
appears to be little relation between interannual variability
and the relative warmth or coldness of decadal averages
Although Diaz and Quayle (1980) found a tendency for
increased vartability 1n the USA during the relatively warm
years of the mud-twentieth century (1921-1955), Karl
(1988) found evidence for sustained episodes (decades) of
very high and low interannual variability with little change
in baseline climate Furthermore, Balling et al (1990)
found no relationship between mean and extreme values of
temperature 1n the desert southwest of the USA

7.11.2 Droughts and Floods

An important question concerns varlations in areas affected
by severely wet (' flood ) or drought conditions However,
drought and moisture indices calculated for Australia (not
shown), parts of the Soviet Union, India, the USA, and
China (Figure 7 24, previous page) do not show systematic
long-term changes Although this does not represent
anything like a global picture, 1t would be difficult to
envisage a worldwide systematic change in vanability
without any of these diverse regions participating It 1s
noteworthy that the extended period of drought in the Sahel
(Figure 7 16) between 1968 and 1987 exhibited a
decreased interannual variability of rainfall compared
with the previous 40 years even though the number of
stations used remained nearly the same

7.11.3 Tropical Cyclones
Tiopical cyclones derive their energy mainly from the
latent heat contamned 1n the water vapour evaporated from
the oceans As a general rule, for tropical cyclones to be
sustained, SSTs must be at or above 26°C to 27°C at the
present time Such values are confined to the tropics, as
well as some subtropical regions in summer and autumn
The high temperatures must extend through a sufficient
depth of ocean that the wind and wave action of the storm
itself does not prematurely dissipate 1ts energy source For
a tropical cyclone to develop, 1ts parent disturbance must
be about 7° of latitude or more from the equator Many
other influences on tropical cyclones exist which are only
partly understood Thus ENSO modulates the frequency of
tropical storms n some rcgions tor example over the
north-west Pacific, mainly south of Japan (L1, 1985,
Yoshino, 1990), East China (Fu and Ye, 1988) and 1n the
central and southwest Pacific (Revell and Gaulter 1986)
The reader 1s referred to Nicholls (1984), Gray (1984),
Emanuel (1987) and Raper (1990) for more detail

Have tropical cyclone frequencies or therr intensities
increased as the globe has warmed over this century?
Current evidence does not support this 1dea perhaps
because the warming 1s not yet large enough to make 1ts
impact felt In the North Indian Ocean the frequency of
tropical storms has noticeably decreased since 1970 (Figure
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Figure 7.25: Estimated number of tropical cyclones 1n
(a) Atlantic, and (b) North Indian Oceans over the last century
Data 1n (b) 1s less reliable before about 1950

7 25) while SSTs have risen here since 1970, probably
more than 1n any other region (Figure 7 13) See also Raper
(1990) There 1s little trend 1n the Atlantic, though
pronounced decadal variability 1s evident over the last
century There have been increases in the recorded
frequency of tropical cyclones 1n the eastern North Pacific,
the southwest Indian Ocean, and the Australian region
since the late 19505 (not shown) However, these increases
are thought to be predominantly artificial and to result from
the introduction of better monitoring procedures
Relatively good records of wind speed available from the
North Atlantic and western Pacific oceans do not suggest
that there has been a change toward more intense storms
either

7.11.4 Temporales of Central America
Temporales are cyclonic tropical weather systems that
affect the Pacific side of Central America and oniginate 1n
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the Pacific Inter-tropical Convergence Zone Very heavy
rainfall totals over several days occur with these systems,
but unhke hurricanes their winds are usually weak Therr
atmospheric structure 15 also quite different {from that of
huiricanes ds they possess a cold mid-tropospheric coie
Temporales typically last several days, are slow moving
and cause damaging floods and landshdes 1n the
mountainous regions of Central America Records ot
temporales are available since the 1950s They were
markedly more frequent in the eatlier than in the later part
of this pertod Thus there was an average of 2 4 temporales
per year 1in 1952 1961 (Hastenrath 1988) only 1959 had
no temporales In 1964-1983 the average reduced to 0 45
temporales per year and 1n 12 of these years there were
none

When the evidence in Section 7 11 15 taken together, we
conclude that there 15 no evidence of an increasing
incidence of extreme events over the last few decades
Indeed some of the evidence points to recent decreases, for
example 1n cyclones over the North Indian Ocean and
temporales over Central America

7.12 Conclusions

The most important tinding 15 a warming of the globe since
the late nineteenth century of 0 45 + 0 15°C, suppoited by a
worldwide recession of mountain glacters A quite similar
warming has occuired over both land and oceans This
conclusion 15 based on an analysis of new evidence since
previous assessments (SCOPE 29 1986) and 1epresents a
small reduction 1n pievious best estimates of global
temperaturc change The most impottant diagnosis that
could not be made concerns temperatuie variations ovet
the Southern Ocean Recent transient model results
(Section 6) indicate that this 1egion may be 1esistant to long
tetm temperature change A data set of blended satellite
and ship SST data 1s now becoming avatlable and may
soon provide an initial estimate of recent Southern Ocean
temperature changes

Precipitation changes have occurred over some large
land regions 1n the past century but the data sets are o poor
that only changes of laige size can be monitored with any
confidence

Some substantial regional atmospheric circulation
vartations have occutred over the last century notably over
the Atlantic and Europe Regronal variations in temperature
trends have also been quite substantial  This indicates that,
in future regronal climatic changes may somctimes be
quite diverse

Natural climate vanations have occurred since the end of
the last glacitation The Little Ice Age 1 particular
mmvolved global climate changes of comparable magnitude
to the warmung of the last century It 15 possible that some
of the warming since the nineteenth century may reflect the
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cessation of Little Ice Age conditions The 1ather rapid
changes 1n global temperature scen around 1920 -1940 arc
very likely to have had a mainly natural origin Thus a
better understanding of past variations 1s essential if we are
to estimate reliably the extent to which the warming over
the last century, and future warming, 15 the result of an
increase of greenhouse gases
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EXECUTIVE SUMMARY

Global-mean temperature has increased by 0 3-0 6°C over the past
100 years The magnitude of this warming 1s broadly consistent
with the theoretical predictions of climate models, but 1t remains
to be established that the observed warming (or part of 1t) can be
attributed to the enhanced greenhouse effect This 1s the detection
1ssue

If the sole cause of the warming were the Man-induced
greenhouse effect, then the implied chimate sensitivity would be
near the lower end of the accepted range of model predictions
Natural variability of the climate system could be as large as the
changes observed to date but there are msufficient data to be able
to estimate 1ts magnitude or 1ts sign It a signiticant fraction of
the observed warming were due to natural variability, then the
imphied chimate sensitivity would be even lower than model
predictions However 1t 15 possible that a larger greenhouse
warming has been oftset paitially by natural variability and other
factors, 1n which case the chimate sensitivity could be at the high
end of model predictions

Global-mean temperature alone 15 an nadequate indicator of
greenhouse-gas-induced climatic change Identifying the causes
of any global-mean temperature change requires examination of
other aspects of the changing climate, particularly 1ts spatial and
temporal characteristics Currently, there 1s only limited
agreement between model predictions and observations Reasons
for this include the fact that climate models are stull in an early
stage of development, our 1nadequate knowledge of natural

variability and other possible anthropogenic effects on climate,
and the scarcity of surtable observational data, particularly long,
rehable time series An equally important problem is that the
appropriate experiments, 1n which a reahistic model of the global
climate system 1s forced with the known past history of
greenhouse gas concentration changes, have not yet been
performed

Improved prospects for detection require a long term
commitment to comprehensively monitoring the global climate
system and potential climate forcing tactors and to reducing
model uncertainties In addition there 15 considerable scope tor
the refinement of the statistical methods used tor detection We
therefore recommend that a compiehensive detection strategy be
tormulated and implemented 1n order to improve the prospects for
detection This could be facilitated by the setting up ot a fully
integrated 1nternationdl climate change detection panel to
coordinate model experiments and data collection cfforts directed
towards the detection problem

Quantitative detection of the enhanced greenhouse effect using
objective means 1s a vital research area, because 1t 1s closely
linked to the reduction of uncertainties in the magnitude of the
effect and will lead to increased confidence in model projections
The fact that we are unable to rehably detect the predicted signals
today does not mean that the greenhouse theory 15 wiong or that

it will not be a serious problem for mankind 1n the decades ahead
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8.1 Introduction
8.1.1 The Issue
This chapter addresses the question Have we detected the
greenhouse effect? , or, stated more correctly, have we
detected changes in climate that can, with high statistical
confidence, be attributed to the enhanced greenhouse effect
associated with increasing trace gas concentrations? It 1s
important to answer this question, because detecting the
enhanced greenhouse effect will provide direct validation
of models of the global climate system Unul we can
identify aspects of greenhouse gas induced changes i the
observed climate record with high confidence, there will
always be doubts about model validity and hence about
even the most general predictions of future climatic
change Even when detection has occurred uncertamnties
regarding the magnttude and spatial details of futuic
changes will still remain

Previous reviews of the greenhouse problem (NR C
1983, MacCracken and Luther, 1985 Bolin ¢t al 1986)
have also addressed the detection 1ssue They have
concluded that the enhanced greenhouse eftect has not yet
been detected unequivocally in the observational record
However, they have also noted that the global mean
temperature change over the past 100 years 15 consistent
with the greenhouse hypothesis, and that there 15 no
convincing observational evidence to suggest that the
model-based range of possible climate sensitivity ! values
1s wrong The purpose of the present review 15 to re
evaluate these conclusions n the light of more recent
evidence

8.1.2 The Meaning Of ""Detection’

The word "detection has been used to iefer to the
identification of a significant change in climate (such as an
upward trend 1n global mean temperature) However
identifying a change i climate 15 not enough for us to
claim that we have detected the cnhanced gicenhouse
effect, even if statistical methods suggest that the change 15
statistically significant (1e extremely unhkely to have
occurred by chance) To claim detection i a useful and
practical way, we must not only wdentify a climatic change,
but we must attribute at least part of such a change to the
enhanced greenhouse effect It 1s n this stricter sense that
the word "detection 1s used here Detection requires that
the observed changes 1n climate are 1n accord with detailed
model predictions of the enhanced greenhouse effect,
demonstrating that we understand the cause or causes of
the changes

U Chimate sensitivity 1s defined heie as the equilibrium
global-mean tempeiature change for a CO2 doubling
(AT2\) ATy, is thought to lie in the range 1 5 C to
4 5°C (see Section 5)

To illustrate this important ditference consider changes
in global-mean temperaturc A number of recent analyses
have claimed to show a statistically significant warmmng
trend over the past 100 years (Hansen ct al 1988 Tsionts
and Elsner, 1989, Wigley and Raper 1990) But 15 this
warming trend due to the enhanced grecnhouse etfect’” We
have strong evidence that changes of similar magnitude and
rate have occurred prior to this century (sce Section 7)
Since these changes were certamly not due (o the enhanced
greenhouse effect, 1t might be argued that the most 1ecent
changes merely represent a natural long-time-scalc
fluctuation

The detection problem can be conveniently described in
terms of the concepts of signal and noise (Madden and
Ramanathan 1980) Here the signal 1s the predicted time
dependent climate response to the enhanced greenhousc
effect The noise 1s any cltmatic variation that 1s not due to
the enhanced greenhouse effect > Detection requires that
the observed signal 15 large relative to the noise In
addition 1n order to be able to attribute the detected signal
to the enhanced greenhouse effect 1t should be one that 11
specific to this particular cause  Global mean warming for
example 15 not a particularly good signal 1n this sense
because there are many possible causes of such warming

8.1.3 Consistency Of The Observed Global-Mean
Warming With The Greenhouse Hypothesis

Global-mean temperature has incieased by around 0 3-
0 6°C over the past 80-100 years (sce Section 7) At the
same time, greenhouse gas concentrations have mciecased
substantially (Section 1) Is the warming consistent with
thesc increases’? To answer this question we must model
the effects of these concentration changes on global-mean
temperature and compate the results with the observations

Because of computing constraints and because of the
relative inflexibility of coupled ocean atmospheie GCMs

we cannot use such models for this purpose Instead we
must usc an upwelling-ditfusion climate model to account
for damping or lag etfect of the oceans (see Section 6)

The response of such a model 1s determined mainly by the
chimate sensitivity (AT2y) the magnitude of ocean mixing
(speciiied by a diffusion coetfficient K) and the ratio of the
temperature change n the regions of sinking water relative
to the global-mean change (m) Uncertamties in these
parameters can be accounted for by using a range of values

2 Noise as used hore mcludes varations that nught be
due to other antlnopogenic effects (sce Section 2) and
natural variabithity - Natwral yariability 1cfers to all
natural cdhimatic yanations that are unr clated 1o Man s
actnvities embracing both the effects of cxecrnal forcing
factors (such as solar activity and volcanic cruptions)
and mtcrnally ¢encrated vaniabihty Uncertammnes m
the obsarvations also constitute a form of noise
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Figure 8.1: Observed global-mean temperature changes (1861 1989) compared with predicted values  The observed changes are as
given 1n Section 7 smoothed to show the decadal and longer time scale trends more cleatly  Predictions are based on observed
concentration changes and concentiation/forcing telationships given in Section 2 and have been calculated using the upwelling
dittusion climate model of Wigley and Raper (1987) To provide a common 1cference level modelled and observed data have been
adjusted to have zero mean over 1861 1900 To illustrate the sensitivity to model parameters model results are shown for ATy =1, 2,

3 4 and 5°C (all panels) and for tour K, m combinations The top lett panel uses the values recommended in Section 6 (K =
0 63cm3sec I, m=1) Since sensitivity to K 1s relatively small and sensitivity to 7 1s small for small AToy, the best fit AT depends

little on the choice of K and &t

The model 1s forced from 1765-1990 using concentration
changes and radiative torcing/concentration relationships
given 1n Section 2

Figure 8 1 compares model predictions for various
model parameter values with the observed warming ovel
1861-1989 The model results are clearly qualitatively

consistent with the observations on the century time-scale
Agreement on long time-scales 1s about all that one might
expect On shorter ime-scales, we know that the (limate
system 1s subject to internal variability and to a variety of
external forcings, which must obscure any response to
greenhouse forcing Although we cannot explain the
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observed shorter time-scale fluctuations n detail, their
magnitude 1s compatible with our understanding of natural
climatic vanability  Essentially, they reflect the noise
against which the greenhouse signal has to be detected
While the decadal time-scale noise 1s clear, there may
also be substantial century time-scale noise  This noise
makes 1t difficult to infer a value of the climate sensitivity
from Figure 8 | Internal variability arising fiom the
modulation of random atmospheric disturbances by the
ocean (Hasselmann, 1976) may produce warming or
cooling trends of up to 0 3°C per century (Wigley and
Raper, 1990, see Figure 8 2), while ocean circulation
changes and the effects of other external forcing factors
such as volcanic eruptions and solar irradiance changes
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Figure 8.2: Simulated natural variability ot global mean
ternperature  The upper panel shows results from the 100 year
control run with the coupled ocean/atmosphere GCM of Stoutter
etal (1989) These data are also shown in Figure 6 2 The lower
two panels are 100 year sections from a [00 000 year simulation
using the upwelling-diffusion model employed 1n Figure 8 1 with
the same climate sensitivity as the Stouffer et al model (ATyx =
4°C) The upwelling ditfusion model 15 forced with random inter
annual radiative changes chosen to match observed nter annual
vartations tn global-mean temperature (Wigley and Raper 1990)
The consequent low frequency vartability arises due to the
modulating effect of oceanic thermal mertia Most 100 year
sections are similar in character to the nuddle panel and are
qualitatively indistinguishable trom the coupled
ocecan/atmospheie GCM results  However a significant fraction
show century time scale trends as large o1 larger than that in the
lower panel  Longer GCM simulations may therefore ieveal
similar century time scale vartabihity
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and/or other anthropogenic tactors (sec Section 2) could
produce trends of similar magnitude On time-scales of
order a decade, some of these (volcanic eruptions sulphatc
aerosol derived cloud albedo changes) clearly have «
negative forcing effect, while others have uncertain sign It
the net century time-scale effect of all these non
greenhouse factors were close to zero, the climatc
sensitivity value implied by Figure 8 | would be in the
range 1°C to 2°C If their combined effect were a warming
then the implied sensitivity would be less than 1°C, while 1
it were a cooling the implied sensitivity could be large:
than 4°C The range ot uncertamnty in the value of the
sensitivity becomes even larger 1f uncertainties 1n the
observed data (Section 7) are accounted for

From this discusston, one may conclude that an
cnhanced greenhouse effect could already be present n the
clhimate record, even though it cannot yet be reliably
detected above the noise of natural climatic variability The
goal of any detection strategy must be to achieve much
more than this It must seek to establish the credibility ol
the models within relatively narrow limits and to reduce
our uncertamnty n the value of the climate sensitivity
parameter In this regard, global-mean temperature alone 1s
an nadequate indicator of greenhouse gas induced chimatic
change Identifying the causes of any global-mean
temperature change requires examination of other aspects
of the changing clhimate, particularly 1ts spatial and
temporal characteristics

8.1.4 Attribution And The Fingerprint Method

Given our rudimentary understanding of the magnitude and
causes of low-frequency natural variability it 15 virtually
imposstble to demonstrate a cause-effect 1elationship with
high confidence from studies of a single variable
(However, 1f the global warming becomes sufficiently
large, we will eventually be able to claim detection simply
because there will be no other possible eaplanation)
Linking cause and effect 1s referred to as attribution
This 1s the key 1ssue 1n detection studies - we must be able
to attribute the observed changes (or part of them) to the
enhanced greenhouse etfect Confidence in the attiibution
1s increased as predictions of changes n various
components of the climate system aie borne out by the
observed data in more and more detaill The method
proposed for this purpose 1s the fingerprint method
namely, identification of an observed multivariate signal *
that has a structure unique to the predicted enhanced
greenhouse effect (Madden and Ramanathan 1980 Baker
and Barnett, 1982, MacCracken and Moses 1982) The

Y A multyariate signal could be changcs i a single
climate element (such as temperatui ¢ ) at many placcs or
levels in the atmosphere or changes ur a numbci of
different elements or changes i diffcrent clements at
different places
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current scientific focus 1n the detection issuc 15 therefore on
multivariate or fingerprint analyses The fingerprint method
15 essentially a form of model vahdation, wheie the
perturbation experiment that 15 being used to test the
models 15 the currently uncontrolled emission of
greenhouse gases into the atmosphere The method 15
discussed further in Section 8 3 First, however, we
consider some of the more general 15sues of a detection
strategy

8.2 Detection Strategies

8.2.1 Choosing Detection Variables
There are many possible climate elements or sets of
clements that we could study to try to detect an enhanced
greenhouse effect In choosing the ones to study, the
following 1ssues must be considered

the strength of the predicted signal and the case with
which 1t may be distinguished from the noise,

uncertainties 1 both the predicted signal and the noise,
and

the availability and quality of suitable observed data

82 11 Signal to notse 1atios
The signal-to-noise ratio provides a convenient criterion for
ranking different possible detection variables The stronger
the predicted signal relative to the noise, the better the
variable will be for detection purposes, all other things
being equal For multivariate signals, those for which the
pattern of natural variability 1s distinctly different from the
pattern of the predicted signal will automatically have a
high signal-to norse ratio

Signal to-noisc ratios have been calculated for a number
of individual chmate elements from the results of 1xCO2
and 2xCO7 equilibrium experiments using atmospheric
GCMs coupled to mixed-layer oceans (Barnett and
Schlesinger 1987, Santer et al, 1990 Schlesinger ct al
1990) The highest values were obtained for free
troposphere temperatures, near-surface temperatures
(including sea-surface temperatures), and lower to middle
tropospheric water vapour content (especially in tropical
regions) Lowest values were found for mean sca level
pressure and precipitation  While these results may be
model dependent, they do provide a useful preliminary
indicator of the relative values ot ditferent elements mn the
detection context

Variables with distinctly diffetent signal and noise
patterns may be difficult to find (Barnett and Schlesinger,
1987) There are reasons to expect parallels between the
signal and the low-frequency noise patterns at least at the
sonal and scasonal levels, simply because such char
acteristics attse through feedback mechanisms that are
common to both greenhouse forcing and natural variability

Detection of the Greenhouse Effect i the Obsenyations 8

8212 Sienal unceitainties
Clearly a vanable tor which the signal 15 highly uncertain
cannot be a good candidate as a detection variable
Predicted signals depend on the models used to produce
them Model-to-model differences (Section 5) point
strongly to laige signal uncertainties Some 1nsights into
these uncertamnties may also be gained from studies of
model results 1n attempting to simulate the present-day
climate (see Section 4) A poor representation of the
present climate would indicate greater uncertainty n the
predicted signal (e g, Mitchell et al, 1987) Such
uncertainties tend to be largest at the regional scale because
the processes that act on these scales dare not accurately
represented or parameterized in the models Even if a
particular model 15 able to simulate the present-day climate
well, 1t will sull be ditticult to estimate how well 1t can
define an enhanced greenhouse signal Nevertheless,
validations of simulations of the present global climate
should form at least one of the bases for the selection of
detection variables

A source of unccrtainty here 1s the difference between
the results of equilibrium and transient experiments (sec
Section 6) Studies using coupled ocean-atmosphere GCMs
and time-varying CO2 forcing have shown reduced
warming 1n the arcas of deep water formation (1 e, the
North Atlantic basin and around Antarctica) compared with
equilibrium results (Bryan et al , 1988, Washington and
Meehl, 1989, Stoulfer et al, 1989) These experiments
suggest that the regional patierns of temperature change
may be more complex than those predicted by equilibrium
simulations  The results of equilibrium experiments must
therefore be considered as only a guide to possible signal
structure

The most reliable signals are likely to be those related to
the largest spatial scales Small-scale details may be
eliminated by spatial averaging, or, more generally by
using filters that pass only the larger scale (low wave
number) components (Notc that some relatively small-
scale features may be appropriate for detection purposes, if
model confidence 15 high ) An additional benefit of spatial
averaging or filtering 1s that 1t results 1n data compression
(1 ¢, reducing the dimensionality of the detection variable),
which facilitates statistical testing Data compression may
also be achieved by using linear combinations of variables
(c g, Bell, 1982, 1986, Kaioly, 1987, 1989)

82 1 3 Noise uncertamties

Since the expected man-made climatic changes occur on
decadal and longer time-scales, 1t 15 largely the low-
frequency characteristics of natural variability that are
important in defining the notse Estimating the magnitude
of low frequency variability presents a major problem
because of the shoitness and incompletencss of most
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instrumental records  This problem applies particularly to
new satellite-based data sets

In the absence of long data series, statistical methods
may be used to estimate the low frequency variability
(Madden and Ramanathan, 1980, Wigley and Jones, 1981),
but these methods depend on assumptions which introduce
their own uncertainties (Thiebaux and Zwiers, 1984) The
difficulty arises because most climatological time-series
show considerable persistence, in that successive yearly
values are not independent, but often significantly
correlated Serially correlated data show enhanced low
frequency vaniability which can be difficult to quantify

As an alternative to statistically-based estimates, model
simulations may be used to estimate the low-frequency
variability, etther tor single variables such as global-mean
temperature (Robock, 1978, Hansen et al , 1988, Wigley
and Raper, 1990) or for the full three-dimensional character
of the climate system (using long simulations with coupled
ocean-atmosphere GCMs such as that of Stouffer et al,
1989) Internally-generated changes 1n global-mean
temperature based on model simulations are shown In
Figure 8 2

82 14 Observed datu avarlability

The final, but certainly not the least important factor in
choosing detection variables 15 data availability This 15 a
severe constraint for at least two reasons, the definition of
an evolving signal and the quantification of the low-
frequency noise Both 1equire adequate spatial coverage
and long record lengths, commodities that are rarely
available Even for surface variables global scale data sets
have only recently become avatlable (see Section 7)
Usetul upper air data extend back only to the 19505 and
extend above 50mb (1 ¢, into the lower stratosphere) only
in recent years Comprehensive three-dimensional coverage
of most variables has become available only recently with
the assimilation of satellite data into model-based analysis
schemes Because such data sets are produced for
meteorological purposcs (e g model mitialisation), not for
climatic purposes such as long-term trend detection, they
contain resitdual mmhomogencitics due to changes 1n
instrumentation and frequent changes i the analysis
schemes In short, we have very few adequately observed
data variables with which to conduct detection studies It 15
important therefore to cnsure that existing data series are
continued and observational programmes are maintained 1n
ways that ensure thc homogeneity of meteorological
records

8.2.2 Umnivariate Detection Methods

A convenient way to classify detection studies carried out
to date 15 1n terms of the number of elements (o1 variables)
considered, 1 e, as univariate or multivariate studies  The
key characteristic ol the tormer 15 that the detection
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variable 15 a single time series Almost all published
univariate studies have used temperatuie averaged over d
large area as the detection parameter A central problem in
such studies 15 defining the noise level 1e, the low
frequency variability (sece 8 2 1 3)

There have been a number of published variations on the
univariate detection theme One such has been 1eferted to
as the norse reduction method In this method the effects of
other external forcing factors such as volcanic activity
and/or solar 1rradiance changes or internal factors such as
ENSO are removed from the record in some deterministic
(1 e, model-bascd) or statistical way (Hansen et al 1981
Gilliland 1982 Vinnikov and Groisman 1982 Gilhland
and Schneider., 1984 Schonwicse 1990) This method 15
fraught with uncertainty because the history of past
forcings 15 not well known  Theie
observations of these forcing factors and they have been
inferred 1n a variety of different ways leading to a number
of different forcing histories (Wigley ct al 1985
Schonwiese, 1990) The noise reduction piinciple
however, 15 important Continued monitoring of any of the

are no dunect

factors that might influence global c¢limate 1n a
deterministic way (solar 1rradiance, stratospheric and
tropospheric aerosol concentrations, etc ) can make 4
significant contribution to facilitating detection 1n the
future

As noted above 1n the case of global-mean temperature
untvariate detection methods sutfer because they consider
change 1n only one aspect of the climate system Change in
a single element could result from a variety of causes
making 1t ditficult to attribute such a change specifically to
the enhanced greenhouse ettect Nevertheless 1t 15 useful
to review recent changes in a number of variables m the

light of current model predictions (see also Wood  1990)

8.2.3 Evaluation Of Recent Clumate Changes

8§ 231 Increase of global mean tempci ati ¢

The primary response of the climate system (o inciedasing
greenhouse gas concentrations 1s expected to be a globadl-
mean warming of the lower layers of the atmosphere In
Section 8 1 3 the observed global mean warming ot 0 3-
0 6°C over the past century or so was compared with model
predictions It was noted that the obseived warming 1
compatible with the enhanced greenhouse hypothests but
that we could not claim to have detected the greenhouse
ettect on this basis alone It was also noted that the diectly
imphied climate sensitivity (1e  the value of ATy} was at
the low end of the expected range, but that the plethora ot
uncertainties surrounding an cmpirical estimation of ATy
precludes us drawing any firm quantitative conclusions
The observed global warming 1s far from being a steady
monotonic upward trend but this does not mean that we
should 1eject the greenhouse hypothesis  Indecd although
our understanding of natural climatic varability s sull
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quite limited, one would certainly expect substantial natural
fluctuations to be superimposed on any greenhouse-related
warming trend

82 32 Enhanced high-latitude warnming particularly in
the winter half-yeai
Most model simulations suggest that the warming north of
50°N 1n the winter half of the year should be enhanced due
to feedback effects associated with sea-1ce and snow cover
(Manabe and Stouffer, 1980, Robock, 1983, Ingram et al ,
1989) In the Southern Hemisphere, results from sim-
ulations with atmospheric GCMs coupled to ocean GCMs
do not show this enhancement (Bryan et al, 1988,
Washington and Meehl, 1989, Stoutter et al, 1989)
Figures 8 3 and 8 4 show observed annual and winter
temperature changes for various latitude bands Over the
past 100 years, high northern latitudes have warmed
shightly more than the global mean, but only in winter and
spring Since the 1920s, however, the annual-mean
temperature for the area north of 50°N shows almost no
trend, except in recent years Summer and autumn
temperatures have actually cooled since the mid to late
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trends more clearly Note the compressed scale 1n the upper
panel

1930s High-latitude Southern Hemisphere data are
mnadequate to make any meanmngful comparisons

The observed northern high-latitude winter enhancement
1s broadly consistent with model predictions However,
some of the latitudinal and seasonal details of observed
temperature changes are contrary to equilibrium model
predictions This result has little bearing on the detection
1ssue for two reasons First, the variability of temperatures
in high latitudes s greater than elsewhere and published
calculations have shown that this 15 not an optimum region
for signal detection based on signal-to-noise ratio
considerations (Wigley and Jones, 1981) Second, there are
st1ill considerable doubts about the regional and seasonal
details of the evolving greenhouse signal Failure to
identify a particular spatial pattern of change could be
because the signal has not yet been correctly specified,
although 1t 15 equally likely to be because the noise still
dominates
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82 3 3 Tiopospheric warning and st atospheric cooling
All equilibrium model simulations show a warming to near
the top of the troposphere (Section 5) Trends necar the
tropopause and for the lower stiatosphere, at least up to
50mb, differ in sign between models Above 50mb, all
models show 4 cooling It has been suggested that this
contrast 1n trends between the troposphere and stratospheie
might provide a useful detection fingerprint (Epstein, 1982,
Parker, 1985, Karoly 1987, 1989), but this 15 not
necessarily the case lor a number of reasons First,
identification of such a signal 15 hampered because
observations above 50mb are of limited duration and
generally of poorer quality than those in the troposphere
Second, there arc reasons to expect natural variability to
show a similar contrast between stratospheric and
tropospheric trends (Liu and Schuurmans 1990)

Stratospheric cooling alone has been suggested as an
important detection variable, but 1ts interpretation 1s
difficult because 1t may be caused by a number of other
tactors, including volcanic eruptions and ozone depletion
Furthermore, the physics of gieenhouse gas induced
stratospheric cooling 1s much simpler than that of
tropospheric warming [t 15 quite possible for models to
behave correctly 1n theu stratospheric stmulations yet be
seriously 1n error in the lower atmospheie Vahdation of
the stratospheric component of a model while of scientific
importance, may be of little relevance to the detection of an
enhanced greenhouse elfect m the tioposphere

Nevertheless, there 1s broad agicement between the
observations and cquilibrium model simulations While the
observations (Angell 1988) show a global-mean cooling
tiend from 1958 between 100hPa and 300hPa (Scction 7,
Figure 7 17), which appears to conflict with model results
this cooling 1s apparent only between 10 and 30°N (where
1t 15 not statistically significant) and south of 60°S (wheie 1t
15 associated with the ozone hole) There are no noticeable
trends 1n other regions Data compiled by Karoly (1987
1989) show a warming trend simce 1964 up to around
200hPa 1n the Southern Hemisphete to 100hPa in the
Northern Hemisphere to 60°N and a more complex (but
largely warming) behaviour north of 60°N Near the
tropopause and m the lower stratosphere temperatures
have cooled since 1964 The mam difterence between
recent observations and model simulations 1s n the level at
which warming reverses to cooling Although the models
show large model-to-model ditterences, this level 15
gencrally lower in the observations  This diticience may
be associated with poor vertical resolution and the
madequate representation of the tropopausc n current
climate models

8 2 34 Global-mean precipitation mci ease
Equilibrium experiments with GCMs suggest an inciease
1n global-mean precipitation as one might expect from the
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assoctated increase in atmosphetic tempetature However
the spatial details of the changes are highly uncertain
(Schlesinger and Mitchell 1987, and Section 5)
Observations from which the long term change n
precipitation can be determined are available only over
land ateds (see Bradley et al , 1987, Dias ct al, 1989, and
Section 7), and there are major data problems 1n terms of
coverage and homogeneity These difficulties, coupled with
the recognized model deficiencies 1n their simulations of
precipitation and the likelihood that the precipitation
signal-to-noise ratio 15 low (see 8 2 1 1), preclude any
meaningful comparison

8235 Sealevel rise

Increasing greenhouse gas concentrations are expected to
cause (and have caused) a nise 1n global-mean sca level
due partly 0 ocedanic thermal expansion and partly 1o
melting of land-based 1ce masses (see Section 9)  Because
of the strong dependence of sea level rise on global mean
temperatute change, this element, like global mean pre-
cipitation, cannot be considered as an independent variable
Observations show that global-mean seca level has risen
over the past 100 years, but the magnitude of the rise 15
uncertain by a factor of at least two (see Section 9) As far
as 1t can be judged, there has been a positive thermal
expansion component of this sea level rise Observational
evidence (e g, Meier, 1984, Wood, 1988) shows that there
has been a general long term retreat of small glacters (but
with marked regional and shorter time-scale variability)
and this process has no doubt contributed to sea level rise
Both thermal expansion and the melting of small glaciers
are consistent with global warming, but nerther provides
any 1ndependent mformation about the cause of the
warming

8236 Tiopospheric water vapouwr inc casc

Model predictions show an mcrease m tropospheric water
vapour content mn association with mercasing atmospheric
temperature  This 1s of considerable importance since 1t 1s
responsible for one of the man fcedback mechanisms that
amplifies the enhanced greenhouse ecffect (Raval and
Ramanathan 1989) Furthermore, a model-based signal to
notse ratio analysis (see Section 8 2 1 1) suggests that this
may be a good detection variable However the brevity of
available 1records and data inhomogeneitics preclude any
conclustve assessment of trends  The available data have
inhomogeneities due to major changes n radiosonde
humidity instrumentation Since the nud 1970s there has
been an apparent upward trend, largest in the tropics (Flohn
and Kapala 1989 Elliott et al  1990)
magnitude of the tropical trend 15 much larger than any
expected greenhouse-telated change, and 1t 15 Iikely that
natural variability 15 dominating the recoid

However the
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8.3 Multivariate or Fingerprint Methods

8.3.1 Conspectus
The fingerprint method, which mvolves the simultaneous
usc ol more than one tume series., 1s the only way that the
attribution problem 1s likely to be solved expeditiously In
1ts most general form one might consider the time
evolution of a set of three-dimensional spatial tields, and
compare model results (1 e, the signal to be detected) with
observations There are, however, many potential diff
iculties both 1n applying the method and 1n interpreting the
results, not the least of which 15 reliably defining the
greenhouse-gas signal and showing a priornt that 1t 1s
unique

In studies that have been performed o date, predicted
changes 1n the three-dimensional structure of a single
variable (mcan values, variances and/or spatial patteins)
have been compared with observed changes The com
parison involves the testing of a null hypothests  namely
that the observed and modelled fields do not differ
Rejection of the null hypothesis can be interpreted 1n
several ways It could mean that the model pattern was not
present 1n the observations (1e 1 simplistic tetms that
there was no enhanced greenhouse effect) or that the signal
was obscured by natural variability or that the piediction
was at {ault 1n some way, due cither to model errors o1
because the chosen prediction was tnappropriate We know
a priort that current models have numerous deficiencies
(sec Scctions 4 and 9), and that cven on a global scale, the
piedicted signal 15 probably obscuied by noise (Section
8 I 3) Furthermore, most studies to date have only used
the results of equilibrium simulations 1ather than the more
appropriate time-dependent results of coupled ocean-
atmosphere GCM experiments * Because of these factors
published wotk 1n this area can only be considered as
explotatory, duected largely towards testing the methods
and investigating potential statistical problems

8.3.2 Comparing Changes In Means And Variances

Means, ime vartances and spatial variances of the ficlds of
observed and predicted changes have been compared tor a
number of vaiiables by Santer et al (1990) Predicted
changes were estimated from the cquthibrium 1xCO2 and
2xCO2 simulations using the Oregon State University
(OSU) atmospheric GCM coupled to a mixed layer ocean
(Schlesinger and Zhao, 1989) In all cases (different
vatiables, different months) the observed and modelled
fields weie found to be significantly ditferent 1e, for these

Y Inthisreeard the correct experiment simulation of
changes to date in response to observed greenhouse gas
forcmes has not vet been performed Because a
realistic model simulation would generate 1ts onn
substannal natw al variabiliey  a number of such
expernments may be requircd i order to ensuie that
reprosentatiy e resules are obtamed
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tests the null hypothesis of no difference was rejected and
the model signal could not be 1dentified 1n the observations
As noted above this 15 not an unexpected result

8.3.3 Pattern Correlation Methods

The basic approach n pattern correlation 1s to compare the
observed and modelled time-averaged patterns of change
(or changing observed and modelled patterns) using a
correlation coelficient or similar statistic The word
“pattern 1s used n a very general sense - 1t may refer to a
two point pattern involving two time series of the same
vatlable or to a many-point pattern involving the full three-
dimensional spatial fields of more than one variable In
some studies time-standardized variables have been used

This has the advantage of giving greater emphasis to those
spatial regions in which the time variance (1 ¢ , the noise) 1s
smallest

Four examples of pattein correlation detection studies
have appeared 1n the hiterature, all involving compaiisons
of observed and modelled temperature changes (Barnett,
1986, Bainett and Schlesiger, 1987, Barnett, 1990, Santer
et al, 1990) Barnett (1986) and Barnett and Schlesinger
(1987) used the covariance between the patterns of
standardized observed and modelled changes as a test
statistic Equilibrium [xCO2 and 2xCO2 results from the
OSU atmospheric GCM coupled to a mixed-layer ocean
were employed to generate the multivariate predicted
signal  This pattein was then correlated with observed
changes 1elative to a reference year on a year-by-year basis
A significant trend 1n the correlation would indicate the
existence of an mcreasing expression of the model signal 1n
the observed data which could be interpreted as detection
of an enhanced gieenhouse signal A marginally significant
trend was appatent, but this was not judged to be a 1obust
result

Santer et al (1990) used the same model data and the
spatial correlation coefficient between the time-averaged
patterns of obscived and predicted change as a detection
parameter The observed changes used were the ditferences
between two decades 1947 56 and 1977-86 Statistically
significant differences between observed and model
patterns of temperature change were found 1n all months
but Febiuary ({or which the amount of common vatiance
was very small, less than 4%)

Barnett (1990) compared observed data with the time-
evolving spatial fields from the GISS transient GCM run
(Hansen et al , 1988) The model run uses realistic time-
dependent forcing beginning 1n the year 1958, and accounts
for the lag effect of oceanic thermal inertia by using a
diffusion parameterization of heat transport below the
mixed layer Comparisons were made using spatial
correlation coctficients between decadal means of the
evolving signal and the cquivalent pattern 1n the
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observations Theie was virtually no similarity between
modelled and observed temperatuic patterns

The largely negative results obtained n these studies can
be nterpreted in a variety of ways as noted 1n Section
8 3 1 Because of this, failure to detect the model signal 1n
the data cannot be taken as evidence that there 1s no
greenhouse-gas signal in the real world Future multivariate
detection studies should employ coupled ocean-atmosphere
GCMs forced with observed greenhouse-gas concentration
changes over more than just the past few decades

8.4 When Will The Greenhouse Eftect be Detected ?

The fact that we have not yet detected the enhanced
greenhouse effect leads to the question when 1s this likely
to occur? As noted earlier, detection 15 not a simple yes/no
1ssue  Rather 1t involves the gradual accumulation of
evidence 1n support of model predictions, which tn parallel
with improvements in the models themselves, will increase
our confidence in them and progressively narrow the
uncertainties regarding such key parameters as the climate
senstivity  Uncertainties will always remain Predicting
when a certain confidence level might be redached 15 as
difficult as predicting future climate change - mote so,
fact, since 1t requires at least estimates of both the future
signal and the {utute noise level

Nevertheless, we can provide some mformation on the
time-scale for detection by usmg the unprecedented
change concept mentioned briefly in Section 8 14 This
should provide an upper bound to the time for detection
simnce more sophisticated methods should produce earlier
results  We take a conservative view as 4 starting point
namely that the magmitude of natural variability 1s such that
all of the warming of the past century could be attnibuted to
(Note that this 1s not the same as denying the
With such a

this cause
existence of an enhanced greenhouse clfect
noise level the past warming could be explained as a 1°C
greenhouse effect offset by 0 5°C natural variability ) We
then assume, again somewhat arbitranily that a further
05°C warming (1¢ a total warming of [°C since the late
nincteenth century) 15 1equued betore we could say with
high confidence, that the only possible explanation would
be that the enhanced gieenhouse effect was as strong as
predicted by climate models Given the 1ange of
uncertainty in futurc forcing predictions and future model-
predicted warming when would this clevated temperature
level be reached?

The answer 15 given in Figute 8 5 The upper curve
shows the global mecan warming for the Business-as Usual
Scendario (see Appendix 1) assuming a sct of upwelling
ditfuston climate model parameters that maximmuzes the
warnung 1ate (viz , ATox = 45 C K=063cm2sec I and

detection  (as defined
The lower curve shows

7 = () Under these cincumstances
above) would occur 1n 12 years
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Figure 8.5: Observed global-mean temperature changes (as in
Figure 8 1) and extreme predictions of future change If a turther
(0 5°C warming were chosen as the threshold for detection of the
enhanced greenhouse etfect then this would be reached sometime
between 2002 and 2047 In practice, detection should be based on
more sophisticated methods which would bring these dates closer
to the present

the global-mecan warming for the lowest foicing Scenarto
( D 1n the Annex) with model parameters chosen to
minimize the warming rate (viz AT2x =15°C K =
127 cm2 sec-! and = 1) Detection does not occur until
2047

On the basis of this simple analysis alone we mught
conclude that detection with high confidence 1s unlikely to
occur before the year 2000 If stimgent contiols arc
introduced to reduce future greenhouse gas emissions and
if the climate sensitivity 1s at the low end of the range ot
model predictions then 1t may be well into the twenty
first century before we can say with high confidence that
we have detected the enhanced greenhouse effect

The time Iimuts inferred from Figure 8 5 ate of course
only a rough guide to the futurc and they ate almost
certainly upper bound values Nevertheless the time frame
tor detection 1s likely to be of order a decade or more In
order to detect the enhanced greenhousce cifect within this
time frame 1t 1s essential to continue the development of
models and to ensure that existing obsciving systems for
both climate variables and potential climate forcing factors
be maintained o1 improved
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8.5 CONCLUSIONS

Because of the strong theoretical basis for enhanced
greenhouse warming, there 15 considerable concern about
the potential climatic effects that may result from
increasing greenhouse-gas concentrations However, be-
cause of the many sigmficant uncertainties and 1nade
quacies 1n the observational climate i1ecord 1n our
knowledge of the causes of natural climatic variability and
in current computer models, scientists working in this field
cannot at this point 1n time make the definitive statement
Yes we have now seen an enhanced greenhouse effect

It 15 accepted that global-mcan temperatutes have
increased over the past 100 years and arec now warmer than
at any time 1n the period of instrumental 1ecord This global
warming 15 consistent with the results of simple model
predictions of greenhouse gas induced climate change
However, a number of other factors could have contributed
to this warming and it 1s impossible 1o prove a cause and
effect relationship Furthermore when other details of the
instrumental climate record are compaied with model
predictions, while there are some arcas of agreement there
are many areas of disagreement

The main reasons tor this are

1)  The inherent variability of the climate system appears
to be suificient to obscuie any enhanced gicenhouse
signal to date Poor quantitative understanding of
low frequency climate vanability (pairticulatly on the
10-100 year time scalc) leaves open the possibility
that the observed warming 1s largely unrelated to the
cnhanced greenhouse efiect

2) The lack of rehability of models at the regional
spatial scale means that the expected signal 15 not yet
well defined This precludes any firm conclusions
being drawn from multivariate detection studies

3)  The 1deal model experiments 1equired to detfine the
signal have not yet been performed What 15 required
are time-dependent simulations using realistic time-
dependent forcing carrted out with tfully coupled
ocean-atmosphere GCMs

4)  Uncertainties 1, and the shortness of available
instrumental data records mecan that the low
frequency characteristics of natural variability are
virtually unknown for many climate elements

Thus 1t 15 not possible at this time to attribute all or
cven a large part of the observed global mean warming to
the enhanced greenhouse cffect on the basis of the
obscrvational data currently available Equally however
we have no observational evidence that contlicts with the
modcl based estimates of climate sensitivity Thus because
ol model and other uncertainties we cannot preclude the
possibility that the enhanced greenhouse ettect has
contributed substantially to past warming not even that the
gicenhouse gas induced warming has been greater than
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that observed, but 1s partly offset by natural variability
and/or other anthropogenic etfects
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EXECUTIVE SUMMARY

This Section addresses three questions

Has global-mean sea level been rising during the last 100
years?

What are the causal factors that could explamn a past rise 1n sea
level?

And what increases 1n sea level can be expected in the future?

Despite numerous problems associated with estimates of
globally coherent, secular changes in sea level based on tide
gauge records, we conclude that it 1s highly likely that sea level
has been rising over the last 100 years There 15 no new evidence
that would alter substantially the conclusions of earlier assess-
ments regarding the rate of change Our judgement 1s that

The average rate of rise over the last 100 yedrs has been 1 0
20mmyr!

There 15 no firm evidence of accelerations in sea level rise
during this century (although there 15 some evidence that
sea level rose faster in this century compared to the

previous two centuries)

As to the possible causes and their specific contributions to
past sea level rise, the uncertainties are very large, particularly tor
Antarctica However 1n general 1t appears that the observed rise
can be explained by thermal expansion of the oceans and by the
increased melting of mountamn glacters and the margin of the
Greenland ice sheet From present data 1t 1s impossible to judge
whether the Antarctic ice sheet as a whole 15 currently out of
balance and 1s contributing, either positively or negatively, to
changes 1n sea level

Future changes in sea level were estimated for each of the
IPCC forcing scenarios (using the same simple box model as 1n
Section 6) For each scenario, three projections - best estimate,
high and low - were made corresponding to the estimated range of

uncertamnty 1n each of the potential contributing factors It 1s
found that

For the IPCC Business-as Usual Scenaiio at year 2030
global-mean sea level 1s 8 29 cm higher than today, with
a best-estimate of 18 cm At the year 2070, the rise 15 21 -
71 cm, with a best-estimate of 44 cm

Most of the contribution 14 estimated to denive trom thermal
expansion of the oceans and the mcreased melung of
mountain glaciers and small 1ce caps

On the decadal time scale, the role of the polar 1ce sheets 18
expected to be minor, but they contribute substantially to
the total uncertainty Antarctica 15 expected to contiibute
negatively to sea level due to increased snow accumulation
assocrated with warming A rapid disintegration of the
West Antarctic Ice Sheet due to global warming 1s unlikely
within the next century

For the lower forcing scenarios (B,C and D) the sets of sea
level rise projections are simular, at least until the mud 21t
century  On average these projections dre approximately
one third lower than those of the Business as Usual

Scendrio

Even with substantial decreases 1n the emissions of the major
greenhouse gases, future mncreases n temperature and con
sequently, sea level are unavoidable - a4 sca level rise
commitment - due to lags in the climate system

This present assessment does not foresee a sea level rise of 21
metre during the next century Nonetheless, the implied rate of
rise for the best-estimate projection corresponding to the IPCC
Business-as-Usual Scenario 1s about 3-6 times {aster than over the

last 100 years







9 Sea Level Rise

9.1 Sea Level Rise: Introduction

This section 1s primarily concerned with decade-to-century
changes n global-mean sea level, particularly as related to
climatic change First, the evidence for sea level rise during
the last 100 years 1s reviewed as a basis for looking for
climate-sea level connections on a decade-to-century
timescale Next, the possible contributing factors - thermal
expansion of the oceans and the melting of land 1ce - to
both past and future sea level change are examined
Finally, the 1ssue of future sea level due to global warming
1s addressed

9.2 Factors Affecting Sea Level

Changes 1n sea level occur for many reasons on different
time and space scales Tide gauges measure sea level
variations 1n relation to a fixed benchmark and thus record
"relative sea level” change due both to vertical land
movements and to real (eustatic) changes 1n the ocean
level Vertical land movements result from various natural
1sostatic movements, sedimentation, tectonic processes and
even anthropogenic activities (e g, groundwater and o1l
extraction) In parts of Scandinavia, for instance, relative
sea level 1s decreasing by as much as Im per century due to
1sostatic "rebound” following the last major glaciation In
attempting to 1dentify a globally-coherent, secular trend n

MSL, the vertical land movements contaminate tide
gauge records and have to be removed

Eustatic sea level 1s also affected by many factors
Ditterences 1n atmospheric pressure, winds, occan curients
and density of seawater all cause spatial and temporal
variations 1n sea level 1n relation to the geoid (the surface
of constant gravitational potential corresponding to the
surface which the ocean would assume 1f ocean
temperature and salinity were everywhere 0°C and 35 o/oo,
respectively, and surface air pressure was everywheie
constant) Changes 1n the geoid 1tself, due to re-distribution
of mass within the Earth, are irrelevant on the decadal-
century timescales under consideration Over these
timescales, the most important climate-related factors are
likely to be thermal expansion of the oceans and melting of

land 1ce (but not floating 1ce shelves or sea ice)

9.3 Has Sea Level Been Rising Over the Last 100
Years?

It 1s highly likely that global-mean sea level (MSL) has
been nising This 1s the general conclusion of no fewer than
13 studies of MSL change over various periods during the
last 100 years (Table 9 1) The estimates range from about
0 Smm/yr to 3 Omm/yr, with most lying in the range 1 0-
2 Omm/yr

Table 9.1: Estimate of Global Sea-Level Change (updated from Bairnett, 1985, Robin, 1986)

Rate (mm/yr) Comments

References

>05 Cryologic estimate

11+08 Many stations, 1807-1939

12-14 Combined methods

11+04 Six stations, 1807 1943

12 Selected stations, 1900 1950

30 Many stations, 1935 1975

12 Many stations -> regions 1880 1980
IS Many stations, 1900 1975
I15+£0157% Selected stations, 1903-1969
14+£0147% Many stations -> regions, 1881-1980
23+ 023+ Many stations -> regions, 1930 1980
12£037% 130 stations, 1880-1982

10017 130 stations >11 regions, 1880-1982
115 155 stations, 1880-1986

24 +09% 40 stations, 1920-1970

17 0138 84 stattons 1900 1980

Thorarinsson (1940) ¥
Gutenburg (1941)

Kuenen (1950)

Lisitzin (1958, in Lisitzin 1974)
Fairbndge & Krebs (1962)
Emery et al (1980)

Gornitz et al (1982)

Klige (1982)

Barnett (1983)

Barnett (1984)

Barnett (1984)

Gornitz & Lebedeff (1987)
Gornitz & Lebedeff (1987)
Barnett (1988)

Peltier & Tushingham (1989, 1990)
Trupin and Wahr (1990)

Value plus 95% contidence nterval
Mean and standard deviation

T:
§ =
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In addition, several assessments of the hikely rate of past
sea level 11se have been made 12+5¢m since 1900 from the
SCOPE 29 assessment (Bolin et al , 1986) 10-25¢m since
1900 from the US DOE assessment (MacCracken and
Luther, 1985), and 10-20cm over last 100 years from the
PRB assessment (Polar Research Board, 1985) These
assessments also include detailed reviews of the literature
(Barnett, 1985, Aubrey, 1985, Robin, 1986) Rather than
repeat these, we shall focus on the most recent studies and
ask whether they provide any new intormation that would
substantially alter previous assessments

9.3.1 Comparison of Recent Estimates
The analyses by Gornitz and Lebedeff (1987, also see
Gornitz, 1990) used tide-gauge data from 130 stations with
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Figure 9.1: Histogram of number of tide-gauge stations vs
sed level trends Triangle indicates mean rate of sea-level rise
Iines indicate +/- sigma (a) All tide gauge stations with 1ecord
length > 20 years raw data (b) Subset of tide gauge stations,
long range trends included (c¢) Same subset of stations as (a),
long range trends subtracted From Gorntiz (1990)
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mimmum 1ecord fength of 20 years to estimate the average
1ate of sea level change over the period 1880-1982 This
analysis ditfered from previous analyses (Gormitz et al,
1982) by mncluding a mote caretul correction for vertical
land movements using extensive data from 14C dated
Holocene sca level indicators (see below) This correction
significantly reduced the spread of the trend estimates from
the individual stations (Figure 9 1)

Using two ditferent averaging techniques to produce
compositc global MSL cuives (averaging individual
stations veisus tegilonal trends), the study obtained
estimates of 12 * 03mm/yr and 10 £ O imm/yr
respectively These results do not differ significantly from
their previous findings

The study by Barnett (1988) 1s an update of previous
work (Barnett, 1983, 1984) in which 155 stations are
analysed over the period 1880-1986 A rate of 1 {5mm/yr
1s obtained, 1n close agreement with the rates noted above
However, from a comparison of the composite global sea
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Figure 9.2: Global mean sea level rise over the last century The
baseline 15 obtained by setting the average for the period 1951
1970 to zero The dashed line represents the annual mean and the
sohd line the 5 year running mean (a) Gornitz and Lebedett
(1987) (b) Barnett (1988)
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Table 9.2 Time-dependency of the Tide Gauge Records (Modified from Peltier & Tushingham 1990)

Window Start End Year No. of LR Est. of SD of LR EOF Est. of SD of

Width (yr) Year Records SL Rise Estimate SL Rise EOF Est.
Available (mm/yr) (mm/yr) (mm/yr) (mm/yr)

Fixed Window Width

51 1890 1940 11 16 15 07 07

51 1900 1950 20 16 09 12 06

51 1910 1960 27 18 08 14 06

51 1920 1970 40 23 08 24 09

51 1930 1980 33 20 11 15 06

Variable Window Width

71 1900 1970 13 19 08 12 05

66 1905 1970 17 19 08 12 05

61 1910 1970 24 19 08 15 06

56 1915 1970 29 21 08 17 07

51 1920 1970 40 23 08 24 09

46 1925 1970 52 22 10 23 11

41 1930 1970 66 19 11 19 11

36 1935 1970 82 16 15 14 10

All tde gauge records have been reduced using the standard model

level curves (Figure 9 2), it 1s apparent that while Gornitz
and Lebedeff's curve appears hinear over the entire time
period, Barnett's curve suggests a steeper rate of rise over
about 1910-1980 - approximately I 7mm/yr This 1s more
nearly 1n line with estimates of Peltier and Tushingham
(1990) for the same time period (see Table 9 2)

Peltier and Tushingham (1989 1990) select a minimum
record length of 51 years correct the data for ongoing
glacial 1sostatic adjustments using a geophysical model
and analyse the corrected data using both linear regression
(LR) techniques and cmpirical orthogonal function (EOF)
analyses From a final total of 40 stations over the time
period 1920-1970, they conclude that the global rate of sca
level rise 1s 24 + 0 9mm/yr This rate is considerably
higher than n.ost other estimates noted in Table 9 1
However, the authors caution that the results are sensitive
to varnations 1n the analysis procedure  As shown in Table
9 2, vanations 1n etther the record length or period of
record have large effects on the estimated rate of rise In
fact, for all combinations other than then pretferred period
1920-1970 (chosen to maximisze the number of stations
with a mmimum 50-year record length) the estimated rates
are lower and 1 a number of cases compare favourably
with those of Gornitz and Lebedett (1987) Barnett (1988)
and Trupin and Wahr (1990)

Why the differences? Possible reasons have to do with
choice of minimum record length, period of record, number
of stations, geographical representation correction pro-
cedures for vertical land movements, and methods of data
aggregation and analysis Unfortunately these factors are
interrelated and not easily 1solated from published studies
Nevertheless, 1t 1s significant that, despite the differences
both the recent and earlier studies all find a positive trend
in global MSL This seems to be a rather robust finding
There 1s however the possibility that all the studies could
be systematically biased

9 3 2 Possible Sources of Error

There are several potential sources of systematic bras
common to all such studies Firstly, they make use of the
same global MSL dataset that of the Permanent Service for
Mean Sea Level (PSMSL) an International Counctl of
Scientific Unions databank located at the Bidston
Observatory UK (Pughetal 1987) The PSMSL collects
data from approximately 1300 stations worldwide
However only 850 of these are suitable for time sciies
work (the PSMSL Revised Local Reterence (RLR)
dataset) and 420 of these are 20 years o1 morc n length
Tide gauge records contain many signals other than a
secular trend These stem primarily from large mterannual
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meteotological and oceanographic forcings on sea level
and, n principle, can be modelled and thereby removed
from the record In practice, the variability 15 such that
accurate trends can be computed only given 15 20 years of
data, which significantly reduces the size of the dataset
available for analysis

Sccondly, there 15 an historical geographical bias 1n the
dataset 1n favour of Northern Europe, North America and
Japan Arcas of Africa, Asia, occan 1slands and polar
regions are sparsely represented The geogiaphical bias
inherent 1n any global dataset will propagate into all
studies This bias can be 1educed (but not eliminated) by
treating regional subsets of the dataset as independent
information, ds has been done in the recent studies
described above

The problem of geographical bias 15 now being
addressed with the establishment of the Global Level of the
Sea Surface (GLOSS) global tide gauge network
cootdinated by the Intergovernmental Oceanographic
Commuission (IOC) (Pugh, 1990) Most 1slands involved
now have tide gauges and most continental GLOSS stations
(other than polar sites) are now operational, but much work
remains to 1mprove standards and the rehiability of
observations

Finally, perhaps the most important source of error stens
from the difficultics involved 1n removing vertical land
movements from the dataset In addition to the effects
noted above, most mid-latitude stations located on
continental margins are especially susceptible to eftects
from sedimentation, groundwater and o1l extraction, and
tectonic 1nfluences and could be undergoing gencral
submergence, which, unless accounted fo1, could introduce
a positive bias into any global MSL sccular trend (Pirazzoli
et al . 1987) In order to 1dentify a globally-coherent trend
that can be linked to changes 1n global climate, such eftects
have to be removed The 1ssue 15 how to do so

In the future, the inherent ambiguity between land and
ocean level changes 1n a tide gauge record will be solved
by the use of advanced geodetic methods, but such data are
not avatlable for present analysis (Carter et al , 1989) In
licu of new geodetic data, one approach adopted by recent
analyses has been to model explicitly the expected
geology-induced MSL changes at each tide gauge site by
the use of ancillary Holocene data (e g , molluscs, corals,
peats Gornitz et al , 1982, Gornitz and Lebedeff, 1987) or
by the use of geodynamic models of the Earth (Peltier and
Tushingham, 1989, 1990) The other approach 1s simply to
assemble a sufficiently broad geographical spread of
records such that (it 1s hoped) the net contribution of land
movements reduces to zero (Barnett 1983 1984 1988)

These differences 1n approach probably account
substantially tor the different results noted in Table 9 |
But 1t cannot be said with confidence that vertical land
movements (or, that 15 the failure to account adequately for
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them), along with reliance on a single dataset and problems
of geographical bias, have not systematically biased all
studies n the same direction

9.3.3 Accelerations in Sea Level Rise
Is there evidence of any "accelerations” (or departures from
long-term linear trends) in the rate of sea level nse? From
examinations of both composite regional and global curves
and individual tide gauge records, there 1s no convincing
cvidence of an acceleration 1n global sea level rise during
the twentieth century For longer periods, however, there 1s
weak cvidence for an acceleration over the last 2-3
centuries

Long-term analyses are hindered by the scarcity of tide-
gauge rccords longer than 100-120 years Data are hmited
to a few stations in Europe and North America
Woodwotth (1990) inspected individual tide gauge records
in Europe and found that although there 15 no general
evidence for an increasing (or decreasing) rate of MSL
change during the past century, a regionally-coherent
acceleration ol the order of 0 4mm/year per century 15
apparent over the last 2-3 centuries This finding 15
supported by Gornitz and Solow (1989) who find weak
cvidence for an increasc 1n the trend around 1895 Simular
conclusions were reached by Ekman (1988) from an
examination of one of the longest tide-gauge records, at
Stockholm Extension ot such findings to the global scale,
however should be carried out with caution

We now turn to the possible contributing factors to see If
we can explain the past 11se

9.4 Possible Contributing Factors To Past and Future
Sea Level Rise
There are four major climate-related factors that could

possibly explain a rise in global MSL on the 100-year time
scale These are

1) thermal expansion of the oceans,

2) glaciers and small ice caps,

3)  the Greenland ice sheet, and

4) the Antarctic 1ce sheet (including the special case of
the West Antarctic ice sheet)

In this section, we examine the sensitivity of each factor
to changes 1n climate (particularly temperature), and
estimate 1ts possible contribution to past sea level change
In the subsequent section, attention 1s then turned to future
sea level change

9.4.1 Thermal Expansion of The Oceans

At constant mass, the volume of the oceans, and thus sca
level, will vary with changes 1n the density of sea-water
Density 15 inversely related to temperature Thus as the
oceans warm, density decreases and the ocedns expand - 4
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steric rise mn sea level Marked regional variations 1n sed
water density and volume can also result from changes n
salinity, but this effect 15 1elatively minor at the global
scale

In order to estimate oceanic expansion (past or future)
changes 1n the interior temperature, salinity and density of
the oceans have to be considered, either empirically or by
models Unfortunately, observational data are scant, both
in time and space (Barnett, 1985) A few recent analysecs
have been carried out on the limited time-series data  For
mstance, Roemmich (1985) examined the 1955 1981
Panuliris sertes of deep hydrographic stations off Bermuda
and Thomson and Tabata (1987) cxamined the Station
PAPA (northeast Pacific Ocean) steric height anomalies for
a stmilar 27-year 1ccord The latter study tound that open
ocean steric heights are increasing linearly at 0 93mm/ycar
However, 1n this and other studies the large nterannual
variability creates too much noise to be confident of the
estimate derived fiom such a short time-series Moreover
the limited geographical coverage makes inference to the
global scale problematic In a few decades current efforts
such as the World Ocean Circulation Experiment (WOCE)
will be begin to f1ll the data gaps and overcome these
problems

An alternative approach could be based on numerical
models of the ocean s circulation (Barnett, 1985) Ideally,
detailed three-dimensional models could describe the
vartous oceanic mixing processes and could simulate heat
transfer and expansion effects throughout the oceans
However, such models are in the early stages of
development and applications to problems of global

Table 9.3 Some physical characteristics of glacier 1ce on Earth
Estimated accuracy 1+ =15%, 1T =30% otheiwise better

(1983), Haeberli et al (1988), Ohmura and Reeh (1990)
than 10%

267

warming and thetmal expansion are few i number A
drawback of this sort of model 15 that the computing time
required precludes numerous runs for sensitivity analyses

Instead for the present assessment a simple upwelling-
diffusion energy-balance climate model 15 used Typically
this type of modecl repicsents the world s land and oceans
by a few boxes and complicated processes of oceanic
mixing are stmplified 1n one or more parameters (fot
review sce Hotfert and Flannery 1985) Such a model was
used to estimate the transtent global warming (see Sections
6 and 8 for other results and Section 8 for the justification
for using this type of model) The inclusion of expansion
coetficients 1n the model (varying with depth and possibly
latitude) allows the sea level changes to be estimated as
well In order to mamntain consistency throughout this
assessment  both past and future (sce below) thermal
expansion effects are also estimated with this modelling
technique bearng in mind that tull understanding of the
dynamic processes and their effects on the depths and
timing of ocean warming will eventually require more
physically realistic models

The model of Wigley and Raper (1989) was torced by
past changes 1n radiative forcing due to 1incredsing
atmospheric concentrations of greenhouse gases (see
Section 2) The mternal model parameters that most atfect
the output are the diffusivity (K), the sinking water to
global mean temperature change ratio (1) and the chimate
sensitivity (AT2y, the global-mean equilibrium temperature
change for a CO2 doubling) (see Scction 6) In order to
estimate past thermal expansion effects, the parameter
values were constrained to maintain consistency with

Sources Flhint (1971), Radok et al (1982) Diewry

Antarctica Greenland Glaciers & small
(grounded ice) ice caps
Area (109 km?2) 1197 168 055
Volume (109 km3 ice) 2933 295 011t
Mean thickness (m) 2,488 1,575 200 1+
Mean elevation (m) 2,000 2,080 -
Equivalent sea level (m) 65 7 035+%
Accumulation (1012 kg/yr) 2200 ++ 5351 -
Ablation (1012 kg/yr) <10+t 280 1 -
Calving (1012 kg/yr) 2200 1 255 -
Mean equilibrium  line altitude (m) 950 + 0-6,300
Mass turnover time (yr) ~15,000 ~5,000 50 - 1,000
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observed global warming over the same time period (i.e ,
0.3 -0.6°C; see Section 7). For_ the period 1880-1985, the
resultant range of sea level rise duc to thermal expansion is
about 2-6cm (also see Wigley and Raper, 1987; 1990).

9.4.2 Land lce

A distinction is made between glaciers and small ice caps,
the Greenland ice sheet and the Antarclic ice sheet, since
different climatic characteristics and different response
times are involved. Table 9.3 lists some of their physical
properties.

A large uncertainly exists regarding the volume of
glaciers and small ice caps. Although the total area is
relatively well-known (Haeberli et al., 1988), the mean
thickness is not. Here a value of 200m is adopted, which
really is a first-order estimate. Forlunately, on small time
scales, (up to several decades), it is the surfacc area that
largely determines the changes in runoff,

Alithough the positive and negative contributions to the
mass budget of the Greenland and Antarclic ice sheets
noted in Table 9.3 sum up to zero, it is actually unknown
how close the ice sheets are to equilibrium (a more detailed
discussion is given below). This introduces the problem of
choosing an initial state for model integrations to estimate
future sea level. In a previous assessment {Ocrlemans,
1989), the year AD 1850 was taken as a slarting point, and
it was suggested to simply add the "unexplained part" of
past sea level rise to the calculated future contributions
from thermal expansion and land ice. The unexplained
trend can also be associated with long-term changes of the
ice sheets, but also fo unknown fectonic effects. We retlurn
to this particular problem laicr.

From Table 9.3 a notable differcnce between the
Greenland and Antarctic ice is evident. On Greenland therc
is significant ablation (melting ard runoff, evaporation); on
Antarctica ablation is a negligible compenent in the total
mass budget. This is also reflected in the altitude of the
equilibriumn line (= zero annual mass gain). It is instructive
to consider this in the light of a generalised mass-balance
curve, where mass gain and loss are plotted as a function of
annual surface air temperature (Figure 9.3). The resulting
mass balance is in metres of water equivalent per year.
Depending on the annual temperature range, ablation
occurs for annual temperatures higher than -15 to -10°C. At
the lower reaches, accumulation increases with temp-
erature, reaches a maximum in the vicinity of the freezing
point and then decreases.

The net specific balance thus shows two ranges with
different behaviour. In range {a) mass balance increases
with temperature, in range (b) it decreases with
temperature. This makes the response of ice masses to
climatic change complicated. Most glaciers and the

Greenland ice sheet are mainly, but not entirely, in region -

(b). The Antarctic ice sheet with its much colder climate is
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Figure 9.3: Dependence of ablation (evaporation and runoff) and
accumulation on annual surface temperature (upper panel). The
dependence of net annual balance (lower panel) on temperaiure
changes sign, which complicates the response of glaciers io
climate change. The picture is schematic and will change from
place to place. In regions with excessive precipitation, the mean
femperature af equilibrium is higher.

situated in region (a). In case of a climatic warming, one
expects an increasing surface mass balance for the
Antarctic ice sheet (contributing to a sea level lowering)
and a decreasing mass balance for the other ice bodies
(contributing to sea level rise).

9.4.3 Glaciers and Small Ice Caps

The majority of valley glaciers has been retreating over
the last hundred years. Although long records of glacier
length are only available for some glaciers in the European-
North Atlantic region (Figure 9.4), geomorphological
investigations have made it clear that the trend of glacier
retreat has generally been world-wide since the Little Ice
Age (Grove, 1988). Wastage was most pronounced in the
middle of the 20th century. Around 1960, many glaciers
siarted to advance, In the 1980s this advance slowed down
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Figure 9.4: Variations of somc selected glaciers as measured by
their length, Data from Bjornsson (1979); Ostrem et al. (1977);
Kasser (1967, 1973); Kasscr and Haeberli (1979); Muller (1977);
Vivian (1975); Haeberli (1985).

or stopped in several glacier basins (e.g., Haeberli et al.,
1989a), but not everywhere. In Scandinavia, for instance,
mass balancc remained positive on the maritime glaciers
and close to zero on the others.

The main published cstimate of the contribution of
retreating glaciers to past sea level rise is that of Meier
(1984). In his analysis, Meier assumed that the magnitude
of the long-term changes, for which data are sparse, are
proportional fo the difference between summer and winter
balance, for which dala are more abundant. This aliowed
extrapolation of measurements on a few glaciers to a
world-wide scale. Meier estimaled that during the period
1900-1961, giacier retreat coniributed 2.8 cm, or 0.46 +
0.26 mm yr!, to global sea level rise. By using data from
three well-documented glaciers in temperate climate
regions, Meier also extrapolated the record to encompass
1885-1974. This gives an average rate of sea level rise
which is somewhat less than (.46 mm yr-!.
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During the period 1900-1961, global mean temperature
rose by approximately 0.35°C (see Section 7). This yields a
sensitivity in terms of sea level rise of 1.3 mm yr-! per
degree (with the ocean area equal to 361 million kmz).

This sensitivity value is broadly supported by mass
balance studies. In the study noted above Meier found a net
glacier mass balance of -0.38 £ 0.2m/yr for 25 well studied
glaciers, converting to a sensitivity of -1 m yr-! per degree
temperature rise. This can be compared to other, more
direct estimates. For example, based on an analysis of 29
years of climatological and mass balance data from the
Hintereisferner (a well-studied glacier in the Austrian
Alps), Greuell (1989) finds a sensitivity of -0.41 m yr-! per
degree warming. Kuhn (1990} suggest a global value of
the order of -0.5 m yr-! per degree. Sensitivity tests with
an energy balance model for a glacier surface, including
albedo feedback, yields values ranging from -0.45 m yr-!
per degree warming for drier climates to -0,7 m yr! per
degree warming for moist climates (Oerlemans, 1990).
Altogether, these studies come up with smaller values than
the -1 m yr’l per degree derived from Meier's estimate of
change in glacier mass balance combined with a figure for
the global temperature change. It is probably the use of this
global temperaiure change from which the discrepancy
arises. It is known that summer temperature is the
important parameter, and it also seems unlikely that the
mean change over the glacierized rcgions can be
represented by the global mean temperature. The global
sensilivity value inferred by these studies is 1.2+ (.6 mm
yr-! per degree warnting.

Tn our judgement glacier shrinkage will continue and
accelerale in a warming climate,

9.4.4 The Greenland Ice Sheet.
Estimates of the mass budget of the Greenland ice shect
have been hampered by a pronounced lack of data.
Accumulation measurements have been done on a few
traverses only (see Radok et al., 1982). Systematic ablation
measurements in the marginal zone have been carried out
in several places, but all located in the southwestern part of
Greenland (Braithwaitc and Oleson, 1989). The only
profile from the icc margins to the region well above
equilibrium line is the EGIG profile (Expedition
Glaciologique Internationale au Groenland, West
Greentand, at about 70°N latitude). Here mass balance and
meteorological measurements have been carricd out in the
summer seasons of 1959 and 1967 (Ambuch, 1963, 1979).
Table 9.4 lists estimates of the total mass budget of the
Greenland ice sheet as compiled by Robin (1986). The
differences appear quite large. The zeros in the column
"balance” should not be interpreled as an indication for a
balanced state - equilibrium has only been assumed. When
going through the original papers it becomes clear that, on
the basis of currently available data, there is considerable
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Table 9.4 Estimates of the mass budget of the Gieenland ice sheet in 1012 kglyi(updated from Robin, 1986)

Source Accumulation Ablation Calving Balance
Bader (1961) +630 -120 to -270 -240 +270 to +120
Benson (1962) +500 272 -215 +13

Bauer (1968) +500 -330 -280 -110
Weidick (1984) +500 295 -205 0

Reeh (1985) +487 -169 -318 0

Ohmura & Reeh (1990) +535

Table 9.5 Estmates of the sensitivity of the Gieenland mass balance to chimatic change T = temperature,
P = preapitation, C = cloudiness Expiressed in 1ate of change of global mean sea level (mmlyr )

Source T (+1°C) P (+5%) C (+5%) Remarks

Ambach & Kuhn (1989) +0 31 013 Analysis of EGIG data
Bindschadler (1985) +0 45 EGIG data/retreating margin
Braithwaite and Olesen (1990)  +0 36 to +0 48 Energy balance calculation
Oerlemans (1990) +0 37 011 -006 Energy balance Model

uncertainty regarding the current state of balance of the ice
sheet An imbalance of up to 30% of the annual mass
turnover cannot be excluded

A few studies have also been undertaken to detect
changes 1n some selected area Along the EGIG hine 1n
central West Greenland, there 1s some indication of slight
thickening n the interior part of the ice sheet A study
along the Orcgon State Umiversity line 1n South
Gieenland suggested a close balance between accumulation
and 1ce discharge, at least 1n the interior part (Kostecka and
Whillans, 1988)

On the basis of satellite altimetry Zwally (1989) found
that the mass balance of the southern part of the 1ce sheet
has been positive 1n the period 1978 1986 He reports that
thickening ot the 1ce sheet occurred 1n both the ablation and
accumulation zone (order of magnitude 02 m/yr)
Although thete are doubts regarding the accuracy of the
results (Douglas et al  1990) this work shows the
cnormous potential of radar altimetry to momtor changes
on the large 1ce sheets

Most outlet glaciers for which observations exist (this 1s
mainly 1n central and southern part of the west coast of
Greenland) have retreated strongly over the last century
(Weidick, 1984) As the retreat occurred in many regions,
on a relatively short ime scale (100 years), and 1n a period
of significant warming 1n Greenland, increased ablation
rates must be responsible for this However, the large
ablation zones of the nland 1ce must have suffered from
this too The implications for past sea level rise will be
discussed shortly

A few estimates have been made of the sensitivity of
Greenland mass balance to climatic change They aie listed
in Table 95 The method of Ambach and Kuhn (1989) 15
based on a new analysis of the EGIG data In therr
approach, the mass and energy budget at the equilibrium
line 15 expanded with a lincar perturbation techmque,
allowing the calculation of the change 1n the equilibrium-
line altitude (dELA) associated with small changes 1n
temperature, precipitation and radiation By extrapolating
dELA to the entire 1ce sheet an estimate can then be made
of the change 1n ablation and accumulation area and by
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assigning mass-balance values of the total ice mass budget
Bindschadler's (1985) calculation 15 based on the same
mass-balance measurements, but a (minor) correction 1s
made for a retreating i1ce margin The value histed as
Oerlemans et al (1990) results from a straightforward
sensitivity test with an energy balance model applied to
four regions of the 1ce sheet Braithwaite and Olesen (1990)
have used an energy balance model to study their ablation
measurements in southwest Greenland, and attempted to
extrapolate the result to the entire ablation zone There 15 a
reasonable agreement between all those studies, but this 1s
partly due to dependence of the input
Above, only temperature has been considered as a
climatic input parameter In fact, changes 1n the seasonal
cycle, in precipitation and cloud patterns have occurred and
will occur 1n the future The potential importance of such
factors can be studied by sensitivity tests, and some results
have been listed 1n Table 9 5 It has been suggested that
even 1n the relatively warm climate of Greenland, snow
accumulation may increase when temperature goes up (e g,
Reeh and Gundestrup 1985) If annual precipitation would
increase uniformly by 5% per degree warming, the
precipitation effect can otfset about 30% of the
temperature effect Setting the annual precipitation prop
ortional to the amount of precipitable water in a saturated
atmospheric column [see Oerlemans and Van der Veen,
1984, p 140] would imply, for mean conditions over the
Greenland 1ce sheet, a 4% ncrease in precipitation for a
1°C warmuing This leads to a best estimate of the
sensttivity of 0 3+ 0 2 mm yr ! per degree C The error bar
15 large because

1) There 15 considerable uncertainty on how
precipitation patterns over Greenland will change 1n a
warmer climate

1) It1s unknown whether 1ceberg calving from the outlet
glaciers will increase due to increased basal water
flow (Bindschadler, 1985) However the 1ce possibly
involved 1n rapid retreat of calving fronts 15 almost
afloat, so the contribution to sea level rise will be
negligible Consequent thinning of grounded ice
further upstream 1s not likely to affect sca level
within the next 100 years

) It 1s unknown how factors like surface albedo and
cloudiness will change

With a record of mean summer temperatuies the
sensitivity can be used to produce an estimate of
Greenland s contribution to past sea level 1ise - As shown
Figure 9 5, the 1866-1980 summer temperatuie departures
(relative to the 20-year average tor the reference period
1866-1885) shows an overall warming ol about ¢4 5°C
However the decadal changes are pronounced with a large
warming of about 2°C occurting up to 1930 35 and a
cooling trend thereafter By summing the product between
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Figure 9.5: Summer (JJA) temperature ("C) as departures from
reference period 1866 1885 averaged over Greenland The
smoothed curve 1s « moving 10 year filter

the sensitivity value and the temperature departure for each
year from 1880-1980, the 100-year contribution to sea level
1s estimated Assuming imitial conditions 1n equilibrium and
a sensitivity of 03 = 02 mm yr ! per degree, the
summation yields 23 + 16 mm (or 023 +0 16 mm yr !) So
the contribution from Greenland to past sea level rise
appears to be somewhat less than that from glaciers and
thermal expansion

9.4.5 The Antarctic Ice Sheet.
The question of balance of the Antarctic ice sheet proves (o
be a very difficult one From a physical point of view
regarding the very long time scale introduced by
geodynamics and thermomechanical coupling m the 1ce
sheet, 1t seems unlikely that the present ice sheet has
adjusted completely to the last glacial-interglacial
transition A detailled modelling study by Huybrechts
(1990), 1n which a glacial cycle of the Antarctic 1ce sheet 1s
simulated on a 40km grnid suggests that the large scale
imbalance will not be more than a few peicent of the
annual mass turnover (corresponding to a rate of sca level
change of less than 0 1 mm yr 1) This does not exclude
the possibility however that chmate fluctuations with a
shorter time scale have pushed the ice sheet out of balance
Also there 15 increasing evidence that marine ice sheets
like the West Antarctic could exhibit pulsating mass
discharge which 15 not chmate related but may have
important consequences for sea level

Budd and Smith (1985) made an assessment of the net
balance by compiling a set of accumulation and 1ce
velocity measurements (Table 9 6) The latter allow to
make a rough estimate of the ice discharge from the main
ice sheet across the grounding hine viz 1879 x 1012 kg/yt
They find a number of about 2088 x 1012 kg/y1 for the
accumulation and estimate the net balance 1o be positive by
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Table 9.6 Antarctic mass balance (1072 keivi), = without Antar ctic Pemnsula Pi oper 1eference for SPRI (Scott Polai

Resear ch Institute) map and data Drewry (1983)

Flux at grounding  Surface balance Net

line (grounded ice)
Budd and Smth (1985) ~1879 2088 Oto+418
Digitization SPRI map Huybrechts 2168
(1990)
Radok et al (1986) 2158

1765 +

Giovinetto and Bentley (1985) 1468 +
Fortuin and Oerlemans (1990) [based 1817

on SPRI data]

209 x 1012 kg/yr This would correspond to a rate of sea
level change of about -0 6 mm yr'! Subsequent estimates
of the total accumulation have produced lower values
Grovinetto and Bentley (1985) state that accumulation over
the grounded part of the 1ce sheet 15 only 1468 x 1012kg/yr
With the mean value for discharge from above, this yields a
net balance of -411 x 1012 kg/yr  Fortuin and Oerlemans
(1990) find on the basis of a data set independently
compiled trom the archives ot the Scott Polar Research
Institute (SPRI) a mass gain at the sutface of 1817 x 1012
kg/yr With the discharge number from Budd and Smith
ths then implies a net balance of 62 x 1012 kg/y1

It must be stressed that the inference of 1ce mass
discharge from a limited number of surface velocity
mcasurcments involves many uncertaimntics The 1atio of
surface velocity to vertical mean velocity 1s such an
uncettain factor More seriously outflow velocities vary
diamatically from point to pomnt so lateral extrapolation
and nterpolation around the coast inttoduces very large
etrors A comprehensive compaiison of carlier estimates of
the surface mass balance was given by Giovinetto and Bull
(1987) Their discussion suggests that the total surface
accumulation over grounded ice 15 not known to an
accuracy better than 10% When considering the net
balance, this figure will be worse

In conclusion, 1t 15 unknown whether the Antarctic ice
sheet 15 currently in balance and whether 1t has been
contributing to sca fevel tise over the last 100 years o1 not
A 209% mmbalance of mass turnover cannot be detected n a
detinite way trom present data

Several methods earst to mvestigate how accumulation
on the Antarctic 1ce sheet may change when temperature

changes Analysis of the gas content 1n the deep Antarctic
1ce cores gives an indication of how accumuliation varied
between glacial and interglacial conditions (Lorus et al ,
1984, Jouzel et al, 1989) In fact, 1t gives support to the
view that accumulation on the interior is roughly
proportional to the saturation mixing ratio of water vapour
in the air above the inversion, as first suggested by Robin
(1977) Another method involves regression analvsis on
measuted temperatures and accumulation rates (Muszynski,
1989, Fortuin and Oetlemans 1990) However 1t 15 not so
clear that a relation between accumulation and temperature
based on spatial vaniation can be applied to climatic
change It 15 also possible to use precipitation rates as
predicted by general circulation models of the atmosphere
Although the quality of these models has increased
gradually, simulation of the chimate of the polar regions
still shows sertous shortcomings (Schilesinger, 1990) and
the 1esults concerning glacier mass balance must be
considered with much caution So far, a systematic
compatison between observed accumulation on the ice
sheets and output from such models has not yet been
published

Table 9 7 lists a number of estimates of the change 1n
Antarctic mass balance for a uniform warming of | degree
C Muszynski s estimate 15 the highest a decrease of 0 38
mm/yr mn sca level The multiple regression analysis
icported 1n Fortuin and Ocrlemans (1990) yields a
substantially lower value In this analysis, which was based
on & much larger newly compiled data set, a distinction was
made between ice shelves escarpment region and intetior
Accumulation 15 strongly related to both temperature and
latitude  parameters which also have a high mutual
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Table 9.7 Estimates of the change tn Antar ctic mass balance for a 1°C warnuing  Aqg 1epresents saturation water \apoui

mung 1atio of an above the invei sion

Source

Change in sea level (mm/yr)

Remarks

Muszynski (1985) -0 38

-0 139 (interior)
-0061 (escarpment)

-0 200 (total)

Fortuin and Oerlemans (1990)

Proportional to water vapour -034

mixing ratto

Regression on 208 data points

Regression on 486 data points (only
grounded 1ce)

20 km gnid over grounded 1ce

correlation Taking this correlation out leads to a
significantly weaker temperature dependence of the
accumulation, but 1t can be argued that this approach 1s
preferable when considering chimate sensitivity The value
listed under "proportional to water vapour mixing ratio”
was calculated by integrating over a 20km gnd covering
the enttre ice sheet with temperatures extrapolated from
the data set used in the multiple regiession mentioned
above The values thus obtained are 1ather close to the one
suggested by Muszynski s work

Support for the 1dea that higher temperatuies will lead to
significantly larger accumulation also comes from obs-
crvations on the Antarctic Peninsula Over the past 30 years
temperature has gone up here by almost 2°C, whercas
accumnulation ncreased by as much as 25% m patallel with
this (Peel and Mulvaney, 1988) Although this cannot be
taken as proof of a causal relattonship 1t 15 1n line with the
sensitivity estimates listed in Table 9 7 which span a factor
of two

In summary, all quoted studics show an inciecase n
accumulation with warming and thus a decrease n sca
level An ablation zone does not cifectively ¢xist n
Antarcticq, and a large warming would be required 1n order
for ablation to influence mass balance

9.4.6 Possible Instability of The West Antarctic Ice Sheet.
Most of the early attention to the 1ssue of sea level 11se and
greenhouse warming was tclated to the stability of the
West Antarctic 1ce sheet Paits of this 1ce sheet are
grounded far below sca level and may be very sensitive to
small changes 1n sca level or melting 1ates at the base ot
adjacent 1ce shelves (e g Mercer 1978 Thomas et dl

1979, Lingle 1985 Van dcr Veen 1986)
chimatic warming such melting 1ates could increase and

In case of a

lead to disappearance of 1ce rises (places where the tloating

ice shelt runs aground) Reduced back stress on the main

ice sheet and larger 1ce velocities may result, with
subsequent thinning of the grounded 1ce and grounding-line
retreat

It 15 hard to make quantitative statements about this
mechanism Several attempts have been made to mode! this
ice sheet shelf system and to study 1ts sensttivity (Thomas
etal, 1979 Lingle, 1985, Van der Veen 1986, 1987 Budd
et al, 1987) Van der Veen (1986), 1n a 1ather extensive
study, concludes that the earlier estimates of the sensitivity
of West Antarctica wetre oo large  Budd et al (1987) also
give an extensive discussion on the response of the West
Antarctic i1ce sheet to a climatic warming Thenr con
stderations are based on a large number of numerical
experiments with tlow band models According to these
experiments very large 1ce-shelf thinning rates (10 to 100
times piesent values) would be 1equued to cause rapid
disintegration of the West Antarctic 1ce sheet For a
probably more rcalistic situation of a 50% mciease n e
shelf thinning 1ate for a one-degiee warming (order of
magnitude) the associated sea level 11se would be about
0 Imm/y1 for the coming decades

Much of the drainage of the West Antarctic 1ce sheet
goes through a number of fast flowing 1cc strecams  the
dynamics of which were not properly included 1 the
In recent years 1t has
(cg

modelling studies mentioned above
become clear from new observational studies (e g

Bentley, 1987 Alley ct al 1987 MacAycal 1989) that
those 1ce streams show much vanability on a century and
may be even decadal time scale  Although much of this
vartability 15 probably not related directly to ¢himate
change 1t demonstrates the potential ot this part ot the 1ce
sheet to react quickly to any change i boundary
conditions A comprehensive model of the e stricams and
then interaction with the main 1ce body does not yet exist
unfortunately  Sull as argued by D R MacAycal (abstract
to the 1989-Amecrican Geophysical Unton meeting on scad
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Table 9.8 Estimated contiibutions to sea-level 11se over the last 100 years (1n cm)

LOW BEST HIGH
ESTIMATE
Thermal expansion 2 4 6
Glaciers/small ice caps 15 4 7
Greenland Ice Sheet 1 25 4
Antarctic Ice Sheet -5 0 5
TOTAL 05 105 22
OBSERVED 10 15 20

level change, unpublished), an extreme limit of the
response of the West Antarctic ice sheet to greenhouse
warming can be esttimated In his view the accelerated
discharge of ice only occurs 1n the regions where sufficient
sub-glacial sediments (the lubricant for the 1ce streams) 1s
present  For a typical greenhouse warming scenario, the
bulk of the increased mass outflow would occur between
100 and 200 years from now, and the actual projected West
Antarctic contribution to sea level rise would be -10 cm
after 100 yrs (increase 1n surface accumulation still
dominating), 440 cm after 200 yrs, and +30 cm after 300
yrs (1ce stream discharge stopped)

In summary, there s no firm evidence to suggest that the
Antarctic 1ce sheet in general or the West Antarctic ice
sheet 1n particular, have contributed either positively or
negatively to past sea level rise On the whole, the
sensitivity of Antarctica to climatic change 1s such that a
future warming should lead to incieased accumulation and
thus a negative contribution to sea level change

9.4.7 Other Possible Contrnibutions
Sea level could also have been atfected by net increases or
decreases in surface and groundwater storage In particular,
groundwater depletion (through pumping) and drainage of
swamps, soils and wetlands would contribute to a MSL
rise On the other hand, increases 1n surface storage
capacity - especlally large dams but also the combined
effects of many small reservoirs and farm ponds - would
detract from sea level

Decreases in groundwater levels are commonly reported
trom all over the world trom many different environments
This suggests that total groundwater storage volumes have

been diminishing, particularly during the last 50 years
Data are meagre, however One rough estimate (Meier,
1983, also see Robin, 1986) is that, globally, net depletion
has amounted to about 2000km3 (equivalent to 0 55cm 1n
sea level) during this century Land drainage, particularly
in Northwest Europe and North America over the last 100
years, has reduced soil and shallow groundwater storage
over wide areas, but the actual amounts of water are
difficult to estimate

Substantial increases 1n surface storage have occurred
since the 1930s Newman and Fairbridge (1986) cstimated
that this has amounted to about 18750km? (-5 2cm 1n sea
level, using 362 x 106km2 for ocean area) over the period
1932-1982 Golubev (1983, Also see Robin, 1986),
however, makes a much lower estimate, 5500km3 (-1 5cm
in sea level)

Overall, the estimates appear too imprecise and the data
insufficient, especially for groundwater changes, to be able
to conclude much about the possible net effects on past sea
level rise

9.4.8 Synthesis

The estimated contributions to past sea level rise can now
be summarised (Table 9 8) Assuming the contribution
from Antarctica has been zero, the combined contributions
from thermal expansion, mountain glaciers and the
Greenland 1ce sheet over the last 100 years total 10 5cm
This 1s within the range of observed sea level rise (10 -
20cm), albeit at the lower end The range of uncertainty 1s
large -0 Scm to 22cm
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Table 9.9 Estimates of future global sea level rise (¢m) (Modified from Raper et al., 1990)

CONTRIBUTING FACTORS TOTAL RISE 2

Thermal Alpine Greenland Antarctica  Best Range f To

Expansion Estimate (Year)
Gornitz (1982) 20 20 (Combined) 40 2050
Revelle (1983) 30 12 13 71b 2080
Hoffman et al. 28to 115 28 to 230 (Combined) 56 to 345 2100
(1983) 26 to 39 2025
PRB (1985) c 10 to 30 10 to 30 -10 to 100 10 to 160 2100
Hoffman et al. 28 t0 83 12 to 37 6to 27 12 to 220 58 to 367 2100
(1986) 10 to 21 2025
Robin (1986)d 300604  20+12d to+10d to-10d go1 25-1651 2080
Thomas (1986) 28 to 83 14 to 35 91045 13 to 80 100 60 to 230 2100
Villach (1987) 30 -2to 51 2025
(Jaeger, 1988) 4
Raper et al. 41018 2t019 1to4 -2t03 218 5t044 8 2030
(1990)
Oerlemans 20 0to 40 2025
(1989)
Van der Veen 8to 16 10to 25 0to 10 Sto0 28 to 66 2085

(1988) h

- from the 1980s

- total includes additional 17cm for trend extrapolation
- not considered

- for global warming of 3.5°C

- extreme ranges, not always directly comparable

- nternally consistent synthesis of components

- for a global warming of 2-4°C

1 - estimated from global sea level and temperature change from 1880-1980 and global warming of 3.51+2.0°C for 1980-2080

9.5 How Might Sea Level Change in the Future?

Various estimates of future sea level rise are noted 1n Table
9.9. Such estimates are very difficult to compare because
different time periods are chosen, and because assumptions
regarding future grecnhousc gas concentrations, changes m
chmate, response times, ctc.. are cither different or not
clearly stated. In general. most of the studies in Table 9.9
foresee a sea level rise of somewheie between 10cm and

30cm over the next four decades. This represents a rate of
rise that 1s significantly faster than that experienced, on
average, over the last 100 years.

Projections for the present assessment are made using
the standard IPCC greenhouse gas forcing scenarios.
These consist of a "Business-as-Usual” scenario, and thice
lower scenarios (B-D) in which greenhouse gas emissions
aic substantially reduced. Three projections arc made for
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cach scenario (12 projections 1n total) reflecting the high,
low and best-estimate assumptions for each of the
contributing factors, as described below

9.5.1 Methods and Assumptions

Estimates of the thermal expansion effects are obtained
using the upwelling-diffusion model of Wigley and Raper
(1987) described 1in 941 and in Section 6 For each
scendrio, the model 1s run using a climate sensitivity
(AT2x) of 1 5°C, 2 5°C and 4 5°C for the low, best-estimate
and high projections, respectively, with the diffusivity set
to 0 63cm2sec-! and 7w set to | (see Section 6 for the
Justification of the choice of diffusivity and 7 values)

Concerning glacters and small 1ce caps, significant
warming may decrease the ice-covered area within a
hundred years Thus, in order to make realistic estimates of
the glacier contribution, the changes n glacier area have to
be taken 1nto account This 15 accomplished using a simple,
global glacier melt model (Raper et al . 1990) The model
contains three parameters that have to be prescribed nitial
ice volume, a global-mean glacier tesponse time and a
representative glacier temperature sensifivity parameter
The parameter values were chosen to match estimated rates
of glacier volume loss over the last 100 years The model
was run from 1861 to 2100 (implying that, at present,
glaciers are in disequilibrium)

With respect to the Greenland and Antarctic ice sheets
(including the West Antarctic 1ce sheet and the Antarctic
Peninsula), the dynamic response can effcctively be
ignored for the time-scales considered here The static
changes 1n the surface mass balance can thus be
represented by the sensitivity values discussed above, that
1S

Ah = 03 + 0 2mm/yr per degree for the Greenland ice

sheet
Ah = -0 3 + 0 3mm/yr per degree for the Antarctic ice

sheet

Table 9.10 Factors contributing to sea level 115e (¢cm), 1985 - 2030

Sea Level Rise 9

Based on the latest results from transient runs of fully-
coupled ocean-atmosphere GCM's (Stoutfer et al , 1989), 1t
was assumed that temperature changes were equivalent to
the global mean, except 1n Greenland where temperature
changes were enhanced by a factorof 1 5

9.5.2 Discussion

The resultant projections of global sca level rise to the year
2100 are shown 1n Figures 9 6 and 9 7 Under the Business-
as-Usual scenario, the best estimate 1s that, for the year
2030, global sea level would be 18cm higher than today
Given the stated range of uncertainty in the contributing
tactors, the rise could be as little as 8cm or as high as
29c¢m By the year 2070, the projected range 1s 21-71cm
with a best-estimate of 44cm, although 1t should be
cautioned that projections this far into the future are fraught
with many uncertainties, many of which are external to
thermal expansion and land 1ce melting

The major contributing factors to the sea level rise are
thermal expansion of the oceans and glaciers and small ice
caps The minor contitbutions to sea level from the
Greenland and Antarctic 1ce sheets dare positive and
negative, respectively (Table 9 10)

Foir scenarios B, C and D (Figure 9 7), the sets of
projections are similar  This 1s because with low forcing
scenarios, the temperature and sea level effects are more
sensitive to AT2x and the history of forcing change up to
1990 than to forcing change post-1990 The best-estimates
for the year 2070 fall i the range 27-33cm, about one-third
less than the Business-as-Usual case

The fact that sea level continues to rise throughout the
21st century - even under scenarios of strict emission
reductions demonstrates the strong effect of past changes in
greenhouse gas concentrations on future climate and sea
level This 1s because of the lag effects introduced by the
thermal 1nertia of the oceans and the continuing response of
land ice to climate changes In effect, this creates a very
substantial sea level rise "commitment” This 1s 1llustrated

"Business-as-Usual” Scenario - Best Estimate for

2030
Thermal Mountain Greenland Antarctica TOTAL
Expansion Glaciers
HIGH 149 103 37 00 289
BEST 101 70 |8 06 183
ESTIMATE
LOW 68 23 05 08 87
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Figure 9.6: Global sea-level nise, 1990-2100, for Policy Scenario Business-as-Usual
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Figure 9.7: Global sea-level rise, 1990-2100, for Policy Scenarios B, C, D

in Figure 9 8 Here, the IPCC "Business-as-Usual”
Scenar1o of greenhouse forcing 1s imposed to the year 2030
with no further changes in forcing thereafter Sea level,
however, continues to rise at almost the same rate for the
remainder of the century

This section has been concerned primanly with global
mean sea level rise It should be borne in mind that sea
level wall not rise uniformly around the woild Fust at any
given coastal location sea level will be influenced by local
and regional land movements In some
circumstances, these are large and will mask climate
rclated changes 1n ocean volume Sccond, dynamic

vertical

processes 1n the ocean and atmospheric circulation will also
cause sea level to change regionally For example, a
sensitivity study with a dynamic ocean model showed
regional differences of up to a factor of two relative to the
global-mean value (Mikolajewicz et al , 1990) Finally,
changes 1n the frequency of extreme sca level events may
be most important 1n their impact on coastal zones, but are
currently difficult to quantify because of the uncertainties
in regronal predictions of climatic change
In general for the coming decades the present best

estimate projection of sea level rise for the Business as-
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Figure 9.8: Commtment to sea level rise in the year 2030 The curve shows the sea level rise due to Business-as-Usual emissions to
2030, with the additional rise that would occur 1n the remainder of the century even 1f climate forcing was stabilised in 2030

Usual case does not represent a major departure from those
found 1n the most recent literature (Table 9 9)

9.6 Summary and Conclusions

This chapter has addressed three questions

Has global-mean sea level been rising over the last 100
years”?

What are the causal factors that could explain a past rise
in sea level? and,

What 1ncreases 1n sea level can be expected in the
future?

The array of data and methodological problems inherent
in estimating the rate of past sea level change 1s large The
selection of data and 1ts manipulation can make a
difference of more than a factor of two in the global trend
estimate  While recent analyses of MSL trends involve
more refined means of data correction and analysis, they
generally support, not alter, the broad conclusions of
previous assessments It 1s our judgement that

Global sea level has been rising

The average rate of rise over the last 100 ycars has been
10-20mm/yr

There 1s no firm evidence of an acceleration in global
MSL rise over this century (although there 15 some
evidence that sea level rose taster in this century
compared to the previous two centuries)

[t appears that the past rise 1n sea level 1s due largely to
thermal expansion of the oceans and increased melting of
glaciers and the margins of the Greenland ice sheet  There
1s no firm basts for supposing that the Antarctic 1ce sheet
has contributed etther positively or negatively to past sea
level change In general, these findings support the
conclusion, based on analyses of tide gauge records that

there has been a globally-coherent, secular rise in sea level,
and that the causes are most likely related to chimatic
change

Futui e changes 1n sea level were estimated for each of
the IPCC forcing scenarios For each scenario, three
projections - best estimate, high and low - were made
corresponding to the estimated range of uncertainty in each
of the potential contributing factors, and 1n the climate
sensitivity and resulting global warming predictions

It 15 found that

For the 'Busincss-as-Usual” Scenario at year 2030,
global-mean sea level 15 8-29cm higher than today,
with a best-estimate of [8cm At the year 2070, the
rise 15 21-71cm, with a best-estimate of 44cm

Most of the contribution 1s estimated to derive from
thermal expansion of the oceans and the increased
melting of mountain glaciers

The Antarctic 1ce sheet contributes negatively to sea
level due to increased accumulation assoctated with
warming Increased outflow of 1ce from the West
Antarctic ice sheet 15 likely to be limited, but the
uncertainty 1s large

The Greenland 1ce sheet contributes positively to sea
level rise, but part ot the enhanced melting and
runoff may be offset by increased snowfall 1n the
higher parts, so the uncertainties are very large

For the lower forcing scenarios (B,C and D), the sea
level rise projections are similar, at least until the
mid-21st century On average these projections are
approximately one-third lower than those of the
"Business-as-Usual” Scenario

Even with substantial decreases in the emissions of the
major greenhousc gases futuic increases n sed level are
unavoldable - a sca level ise commitment' - due to lags
in the climate system
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In general, this review concludes that a rise of more than
1 metre over the next century 15 unlikely Even <o, the rate
of rise implied by the Business-as-Usual best-estimate 15 3-
6 times faster than that experienced over the last 100 years
The prospect of such an increase 1n the rate of sea level rise
should be of major concern to many low-lying coasts
subject to permanent and temporary inundation, salt
intrusion, cliff and beach erosion, and other deleterious
effects
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EXECUTIVE SUMMARY

Ecosystem Metabolism and Climate Change
Photosynthesis, plant and microbial respiration tend to increase
with 1ncreasing temperatures, but at higher temperatures
respiration 1s often the more sensitive process As a consequence,
global warming may result in a period of net release of carbon
from the land to the atmosphere The magnitude of this release 1s
uncertain  Factors that will intluence the amount of carbon
released include local patterns of climate change and the
responses of the biota to simultaneous changes 1n soil moisture
and atmospheric CO7 concentration

Increased soil water availability will tend to stimulate plant
growth 1n dry ecosystems and increase carbon storage in cold and
wet ecosystems like lowland tundra A number of recent
modelling studies have predicted that water stress will be a
primary cause of tree death mn the southern temperate torests of
the Northern Hemisphere as climate changes Forest death and
replacement by grasslands would result 1n a net flux of carbon
from the terrestrial biosphere to the atmosphere

Increased atmospheric CO7 has the potential to inciease plant
growth 1n a variety of ways stimulation of photosynthests
depression of respiration reliet of water and low light stresses
reliet of nutrient stress by several mechanisms (greater nutrient
use efficiency, increased nutrient uptake through root-microbial
assoclations, imcreased symbiotic mtrogen fixation), and delay of
senescence that prolongs the giowing season Some of the
mechanisms that promote 1ncieased growth could be particularly
important 1n arid/semt and and infertile areas However there 15
great uncertainty about whether or not these mechanisms operate
for prolonged periods n natural ecosystems  For example there
are no field data from whole ecosystem studies of torests that
demonstrate a ' CO7 fertilization ettect It elevated CO7 does
stimulate the growth of woody vegetation, this could lead to long

term net carbon storage 1n terrestial ecosystems

Ecosystem Structure and Climate Change
Because species respond ditferently to climatic change, some will
increase 1n abundance while others will decrease Ecosystems will
therefore change in structure Over time some species may be
displaced to higher latitudes or altitudes  Rare species with small
ranges may be prone to local o1 even global extinction

Warming rates are predicted to be 1apid (0 3°C per decade) and
there 15 gieat uncertainty about how species will 1espond to these
rapid changes Ecosystems of large stature such as forests may
not be able to migrate fast cnoughto keep pace with chimate

change In past times, species migrations were largely unaffected
by human land use Barriers to migration now exist (e g , human
settlements, highways, etc ) Therefore, inferences from previous
migrations cannot be applied without caution to the present and
future situations

Human Activities, Ecosystem Changes and the Climate
System
Human activities such as deforestation in the tropics and forest
harvest and regrowth 1n mid latitudes ot the Northern Hemisphere
are influencing the climate system by affecting greenhouse gas
fluxes Deforestation 1n the tropics 1s relecasing 1 6 = 1 Pg C
annually to the atmosphere

The net exchange of carbon between the land and the
atmosphere due to forest harvest and regrowth in the mid latitudes
of the Northern Hemisphere 15 uncertain These regrowing forests
mdy be accumulating 1-2 Pg C annually One analysis suggests
that an cquivalent amount of carbon 15 released back to the
atmosphere thiough the burning and decay of previously
harvested wood

The 15sue of carbon storage n the nud latitudes of the Northein
Hemisphere 1s further complicated by the eutrophication of the
region with nitrogen Nitrogen n agricultural fertihizers and 1n
actd 1ain may be promoting carbon storage at the rate of 05 10
Pg C annually, but there s considerable uncertamty n this

estumate

Reforestation as a Means of Managing Atmospheric CO3

Reducing the atmospheric COj concentration through an
afforestation program would require the planting of a vast arca of
forest Approximately 370 x 106 ha of temperate forest would
have to be planted n order to accumulate 1 Pg C annually [his
assumes a forest with an annual carbon accumulation rate of 27 t
per hectare The carbon accumulation would continue for almost a
century Atter that ime the forest would be mature and would not

sequester more carbon

Methane and Nitrous Oxide Fluxes

Microbial activity 15 the domnant source to the atmosphere of
methane and mitrous oxide Warmet and wetter soil conditions
may lead 1o ncreased fluxes of these gases to the atmosphere
Changes 1n land use and fertilizer and atmospheric mputs of
nitrogen, dlso have the potential to atfect methane and nitrous

oxide fluxes
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Deforestation and Regional Hydrology

The conversion of large areas of tropical forest to grassland will
likely change the hydrological regime of the region. Rainfall will
be reduced and surface water flow will be affected.

Marine Ecosystems

Climate change will probably affect ocean circulation and mixing
patterns. Circulation and mixing control nutrient availability to
the oceans' microscopic plants (phytoplankton) and their access

Effects on Ecosystems 10

to solar radiation required for photosynthesis. Since nutrients are
an important controller of net primary production in marine
environments, production will be changed to the degree that upper
ocean physical processes change in response to climate change.
Different nutrient and mixing regimes are characterized by
different plankton communities, which have wide ranging
efficiencies of processing carbon, with important implications for
long term ocean storage of organic carbon.




10 Effects on Ecosystems

10.0 Introduction

On the basis of current evidence from climate modelling
studies 1t appears that the change n globally averaged
surface temperature due to doubling CO2 probably lies in
the range | 5 to 4 5°C (Section 5) Temperature changes of
this magnitude 1n the Earth s history have been assoctated
with shifts 1n the geographic distribution of terrestrial biota
For example, the boreal forests of Canada extend well
north of the current timber linc during the Medieval Warm
Epoch (800 to 1200 AD) a time when temperatures 1n that
regton were about 1°C warmer than today s At the same
time, farmers 1n Scandinavia grew cercal crops as far north
as 65° latitude (Lamb 1977) Evidence trom the past
suggests that the potential for ecosystem change n a
warmer future 1s large (Warrick et al 1986a)

A shift in the geographic distribution of teriestiial biota
1s a long-term (decades to centuries) responsc to climate
change Responses to a changing climate will also occur at
other time-scales In the short term (minutes to years)
likely ecosystem responses include changes in the 1ates of
processes such as photosynthesis and decomposttion and
changes 1n the nteractions between species such as those
between plants and inscct pests  In the intermediate term
(years to decades), these changes n processes and
interactions will lead to changes in community stiucture
For example, 1n a mixcd forest type m the mid-latitude
region, where both deciduous and coniferous tice species
coexist, a warmer climate could lead to the loss of the
conifers

Some climate-induced changes of ccosystem structuie
and function are expected to feed back to the climate
system For instance, the warming of high latitude wetlands
will almost certainly increase the production of CHg and 1ts
release to the atmosphere and this will accelerate warming

10.1 Focus

In this section we consider two general 1ssues the effects
of global change on ccosystems and the effects of
ecosystem changes on the climate system  We center most
of our discussion on process-level responses of ccosystems
to global change To understand many ecosystcm 1esponses
to chimate change, we consider them 1n the context of other
components of global change such as increases 1n the
atmospheric concentration of CO2 We also consider the
ecological consequences of tropical deforestation and the
eutrophication of Northern Hemisphere arcas with nitrogen
i agriculture fertilizers and in acid precipitation as
examples of ecosystem changes intluencing climate
systems While the primary focus ol this section 1s on
terrestrial ecosystems we end the section with a brief
discussion of climate change and marne ccosystems

10.2 Effects of Increased Atmospheric CO2 and
Climate Change on Terrestrial Ecosystems

Increases in atmospheric CO2, warming and changes n
precipitation patterns all have the potential to affect
terrestrial ecosystems 1n a variety of ways Here we 1teview
some of the major eftects and 1dentify some of the ways
that these three tactors interact to influence ecosystems

10.2.1 Plant and Ecosystem Responses to Elevated CO)

Current chimate models estimate that even 1f man made
emissions of CO2 could be kept at present rates
atmospheric CO2 would ncrease to about 450 ppmv by the
year 2050 and to about 520 ppmv by the ycar 2100
(Section 1) Regardless of how the climate changes over
this period the Earth s biota will be living in a CO2-rich

environment How will plants and ecosystems respond to

clevated CO2?

10211 Planticsponses R

In this part of the report we will refer to two general groups
of plants - C3 plants and C4 plants These plant groups
differ in a number of ways including certain aspects of the
biochemical pathways they use in the photosynthesis
process Most of the Earth s plant biomass (about 95%) 15
accounted for by C3 species, but a number of plants
important to humans, such as maize, ate C4 species

102111 Carbon budget
vartous components of a plants carbon budget including
photosynthesis respuation and biomass accumulation and

Atmospheric CO2 aftects

allocation

Photosynthesis - It has been shown many times that a
doubling of CO2 1n the atmosphere will cause a shoit-term
{minutes to hours) increase in photosynthesis (Kimball
1983 Gaitford 1988) In some plants the increase 1s 1educed
after longer-term (weeks to months) exposure (Tissue and
Occhel 1987 Fetcher et al 1988 Sage et al 1990) This
reduction may occur because other factois such as low
nutrient availability eventually limit CO2 uptake

Respiration - Two types of respiration are recognized m
plants one known as photoresprration 15 intumately
assoctated with photosynthesis and the other  dark
respiration includes all plant respiration except photo-
respiration Photorespiration of C3 plants 15 greatly reduced
at high CO2 The pattern 15 not so clear for dark
respiration The published data on dark respiration rate per
unit of dry weight or leal drea indicate increases in some
cases (Oechel and Stramn 1989) and decreases i others
(Gritord et al 1985)

Biomass accumulation
undcr favorable environmental conditions (e g
temperature plentiful water and nutrients) C3 plants
almost always show increases in biomass accumulation

When grown at high CO2 levels
favorable
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The C4 plants are less responsive to high CO2 levels n
terms of biomass accumulation but nonetheless the
response 1s generally positive  For both C3 and C4 plants
the response 1s very species dependent and closely linked
to environmental conditions (Mooney et al 1990)

Allocation - Increases 1n CO?2 affect how plants allocate
carbon among their various organs Many studies indicate
that with increasing atmospheric CO9, plants allocate
proportionally more carbon below ground than above
ground, causing 4an increase In root to shoot ratios
(Larigauderie et al 1988, Curtis et al 1990) High CO2 can
also ncrease the number of branches, tillers, flowers or
truits that a plant has (e g, Curtis et al 1989)

The ways in which other cnvironmental factors interact
with CO2 to determine carbon allocation in plants 1s
largely unknown This 1s a serious gap 1n our knowledge
and 15 a major stumbling block to the development of
mechanistic, whole-plant models of carbon dynamics

Tissue quality - Plant tissuc quality can change with
exposure to high CO2 Changes n tissue quality include
higher carbohydrate levels (Sionit et al 1981) and, at least
in one instance, higher levels of soluble phenolics and
structural compounds (Melillo 1983) Nutrient concen
trations are also often decreased (Curtis et al 1990, see
102 1 1 3) These changes 1n tissue quality could have far-
reaching consequences for herbivory host-pathogen
relationships, and soil processes such as decomposition and
nutrient cyching Much more work 1s needed 1n this area
before we can make generalizations about the linkages
between elevated CO?7, tissue chemistry and ecosystem
etfects

102112 Interactions between caibon diovude and
temperature Temperaturc and CO7 interact to alfect
photosynthesis and growth Although the reactions are
species specific, the general response for C3 plants 15 that
the optimum temperature 1ncreases for net photosynthesis
Idso and colleagues (1987) have suggested that plant
growth response to elevated CO7 seems to be greater at
higher temperatures [If, however, temperature becomes
extremely high, enzyme degradation will limit both
photosynthesis and growth Likewise, plants growing at
low temperatures are not as responsive to elevated CO» for
phystological reasons that lead to a feedback mhibition of
photosynthesis

102113 Carbon diovidc and emvuonmental stress
Elevated CO2 can influence plant responses to limitations
of water, light and nutrient availability and other
environmental factors (Table 10 1)

Water stress - Water use can be attected by high CO»
Short-term measurements show that incicased CO?7 reduces
water-loss (transpiration) rates per unit leaf area and
increases water use ctficiency (WUE) which s the 1atio of

Effects on Ecosystems 10

Table 10.1 Relamve effects of increased COz on plant
growth and yield a tentatne compilanon’ (from Wariick
etal 1986b)

C3 C4
Under non-stressed conditions ++ Oto+
Under environmental stress:
Water (deficiency)
++ +
Light intensity (low) + +
Temperature (high) ++ Oto+
Temperature (low) + ?
Mineral nutrients Oto+ Oto+
Nitrogen (deficiency) + +
Phosphorous (deficiency) 07 0?
Potassium (deficiency) ? ?
Sodium (excess) ? +

Sign of change relative to control CO2 under
similar environmental constraints

++ strongly positive

+  positive

(0 no effect

’ not known or uncertain

photosynthesis to transpiration (Farquhar and Sharkey
1982) Increased WUE could lead to incrcased biomass
accumulation for plants growing in arid environments

The net effect of high CO? on total water use pet unit
land area under ficld conditions 15 less certain This 1s
because the increases 1n leaf area and 1oot extension
obscrved 1 high-CO7 plants tend to increase total water
use and may counteract the effect of low transpiration per
unit leaf arca  Gifford (1988) has concluded that for both
physiological and meteorological reasons, high CO2
concentration might exert little or no eftect on regional
evapotranspiation, but this 1ssue 15 far from resolved

Low light - Carbon dioxide enrichment can increase
plant growth at low lLight intensity In fact, the relative
cnhancement of giowth at low light can cven be greater
than at high hght (Gifford 1979) For some plants,
however the relative enhancement ot growth by high CO»
appears equal at low and high hght (Siontt et al 1982)

Nutrient stiess  High CO2 can increase plant growth mn
some situations of nutrient-stress A number of C3 plants
giowing under nittogen-deticient conditions exhibited
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mcreased growth when the CO2 concentration was doubled
(Wong 1979, Siontt et al 1981, Goudriaan and de Ruiter
1983) In these instances there wds an increase in the
nitrogen use efficiency (NUE), that 1s, the ratio of carbon
gain to nitrogen used was increased

102114 Phenology and senescence Elevated CO2 has
been shown to mfluence the phenology and senescence of
plants Annual plants may develop more quickly under
elevated CO9, reaching full leaf area, biomass, and flower
and fruit production sooner than plants at ambient CO?
(Paez et al 1984) Early leaf and seed production could
shift the population dynamics and competitive relationships
of plants growing under ficld conditions

There 1s also evidence of delayed senescence of some
species under elevated CO2 (Hardy and Havelka 1975,
Mooney et al 1990) Delayed leaf senescence could extend
the growing season and this could lead to increased
bromass accumulation (Mooney et al 1990) In ecosystems
with cold climates, however, the growing season could also
expose plants to frost damage (Oechel and Strain 1985)

102 12 Commumty and ecosystent 1esponses to elevated
carbon diode

102 12 1 Plant plant interactions We can expect changes
in the interactions of C3 plants with elevated CO2 As we
noted earlier (see 102 1 1 1) the responses of C3 plants to
increased CO7 are species dependent

Some ecosystems such as temperate zone grasslands can
contain a mixture of C3 and C4 plants Elevated CO? could
affect the competition between them Based on what we
know about the biochemistry and physiology ot C3 and Cq
species, we would expect that as the CO2 concentration
increases, the C3 plants should do progressively better than
the C4 plants, unless there 1s water stress A number of
studies have shown just these results For example Bazzaz
and Carlson (1984) studied the competition between C3
and C4 herbaceous plants giown under two moistuic
regimes and three levels of CO2 (300, 600 and 1200 ppm)
The C3 species grew progressively more rapidly (was a
better competitor) than the Cg species as the CO? and
morsture levels increased

102122 Interactions between plants and ammals The
eftfects of increased CO2 on plant-animal interactions have
recerved relatively little attention Some work has been
done on herbivory and the conclusion 1s that herbivory may
be indirectly atfected by high CO7 concentrations  Several
repotts (Overdieck et al 1984 Lincoln et al 1984 1986
Lincoln and Couvet 1989 Fajer et al 1989) have indicated
that rates of heibivory mciease on plant tissues grown at
high CO2 These ncreases m hertbivory appear to be
related to changes n the tissuc quality of plants exposed to
elevated CO2 (see 102 1 1 1) The mcaeased heibivory
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could affect plant growth as well as feed back to
ecosystem-level phenomena like nutrient cycling Inc-
reased herbivory would be cxpected to accelerate nutrient
cycling

Linkages between the effects of elevated CO2 on plant
phenology and herbivory have been suggested (Oechel and
Stram 1985), but to our knowledge no research has been
carried out on this topic One argument 15 that changes n
the timing of herbivore feeding relative to plant phenology
could affect productivity and competitive ability of the
plants concerned

102123 Interaction between plants and miciobes
Elevated atmospheric CO? and climate change will
probably have major effects on microbial symbionts of
plants such as nitrogen-fixing bacteria and mycorrhizal
fungt

Symbiotic nitrogen fixing organisms have laige
requirements for energy provided as plant photosynthate
These organisms are primarily responsible for giving plants
access to the large reservoir of nitrogen in the atmosphere
by converting that gaseous nitrogen into organic nitrogen
For many ecosystems, high rates of productivity are linked
to nitrogen fixation Numerous experiments have shown
that climatic variables and CO2 concentration are
important controllers of the relationship between plants and
symbiotic nitrogen fixers For example, a field experiment
by Hardy and Havelka (1975) showed that over a4 nine-
week period, plants grown with supplemental CO»
exhibited a five-fold increase i nitrogen fixation rate over
untreated controls

Mycorrhizae are symbiotic associattons between the
host-plant root and a mycorrhizal fungus As with
symbiotic nitrogen fixers, the mycorrhizal fung: depend on
plants for a supply of reduced carbon Thus climate and
CO7 changes that affect a plant s ability to fix atmospheric
CO2 have the potential to affect mycorrhizal functioning
Mycorrhizae may affect plant nutrition especially
phosphorus nutrition and plant water relations  Luxmoore
and co-workers (Luxmoore et al 1986, Norby ct al 1986
O Neill et al 1987) have shown that mycorrhizal infection
15 enhanced by elevated CO2 , and the increased infection
resulted 1n increased plant growth on nutrient-poor soils

102124 Decomposition
organisms are responstble for organic matter decay Decay
rate 15 a function of the chemical quality of the organic
matter and environmental factors such as temperature and
moisture (see 102 223) Earlier we noted that plants
grown 1n elevated CO2 have altered tissuc chemistiy such
as higher carbon to nitrogen ratios These changes in tissue
chemistry could slow decomposition and possibly lead to

Free-living o1l micro-

plant nutrient stress
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102125 Whole-ecosvstem exposure to elevated carbon
dioxide  Many of the direct etfects of clevated CO2 on
plant growth have been observed in short term studies 1n
the laboratory Serious questions have been raised about
whether or not these phenomena actually occur 1 the field
and 1if they do, whether they are long-term or only transient
Some answers to these questions may be gained from a
revicw of two recent experiments on ntact ccosystems -
one a tussock tundra ecosystem n Alaska and the other a
mid-latitude salt-marsh ecosystem in Maryland These are
the only whole-ecosystem experiments we know of in
which the entire system has been subjected to doubled CO2
concentrations for more than one growing season Both
experiments have been run for thice years

At the tundra site, CO2 and temperature were controlled
in greenhouses placed over intact field plots (Oechel and
Riechers 1987, Tissue and Oechel 1987) Experimental
treatments included ambient CO» and temperature con
ditions, elevated CO2 (510 and 680 ppmv) and ambient
temperature, and elevated CO2 and temperature (680 ppmv
CO», +4°C temperature above ambient)

At the salt-marsh site CO2 was controlled through the
use of open top chambers set over ntact field plots (Drake
et al 1989) The experimental treatments included ambient
CO7 and temperature, and elevated CO2 (ambient plus 340
ppm) and ambient temperaturc

The tundra ecosystem 1s floristically diverse but 1s
dominated by a sedge, while the marsh system 1s comprised
largely of pure patches of two higher plants, a sedge and a
grass The tundra and salt marsh sedges aie C3 plants and
the salt marsh grass 15 a C4 plant The plant and ecosystem
responses of these two systems (Table 10 2) generally
follow predictions based on the interactions of CO? and the
other environmental factors discussed earlier

Significant ecosystem-level cticcts were noted 1n both
the tundra and the salt marsh For the tundra plots exposed
to elevated CO2, there was a complete homeostatic
adjustment of whole ecosystem carbon flux within three
years, with the result being no change 1n net carbon storage
in CO3-treated plots relative to controls However, the
combination of elevated CO» and temperature rise resulted
N an mcrease 1 net carbon storage that lasted for the three
years of observations (Oechel and Ricchers 1986, 1987)

The CO7 treatment 1n pure stands of the C3 marsh plant
resulted i increased net carbon storage tor the whole
system In the puie stands of C4 giass, net carbon storage
tor the whole system was not increased

Onc of the most important points that can be made about
the comparison of the responses of the two ecosystems to
clevated CO2 15 that the mteractions among temperature,
CO2 and nutrient avatlabtlity aie hey controlling factors
Temperature affects both plant photosynthetic response to
elevated CO2 and nutrient availability through organic
maltter decomposition (see 10222 3) Both temperature
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and nutrient availability cxert control on the growth of
plant organs where fixed carbon can be stored In cold, low
nutrient environments, the growth of storage organs 1s slow
and this can lead to an ‘'end product’ inhibition of
photosynthesis 1l temperature 1s not limiting, but nutrients
are, the mcreased allocation of fixed carbon to roots could
tesult 1in more of the soil volume being "mined” to meet
plant nutrient demand, thereby allowing the plant to utilize
the CO2

Have we correctly interpreted the interactions and do
they operate in other teirestrial ecosystems? We do not
know the answers to thesc questions There have been no
long-term studies of the responses of most of the world's
ecosystems to elevated CO2 or climate change For
example, we currently have no mformation about many of
the responses of forests and other woody ecosystems to
elevated CO2 Some scientists have argued that hmitations
of water, nutrients and hght, will prevent these ecosystems,
espectally unmanaged foresets, from showing significant
responses to elevated levels of atmospheric CO7 (e g,
Kramer, 1981) The responses of torests to increased CO»
are very uncertain A high research priority for the near
future has to be a series of whole ecosystem manipulations,
including forest manipulations, 1n which key controlling
factors such as CO7, temperature, moisture and nutrient
availability are varted

10213 Summary
Increased atmospheric CO7 has the potennal to alter
ecosystem metabolism Net primary production could be
enhanced by increased CO7 1n a variety of ways including
the following stimulation of photosynthesis, depression of
respiration, relief of water and low light stresses, relief of
nutrient stress by several mechanisms (greater nutrient use
efficiency, increased nutrient uptake through root-microbial
associations increased symbiotic nitrogen fixation), and
delay of senescence that prolongs the growing season

Elevated CO2 could also lead to net carbon storage,
especially 1if the growth of woody vegetation 1s stimulated
and there 15 not an equal stimulation of decomposition by
some other factor such as warming At this time we have
no evidence that clevated CO2 has increased net carbon
storage 1n natural ecosystems dominated by woody
vegetation

Increased CO7 could also change species composition
by affecting plant reproductive processes, competition,
plant-animal nteractions, and plant-microbe interactions
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Table 10.2 Effects of doubling CO> on several plant and ecosystem properties and processes. In the arctic all species
are C3. Saltmarsh communities are mono-specific stands of the sedge Scirpus olneyi (C3) and the grass Spartina patens
(C4). The symbols indicate the response to elevated compared to normal ambient CO? as an increase (+), decrease (-),

no change (0), or no data as a blank.

ARCTIC SALTMARSH
G G
[ PLANT EFFECTS
A Carbon exchange
Photosynthesis 0 + 0
Acclimation of photosynthesis + 0 0
Plant respiration 0 - -
Decomposition of dead shoots - -
B  Growth
Shoot expansive growth 0 0 0
Root biomass -/0 + 0
Number of shoots + + 0
Size of shoots 0 0 0
Root/shoot ratio -/0 + 0
C  Tissue Composition
N tissue concentration - - 0
Carbon/nitrogen + + 0
Starch content +
Tissue density/specific wt. + 0 0
Salt content -
D Development/reproduction
Senescence - - 0
Tillering + + 0
Number of flowers - 0 0
Number of seeds/stem 0 0
Sexual/asexual reproduction -
E  Water Use
Transpiration 0 - -
Water use efficiency 0 + +
Leaf tempertaure 0 + +
Leaf water potential + +
I ECOSYSTEM EFFECTS
Evapotranspiration 0 - -
Net carbon storage +/0 + 0
Acclimation of NCE to CO2 + 0 0
Net ecosystem respiration Species - -
composition + + 0
Water use 0 - -
Nitrogen content of canopy - 0 0
Soil enzyme activity +-
Soil solution nitrogen -/0

NCE = Net Carbon Exchange. (Moung et al., 1990)
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10.2.2 Plant and Ecosystem Responses to Changes in
Temperature and Moisture

Temperature and moisture are considered major controllers
of plant and ecosystem processes. They exerl a sirong
influence on birth, growih and death rates of plants. They
also act as primary controllers of the biogeochemistry of
ecosystems. In this section we review some of the aspects
of these controls. '

10221 Plant responses to changes in temperature and
i moisture
10.2.2.1.1 Carbon budget: Temperature and moisture are
important controllers of the carbon budgels of plants.
These environmental factors directly influence basic
processes such as photosynthesis and respiration.
Temperature - Photosynthesis and plant respiration
respond differently to temperature. For example, gross
photosynthesis of many mid-latitude plants ceases at
temperatures just below 0°C (minimum) and well above
40°C {(maximum), with optimum rates in the range of 20-
35°C (Figure 10.1.b). Above 0°C the response of
photosynthesis to temperature is initially rapid, but slows in
the optimum range. In contrast, plant respiration rate tends
to be slow below 20°C, but at higher temperatures it
accelerates rapidly up to the temperature where the rate of
respiration equals the rate of gross photosynthesis, and
there can be no net assimilation of carbon (Figure 10.1.b).
The response of net photosynthesis is broadly similar to
that of overall growth (Figures 10.1.a and 10.1.b). These
differences in the responses of photosynthesis and

Plant growth rate

Tempe rﬁ ture

(b)

Gross photosynthesis

Respiralian

Rate of photosynthesis /respiration

0 10 20 30 40
L.eaf temperaiure

Figure 10.1: Schematic representation of plant responses to
temperature. Panel (a) is the general response of plant growth,
and panel (b) is the general response of photosythesis and
respiration, Typjy = a minimum temperature, Topt = optimum
temperature range, and Ty, = 8 maximum temperature. (From
Fitter and Hay, 1981),
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respiration to temperature increases have been used to
support the argument that global warming may result in a
reduction in net carbon uptake by plants {Woodwell, 1987).

It must be noted that some plants do appear {o have the
ability to adjust to temperature changes. Cases have been
documented where respiratory response o temperature is
adjusied to stay within a limited range of rates in spite of
the prevailing temperature (e.g., McNulty and Cummins,
1987).

Moisture - Water stress can decrease photosynthesis in a
wide range of plants (e.g., Hsaio, 1973). As we discussed
earlier (10.2.1.4), water stress can be alleviated, at least in
the short term, when plants are exposed to increased
atmospheric CO7.

The effects of water stréss on respiration are complex. A
reduction in moisture supply will, in many cascs, reduce
plant growth and so reduce respiration associated with
growth (Hanson and Hitz, 1982). I water stress is severe it
will cause cellular damage and this may lead to increased
rates of protein frnover with an associated increase in
respiration.

10.2.2.1.2 Phenology and senescence: As well as inf-
luencing the rate of plant growth and metabolism,
temperature and moisture can influence the timing of
development and senescence. For example, the annual leaf
canopy development and abscission in autumn-deciduous
trees and shrubs are partially under temperature contrel. In
the drier tropical ecosystems, moisture often functions as
the primary controller of canopy development and leaf
senescence (Long, 1990). Thus, depending on the
ecosysten), either temperature or moisture can function as a
primary determinant of the length of the growing season.

Canopy development in nerthern ecosystems often
depends on winter temperatures. In the well documented
case of the sprucePicea sitchensis (Cannell and Smith,
1986), bud-burst is only triggered after a winter period
providing 140 days with a temperature of less than 5°C,
followed by a spring period of warmer weather. If the
winter temperatures increase, as predicted, so that there is a
period shorter than 140 days when temperatures are less
than 5°C, then bud-burst may be delayed or even fail to
occur. This is the type of climate effect that will result in
the migration of plant species to higher latitudes or higher
elevations (see 10.2.2.3).

Not all species will respond to climate changes by
migrating to higher latitudes or higher elevations. Field
experiments have shown that species are able to evolve
new phenological characteristics in a new climate. This has
been observed to occur within 8 years of transplanting
populations to a new climate (Woodward, 1990). The
rapidity of this response was observed in an herbaceous
perennial, which showed marked temporal changes in seed
germination and dormancy in the new environment, The
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umversality of this response 15 unknown but 1t could prove
to be a powerful agent for disrupting community
synchrony, for initiating structural change and for
enhancing the capacity of species to migrate

10222 Community and ecosystem 1 esponses

102221 Plant community compositton Changes 1n
climate will likely alter differentially the regeneration
success, growth and mortality rates of plants The resulting
changes 1n competitiveness of species or species groups
will affect community composition Where species occur
at their distributional himits, 1n transition zones, small
changes 1n climate are likely to promote disproportionately
large responses 1n the plant specics Changes in community
structure will, therefore be identified sooner 1n transitional
zones between vegetation types than elsewhere

102222 Interactions between plants and animals Of
crucial importance in plant community functioning 1s the
synchronous operation of the life cycles of interacting
plants, animals and soil organisms Complex synchronies
are found mm communities in which the life cycles of plants
and pollinating and seed-dispersing animals must be
closely linked Changes in climate could disrupt these
synchronies

Chimate-related stresses such as drought stress, can
make plants susceptible to msect attack As an cxample,
oak wilt disease 1n the USSR appears to be dependent on
the decreased ability of the trees to resist leaf-eating insects
during drought (Israel et al , 1983)

Warming may expand the overwintering ranges of some
plant pests and this could prove a serious problem for
agroecosystems For example, 1n the United States the
potato leafthopper, a serious pest on soybeans and other
crops, currently overwinters only 1n a narrow band along
the coast of the Gulf of Mexico Warmer winter
temperatures could cdause a doubling or a tripling of 1ts
overwintering range This would increase invasion pop-
ulations and lead to greater msect density and increased
plant damage (Smith and Tirpak, 1989)

102223 Decomposition
controller of the decomposition of both surface litter and
organic matter dispersed through the soil profile The
chemical composition of the decomposing material also
influences decay rate

Surface Iitter - The decomposition of surface htter 15
very clearly related to climatic factors, with rates generally

Clitmate 15 an 1mportant

increasing with increasing temperature and precipitation in
well-drained sites
moisture (waterlogging) can slow decay rates Chmatic
control 15 most often quantified by a 1elationship with
dactual evapotranspiration (AET)

In pootly drained sites, excessive
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It has been known for some time that htters from
different plant species decay at ditferent rates under similar
conditrons (Minderman, 1968) This has been linked to
differences 1n the quality of carbon Litters with high
lignin concentrations will decay more slowly than those
with lower concentrations The ratio of lignin to nitrogen
has proven a good predictor of litter decay rate in temperate
and boreal ecosystems (Melillo et al , 1982)

A number of attempts have been made to integrate the
chimate and chemical quality controls of htter decay These
models generally indicate that when AET 15 low the
decomposition rates do not vary much with lignin
concentrations, but as AET increases resource quality
accounts for more of the variation 1n decomposition 1ates
(Meentemeyer, 1978, 1984, Pastor and Post, 1986)

Soil organic matter - Temperature, moisture and soil
texture are important controllers of soil organic matter
decomposition These factors assume more or less tmp-
ortance depending on the ecosystem In tundra ecosystems
soil respiration can be hmited by an excess of moisture
(waterlogging) as well as by low temperatuics

Soil respiration 1n the well drained forests of the boreal
and temperate zones are most often temperature himited
(Van Cleve and Sprague 1971, Bunnell et al 1977) Soul
respiration n these systems 1s rarely hmited by moisture
deficit (Anderson, 1973 Schlesinger, 1977, Moore 1984)
In very dry sub tropical forests, lack of moisture can Iimit
decay (Carlyle and U Ba, 1988)

Overall, Iitter decomposition and SOM accumulation 1n
climax grasslands follow predictable chimate and soil
texture-rclated patterns (Brady 1974) which are amenable
to the development of simulation models of carbon
dynamics (Hunt, 1977, McGill et al , 1981 Van Veen and
Paul, 1981 Partonect al 1987)
respiration 1s primarily a function of soil moisture (Hunt
1977, Warembourg and Paul 1977 Orchard and Cook
1983) although computer model simulations of the
response of semi-arid soils of North America to warming
suggest that higher soil temperatures will result 1n
increased carbon losses (Schimel private communication)
In mesic grasslands as n forests temperature ts the main
determinant of carbon mineralization rates for the soil
system  Fine textured soils, those rich 1n clays are thought
to render soil organic matter more stable through the
mechanism of physical protectron than are the codrse
textured sandy soils

There 15 concern that global warming will accelerate the
decomposition of surface litter and sotl organic matter
especially at high lautudes of the Northern Hemisphere In
the Arctic tundra, there are about 160 Pg carbon stored in
the sotl (Schlesinger, 1984) Most of
permafrost with only 20-40cm thawing 1n the summer
Even for the thawed matertal the cold and in some cases

In dry grassland sites soil

1t 1s frozen n

wet conditions preclude rapid decomposition But what
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will happen if a CO2 doubling 15 accompanied by a 4 8°C
temperature mncrease?

The experiments of Billings and his colleagues (1982,
1983 1984) suggest that wet sedge tundra will become a
net source of carbon to the atmosphere, at least for a short
time, 1f climate changes such that air temperature 1s
increased and there 1s greater soil drainage Billings argued
that warmer temperatures and a lowered water table would
result in greatly increased rates of soil respiation Using
Billing's data, Lashof (1989) calculated that a 4°C
temperature rise would increase the net annual flux of
carbon from the tundra to the atmosphere by 1 Pg

The consequences of soil warming in northern forests are
clear from an experiment conducted on a boreal ftorest 1n
Alaska Expcrimental heating of the surtace soil, to 9°C
above ambient temperature for three summers was carried
out 1n black spruce forest (Van Cleve et al  1983) For the
entire period there was a 20% reduction 1n the amount of
organic carbon i the surface soil of the heated site as
compared to no reduction 1n an adjacent control site The
increased decay of the soi1l organic matter 1esulted 1n an
increase 1n nutrients available to plants  As a result of the
motc favourable temperature and nutrient regimes, foliage
showed increased photosynthetic rates and significantly
higher concentrations of nitrogen, phosphorus and other
nutrients important to plant growth

102224 Models of ecosystem response to clhimate
change A tamily of population based forest growth
models (¢ g, JABOWA, FORET LINKAGES) has been
used to consider the effects of climate change on forest
composition, carbon storage capacity and geographic
distiibution For example Pastor and Post (1988) ran a
population-based forest growth model (LINKAGES) for
severdl sites mcluding a spruce-northern hardwood site 1n
northcastern Minnesota  Forest growth was simulated on
two sotl types found in this region one with low water-
holding capacity and the other with high water-holding
capacity  The simulations were initiated from bare plots
with the seeds of trees commonly found n the atea For
200 years the sites were allowed to follow the forest
dynamics appropriate to the curtent chimate The chimate
conditions were then changed linearly to reach a 2xCO»p
climate over the next 100 years and then remained constant
the final 200 years of the simulation

On the so1l with high water-holding capacity the spruce-
northern hardwood forest was replaced by a more
ptoductive northern hardwood foiest (Figure 10 2) The
aboveground carbon mass in the mature post-climate-
change forest was about 50¢ greater than 1 the pie
climate-change ftorest The northern hardwood forest was
mote productive for two 1casons Fust i the model
notthern hardwoods have a fastar growth rate and can
attain a gieater bromass than the spruce Second  the

Effects on Ecosystems 10

CLAYS
500
I (a) OTHER
(BASSWOOD)
w400 |-
z OTHER BIRCH
(=]
@__ 300 |- PNE
2
Ss T
=
200 +
w
w -
3 MAPLE
2 100¢r
ASPEN SPRUCE
0 1 1 1
1750 1950 20507
|
PRESENT CLIMATE WARMING ‘ GREENHOUSE CLIMATE?
SANDS
500
© 400
<t
= -
=
© __300 -
2
% E F PINE
= BIACH
£ 7200 -
o
Ly -
>
o
B 100 |- MAPLE 0AK
- ASPEN SPRUCE
0 PE— 1 1
1750 1950 20507

PRESENT CLIMATE WARMING ‘ GREENHOUSE CLIMATE?
i

Figure 10.2: Predictions of biomass and species composition of
Minnesota forests under climatic conditions predicted with CO,

doubling The predictions are based on a forest growth model
(LINKAGES) Climate inputs were the same for the two runs
but panel (a) shows simulated torest growth on a soil with high
water holding capacity, and panel (b) shows simulated forest
growth on a soi1l with low water holding capacity (After Pastor
and Post 1988)

warmer climate, as well as the relatively easy-to-
decompose hitter of the hardwoods, increases nitiogen
avatlabihity and this enhancement amphifies the effect of
warming on productivity

On the so1l with the low water-holding capacity, the
spruce-northern hardwood forest was replaced by a stunted
pinc-oak forest of much lower carbon storage capacity At
maturity, the oak-pine forest contained only 25% of carbon
contained 1n the original spruce-northern hardwood forest

In this example, temperature, plant-so1l water relations,
and nittogen cycling all interacted to affect ecosystem
structure and function Changes 1n climate resulted n
changes m torest composition and depending on soil water
relations cither an mncrease o1 a decicase n ceosystem
catbon storage capacity
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Solomon (1986) uscd another population-based forest
growth model (FORENA) for 21 locations 1n eastern Notth
America with 72 species of trees avatlable as seeds at all
times Initial so1l conditions were the same at all sites The
simulations were all initiated from a bare plot and were
allowed to follow the forest dynamics appropriate to the
modern climate with undisturbed conditions for 400 years
Atter year 400 the chimatic conditions were changed
lIinearly to reach the 2xCOj climate 1n year 500 (see
Solomon, 1986 for details)

At the end of 400 years the forests on the 21 sttes had
reached structural maturity and most contained the
appropriate species mixes as judged by comparing them 1o
what actually grows at the sites The major effects of the
changes in climate that resulted from a doubling of
atmospheric CO2 were as follows

A slower growth of most deciduous tree species
throughout much of their geographical range,

A dieback of the dommant trees, particularly 1n the
transition between boreal/dectduous forests,

A reduction of carbon storage in the vegetaton in the
southern two-thirds of the region and 4 gam 1n the
tar north,

An nvasion of the southern boreal forest by temperate
deciduous trees that was delayed by the presence of
the boreal species

A shift in the general pattern of forest vegetation similar
to the pattern obtained from the Holdiidge map

experiments (see 10223 1)

The overall reduction 1n carbon stocks 1n the vegetation
of forests of the eastern North America was cstimated to be
10% (Figure 10 3) It the results arc gencralized to all
temperate forests the annual flux from these systems to the
atmosphere would be between 0 | and 0 2 Pg C (Lashotf
1989)

Solomon (1986) discussed the possible effects of several
impoitant ecological processes that were not included in
the model For example 1nsects and other pathogens as
well as air pollutants could enhance the mottahty
stmulated by the models Also plant mugration (and
assoclated lag effects) could have a negative influence on
forest productivity

These torest growth models are usetul tools tor making
prelimmnary evaluations of forest ccosystem responses to
chmate change They do have a number of limitations and
these have been 1eviewed recently (Smith and Tirpak,
1989) For cxample major uncertainties exist regarding the
kinds and rates of response of idividual tree species to
changes 1n the environment ncluding the CO2 increases
Etforts ate currently undcr way to impiove the physio
logical and so1l process components of these models

Climate change may lead to an mcrease in the frequency
of extreme weather events such as tiopical stoims Drier
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Figure 10.3: Carbon storage dynamics (in megagrams per
hectare) stmulated at 21 sites in eastern North America Map
shows ditferences above contemporary chimate and 2xCO»

chimate  Only carbon 1n above ground biomass 15 represented
(Fiom Solomon [986)

conditions 1n some regions may lead to increased fire
frequency Large disturbances such as seveic storms and
large fires can destroy vegetation, increasc susceptibility of
sites to eroston change nutrient cycling rates and
dramatically alter animal habitat The ctfects of these large-
scale disturbances are currently not consideied by these
forest growth models
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10223 Large scale migration of biota

One of the major consequences of climate change could be
the migration of biota across the landscape The migrations
could have many effects including the relcase of large
amounts of carbon to the atmosphere from dying and
decaying forests The releases could be large enough to
further increase warming (Woodwell, 1987, Lashot, 1989)

Both modelling studies and palacoccological studies have
been used to examine the relationships between climate
change and forest migration

102231 Simulation of g¢lobal scalc response using
vegetatton-climate 1elationships A very general approach
to examining the possible responses of the worlds
ecosystem types to climate change 15 to use hypothetical
relationships between climate and vegetation derived 1n
present-day conditions, and to apply these to scenarios of
changed climate Emanuel et al (1985a.b) employed a
lifezone classification of Holdridge (1947, 1964) This
system hypothesizes zonation of vegetation across
gradients of average total annual precipitation, the ratio of
potential evapotranspiration to precipitation and mean
annual bilotemperature (average annual temperature
computed by setting all values below 0°C to zero) Using
the Holdridge system, Emanuel and his co-workers
(1985a,b) predicted a large shrinkage of the boreal forest
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(by 37%) and tundra (by 32%) and expansion of grassland
lifezones under warmer climates due to a CO72 doubling
Because the temperature changes in the climate-change
scenar1o used by Emanuel and his colleagues were smali
toward the equator, there were smaller changes 1n the
tropical life zones  In this modelling exercise, precipitation
was maintained at current levels for all areas

There are several uncertainties attached to this type of
assessment (Emanuel et al , 1985a), notably the selection of
climate scenarios and low tesolution of the data grid (0 5° x
0 5°) In addition, the response of ecosystems to factors
such as CO7 and the rate of climate change 1s not
considered

102232 The TPCC
projections of climate change indicate a rapid rise in global
temperature with an increase of about 0 3°C per decade
over the next century (Section 5) Rapid increase 1n
temperature may create problems for large stature

Palaeo ecological evidence

ecosystems such as forests

The significance of projected rates of temperature
change becomes clear when the consequent geographic
shifts in 1sotherms are considered For example, in mid-
continental North America, each degree (°C) change in
temperature corresponds to a distance of 100-125 km If
similar temperature-distance relationships are assumed 1n

Figure 10.4: Present and future range of eastern hemlock (Tsuga c anadensis) under two climate scenarios predicted by (a) Hansen et
al 1983 and (b) Manabe and Wetherald, 1987 Light diagonal shading 1s the present range, and dark diagonal shading the potential
range with CO; doubling Cross hatched area ot overlap 1s where the trees are likely to be found 100 years from now (Davis, 1988)
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the future, a 3°C risc 1n temperature would lead to a 300 to
375 km northward displacement 1n 1sotherms during the
next century

Based on the fossil pollen record, we know that the rate
of movement of forest trees during the Holocene was
generally 25 and 40 km per century (Davis, 1981, Huntley
and Birks, 1983), with the tastest rate 200 km per century
(Ritchie and MacDonald, 1986) With these rates of
movement, most tree species would not be able to change
their geographical distribution as fast as the projected shifts
in suitable climate Zalusk: and Davis (unpublished data
cited 1n Davis, 1988) provide an example based on the past
rates of spread of castern hemlock (Tsuga canadensis)
Under two scenantos for future climate, this species would
not be able to migrate fast enough to occupy much of 1ts
potential range 100 years from now (Figure 10 4)

Prehistorical species migrations were largely unaffected
by human land use In contrast, modern species migrations
may be severely restricted by land use, for example the
progression of the altitudinal treeline with global warming
may be prevented by stock grazing Also, because surtable
habitats for many rare species characteristic of dareas of low
productivity are infrequent and fragmentary, being
surrounded by very productive agricultural land 1t 1s
unlikely that these spectes will spread naturally even
though clhimate change will increase then vigour and
reproductive capacity On the other hand, the migration of
weedy species may be enhanced by land-use change, for
example along coinidors of dispersal formed by 10ads,
ratlways, etc and 1n open ground created by various forms
of human disturbance

Very little 1s known about migration rates under present
or likely future chimates Models of migrations of mvasive
species based on diffusion (Williamson, 1989) or epidemic
theory (Carter and Prince 1981) suggest that the outcome
of nvasions 1s often unexpected and accurate prediction
has rarely ever been achieved The relationship between
species migrations and climate 15 not simple and
geographical barriers to dispersal may be locally important

Quaternary pollen 1ecords also show that plant
communities continuously change over time  Communitics
disassemble and new ones arise presumably because
species respond to chmatic vatiations according to unique
sets of physiological and ecological iequuements (Graham.
1986) The resulting ncw combinations of vegetation,
chimate and soils can change the spatial patteins of such
fundamental processes as primary production (Pastor and
Post, 1988) More subtle but still important elationships
such as those evolved between host and pathogen may be
disrupted by the stress of new conditions resulting n
mncreased frequency of epidemics (Leonard and Fry 1986)

Past changes 1n plant associations and abundances have
been so marked that some types of ccosystems have also
been transient For example 20 000 30 000 years ago
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when the Earth's climate was about 5°C colder than present
large parts of North America, Europe and A<ia were
covered by herbaceous vegetation that did not resemble
modern tundra, grassland or steppe Thus a plant comm-
unity that was dominant in the Northern Hemisphere for
10,000 years does not exist today Some well known
modern ecosystems have had much shorter existences  As
an example, old-growth Douglas-fir (Pseudotsuga
mencziesit) forests of the Pacific Northwest, renowned for
their long-lived, massive trees and huge ecosystem carbon
storage, are first recognized in the tossil record about 6000
yedrs ago - representing only 5 to 10 generations ot the
dominant tree species (Brubaker, personal comm-
unication)

Thus the dynamic record of the Earth s vegetation clearly
demonstrates that ecosystems as well as communities may
be short hived in the face of changing climate Ecosystems
represent a set of processes linking biota and their geo-
chemical environment 1n a particular chmate Because
natural variations in the Earth's climate have followed a
relanvely umque path dictated by changes in large-scale
climatic controls, a variety of ecosystems come and go over
time To the extent that human influences will cause unique
future climates, we should expect fundamental changes n
current ecosystems

10224 Summary

Both photosynthesis and plant and microbial respiration
tend to increase with increasing temperatures, but at higher
temperatuies respiration 1s often the more sensitive process
(see 10221 1) As aconsequence, global warming may
result in a period of net release of carbon from the land to
the atmosphere (Woodwell, 1987) The magnitude of the
release would depend on the magnitude and the seasonality
of the temperature change and the responses of the various
processes to that change One estimate 1s that the annual
carbon flux from the boreal zone associated with a 4°C
global temperature change would be m the range of 05 20
Pg C (Lashoi 1989)

Besides being dependent on temperature photosynthests
and plant and soil respiration can be influenced by soil
water  Increased water availability will tend to stimulate
plant growth in dry ccosystems and to mcrease carbon
storage 1n cold and wet ecosystems like lowland tundra A
number of recent modelling studies have predicted that
water stress will be a primary cause of forest death n the
southern and central regions of North America as climate
changes (e g Solomon 1986, Smith and Tirpak 1989)
Forest death has the potenuial for releasing large stores of
carbon to the atmosphere

A major consequence of chimate change could be the
migration of biota across the landscape  Communities will
not migrate as umts Individual species will migrate at
different rates depending upon a variety of species spectiic
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Table 10.3 Area coverage plant carbon and nct primaiy production for major terrestrial ecosystems according to
Whittaker and Likens (1975) (2) Ayay et al (1979) (3) Olson et al (1983) The amount of carbon in sotl 1s also shown
following the classifications by (2} Ayay et al (1979) and according to (4) Schlesinger (1977) based on the
classtfication by Whittaker and Likens (1975) From Bolin 1986

Area Plant carbon Primary Production  Detritus, so1l

1012 m2 PgC PgCyr‘1 PgC

(14 @) 3 (1) 2 3 (D 2 (3) @) 4)
(1) Tropical rain forest 170 103 120 344 193 164 16 8 105 93 82
(2) Tropical seasonal forest 75 45 60 117 51 38 54 32 33 41 288
(3) Temperate forest 120 70 82 174 88 65 617 46 49 72 161
(4) Boreal forest 120 95 117 108 96 127 43 316 57 135 247
(5) Woodland, shrubland 85 45 128 23 24 57 27 22 46 72 59

interupted woods
(6) Savannah 150 225 246 27 66 49 61 177 107 264 63
(7) Temperate grassland 90 125 67 6 9 11 24 44 26 295 170
(8) Tundra, alpine 80 95 136 2 6 13 05 09 18 121 163
(9) Desert semidesert 180 210 130 6 7 5 07 13 09 168 104
(10) Extreme desert 240 245 204 O i 0 00 01 05 23 4
(11) Cultivated land 140 160 159 6 3 22 41 68 121 128 111
(12) Swamps, marshes and 20 20 25 14 12 7 27 33 36 225 145
coastal land

(13) Bogs and peatland 15 04 3 i 07 02
(14) Lakes and streams 20 20 32 0 0 1 04 04 04 0 0
(15) Human areas 20 1 02 10
TOTAL 1490 1493 1511 827 560 560 528 599 606 1636 1515

characteristics as well as environmental factors such as
natural and human-caused barriers to dispersal Predictions
of migration rates are very uncertain It 1s possible that
many tree species will not be able to change their
geographical distribution as fast as the projected shifts in
suttable climate and extinctions may occur

10.3 The Effects of Terrestrial Ecosystem Changes on
the Climate System

In this part of the report we consider how a variety of

changes 1n terrestrial ecosystems can affect the climate

system We begin by considering the types of ecosystem

changes that will affect net carbon storage 1 ecosystems

10 3.1 Carbon Cycling in Terrestrial Ecosystems

Terrestrial ecosystems contain about 2000 Pg of carbon
(Table 10 3) almost three nmes the amount held 1n the
atmosphere Each year about 5% of the tetrestrial carbon
stock 15 exchanged with the atmosphere Plants take up
about 100 Pg C {rom the atmosphete through the process of

photosynthesis and release 40 Pg C through respiration
The difference between total photosynthesis and plant
resprration, 60 Pg C, 15 called net primary production
(NPP) At the global scale tropical rain forest ecosystems
arc the most productive and desert ecosystems are the least
productive (Table 10 3)

In an unperturbed world, NPP 15 approximately balanced
by the release of carbon trom soils to the atmosphere
through microbial respiration This carbon balance can be
changed considerably by direct human impact (landuse
changes, particularly deforestation) and by other changes 1n
the environment such as the composition of the atmosphere

as well as by changes in climate as discussed carlier
(10224)

103 11 Deforestation in the Tropics

The current IPCC estimate for the annual net release of
carbon from the land to the atmosphere due to deforestation
and related land use 1n the tropics 15 1 6 £ 1 0 Pg (Section
1) The large uncertainty associated with this number 15
iclated to the tact that we have poor knowledge of the rate
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of detorestation, of the carbon stocks of the forests being
cleared, and of the dynamics of carbon loss through sotl
decay processes following clearing (Houghton, 1990)

10312 Forest regionth i the nud latitudes of the
Noithern Hemispher e

Several analyses suggest that the forest harvest and
regrowth cycle 1s such that at this ttme the regrowing
forests 1n the mid-latitudes of the Northern Hemisphere are
accumulating carbon at the rate of 1-2 Pg annually
(Armentano and Ralston, 1980, Johnson and Sharpe, 1983,
Melillo et al , 1988) What 15 not clear at the present time
1s the rate of oxidation of the cut wood One analysis
(Melillo et al, 1988) suggests that the carbon in the cut
wood 1s being returned to the atmosphere through decay
and burning at about the rate that the regrowing lorests are
accumulating carbon This subject deserves further
attention especially 1n hght of the recent modelling study of
the global carbon cycle that suggests that mid-latitude
ecosystems of the Northern Hemisphere are accumulating
carbon at the rate of 20 1o 34 Pg C annually (Tans et al
1990)

10313 Eutrophication and toxification i the mid-
latitudes of the Noithern Hemispher e

The 1ssuc of carbon storage in the mid-latitudes of the
Northern Hemisphere 1s turther complicated by the
increased availability of nutrients such as nitrogen from
agricultural fertilizers and from combustion of tossil tuel
This 1ncreased nitrogen availability may result n net
carbon storage 1n plants and sotls (Melillo and Gosz 1983
Peterson and Melillo 1985) In the mid to late 19805
between 70 and 75 Tg N per year have been applied to
agricultural fields mostly in the mid-latitudes of the
Northern Hemisphere (Eichner 1990) In addition about
18 Tg N have been deposited each year on the forests ot
this region 1n acid precipitation (Melillo et al 1989) The
addition of this mitrogen to agricultural plots and forests
could be causing an accumulation of between 05 and 1 0
Pg carbon 1n soils and woody vegetation (Melillo private
communication) However 1t should be noted that the
greater availability of nitrogen 15 at least for the forests
assoctated with icreasing levels of pollutants which could
reduce plant growth We are unceitamn about the net etfects
on the terrestrial carbon balance of eutiophication and
toxification of mid-latitude ccosystems of the Northein
Hemisphere

10.3.2 Reforestation as a Means

Atmospheric CO)

[t 15 sometimes suggested that we should 1everse the long-
term trend of land clearing and grow new forests to absorb
the excess CO2 s this suggestion a 1casonable one? What

of Managing

rates of carbon uptake and storage can we expect’ How
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much land area would be needed to make a difference’
How long would the uptake continue’

Recently Jarvis (1989) estimated that a rapidly growing
forest 1n the temperate sone can accumulate a mean of
2 7tC/ha annually for almost 100 years To accumulate |
Pg C per annum, the equivalent of about 17% ot current
annual fossil fuel CO2 emissions, the new growing forest
would have to occupy 370 x 100 ha This 15 an area
equivalent to about one half the s1ze of the Amazon Basin

The accumulation will not be linear Early on 1t will be
rapid, but as the forest matures the accumulation will slow
down until the annual respiration rate of the forest 15 about
equal to catbon uptake If the forest 1s left unmanaged the
trees will eventually dic at different times and be replaced
naturally, over a large arca net uptake of CO2 by the
vegetation from the atmosphere and return of CO2 by
organtc matter decomposition to the atmosphere will be 1n
balance and the forest will no longer act das a net carbon
sink

Houghton (1990) has made a similar set of calculations
for the tropics  He first made an estimate of land available
in the tropics for afforestation Counting only lands that
supported forests in the past and that are not currently used
tfor erther crops or settlement, he concluded that 500 x 106
ha of tropical lands could be reforested He also 1easoned
that an additional 365 x 100 ha could be reforested 1f the
current area occupied by the crops and fallow of shifting
culttvation was reduced to the area required to produce
similar yields under low-nput continuous cultivation The
total area, 865 x 100 ha 1s larger (by about 25%) than the
Amazon Basin

Since much of the land that would be involved mn the
reforestation 1s probably degraded (low in plant nutricnts
cspectally phosphorus) the average rate of carbon
accumulation was estimated by Houghton to be about
1 7tC/ha
carbon accumulation rate Houghton calculated that about

Given these estimates of available tand and

1 5 Pg C might be withdrawn from the atmosphere each
year over the next century (150 Pg C total) After that time
the new forest 1f lelt untouched would be 1n steady-state
with respect to carbon exchange with the atmosphere
Houghton noted that the estimate 15 optimistic because 1t
tails to constder ownership of the land the expense of
1eforestation or the ability of degraded lands to grow trees
cven at the modest rates used 1n his calculations

Although simple, these calculations are 1mpottant
because they 1illustrate the enormity of the task facing us o
we decide to manage atmospheric CO7 by atforestation

10.3.3 Methane and Nitrous Oxide Fluxes

The trace gas concentrations of the Earth s atmosphere have
been increasing for moie than a century (Section 1)
Microbial activity 1s the dominant source to the atmosphere
ol two of these gases methane (CHg ) and mtious oxide
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(N20O) Climatic factors play an important part in
controlling the rates at which these gases are produced In
addition, atmospheric inputs of nitrogen and sulphur to
ccosystems may affect CH4 production and consumption
Nitrogen additions to ecosystems as well as forest clearing
can stimulate N2O production The controls on the fluxes
of these two gases are discussed below

103 31 Methane

Bacteria known as "methanogens produce methane These
organisms can only metabolize and live in the strict
absence of oxygen Methanogenic ecosystems usually are
aquatic, such as swamps, marshes, tens paddies lakes

tundra, and so on, where oxygen-deficient zones develop
due to O consumption by respiration and limitation of O
diffusion from the atmosphere Other ecosystems such as
wet meadows, potholes, and 1nundation zones, may be
methane producers for at least part of the year but may
support consumption of atmospheiic CH4 when they dry
up Most ot the aerobic soils do not support CHg
production and emuission, quite the contrary, they seem to
function as CH4 consumption sites (Seiler and Conrad

1987, Steudler et al , 1989) The guts of teimites and the
rumens of cattle are also anoxic methanogenic env

ironments An overview of the relative importance ol
vartous sources and sinks for CHy are given 1n Section |
(Table 1 2)

A number of factors besides the oxygen status of the
cnvironment conttol CHg4 production These factors
include temperature, the availability of carbon substrate,
pH and electron acceptors

Most methanogenic bacteria have temperature optima of
30-40°C Thus, 1f the supply of oiganic matter 15 not
limiting, increasing the temperdture generally will
stimulate CHg4 production 1n most methanogenic env-
ironments It 15 estimated that a temperatuie mcrease of
10°C will lead to a 2 5 3 5 fold inciease in CHy4 production
(Coniad et al, 1987) This assumes no change in soil
moisture, that 1s, the soils remain waterlogged

Warming 1n high latitude ecosystems such as wet tundra
and the boreal wetlands will almost certainly lead to
increased CH4 emissions from these ecosystems which
cuttently account for the release of about 40 Tg of CHy4 to
the atmosphere annually Based on the simple relationship
between temperature and methanogenic activity described
above, a 4°C rise n temperature 1n the soils of the high
latitude systems could lead to a 45% to 65% increase
mcthane release from these systems It warming 15
accompanied by drying, then there may ultimately be a
reduction of CH4 release to the atmosphere since the soils
would become oxygen filled. a condition unsuitable for the
methanogens Under drier conditions the carbon-rich
northern sotls would become net sources of CO? until a
new cquilibrium was reached between carbon inputs from
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plants and CO7 loss associated with decomposition (see
102223)

Sediments o1 anaerobic soils rich 1n organic matter are
olten active in CH4 production The addition of organic
substrates to methanogenic sites generally stimulates CHg4
production, provided that temperature and pH are not major
limiting tactors Most methanogenic bacteria grow
optimally in a narrow range around pH 7 (Conrad and
Schutz, 1988)

Bicarbonate functions as the electron acceptor during the
process of methanogenesis Electron acceptors such as
nitrate and sulfate in general are preferred over bicarbonate
and thus inhibit CH4 production So, any input of oxidized
compounds such as sulfate or nitrate 1n fertihizers or acid
1ain will reduce CHy4 production The significance of this
reduction for the global CH4 budget 1s unclear at this time,
but 1t 1s not likely to be large

The major sink for CHg4 15 reaction with OH n the
troposphete  Soils also function as a sink for CHg, with the
magnitude of the sink being in the range of 30 £ 15 Tg
CH4 per year Recent cvidence indicates that the
magnitude of the soil sk for CH4 15 controlled by
temperature moisture and some aspects of the nitrogen
cycle in the soil (Steudler et al, 1989) Warmen
temperatures increase CHy4 uptake by aerobic soils, while
high so1l moisture and high rates of nitrogen turnover n
sotls reduce CH4 uptake The argument has been made that
the cutrophication of the soils of the mid latitudes of the
temperate region, with 18 Tg N per year associated with
acid rain, may have reduced CH4 uptake by soils enough to
have contributed to the atmospheric increase of CHg
(Mehillo et al, 1989) The logic here 1s that erther a
reduction 1n a CHy4 sink or an increase 1n a CHy source will
lead to an increase 1in atmospheric CH4 content since the
gas has such a long lifetime n the atmosphere While this
nitrogen-methane interaction 1s an interesting example of a
subtle 1mpact of 1ndustrialisation on the global
environment, the importance of this mechanism 1s not yet
established

10 3 32 Nitrous oude
Our curient understanding of the global budget of N2O 15
reviewed 1n Section | (Table 1 4) The budget 1s largely
controlled by microbial processes

Nitrous oxide can be produced by four processes
denitrification, nitrification, assimilatory nitrate reduction
and chemodenitrification Of these processes, denit-
rification 1n aerobic soils 15 probably the most important
source of N2O (Matson and Vitousek, 1990) Denit-
nification 1s defined as the dissimilatory reduction of oxides
of nitrogen to produce N2O and N7 by a diverse group of
bacteria

The cellular controllers of demitrification are O nitrate
(NO3) and carbon Moisture has an indirect effect on
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denitrification by influencing the O content of soil If
other conditions are appropriate, then temperature becomes
an 1mportant controller of denitrification rate

Tiedje (1988) has suggested that the controllers of
denitrification vary among habitats He indicated that
oxygen availability 1s the domnant factor imiting denit-
rification in habitats that are exposcd to the atmosphere,
such as soil, while in dominantly anaerobic habitats, such
as sediments, NO3 15 the most important cellular controller
When anaerobic zones occur in soils, then NO3
availability, or carbon availability, as controlled by wetting
and drying or freezing and thawing cycles, can become a
critical factor in controlling denitrification In fertilized
soils, carbon 1s commonly second 1n importance after 09,
whereas n unfertilized sotls, 15 often second 1 importance

Denitrifiers in the natural environment arc capable of
producing either N2O or N2 as end products Numerous
factors have been reported to affect the proportion of N2O
produced relative to N2 1n denitrifying cells and sotls If
the availability of oxidant (N-oxide) greatly exceeds the
availability of reductant (most commonly carbon), then the
oxidant may be incompletely utilized, that 15, N oxides will
not be completely reduced to N2 In other words, the
dominant product of denttrification may be N2O 1n systems
where, at least for a time, nitrate supply 1s high and carbon
supply 15 low, but not excessively so (Firestone and
Davidson, 1989)

A wetter climate may lead to increased N2O production
since so1l moisture influecnces O7 availability to microbes
and low oxygen tension 15 a4 precondition of denitrification
Warming will accelerate N2O production by accelerating
the nitrogen cycle in the soil and making more nitrate
available to the denitrifiers

In the tropics, conversion of forest to pasture has been
shown to increase N2O flux (Luizao et al , 1990) Nitrous
oxide emisstons also increase immediately after forest
harvest 1n the temperate zone (Bowden and Bormann,
1986) In both of these cases, ecosystem disturbance has
resulted in warmer and wetter soils that are cycling
nitrogen more rapidly than pre-disturbance sotls

10.3.4 Ecosystem Change and Regional Hydrologic
Cycles

Vegetation affects continental and regional hydrology by
influencing the processes of evapotranspiration and surface
runoff Inclusion of vegetation in general circulation model
simulations nfluences continental rainfall and other
climate paramaters (e g, Sellers, 1987, Sato et al , 1989)
At the regional scale, Pielke and co-workers have shown
that vegetation influences boundary layer growth and
dynamics, and that vegetation mosaics atfect small-scale
and meso scale circulations, convective activity and
rainfall (Avissar and Pielke, 1989)

303

At the continental scale, several simulations have been
donc on the climatic impact of complete deforestation of
the Amazon Basin (Henderson-Sellers and Gornitz, 1984,
Wilson, 1984, Dickinson and Henderson Sellers, 1988,
Lean and Warrilow, 1989, Nobre et al 1990) The
Amazon Basin contains about half of the world s tropical
rainforests and plays a significant role 1n the climate of that
region It 1s estimated that approximately half of the local
rainfall 1s derived from local evapotranspiration (Salati et
al, 1978) The remainder 1s derived from moisture
advected from the surrounding oceans A major
modification of the forest cover could therefore have a
significant climatic 1impact Reduced evapotranspiration
and a general reduction in rainfall, although by variable
amounts, was found in most simulations

The studies by Lean and Warrilow (1989) and Nobre et
al (1990) show reductions of about 20% 1n ramntall 1n
stmulations m which forest was replaced by grassland
Lean and Warrtlow showed that albedo and roughness
changes contributed almost equally to the rainfall
reduction Nobre et al suggest that the switch to a more
seasonal rainfall regime, which they obtamned, would
prevent forest tecovery

Recall that these simulations were ' all or nothing , forest
or grassland The consequences of mtermediate changes
(partial land conversion) have not yet been studied but,
given the nonlinearity of the coupled vegetation-climate
system, may not be intermediate The consequences of
tragmentation of continental ecosystems and partial
converston will need to be studied using mesoscale
simulations as well as by using general circulation models,
and both must be pursued

Consequences of altered ecosystem-atmosphere
exchange on runoff, resulting trom changing vegetation
have not been much studied but are of major importance
Appropriate regional scale simulations for runoff routing
and river flow are just now being developed (e g
Vorosmarty et al 1989) and will be crucial tools 1n
evaluating the surface hydrology component of the
hydrologic cycle, and its interactions with ecosystems and
climate

The central 15sue for upcoming research 1n this area 15 to
analyze the feedbacks between vegetation and climate to
understand how the effects of climate forcing will be
modulated by vegetation response This question has two
components First, the biophysical coupling between
vegetation and the atmosphere must be understood and
quantified to allow simulation of evapotranspiration,
albedo and roughness as a function of vegetation attributes
Second, the response of vegetation to climate forcing must
be understood and quantitied so that 1n our models
vegetation structure and physiology can change as climate
changes Coupling these two allows tor feedback this must
then be analyzed on a regional basis to determine the
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potential tor positive and negative tecdbacks between
ecosystems and the atmosphete  This effort must include
global and regional simulations and large-scale freld
studies for parameterization and vahdation

10.3.5 Summary
The etiects of ecosystem change on the net carbon balance
of terrestrial ecosystems 1s potentially large but 1t 1s
uncertain - Deforestation 1s clearly a source of carbon to the
atmosphere of 16 = 10 Pg annually The net carbon
balance of mid-latitude ecosystems of the temperate zone 15
uncertain  The combination of foiest regrowth and
cutrophication of these systems with nittogen appeais to be
causing them to function as carbon sinks 1n the range of 1 5
to 3 0 Pg annually The combined eftects of wood buining
and decay ol cut wood and the toxification of mid-latitude
ecosystems with a variety of pollutants may be oftsetting
the carbon uptake 1n these systems The magnitude of net
carbon storage 1n mud latitude terrestrial ecosystems of the
Northern Hemisphere 1s very uncertain

The management of atmospheric CO2 by global-scale
reforestation will be an enormous task To remove just 1 Pg
C annually by this mechanism would require a very large
area

Warmer and wetter so1l conditions have the potential for
increasing the fluxes of CHg4 and N2O trom terrestrial
ecosystems to the atmosphere 1f the notthern wetland soils
are warmed by 4°C, the CHy4 flux to the atmosphere could
increase by as much as 36 Tg annually It the so1l moisture
decreases 1n northern ecosystems, CH4 production would
be decreased while CO7 flux would increase

At the regional scale, changes n vegetation structure
such as deforestation, have the potential to alter the
hydrological cycle Both precipntation and surface runott
can be atfected We do not yet have models to predict the
attects of complex changes 1n land use patterns on regional
hydiology

10.4 Marine Ecosytems and Climate Change

104.1 Chunate Change and Community Response
Based on the record of the past there 15 Iittle doubt that
global warming will result in different distributions of
marine planktonic organisms than those of today (CLIMAP
Project 1976) If the ocean warming were to be simply
and positively correlated with latitude the expansion of
habitat 1n a poleward direction which has occurred during
the Holocene, would continue  But since the rate of change
15 expected to be very rapid (see Section 5), questions
immediately arise regarding the potential of the biota to
accommodate to these rates of change

Changes in temperature and precipitation will have an
influence on the circulation of surface waters and on the
mixing of deep water with surface water This mixing
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exchanges water to great depth n a few places n the ocean
such as the North Atlanuc  Changes 1n circulation and/or a
restriction of the mixing could reduce ocean productivity

The palaeo record for global temperature patterns during
1ecent 1ce age cycles and the output of general circulation
models that simulate increases 1n global temperatures
resulting from higher concentiations of radiatively active
gascs 1n the troposphere both indicate that the warmer the
planet the less the menidional gradient 1n temperature
Temperatures 1n polar regions could warm 2-3 times the
global mcan warming associated with a doubling of the
equivalent of CO2
concentrations

preindustrial atmospheric
At high latitudes warming would result in diminished
temporal and spatial extent of sea-ice some models even
predict an 1ce-free Arctic A significant reduction 1n the
extent and persistence of sea-ice in either polar region
would have profound consequences for marine ecosvstems
Sca-1ce itself 15 a critical habitat for Arctic marine plankton
(Clarke 1988) The underneath of the ice and interstices 1n
the 1ce are highly productive habitats for plankton The low
hight 1in winter hmits primary production in the water
column, and the relatively high concentrations of algae
living on and actually 1n the ice, are an important source of
food tor herbivores both while sea-ice is 1n place and when
1t breaks up 1n the spring The quantitative importance of
sea-ice 1n the high latitude marine ecosystem 1s now well
established with impottant food web implications tor fish
seabirds and marine mammals (Gulliksen and Lonne,
1989) During the spring melting the resultant freshwater
lens 1s also believed to be critical 1n the Iife cycle of many
pelagic polar species The most intense aggregations or
blooms of plankton occur at the ice margin, evidently n
response to the density stratification resulting from the
overlying lens of fresh water, and perhaps also 1n response
to the release of nutrient materials that had accumulated in
the tce Although total global primary production for a
polar region might not be very different with or without the
ice edge blooms such transient peaks 1n plankton
abundance can be ciitical in the life cycle of certain higher
trophic level organisms, and are most definitely of
importance n terms of the flux of carbon to decp water and
the ocean floor
Certain marine animals, mammals and birds 1n
particular have hife history strategies that reflect adaptation
to sea 1ce  An extreme case may be the polar bear, which
shares ancestors with the grizzly bear, and would not exist
today had 1t not been for the reliability of the 1ce habitat for
hunting 1ts primary prey, the seal
In sub-polar and temperate waters the etfects of global
warming on the plankton habitat 1n near surface waters are
at present unpredictable Physical, chemical and biological
conditions 1n these regions aic inherently variable on both
seasondl and annual bases This results primarily from the
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variability in atmospheric forcing including surface heat
exchange with the atmosphere and associated thermal
stratification and destratification in the upper ocean

seasonal storm events and associated mixing, and cloud
cover These processes and properties determine the mass
upward flux of nutrients from the deep ocean the residence
time of plankton in the upper sunlhit region of the water
column, and the availability of light at the surface of the
sea These seasonal variations 1n conditions give rise to
seasonality in primary production with attendant blooms

and corresponding high rates of organic carbon flux to the
deep-sea (Honjo, 1984)

Long-term oceanographic studies 1n several regions
demonstrate high correlations between the abundance and
productivity of marine ecosystems and atmospheric
conditions A clear example of this 15 the 1950 80 period
in the vicinity of the United Kingdom During this period
there was a decline 1n the abundance of plankton that has
been correlated with changes in wind stiength and direction
(Dickson et al 1988) Temperature changes per se were
small and poorly correlated with the plankton changes and
1t 15 judged that changes 1in wind driven mixing 1n the upper
ocean was the primary factor contributing to the decline 1n
plankton abundance From studies such as this i1t scems
likely that the type of climate changes being forecast in
association with increased radiative forcing in the
troposphere will have significant effects on plankton
abundance and productivity

In addition the effect of intensity and frequency of
mixing events on plankton assemblages depends on the
physiology and structure of the plankton Diatoms for
example, arc phytoplankton that typically dominate in cold
nutrient-rich waters such as those that ate seasonally well
mixed Because they have high sinking rates diatoms
require a turbulent mixed layer in order to remain
successful constituents of the plankton community
(Smayda, 1970) Diatoms are the preterred food for many
organisms 1n the marine food web and when 1eplaced by
other types of phytoplankton fish productivity can be
dramatically reduced (Barber and Chavez 1983) The
dense cell encasement of the diatom helps to explain why
these phytoplankton are an important contributor to the flux
of organic carbon to the deep sea

Along-shore winds contribute to the mixing of deep
water with surface water in many coastal waters and across
the equatorial Pacific The direction, intensity duration
and frequency of these wind events determine the extent
and timing of the mixing events Because this process
which 1s typically highly seasonal, 15 very important 1n
stimulating the primary production processes that lie at the
base of the food webs for many species 1t can be
anticipated that the global climate change will atfect higher
trophic levels, including fish 1 these 1egions
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10.4 2 Interaction Between the Land and the Ocean
Climate change has the potential to change the rate of
delivery of materials from the land to the occan and such
changes could atfect the biological component of ocean
ccosystems  For example climate change could lead to an
mcrease m wind erosion and the delivery of fie particles
by acolian transport from the continents to the surface
ocean Depending on their composition such particles
could have cither a biostimulatory (Martin and Fitzwater
1987) or a biotoxic effect on oceanic productivity and othet
marine processes Simtlarly climate change could mcrease
the material
transported to the world s coastal oceans by river systems
Again the effects will be dependent on the naturc of the
terrestrial material

water-driven erosion and amount of

10 4 3 Interactions Between the Ocean and the
Atmosphere
Climate-induced changes 1n ocean ecology are of
importance 1n relation both to the sustamability and man
agement of living resources and to brogeochemical
feedback on the climate system Several atmospheric
feedback processes are well-defined in General Circulation
Models but those relating to ocean productivity dre not yet
sufficiently well understood to be included The three main
effects of global warming that are expected to opciate on
ocean plankton (as mentioned above) would all tend to
decrease the ocean uptake of CO2 1e a positive fecdback
Ocean waters are currently a major source ot di-
methylsulphide (DMS) to the atmosphere The oxidized
products of this DMS which 15 produced by plankton may
increase cloudiness through nucleation on sulphate aerosols
1n the troposphere (Charlson et al
albedo 1n the stratosphere from sulphate acrosols
(Ryaboshapho 1983) One gioup ol plankton the
Coccolithophorids are apparently a major source of DMS
and their bloom processes would most likely respond
although 1n uncertain ways
atmosphete exchanges resulting from climate change
While netther the direction nor magnitude of many of

1987) and may ncrease

to chdngcs in occdan-

these effects 1 known with certainty changes from
present day values are expected to be greatest in mid to
high latitude occan regrons  There 15 evidence for major
changes 1n the functioning of North Atlantic ecosystems n
the transitions between glacial and inter-glacial perniods
(Broecher and Denton 1990) supporting the view that
changes n occan plankton, once nittated may enhance the
1ate of climate change (the plankton muluplier) untt a

new near equilibrium 1s reached

1044 The Carbon System and the Biological Pump

The ocecans are by far the largest active 1escrvor of ¢ubon
Recent estimates of the total amount of dissohved mor_ i
carbon m the sea establish its range as between s34 000 g
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38,000 Pg carbon Only a small fraction 1s CO2 (mole
fraction 0 5 percent), the bicarbonate ton with a mole
fraction of 90 percent and the carbonate 1on with a mole
fraction of just under 10 percent are the dominant forms of
dissolved 1norganic carbon The dissolved organic carbon
pool has been reported to be similar 1n size to the pool of
terrestrial soil carbon, but recent data suggest that 1t may in
tact be considerably larger

Although the oceans are the largest active reservoirs of
carbon and cover 70 percent of the globe the total marine
biomass 1s only about 3 x Pg carbon (though such estimates
are uncertain at best), or just over 0 5 percent of the carbon
stored 1n terrestrial vegetation On the other hand, the total
primary production 1s 30 to 40 x Pg carbon/yr A portion of
this production results 1n a sink for atmospheric CO2,
primarily through the sinking of particulate carbon As a
consequence of this biological pump, the concentration
of dissolved inorganic carbon 1s not uniform with depth,
the concentration 1n surface waters 15 10 to 15 percent less
than that 1n deeper waters There 15 a corresponding
depletion of phosphorus and nitrogen n surface waters,
even n areas of intense upwelling, as a result of biological
uptake and loss of detrital material

The fate of this material depends, 1n part upon its
chemical characteristics If 1t 1s in the form of organic
tissue, then 1t 1s oxidized at intermediate depths which
results 1n an oxygen minimum and a carbon nitrogen, and
phosphorus maximum If it 1s carbonate 1t dissolves below
the lysocline, raising both alkalinity and the concentration
of carbon, at depths where the high pressure increases the
solubility of calctum carbonate

Thus the biological pump ' lowers the partial pressure of
CO7 1n surface waters and enhances the partial pressure in
waters not 1n contact with the atmosphere The functioning
of the biological pump 1nvolves the supply of nutrients to
surface waters, food web dynamics, and sinking losses of
particulates to the deep sea It may be expected to respond
both to changes 1n the strength of the overall thermohaline
circulation and to varnations 1n the abundance of nutrients
primarily nitrogen and phosphorus

A portion of the nutrient flux to the surtace returns to the
deep sea unused by the biota carried along by the return
flow of waters in downwelling systems at high latitude It
1s important to define the physical, chemical and biological
processes that regulate the concentration of organic
nutrients 1n descending water masses, the flux of so-called
pretormed nutrients The concentration of preformed
nutrients may be expected to reflect physical processes, and
1t can be influenced also by biological activity to the extent
that this activity can result in packaging of carbon
nitrogen and phosphate in fecal material that can fall to the
deep, providing a path for transter of nutrients from the
surface to the deep independent ot the physical processes
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such as those responsible for the formation of deep water 1n
high latitudes

10.4.5 Summary

Climate change can affect the productivity and the storage
of organic carbon in marine ecosystems The community
composition of marine ecosystems will also be affected
Details of these effects cannot be predicted at the present
time There 1s also the possibility that the net exchange of
trace gases (e g, organic sulphur gases) between the oceans
and the atmosphere could be altered but this, too, 1s
uncertain
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EXECUTIVE SUMMARY

The IPCC has the responsibility for assessing both the state of
scientific knowledge of climate and chmatic changes due to
human nfluences The World Climate Research Programme
(WCRP), sponsored by the World Meteorological Organization
(WMO) and the International Council for Scientific Unions
(ICSU), and the International Geosphere Biosphere Programme
(IGBP), sponsored by ICSU, together constitute the international
framework of the quest for scientific understanding of chimate and
global change

The scientific strategy to achieve eftective prediction of the
behaviour of the climate system must be based on a combination
of process studies, observation and modelling Sections | to 10 of
this report 1dentified several areas of scientific uncertainty and
shortcomings To narrow these uncertainties, substantial scientific
activities need to be undertaken The following 5 areas are

considered the most critical

1) control of the greenhouse gases by the Earth system,
2)  control of radiation by clouds,

3) precipitation and evaporation,

4)  ocean transport and storage of heat, and

5) ecosystem processes

Within the WCRP, the Global Energy and Water Cycle
Experiment (GEWEX) 15 addressing (2) and (3), while the World
Ocean Circulation Experiment (WOCE) 15 concerned with (4) and
parts of (1) Two core activities of the IGBP, the Joint Global
Ocean Flux Study (JGOFS) and the International Global
Atmospheric Chemistry Programme (IGAC) are designed to
investigate the contiol ot greenhouse gases by the oceanic and
terrestrial biospheres while the Biospheric Aspects ot the
Hydrological Cycle (BAHC) 15 a complement to GEWEX that
also addresses (3) An additional cote project of the IGBP tocuses
on Global Change and Teriestinal Ecosystems (GCTE) Both the
WCRP and IGBP have other essential core activities such as the
Tropical Oceans - Global Atmosphere (TOGA) Programme and
the study of Past Global Changes (PAGES), that contiibute to
these efforts to reduce uncertamnties in chimate predictions

Narrowing the uncertaintics n tuture climate change
predictions requires strongly enhanced national participation
these internationally coordinated programmes

This will require increased commuments to the endeavouts ot
the WCRP and the IGBP These programmes aie the tesult of
many years of planning and they represent consensus statements

of the nternational science community regarding the matunty of

the fundamentals that underpin these projects and the readiness of
the community to commit to these timely endeavours

In order to proceed with this agenda, all nations must reaffirm
theirr commitment to observe and document the fundamental
aspects of the climate system and the changes occurring within i,
including

1) mmprovement of the global atmosphere and land surtaces
observing system The World Weather Watch and Global
Atmospheric Watch need to be fully implemented and
augmented by 1mproved atmospheric sounders
radiometers and wind observations, dactive sensors for wind
and ramn, vegetation sensors, and an improved commitment
to quality control and archival of all data,

2) development of a global ocean and 1ce observing system
Satellite observations of ocean surface temperatuie, wind
and topography, sed-ice concentratton and colour
operational upper-ocean heat and freshwater monitoring
and systematic sea-level and deep-ocean measurements dre
required,

3) establishment of a comprehensive system for climate
monttoring It 15 essentidl that existing networhs (WWW
GAW, IGOSS, GEMS, GSLS) be maintamed and where
appropriate, enhanced Special attention needs to be given
to calibration and quality control, documentation and

international coordination and data exchange

The analysis and 1nterpretation of the observational data will
require the understanding arising from the projects of the WCRP
and the IGBP, and will mnvolve the use of more retined climate
models The next generation of predictive models will requue
additional computing resources 1n order to incorporate the more
sophisticated understanding of the climate system atising from
this research etfort  This ettort will lead to predictions that have
higher spatial resolution than can be attained at this time

The time scales for narrowing the uncertdintics must be
measured 1 terms of several years to more than a decade
Advances must await the conduct of several major experiments
many of which will be about a decade in duration and the
development of new technologies for space based observation and
numerical computation It 15 essential that government funding
agenctes recognize the magnitude of both the financial and human
1esources needed to undertake these research programmes and

make the necessary commiutments







11 Naiiowing the Uncertainties

11.1 Introduction

In order to deal with the issues posed by increased
atmospheric greenhouse gas concentrations and to prepdre
human societies for the impacts of climate change, climate
predictions must become more reliable and precise
Present shortcomings include

Significant uncertainty, by a range of three, regarding
the sensitivity of the global average temperature and
mean sea-level to the increase in greenhouse gases,

Even larger uncertainties regarding regional chimatic
impacts, such that current climate change predictions
have little meaning for any particular location,

Uncertainty 1n the timing of the expected chimate
change,

Uncertainty 1n the natural variations

To overcome these shortcomings, substantial imp-
rovements are required in scientific understanding which
will depend on the creative efforts of individual scientists
and groups Nevertheless the scale of the task demands
international coordination and strong national participation

The IPCC has responsibility for assessing the current
state of scientific knowledge of climate and chimatic
changes due to human influences The World
Meteorological Organization (WMO) and the International
Council of Scientific Unions (ICSU) established in 1980
the World Climate Research Programme (1) to promote
scientific research on physical ¢limate processes and to
develop a capability for predicting climate variations
Several major internationally coordinated climate research
projects organized by the WCRP arc now underway The
Intergovernmental Oceanographic Commission (10C)
assists with the occanogiaphic component Furthermoie
ICSU established 1n 1986 the International Geosphete-
Biosphere Programme (2) to study the mteractive physical
chemical and biological processes responsible for change
in the Earth system especially those which are most
susceptible to change on time scales of decades to
centuries The IGBP with 1ts emphasis on biogeochemical
aspects and the WCRP with its emphasis on physical
aspects, together constitute the international framework of
the quest for the scientific understanding of global change
This report deals with climate change but 1t must be
stressed that chimate change 1s but one of a wide range of
environmental 1ssues that are confronting the world Many
of these 1ssues are linked and scientific study of one 1ssue
will frequently aid 1n understanding others
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(1) The World Climate Research Programme (WCRP) is
jointhy  sponsored by the World Meteorological
Organmzation and the Inteinational Council of Scientific
Unions The main goals of the WCRP aie to deterning to
what extent transient climatic variations are predictable
and to lay the scientific foundation for predicting the
response of the Earth’s climate to natural or man made
influences The main components of the WCRP aie the
numerical expertmentation progiamme to develop
impiroved models of the Earth’s climatc the Global Enci gy
and Water Cycle Experiment (GEWEX) the Tiopical
Ocean and the Global Atmosphere (TOGA) Progiamme
and the World Ocean Cuculation Experiment (WOCE)
Each programme ncludes a range of projects to study
specific aspects o1 phvsical processes of the Earth system
An example 1s the International Satellite Cloud
Clhimatology Project to determine the quantitatn e effcct of
clouds on the Eaith radiation balancc and clinate

(2) The International Geosphere-Biosphere Programme
(IGBP) 15 an mnter disaplinary research mitiative of the
International Council of Scientific Unions to desciibe and
understand the teractive physical  chemical and
biological processes that regulate the total Earth system
the unique em nronment that 1t provides for hife the clhanges
that are occrring and the mannei 1 which chanees aie
influenced by human actions A central objectine of the
IGBP 15 to establish the scientific basis for quantitatn ¢
assessments of changes m the Earth s htogcochcmical
Ovles mdduding those which control the concentration of
carbon diovude and other chemucals i the atmosphen ¢

11.2 Problem Areas and Scientific Responses

To achieve eftective prediction of the behaviour of the
climate system we must recognize that this system s
influenced by a complex arrav of interacting phyvsical
chemical and biological processes The scientitic strategy
to address these processes must include both obseryation
and modelling We must be able to understand the
mechanisms responsible for past and present variations and
to incorporate these mechanisms 1nto suitable models of the
natural system The models can then be 1un forward m time
to simulate the evolution ot the climate system Such a
programme includes three essential steps
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Analysis of obscervational data, often obtained from
incomplete and indirect measurements, to produce
coherent information and understanding,

Application of observational information and under
standing to construct and validate time-dependent
mathematical models of natural processes,

Running such models forward to produce predictions
that can (and must) be tested against observations to
determine their "skill" or rehability over relatively
short time-periods

Sections 1 to 10 of this assessment have identified
several areas of scientific uncertainty The following 5
areas are considered the most critical

11.2.1 Control of the Greenhouse Gases by the Earth
System
Greenhouse gases 1n the atmosphere such as carbon
dioxide and methane, are part of vast natural cycles For
some greenhouse gases, the current rates of release which
arc directly attributable to human activities are small
percentages of large natural fluxes between the atmosphere
the ocean and terrestrial ecosystems while tor others
human activities result The
atmospheric carbon content 1s a very small tiaction of
reservoirs of carbon

in dominant emissions
existing In occan waters and
sediments Relatively minor adjustments n the world ocean
circulation and chemustry, or 1n the life cycle of teirestrial
vegetation, could significantly aftect the amount of CO? or
CHy4 in the atmospherc, even were anthropogenic
cmissions to be stabilized In particular, global warming 15
likely to decrease the absorption of carbon dioxide by sea
water and lead to widespread melting of methane gas
hydrates 1n and under the permatiost and also release CHg
Converscly, positive changes 1n the biogenic storage of
carbon 1n the ocean could increase the oceanic CO2 uptake
and ameliorate the greenhouse ctfect
Current knowledge of ocecanic
biogeochemical processes 15 not yet sufficient to account
quantitatively for exchanges between the atmosphere,
ocean and land vegetation (Section 1) The international
JToint Global Ocean Flux Study (JGOFS) a core project of
IGBP has been designed to mvestigate the oceanic
brogeochemical processes relating to the cycle of carbon in

and terrestrial

the occan and to assess the capacity of the ocean for
absorbing CO2 (3) A central question being addressed
iclates to the role of the ocean and 1ts circulation (sce
description of the World Ocean Cuiculation Experiment 1n
Scction 11 2 4) 1n the uptake of CO2 pioduced from the
burning of fossil fuels This uptake occurs via both physical
and biological processes Neither 1s well quantified on a
global scale, and the regulation of the biological processes
1~ at present only poorly undetstood In particular the
biogeochemical processes responsible for the long-term
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storage of a portion of the total primary production cannot
at this time be resolved sufficiently in time and space to say
how they might be affected by climate change The first
component of JGOFS, relating to process studies, began
with a pilot study 1n the North Atlantic in 1989 Two time-
series of measurements have been mitiated at stations n
the vicinity of Bermuda and Hawan JGOFS will result in
an order of magnitude improvement in the precision of the
assessment of the oceans role 1 sequestering CO7 from
the atmosphere

(3) The Joint Global Flux Study (JGOFS), a coie project
of the IGBP s o1 ganized by ICSU's Scientific Commuttee
on Oceanic Research Irs major goal is to determine and
understand on a ¢lobal scalc the ttime varving fluves of
carbon and associated brogenic elements tn the ocean and
to exaluate the related exchanges with the atmosphere the
sea floor and contiental boundaries This project has
thiee major components 1) a sequence of studies to
elucidate the connections betw een vartous biogeochcmical
processes and distributions 2} a global-scale suvey and
long time serics of measurements to improve the basic
description of the carbon (vcle and 3) a modelling effort
to dentify critical processes and variables, to constiuct
basin and ¢lobal-scale frelds from obseryved parameter s
and to predict future states of the ocean The net
generation of satellites will provide ocean colowr data for
the ¢lobal assessment of temporal and spatial patterns
primary productivity and the WOCE hydrographic sun ey
will provide the slip opportumties and ancillary physical
and chemical data 1equued to generate the fu st global
imentory of ocean caibon

Another core project the International Global
Atmospheric Chemistry Programme (IGAC), 15 being
designed to investigate the interactions between atmos-
pheric chemistry and the terrestrial biosphere, particularly
fluxes of carbon dioxide, methane and nitrogen oxides (4)

11 2.2 Control of Radiation by Clouds

Radiation 15 the primary cnergy source of the climate
system and the principal heat input to the oceans (Section
2) These {luxes are very sensitive to the amount,
distribution and optical properties of water and 1cc clouds
(Sections 3 and 5) and are central to the problem of
grecenhouse heating  Acrosols also influence the net
radiative flux at the surface The net heat flux to the ocean
determines the r1ate of ocean warming and volume
expansion which 15 likely to be the largest contribution to
the global 11se of the mean sea-level during the next
century 1f the Greenland and Antarctic 1ce sheets are
netther gainig not losing mass (Section 9)
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(4) The International Global Atmospheric Chemistry
Programme (IGAC), a core project of the IGBP, 15 jointly
orgamized with ICSU’s Commussion on Atmospheric
Chernustry and Global Pollution Ity goal 15 to document
and under stand the processes regulating biogeochemical
interactions between the teriestiial and marine components
of the biosphere and the atmospheire and theu 1ole 1n
chimate It consists of several research projects, which
address natural variability and anthropogenic
perturbations in the composition of the atmosphere ovei
tenrestrial tropical polar, and nud-latitude 1egions as well
as over the oceans Other 1esearch efforts will address
through observations and modelling the global
distiibution of chemically and 1adiatn ely impor tant species
(tncluding enussion 1ates and other processes gorerning
then abundances) and the 1ole of these substances in cloud
condensation The 1esults will yield a mai ked 1mpi ovement
i our undeistanding of the processes 1esponsible for
regulating the abundance of atmospheric constituents that
are of relevance to chimate

For the past two decades, the Earth radiation budget at
the top of the atmosphere has been measured from
satellites The most recent radiometric measurement (Earth
Radiation Budget Experiment) discriminates between
cloudy and cloud-free areds, thus providing direct
determination of the net energetic eftect of clouds in the
present climate This information 1s not enough, however,
to distinguish between the eftect of different types of
clouds at different altitudes The ongoing International
Satellite Cloud Climatology Project of WCRP (started in
1983) 1s working to assemble global statistics of the
distribution and properties of different cloud types In
order to quantify the interannual variability of cloud
systems, ten or more years of data are required Because of
the importance of changes in cloudiness n the radiation
budget, these measurements must be continued Process
studies will be important 1n the study of feedbacks such as
cloud-radiation 1nteraction and 1ts dependence on cloud
water content, particle size and altitude

Further modelling and observational research will
nevertheless be necessary to achieve accurate
representation 1n climate models of the role of clouds and
radiation The WCRP's Global Energy and Water Cycle
Experiment (GEWEX), discussed more fully mn Section
1123, has as one of 1ts objectives the more precise
quantitative deduction of all encrgy fluxes within the
atmosphere and at the air-sea and an land mterfaces (5)

(5) The Global Energy and Water Cycle Experiument
(GEWEX) 15 a programme launched by the WCRP to
observe under stand and model the hydrological ¢yvcle and
ener gy fluves in the atmosphere on the land sw face and m
the upper ocean The Programme will imestigate the
variations of the g¢lobal hdrological 1egime and then
impact on atmospheric and oceanic dyvnamics as well as
vanations in regional hydrological processes and water
resources, and then 1esponse to change tn the emvuonment
such as the maease of gieenhouse gases The GEWEX
Progiamme has several components It incorporates a
major atmospheric modelling and analyvsis component
requnng a substantial mcrease in computer capabilities
because climate models with high spatial 1esolution are
needed to achieve realistic sumulations of regional
climates GEWEX will provide an order of magnitude
improvement in the ability to model global precipitation
and evaporation as well as accurate assessment of the
sensitivity of the atmospheric radiation and clouds to
climate changes Because of the complev interactions of
clouds and r1adiation the GEWEX Programme will
cooperate with the TOGA Programme and other piojects in
studies of cloud processes In addition there will be
studies to tmprove the extraction of atmospheric and land-
surface information from satellite data The GEWEX
Programme also includes a series of land suiface
expertments to develop undeistanding and
parameterizations of eyapoiation and heat exchanges from
inhomogeneous vegetated suifaces Advancement of
Indrological models and theu ntegiation vito climate
models 15 another objective of the GEWEX Programme
The IGBP Core Project on the Biospheric Aspects of the
Hydrological Cycle (BAHC) will deal with the
complementary problem of 1esolving the role of the
biosphere and land-suiface processes in this context and
develop methods to implement the mteraction of the
brosphere with the phnsical Eaith system mn ¢lobal models

Achieving the objectives of GEWEX will require the
development of major new instruments to be flown on the
next generation of multi-disciplinary satellite platforms n
polar orbit or on the International Space Station and co
orbiting platforms (Earth Observing System, EOS) For
this reason, the main GEWEX observing period must be
timed to start with the launch of these satellite systems
(expected n 1997 to 2000) The Experiment will last
approximately five years and scientitic interpretation and
application of the results will take several futther years
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11.2 3 Precipitation and Evaporation
The condensation of water 1s the main encrgy source of the
atmospheric heat engine and the transport of water vapout
by the atmospheric circulation 15 a key process 1n the
redistribution of the suns energy in the Earth system
Water vapour 1s also an mmportant greenhouse gas The
vertical distribution of latent heating 1n precipitating clouds
has a large effect on the large-scale circulation of the
atmosphere Precipitating clouds also play an important
rolec 1n the general circulation through their effect on
vertical transport of heat, moisture and momentum The
inflow of fresh water at high latitudes 1s a major factor
determining sea water buoyancy which forces the ocean
ctrculation The rates of accumulation of snow and the
ablation of 1ce 1n the Antarctic and Greenland 1cc sheets are
important sources of uncertainty for sea level rise during
the next century (Section 9) Changes in the hydrological
recgime, precipitation and evaporation and consequent
change 1 o1l moisture and the availability of fresh water
resources, are the most serious potential consequences ot
impending climate change in terms ot 1ts eifect on man

Unfortunately, present quantitative knowledge of the
large-scale water budget 15 still very poor For example, 1t
has not yet been possible to measure or deduce from
existing measurements cither global precipitation or global
cvaporation (Section 7) About one third of the water run
off from continents to the ocean takes place as flow 1n
small ungauged coastal rivers or underground aquifers
Much 1mproved quantitative assessments of these
components of the global water cycle ate essential to
achieve accurate predictions of future water resources 1n a
changed climate Values of precipitation and evaporation at
sca can be inferred only roughly from general circulation
models or satellite observations

To address these and the other problems mentioned 1n
Scction 1122 WCRP has launched the GEWEX
programme (5) and specific projects aimed at the collection
and analysts of observations avatlable at present, such as
the Global Precipitaion Climatology Project (started 1n
1988) and the Global Run off Data Project (1980) The
Global Precipitation Climatology Project has undertaken to
combine all available rain gauge measurements and
meteorological data with satellite observations of rain-
clouds to produce the first global climatological record of
monthly-mean total precipitation, including over the
oceans These projects requiie increased support by
operational meteorological and hydrological agencies to
upgtade the woildwide collection and exchange of essential
ground-based measurements of rain snow and river flow

An ensemble of modelling and ficld studies of
atmospheric and hydrological processes has already been
initiated The most significant achievements towards this
objective are hydrological atmospheric field studies aiming
to close the encrgy and water budget of a land parcel of
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size commensurate with the spatial resolution of a general
circulation model A series of regional-scale (10 to 100 km)
field studies (Hydrological Atmospheric Pilot Experiments,
HAPEX, First ISLSCP Field Experiment and others) 1n
different major ecosystems was started in 1986 and future
experiments will continue to the end of the century
Cooperation between WCRP and IGBP 15 being pursued to
take 1nto account the role of biological processes in
evapotranspiration from terrestrial vegetation and,
conversely, the effect of climate change on terrestrial
ecosystems Hydiological models of a continent-size river
basin driven by daily precipitation and evaporation
estimated from analysed meteorological fields, are now
being developed and will be applied during a continental-
scale project in the mid-1990s  Other programmes, such as
the Coupled Ocean-Atmosphere Response Experiment of
the TOGA Programme, arc important for determintng the
physical processes within mesoscale convective cloud
systems

11 2.4 Ocean Transport and Storage of Heat

The ocean plays a major role 1n the climate system through
1ts storage and transport of heat The response time of the
upper ocean 1s relatively short (months to years) compared
to the deeper ocean It 15 now recognized that the largest
portion of the interannual variability of the climate system
15 linked to the tropical oceans For this reason, the
Tropical Ocean Global Atmosphere (TOGA) Programme
(6) was originated and 1t 15 maintaining an Intenstve
observational programme from 1985 to 1995 In addition,
the TOGA Coupled Occan-Atmosphere Response
Experiment (COARE) 1s planned for the mid-1990s, to
investigate the coupling between the warm western tropical
Pacific Ocean through cloud dynamics, with the high
atmospherc  With the TOGA observational array of buoys,
current meters, and ships, 1t has been possible to investigate
the evolution of the tiopical ocean and to imitiate
experimental forecasts of the El Nifio phenomenon

(6) The WCRP's Tropical Ocean - Global Atmosphere
(TOGA) Programme 1s aimed at understanding and
eventually predicting how the evolution of the tropical
oceans mteracts with and causes global-scale varability of
the atmosphere The El Nino  Southern Oscillation
(ENSO) 15 the major cause of interannual varability of the
climate system TOGA began its observing period in 1985
and will continue until 1995 A large ariay of special
occanographic and atmospheiic measur ements have been
deploved  The TOGA Pirogiamme also includes process
studies and model development  One special activity is the
v estigation of monsoon dynamics
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If the atmosphere and upper-ocean dalone were
responding to the increase n greenhouse heating and the
cloud-radiation feedback operated according to curient
knowledge, then the surface of the Earth would dlready be
1 to 2°C warmer than the temperatures of the nineteenth
century The response of the Earth s climate to increased
greenhouse heating 15 being reduced by the thermal mertia
of the ocean, determined by the largely unknown rate of
penetration of heat into the upper 1000 metres Deep ocean
warming results mamnly from water sinking at high
latitudes, frequently in the presence of seca 1ce, and
subsequent circulation n the ocean Quantitative modelling
of the global ocean circulation 15 essential to determine the
timing of global warming The WCRP World Ocean
Cirrculation Experiment (7) will provide the understanding
and observations of the global ocean to enable the
development of these ocean models

(7) The World Ocean Circulation Experiment (WOCE) of
the WCRP 15 a woildwide oceanographic programme to
describe the oceanic cuculation at all depths and on the
global domain during a five year period (1990 1995) The
primary goal of WOCE 15 to deyelop ¢lobal ocean models
Jor the prediction of chimate change and to collect data sets
necessary to test those models Ozver the five veais of the
programme there will be an intensification of the effort to
deternune an sea fluves globally by combumng maiine
meteorological and satellitc data an upper occan
nmieastr ements progranmmie to deternune the annual and
mter-annual oceantc 1esponse to atmospheric forang and
a programme of high qualinn Invdrographic and chemical
tracer observations swface and under water drifters

curient meter ariays tide gauges and satellite altimetry to
determuine the basic features of the deep-ocean cnculation
WOCE will provide adequate deternmination of global heat
and fresh water fluxes m the bulk and at the suiface of the

ocean

Three new satellite missions 1n support of WOCE dre in
the final stages of preparation or being planned

The US-French TOPEX-POSEIDON precision alti-
metry mission, to measure the ocean surface
topography with unprecedented accuracy for the
purpose of determining ocean circulation (to be
launched in 1992),

The European Space Agency ERS-1 and ERS 2
missions to measure wave height and ocean surface
topography, wind stiess and temperatuic at the
surface of the occan (to be launched in 1991 and

1994),
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The US-Japanese ADEOS project to provide 1n par-
ticular, more complete observations of the wind
stress over the global ocean (to be launched 1n 1994)

Oceanographic agencies and Institutions arc jomning
forces to deploy the research vessel fleet nceded to
implement the WOCE hydrographic and geochemical
surveys at sea, which call for 25 ship years The con-
centration of a number of chemicals and 1sotopes will be
measured throughout the ocean By studying the
distribution of substances that entered the environment at
different times over the last century, geochemuists and
ocean modellers can estimate the time scales associated
with the slow renewal and circulation of the oceans deep
water masses

WOCE systems are to be activated for five years only
Maintaining systematic observations of essential ocean-
ographic quantities after WOCE, to monitor the changes
taking place 1n the ocean and to define the state of the
global ocean circulation from which further dynamical
predictions could be made, 15 a requirement which remams
to be put into effect (Section 11 3 2)

11.2.5 Ecosystem Processes
As indicated above, both terrestrtal and marine ecosystems

are important as sources and sinks of brogenic gases that
have radiative properties in the atmosphere In addition,
terrestrial ecosystems play an rmportant role 1n the
exchange of moisture and theretore encrgy between the
land surface and overlying atmosphere Thus predictions of
chimate, driven by anthropogenic increases 1n the
atmospheric content of greenhousc gases must take nto
consideration the likelihood that feedback from ecosystems
will be altered by climate change ttself Temporal and
spattal patteins 1n temperature, precipitation and nutrient
deposition (1ncluding extreme events) will directly atfect
soils, plant productivity, vegetation structure and
community composition This influence 15 not himited to
natural ecosystems, 1t also 1imposes regional constraints on
agriculture and forestry Large scale displacement of
particular ecosystems will aftect the chimate system by
altering local surface roughness and albedo

A more quantitattve understanding of the function of
ecosystems 1n climate 15 important In particular research
1s needed to provide better global observations of the
nature and extent of vegetation and soils In addition in
sitie studies must be scaled up to mvestigate the physio-
logical and ecological processes that configure an eco-
system response to climate change The interpretation of
such data requires @ modelling approach that also includes
the abihty of community constitucnts to migrate away from
a unsuitable climate regime The full use of this mfor-
mation 1n chmate predictions requires higher 1esolution
models (50 km) capable of simulating extieme condiions
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and the tull range of the seasonal cycle The IGBP 15
engaged 1n planning new studies of climate and land use
changes on ecosystems, and their attendant feedbacks on
chmate Partly to address these ecosystem dimensions of
chmate regulation, the IGBP has established a core project
on Global Change and Terrestrial Ecosystems (GCTE) (8)

(8) Global Change and Terrestrial Ecosystems (GCTE) is
a core project of the IGBP, aimed at developing the
capacity to predict the effects of changes in climate
atmospheric composttion and land-use practices on
terrestrial ecosystems This capacity 1s requied both
because the ecosystem changes are of duect importance to
humans, and because they will have a feedback effect on
further evapoti anspu ation, albedo and suiface roughness
The project has mwo main foci Ecosystem "Physiology”
the exchanges of energy and materials, and then
distitbution and storage - and Ecosystem Stiucture - the
changes n species (functional type) composition and
physiognonuc structwre, on the patch, landscape and
regional (continental) scales The project 1s based on close
ntegration of expeitmentation and modelling It consists
of sexven core actnities, each of which 1s made up of a
number of particular tashs, which include such topics as
elevated CO? effects on ecosystem functioning changes n
the biogeochemical cyching of C,N P and S, soil dynamics
vegetation dvnamics and changes in spatial patterns

11.3 Requirements for Narrowing Uncertainties in
Future Climate Change

Climate research can provide a valuable service to society
by providing the means for detection of future climate
change, quantitative prediction of the iming and rate of the
expected global changes and assessments of probable
regional effects In order to achieve these goals, it 1s
necessary to develop a comprehensive Global Earth
Obscrving System, to develop improved climate models
and to acquire new scientific knowledge As shown 1n
Figure 111, there 15 an essential symbiosis between
obscrvations and modelling Observations are required for
long-term climate monitoring, especially for detection of
chimate change, and tor local process studies Modelling 15
required to support process studies as well as to provide the
vehicle for climate predictions Observations and
modelling are brought togcther to develop an under-
standing of the components of the climate system At
present modelling and data assumilation studies are limited
by availability ot computer time large increases 1n
computer resources are a major requirement A second
major limitation on the advancement of chimate research 15
the shortage of highly trained scientists
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Figure 11.1: The symbios1s between observations and modelling

11.3.1 Improvement of the Global Atmosphere and Land
Surfaces Observing System

Basic information on climatic processes, climate variations
and systematic trends originates from the operational
meteorological observing systems of the World Weather
Watch, complemented by various operational hydrological
networks and environmental measurements of the Global
Atmospheric Watch (9) In addition to the maintenance of
the basic meteorological systems, specific improvements
are needed, 1n particular

a) 1mproved 1infrared and microwave atmospheric
sounding mstruments on meteorological satellites, to
obtain more accurate temperature/moisture
information with better vertical resolution 1n the
troposphere (e g , high spectral resolution infrared
spectrometer/radiometer),

b) 1mproved tropospheric wind observations from
geostationary satellites (cloud-drift winds) and
platforms 1n low Earth-orbit (Doppler wind lidar),

c) rain-radars and passive multiple-frequency imaging
radiometers 1n the microwave spectrum, to estimate
rainfall over the whole globe, and

d) radiometers to determine more accurately the Earth's
radiation budget

Temporal and spatial patterns 1n key vegetation
properties can, when calibrated and interpreted in the
context of ground-truth data, be efficiently studied with
satellite sensors These data are critical 1n detecting
regional shifts in ecosystem form and function 1n response
to chmate and land use changes Sustaining these activities

at levels appropriate to the study of climate change
requires
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(9) Several international organizations operate major
observational networks that piovide information that needs
to be ncluded 1n a compiehensne syvstem for (limate
monttoring For climate monitoring puiposes it is essential
that each of these networks be maintained and where
appiropiiate, enhanced The important characteristics of
climate momitoring systems include long-term continuity

consistency of calibration qualiny control documentation
of techmques, and nternational availability of data The
major networks are the World Weather Watch and Global
Atmosphere Watch of WMO  the Integiated Global Ocean
Services System of WMO and the Intergovernmental
Oceanographic Comnussion the Global Enmvuonmental
Monitoiring System of UNEP and the Global Sea-Leiel
Service of IOC

e) 1mproved commitment to the acquisition and archival
of AVHRR data for determining rates of change (for
example, those arising from desertification and land
clearing), shifts in seasonal vegetation cycles, and
rates of plant production needed for carbon cycling
modelling, and

fy improved high spectral resolution sensors, like those
being defined for EOS, to determine vegetation
characteristics (including physical and chemical
properties) needed as input for global biogeochemical
models

11.3.2 Development of a Global Ocean and Ice
Observing System
From the perspective of global chmate change, systematic
ongoing observations of the global ocean are needed for
several purposes The key to predicting the rate of change
of the global system 15 to be found 1n observations of the
ocean circulation and heat storage Predictions of {uture
climate change will eventually be carried out starting from
the observed state of the combined atmospherc and ocean
system An example of this approach 1s the forecast of El
Nifio and other tropical climate disturbances by the WCRP
Tropical Ocean and Global Atmosphere (TOGA)
Programme
A comprehensive ocean and 1ce observing system
requires
a) satellite observations of the ocean surface temp-
erature, wind and topography sea 1cc concentration
and chlorophyll content (ocean colour), and of the
topography of the Antarctic and Greenland 1ce sheets,
by an international array of space platforms 1n
suitable orbits around the Earth
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b) an international operational upper-ocean monitoring
programme, to determine the time and space
dependent distribution of heat and fresh water 1n
upper ocean layers, seasonal variations and long-term
trends, and

c) dan international programme of systematic sea-level
and deep-ocean measurements, at suitable time and
space intervals, to determine the state of the ocean
circulation, ocean volume and transport of heat

11.3.3 Establishment of a Comprehensive System for
Climate Monitoring

In the previous two sections (11 31 1132)

improvements to the global atmosphere and land surface

and

observing system and development of a global ocean and
ice observing system were discussed These observing
systems must be coupled with existing observing systems
to establish a comprehensive system {for climate
monitoring It must be recognized that the requuements for
climate monitoring are different from those for weather
prediction Failure to recognize this mn the past means that
there are a number of uncertainties which have been
introduced nto long-term chmatological time series A
long-term commitment 15 now nceded by the worlds
national weather services to monitor climate vartations and
change Changes and 1mprovements in observational
networks should be mtroduced 1in a way which will lead to
continuous, consistent long-term data sets sutficiently
accurate to document changes and variations n climate (9)
Some observing systems have and will be established for
research purposes These research systems are usually ot
limited duration and arca and may have different emphases
from a climate monitoring system (Figure 11 1) However
1t 15 important that these observations also be integrated
with the information from long-term monitoring systems
Satellite observations are not yet of long enough duration
to document climate variations
be most useful, 1t 15 very important that they be analysed
and nterpreted with existing 1 sitie data High prionty
should be given to the blending o1 mtegration of spaced-
based and 111 sitie data sets in such a way as o build upon
the strengths of cach type of data Examples of ongoing

In order for these data to

projects that have used mixed satellite data sets careful
cross calibration and coordinated data processing to
produce global data sets are the WCRP s International
Satellite Cloud Climatology Project (ISCCP) and the
Global Piecipitation Climatology Project (GPCP) For
some applications 1t 15 necessary 1o assimilate the
observations 1nto operational numerical weather prediction
models for which purpose the observations need to bc
available 1n near teal time  All satellite instruments should
be calibrated both prior to launch and 1n thight  For those
instruments now i operation techniques should be

developed to prevent or detect instrument ditft In planning
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new satellite observations for long-term monitoring, special
attention should be paid to continuity of calibration and
processing, archival and access to the data

[t 1s, further, imperative that there be strengthened
international agreements and procedures for international
exchange of existing basic climatological data (e g, rain-
gauge measurements and/or meteorological satellite data)
National data centres must make available, through free
exchange, to the world climate community, data sets
collected Existing CLIMAT and
international data exchange (World Weather Records) must
include essential variables which are absent at present For
most climate variables, the spatial and temporal 1esolution
of the exchanged data 1s inadequate, precluding world-wide
analyses of extremes New methods of international
exchange may be needed For a worldwide ocean mon-
toring system there are requirements for streng thening
international agreements to facilitate standard temperature,
salinity and velocity measurements by all vessels and
oceanographic drifting platforms within national Exclusive
Economic Zones Agreements among scientists and
1esearch nstitutions for international sharing of ocean-
ographic data need to be strengthened

There remains considerable data 1n manuscript form,
which will prove valuable in producing more definitive
analyses of chimate change and variability These data
should be documented 1n computer compatible form These
and proxy data, including palaeo climate data, are needed
to reconstiuct variations 1n past climates In many cases,
spatial and temporal resolution needs to be improved
Palacodata can be particulatly valuable 1n testing
hypotheses regarding the mechanisms that have n the past
linked physical and biogeochemical aspects of chimate
change The IGBP has established a core project spec-
ilically for studying Past Global Changes (PAGES) (10)

The WMO has undertaken to strengthen 1its activities Lo
monttor the chemical composition and other characteristics
of the atmosphere, away from pollution sources, and to
incorporatc these activities mto a coordinated Global
Atmosphere Watch (GAW) programme The main
objective of GAW 15 to establish a global monitoring
network of about 20 observatories complemented by
regional stations whenever possible

in their countries

In addition to the above-mentioned needs to improve
avatlable mstruments and methods to observe various
chimate parameters the development of a compichensive
system for monitoring chmate change around the world 5
likely to be required under a convention on climate change
Theie ate many mternational bodies mvolved n already
existing monitoring activities such as the World Chimate
Research Programme the Woild Climate Progiamme  the
WMO Commission for Climatology the Global
Atmosphere Watch the UNESCO Man and Birosphete the
Intergovernmental Oceanographic Commission and the
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(10) The IGBP core project on Past Global Changes
(PAGES) coordinates and integiates existing national and
mternational palaeo projects and implements new

activities 1n order to obtain imformation on the pie-
mdustrial variations of the Eaith system and the baseline
on which human mmpacts aie superimposed Typical
reseaich tasks are the separation of anthiopogenic and
corresponding 1esponses and the documentation of
possible internally forced processes Of paiticular mterest
are the decom olution of long-term climatic changes over a
glacial (vcle of ecosystems to the warming at the end of the
last ¢laciation and changes in the atmospheric content of
CO? and CHy thioughout the last glacial cycle and during

periods of abrupt climatic change  All this information will
help to evaluate both chimatic and biogeochemical cycle
models

UNEP Gilobal Environmental Monitoring System The
future overall system for monitoring climate change and its
effects requires coordination of activities of these and other
organizations

11.3.4 Development of Climate Models
Improved prediction of climate change depends on the
development of climate models, which 1s the objective of
the chimate modelling programme of the WCRP
Atmospheric gencral circulation models are based on
numerical models uscd with considerable success by the
national weather services to predict weather several days
ahcad However, when adapted for climate prediction,
these models need to be extended in several ways, all of
which place heavy demands on computer resources
Extending the period of integration from days to decades
has already been achieved, but so far only at the expense of
poor spatial resolution and/or inadequate representation of
the interaction between the atmosphere and the oceans In
addition, some feedback mechanisms in the climate system
depend on biological chemical interactions, the propet
understanding of which are key tasks for the IGBP

The oceans are represented 1n most climate models 1n a
very simplified way that docs not properly simulate the
ocean s ability to absorb heat and hence retard (and to some
cxtent alter the pattern of) global warming These (so-
called equilibrium) models provide an estimate of eventual
climate changes but not the rate at which these will take
place In order to predict the cvolution of climate
realistically, 1t 15 necessary to develop further a new
generation of models i which the atmosphere and oceans
(and sea-ice) are tully coupled and in which the circulation
of the oceans as well as the atmosphere 15 explicitly
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computed The oceans have important eddies occurring on
small scales and fine spatial resolution 1s essential for their
explicit representation 1n a realistic manner

Finer resolution than used at present 15 also required for
the atmospheric component 1f regional variations of climate
are to be predicted Present day climate models do not have
sufficient resolution to represent in a meaningful way the
climate of specific regions as small as, for example, the
majority of individual nations The implementation of finer
resolution models will require significant advances in
computer capability such as can be expected within the
next 5 to 10 years Improved parameterization of cloud and
other processes will also need to be incorporated To
develop these parameterizations, very-fine mesh models
will need to be developed, covering domains large enough
to embrace entire mesoscale convective cloud systems, and
appropriate field experiments will need to be carried out 1n
different regions to provide mput data and validation

Models are required not only for prediction and process
studies, but also for analysing the mevitably incomplete
observational data sets to reconstruct and monitor climate
change Appropriate 4-dimensional data assimilation
techniques exist for observations of atmospheric temp-
erature and wind, but substantial improvements over the
course of the next decade are needed to extend these
methods for assimilating other parameters such as
precipitation Similar techniques will also be required for
the analysis of ocean observations

The development of advanced geosphere-biosphere
models will be an important task for the IGBP  Such
models are needed to introduce, as dynamic variables, the
biological source and sink terms into descriptions of the
way 1n which greenhouse gases will vary with chimate
change That will become feasible with supercomputers
available early in the 2Ist century Such models will
simulate detailed events with sufficient spatial and
temporal resolution to permit explicit treatment of the
strong non-linear interactions between physics, chemistiy
and biology that occur on small scales

Model vahidation 15 a prerequisite to reducing uncert-
amties The interaction between observational data and
numerical modelling 1s a continuing process It 15 essential
for the development and testing of these models, for their
operation and for their validation and eventual application
to prediction Confidence in models depend on com-
parisons with observations Modellers must 1dentify data
sets needed, their temporal and spatial scales of meas-
urement and the required accuracy and simultaneity of
observations The observational system must be destgned
to provide such measurements and the data analysis and
information system must be able to transform these
measurements 1nto usable parameters
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11.3.5 International Research on Climate and Global
Change

Carrying out this global multi-disciplinary progiramme
requires unprecedented co-operation of the world scientific
community and task sharing by reseaich nsttutions and
responsible national administrations with long-term
commitments of support Inasmuch as global climate
change 1s recogmzed as a problem concerning all nations
establishing an effective global climate monitoring and
prediction system must also be recognized as a
responsibility to be shared by all nations For the physical
aspects of the climate system, research on the clouds and
radiation, the global water cycle and the oceans should be
given highest priority at this tume Within the Woild
Chimate Research Programme, this includes the Global
Energy and Water Cycle Experiment (GEWEX) and World
Ocean Circulation Experiment (WOCE) Resource com-
mitments are required as a matter of urgency Regarding
biogeochemical aspects of the chimate system, tescarch on
the role of the ocean and the terrestrial biosphere as sources
and sinks of greenhouse gases should be given highest
priority  Within the International Geosphere-Biosphere
Programme, this includes the Joint Global Ocean Flux
Study (JGOFS) and the International Global Atmospheric
Chemustry Programme (IGAC) Internationally coordinated
1esearch on the role of ecosystems in climate, including a
brospheric contribution to GEWEX through an IGBP core
project on BAHC, 15 now being organized Thesc studies
will be an obvious complement to climate studies and be
important 1n laymng the sound foundation for assessing the
effects of climate change on ccosystem functions and
subsequent feedbacks to the chmate system

As noted earlier, there are strong interactions between
climate change and other global environmental 1ssues A
research programme on climdate change will provide
valuable msight into these 1ssues and as we gain
understanding of the functioning of the total Earth system
research programmes will need to be modified and
reframed 1n terms of a research programme aimed at
supporting global environmental management n all 1ty
aspects

It 15 recognized that there are important scientific
questions that are being addressed by national and other
research programmes independently of these international
programmes The emphasis 1n this report has been given to
those scientific questions that require large experimental
and observing systems, and therefore require international
coordination of efforts

11.3.6 Tume-scales for Narrowing the Uncertainty

New concepts and scientific methods cannot matuic
overnight and the lead tume for significant progress n
knowledge must be cstimated n terms of ycars or even a
decade, as for any major new technical development
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Although progress will occur incrementally in all fields, it
is instructive to identify times when the pace of progress
will be intensified as a result of specific activities some of
which are shown for illustrative purposes in Figure 11.2.
‘Where the oceans are concerned, substantial advances can
be expected after the mid-1990s as a result of the WOCE
and JGOFES field programmes. On the same time scale,
model developments will lead to better treatment of the
oceans in coupled atmosphere-ocean general circulation
models and hence to more realistic predictions of the rate
of change of climate. For the atmosphere, clouds introduce
the greatest uncerfainty: some progress will occur during
the 1990s as a result of the ISCCP and continued Earth
radiation measurements from space. The Global Energy
and Water Cycle Experiment, to start in the late 1990s, will
provide the first comprehensive data set for marked
improvement in the treatment of clouds and radiation in
climate models. A proper treatment of clouds may require
the development of more powerful satellite instruments
such as three-dimensional cloud radars after the turn of the
century. A similar time scale applies to the representation
of precipitation and evaporation, and associated transport
processes, The series of HAPEXs will coniinue through
the mid-1990s and the Continental Scale Study of a large

Isccp |-
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river basin will follow. Advanced space instruments
(Figure 11.3) involving a heavy investment in active
sensors {lasers and radars) will begin producing important
results at the end of the 1990s as part of the GEWEX. This
is also the time when we shall begin to see global models
incorporating chemical and biospheric aspects and
advanced four-dimensional data assimilation techniques
Improved underslanding of the sources and sinks of the
major greenhouse gases will only come following
completion of JGOFS (for the marine component) and
IGAC (for the terrestrial component and the atmospheric
translormations) at the end of the century. Although still
lacking some of these improvemenis, a major advance in
the ability to predict the regional differences in climate
change is expected to take place in the late 1990s, with the
implementation of higher resolution models of the
atmosphere. A broad summary of the time-scales for
narrowing the uncertainties is given in Figure 11.4.
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Figure 11.2: Schematic time schedules of major scientific programmes, as referred to in text.
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Figure 11.3: Illustrative examples of important satellite measurements.
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For these objecitives to be met a long term commitment
to observation and modelling activities musi be maintained
for at least the nexi decade. It is essential that government
funding agencies rccognize the magnitude of both the
financial and human resources needed to undertake this
research programme and the need to plan for appropriately
long and sustained scientific efforts. Understanding and
predicting the Earth's climate system must surely be the
greatest scientific challenge yet to be faced by humankind.
It is a worthy banner behind which the nations of the world
can unite.
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A.1 Introduction

Modelling studies have been undertaken by a number of
research groups to investigate the climate consequences of
several man-made emission scenarios The first category of
emission scenarios 1s that generated by IPCC Working
Group III, which represents a broad range of possible
controls to limit the emissions of greenhouse gases, these
we refer to as policy scenarios. The second category of
scenarios 1s generated by Working Group I to illustrate the
way 1n which the atmosphere and climate would respond to
changes 1n emissions, these we refer to as science
scenarios. Many of the results have already been displayed
in the approprate sections of this report, they are brought
together here to allow the complete emissions-climate
pathway to be seen The exploration of the chimate
consequences of both categories of emissions scenarios
involved the sequence of modelling studies illustrated 1n
Figure A 1

A.l1.1 Policy Scenarios
Four policy scenarios have been developed by Working
Group III, they are described 1n Appendix 1 of this report

EMISSION
SCENARIOS PAST/PRESENT
(Working Group Ill} EMISSIONS
- (Section 1)
V D
P
o~ CARBON CYCLE
AND
FUTURE CHEMISTRY MODELS
CONCENTRATIONS
RADIATIVE FORCING
< EXPRESSIONS
\/ (Section 2)
FUTURE
RADIATIVE
FORCNG BOX DIFFUSION
UPWELLING MODELS
- (Section 6)
] N
CLIMATE
TEMPERATURE
SENSITIVITY
CHANGE (Section 5)
< THERMAL EXPANSION
Y GLACIER MELT efc
(Section 9)
SEA LEVEL
CHANGE

Figure A.1: Sequence of modelling studies
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Figure A.2(a): Emissions of carbon dioxide (as an example) in
the four policy scenarios generated by IPCC Working Group
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Figure A.2(b): Emissions of methane (as an example) in the four
policy scenartos generated by IPCC Working Group 11

The first approximates to a Business-as-Usual (BaU) case
The other three incorporate a progressive penetration of
controls on greenhouse gas emissions, and in this report are
labelled Scenario B, C and D (The BaU case had carher
been referred to as Scenario A)

Each scenario includes emissions of
greenhouse gases, and other gases (such as NOx and CO)
which influence then concentrations The cmissions of
carbon dioxide and methane are shown n Figure A 2 as
examples For further information on the background to
and method of generation of, these policy scenarios, see
Expert Group on Emussions Scendrios (1990)

the main

A.1.2 Science Scenarios

The chain of processes 1n the atmospherc and other
components of the chimate system which lead from
emissions to chimate change (typified in this case by global
temperature and sea level rise) can be 1illustrated by using a
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small number of cases where emissions are changed n
some hypothetical manner, often exaggerated for clarity
The following science scenarios were sclected by Woiking
Group | changes described apply cqually to all the
greenhouse gases

S1  Constant emissions at 1990 levels of all gases trom
1990 onwards,

S2  Reduce all emissions by 50% 1n 1990, and hold
constant thereafter,

S3  Deciease emissions at 2% per year compound from
1990,

5S4  Incicase emissions at 2% per year compound until
2010, then decrease at 2% per year compound

In ecach case the 1990 emussions are assumed to be those
given in the Business-as-Usual policy scenario

A.2 Pre-1990 Greenhouse Gas Concentrations

Concentrations of the greenhouse gases prior to 1989 are
taken as those observed directly in the atmosphere or 1n
1ce-cores  as discussed 1n Section 1 The year 1765 was
chosen as the pre-industrial baseline for greenhouse gas
concentiations (and, hence, for man made forcing and
global mean temperature) 1990 concentrations were
calculated by making a small extrapolation from most
recent observations and trends

A.3 Future Greenhouse Gas Concentrations

A number of models which contain representations of
atmospheric chemistry and the carbon cycle have been used
to make projections of future atmosphetric concentrations of
the gieenhousc gases from the man-made emissions
scendtios The tesults from each of the models ate not
shown explicitly  For each scenario and gas a single best-
estimatec was made of the concentration projection and
these ate shown n Figute A 3 for the policy scenarios and
A4 A5 for the science scenarios In most cases these
best estimates were simple means of a number of model
1esults

A quantitative understanding of the 1clationship between
trace gas cmissions and tropospheric concentrations
requires a description n three dimensions of atmospheric
dynamics atmospheric chemistry and sources and sinks
The problem 15 complex and demands the use of large
supercomputers Hence the results described in this Annex
have been obtained with models which contamn a number of
simphitying assumptions The models give a range of future
concentrations depending on the assumptions adopted
Tropospheric models together with therr iepresentations of

Annex

atmospheric transport and chemistry have not been subject
to comparison and evaluation 1n the same manner as the
stratospheric assessment models Consequently, there are
no favouied approaches or recommended models

In many cases comparison of different model results
reveal many shortcomings 1n the emissions scenarios
themselves Each emission scenario starts from 1985 and
extends to 2100 Much 1s known about trace gas sources
and sinks from these and other modelling studies of the
1985 atmosphere The current emissions provided by
Working Group [II (WGIII) have not always been
harmonised with previous model studies of the life cycles
of these trace gases Each set of model studies has therefore
been adjusted 1n some way to accommodate the 1985
situation where the emissions are 1in some way inadequate

Emissions of some gases 1n particular man-made and
natural hydrocarbons were not projected by WGIII, each
modelling group has therefore made 1ts own assumptions
about these and this 15 an additional cause of ditferences
between model 1esults

In the case of nitrous oxide its atmospheric burden and
its rate of incrcase have been well established from
observations and the models have been set up to reproduce
these observations The lifetime calculated within each
model determines the 1985 emissions required to support
the current atmospheric burden and 1ts rate of increase
There 15 a nartow range of emissions which satisfies this
balance and 1t 1s model dependent, the WGIII emissions do
not 1n general {all within this range, and modelling groups
have therefore adopted one of two approaches to correct for
this

The WGIII emissions taken together with current
atmospheric concentration and 1ts rate of increase, yield a
lifetime of 167 years, somewhat longer than that generally
accepted (see Section 1 5) Models with shorter lifetimes
than 167 years will not reproduce current rate of increase of
concentration, and some modellers have added further
nitrous oxide emisstons n order to accommodate this, this
has led to a divergence between model results

The 1985 atmospheric concentration of methane 1s well
known, and 1ts rate of increase shows that souices and
sinks are not curiently 1in balance Not all aspects of these
methane sources have yet been adequately quantified,
netther has the sink through 1ts reaction with OH Whilst
the accuracies 1n sources and sinks are adequate 1n budget
studics to confirm that tropospheric OH can indeed account
tor the observed methane behaviour, the lack of accuracy
has led to problems 1n the concentration calculations
described here

The atmospheric burden of methane and 1ts rate of
inciease have been well established from obscrvations and
the models have been sct up to reproduce them The OH
radical concentration distribution calculated within each
model determines the 1985 emussions requued to support
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the current atmospheric burden and 1ts rate of increase

There 1s a narrow, model dependent, range of methane,
carbon monoxide and oxides of nitrogen emissions which
satisfies this balance The 1985 emissions provided 1n the
scenarios do not fall within the required range of all the
models, and modellers have therefore adopted one of two
approaches, causing the part of divergence in model resuits

Some models have used the methane, carbon monoxide and
NOyx emission scenar1os exactly as provided and scaled up
all their results to make the 1985 methane concentrations
agree with observations Other models have added extra
methane, carbon monoxide or NOy to make the 1985
methane concentrations agree with observations and
maintained the extra imjection throughout each calculation

Differences 1n results can also arise because each model
calculates a different scenario- and time-dependent
tropospheric OH distribution One model includes a
feedback between composition changes to temperature
changes to relative humidity changes back to OH radical
concentrations Almost all the models include the complex
interaction between the future methane, carbon monoxide,
ozone and nitrogen oxides concentrations on future OH
radical concentrations

CFCs 11 and 12 both have well quantified sources and
stratospheric photolytic sinks The relatively small
differences between model calculations 1s due to
differences in model transport and assumed or calculated
atmospheric lifetimes Such differences are simular to those
reported 1n stratospheric ozone assessments (e g, WMO,
1989)

Although HCFC-22 sources are also all man-made 1ts
lifetime 1s determined not by stratospheric photolysis but
by tropospheric OH oxidation However, the temperature
dependence of the oxidation teaction 1s so large that
virtually all of the atmospheric removal occurs 1n low
latitudes 1n the lower region of the troposphere and in the
upper stratosphere The models used for this assessment
generally have different 1985 tropospheric OH radical
distributions and the difterent model formulations lead to
different future OH distributions depending on the
methane, carbon monoxide and nitrogen oxide emissions
In addition, one of the models employed includes an
additional feedback whereby tutuie global warming leads
to increased humidities and hence increased tropospheric
OH radical concentrations Longer hfetimes imply greater
tropospheric build-up of HCFC-22 by the year 2100

Several modelling groups calculated future con-
centrations of tropospheric and stratospheric ozone, but
because there was a wide divergence 1n the results, and
because the relationship between concentration and forcing
1s not well established, the effects of ozone have not yet
been included 1n the climate response
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A.4 Past and Future Radiative Forcing

The relationships between atmospheric concentration and
radiative forcing derived 1n Section 2 were applied to the
concentration histories of the greenhouse gases described
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Figure A.6: Radianve forcing calculated from the four policy
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Figure A.7: Radiative forcing calculated to arise from continuing
emissions of all man made greenhouse gases at 100% of 1990
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above, and to the estimates of future concentrations from
the four policy scenarios. The combined historical and
future radiative forcing is illustrated for the four policy
scenarios in Figure A.6, and those from the science
scenarios in Figures A.7 and A.8.

A.5 Estimates of Future Global Mean Temperature

Ideally, the complete climate effects of the emission
scenarios would be investigated using a comprehensive
coupled atmosphere-ocean General Circulation Model, the
results from which (using simple concentration increases)
have been discussed in Section 6.4. Such model runs are
prohibitively expensive and time consuming. Instead,
estimates of the change in global mean surface air
temperature due to man-made forcing (both historical and
projected) were made using a box-diffusion-upwelling
model of the type discussed in Section 6.6.

These models have a number of prescribed parameters
(mixed-layer depth, upwelling rate, etc.) which are set to
the optimum values discussed in Section 6. For each
scenario, three values of climate sensitivity (the equil-
ibrium temperature rise due to a doubling of carbon dioxide
concentrations) are employed, as described in Section 5;
1.5°C, 2.5°C and 4.5°C. Results are given for each of these
climate sensitivities, indicated as "high", "best estimate"
and "low" in the figures.

Temperature rise estimates for the four policy scenarios
are shown in Figure A.9, and those from the science
scenarios are given in Figure A.10 and A.11 (best-estimate
values only).

TEMPERATURE RISE (°C)

o b——++———"7——y———r
19080 2000 2020 2040 2060 2080 2100
YEAR

Figure A.9: Temperature rise calculated using a box-diffusion-
upwelling model, due to the four IPCC WGIII "policy"” emissions
scenarios. Only the best-estimate value (corresponding to a
climate sensitivity of 2.5°C) is shown.
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Figure A.10: Temperature rise calculated from continuing
emissions of all man-made greenhouse gases at 100% of 1990
levels and 50% of 1990 levels.
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Figure A.11: Temperature rise calculated from (a) decreasing
emissions of all man-made greenhouse gases by 2% pa from
1990, and (b) increasing emissions of all gases by 2%pa until
2010, followed by decreasing emissions at 2%pa.

A.6 Estimates of Future Global Mean Sea Level Rise

Box diffusion models are also used to estimate the sea level
rise from the forcing projections; the thermal expansion
part of future sea level rise is calculated directly by these
models. The models also contain expressions for the
contributions to sea level change from glacier and land ice
melting, and changes in the mass-balance of the Greenland
and Antarctic ice sheets.

Sea level changes estimated from the four policy
scenarios are shown in Figure A.12, and for the science
scenarios in Figure A.13 and A.14. Again, "high", "best-
estimate” and "low" curves are shown for the policy
scenarios, corresponding to the same climate sensitivities
as used in the temperature rise estimates.
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Figure A.12: Sea level rise due to the four IPCC WGIII ' policy”
emussions scenarios  Only the best-estimate value (corresponding
to a climate sensitivity of 2 5°C) 1s shown
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Figure A.13: Sea level nse calculated from continuing emissions
of all man-made greenhouse gases at 100% of 1990 levels and
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Figure A.14: Sea level rise calculated from (a) decreasing
emissions of all man-made greenhouse gases by 2% pa from
1990, and (b) 1ncreasing emissions of all gases by 2%pa until
2010, followed by decreasing emissions at 2% pa
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A.7 Emissions to Sea Level Rise Pathway for Science
Scenarios

In order to 1llustrate the timescales for adjustment of the
chimate to changes in emissions, the full pathway between
emission change, through concentration change (using
carbon dioxide as an example), radiative forcing, temp-
erature rise and sea level rise 1s illustrated for each of the
science scenarios in Figures A 15 to A 18
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Appendix 1

EMISSIONS SCENARIOS FROM THE RESPONSE STRATEGIES WORKING GROUP OF
THE INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE

The Steering Group of the Response Strategies Working
Group (Working Group III) requested the USA and The
Netherlands to develop emissions scenarios for evaluation
by the IPCC Working Group I The scenarios cover the
emissions of carbon dioxide (COp) methane (CHy),
nitrous oxide (N20O), chlorofluorocarbons (CFCs), carbon
monoxide (CO) and nitrogen oxides (NOy) from present up
to the year 2100 Growth of the cconomy and population
was taken as common for all scenartos Population was
assumed to approach 10 5 billion 1n the second half of the
next century Economic growth was assumed to be 2-3%
annually 1n the coming decade in the OECD countries and
3-5 % 1n the Eastein Eutopean and developing countries
The economic growth levels were assumed (o decrease
thereafter In order 1o 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 forests are depleted and agricultural
emussions of methane and nitrous oxide are uncontrolled

For CFCs the Montreal Protocol 1s implemented albeit with
only partial participation Note that the aggregation of
national projections by IPCC Working Group III 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 contiols are
stringent, deforestation 1s 1eversed and the Montreal
Protocol implemented with full participation

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

For Scenario D a shift to renewables and nuclear i the
first half of the next century reduces the emissions of
carbon dioxide mitially more or less stabilizing emissions
in the industriahzed countries The scenario shows that
stringent controls 1n industrialized countries combined with
moderated growth of emissions 1n developing countries
could stabilize atmospheric concentrations Carbon dioxide
emussions are reduced to 50% of 1985 levels by the middie
of the next century






Appendix 2

ORGANISATION OF IPCC AND WORKING GROUP1

n INTERGOVERNMENTAL PANEL @

ON CLIMATE CHANGE
Prof B. Bolin (Sweden)

e ~

WORKING GROUP | WORKING GROUP 1 WORKING GROUP Il
SCIENCE IMPACTS POLICY
Dr J.T. Houghton (UK) ProfY. Izrael (USSR) Dr F. Benthal (USA)

SPECIAL COMMITTEE ON
DEVELOPING COUNTRIES

M. J. Ripert (France)

IPCC:

Chairman: Professor B. Bolin (Sweden)

Vice Chairman: Dr A. Al Gain (Saudi Arabia)
Rapporteur: Dr J.A. Adejokun (Nigeria)
Secretary: Dr N. Sundararaman (WMO)
Working Group I:

Chairman: Dr J.T. Houghton (United Kingdom)
Vice Chairmen: Dr M. Seck (Senegal)

Dr A.D. Moura (Brazil)

Core Team at the UK Meteorological Office:

Co-ordinator: Dr G.J. Jenkins

Technical Editor: Mr J.J .Ephraums

Assistant Technical Editor: Miss S.K. Varney

Computing: Mrs A. Foreman

Sub-Editor: Mr A. Gilchrist

Visiting Scientists: Dr R.T. Watson (NASA, USA)

Dr R.J. Haarsma (KNMI, Netherlands)
Prof H-X. Cao (SMA, PRC)
Dr T. Callaghan (NERC, UK)






Appendix 3

CONTRIBUTORS TO IPCC WG1 REPORT

SECTION 1

Lead Authors:
R .T. Watson
H. Rodhe

H. Oeschger
U. Siegenthaler

Contributors:
M. Andreae
R. Charlson
R. Cicerone

J. Coakley

R. G. Derwent
J. Elkins

F. Fehsenfeld
P. Fraser

R. Gammon
H. Grassl

R. Harriss

M. Heimann
R.A. Houghton
V. Kirchhoff
G. Kohlmaier
S. Lal

P. Liss

J. Logan

R.J. Luxmoore
L. Merlivat

K. Minami

G. Pearman

S. Penkett

D. Raynaud

E. Sanhueza
P. Simon

W. Su

B. Svensson

NASA Headquarters, USA

University of Stockholm, Sweden

Physics Institute, University of Bern, Switzerland
Physics Institute, University of Bern, Switzerland

Max Planck Institute fur Chemie, FRG

Umniversity of Washington, USA

University of California, USA

Oregon State Unmiversity, USA

Harwell Laboratory, UK

NOAA Environmental Research Laboratories, USA
NOAA Aeronomy Laboratory, USA

CSIRO Division of Atmospheric Research, Australia
University of Washington, USA

Max Planck Institut fur Meteorologie, FRG

University of New Hampshire, USA

Max Planck Institut fur Meteorologie, FRG

Woods Hole Research Centre, USA

Atmospheric and Space Science, INEP, Brazil

Institut fur Physikalische und Theoretisch Chemie, FRG
Physical Research Laboratory, India

University of East Anglia, UK

Harvard University, USA

Oak Ridge National Laboratory, USA

University of Paris, France

National Institute of Agro-Environmental Sciences, Japan
CSIRO Division of Atmospheric Research, Australia
Untversity of East Anglia, UK

Laboratoire de Glaciologie et Geophysique de I'Environment, CNRS, France
Max Planck Institute fur Chemie, FRG

Institute for Space Aeronomy, Belgium

Research Centie for Eco-Environmental Science, Academy of Sciences, China
Umversity of Agricultural Sciences, Sweden



346

A. Thompson
P. Vitousek
M. Whitfield
P. Winkler
S. Wofsy

SECTION 2

Lead Authors:
K.P. Shine
R.G. Derwent
D.J. Wuebbles
J-J. Morcrette

Contributors:
AlJ. Apling
J.P. Blanchet
R. Charlson

D. Crommelynck
H. Grassl

N. Husson

G.J. Jenkins

I. Karol

M.D. King

V. Ramanathan
H. Rodhe

G. Thomas
G-Y Shi

T. Yamanouchi
W-C Wang
T.M.L. Wigley

SECTION 3

Lead Authors:
U. Cubasch
R.D. Cess

Contributors:
F. Bretherton
H. Cattle

J.T. Houghton
J.F.B. Mitchell
D. Randall

E. Roeckner

J. D. Woods

T. Yamanouchi

SECTION 4

Lead Authors:
W.L. Gates
P.R. Rowntree
Q.-C. Zeng

NASA Goddard Space Flight Center, USA
Stanford University, USA

Plymouth Marine Laboratory, UK

German Weather Service, FRG

Harvard University, USA

University of Reading, UK

Harwell Laboratory, UK

Lawrence Livermore National Laboratory, USA
ECMWEF, UK

Global Atmosphere Division, Department of the Environment, UK
Atmospheric Enivironment Service, Canada

University of Washington, USA

Royal Meteorological Institute, Belgium

Max Planck Institut fiir Meteorologie, FRG

Laboratoire de Meteorologie Dynamique, CNRS, France
Meteorological Office, UK

Main Geophysical Observatory, USSR

NASA Goddard Laboratory of the Atmosphere
University of Chicago, USA

University of Stockholm, Sweden

University of British Columbia, Canada

Institute of Atmospheric Physics, Academia Sinica, China
National Institute of Polar Research, Japan

State University of New York, USA

Climatic Research Unit, University of East Anglia, UK

Max Planck Institut fiir Meteorologie, FRG
State University of New York, USA

University of Wisconsin, USA
Meteorological Office, UK

Meteorological Office, UK

Meteorological Office, UK

Colorado State University, USA

Max Planck Institut fiir Meteorologie, FRG
National Environment Research Council, UK
National Institute of Polar Research, Japan

Lawrence Livermore National Laboratory, USA
Meteorological Office, UK
Institute of Atmospheric Physics, Academy of Sciences, China

Appendix 3




Appendix 3

Contributors:
P.A. Arkin

A. Baede

L. Bengtsson
A. Berger

C. Blondin
G.J. Boer

K. Bryan

R.E. Dickinson
S. Grotch

D. Harvey
E.O. Holopainen
R. Jenne

J.E. Kutzbach
H. Le Treut

P. Lemke

B. McAvaney
G.A. Meehl

P. Morel

T.N. Palmer

L. P. Prahm
S.H. Schneider
K.P. Shine
I.H. Simmonds
J.E. Walsh
R.T. Wetherald
J. Willebrand

SECTION 5§

Lead Authors:
J. F. B. Mitchell
S. Manabe

V. Meleshko

T. Tokioka

Contributors:
A. Baede

A. Berger

G. Boer

M. Budyko

V. Canuto
H-X Cao

R.E. Dickinson
H. Ellsaesser
S. Grotch

R.J. Haarsma
A. Hecht

B. Hunt

B. Huntley

B. Keshavamurthy

R. Koerner

C. Lorius

M. MacCracken
G. Meehl

347

NOAA Climate Analysis Center, USA

KNMI, The Netherlands

ECMWF, UK

Institute d'Astronomie et de Geophysique, Belgium
Direction de la Meteorologie Nationale, France
Canadian Climate Center, Canada

NOAA Geophysical Fluid Dynamics Laboratory, USA
National Center for Atmospheric Research, USA
Lawrence Livermore National Laboratory, USA
University of Toronto, Canada

University of Helsinki, Finland

National Center for Atmospheric Research, USA
University of Wisconsin, USA

Laboratoire de Meteorologie Dynamique du CNRS, France
Max Planck Institut fiir Meteorologie, FRG

Bureau of Meteorology Research Centre, Australia
National Center for Atmospheric Research, USA
WMO, Switzerland

ECMWF, UK

Danish Meteorological Institute, Denmark

National Center for Atmospheric Research, USA
University of Reading, UK

University of Melbourne, Australia

University of Illinois, USA

NOAA Geophysical Fluid Dynamics Laboratory, USA
Institut fiir Meerskunde der Universitat Kiel, FRG

Meteorological Office, UK

NOAA Geophysical Fluid Dynamics Laboratory, USA
Main Geophysical Observatory, USSR

Meteorological Research Institute, Japan

KNMI, The Netherlands

Institute d'Astronomie et de Geophysique, Belgium
Atmospheric Environment Service, Canada

State Hydrological Institute, USSR

NASA Goddard Insitute for Space Studies, USA
State Meteorological Administration, China
National Center forAtmospheric Research, USA
Lawrence Livermore National Laboratory, USA
Lawrence Livermore National Laboratory, USA
KNMI, The Netherlands

Environmental Protection Agency Headquarters, USA
CSIRO, Australia

University of Durham, UK

Physical Research Laboratory, India

Geological Survey of Canada

Laboratoire de Glaciologie, CNRS, France
Lawrence Livermore National Laboratory, USA
National Center for Atmospheric Research, USA



348

E. Oladipo

E. Perrott

A.B. Pittock

L. P. Prahm

D. Randall

P.R. Rowntree
M.E. Schlesinger
S.H. Schneider
C. Senior

N. Shackleton
W.J. Shuttleworth
R. Stouffer

F. Street-Perrott
A. Velichko

K. Vinnikov

R.T. Wetherald

SECTION 6

Lead Authors:
F.P. Bretherton
K. Bryan

J.D. Woods

Contributors:
J. Hansen

M. Hoffert

X. Jiang

S. Manabe

G. Meehl
S.C.B. Raper
D. Rind

M.E. Schlesinger
R. Stouffer

T. Volk
T.M.L. Wigley

SECTION 7

Lead Authors:
C.K. Folland
T.R. Karl
K.Ya. Vinnikov

Contributors:
J.K. Angell
P.A. Arkin
R.G. Barry
R.S. Bradley
D.L. Cadet
M. Chelliah
M. Coughlan
B. Dahlstrom
H.F. Diaz

H. Flohn
C.Fu

Ahmadu Bello University, Nigeria

Oxford University, UK

CSIRO, Australia

Danish Meteorological Institute, Denmark

Colorado State University, USA

Meteorological Office, UK

University of Illinois, USA

National Center for Atmospheric Research, USA
Meteorological Office, UK

University of Cambridge, UK

Institute of Hydrology, UK

NOAA Geophysical Fluid Dynamics Laboratory, USA
University of Oxford, UK

State Hydrological Institute, USSR

State Hydrological Institute, USSR

NOAA Geophysical Fluid Dynamics Laboratory, USA

University of Wisconsin, USA
NOAA Geophysical Fluid Dynamics Laboratory, USA
Natural Environment Research Council, UK

NASA Goddard Institute of Space Studies, USA

New York University, USA

University of Illinois, USA

NOAA Geophysical Fluid Dynamics Laboratory, USA
National Center for Atmospheric Research, USA
Climatic Research Unit, University of East Anglia, UK
NASA Goddard Insitute for Space Studies, USA
University of Illinois, USA

NOAA Geophysical Fluid Dynamics Laboratory, USA
University of New York, USA

Climatic Research Unit, University of East Anglia, UK

Meteorological Office, UK
NOAA National Climate Data Centre, USA
State Hydrological Institute, USSR

NOAA Air Resources Laboratory, USA

NOAA Climate Analysis Center, USA

University of Colorado, USA

University of Massachussetts, USA

Institut National des Sciences de I'Universe, France
NOAA Climate Analysis Center, USA

Bureau of Meteorology, Australia

Meteorological and Hydrological Institute, Sweden
NOAA Environmental Research Laboratories, USA
Meteorologisches Institut, FRG

Institute of Atmospheric Physics, Academy of Sciences, China

Appendix 3




Appendix 3

P Ya Groisman
A Gruber

S Hastenrath

A Henderson-Sellers
K. Higuchi

P.D. Jones

J. Knox

G. Kukla

S Levitus

X Lin

N. Nicholls

B S. Nyenz1

J S. Oguntoyinbo
G.B. Pant

D.E. Parker

A.B Pittock
R.W. Reynolds
C.F. Ropelewski
C D Schonwiese
B. Sevruk

A.R. Solow

K.E. Trenberth
P. Wadhams

W C. Wang

S. Woodruff

T. Yasunan
Z.Zeng

SECTION 8

Lead Authors:
T.M.L. Wigley
T.P. Barnett

Contributors:
TL Bell

P. Bloomfield
D. Brllinger
W. Degefu
Duzheng Ye
S. Gadgil

G.S. Golitsyn
J.E. Hansen

K Hasselmann
Y. Hayashi
P.D. Jones
D.J. Karoly
R.W. Katz

M C. MacCracken
R.L. Madden
S Manabe

J FB Mitchell
A D Moura

C Nobre

L J Ogallo

State Hydrological Institute, USSR

NOAA/NESDIS, USA

University of Wisconsin, USA

Macquarie University, Australia

Atmospheric Environment Service, Canada

Climatic Research Unit, University of East Angha, UK
Atmospheric Environment Service, Canada
Lamont-Doherty Geological Laboratory, USA

NOAA Geophysical Fluid Dynamics Laboratory, USA
State Meteorological Administration, China

Bureau of Meteorology, Australia

Duirectorate of Meteorology, Tanzama

Umiversity of Ibadan, Nigeria

Institute of Tropical Meteorology, India
Meteorological Office, UK

CSIRO, Australia

NOAA Climate Analysis Center, USA

NOAA Climate Analysis Center, USA

Institut fur Meteorologie und Geophysics, FRG
University of Zurich, Switzerland

Woods Hole Oceanographic Institution, USA

National Center for Atmospheric Research, USA

Scott Polar Research Institute, UK

State University of New York, Albany, USA

NOAA Environmental Research Laboratories, USA
Institute of Geoscience, Japan

Atmospheric and Environmental Research Inc , USA and China

Chimatic Research Unit, University of East Angha, UK
Umversity of California, USA

NASA Goddard Space Flight Center, USA

North Carolina State University, USA

University of California, USA

National Meteorological Services Agency, Ethropia
Institute of Atmospheric Physics, Academy of Sciences, China
Institute of Science, India

Institute of Atmospheric Physics, USSR

NASA Goddard Institute for Space Studies, USA

Max Planck Institut fur Meteorologie, FRG

NOAA Geophysical Fluid Dynamics Laboratory, USA
Climatic Research Unit, University of East Anglia, UK
Monash University, Australia

National Center for Atmospheric Research, USA
Lawrence Livermore National Laboratory, USA
National Center for Atmospheric Research, USA
NOAA Geophysical Fluid Dynamics Laboratory, USA
Meteorological Office, UK

Instituto de Pesquisas Espaciais, Brazil

Instituto de Pesquisas Espacials, Brazil

Umniversity of Nawrobi, Kenya

349



350

E.O. Oladipo
D.E. Parker
S.C.B. Raper
A.B. Pittock

B.D. Santer

M.E. Schlesinger
C.-D. Schonwiese
C.J.E. Schuurmans
A. Solow

K.E. Trenberth
K.Ya. Vinnikov
W.M. Washington
D. Ye

T. Yasunari

F.W. Zwiers

SECTION 9

Lead Authors:
R.A. Warrick
J. Oerlemans

Contributors:
P. Beaumont
R.J. Braithwaite
D.J. Drewry

V. Gomitz

J.M. Grove

W. Haeberli

A. Higashi

J.C. Leiva

C.S. Lingle

C. Lorius
S.C.B. Raper

B. Wold

P.L.. Woodworth

SECTION 10

Lead Authors:
J. Melillo

T. V. Callaghan
F. 1. Woodward
E. Salati

S. K. Sinha

Contributors:
H. Abdel Nour
J. Aber

V. Alexander
J. Anderson

A. Auclair

F. Bazzaz

A. Breymeyer
A. Clarke

C. Field

Ahmadu Bello University, Nigeria

Meteorological Office, UK

Climatic Research Unit, University of East Anglia, UK
CSIRO, Australia

Max Planck Institut fiir Meteorologie, FRG

University of Illinois, USA

Institute fiir Meteorologie und Geophysics, FRG
KNMI, The Netherlands

Woods Hole Oceanographic Institute, USA

National Center for Atmospheric Research, USA

State Hydrological Institute, USSR

National Center for Atmospheric Research, USA
Institute of Atmospheric Physics, Academy of Sciences, China
University of Tsukuba, Japan

Canadian Climate Center, Canada

Climatic Research Unit, University of East Anglia, UK
Institute of Meteorology and Oceanography, The Netherlands

St David's University College, UK

Geological Survey of Greenland, Denmark

British Antarctic Survey, UK

NASA Goddard Institute for Space Studies, USA
University of Cambridge, UK

Versuchsanstalt fiir Wasserbau, Switzerland
International Christian University, Japan

Instituto Argentino de Nivologia y Glaciologia, Argentina
NASA Goddard Institute for Space Studies, USA
Laboratoire de Glaciologie, CNRS, France

Climatic Research Unit, University of East Anglia, UK
Water Resources and Energy Administration, Norway
Proudman Oceanic Laboratory, UK

Woods Hole Marine Laboratory, USA
Institute of Terrestrial Ecology, UK
University of Cambridge, UK

Universidade do Estado de Sao Paulo, Brazil
Agriculture Research Institute, India

General National Forests Corporation, Sudan
University of New Hampshire, USA

University of Alaska, USA

Hatherly Laboratories, UK

Quebec, Canada

Harvard University, USA

Institute of Geography and Spatial Organization, Poland
British Antarctic Survey, UK

Stanford University, USA

Appendix 3




Appendix 3

J.P. Grime
R. Gifford
J. Goudrian
R. Harriss

I. Heany

P. Holligan
P. Jarvis

L. Joyce

P. Levelle
S. Linder
A. Linkins
S. Long

A. Lugo

J. McCarthy
J. Morison
W. Oechel
M. Phillip
M. Ryan

D. Schimel
W. Schlesinger
G. Shaver
B. Strain

R. Waring
M. Williamson

SECTION 11

Lead Authors:
G. McBean
J. McCarthy

Contributors:
K. Browning
P. Morel

I. Rasool

ANNEX

Coordinators:
G.J.Jenkins
R.G.Derwent

Model calculations contributed by:
C. Bruhl

E. Byutner
R.G.Derwent
I. Enting
J.Goudriaan
K.Hasselmann
M.Heimann
I.S.A Isaksen
C.E. Johnson
1. Karol
D.Kinnison
A.A Kiselev
K.Kurz

351

University of Sheffield, UK

CSIRO, Australia

Agricultural University, The Netherlands
University of New Hampshire, USA
Institute of Freshwater Ecology, Windermere Laboratory, UK
Plymouth Marine Laboratory, UK
University of Edinburgh, UK

Woods Hole Research Center, USA
Laboratoire d'Ecologie de 1'Ecole Normale, CNRS, France
University of Agricultural Sciences, Sweden
Clarkson University, USA

University of Essex, UK

Institute of Tropical Forestry, USA

Harvard University, USA

University of Reading, Uk

San Diego State University, USA

Institute of Plant Ecology, Denmark

Woods Hole Research Center, USA
Colorado State University, USA

Duke University, USA

Woods Hole Research Center, USA

Duke University, USA

Oregon State University, USA

York University, UK

University of British Columbia, Canada
Harvard University, USA

Meteorological Office, UK
WMO, Switzerland
OSSA, NASA, USA

Meteorological Office, UK
Harwell Laboratory, UK

Max Plank Institute fur Chemie, FRG

Main Geophysical Observatory, USSR

Harwell Laboratory, UK

CSIRO, Australia

Wageningen Agricultural University, Netherlands
Max Planck Institute fur Meteorologie, FRG
Max Planck Institute fur Meteorologie, FRG
University of Oslo, Norway

Harwell Laboratory, UK

Main Geophysical Observatory, USSR
Lawrence Livermore National Laboratory, USA
Main Geophysical Observatory, USSR

Max Planck Institute fur Meteorologie, FRG



352

T.-H. Peng
M.J. Prather
S.C.B.Raper
K.P.Shine

U. Siegenthaler
F. Stordal

A.M. Thompson
D.Tirpak

R.A. Warrick
T.M.L.Wigley
D.J.Wuebbles

Oak Ridge National Laboratory, USA
Goddard Institute for Space Studies, USA
Universily of East Anglia, UK

University of Reading, UK

University of Bern, Switzertand
University of Oslo, Norway

Goddard Space Flight Center, USA
Environmental Protection Agency, USA
University of East Anglia, UK

University of East Anglia, UK

Lawrence Livermorc National Laboratory, USA

Appendix 3



Appendix 4

REVIEWERS OF IPCC WGI REPORT

The persons named below all contributed to the peer review of the IPCC Working Group I Report. Whilst every attempt
was made by the Lead Authors to incorporate their comments, 1n some cases these formed a minority opinion which could
not be reconciled with the larger concensus. Therefore, there may be persons below who still have points of disagreement
with areas of the Report

AUSTRALIA

R. Allan CSIRO (Division of Atmospheric Research)
1. Allison Australian Antarctic Division

G. Ayers CSIRO (Division of Atmospheric Research)
B. Pittock CSIRO

W. Bouma CSIRO (Division of Atmospheric Research)
B. Bourke Australian Bureau of Meteorology

B. Budd Melbourne University

T Denmead CSIRO (Centre for Environmental Mechanics)
M. Dix CSIRO (Division of Atmospheric Research)
I Enting CSIRO (Division of Atmospheric Research)
J. Evans CSIRO (Division of Atmospheric Research)
S. Faragher CSIRO (Division of Atmospheric Research)
R. Francey CSIRO (Division of Atmospheric Research)
P. Fraser CSIRO (Division of Atmospheric Research)
J. Frederiksen CSIRO (Division of Atmospheric Research)
L. Galbally CSIRO (Division of Atmospheric Research)
J. Garratt CSIRO (Division of Atmospheric Research)
D. Gauntlett Australian Bureau of Meteorology

R. Gifford CSIRO (Division of Plant Industry)

S. Godfrey CSIRO (Division of Oceanography)

H. Gordon CSIRO (D1ivision of Atmospheric Research)
J. Gras CSIRO (D1vision of Atmospheric Research)
C. Gnffith Department of Arts, Sport, Environment, Tourism & Territories
A. Henderson-Sellers Macquarie University

K. Hennesey CSIRO (Division of Atmospheric Research)
T Hirst CSIRO (Division of Atmospheric Research)
R Hughes CSIRO (Division of Atmospheric Research)
B Hunt CSIRO (Division of Atmospheric Research)
J. Kalma CSIRO (Division of Water)

D Karoly

Monash University



354

H. Kenway
M. Manton
B. McAveney
A. McEwan
J. McGregor

W. J. McG Tegart

1. Noble
G.Pearman
M. Platt

P. Price

P. Quilty

M. Raupach
B. Ryan

L. Rikus

I. Simmonds
N. Smith

N. Streten

L. Tomlin
G. B. Tucker
M. Voice

I. Watterson
P. Whetton
M. Williams
S. Wilson

K H Wyrhol
J. Zillman

AUSTRIA
R. Christ

H. Hojensky
H. Kolb

O. Preining

BELGIUM
A Berger

BRAZIL
C. Nobre

CANADA
M. Berry

G. J. Boer

R. Daley

B. Goodison
D. Harvey

H. Hengeveld
G. McBean
L. Mysak
W.R. Peltier
R W. Stewart
F. Zwiers

Appendix 4

Department of Prime Minister & Cabinet
Australian Bureau of Meteorology
Australian Bureau of Meteorology

CSIRO (Division of Oceanography)

CSIRO (Division of Atmospheric Research)
ASTEC

Australian National University

CSIRO (Division of Atmospheric Research)
CSIRO (Division of Atmospheric Research)
Australian Bureau of Meteorology
Australian Antarctic Division

CSIRO (Centre for Environmental Mechanics)
CSIRO (Division of Atmospheric Research)
Australian Bureau of Meteorology
Melbourne University

Australian Bureau of Meteorology
Australian Bureau of Meteorology
Department of Industry, Technology & Commerce
CSIRO (Division of Atmospheric Research)
Australian Bureau of Meteorology

CSIRO (Division of Atmospheric Research)
CSIRO (Division of Atmospheric Research)
Monash University

Cape Grim Baseline Air Pollution Station
University of Western Australia

Australian Bureau of Meteorology

Federal Ministry of Environment, Youth and Family
Federal Environmental Agency

Institut fiir Meteorologie und Geophysik

Institut fiir Experimentalphysik

Instute d'Astronomie et de Geophysique

Instituto de Pesquisas Espaciais

Canadian Climate Centre

Canadian Climate Centre

Canadian Climate Centre

Canadian Climate Centre

University of Toronto (Department of Geography)
Canadian Climate Centre

University of British Columbia

Canadian Climate Centre

Canadian Climate Centre

Canadian Climate Centre




Appendix 4

CHINA

Chong-guang Yuan

Cong-bin Fus
Ding Yihui
Du-zheng Ye
Guang-yu Shi
Ming-xing Wang
Qing-cun Zeng
Shi-yan Tao
Xue-hong Zhang
Zhou Xiuji

Zhao Zongci

DENMARK

P. Frich

K. Frydendahl
L. Laursen

L.P. Prahm

A. Wiin-Nielsen

EGYPT
A.M. Mehanna
A.L. Shaaban

ETHIOPIA
W. Degufu
T. Haile

Institute of Atmospheric Physics
Institute of Atmospheric Physics
Academy of Meteorological Sciences
Institute of Atmospheric Physics
Institute of Atmospheric Physics
Institute of Atmospheric Physics
Institute of Atmospheric Physics
Institute of Atmospheric Physics
Institute of Atmospheric Physics
Academy of Meteorological Sciences
Institute of Climate

Danish Meteorological Institute
Danish Meteorological Institute
Danish Meteorological Institute
Danish Meteorological Institute
Geophysical Institute (University of Copenhagen)

Meteorological Authority
Meteorological Authority

National Meteorological Services Agency
National Meteorological Services Agency

FEDERAL REPUBLIC OF GERMANY

P. Crutzen

K. Hasselmann
B. Santer

C.D. Schonwiese
J. Willebrand

FINLAND
E. Holopainen

FRANCE
A. Alexiou
D. Cariolle
C. Lorius

SC IGBP
Max Planck Institut fiir Meteorologie
Max Planck Institut fiir Meteorologie

Institut fiir Meteorologir und Geophysik der Universitat Goethe

Institut fiir Meerskunde der Universitat Kiel

University of Helsinki

CCO, UNESCO

EERM/Centre National de Recherches Meteorologiques

Laboratoire de Glaciologie, CNRS

GERMAN DEMOCRATIC REPUBLIC

S. Dyck
H. Lass
D. Spaenkuch

INDIA
S. Gadgil

ITALY

M. Conte
M. Olacino
S. Yanni

Dresden Technical University
Institute for Marine Research
Meteorological Service of GDR

Indian Institute of Sciences

Italian Meteorological Service (Climate Unit)

National Research Council (Institute of Atmospheric Physics)

Italian Meteorological Service

355



356

JAPAN

H. Akimoto
H. Muramatsu
T. Nakazawa
A. Noda

M. Okada

Y. Sugimar
R. Yamamoto
T. Yasunari
M. Yoshino

KENYA
1). Ogallo

NETHERLANDS
A. Baede

T. Buishand

J. de Ronde

W. de Ruijter
A. Kattenberg
J. Rozema

C. Schuurmans
R.J. Swart

H. Tennekes

R. Van Dorland
A. van Ulden

NEW ZEALAND
J. S. Hickman

W. A. Laing

D. C. Lowe

M. R. Manning

A. B. Mullan

NIGERIA
E.O. Oladipo

SAUDI ARABIA
J. C. McCain
N. I. Tawfiq

SENEGAL
E.S. Diop
M. Seck

SOVIET UNION
M. Budyko

G.S. Golitsyn

I. L. Karol

V. Meleshko

SWEDEN
B. Bolin
B. Dahlstrom

National Institute for Environmental Studies

Disaster Prevention Research Institute, Kyoto University
Meteorological Research Institute

Meteorological Research Institute

Meteorological Research Institute

Meteorological Research Institute

Laboratory for Climatic Research, Kyoto University
University of Tsukuba, Institute of Geoscience
University of Tsukuba, Institute of Geoscience

University of Nairobi, Meteorology Department

Royal Netherlands Meteorological Institute (KNMI)

Royal Netherlands Meteorological Institute (KNMI)
Rijkswaterstaat, Department of Transport and Public Works
Institute for Meteorological & Oceanography, University of Utrecht
Royal Netherlands Meteorological Institute (KNMI)
University of Amsterdam

Royal Netherlands Meteorological Institute (KNMI)
Institute for Public Health and the Environment (RIVM)
Royal Netherlands Meteorological Institute (KNMI)

Royal Netherlands Meteorological Institute (KNMI)

Royal Netherlands Meteorological Institute (KNMI)

New Zealand Meteorological Service
DSIR Fruit and Trees

DSIR Institute of Nuclear Sciences
DSIR Institute of Nuclear Sciences
New Zealand Meteorological Service

University of Ahmadu Bello, Geography Department

Research Institute (King Fahd University of Petroleum & Minerals)
Meteorological & Environmental Protection Administration

COMARAF
Ministere de 1'Equipement

Main Geophysical Observatory
Academy of Sciences, Institute of Atmospheric Physics
Main Geophysical Observatory
Main Geophysical Observatory

University of Stockholm
Swedish Meteorological & Hydrological Institute

Appendix 4




Appendix 4

T. R. Gerholm
A. Johannsson
E. Kallen

H. Sundqvist
G. Walin

SWITZERLAND
M. Beniston

H. C. Davies

J. Fuhrer

F. Gassmann

K. Kelts

H. R. Luthi

P. Morel

A. Ohmura

H. Oeschger

THAILAND
P. Patvivatsiri

UNITED KINGDOM
B. Hoskins

B. Huntley

P.D. Jones

P. Killworth

G. Needler

N. J. Shackleton

K.P. Shine

T. M. L. Wigley

J. D. Woods

UNITED STATES OF AMERICA

J.D. Aber

J. Angell

A. Arking

D.J. Baker
T.C. Bell

C.R. Bentley
F.P. Bretherton
P Brewer
W.E. Carter

T. Charlock

R. Cicerone

N. Cobb

R. Dahlman
R.E. Dickinson
R.K. Dixon

J. Dutton

J.A. Eddy

R. Ellingson
H.W. Ellsaesser
E. Ferguson

J. Firor

J. Fishman

University of Stockholm
University of Stockholm
University of Stockholm
University of Stockholm

Goteborg University (Department of Oceanography)

ERCOFTAC - Ecole Polytechnique de Lausanne
Laboratory of Atmospheric Physics

Swiss Federal Research Station

Paul Scherrer Institute

Swiss Academy of Sciences

Swiss Federal Office of Energy

WMO

Swiss Federal Institute of Technology
Physikalisches Institute, University of Bern

Meteorological Department, Bangkok

University of Reading

University of Durham

University of East Anglia, Climatic Research Unit
Hooke Institute

WOCE, Institute of Oceanographic Sciences
University of Cambridge

University of Reading

University of East Anglia, Climatic Research Unit
Natural Environment Research Council

University of New Hampshire
NOAA

NASA/GSFC

Joint Oceanographic Institutes Inc
NASA/GSFC

University of Wisconsin at Madison
SSEC, University of Wisconsin
Pacific Marine Laboratory
National Geodetic Survey
NAS/LARC

University of California at Irvine

National Centre for Atmospheric Research
U.S. EPA

Pennsylvania State University

UCAR

University of Maryland

Lawrence Livermore National Laboratory
NOAA

National Centre for Atmospheric Research
NAS/LARC

357



358

B. Flannery

M. Ghil

I. Goklany

D. Goodrich
T.E. Graedel

S. Grotch
K.Hanson

D.J. Jacob
C.Y.J. Kao
Y.J. Kaufman
J.T. Kiehl

J. Mahlman

T. Malone

G. MacDonald
M. McFarland
G.A. Meehl

G. North

J. O'Brien

M. Oppenheimer
R. Perhac

A.M. Perry
D.Randall

P. Risser

A. Robock
D.R. Rodenhuis
W. Rossow

D. Schimel
W.H. Schiesinger
S.H. Schneider
J. Shukla

J. Sigmon

J. Smagorinsky
D.W. Stahle

J. Steele

G. Stevens

P.H. Stone
N.D. Sze

J. Trabalka
K.Trenberth

K. van Cleve
T.H. Vonder Haar
J.E. Walsh
D.E. Ward
R.T. Watson

T. Webb

G. Weller

R.T. Wetherald
R.S. Williams Ir.
F.B. Wood

B. Worrest

Appendix 4

Exxon Research and Engineering Company
University of California, Los Angeles

NASA Office of Climatic and Atmospheric Research
Bell Telephone Laboratories

Lawrence Livermore National Laboratory
NOAA

Harvard University

Los Alamos National Laboratory
NASA/GSFC

National Centre for Atmospheric Research
NOAA

St Joseph's College

MITRE Corporation

DuPont

National Centre for Atmospheric Research
Texas A&M University

CCCO

Environmental Defence Fund

Electric Power Institute

Retired

Colorado State University

Universtiy of New Mexico

University of Maryland

U.S. Department of Commerce
NASA/GISS

Colorado State University

Duke University

National Centre for Atmospheric Research
University of Maryland

Environmental Protection Agency

Universtiy of Arkansas

Woods Hole Oceanographic Institute
Colorado State University
Massachusetts Institute of Technology
AER Inc.

Oak Ridge National Laboratory
National Centre for Atmospheric Research
Universtiy of Alaska

Colorado State University

University of Illinois

USDA Forest Service

NASA HQ, Washington

Brown University

Universtiy of Alaska

Princeton University (GFDL)

U.S. Geological Survey

U.S. Congress

Environmental Protection Agency




Appendix 3

ACRONYMS: INSTITUTIONS

AERE
CCC
CNRS
CRU
CSIRO
EPA
GFDL
GISS
ICSU
IPCC
MGO
MPI
MRI
NASA
NATO
NCAR
NOAA
OSuU
SCOPE
UKDOE
UKMO
UNEP
USDOE
WMO

Atomic Energy Research Establishment, Harwell, UK
Canadian Climate Centre, Downsview, Ontario, Canada
Centre National de Recherches Meteorologiques, France
Climatic Research Unit, University of East Anglia, UK
Commonwealth Scientific & Industrial Research Organisation, Australia
Environmental Protection Agency, Washington, USA
Geophysical Fluid Dynamics Laboratory, Princeton, USA
Goddard Institute of Space Sciences, New York, USA
International Council of Scientific Unions
Intergovernmental Panel on Climate Change

Main Geophysical Laboratory, Leningrad, USSR

Max Planck Institut, FRG

Meteorological Research Institute, Japan

National Aeronautics and Space Administration, USA
North Atlantic Treaty Organisation

National Center for Atmospheric Research, Boulder, USA
National Oceanic and Atmospheric Administration, USA
Oregon State University, USA

Scientific Committee On Problems of the Environment
Department of the Environment, UK

Meteorological Office, Bracknell, UK

United Nations Environment Programme

Department of the Energy, USA

World Meteorological Organisation






Appendix 6

ACRONYMS: PROGRAMMES & MISCELLANEOUS

PROGRAMMES:
CLIMAP
COADS
GAW
ERBE
ERS
GEWEX
GMCC
ICRCCM
IGAC
IGBP
ISCCP
JGOFS
SAGE
TOGA
WCRP
WOCE

- MISCELLANEOUS

3-D
AET
AGCM
AVHRR
BaU
BP
CCN
CRF
Ccw
EBM
EKE
ENSO
FC
GCM
GP
GPP
GWP

Climatic Applications Project (WMO)

Comprehensive Ocean Air Data Set

Global Atmospheric Watch

Earth Radiation Budget Experiment

Earth Resources Satellite

Global Energy and Water Cycle Experiment
Geophysical Monitoring of Climatic Change
Intercomparison of Radiation Codes in Climate Models
International Global Atmospheric Chemistry Programme
International Geosphere-Biosphere Programme
International Satellite Cloud Climatology Project

Joint Global Ocean Flux Study

Stratospheric Aerosol and Gas Experiment

Tropical Ocean and Global Atmosphere

World Climate Research Programme

World Ocean Circulation Experiment

Three dimensional

Actual Evapotranspiration

Atmosphere General Circulation Model
Advanced Very High Resolution Radiometer
Business-as-Usual

Boiling Point

Cloud Condensation Nuclei

Cloud Radiative Forcing

Cloud Water

Energy Balance Model

Eddy Kinetic Energy

El Nifio Southern Oscillation

Fixed Cloud

General Circulation Model

Gross Prediction

Gross Primary Production

Global Warming Potential
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LWC
MCA
MSL
NH
NPP
ODP
OGCM
OLR
PBL
PC
RCM
RH
SH
SST
TOA
WUE
uv

Liquid Water Content

Moist Convective Adjustment
Mean Sea Level

Northern Hemisphere

Net Primary Production
Ozone Depletion Potential
Ocean General Circulation Model
Outgoing Longwave Radiation
Planetary Boundary Layer
Penetrative Convection
Radiative Convective Model
Relative Humidity

Southern Hemisphere

Sea Surface Temperature

Top of the Atmosphere

Water Use Efficiency
Ultraviolet

Appendix 6




Appendix 7

UNITS

ST (Systeme Internationale) Units:

Physical Quantity Name of Unit Symbol

length meter m

mass kilogram kg

fime second 8

thermodynamic icmperature kelvin K

amount of substance mole mol

Fraction Prefix Symbo!l Multiple Prefix Symbol
101 deci d 10 deka da
102 centi G 102 hecto h
1073 milli m 103 kilo k
10°6 micro 18 106 mega M
109 nano n 109 giga G
10712 pico p iol2 tera T
10°13 femto £ 1013 peta P
10-18 alto a
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Special Names and Symbols for Certain SI-Derived Units:

Physical Quantity Name of SI Unit Symbol for SI Unit Definition of Unit
force newton N kg m s~2

pressure pascal Pa kg m™ls"2(=Nm™2)
energy joule J kg m2 52

power watt w kg m2s-3(=Js71)
frequency hertz Hz g1 (cycle per second)

Decimal Fractions and Multiples of SI Units Having Special Names:

Physical Quantity Name of Unit Symbol for Unit Definition of Unit
length dngstrom A 1010 m = 108cm
length micrometer Hm 106m = um

area hectare ha 104 m2

force dyne dyn 109N

pressure bar bar 105 N m2

pressure millibar mb 1hPa

weight ton t 103 Kg

Non- SI Units:

°C degrees Celsius (0°C = 273K approximately)
Temperature differences are also given in °C (=K) rather than the
more correct form of "Celsius degrees".

ppmv parts per million (106)by volume

ppbv parts per billion (109) by volume
tv parts per trillion (1012 ) by volume

pp

bp (years) before present

kpb thousands of years before present

mbp millions of years before present

The units of mass adopted in this report are generally those which have come
into common usage, and have deliberately not been harmonised, e.g.,

GtC gigatonnes of carbon (1 GtC = 3.7 Gt carbon dioxide)
MtN megatonnes of nitrogen
TgS teragrams of sulphur

&




Appendix 8

CHEMICAL SYMBOLS

() atomic oxygen

()] molecular oxygen
N atomic nitrogen
Nz molecular nitrogen
H hydrogen

Cl chlorine

Clp molecular chlorine
Br bromine

F fluorine

CHy4 methane

N2O nitrous oxide

NO nitric oxide

NOy nitrogen dioxide
CO carbon monoxide
COy carbon dioxide
H>0O water

CH3(Cl methyl chloride
CH3Br methyl bromide
03 ozone

OH hydroxyl

CCly carbon tetrachloride
NMHC non-methane hydrocarbons
NOy nitrogen oxide
CH3CCl3 methyl chloroform
HNO3 nitric acid

PAN: CH3CO3NO2 peroxyacetylnitrate
NOj3 nitrate radical
SOy sulphur dioxide
COS carbonyl sulphide
H3S dimethylsulphide
BrO bromine monoxide
HCI hydrochloric acid
CyHg ethane

Cl0y chlorine dioxide
CIONO» chlorine nitrate
HOCI hypochlorous acid

H202

hydrogen peroxide

HO2
NOy
pCO2
CFC
DMS

CFC-11

CFC-12

CFC-13
CFC-113

CFC-114
CFC-115
HCFC-22

HCFC-123
HCFC-124
HFC-125
HCFC-132b
HFC-134a
HCFC-141b
HCFC-142b
HFC-143a
HFC-152a

HALON 1211
HALON 1301

HALON 2402

hydroperoxyl

total active nitrogen
partial pressure CO2
chlorofluorocarbon
Di Methyl Sulphide

CFCl3
(trichlorofluoromethane)
CFxClp
(dichloro-difluoromethane)
CF3Cl

CoyF3Cla
(trichloro-trifluoroethane)
CoF4Clp
(dichloro-tetrafluoroethane)
CyF5Cl1
(chloropentafluoroethane)
CHF,Cl
(chlorodifluoromethane)
C2HF3Clp (CHCIZCF3)
CHFCICF3

CHF»CF3

CoH7FClp

CaHpF4 (CHFCF3)
CH3CFClp

CH3CFCl

CH3CF3

CH3CHF;

CF2BrCl (CBrCIFp)
(bromodichloromethane)
CF3Br (CBrF3)
(bromotrifluoromethane)
CoFyBrp
(dibromo-tetrafluoroethane)
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