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PREFACE 

This project was started in 1987, during the energy 
policy hiatus brought on by the collapse of world oil 
prices, and following the watershed events of the dis
covery of major acid rain damage and the nuclear 
accident at Chernobyl. At the time, the oil price col
lapse had aborted desirable price-driven changes in 
the energy system before they had come to comple
tion, and had fostered complacency. At the same 
time, developments on the environmental front were 
sending opposite signals. The result was a shift from 
energy strategy and policy discussions driven mostly 
by economic considerations to a new era in which 
environmental issues are becoming the principal driv
ing force. This trend toward redefining energy strat
egy and policy as instruments for environmental 
protection is now culminating in the rapidly growing 
international concern over global warming. 

These developments call for a new balance between 
environmental protection, energy security, energy effi
ciency and the prices paid for energy services. The 
new paradigm from which this balance could be found 
is perhaps best described as environmental least cost plan
ning, the harnessing of cost-minimizing economic effi
ciency within normatively defined environmental 
bounds and deliberate regulatory interventions to 
remove market barriers. How would this new 
approach affect the cost of energy services, and eco
nomic welfare at large? This question is a focus of this 
study on energy policy and global warming. 

The project work began with a preliminary assessment 
of fossil-fuel saving energy technologies. Important 
leastcost technology options and related policy issues 
were presented and discussed in a two-day seminar 
sponsored by the European Economic Community 
(EEC) and the European Environmental Bureau 
(EEB) in June 1988. The seminar was attended by 
more than 120 representatives from non-government 
organizations and several governments, and included 
the Dutch Minister of Environment and the EEC 
Commissioners for Energy and Research and Devel
opment as speakers. 

Subsequent events, notably the Toronto meeting in 
June 1988 and the establishment of the Intergovern
mental Panel on Climate Change (IPCC) in the Fall 

of that year, highlighted the need for a comprehensive 
scientific, economic, and political-logistic assessment 
of global and regional greenhouse gas reduction tar
gets. It became apparent that without such an assess
ment, the growing readiness of citizens and their 
governments the world over to "think globally and act 
locally" was lacking a sufficiently supported point of 
reference. 

This led to the expansion of the introductory climate-
oriented chapter of the project's draft report into a 
full-blown analysis of benchmarks for national, 
regional, and global climate action (Volume One). 
Preliminary results of this work were first presented 
at the OECD/IEA expert seminar on greenhouse gas 
emission reductions in April of 1989 in Paris. Need
less to say, this expansion of the project delayed the 
completion of the energy analysis, which now will 
form Volume Two of this report 

The entire project drew on contributions by an inter
national group of energy and environmental experts 
that are active in a variety of institutions in Europe and 
the US. The project leader and principal technical ana
lyst was Florentin Krause of Lawrence Berkeley Lab
oratory in California, USA, who conceptualized and 
drafted the present report The coauthors of Volume 
One are Wilfrid Bach of the Center for Applied Cli
matology and Environmental Studies in Minister, 
West Germany, who provided the climate modeling 
analysis and related scientific data; and Jon Koomey 
of Lawrence Berkeley Laboratory and Energy and 
Resources Group of the University of California at 
Berkeley, who collaborated in the execution of many 
research tasks and provided extensive technical and 
copy editing. 

The principal European contributors to the energy 
analysis of Volume Two were Hans Becht of the Cen-
truum for Energibesparing in Delft, Holland; 
Christoph Helle of the Oko-Institut in Freiburg, West 
Germany; David Olrvier of Energy Advisory Associates 
in Milton Keynes, United Kingdom; GuiseppeOnufrio 
of ENEA in Rome, Italy; and Pierre Radanne of 
INESTENE in Paris, France. Additional contributions 
were made by Deborah Bleviss of the International 
Institute for Energy Conservation in Washington, DC, 



and by Dianne Hawk, Jon Koomey, Evan Mills, and 
Bruce Nordman of Lawrence Berkeley Laboratory. 

This Volume has benefited from reviews and comments 
by a large number of people. The authors would like 
to acknowledge the contributions to the CFC data com
pilations and discussion by Lucas Reijnders; the carbon 
cycle model sensitivity calculations provided by Daniel 
Lashof based on a personal computer implementation 
by P. Moore; the time series of global and national gdp 
data provided by Kent Anderson; the provision of sta
tistical data on global fossil carbon releases by Greg 
Marland; many computations, data manipulations, and 

graphic representations by Bruce Nordman; library 
reference assistance by Cheryl Wodley; and manuscript 
reviews by a number of analysts, including Daniel 
Lashof, Rob Swart, Walt Westman, Peter Hennicke, Bill 
Chandler, Ralph Cavanagh, and Ralph Torrie. 

The design and production of this report was ably exe
cuted by Byron Brown. Finally, Florentin Krause 
wishes to thank his collegues at Lawrence Berkeley 
Laboratory who supported him with patience while 
this IPSEP project was being completed, and with 
many enlightening discussions on topics covered in 
this work. 



EXECUTIVE SUMMARY 

The following study investigates global climate stabi
lization targets for energy policy and planning. It was 
performed by an international team of experts for the 
Dutch Ministry of Environment The report comple
ments other major policy studies on global climate in 
significant ways: 

- While previous analyses provided menus of 
"warming fates" based on projections of trace 
gas emission trends and policies, this study 
examines required actions on the basis of 
explicit risk-minimizing limits on the rate and 
magnitude of global warming (Warming 
limit/Emission budget/Reduction milestone 
Method, or WERM). 

- In assessing required emission curtailments, 
the present study uses modeling calculations 
of both the equilibrium response and the tran
sient response of the climate system. 

- The study provides an assessment and ranking 
of important technical options and strategies 
for reducing fossil carbon emissions in terms 
of their net economic cost 

- The study explicitly addresses how industrial
ized and developing nations might share 
responsibility for climate stabilization on the 
basis of international and intergenerational 
equity as well as practical feasibility. 

Report overview 

The study report is divided into two Volumes. Volume 
One deals with the greenhouse issue as a whole. To 
provide the necessary context for our assessment of 
energy options, we start from an analysis of both 
energy and non-energy related driving forces of the 
greenhouse effect We develop a budget for future car
bon dioxide releases that would meet specified limits 
on the risks of human-induced climate change. We 
examine how carbon dioxide and other releases will 
need to be curtailed in the future, and how individual 
regions and countries could do their fair share in deal
ing with this global problem. The final chapters of Vol
ume One provide guidelines for the formulation of 
an international convention on climate stabilization and 
sustainable development. 

Volume Two contains a detailed investigation of cli
mate stabilizing energy options, with a focus on West
ern Europe. It explores least-cost energy strategies and 
technology and policy options for implementing cli
mate stabilization. The potentials and costs of these 
options are quantified in an illustrative manner for 
five major countries in Western Europe. 

Principal findings: Volume One 

Volume One of this study finds that 

• The centerpiece of an international agreement 
to protect the world's climate should be a 
global budget for cumulative fossil carbon 
releases between now and 2100. 

• This budget should be based on a policy of risk 
minimization, including explicit limits on the 
rate of global warming and on the absolute 
magnitude of warming. 

• This fossil carbon budget should take into 
account impacts of trace gases other than car
bon dioxide, and carbon dioxide releases from 
sources other than fossil fuel combustion. The 
implied emission reductions for these other 
trace gases should be made explicit 

• According to the risk assessment used in this 
study, the average rate of wanning should be 
limited to about 0.1° C per decade. Currently, 
a warming commitment of 0.2-0.5° C per 
decade is being added. The absolute warming 
relative to 1850 should not exceed 25° C. lim
its on radiative forcing and maximum equiv-
alent-COj concentrations should be calculated 
using the higher end of the current range of 
climate sensitivities. 

• A climate stabilizing fossil carbon budget for 
the period from 1985 to 2100 would then be 
about 300 btC (billion tons of carbon, or giga-
tons), equivalent to about 55 years of fossil 
releases at current rates. This budget implicitly 
assumes that 

- Chlorofluorocarbons (CFCs) will be phased 
out by the end of the twentieth century. 

- Carbon storage in forests and soils will be 
re turned to mid-1980s levels through 



several decades of afforestation in both 
temperate and tropical regions, combined 
with curtailment of tropical deforestation. 
Increased food production will be achieved 
mainly through productivity increases 
rather than land-clearing, and carbon-stor
ing tree cropping and agroforestry systems 
will be widely adopted over time. 

- Overall methane emissions will be some
what reduced by limiting agricultural emis
sions and by decreasing emissions from 
fossil fuel production and use. 

- The growth of atmospheric nitrous oxide 
concentrations will be slowed. 

Such a fossil carbon budget implies the follow
ing emission reduction milestones: 

- Global releases should have returned to 
present (ca. 1985) levels by about 2005, or 
within 15 years. 

- A 20 percent reduction below 1985 levels 
should be achieved by about 2015, or 
within 25 years. 

- A 50 percent reduction should be achieved 
by about 2030, or within 40 years. 

- A 75 percent reduction should be achieved 
by about 2050, or within 60 years. 

Relative to populations, cumulative historic fos
sil carbon emissions from industrialized coun
tries are more than eleven times as high as 
those from developing countries. If the remain
ing global fossil carbon budget were shared 
according to strict person-year equity including 
historic emissions, industrialized countries 
would have no emission rights left 

A reasonable compromise between interna
tional equity and practical feasibility would be 
to allocate 150 btC each to industrialized and 
developing countries. This allocation would 
imply the following targets: 

ICs should achieve a 20 percent reduction in 
fossil carbon releases by 2005, a 50 percent 
reduction by about 2015, and a 75 percent 
reduction by about 2030. 

Developing countries as a group should aim to 
stabilize their fossil fuel consumption early in 
the next century, and limit increases in the 
meantime to about 50-100 percentabove 1985 
levels. 

By about 2030, DC fossil carbon releases should 
have returned to approximately present levels. 

Put in terms of the fossil carbon intensity of 
gross domestic product (C/gdp ratio), the 

targets for the near to medium term (late 1990s 
to about 2010) would read about as follows: 

• Assuming a gdp growth of 2.5-3%/yr, indus
trialized countries as a group would need to 
achieve reductions in C/gdp ratios of about 
5%/yr by the turn of the century, or about 
twice the 1979-86 rate of change. 

• Assuming a gdp growth of about 4%/yr, devel
oping countries as a group would need to over
come their lockstep C/gdp pattern beginning 
in the 1990s. They would need to achieve reduc
tions in the C/gdp ratio of about 3%/yr shortly 
after the turn of the century in order to suffi
ciently moderate the unavoidable near-term 
growth in their absolute fossil carbon releases. 
This reduction rate would be similar to those 
realized during 1979-86 in developing coun
tries with the most proactive energy policies. 

• In later years, efficiency improvements, cogen
eration, and renewables would need to be intro
duced at significant speed. Additional carbon 
releases from fossil-supplied growth in energy 
services would have to be less than the decrease 
in carbon releases obtained from retrofitting 
and replacing inefficient existing plant 

• Implementing these targets will require both 
unilateral initiatives and cooperative interna
tional action: 

- Because the urgency of early reductions in 
fossil carbon releases is great individual 
nations should not wait for international 
agreements but take leadership through 
prompt action at home. Such leadership 
is particularly important from the largest 
and most affluent industrialized countries. 

- Contrary to common belief, action by indi
vidual countries could bring them eco
nomic benefits and increased international 
competitiveness. This applies also to devel
oping countries since energy-using equip
ment there is even more inefficient than 
in industrialized countries. 

- Not all nations are equally well equipped 
to implement the required reductions. 
Major capital and technology transfers to 
developing countries will be needed. Some 
support may also be required by the cen
trally planned industrialized economies. 

- Successful climate stabilization will ulti
mately depend on a broader compact 
among industrialized and developing 
countries to reform the world economic 
and ecological order and to promote sus
tainable development world-wide. 
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PART ONE: 

CLIMATE STABILIZATION 

AND 

THE LIMITS TO 

FOSSIL FUEL 

CONSUMPTION 



Part One of this volume provides the scientific basis and risk-minimization arguments for 
specific limits on cumulative global fossil carbon emissions. As a core concept, we 
develop a budget for future carbon dioxide releases that would meet specified limits on 
the risks of human-induced climate change. 

Chapter 1.1 reviews the current scientific understanding of the greenhouse 
effect, the history of the earth's climate, and the expected impacts from 
global warming. These data are used to define a plausible risk-minimizing 
warming limit. A methodology is defined for translating this limit into 
targets for practical policy-making. 

Chapter 1.2 presents climate modeling calculations for emission scenarios 
of the major greenhouse gases. These calculations indicate what range of 
emission reductions would be needed to limit the risks of climate change 
to specified levels. 

Chapter 1.3 analyzes reduction potentials for trace gases other than fossil 
carbon dioxide. We review the range of emission reductions that could be 
achieved on the basis of various technological options and policy 
measures. (The equivalent analysis of fossil carbon dioxide reduction 
measures is the topic of Volume Two). 

Chapter 1.4 derives an upper-limit cumulative global budget for future fossil 
carbon dioxide releases. This budget reflects the potentials identified in 
Chapter 1.3 for reducing other greenhouse gas emissions. It is then 
compared with fossil fuel reserves and resources, and with projected fossil 
fuel consumption in several published global energy scenarios. 



CHAPTER LI 

A TARGET-BASED, LEAST COST APPROACH 
TO CLIMATE STABILIZATION 

A. INTRODUCTION 

1. Wait-and-see versus risk minimization 

Despite recent progress in putting the threat of global 
warming onto the international agenda (see Section 
B below), the debate over the greenhouse effect con
tinues to be shaped by two diametrically opposed view
points. These views can be characterized as follows: 

Don't act until you are certain or wait-and-see. Analysts 
holding to this view believe that current scientific 
uncertainties are still too large to warrant costly pre
ventative action. Instead, more research should be 
pursued to reduce scientific uncertainties. 

Act now to-minimize risks: Those holding to this view 
believe that current uncertainty cuts both ways: if 
major warming should come true, inaction could 
have catastrophic consequences. Society should 
therefore pursue investments and policies now to 
minimize such risks. 

The competition between these two viewpoints 
revolves around the following fundamental issues: 

• What aspects of the global warming threat are 
scientifically established fact, if any, and which 
are not? 

• How costly would prevention be compared to 
adaptation? 

• Would there be winners and losers, or would 
the consequences of global warming be catas
trophic for the world as a whole? 

• Is there reason to believe that remaining uncer
tainties could be satisfactorily resolved in a time 
frame that would still allow preventative global 
action later? 

• Could improved scientific modeling tools be 
able to reliably distinguish between winners 
and losers? 

What is established scientific fact and what is 
uncertain? 

The scientific community is in complete agreement 
that the atmospheric greenhouse effect governs global 

temperature.1 In fact, heat entrapment due to radiative 
forcing of gases is one of the oldest and most well-estab
lished experimental findings of modern science, going 
back some 150 years. Moreover, the greenhouse effect 
is the only basis on which the enormous differences 
in atmospheric temperatures and climate between 
planets like Mars, Venus, and Earth can be explained. 

What is also certain is that the atmospheric concen
trations of a number of greenhouse gases have been 
rising and are continuing to rise, as shown by ongoing 
measurements in a global network of monitoring sta
tions (Wuebbles and Edmonds 1988). There is com
pelling evidence that these increases must be attributed 
to human activities (Dickinson and Cicerone 1986). 

Furthermore, data from trapped air samples in ice 
cores have shown that for the last 150 000 years, atmo
spheric carbon dioxide and methane concentrations 
have closely tracked the surface temperature changes 
brought on by glacial and interglacial periods.2 

There is also virtually no debate in the scientific 
community that continuing rises in the atmospheric 
concentrations of carbon dioxide and other green
house gases will lead to global warming (CDAC 
1983, Schneider 1989). 

Finally, scientific research to date has firmly established 
the ride of catastrophic consequences from future climate 
warming. There is ample physical evidence that past 
changes in the earth's surface temperature were related 
to major changes in sea levels, ice cover, forest cover, and 
regional climates. If these changes were to occur again 
in the world of today, their consequences would likely 
be catastrophic imagine, for example, a global sea level 
rise of several meters (see Section D below). Though they 
might not occur, similar outcomes cannot be excluded 
as a consequence of future global warming. 

1. 

2. 

For a recent review of the science and policy issues sur
rounding the greenhouse effect, see Schneider (1989). 
A number of other studies suggested that the same cor
relation also holds true for much earlier periods in the 
earth's climate, for which ice core data are not available, 
but when carbon dioxide concentrations appear to have 
been twice the pre-industrial level and the planet was 
3°C warmer (Budyko etal. 1987, Sundquistand Blocker 
1985). See Schneider and Londer (1984) for a discus
sion of the uncertainties in these estimates. 
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What is uncertain is how much warming the earth will 
experience for a given increase in greenhouse gas con
centrations (i.e., die climate sensitivity). It is also uncer
tain what the precise global and regional magnitudes 
and kinds of impacts will be: whether impacts will 
arrive gradually or suddenly; whether they will be catas
trophic everywhere or only in some regions, and if so, 
where; and what monetary costs and benefits would 
be associated with these impacts. 

Could research resolve these uncertainties in a timely 
mannert 

Research could certainty improve the modeling tools 
of scientists by extensively measuring the geophysical 
and biogeochemical processes that are involved in cli
mate responses to greenhouse wanning. A key area 
would be the development and validation of a fully 
coupled atmosphere-ocean model. But both the data 
gathering and the computational tasks involved are 
so enormous that it would probably take one to two 
decades before results can be expected to significantly 
improve modeling capabilities (Schneider 1989). 

Similarly, monitoring of climate change, though 
needed, will inherently be unable to answer the key 
question of climate sensitivity (i.e., the warming 
response to a doubled carbon dioxide concentration) 
in a timely manner. The emergence of any degree of 
warming from the statistical noise in the world's tem
perature record is estimated to be five to fifteen years 
away. Once the phenomenon of wanning has emerged 
from measurements, interpretations regarding climate 
sensitivity will still be impossible until the effect has 
become sufficiently large (see Chapter 1.2). 

Meanwhile, because of the "memory" of the climate 
system, each year of monitoring and research without 
simultaneous preventative measures adds a further 
irrevocable increment to future warming. In fact, the 
sensitivity of the global climate to specific radiative 
forcings will neverbe resolved through measurement 
until the full climatic change is upon us. 

If the exact model-based quantification of climate 
change will remain elusive on the global level, this will 
be even more the case for predictions on a regional 
level. Nations that choose adaptation over collective 
prevention (in hopes of climatic improvements in 
their region) would be playing Russian roulette. 

The wait-and-see approach is equivalent to converting 
the natural environments of all peoples and species 
into one huge laboratory—or, since this experiment 
has already inadvertently gotten underway, to continue 
and expand i t Any scientific research council would 

oppose such an experiment as unethical and irrespon
sible if it were proposed as a research project 

Risk minimization as a basis for greenhouse policy 

The wait-and-see policy ignores that incurring risks has 
its own cost Costs are only seen as existing on the pre
vention side of the ledger, while the risk-reducing ben
efits of preventative action are discounted. The 
principal rationale, Le., that scientific uncertainty could 
be sufficiently resolved through research to eventually 
allow the application of conventional cost/benefit anal
ysis, is faulty. The continued attractiveness of a wait-
and-see policy among some constituencies is mainly 
explained by a lack of information about the nature 
of the problem, as well as by unbridled technological 
optimism, and in some cases, vested economic interests 
in the status quo. 

The risk minimization approach to global warming, on 
the other hand, relies on a properly scientific out
look—not just in terms of the facts and risks that science 
has already established beyond question, but also in rec
ognizing the inherent limits to striving for scientific cer
tainty or, for that matter, for comprehensive and reliable 
monetary assessments of potential impacts. 

In this paradigm, risks contribute to real costs. These 
risk-based costs can be expressed in the following sim
ple equation: 

(tow or uncertain probability) x (catastrophic consequences) 
= (major risk to society) 

This perspective on risks is by no means unique to 
global warming. Huge military outlays are routinely 
made on the basis of this formula. Given the magni
tude of climate risks (see Section D), global warm
ing—and other environmental threats as well—could 
be treated as a new type of threat to global security.3 

In one form or another, most existing environmental 
regulation is already based on this formula. In all cases, 
normative, risk-based perceptions have had to take 
over where scientific analysis and cost/benefit calculus 
reached their limits. 

2. Climate stabilization and sustainable 
development: a least-cost approach 

How could the chasm between these two vantage points 
be bridged? To see this, it is necessary to recognize a 

3. This approach has been suggested, among others, by 
the Bruntland Report to the United Nations Commis
sion on Environment and Development (Bruntland 
1988). 

A Target-Based Least Cost Approach to Climate Stabilization 1.1-2 



common concern that is shared by both sides in the 
debate: the economic cost of prevention. In the wait-
and-see approach, the underlying concern is that pre
vention would be expensive, while the benefits are 
uncertain or unknowable. 

The risk minimization approach raises a similar ques
tion: Society may not have the resources to hedge 
against all future environmental risks. How much pre
cautionary investment is affordable before the cure 
proves worse than the ailment, or before the political 
willingness of the present generation to make eco
nomic sacrifices for future generations is exhausted? 

Both approaches presume that precautionary action 
is likely to be economically burdensome or disruptive. 
But that risk-minimizing measures would involve such 
consequences is not at all established fact. 

For one, the magnitude of prevention costs depends 
on the perspective from which they are viewed. We 
must ask: an economic burden for whom? Costs seen 
as a major burden by vested interests might be a minor 
burden from a societal perspective, or indeed a net 
benefit In dealing with the concerns of vested inter
ests, the issue may be less to manage a major absolute 
cost to society than to find workable incentive policies 
that could shift investments and consumption away 
from warming-related products while providing a suf
ficient transition time for status quo stakeholders. 

But aside from finding the proper societal cost per
spective and political compromises, climate stabiliza
tion could largely be achieved by global and national 
policy measures that should be implemented any
way—climate change or no climate change. We need 
to ask: what would be the net cost of buying insurance 
against the risks of climate warming if we were to 
emphasize greenhouse control measures that also have 
tangible societal benefits in other areas? 

The societal "side" benefits of precautionary climate-
stabilizing measures could be 

• economic benefits in areas where status quo 
arrangements are blocking economic effi
ciency, as in the end-use efficiency of energy 
consumption; 

• environmental benefits in areas such as urban 
air pollution, acid rain, and forest dieback; or 

• social benefits in areas where reforms aimed 
at meeting basic human needs would also 
dampen the release of greenhouse gases, as in 
the case of land reform and reforestation 
schemes in developing countries. 

All that climate stabilization might mean is that poli
cies aimed at these problems would be pursued more 
vigorously, causing possibly no more than a minor 
additional increment in costs and effort This climate-
related increment could be so small as to hardly be 
painful or disruptive. 

Ironically, the growing failure of world economic devel-
opment on other fronts (Brown et al. 1987) also 
increases the opportunities for cost-reducing synergistic 
climate stabilization.4 The major error in the conven
tional debate over the affordability of warming preven
tion is to ignore that present development patterns are 
unsustainable overall, not just in the climate area. In 
assessing the cost of risk-minimizing measures we need 
to take the goal of sustainable world development as 
our baseline. Accounting based on the status quo has 
become irrelevant 

Seen this way, the fundamental questions for any climate 
stabilization analysis can be summarized as follows: 

• What measures would be needed to return soci
etal development to a sustainable path, before 
considering climate change? 

• To what extent would climate-stabilizing action 
overlap with these corrective measures? 

• What is the net economic and other cost of cli
mate stabilization relative to pursuing these other 
measures that should be undertaken anyway? 

These questions frame what we call a leasUcost approach 
to climate stabilization. Since energy use currently is, and 
foreseeabh/ will remain, the dominant driving force 
of global warming (see Chapter 1.2), we focus on least-
cost options for reducing use of fossil fuels. This focus 
suggests itself because the necessary quantitative data 
for a least-cost analysis are far more developed in the 
case of energy than for other major sources of green
house gases. 

Given that energy use has a dominant role in climate 
stabilization, the question arises whether one could 
identify a cost-effective energy strategy that would 
lower the unit cost of energy services to society below 
the status quo level while at the same time curtailing 
fossil fuels. If so, climate stabilization could conceivably 
be achieved at negative net cost The energy sector could 
become a "golden goose" for climate stabilization, by 
generating savings that could pay, partially or in full, 
for the cost of those climate measures that do result 
in net costs to society. 

4. This approach has been suggested, among others, by the 
Bruntland Report to the United Nations Commission 
on Environment and Development (Bruntland 1987). 
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Indeed, earlier least-cost oriented explorations of 
national5 and global6 energy futures strongly suggested 
such a possibility. Needless to say, such a finding, if 
broadly applicable, could have a major impact on the 
chances for an effective international climate conven
tion. A major task in supporting such a process is thus 
the broad-based implementation of least-cost oriented 
energy analyses in many regions and countries. The 
present study does so for the five major energy users 
in Western Europe (see Volume Two). 

However, to make such analyses sufficiently specific 
and comparable, it is necessary to clarify what level 
of climatic risk minimization should be pursued. The 
kinds of fossil-fuel substituting measures required, and 
their net costs to society, strongly depend on the cli
mate stabilization targets we set for ourselves. Volume 
One of our report therefore pursues the question of 
what climate stabilization targets would be risk-min
imizing, yet still practically feasible. 

B. GROWING AWARENESS OF T H E 
CLIMATE THREAT 

The realization that the emission of trace gases might 
change the climate of the planet goes back more than 
150 years. Fourier was probably the first to discuss the 
C02 /greenhouse effect in 1827 by comparing it with 
the warming of air isolated under a glass plate (Bach, 
1982/1984). In 1896/1903, Arrhenius made the first 
climate change calculation. His result: A COg-increase 
by a factor of 2.5-3 would increase the global mean 
surface temperature by 8-9 degrees C. In 1941, Flohn 
noted that man-made COg-production perturbs the 
carbon cycle leading to a continual COg-increase in 
the atmosphere. In 1957, Revelle and Suess concluded 
that human activities were initiating a global geophys
ical experiment that would lead to detectable climatic 
changes in a few decades. In the same year, Keeling 
and coworkers started the first C 0 2 measurement pro
gram on Mauna Loa (Hawaii) and at the South Pole 
as part of the International Geophysical Year. 

In 1969 and 1970, a group of scientists undertook the 
first major studies on the climatic effects of human 
activities. The results were a "Study of Critical Envi
ronmental Problems" (SCEP, 1970) and a "Study of 
Man's Impact on Climate" (SMIC, 1971). Both served 
as input to the 1972 UN Conference on the Human 
Environment As a reaction to the growing concern 

5. See, for example, Krause etal. (1980) and Olivier etal. 
(1983), and other studies referenced in Voume Two. 

6. See Lovins et al. (1981/83) and Goldemberg et al. 
(1988). 

that human activities might alter climate, in 1979 the 
World Meteorological Organization convened a World 
Climate Conference in Geneva (WMO, 1979). An 
important outcome of this meeting was an urgent 
appeal to the world's nations 

• to take full advantage of man's present knowl
edge of climate 

• to take steps to improve significantly that 
knowledge; 

• to foresee and to prevent potential man-made 
changes in climate that might be adverse to the 
well-being of humanity. 

Since then, a number of national programs and ini
tiatives have emerged. For example, in preparation 
for the German Climate Program, a series of interna
tional conferences were held, sponsored by the Fed
eral Environmental Agency of the FRG. These were 
"Man's Impact on Climate" (Bach, etal., 1979); "Inter
actions of Energy and Climate" (Bach, etal. , 1980); 
and "Food/ClimateInteractions" (Bach, etal., 1981). 
These meetings led to the formulation of a low-cli
mate-risk energy strategy, which would 

• promote the more efficient end use of energy 

• secure the expeditious development of energy 
sources that add litde or no C 0 2 to the atmos
phere, and 

• keep global fossil fuel use, and hence CO s emis
sions, at the present level. 

These conferences initiated a shift in emphasis from 
calls for more studies to calls for immediate policy 
action. 

In the wake of these calls for action, many other coun
tries started their own climate programs. In the US, 
the Carbon Dioxide Assessment Committee of the 
National Academy of Sciences issued a major report 
(CDAC, 1983), followed by a study on greenhouse 
gases by the US EPA (Seidel and Keyes, 1983), a major, 
five-volume state-of-the-art summary of C 0 2 research 
by the Department of Energy (U.S. DOE, 1985), and 
a four-volume report on the effects of changes in 
ozone and climate by EPA and UNEP (Titus, 1986). 
Most recently, the US EPA published an analysis of cli
mate stabilization options (Lashof and Tirpak, 1989). 

Canada has established a COg and climate program 
(Hengeveld, 1987). In the Netherlands, an assess
ment of the COg problems was undertaken by a Com
mittee of the Health Council of the Netherlands 
(CHCN, 1983). Various activities on trace gases and 
climate were initiated within the European Economic 
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Community and the World Meteorological Organi
zation (WMO, 1985). 

In 1986, upon the recommendation of the 1985 Vil-
lach meeting, an Advisory Group on Greenhouse 
Gases (AGGG) was set up jointly by ICSU, WMO and 
UNEP. Its tasks are to review global and regional stud
ies on greenhouse gases and to evaluate the rates of 
greenhouse gas increases and their effects. 

The annually recurring ozone-hole over Antarctica has 
led to an initiative among 17 European research cen
ters to set up EUROPICA (European Program in 
Chemistry of the Atmosphere). While ozone will be 
the focal point of this scientific mission, many of the 
climate-related trace gases will also be studied. 

In 1986, ICSU launched a decades-long International 
Geosphere-Biosphere Program (IGBP). Its objectives 
are: 

to describe and understand the interactive 
physical, chemical and biological processes that 
regulate the total Earth system, the unique 
environment it provides for life, the changes 
that are occurring in that system, and the man
ner by which these changes are influenced by 
human actions. 

A second World Climate Conference will be held in 
1990. In preparation for this meeting the following 
conferences have been held: 

• UNEP/WMO/ICSU "Assessment Conference 
on the Role of Carbon Dioxide and Radiatively-
Active Constituents in Climate Variation and 
Associated Impacts," Villach, Oct, 1985. 

• UNEP/WMO/ICSU T h e Effects of Future Cli
matic Changes on the World's Bioclimatic 
Regions and their Management Implica
tions—A New Technical Agenda," Villach, 
Sept /Oct , 1987. 

• Government of the Netherlands/EC/WMO 
"Interrelated Bioclimatic Land Use Changes," 
Noordwijkerhout Oct, 1987. 

• UNEP/RBF/GMF etc. "Priorities for Future 
Management—A New Policy Agenda," Bella-
gio, Nov., 1987. 

• EEC/Government of the Netherlands/EEB/ 
IPSEP "Energy Policy and Climate Change: 
What Can Western Europe Do?" Brussels, June 
1988. 

• Ministry of the Environment of Canada/ 
UNEP/WMO "World Conference on the 

Changing Atmosphere: Implications for Global 
Security," Toronto, June, 1988. 

• UNCSTD/UNEP/WMO "Climate Change and 
Variability, and Social, Economic and Techno
logical Development" Hamburg, Nov., 1988. 

• First Meeting of the Intergovernmental Panel 
on Climate Change (IPCC) under the spon
sorship of UNEP and WMO, Geneva, Novem
ber 1988. 

This Panel consists of three working groups on mod
eling, impact studies, and response strategies. The pur
pose of the IPCC is to prepare the Second World 
Climate Conference in 1990 and to work toward a 
global climate convention (see Chapter 1.7). 

The establishment of the IPCC is symbolic of a major 
broadening of the international climate warming 
agenda from basic research to preventative policy 
action. Several other milestones in this process should 
be mentioned: 

• In 1987, the US Congress passed a Global Climate 
Protection Act that ordered the ERA, the Office 
of Technology Assessment, and the Department 
of Energy to prepare reports on specific policy 
actions that could limit global warming. 

• In the same year, West Germany established a 
special standing parliamentary commission, 
the Enquete Commission on "Precautionary 
Measures for the Protection of the Earth's 
Atmosphere." Its express mandate is to identify 
and evaluate specific measures that can reduce 
the emission of trace gases that endanger the 
world's climate and ozone layer. A final report 
is planned for 1990. 

• In June 1988, the Toronto World Conference 
on the Changing Atmosphere called for a 20 
percent reduction of fossil carbon dioxide 
releases by 2005. Two heads of state appealed 
for a global convention to deal with the green
house effect 

• In the wake of the Toronto meeting, several far-
reaching legislative proposals were introduced 
in the U.S. Congress that called for reductions 
in carbon dioxide emissions in addition to 
reductions in chlorofluorocarbon emissions. 

• In the USnSoviet summit held at the end of 
1988, greenhouse warming was recognized for 
the first time as an issue at that level. 

• In February 1989, the Government of Canada 
sponsored an "International Meeting of Legal 
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and Policy Experts, Protection of the Atmos
phere," in Ottawa, with the purpose of exam
ining formulations and principles for a global 
climate convention. 

• In April 1989, the OECD's International 
Energy Agency held the first major inter
national expert seminar on energy technolo
gies for reducing emissions of greenhouse 
gases, attended by more than 200 participants 
from 24 nations. 

• At the IPCC meeting in Geneva in May 1989, 
more than 20 major participants supported a 
global climate convention. 

• The Helsinki declaration of May 1989 brought 
a major increase of the numbers of govern
ments supporting action on the ozone and 
greenhouse problems. 

• Around the same time, the Dutch Government 
adopted a target to return fossil carbon emis
sions to the 1990 level by 2000, and the Swedish 
parliament voted to limit fossil carbon releases 
to present levels. 

• During the Group of Seven Summit in July, 
1989 in Paris, global warming became an 
agenda item. 

Events are proceeding so rapidly that the above 
chronology will soon be hopelessly out of date. Under
lying this rising tide of international activity is the grow
ing recognition of the enormous risks entailed in 
climate warming. 

In summary, the greenhouse effect has been known 
as a scientific possibility for more than a century. But 
only in the last two decades has this threat begun to 
be taken seriously, and only during the last two years 
have preventative measures entered the international 
political arena. Most scien tific analysts now agree that 
the only way to address the greenhouse threat is to 
reduce the emissions that are the driving forces of 
global warming. 

C. DRIVING FORCES OF CLIMATE 
CHANGE 

The causes of climatic change are complex, and 
there are many theories and possible mechanisms. 
We limit our discussion to the driving forces created 
by trace gases related to human activity, since those 
are the only ones we can influence through policy 
action. 

1. The greenhouse effect 

Like a window pane in a greenhouse, a number of 
gases in the earth's atmosphere let solar radiation (vis
ible light) pass to the surface of the earth while trap
ping infrared (IR) radiation, also known as heat 
radiation, that is re-emitted by the surface of the earth. 
This heat radiation would have otherwise escaped to 
space. It is this trapping of infrared radiation that is 
referred to as the greenhouse effect7 Gases that influ
ence the surface-atmosphere radiation balance are 
also called radiatively active or greenhouse gases 
(GHG). 

Even in the absence of human interference, the green
house effect is constantly in operation in maintaining 
the earth's climate. A number of natural constituents 
of the atmosphere are radiatively active. The most 
important are water vapor, carbon dioxide (COg), and 
clouds. These contribute roughly 90 percent to the 
natural greenhouse effect whereas naturally occurring 
ozone (Os), methane (CHj), and other gases account 
for the remainder. 

Human activities cause the emission of a number of 
greenhouse gases. These emissions create a change 
in the radiative balance of the surface atmosphere sys
tem (radiative forcing). Because the concentrations 
of natural and anthropogenic greenhouse gases are 
small compared to the principal atmospheric con
stituents of oxygen and nitrogen, these gases are also 
called trace gases. 

2. Important trace gases 

Trace gases fall into three categories: (1) radiatively 
active trace gases such as water vapor (H20), carbon 
dioxide (C02), ozone (Os), methane (CH4), nitrous 
oxide (N20) and the chlorofluorocarbons (CFCs) 
which exert direct climatic effects; (2) chemically/pho-
tochemically active trace gases such as carbon monoxide 
(CO), nitrogen oxides (NOx) and sulfur dioxide 
(S02) which exert indirect climatic effects through 
the chemistry that determines the atmospheric con
centrations of hydroxyl radicals (OH), CH4 and 0 3 ; 
and (3) aerosol emissions. 

Table 1.1 lists most greenhouse gases. Some forty such 
gases have been identified so fer, most of which are radia
tively active. The characteristics of the major greenhouse 

7. At a global average surface temperature of 288° Ror 15° 
C, the long-wave outgoing radiation from the surface 
of the earth is 390 W/m*, compared to 236 W/m* from 
the top layer of the atmosphere. This reduction in the 
long-wave emission is a measure of the greenhouse effect 
(Rarnanathan etal. 1987). 
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Table 1.1.1 Overview of greenhouse gases In the atmosphere 

TRACE GAS 

Carbon Group 
Carbon monoxide 
Carbon dioxide 
Methane 

Oyxgen group 
Ozone 

Nitrogen group 
Nitrous oxide 
Nitrogen dioxide 
Dinitrogen pentoxide 
Nitric acid 
Ammonia 

Sulfur group 
Sulfur dioxide 

Sulfur hexafluoride 
Carbonyl sulfide 
Carbon disulfide 
Hydrogen sulfide 

Non-methane hydrocarbons 
Acetylene 
Acetaldehyde 
Formaldehyde 
Ethylene 
Ethane 
Propane 
Butane 
Methyl pentane 

Others 

Peroxyacetyl nitrate 

CHEMICAL 
SYMBOL 

CO 
co2 
CH4 

o3 

N20 
N02 

N205 

HN03 

NH3 

SOz 
SF6 

cos 
cs2 
HzS 

C2H2 

CH3CHO 
HCHO 
C2H4 

C2H6 

C3Hg 

C4H10 
C4H14 

PAN 

TRACE GAS 

Halogen group 
Trichlorofluoromethane 

(Freon11) 
Dichlorodifluoromethane 

(Freon12) 

Chlorotrifluoromethane 
(Freon 13) 

Dichlorofluoromethane 
(Freon 21) 

Chlorodifluoromethane 
(Freon 22) 

Trichlorofluoroethane 
(Freon 113) 

Dichlorotetrafluoroethane 
(Freon 114) 

Chloropentafluoroethane 
(Freon 115) 

Hexafluoroethane 
(Freon 116) 

Methyl bromide 

Ethylene bromide 

Bromotrifluoromethane 

Methyl chloride 

Methylene chloride 

Dichloroethane 

Trichloroethylene 

Tetrachloroethylene 

Methyl chloroform 

Carbon tetraf luoride 

Carbontetrachloride 

CHEMICAL 
SYMBOL 

CFCI3 

CF2C12 

CF3CI 

CFHC12 

CF2HCI 

CF3CC13 

C2F4C12 

C2FSCI 

C2F6 

CH3Br 

BrCH2CH2Br 

CF3Br 

CH3CI 

CH2C12 

CH2CICH2CI 

C2HG13 

C2C14 

CH3CC13 

CF4 

CCI4 

After: WMO (1982). Chamberlain et al. (1982) and Ramanathan et al. (1985). 
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gases are summarized in Table 1.1.2. The table shows cur
rent concentrations in the atmosphere, cunent growth 
trends, atmospheric residence times, and the direct cli
mate effects, chemical effects, and chemical-climate inter
actions. Detailed global budgets for die sources and sinks 
of most of these gases can be found in Chapter 1.3, Tables 
I.S.2-I.3.7. A brief summary follows below. 

Carbon dioxide (COg) 

C0 2 is a radiatively active trace gas. Some 96% of the C02 

is released by natural sources. The ocean and the bio
sphere are the main sinks. The remaining 4% stem from 
anthropogenic sources, mostly fossil fuel burning and land 
use conversion (i.e., deforestation and soil degradation). 

Methane (CH4) 

CH4 is a radiatively active trace gas. More than half 
of total emissions are from anthropogenic sources. 
The main sources are cattle feedlots, biomass burning, 
rice paddy fields, natural gas leakage, coal mining and 
refuse disposal sites. 

Nitrous oxide (N2O) 

NgO is a radiatively active trace gas. The relative pro
portion of sources are uncertain. Cultivation of soils, 
soil fertilization, and biomass and fossil fuel burning 
are involved. The major sink is stratospheric photolysis 
with subsequent O s destruction. 

Chbrofluorocarbons (CFC-11 and CFC-12) 

The CFCs have no natural sources; they are entirely 
man-made. They are radiatively active trace gases con
tributing to the tropospheric greenhouse effect CFCs 
have no sinks in the troposphere. They are photodis-
sociated in the stratosphere where they are involved 
in the catalytic destruction of Os. 

Ozone (0$ 

Ozone is a radiatively active trace gas that is formed 
as a product of natural and human-induced chemical 
and photochemical reactions in the lower and upper 
atmosphere (troposphere and stratosphere). Increases 
in tropospheric ozone are caused by emissions of com
mon air pollutants such as carbon monoxide, nitrogen 
oxides, and hydrocarbons. At the same time, decreases 
in stratospheric ozone, which are caused by CFCs and 
some of the same pollutants, also lead to warming. 

Hydroxy I radicals (OH) 

This highly reactive compound is again the product 
of natural chemical processes in the atmosphere. It 

indirectly controls the abundance of several radiatively 
important trace gases, including ozone and methane. 
Conversely, anthropogenic emissions of chemically 
active trace gases like carbon monoxide, hydrocar
bons, and nitrogen oxides can reduce its abundance 
and thus increase radiatively active abundances. 

Carbon monoxide (CO) 

CO has no direct radiative effect, but through its reac
tion with OH-radicals, it is exerting an indirect climatic 
effect by increasing concentrations of the radiatively 
active gases CH4 and tropospheric Os. Deforestation 
and fossil fuel burning are the two dominant man-
made sources for CO. 

Nitrogen Oxides (NOJ 

Most NOx emissions are of human origin. Biomass 
burning and fossil fuel combustion are the most 
important anthropogenic sources. In the tropo
sphere, NO and N 0 2 are active catalysts in reactions 
involving the radiatively active gases O s and CH4. In 
the stratosphere, NOx is important in determining 
O s levels. 

Non-methane hydrocarbons (NMHC) 

Non-methane hydrocarbon emissions from vegeta
tion and vehicles and industry are direcdy involved 
in urban smog and tropospheric ozone formation. 
They oxidize to carbon monoxide and thus also con
tribute to warming through the OH-CH4-tropo-
spheric ozone link. 

3 . Trace gas-climate interactions 

The chemical constituents of the atmosphere can 
modify the climate through one or a combination of 
the following processes (Ramanathan et al., 1987; 
Wang et al., 1986; Wuebbles and Edmonds 1988): 

Radiative aciimty 

Trace gases, which are radiatively active in the long
wave spectral region, will enhance the atmospheric 
greenhouse effect The 7- to 13-|im spectral region is 
referred to as the atmospheric 'window'' because some 
70-90% of the radiation emitted by the surface and 
clouds escapes to space. Most of the gases listed in 
Table 1.1 are strong absorbers in that region and are 
therefore quite effective in enhancing the greenhouse 
effect in the troposphere. Moreover, C0 2 and 0 3 also 
have a significant influence on climate in the strato
sphere by governing stratospheric long wave emission 
and absorption. 
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Table 1.1.2: Overview of key characteristics of trace gases (1) 

Characteristics 

Trace Gases 
CO, CH4 NaO 

1) Current cone, in atm. 

2) Atmospheric residence 
time 

3) Current cone, trend 

4) Radiatively and 
chemically interactive 

5) Direct climate effect 

6) Index of radiative 
sensitivity refers to 
expected growth from 
1980-2050. The index 
forCO2is10. 

7) Direct chemical effect 

8) Chemical-climate 
interactions 

9) Uncertainties in radiative 
transfer 

10) Uncertainties in 
chemistry 

11) Other 

12) Climate effect of one 
molecule rel. to COz 

1) 346 ppm (1986) 

2) ca. 100 yrs. (for atmos
phere, biosphere and 
upper ocean) 

3) ca. + 0.4%/yr 

4) One of the most impor
tant infrared absorbers in 
ranges 550-800; 
850-1100;2100-2400 
cm-1 

5) The global mean equili
brium surface temp, 
increase due to the 
direct radiative effect of a 
C0 2 doubling (2 x C02) 
isAT„=.1.3K;incl. 
climatic feedbacks it is 
ATe= 1.5-4.5 K. 

6) A relative measure of the 
contribution of a gas to 
radiative forcing. A 
surface temperature 
change ATS = 2 K for 
C02 gives a value of 10. 

7) None 

8) Changes in the atmos
phere's temperature pro
file affect reaction rates 
of gases. Temperature 
changes in strat. change 
ozone distribution which 
feeds back on surface 
climate. 

9) Line half-widths and tem
perature dependencies 
and also overlap with 
H20 need refinement. 

10) None 

11) Further flux 
measurements needed 
to refine understanding 
of biogenic sources. 
Needed for making 
better projections of 
future. Studies of 
biomass growth due to 
COz-stimulation must 
take into account 
counteracting effects of 
acid rain and 03 , etc., 
(e.g., forest dieback). 

1 

1) 1.7 PPM (1985) 

2) 7-10 yrs. 

3) 1.1±0.1%/yr (1951-1983) 

4) Infrared absorber 
(950-1650 cm-1). 
Chemically reactive in 
both trop. and strat. 

5) For2xCH4AT6 = 
0.2-0.4 K. 

6) lfCO2 = 1 0 C H 4 » 2 ± 1 

7) Increasing CH4 

• reduces OH in trop. 
• produces 0 3 in trop. 
• produces 0 3 in lower strat 
• decreases 0 3 in upper 

strat. through HO, 
production 

• increases H20 in strat. 
• decreases effectiveness 

of CI and NO„ on 0 3 in 
strat. 

8) Reduction of OH in trop. 
slows removal of CH4 

and other trace gases. 
Effects on 0 3 and H20 
have climatic 
implications. Warmer 
climate changes 
biochemical sources of 
CH4. Changes in temp, 
distribution affect 
atmospheric loss rate of 
CH4. 

9) Line half-widths and 
temp, dependence on 
CH4 need to be better 
evaluated. 

10) Reactivity of CH4 

oxidation byproducts and 
their effects on 0 3 in 
trop. need to be 
evaluated. The reaction 
of CH4 with CI in strat. is 
major uncertainty which 
could affect chemical 
impacts of CFCs on Os. 

11) More information is 
needed on the emission 
fluxes from various 
sources and the causes 
of the current CH4 

trends. 

25-32 

1) 0.31 ppm (1985) 

2) ca. 170 yrs. 

3) 0.2-0.3 %/yr 
4) A strong infrared 

absorber (520-660; 
1200-1350; 2120-2270 
cm-'), inert in trop. 
Destroyed in strat. 
through photolysus. 

5) For2xN2OAT0 = 
0.3-0.4 K 

6) lfCO2 = 10N2O«1.4±1 

7) Through reaction of N20 
with 0(1D) main source of 
NO, in strat. Decreases 
0 3 in strat. Interacts with 
CIOx and HOx. 

8) Cydestruction in strat. 
has climatic implications. 
Warming of trop. affects 
biogenic source rates. 

9) The spectral line 
intensities need further 
study. 

10) Further study needed oi 
• mechanisms and 

production rates from 
biogenic and combustion 
sources in trop. 

• the photodissociation 
rate of N20 in strat. 

11) Better measurements oi 
sources and sinks 
required. Biogenic 
source response to 
temperature change is 
largely unknown. 

150-250 
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Table 1.1.2: Overview of key characteristics of trace gases (2) 

Characteristics 

Trace Gases 
CFC-II CFC-12* OH 

1) Current cone, in atm. 

2) Atmospheric residence 
time 

3) Current cone, trend 

4) Radiatively and 
chemically interactive 

5) Direct climate effect 

6) Index of radiative 
sensitivity refers to 
expected growth from 
1980-2050. The index 
for C02 is 10. 

7) Direct chemical effect 

8) Chemical-climate 
interactions 

9) Uncertainties in radiative 
transfer 

10) Uncertainties in 
chemistry 

11) Other 

1) 0.20 ppb (1985) 
0.32 ppb (1985)* 

2) ca. 65 yrs. ca. 110 yrs.* 

3) ca. 5 %/yr 
4) Strong infrared 

absorbers (800-1200 
cm-1) (850-1250 cm-i)' 
inert in trop. Dissociation 
in strat. leads to highly 
reactive chlorine 
species. 

5) For a change from 0 to 2 
ppb ATS*>0.3K* 

6) »CO2 = 10 
CFC-11~2±1 

CFC-12 =» 4 ± 1 * 
7) Dissociation leads to 

chlorine species which 
also react with HOx and 
NO, and together may 
lead to a significant 0 3 

destruction in strat. 

8) 0 3 destruction in strat. 
has climatic implications 
in trop. 

9) Especially the band 
strengths for infrared 
absorption 

10) Especially the effects of 
odd-chlorine chemistry 
on03 . 

11) Better emission data and 
concentration 
measurements both in 
trop. and strat. required 
also for other CFCs. 
Have high significance 
due to their direct effects 
on climate and their 
effects on the ozone 
layer. 

12) Climate effect of one 
molecule rel. to C0 2 14000-17500 17000-20000 

1) Trap.: 0.02-0.1 ppm; 2-3 
times higher in urban 
areas 
Strat.: 0.1-10 ppm 
Based on ground-based 
and satellite data for 
1978-1985. 

2) Ox (ozone + oxygen 
atoms) is 

• ca. 1 hr in upper strat. 
• months in lower strat. 
• hours to days in trop. 

3) Uncertain. But satellite 
and ground-based data 
indicate 

• 0 3 is decreasing in upper 
strat. 

• 0 3 is increasing in trop. 
4) A major absorber of both 

solar and infrared radiation 
(600-800,950-1200 cm-'). 
0 3 production and de
struction strongly affected 
by chemical processes. 

5) Increase in trop. 0 3 and 
decrease in surface in 
strat 03, increase surface 
temp. A 50% increase in 
trop. 0 3 leads to a warm
ing increase of ca. 0.3 K. 

6) rfCO2=10 0 3 » 2 ± 1 
7) Trop. 0 3 may change 
• directly due to CO, NO,, 

CH4, HC 
• indirectly due to strat. 0 3 

Strat. 0 3 may change due to 
CFCs, NaO, NOx, HzO, 
CH4, C0 2 and circul. 

8) 0 3 affects temp, distribu
tion, which influences 0 3 

destroying mechanisms. 

10) Chemical reactions 
determining 0 3 cone. 
Measurement techniques 
for more reliable trends. 

11) Is one of the most 
important species 

• Plays major role in climate 
• In strat. protects us from 

UV-rad. 
• In trop. it is harmful to 

health and forests. 

2000 

1) In trap.: ca. 0.015 ppt 
In bwer strat: ca 002 ppt 
In upper strat: ca. 0.3 
ppb. 

2) Seconds to minutes. 

3) Largely unknown. 
Growth in CH4 and CO 
suggests decrease in 
trop. by ca. 25% since 
1900. 

4) Radiatively: no; 
chemically: yes. 

5) None. 

6) None. 
7) In trap.: 
• Controls lifetime and 

abundance of CH4 and CO 
• Chief oxidant of CO, H20, 

CH3CCI3. NO, and all HC 
• Initiates photochemical 

smog 
In strat: 

• is a catalyst in 03-
destruction 

• affects other catalysts 
through reactions with 
CI and NOx. 

8) Has a strong indirect 
effect on climate due to 
its effect on radiatively 
important gases (CH4, 
03 , H20, CH3CCI3). It 
determines the ultimate 
effects of other trace 
species on 03 . 

9) Radiative techniques to 
measure OH need 
further evaluation. 

10) Rapid, reliable and 
accurate methods for 
measuring OH are 
needed. The reactivity of 
OH with HC requires 
more study. 

11) Plays a significant rale in 
climate and Oa 

chemistry. Its global 
atmospheric abundance 
must therefore be better 
assessed. 

NA 
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Table 1.1.2: Overview of key characteristics of trace gases (3) 

Characteristics 
1) Current cone, in atm. 

2) Atmospheric residence time 

3) Current cone, trend 

4) Radiatively and chemically 
interactive 

5) Direct climate effect 
6) Index of radiative sensitivity refers to 

expected growth from 1980-2050. 
The index for C02 is 10. 

7) Direct chemical effect 

8) Chemical-climate interactions 

9) Uncertainties in radiative transfer 

10) Uncertainties in chemistry 

11) Other 

Trace Gases 
CO 

1) NH: .20 ppm (1984) 
SH: 0.05 ppm (1984) 

2) 0.4 yrs (global); 0.1 yrs (in tropics) 

3) 2 (1-5) %/yr 

4) is a weak absorber in the infrared. 
Reacts with OH, also produced in 
atmosphere by oxidation of CH4 
and other HC. 

5) No direct climate effect. 
6) No direct climate effect. 

7) CO uses OH for oxidation which, in 
turn, affects the rate of oxidation of 
CH4 and other HC. In the presence 
of NO, ft leads to 0 3 formation in 
the trop. It reacts ultimately to form 
co2. 

8) Affects climate through its effects 
on OH, 03, CH4 and other HC. 

9) None. 

10) Increased CO may be linked to 
increased forest clearing and fossil 
fuel burning, increased CH, or 
decreased OH. Greater spatial and 
temporal variabilities make trend 
assessment more difficult than for 
CH4 and C02. Need to develop 
airborne and satellite sampling 
techniques. 

11) As a toxic pollutant CO is controlled 
locally. As a trace gas affecting 
indirectly climate we need to assess 
its emissions and concentration 
time history. 

NO. 

1) In trop. remote areas: 10-30 ppt 
In trop. populated areas: > 1000 ppt 
In strat: ca 0.02 ppm 

2) In trap.: ca. 1-7 days; 
in strat: much longer 

3) Very uncertain due to large spatial 
and temporal variations. 

4) Radiatively yes, but not likely to be 
important Chemically interactive 
through 

• reactions with OH, HOz in trop. 
• by determining 0 3 distribution in 

strat. 
5) and 6) N02 is absorber of solar radia

tion but unlikely to be important. 
Indirect effects are not well known. 

7) In trop.: NO and NOz are very 
active catalysts in reactions 
creating Oa and photochemical 
smog. In strat: NO, are important 
chemical species determining 03. 
NO, also strongly influences 
reaction pathway for CH4 oxidation. 

8) Its chemical interactions with other 
species changes 0 3 and affects 
climate. 

9) Photodissociation of NO, species 
(e.g., N03, N2Os) needs better 
understanding. 

10) and 11) Global distribution not well 
understood. Uncertain NO, 
reactions are: 

• reaction rates of odd-N with 
aerosols 

• reaction rates of nitric acid aerosols 
with chlorine species (important in 
explaining Antarctic ozone hole) 

• reactions involving organic nitrates 
in trop. 

Extracted from WoebWes and Edmonds (1988). Lashof and Tirpak (1989), UNEP (1987) 
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Chemical activity 

Gases such as CO and NO, which have only minor 
radiative effects, are indirectly involved in changing 
the climate by altering the concentrations of radiatively 
active gases such as O s and CH4 by chemical interac
tions (Table 1.1.2). 

Combined radiative and chemical activity 

This combined process occurs, for example, in the case 
of CHi and CFCs. Oxidation of C ^ in the troposphere 
leads to more Os, which, in turn, enhances the tropo
spheric greenhouse effect The breakdown of CFCs in 
the stratosphere releases reactive chlorine which 
destroys Os. Depending on the vertical distribution of 
O s destruction, this can either amplify or dampen the 
surface warming due to CFCs (Table 1.1.2). 

Ozone change and stratosphere-troposphere radiative 
interactions 

Ozone is one of the most radiatively active gases because 
it absorbs solar radiation in addition to absorbing and 
emitting long-wave radiation. Tropospheric climate is 
influenced both by stratospheric O s through complex 
stratospheric-tropospheric radiative interactions and 
by the greenhouse effect of tropospheric 0 3 . All of this 
makes it difficult to state the nature, sign, or magnitude 
of the O s influence on climate (Table 1.1.2). 

Radiative-chemical interactions 

The rates of the chain reactions that govern strato
spheric O s are strongly temperature-dependent The 
net effect is that a temperature decrease (increase) 
in the upper stratosphere results in an O s increase 
(decrease). For example, the C 0 2 increase in the tro
posphere leads to tropospheric warming but also 
stratospheric cooling. This in turn leads to an increase 
in stratospheric 0 3 , which then compensates some of 
the C 0 2 induced stratospheric cooling. An O s 

decrease, on the other hand, permits deeper pene
tration of solar radiation leading to more 0 3 produc
tion at lower stratospheric levels. This change in the 
O s profile has, in turn, an effect on the surface climate 
(see Table 1.1.2). 

Interactions involving stratospheric dynamics 

Climate change is strongly linked to large-scale 
motions in the stratosphere. Interactions between 
transport and chemistry determine the vertical and 
latitudinal distribution of 0 3 change in the lower 
stratosphere, which, in turn, determines the climatic 
effect of 0 3 change. There is also the effect of altered 

dynamics on the transport of trace gases resulting from 
changes in stratospheric adiabatic heating due to O s 

change. Finally, perhaps most important are the inter
actions between tropopause temperature, trace gas 
changes, and stratospheric H 2 0. 

Climate-chemistry interactions 

The surface warming due to greenhouse gases 
increases evaporation, and hence, the H 2 0 content of 
the troposphere. Through photolysis and H 2 0 chem
istry, this can perturb OH, the major cleansing and oxi
dizing agent for tropospheric gases. In addition, CO 
and NOx react with OH to alter its concentration, 
which, in turn, changes the concentrations of such 
radiatively active gases as O s and CH4 (see Table 1.1.2). 

4. Memory o f the climate system 

The individual components of the climate system— 
such as the atmosphere, the hydrosphere, the 
cryosphere, the lithosphere, and the biosphere—have 
greatly varying response times. For example, an air 
molecule may remain in the troposphere for only 4-8 
days, a water molecule in the deep ocean up to 1,500 
years, and an ice crystal in an ice sheet as long as ten 
thousand to a million years (Bach, 1982/1984). This 
makes the climate system rather inert 

Of particular importance is the sluggishness in the 
warming of the ocean, which is the result both of the 
enormous heat capacity of the ocean and the long 
time constants involved in ocean circulation. Modeling 
studies of various degrees of sophistication show that 
the world's oceans can take from a decade to as much 
as a century to equilibrate with the changes in radiative 
heating induced by changes in atmospheric trace gas 
concentrations (Schlesinger, 1986) .8 

Not only the heat penetration, but also the CO^ 
uptake and release by the ocean is a slow process vary
ing as a function of temperature as well as by 
atmospheric and oceanic C-content This is expressed 
as the fraction of anthropogenic net C 0 2 emissions 
that remains in the atmosphere, i.e., the "airborne 
fraction." Presently, this fraction is 50-60%.9 Under 

8. Thisresponse time te is referred to as the "e-folding time," 
which implies a reduction of 1/2.718 of the original value. 
If Tj were close to 10 years, than the actual response of 
the climate system would be quite close to the equilibrium 
response; if, on the other hand, Te would be close to 100 
years, then the actual response of the climate system would 
be quite tar from the equilibrium response. 

9. In 1988, the airborne fraction of fossil carbon emissions 
increased to 90 percent. It is not clear whether this phe
nomenon is due to a loss of absorptive capacity of the 
oceans or some other cause (MacDonald 1989). 
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equilibrium conditions in the ocean-atmosphere sys
tem, only about 20 percent of the emissions would 
remain airborne. 

5. Feedback mechanisms 

Greenhouse warming has the potential to produce 
many complex feedbacks that are the major source 
of current climate modeling uncertainties. These feed
backs could substantially increase the sensitivity of the 
climate system to human perturbation. They can be 
categorized as follows (Lashof 1989): 

• Geophysical climate feedbacks (due to physical 
as opposed to chemical or biochemical pro
cesses); they include 

- Increased water vapor due to warmer and 
wetter climate 

- Decreased reflectiveness (albedo) of the 
earth's surface due to shrinking snow and 
ice cover 

- Increases in clouds due to greater eva
poration 

• Biogeochemical feedbacks, including 

- Physical effects of warming (release of 
methane from hydrates in sediments, 
changes in ocean circulation and mixing 
affecting C 0 2 uptake) 

- Climate-chemical feedbacks (changes in 
hydroxyl concentrations and tropospheric 
ozone due to more water vapor, shifts in 
the C0 2 /carbonate equilibrium in the 
ocean) 

- Short-term biological responses to warm
ing (increased microbial activity and there
fore methane releases from soil organic 
matter, carbon dioxide fertilization of 
plant growth, increased plant respiration, 
increased non-methane hydrocarbons 
from vegetation). 

- Effects due to the reorganization of ecosys
tems (changes in surface albedo, changes 
in terrestrial carbon storage, and changes 
in the biological pumping of carbon from 
the ocean surface to deep waters). 

At this time, the biogeochemical feedbacks have not 
been incorporated in current climate models. 

6. Implications for climate stabilization 

Inertia and feedback mechanisms mean that the full 
warming impacts from greenhouse gas emissions 

manifest only with delay. The full warming impact 
from a change in greenhouse gas concentrations is 
also referred to as the equilibrium warming, while tem
perature effects on the way to reaching this equilib
rium are called transient warming. If emissions continue 
at a sufficient rate to maintain raised levels of atmo
spheric concentrations, the transient warming will 
eventually converge on the equilibrium warming. 

The full warming impact could be avoided if concen
trations of trace gases in the atmosphere could be 
made to decline again before the impact of previous 
emissions has fully materialized. This possibility is 
important to recognize, though the degree to which 
such a reversal is possible is limited both by practical 
and physical factors. For the gases with long atmo
spheric residence times, just holding emission rates 
constant will lead to inexorable rises in atmospheric 
concentrations, and a complete cessation will only lead 
to slow declines in concentrations. 

However, the short-lived greenhouse gases respond 
quickly to cuts in emissions, among them methane and 
ozone. Since both are related to air pollution sources, 
controlling the air pollution emissions that govern 
their tropospheric chemistry is one area where short-
term reductions in radiative forcing could be obtained. 

D. GREENHOUSE RISKS AND 
CONSEQUENCES: 
JUST WARMER WEATHER? 

1. Temperature history of the earth's climate 

Several hundred million years ago, the earth may have 
been up to 20° C warmer than it is today, with no ice 
on both poles. In that time period, the planet moved 
through an ice age that produced glaciers in the 
inland areas of the tropical regions of Africa, India, 
and South America. 

The more recent history of the earth's climate is 
revealed in data from tree rings, sea and lake levels, 
fossil pollen, ice cores, ice cover, altitudes and latitudes 
of tree lines, and cores from the ocean floor. These 
data sources allow approximate quantification of tem
perature conditions as far back as about 15-38 million 
years (the so-called Oligocene/Miocene). Based on these 
data, global average surface air temperature was about 
6° C warmer than today (Bach et al. 1980). 

Moving toward the present, the next warming peak 
occurred during the Pliocene, from about 3—5 million 
years before present (MYBP). In that period, the 
earth was about 4° C warmer than today. The world 
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Figure 1.1.1 History of mean air temperature as inferred from a variety of palaeocllmatlc Indicators. 

After: Mitchell Jr. (1977) 

A Target-Based Least Cost Approach to Climate Stabilization 1.1-14 



as we know it, with ice on both poles and glaciers on 
the highest mountains, came into existence as 
recently as about 2.5 MYBP. 

By comparison with the previous history of the earth, 
the last 2 million years (the Pleistocene) were remarkably 
steady in climate, and significandy cooler on average. 
Data for the last 850,000 years (Figure 1.1.1) indicate 
that over this time period, the average temperature 
of the northern hemisphere was about 13 + 2.5° C 
(Mitchell 1977). It is this cooler climate that has 
spawned most of present-day biotic life. The appear
ance of the first human beings on earth also coincides 
with the beginning of this period. 

Within the Pleistocene, about twenty glacial and inter-
glacial periods occurred that alternated roughly 
everyl 00,000 years. The wannest peak occurred about 
125,000 years ago (the Eem-Sangamon interglacial), 
when it was about 2-2.5° C warmer than today.10 Geo
logical data suggest that during that time, the Antarctic 
ice shield had partially dissolved and sea levels had 
been 5-7m higher than today. Human beings existed 
solely in hunter-gatherer societies. 

Within the primary, 100,000 year cycles of the Pleis
tocene, smaller oscillations occurred about every 
20,000 years. The maximum of the last glacial period 
was about 20,000 yBP. 

Based on these long-term patterns, the earth would 
be expected to gradually enter a new ice age over the 
next 10,000 years. However, this long-term trend 
expectation of an ice age has no bearing on the pre
sent concern over human-induced climate warming. 
That concern is over unprecedented climate wanning 
within the next few decades or a century. Over that 
time horizon, which typically presents the outer bound 
of present policy discussions, the expected natural 
cycles would keep the earth solidly in an interglacial 
state, i.e., near the 15° C mark at which we find our
selves today (Fig. 1.1.1). 

The last of these shorter interglacials—a warm period 
the earth is still experiencing now—began about 
12,000 yBP. This period (the Holocene) reached its 
warmest phase about 6,000 yBP, when the earth was 
about 1.5° C warmer than today. It is in this period 
that the first agricultural civilizations appeared. 

Still more recently, a medieval warm period occurred 
around 1000 AD, which was about 1° C warmer than 
today. The latest warm period was between 1880 and 

10. See Flohn (198S) and Barnola et al. (1987). In this and 
the following temperature ranges, the lower number 
refers to warming relative to the 1951-1980 mean, while 
the higher figure refers to conditions around 1860. 

1940, when temperatures rose by about half a degree 
(Hansen and Lebedeff 1988). 

2. Anticipated global climate changes 

Anticipated warming 

The degree of climate change the world is likely to expe
rience depends on future atmospheric greenhouse gas 
concentrations. Warming predictions also depend on 
the climate sensitivity assumed in the mathematical 
models used for calculating warming. According to 
established scientific consensus, a doubling of carbon 
dioxide levels or equivalent changes in atmospheric 
composition would raise the mean surface temperature 
on the globe anywhere from 1.5-4.5° C (CDAC1983). 
The cunentiy most widely used models predict a nar
rower range of 3-5.5° C (Dickinson 1986). When a 
broader range of possible feedback effects of Section 
C is added, average warming from doubled C 0 2 could 
be as high as 6.3-8° C or more (Lashof 1989)." 

This global average surface warming would be unevenly 
distributed. For example, if low latitudes were to expe
rience a warming of about 2° C, high latitudes would 
likely see as much as 4-10° C during the winter months. 

Unprecedentedness and climatic throwback 

The enormity of these changes can only be grasped 
if we compare them to the climate history of the earth: 

• A1-1.5° global average warming would repre-
sent a climate not experienced since the 
Holocene period at the beginning of agricul
tural civilization (some 6000 years before pre
sent (yBP)). 

• A 2-2.5° warming would represent a climate 
not experienced since the Eem-Sangamon 
interglacial period some 125,000 years ago. At 
that time, human communities existed as 
hunter-gatherer societies, and the West Antarc
tic ice shield seemed to have partially 
disintegrated, raising sea levels by up to 5-7m. 

• A 3-4° warming would represent a climate not 
experienced since human beings appeared on 
earth some two million years ago. The last time 
the earth was this warm was 5-3 million years 
ago, in the Pliocene period. 

11. However, the same study suggests that the different 
feedbacks might well produce stabilizing interactive 
dynamics rather than just being linearly additive. 
They also would probably lose much of their potency 
as substantial warming is realized and the absorption 
bands of greenhouse gases saturate. 
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• A global average warming of 5° or more would 
mean a climate not experienced for tens of mil
lions of years, when there were no glaciers in 
the Antarctic, Iceland, and Greenland or on 
mountain ranges like the Sierra Nevada. 

Figure 1.1.2 summarizes this comparison in the form of 
the degree of unprecedentedness or cUmatw throwback 
the number of years each additional degree of warming 
would take us back in human history and geological time 
to find comparable conditions. This throwback can be 
seen as a crude proxy for the risks from global warming. 

Two qualifications are in order: first, the availability 
of data, and therefore our knowledge, about the envi
ronmental conditions during previous warm periods 
drops off steeply as we go further back in geological 
time. Second, some of the evidence in the earth's his
toric climate record suggests that the climate system, 
once sufficiendy disturbed, may find a new equilib
rium quickly and abruptly, without the gradual 
response in proportion to rising concentrations that 
current models predict (Broecker 1987). 

Secondary climate changes 

One major effect global warming will have is to create 
warmer oceans. The warmer oceans will evaporate 
more moisture. The excess moisture in the atmos
phere will make the climate more humid and wetter 
overall. And global circulation patterns in the oceans 
and atmosphere will be affected. 

While the uncertainties surrounding more specific 
predictions of impacts is often very large, the following 
geophysical and biospheric changes are expected to 
materialize: 

• Rising sea levels by at least 0.5 to 1.5 m over 
the next few decades, and by as much as several 
meters over the longer term. 

• Lower snowpacks and receding glaciers. 

• Shifts in ocean currents and changed precip
itation patterns in all regions. 

• More frequen t occurrences of weather condi
tions now considered extreme. 

• Increased storms, floods, and avalanches, and 
significant seasonal changes in the availability 
of water run-off 

• Loss of soil moisture due to increased evapo
ration, and an increase in the duration and fre
quency of heat waves and drought conditions. 

• Reduction in precipitation in the mid-latitude con
tinental regions of North America and Eurasia. 

• More stagnant air masses, and displacement of 
high pressure systems 

• Changes and reorganizations of natural and 
agricultural ecosystems. 

3. Impacts o n society 

A growing amount of research is being done on how 
climate changes might affect human society, but the 
prediction of many impacts remains highly speculative 
at this time. Below, we summarize some of the most 
likely practical consequences of climate warming, 
along with risks of impacts that are less well established. 
A more detailed review can be found, for example, 
in Kates et al. (1985), Parry et al. 1988 and in Smith 
and Tirpak (1988), who specifically discuss the U.S. 

The likelihood and extent of many impacts, particu
larly those having to do with the feedback effects of 
climate warming on geophysical and ecological pro
cesses, is highly uncertain at this time. Often, there 
are countervailing feedback forces at work. These can 
make a determination of the net direction of impacts 
difficult (Lashof 1989). However, prudent policy mak
ing should be particularly concerned with the down
side risks, and not rely on the most optimistic 
interpretations of available evidence. 

Food security 

Human history is replete with famines induced by 
deterioration in regional climates, and even highly 
mechanized and chemicals-intensive agriculture is 
critically dependent on climate.12 Under favorable 
conditions, increased CO s levels and higher temper
atures could increase agricultural yields. But many 
crop yields are delicately dependent on "a particular 
mix of temperatures, soil conditions, and rainfall pat
terns. High latitude regions that could in principle 
become available for agriculture may not provide such 
favorable conditions. Furthermore, a number of weed 
plants seem to be more efficient in utilizing atmo
spheric carbon dioxide than are crops. Warmer 
weather would also encourage the spread of certain 
plant pests (Bach e ta l . 1981)." 

A recent study by the U.S. Environmental Protection 
Agency predicts that warming of several degrees would 

12. The 1988 drought in the US was a reminder of this 
dependence. For the first time in decades, the largest 
grain exporter in the world failed to produce more 
wheat than that needed to meet domestic demand. 

IS. Again, the 1988 US drought is a case in point. The 
unusually hot conditions resulted in the infection of sig
nificant portions of the US corn harvest with aflatoxin-
producing molds. Anatoxins are potent carcinogens. 
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force major redistributions of cropping zones and 
changes in farming practices (Smith and Tirpak 1988). 
The study found that while some areas might gain a 
few tens of percent in yields, other areas could suffer 
reductions of 50 percent. Drier conditions are 
expected for the grain belts in the U.S. Midwest Semi-
arid regions would be particularly strongly affected. 
The same goes for the wheat growing Kazaks tan region 
of the Soviet Union. 

Impacts on agricultural productivity could be partic
ularly severe in developing countries. Notably in the 
semi-arid regions, small irregularities in climate are 
sufficient to create major disruption. Heat stress could 
also severely reduce rice plant reproduction in the 
world's rice growing regions. Such impacts could have 
disastrous effects on poor rural subsistence farmers 
in the developing world. Unlike industrial country 
farmers, most Third World peasants do not have 
recourse to modern fuels and machinery to buffer 
against fundamental changes in their environment 
A major productive asset of these fanners is their intu
itive knowledge of the local climate, and the cultural 
"software" that has been built around this knowledge. 
Global warming could make both worthless. 

Reduced yields and less-rhan-needed yield improve
ments in the developing countries, combined with 
higher food prices worldwide and possibly the loss of 
surplus production and reserves in industrial coun
tries, could lead to more suffering in the Third World. 
In the international markets, scarce supplies would 
go to those who can pay the highest price. Such shifts 
in fortunes could bring geopolitical instability and 
international polarization similar to the events sur
rounding the oil crises of the 1970s. 

Impacts on forests and species diversity 

While most attention has been given to impacts on 
agricultural systems, important disruptions are 
expected for relatively unmanaged ecosystems. Where 
soil conditions and rainfall permit, global warming 
would allow forests to extend upward in altitude and 
poleward in latitude. Unfortunately, the rate of warm
ing the world might experience over the next number 
of decades could far outstrip the capacity of forests 
to migrate. A several degree warming over a 100 year 
period would gready exceed natural rates of change, 
pushing forests poleward by 2.5 km per year, com
pared to less than 1 km per year in fast migration tree 
species (CEC 1986). 

If forests cannot keep up with this rate, the result 
would be rapid dieback of existing forests while new 
species would take root much more slowly. The rapid 

appearance of acid rain damage in the forests of cen
tral Europe illustrates the vulnerability of these ecosys
tems, and continued air pollution stresses from fossil 
fuel consumption could further aggravate these 
impacts. The result could be a period of many decades 
in which forest cover and/or forest productivity in the 
mid-latitudes would be gready diminished. 

Climate change might not just disrupt mid-latitude 
forests, but could also lead to serious damage to trop
ical forests, due to greater evaporation and changes 
in the regional distribution of rainfall. This, in turn, 
could exacerbate current losses in species diversity. 
Most of the world's biological species are found in 
these forests, and human-induced deforestation is 
already producing species losses at an alarming rate. 

Land use and human settlements 

Warming of several degrees could within the next 50 
to 100 years result in a sea level rise ofO.5 to 1.5 meters. 
Global warming could also eventually break up the 
West Antarctic ice shield and lead to a sea level rise 
of several meters, though this process would probably 
take several hundred years. 

Even a modest sea level rise would threaten the coastal 
settlements in which half of humanity lives. In the U.S. 
alone, an estimated 12 million people—close to five 
percent of the population—could become homeless. 
High tides and storm surges would penetrate further 
inland. Salinity would move upstream, penetrating 
into groundwater and bays, and forming inland salt 
lakes in many areas. Rich farmland in coastal river 
deltas would be lost unless expensive dikes were built 
Developing countries, particularly in Asia, may find 
the cost of such measures prohibitive. 

Economic impacts would be aggravated by the fact that 
many major infrastructures and industrial investments 
are located near the shore. Airports, waste dumps, har
bor facilities, locks, bridges, drainage systems, irriga
tion systems, water treatment plants, chemical 
factories, and power plants all would require protective 
investments or rebuilding to protect them from flood
ing. Smith and Tirpak (1988) estimate for the U.S. that 
protection against a lm rise in sea levels would cost 
a cumulative $123-175 billion (1985 dollars) by the 
year 2100. Again, Third World countries would be par
ticularly hard-hit 

Freshwater supplies 

Warming could reduce stream flows and increase pres
sure on groundwater supplies in many regions, while 
worsening the pollution from waste discharge into 
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smaller flows. For example, it is estimated that viable 
farm acreage in the arid regions of the U.S. could be 
reduced by one third (Waggoner 1989). Regions and 
nations sharing watersheds could experience conflicts 
in the form of water wars. 

Other impacts 

Other impacts could involve human health risks, due 
to extreme heat stress and the more vigorous transmis
sion of tropical and other diseases over larger areas; 
increases in energy consumption for air conditioning 
(Under and Inglis 1988) ;14 losses in hydro power avail
ability; and losses in revenue from tourism and fisheries. 

Planning uncertainly 

A major impact, and one that is frequently overlooked, 
is the great increase in planning uncertainty. Climate 
change could be producing impacts rapidly in some 
regions but slowly in others, and at different speeds 
during different phases of the warming process. Such 
uncertainty would impact all levels of human activity, 
including the very investments aimed at adaptation to 
climate change—be it the planning of flood control 
systems, adjusting hydro dams and irrigation systems 
to irregular run-off, or selecting food crops for chang
ing growing seasons. Society might find itself engaged 
in a constant treadmill, trying to catch up with perpet
ual change in an environment that no longer works. 

E. ANALYTIC FRAMEWORK FOR THE 
PREVENTION PARADIGM 

1. Conventional analyses: warming fates 

Past analyses of the climate threat have for the most 
part focused on translating widely accepted trend-
based projections in greenhouse gas emissions into 
estimates of global warming. In this manner, policy 
makers were presented with menus of "warming 
fates" that left litde for them to do except fund more 
research. Climatologists, in turn, saw their main task 
as conveying to policy makers the likely conse
quences and uncertainties of the various warming 
predictions. 

14. Under and Inglis estimate that annual electricity con
sumption in the US would increase -0.5 to 2.7%/°C, 
depending on the local climate and on the saturation 
of electric air conditioning and heating equipment 
Their analysis neglects, however, that modern high 
efficiency, passive cooling, and cool storage 
technologies could minimize or eliminate the need 
for additional active heating or air conditioning. 

As a basis for their calculations, analysts would use 
observed atmospheric concentration trends or gov
ernment and industry projections for energy use and 
CFC production. Without exception, these projections 
indicate inexorably growing emissions of greenhouse 
gases. In effect, the question of what climate warming 
should be considered tolerable or unavoidable has 
remained unanswered. 

With growing public support for a policy paradigm 
of prevention, several governments have commis
sioned analyses of options to slow and, where possible, 
eliminate the anthropogenic driving forces of global 
warming. This reorientation toward prevention neces
sitates an entirely different analytical exercise, at the 
center of which are detailed technical and policy 
options to reduce greenhouse gas emissions.15 

2. Prevention-oriented climate analysis: 
the warming limit approach 

This report differs from past analyses in terms of both 
objectives and methodology: 

• The objective of our analysis is to define a course 
of preventative action that would limit the 
impacts and risks from global warming to an 
unavoidable minimum. 

We call the class of emission paths and policy scenarios 
that achieve this goal toleration scenarios. 

• Our method of analysis is to iteratively translate 
explicit climate stabilization goals into policy 
targets in the fields of energy, agriculture, 
forestry, foreign aid, pollution control, chem
icals regulation, etc. 

In our approach, three concepts are of central impor
tance: 

- A global average surface warming limit; 

- Global cumulative emission budgets that are com
patible with the warming limit; 

- Global emission reduction milestones that are com
patible with the emission budgets and warming 
limit 

We have dubbed this approach the warming limit/ 
emission budget/reduction milestone method (WERM). 

15. An early implementation of such a prevention-oriented 
approach was the study by Lovins et aL (1981/83). Two 
major policy studies, which were prepared indepen
dently and more or less in parallel with this study, are 
those of the U.S. Environmental Protection Agency 
(Lashof and Tirpak 1989) and by UNEP and the Beijer 
Institute (Swartetal. 1989). 
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Why an explicit warming limit is important 

All prevention-oriented approaches must ultimately 
rely on policy targets that take, directly or indirectly, 
the form of a ceiling on global surface temperature 
warming. A global warming limit has been the subject 
of recent international scientific discussions (Jaeger 
1988), and has been further explored by the FRG 
Enquete Kommission (1988) and Swart etal. (1989). 
This study is the first to implement such an approach, 
going the full length from target setting to a detailed 
specification of required emission curtailments. The 
goal of this study is both to demonstrate the analytic 
viability of such an approach, and to establish initial 
orders of magnitude. These will hopefully be refined 
as tools and data improve. 

To date, most analyses of preventative action have cir
cumvented the issue of an explicit warming limit, turn
ing direcdy to practical targets for the curtailment of 
greenhouse gas emissions. Such practical targets, in 
turn, are developed on the basis of economic, social 
and technical feasibility.16 This pragmatic approach 
is eminently sensible, but it has an important draw
back: lacking a common climatic target for risk abate
ment, there is the danger of inadvertently slipping into 
definitions of feasibility that are more a reflection of 
the current status quo than of climate risks. 

A warming limit does not have to be in contradiction 
with a pragmatic approach. On the contrary, if used 
iteratively, it could boost the transparency and quality 
of the international dialogue and ultimately lead to a 
more satisfactory pragmatism. We illustrate this iterative 
approach in our study: starting with a warming limit 
derived solely from considerations of climate risk, we 
evaluate its consequences on society in an explicit, 
transparent manner, assessing its logistic, economic and 
other implications. Exploring climatic requirements 
and response options in detail, and without excessive 
regard for the present state of affairs, provides an incen
tive to fully investigate possible responses, and to scru
tinize assumptions about feasibility. A practical 
compromise between the desirable and the feasible can 
then be made through informed public discourse. 

Making climate targets useful for policy 

Any target formulated on the basis of climatic param
eters such as surface warming needs to be translated 
into equivalent targets that can be practically used by 
decision-makers. This operationalization should satisfy 
three criteria: 

16. A comprehensive analysis of this kind is found in Lashof 
and Tirpak (1989). 

- The warming limit should be accompanied by 
a comprehensive assessment of the potential 
for reducing GHG emissions. This assessment 
should indicate how much these emissions will 
need to be reduced to stay within the warming 
limit 

- A method must be provided for translating the 
global warming limit into an equitable alloca
tion of remaining permissible greenhouse gas 
emissions among the world's nations and 
regions; and 

- This translation should rely on simple compu
tational procedures that do not invite excessive 
controversy over computational and measure
ment issues. 

These three aspects, which are interrelated, guide our 
methodological discussion. 

Conceptual and computational challenges of a 
warming limit approach 

A target ceiling on global surface temperature rise 
brings with it important computational and concep
tual issues that are inherent to the physics of the cli
mate system and the greenhouse effect These fall into 
two categories: inherent climate system complexities, 
and uncertainties in available data and knowledge. 
The former require sufficiently sophisticated model
ing tools, the latter require more research. Where res
olution through research is infeasible, and as an 
interim approach while research is being carried out, 
normative agreements on how to treat such uncertain
ties will have to be negotiated. 

Some of the inherent complexities were discussed in 
Section C. They include: 

- One and the same absolute amount of cumu
lative emissions will cause different surface 
warming impacts depending on how these 
emissions are distributed over time. Conversely, 
one and the same warming increment for a 
particular trace gas could be compatible with 
varying amounts of emissions, depending on 
their timing. 

- The atmospheric concentration that results 
from emissions of a greenhouse gas and that 
governs its radiative forcing, may likewise 
depend on the distribution of such emissions 
over time. 

- In the case of radiatively and chemically active 
greenhouse gases, the concentrations are also 
dependent on other emissions with which they 
interact chemically. 
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- The radiative forcing from a given atmospheric 
concentration of a greenhouse gas depends 
somewhat on the concentration of other green
house gases, due to overlapping absorption 
bands. 

- A warming limit can only be translated into a 
total radiative forcing limit and conesponding 
sets (Remission reduction targets. Within these 
sets, reductions for one particular trace gas 
could be varied on the basis of trade-offs. To 
make one-gas targets meaningful, it is necessary 
to explicitly and clearly state what emission 
assumptions are being assumed for all the 
other trace gases. 

This means that the warming impact of an increment 
of greenhouse gas emissions can be accurately assessed 
only in the context of combined emission scenarios 
covering all greenhouse gases over extended periods 
of time. 

The second category of challenges includes the 
following: 

- Because of the uncertainty in climate sensitivity, per
missible greenhouse gas emissions under one and 
die same warming limit will vary depending on the 
climate sensitivity used to model the climate system 
(model climate sensitivity). 

- Because of uncertainties about the rate and 
mechanisms of carbon dioxide removal from 
the atmosphere, one and the same emission 
path can lead to different concentrations, 
depending on the carbon cycle model used. 

- For some other important trace gases, notably 
CrL, and NaO, the sources and sinks are so litde 
understood that it is difficult to reliably cone-
late emission reductions with future concen
trations. 

Treatment of uncertainty in climate sensitivity 

Of the three types of uncertainty mentioned, climate 
sensitivity is the overriding one. In fact, it is so important 
that any warming limit must ultimately be specified in 
terms of a reference climate sensitivity to be operational. 

In this report, we make the range of climate sensitivities 
an explicit element in the iterative determination of a 
warming limit Our philosophical approach is that of 
risk minimization as practiced in other fields of public 
protection, such as dealing with toxicity, ozone deple
tion, and carcinogenic substances. This means that we 
choose emission limits that would be compatible with 
the high end of the range of currently accepted climate 
sensitivities. The required emission curtailments are then 

compared with what is practically feasible. We devote 
Chapter 1.6 to defining the meaning of practical feasi
bility in greater detail (see also below and Chapter 1.2). 

3. The most rigorous approach: allocating 
the warming pie 

Once a maximum permissible warming incrementhas 
been determined and a reference climate sensitivity 
specified, the ideal approach would be to deal with 
the allocation problem direcdy at the temperature 
level itself: shares of the global increment could be 
allocated among the world's nations on the basis of 
need and equity. (Formulas for such allocation are dis
cussed in Chapter 1.5). Permissible emissions for each 
country would then be derived on the basis of com
prehensive climate modeling. 

The method of implementation could be as follows: 

- Nations and regions prepare long-term emis
sion plans covering all greenhouse gases over 
a period of fifty to hundred years. These plans 
would specify actual investments for the near-
to medium-term, and simple pledges without 
specific implementation details for reductions 
in the long-term. A specific emission path 
would thus be proposed for each greenhouse 
gas, in the form of a series of emission rate 
milestones. 

- A warming impact assessment of these plans 
would be done on the basis of some standard
ized modeling framework,17 perhaps by a spe
cially created international agency. Filings with 
this agency would be somewhat akin to getting 
a smog check for one's car, only that in this case 
it would be nations getting a "greenhouse 
check." 

- The plans would be evaluated in terms of their 
total radiative forcing or warming impact Eval
uations could be done by treating each plan 
as an incremental change in a global reference 
scenario, or using approximate concepts, such 
as a temperature increase potential for each 
type of trace gas emission (Swart etal . 1989). 
If in excess of the allowed temperature incre
ment, the emission reduction plan would be 
conected until in agreement with the allocated 
warrning increment 

17. Examples are the Atmospheric Stabilization Framework 
(ASF) of the U.S. Environmental Protection Agency 
(Lashof and Tirpak 1989) and the IMAGE framework 
of the Dutch National Institute for Public Health and 
Environmental Protection (RTVM). 
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- To provide monitoring and flexibility, updated 
and revised plans would be filed on a periodic 
basis. At each filing, remaining warming incre
ments would be recalculated, and conespond-
ing revisions would be made in the greenhouse 
gas reduction milestones. 

The advantage of this approach is that it calculates 
emission curtailment targets with the maximum sci
entific exactitude current knowledge allows, notably 
by determining warming impacts on the basis of the 
specific sequence and timing of emissions. Given the 
memory of the climate system, this is a potentially 
important feature. The approach also would allow 
nations complete freedom to devise GHG curtailment 
programs matched in timing and mix of measures to 
their own specific circumstances. 

Eventually, this approach may become practically fea
sible. However, at present this scientifically optimal 
approach is less ideal in other respects. At the present 
stage, such an approach could prove premature and 
overly elaborate. Most disturbing is the discrepancy 
between the sophistication of the modeling tools that 
would be brought to bear, and the crudeness of data 
and large uncertainties in the sensitivity of the climate 
and in some GHG cycles. The nation-by-nation per
formance and periodic repetition of elaborate mod
eling-based greenhouse checks could be problematic. 
It could invite incessant procedural challenges and 
haggling over details, in effect undermining the inter
national agreements that brought about the process 
in the first place. Periodic revisions in scientific knowl
edge could exacerbate such pressures. 

4. The opposite extreme: single-point, 
near-term reduction targets 

Recent calls for climate stabilizing action have taken 
the form of percentage reduction targets for carbon 
releases. For example, the 1988 Toronto conference 
called for a 20 percent emission reduction by 2005. Such 
target proposals are a welcome change from more com
placent attitudes. Simple, short-term goals are partic
ularly conducive for engaging decision makers. Also, 
by focussing on carbon dioxide only, they avoid the issue 
of trade-offs among GHG reduction targets. 

At the same time, percentage reduction targets for one 
greenhouse gas and a single (near-term) point in time 
are scientifically unsatisfactory and plainly insufficient 
for characterizing a climate stabilization strategy. 
Energy investments, for example, shape future pat
terns of (fossil) energy consumption for up to fifty 
years, not just over ten or fifteen years. Specific reduc
tion milestones should be developed in the context 

of at least an approximate long-term global emission 
path, using climate modeling. The shape of emission 
trajectories in later years should be considered in set
ting targets for earlier years. In general, the present 
short-term proposals are not sufficiendy grounded in 
the physical dynamics of the greenhouse problem. 
Equally important, simple, undifferentiated percent
age reduction targets suggest a "one size fits all" 
approach that could prove unnecessarily rigid and 
inequitable (see also Chapters 1.5 and 1.6). 

5. A viable approximation: cumulative 
emission budgets 

The intermediate approach used in this study centers 
around the concept of cumulative emission budgets 
as proxies for the global warming limit This proxy 
allows shifting the international allocation issue to the 
level of emissions, by assigning each country and world 
region a certain share of the global trace gas budget 

The procedure described here focuses on carbon diox
ide, for the following reasons: carbon dioxide is the 
dominant contributor to global warming (see Chapter 
1.2); its anthropogenic sources are much better under
stood than those of N 2 0 and CH4; and unlike for the 
chlorofluorocarbons, there is no international control 
process underway at this time. These factors explain 
the overall energy policy orientation of this study. 

The steps in our analysis are as follows: 

1) Establish a reference period over which the 
issue will be analyzed. We choose the period 
until 2100, which is sufficiently long to allow the 
study of delayed effects on the climate system. 

2) Set an initial warrnmg limit as a working hypoth
esis. This limit can be iterativeiy corrected at any 
point along the course of the overall analysis. 

3) Compare the chosen warming limit with the 
estimated warming commitment from past 
human activity, which is cunendy hidden by 
the thermal inertia of the oceans. Use the 
results to eliminate from the range of uncer
tainty in climate sensitivities those sensitivities, 
if any, for which the warming limit can no 
longer be realized. 

4) Explore what sets of concentration ceilings and 
emission scenarios for the major greenhouse 
gases would be compatible with the target warm
ing limit Use published scenarios and both equi
librium and transient climate modeling18 to 

18. See Chapter 1.2 for definitions. 
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establish which previously proposed technolog
ical policies and economic and population 
developments, if any, are potentially compatible 
with the warming limit If none are, calculate 
what emission paths and radiative forcings 
would be. 

5) Extract from these modeling results an approx
imate trend curve and band of radiative forcing 
or equivalent C 0 2 concentrations that can be 
used as a proxy for the warming limit Develop 
this radiative forcing limit or concentration 
band as a function of a range of model climate 
sensitivities. Set a total radiative forcing limit 
using the highest climate sensitivity for which 
climatic targets would still be feasible (goal: risk 
minimization). 

6) Assess the potential of various policy measures 
and technological fixes for controlling green
house gases other than fossil carbon dioxide 
emissions, taking into consideration cunent 
developments in CFC control and future eco
nomic and population growth in the develop
ing countries. Evaluate whether the emission 
reductions identified or required in steps 4) 
and 5) could be achieved on the basis of iden
tifiable measures. Make some heroic (but 
explicit) assumptions about the less under
stood trace gas sources. 

7) Subtract from the total radiative forcing (equiv-
alent-C02 concentration) obtained in step 5) 
the unavoidable equivalent-C02 concentra
tions of non-fossil trace gases as defined in step 
7). This procedure defines an approximate 
maximum concentration limit for fossil carbon 
dioxide under the warming limit 

8) Calculate bands of cumulative fossil carbon 
emissions in the period till 2100 that would be 
permissible under this concentration ceiling, 
using various carbon cycle models. 

9) Narrow the range to the minimum global fossil 
carbon budget that would appear practically 
feasible. At this stage, the limit of practical fea
sibility is a working hypothesis to be verified 
through the subsequent analysis. 

10) Allocate the global fossil carbon budget among 
industrialized and developing countries, using 
an iterative assessment of international equity 
goals and practical feasibility. 

11) Develop fossil phase-out scenarios and reduc
tion milestones for industrialized and develop
ing countries based on the constraint of fossil 

carbon budgets. Iterate with logistic con
straints, such as those associated with starting 
and maintaining large-scale programs to 
restructure energy producing and energy con
suming capital stocks. If necessary, iterate with 
the carbon budget analysis in step 9). 

12) Perform least-cost analysis of options to meet 
the required reductions, taking into account 
the potentials of the various low-fossil or non-
fossil resources and future economic and pop
ulation growth. Evaluate the results in terms of 
the net cost and economic feasibility of climate 
stabilization as outlined in Section A above. 

Evaluation 

The concept of a cumulative fossil carbon budget has 
a number of attractions: it allows a simple, transparent 
treatment of the allocational issue in terms of emission 
rights; it provides individual nations and regions the 
same kind of flexibility in devising their reduction 
plans as the warming increment approach; it is rela
tively easy to monitor on the basis of existing data gath
ering mechanisms; and in covering the long-term, it 
avoids the frequent adjustments required in the warm
ing increment approach. 

An inherent simplification in this approach is that 
cumulative emission budgets are blind to the effect of 
the tuning of releases on the warming obtained. Alter
native paths for the reduction of fossil carbon emissions, 
though cumulatively equivalent, may still produce dif
ferent warming impacts in the climate system. 

This may be a reasonable price to pay for elegance 
and simplicity, but even from a climate modeling point 
of view, such budgets can be an acceptable approxi
mation. If the variability in the timing of global emis
sion reductions over the period till 2100 is not 
excessive, warming differences resulting from the iner
tia! dynamics of the climate system will not be large. 
As we show in Chapter 1.6, such a limited variability 
can be expected: Because there are significant logistic 
constraints in reorganizing the world's energy systems, 
a risk-minimizing (i.e., tight) fossil carbon budget 
results in significant constraints on the timing of the 
global fossil phase-out 

6. Target limits for the rate and magnitude of 
climate warming 

What warming limit should guide climate stabilization 
policy? Ultimately, this question requires a normative 
answer. However, several kinds of science-based indi
cators should be used as inputs for this determination. 
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Our discussion in Section D suggests that both rates 
of change and absolute limits should be incorporated 
in a climate stabilization target 

Rate of climate change 

The degree of risk associated with climate change is 
direcdy proportional to the rate of warming. The faster 
the change, the more likely it will outstrip the adaptive 
capacities of natural ecosystems, and the greater the 
risk of impacts such as massive forest dieback. Of par
ticular interest are the rates of temperature change 
during the last several thousand years in which human
ity has relied on agriculture for food production. 

In the period from the waning of the last ice age some 
10,000 years ago to the establishment of the present 
interglacial epoch, the average rate of temperature 
change was no more than 0.01-0.02° C per decade, 
though much higher during small fluctuations.19 

Data on the ability of trees to migrate suggest a limit 
of 0.1° C per decade (Jaeger 1988). This rate is about 
ten times faster than the natural average rate of tem
perature change seen from the end of the last ice age 
to the presen t, but is significantly less than what cur
rent trends in greenhouse gas emissions are calculated 
to produce (see Chapter 1.2). 

If we were to limit the rate of warming on the basis 
of tree migration and historic precedent, the global 
warming limit for 2100 would be about 1.1° C (1.6°C 
relative to 1860). As extreme upper limit numbers, a 
range of 1.5-2° C could be used. 

Absolute limit 

An absolute limit on warming could be inferred from 
past levels of sea level rise. Sea level rise in the neigh
borhood of 1 m or so might still be manageable at 
enormous cost, but a 5-7m rise as during the Eem-
Sangamon interglacial would surely be devastating. 
On that basis, a plausible warming limit for the next 
several hundred years would be 2-2.5° C.20 

We propose the degree of climatic throwback as an 
indicator of climate risk. Figure 1.1.2 above shows that 
temperature changes much above 2—2.5° C drastically 

19. During the Little Ice Age and the recent wanning 
between 1880 and 1940, temperatures appear to have 
changed at an average rate of about 0.05° C per decade 
or more. 

20. However, because such a sea level rise would involve the 
partial dissolution of die Antarctic ice shield, it would 
most likely take several hundred years. Thus, a limit 
on sea level rise would allow excursions into much 
higher temperature ranges in the interim. 

increase the amount of throwback, and consequently 
magnify the risks from global warming. A 2-2.5° C ceil
ing also has an intuitive appeal: Most of the earth's 
current gene pool, including homo sapiens, evolved 
under the temperature conditions prevailing over the 
last two million years. Never since the appearance of 
the first human being has the world been any warmer 
than this ceiling. Any additional warming would lock 
humanity and most other species out of the climatic 
conditions under which they were raised. While we 
are not prisoners of our biological past, our growing 
understanding of human evolution and its depen
dence on functioning natural ecosystems suggests that 
we are far from free of i t We should take note of this 
transgression into uncharted territory. 

Summary 

Our discussion shows that the most tangible guideline 
would be to limit warming on the basis of the adaptive 
capacity of forests. This guideline, which was proposed 
at the Villach and Bellagio meetings of the UNEP/WMO 
Climate Impacts Program (Jaeger 1988), would yield a 
limit of 1.1-1.6° C for the period until 2100. Targets 
based on indices of absolute warming are less easily 
derived for this period, but a limit of 2—2.5° C appears 
plausible and defensible. The German Meteorological 
and Physics Societies call for a warming limit of 1-2° C 
(DMG/DPG 1987), and the same limit has been sug
gested by the FRG Enquete-Kommission (1988). 

For the purpose of this study, we define climate sta
bilization as follows: 

• The average rate of global warming is to be lim
ited as closely as possible to 0.1° C/decade. 

• The currently rising trend of global average 
surface temperatures from human activity is to 
be reduced to very small rates (substantially 
below the mark of 0.1° C/decade) by the end 
of the next century. 

• As an outer limit, temperature rise is to be lim
ited to 2° C relative to the present (2.5° C rel
ative to 1860). 

It should be reiterated that these are normative targets. 
But even readers who might disagree with our risk 
assessment should benefit from the subsequent analysis. 
Implementation of the analytical approach demands 
and organizes information in a manner that will facil
itate quantitative variations based on other targets. 

7. Emission budgets and reduction schedules 

In this section, we illustrate schematically how emission 
budgets and reduction schedules are related to each 
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other in the WERM framework. In Chapter 1.6, we use 
this analysis for evaluating, among other things, how 
the Toronto target fits into a comprehensive view of 
climate stabilization. 

The basic relationships are shown in Figure 1.1.3. The 
trace gas concentration limit is expressed in the form 
of an emission budget for the period during which 
climate stabilization is to be implemented (taken here 
as the period from 1985 to 2100). This emission bud
get is shown in the form of a rectangle, with the height 
equivalent to the base year emission rate, and the 
length equivalent to the years it would take to use up 
the cumulative emission budget at that rate. 

Also shown is a low risk emission level at which con
centrations would not increase, due to the absorption 
capacity of the more inertial components of the chem
ical cycle. Unfortunately, the emission levels at which 
concentrations would no longer rise can only be spec
ified approximately, due to our limited understanding 
of the relevant global chemical cycles. The same uncer
tain ties limit the accuracy with which a cumulative 
emission budget can be specified (see Chapter 1.4). 

Two illustrative emission reduction scenarios are 
shown. While their shapes are different, both result 
in the same cumulative emissions.21 In scenario A, the 
initial phase-out of emissions proceeds promptly, lead
ing to a 20 percent reduction within about 20 years. 

This allows for a moderate speed of phase-out in later 
years. Thus, a 50 percent reduction is reached in about 
60 years, and a 75 percent reduction in about 145 years. 

Scenario B shows a delayed phase-out scenario. Here, 
it takes about 50 years to reverse current growth trends 
and achieve any reductions. By the time the early sce
nario had decreased emissions by 20 percent, this sce
nario has not even returned to base-year levels. As a 
result, the speed of reduction (the slope) now has to 
be much steeper to remain within the overall emission 
budget The 50 percent reduction milestone now has 
to be reached 15 years later, and the 75 percent reduc
tion target is only about 30 years away. 

The graph illustrates that countries could reduce 
greenhouse gas emissions along flexible schedules so 
long as cumulative trace gas emission budgets are 
observed. The degree of this latitude is, of course, lim
ited by logistic and other constraints in phasing out 
trace gas emissions.22 These differ for each trace gas. 

21. However, the concentrations reached could be some
what different for each path if there is significant non-
linearity in the response of the chemical cycle to varying 
levels of emision rates. See Chapter 1.4 for an illustration 
of this phenomenon in the case of the carbon cycle. 

22. As mentioned, the fact that variations among emission 
trajectories are logistically limited is one reason for using 
the emission budget/milestone schedule approach as 
an approximation. 
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CHAPTER 1.2 

IS CLIMATE STABILIZATION STILL FEASIBLE? 

A. OVERVIEW 

Our review of past and recent temperature records 
showed that observed warming trends since the post
war period may still be within the limits of natural fluc
tuations. However, the full threat of climate change 
is not visible from such data. This is because of two 
factors: 

• Past greenhouse gas emissions make their full 
impact felt only with significant delay, due to 
the inertia of the climate system. 

• Continually growing GHG emissions cannot be 
eliminated instantaneously, due to the inertia 
of social and economic systems. 

To determine whether the world's climate could still 
be stabilized at the levels discussed in Chapter 1.1, we 
pursue a two-part investigation: we first investigate the 
unrealized warming already "in the bank" from past 
emissions of trace gases, calculate the warming that 
can be expected under various scenarios of additional 
future emissions, and then determine how available 
emission reduction potentials could keep global warm
ing within set limits. 

The only tools available for these assessments are com
plex but limited computer models of the world's cli
mate. For each scenario of future greenhouse gas 
emissions, these models can only predict a range of 
climate warming. The range of plausible emission sce
narios is itself very wide, which adds to the uncertainly 
of the models. 

To cope with this scenario diversity, the climate model 
calculations of our study are designed to capture the 
widest possible range of proposed and practical emis
sion scenarios. Using a high, medium, and low version 
for each GHG, we develop a "warming trumpet" This 
warming trumpet shows the range of warming to be 
expected, and can be directly compared to the climate 
stabilization targets of Chapter 1.1. 

We begin this chapter with a brief explanation of impor
tant technical aspects of climate modeling, including 
the overall modeling approach, the uncertainties in
herent in various calibration and input data, and the 
distinction between ultimate warming commitment 
(equilibrium response calculations) and realized warm
ing (transient response calculations). This review is 

followed by the scenario descriptions and warming 
results. The remainder of the chapter deals with the 
interpretation of these results for policy purposes. 

B. CLIMATE MODELING APPROACH 

1. Concepts of climate modeling 

The climate of the past can be assessed both by empir
ical studies based on observed data and by climate 
models. Assessment of the future climate response to 
radiative heating induced by greenhouse gases can 
only be done with mathematical models. These mod
els are based on fundamental physical principles gov
erning the climate system. Comprehensive climate 
response studies are conducted with interlinked sub
models. The submodels describe the greenhouse 
response of the atmosphere, the thermal response of 
the oceans, and the diffusion and cycling of the various 
greenhouse gases in terrestrial, atmospheric, and 
ocean reservoirs. 

Climate models come in various versions and degrees 
of complexity. The most sophisticated models are 
three-dimensional (3-d) general circulation models 
(GCMs), which allow some regional differentiation 
of climate change. 

Equilibrium response versus transient response 

Climate-modeling is used for two kinds of "experi
ments," referred to, respectively, as equilibrium1 

response studies and transient response studies (Tricot 
and Berger 1987). We explain the difference between 
these concepts, since it is important in interpreting 
warming results for policy decisions. 

A change in the concentration of radiatively active 
trace gases results in a corresponding change in radia
tive forcing of the climate system. If there was no sig
nificant inertia in the climate system, as is the case for 
the atmosphere, a new equilibrium would be reached 
quickly. In reality, the heat capacity of the oceans, and 
to a lesser degree other factors such as continental ice 
shields, buffer against surface warming. Eventually, 

I. Note the term "equilibrium" refers to thermal 
equilibrium. 
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if the trace gas concentrations remain constant, an 
equilibrium is reached which is characterized by an 
equilibrium global mean surface temperature T,. This tem
perature reflects the total warming commitment associ
ated with greenhouse gas emissions. 

At any point in time before equilibrium is reached 
between the oceans and the atmosphere, only a por
tion of the eventual warming is realized and thus 
observable in the temperature record. This realized 
warming, reflected in a transient global mean surface tem
perature Tp is a function of the speed of heat absorption 
processes in the ocean. 

Equilibrium response studies examine the climate 
response to a fixed radiative forcing (e.g., to a C0 2 dou
bling) , or to a time-dependent radiative forcing (e.g., 
through "snap shot" experiments where successive 
equilibrium states are independently reached one after 
the other, based on a trace gas emission scenario). 

The equilibrium climate is related only to conditions 
in the atmosphere and perhaps to the upper ocean 
(mixed layer). Thus, in equilibrium response mod
eling, the complexities of the heat transfer processes 
within the deep ocean can be ignored. The surface 
temperature change is calculated as though the cli
mate system could respond instantaneously to trace 
gas perturbations. 

Whereas approximate equilibrium response studies 
can be computationally simple, calculations of tran
sient response are more involved. In transient 
response studies, a coupled atmosphere-ocean model 
is needed to include the large heat capacity of the 
ocean and therefore allow determination of the lag 
in the response of the climate system. Again, the cli
mate response is either calculated for an instanta
neous, fixed radiative forcing (such as a C 0 2 

doubling), or for a scenario in which trace gas con
centrations change continuously over time. Calculat
ing the transient response to a time-dependent, 
continuous change in C0 2 and other GHG is compu
tationally much more demanding than equilibrium 
response analysis. Such studies have mainly relied on 
1-d radiative-convective models of the atmosphere in 
conjunction with simple (box diffusion) ocean mod
els. Recendy, calculations using a 3-d general circu
lation model have been reported by Hansen et al. 
(1988, see Section D below). 

2. Climate sensitivity and uncertainty of 
climate estimates 

The reliability of current climate modeling estimates is 
still limited (Wigley 1984; WMO 1985; Bolin, et al. 1986, 

Ramanathan 1988, Schneider 1989). It is therefore use
ful to identify some of the main areas of uncertainty. 

Models are highly simplified replicates, both physically 
and mathematically, of the complex climate system, 
with differences in the kinds of simplifications used. 
In addition, historic data used to calibrate the models 
are not accurately known. For example, the observed 
global warming of 0.4-0.6° C over the past 100 years 
is uncertain largely because of incomplete data cov
erage and systematic errors, such as the urban heat 
island effect. Likewise, past trace gas concentrations 
are uncertain because their sources, sinks, and chem
ical/climatic interactions are insufficiently understood. 

There is also uncertainty regarding the warming-
enhancing feedback mechanisms from cloud-radiation 
interactions, ocean and sea ice behavior, and land sur
face processes (including hydrology). Also, a number 
of biogeochemical feedbacks are neglected in cunent 
models (Lashof 1989, see Chapter LLC) To facilitate 
comparison among different models and model runs, 
a net dimate feedback factorf is used, which is the ratio 
of the equilibrium surface warming to the warming that 
would have occurred in the absence of any feedbacks. 

A significant degree of uncertainty in climate modeling 
is reflected in the wide range of equilibrium surface 
temperature changes calculated for one and the same 
perturbation. The standard forcing used to compare 
models is a doubling of carbon dioxide concentration. 
An analysis by the U.S. National Academy of Sciences 
found a range of equilibrium temperature increases 
of Te= 15-45° C (CDAC, 1983). Based on recentwork 
with general circulation models, the uncertainty range 
maybe 15-5.5° C (Dickinson 1986). If a fuller range 
of feedback mechanism is taken into account, sensi
tivities could be even higher (Lashof 1989). 

Some consider the value for the lower Te of 1.5° C to 
be the most realistic climate sensitivity, because it yields 
a temperature increase of about 05° C in 1980 relative 
to 1860 (see Table 1.2.9 below). This is within the mea
sured global mean surface temperature rise of 0.4 to 
0.6° C over the past century (Jones et aL 1986). Others 
argue that the most sophisticated general circulation 
models with their climate sensitivity close to Te = 45° 
C give the better estimates of future temperature 
change. The trend in climate sensitivity estimates over 
time, the possibility of major positive feedback effects 
from biogeochemical interactions, and the higher cli
mate sensitivities of the more sophisticated ($-d) gen
eral circulation models all suggest that risk-nunimizing 
climate stabilizing policies should be based on the 
upper end of the current uncertainly range in climate 
sensitivities. 
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Figure 1.2.1 Global temperature trend obtained from a global climate model 
for several assumed radiative forcings. 

Source: Hansen etal. (1981) 
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The time-dependent calculations of the response of 
the climate system to GHG forcing are even more 
uncertain than the equilibrium ones. The time lag in 
the climate system before equilibrium temperature 
is reached is estimated to be anywhere between several 
decades and a century. This timelag is itself sensitive 
to other uncertain parameters, notably the equilib
rium climate sensitivity, and the rate of mixing below 
the mixed ocean layer. 

Uncertainty arises also from the incomplete knowl
edge of oceanic mixing processes. In the simple mod
els presendy used, these processes are parameterized 
by an eddy diffusion coefficient. The mixing processes 
are, however, not strictly diffusive and not necessarily 
well-represented by such coefficients. 

Nevertheless, considerable progress has been made 
in bringing modeled climate changes in accordance 
with observed data. An illustration of this predictive 
capacity, as well as some of the uncertainties, is shown 
in Figure 1.2.1, which is based on modeling work by 
Hansen etal. (1981). 

3. Equilibrium response calculations 

In our equilibrium response calculations, we use a scal
ing approach in which trace gas concentrations are 
translated into temperature changes on the basis of 
simplified calculations of radiative forcing (see 
Appendix 1.1 and 1.2). 

Radiative forcing 

The radiative forcing of the atmosphere due to trace 
gases can be studied in two ways (Ramanathan etal. 
1987). One approach is to look at the earth's surface 
and the troposphere as a system with a boundary at 
the tropopause, and to study the changes in the radia
tive energy fluxes in and out of this surface-tropo
sphere system. The more sophisticated approach 
studies the changes in heating rates that are induced 
in each layer of the troposphere and captures changes 
in the vertical distribution of heating rates. 

In the surface-troposphere system as a whole, the 
(mass-weighted) temperature change is governed by 
radiative forcing as defined by the change in net radia
tive flux at the tropopause boundary. The vertical dis-
tribution of temperature change within the 
troposphere is governed more by dynamical processes. 

As a first approximation, we can ignore the details of 
vertical radiative forcing distribution and concentrate 
on the radiative forcing experienced by the surface-
troposphere system as a whole. The calculation of trace 

gas radiative forcing is then straightforward. The radia
tive forcing of an individual trace gas is assessed by 
fixing all other parameters such as temperature and 
humidity in the model and then calculating the 
changes in the radiative flux that are due only to a spe
cific trace gas concentration change. This approach 
is used in this study. Details are given in Appendix 1.1. 

Since the greenhouse effects of the individual gases 
are largely additive, this method allows calculation of 
not only the contributions of individual gases, but also 
the total amount of equilibrium surface warming. 

4. Transient response modeling 

An overview of the data flow and model linkages is 
given in Figure 1.2.2. Estimated emission rates (historic 
or future) for carbon dioxide and chlorofluorocar-
bons are first processed through a carbon cycle model 
and a CFC-mass balance model to calculate the respec
tive COg- and CFC-concentrations. The resulting atmo
spheric C 0 2 and CFC concentrations are then 
combined with estimates of historic and future CH4-
and N20-concentrations to serve as input in a climate 
model, which calculates the global mean surface tem
perature. The climate model consists of a (1-d) radia-
tive-convective model (RCM) for the atmosphere and 
a (1-d) energy balance model (EBM) for the ocean. 

Carbon cycle model 

Commission rates are estimated according to various 
scenarios and serve as input to a carbon-cycle model, 
which calculates the historic and future atmospheric 
COjreoncentrations. Net biospheric emissions are 
assumed to be zero. (For a detailed exploration of this 
assumption, see Chapter I.3.D). The box-diffusion car
bon cycle model developed by Oeschger etal. (1975) 
is used, which consists of three reservoirs acting both 
as sources and sinks, namely the atmosphere, a well-
mixed ocean layer (ca. 75 m deep), and a deep sea 
(ca. 4,000 m deep) subdivided into 42 layers in which 
transport is by eddy diffusion. The ocean chemistry 
that determines the efficiency of oceanic COy-uptake 
is calculated explicitly for each time step as a function 
of oceanic and atmospheric CO^oncentration using 
the Oak Ridge carbon-cycle model (Emanuel et al. 
1984). This approach allows computation of a time-
dependent buffer factor, which is then used in the 
Oeschger et al. model (see also Fig. 1.2.2). 

Other carbon-cycle models with different ocean 
dynamics and temperature feedback features are avail
able. The range of carbon dioxide concentrations 
obtained from the major simple carbon-cycle models 
is further discussed in Chapter 1.4. 
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Figure 1.2.2 Modeling concept for transient response study 

Is Climate Stabilization Still Feasible? 1.2 - 5 



Mass balance model for CFCs 

Base-year global CFC-production rates are taken from 
Hammitt e ta l . (1986). Of the produced CFCs, only 
70 percent are emitted into the atmosphere in the first 
year; the rest are released in exponentially decreasing 
quantities. The CFC-mass balance in the troposphere 
and in the stratosphere is assumed to be 90:10. In the 
stratosphere, photolysis is described as the exponential 
decrease of an added CFC-quantity. The concentra
tions by volume in the atmosphere are calculated from 
the molecular weights, the shares of the various 
masses, and the total mass of the atmosphere. 

Climate model 

The climate model used here consists of the param
eterized form of a 1-d radiative-convective model 
(RCM) of the atmosphere as developed by Hansen 
(1983), and a 1-d energy balance model (EBM) of the 
ocean of a type similar to that used by Cess and Gold
en berg (1981). With this model combination the 
global mean transient surface temperature change is 
estimated from 1860 to 2100. The RCM takes into 
account the concentration changes of C0 2 , CH4, N 2 0, 
CFC-11, and CFC-12 togetherwith changes in surface 
temperature, volcanic activity and the "solar constant" 
The latter two were ignored. Furthermore, neither the 
concentration changes in the other CFCs and Oj nor 
the rather complex chemical reactions of the 0 3 

chemistry were considered. The CH4 and N 2 0 expres
sions in the Hansen formulation were modified. 

The energy-balance model (EBM) computes the heat 
flux into the ocean that results from the trace gas con
centration increases. For that purpose the ocean is sub
divided in to 42 vertical layers—just as in the 
carbon-cycle model. The ocean-mixed layer (about 75 
m) is assumed to be fully mixed. In the deep ocean 
(about 4000 m) energy transport is modeled as a ver
tical diffusion process. Of the many possible feedback 
processes only the ocean buffer factor is explicitly 
taken into account (see Fig. 1.2.2). Other feedbacks 
are included in parameterized form. Further details 
are given by Hansen et al. (1981); Bach (1985); and 
Bach and Jung (1987). 

C. H O W M U C H WARMING IS ALREADY 
LOCKED IN FROM T H E PAST? 

The question of the ultimate warming commitment 
from the past can be investigated by calculating the 
equilibrium response warming from past greenhouse 
gas emissions. Such an exercise also offers further 

insight into the quantitative aspects of the ocean-
related time lag in climate warming. 

1. Thermal inert ia of the oceans 

We consider, for the moment, only carbon dioxide, 
which accounts for most historic climate forcing from 
trace gases (see Fig. 1.2.7 and 1.2.8 in Section D below). 
The C 0 2 increase from pre-industrial levels of 275-290 
ppm (1850) to 338 ppm (1980) can be translated into 
a range of equilibrium surface warmings for different 
climate sensitivities. 

Fig. 1.2.3 from Hansen et al. (1985) illustrates the 
results of such an exercise. It shows the surface warm
ing A T,and A Te due to the C 0 2 added to the atmos
phere from 1850 to 1980. The warming results were 
calculated with a 1-d box diffusion ocean model. The 
variables were the climate sensitivity A T e (calculated 
for 2 x C02) and the net climate feedback factor f. 

Consider, as an illustration, a climate sensitivity of 45° 
C for a doubling of COz. In this case, the equilibrium 
surface temperature increase A T e from 1850-1980 
C 0 2 concentration changes, which were significantly 
less than doubling, is about 1.3° C. Reconstruction of 
the actual Northern Hemisphere surface temperature 
history shows a warming of ca. 0.4-0.6° C from 1880 
to 1980 (Jones etal. 1986). The discrepancy between 
these lower figures and the equilibrium figure is com
monly interpreted to be the result of the thermal iner
tia of the ocean: the actual response of the climate 
system lags behind the equilibrium response that his
toric emissions will eventually produce. 

Consider now the ocean effect Hansen etal. show two 
curves based on calculation of observed ocean thermal 
diffusivities (K) from tritium tracer studies. These mea
surements range between K = 1-2 cm2/s. For the range 
of climate sensitivities from 1 5 to 45° C, the unreal
ized warming (shaded area in Fig. 1.2.3) is about half 
or more of the equilibrium warming. The 1850 to 1980 
calculated observable (transient) warming A T, in Fig. 
1.2.3 is only about 0.3 to 0.6° C, which agrees well with 
the observed temperature record. 

These results lead to a number of important conclu
sions for policymaking purposes (WMO 1985; Hansen 
et al.1985; Ramanathan et al. 1987; Ramanathan 
1988): 

• The present warming due to trace gases (the 
signal) is still relatively small and disguised by 
the natural variability of climate (the noise) 
because ocean heat storage makes A T, about 
45-75 percent less than A Te; 
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• When global warming becomes evident in the 
world's monitoring network, a certain amount 
of continued warming will be inevitable even 
if no further emissions were to occur. 

In so far as the equilibrium warming measures the 
potential climatic change that we shall ultimately expe
rience it can be seen as our warming commitment 
(Mintzer 1987). 

Figure 1.2.3 illustrates two further points: 

• For a range of model climate sensitivities, the 
difference in transient warming is much 
smaller than the difference in expected equi
librium warming. 

• The higher the climate sensitivity, the greater 
the portion of the warming commitment that 
remains hidden. 

This feature of the climate system could help in a vig
orous climate stabilization effort in that it can buffer 
the present climate for a period of time from the full 
warming impact of past emissions. Moreover, this tem
porary buffer function grows disproportionately with 
increasing climate sensitivity. If the delay of the full 
warming is used as a grace period to aggressively turn 
around emission trends, realization of the full historic 
warming commitment could perhaps be avoided alto
gether, as discussed further below. 

On the other hand, if no such action is taken, the delay 
in realizing the equilibrium warming could merely 
have the effect of reinforcing misperceptions about 
the magnitude of the risks from global warming. At 
the same time, higher climate sensitivities would lead 
to the accumulation of disproportionately large risks 
for future generations. 

2. Limits to determining climate risks from 
monitoring temperature change 

Figure 1.2.3 is revealing about the chances of soon nar
rowing the current range of model climate sensitivities 
on the basis of monitored warming. While the equilib
rium temperature increases in a one-to-one ratio with 
model climate sensitivity, the transient response differs 
little over the range of model sensitivity, i.e., the tran
sient response curve is very shallow. This feature is of 
fundamental importance in the prevention versus wait-
and-see issue: Global warming, once it will have become 
evident in the temperature record, will be of limited 
help in settling the question of climate sensitivity. 

Ironically, the chances for narrowing current uncer
tainties on the basis of monitoring global tempera
tures, while never great, are best in the worst possible 

outcome, i.e., if a sizable warming materializes rapidly. 
Even then, many years of monitoring would be 
required to develop statistically relevant data. And 
while such monitoring goes on, significandy more 
warming commitment would be added. We conclude: 

• The inertia of the climate system severely limits 
die degree to which temperature monitoring will 
be able to improve the decision-making basis. 

3. Inertia in the carbon cycle 

As pointed out in Chapter 1.1, the expected equilib
rium warming is not necessarily fate. If emissions 
decrease enough over time to not only halt the rise 
in atmospheric concentrations but actually reduce 
them, radiative forcing is reduced and the full warm
ing commitment from earlier emissions is not neces
sarily realized. In this sense, the inertia of the climate 
system could be beneficial: it could provide a chance 
to partially reverse earlier warming commitments 
before they are fully realized. 

On the other hand, the degree to which concentra
tions of greenhouse gases can be lowered again is lim
ited by a second kind of inertia in the climate system, 
that of the chemical cycles governing the greenhouse 
gases. This inertia is particularly large for carbon diox
ide, which also happens to be the dominant driving 
force of climate change. 

To illustrate the inertia-based "memory" of the com
bined chemical cycle inertia and ocean thermal iner
tia, we have used our climate model to conduct a zero 
emission sensitivity experiment for carbon dioxide. 
This experiment demonstrates how inertia exists 
(due to the ocean buffer effect), and is an important 
feature of the earth's natural carbon cycle (see also 
Chapter I.3.D). 

Fig. 1.2.4 shows the COg-concentration from 1920 to 
1980 calculated with the carbon-cycle model of 
Oeschger et al. (1975). The model parameters were 
fitted to the observed Mauna Loa data from 
1960-1980. In the experiment, all fossil fuel use is 
stopped in 1980. As shown in the Figure, the C0 2 con
centration decreases by only 20 ppm from the 1980 
value of 338 ppm to 318 ppm in 2100. 

This decrease in the atmospheric CO^oncentration 
( [C0 2 ] ) over time (t) can be approximated by 
[C0 2 ] (t) = [ C 0 2 ] (1980) exp (-t/1975 yr) with 
an "e-folding time" of 1975 years. In other words, 
the earth's natural carbon cycle, once disturbed, will 
take several thousand years to return to approximate 
equilibrium. 
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4. How much o f the warming commitment will 
inevitably b e realized? 

We next consider the transient warming response 
(A T,) to a hypothetical complete halt in fossil fuel 
use in 1980. Again, Fig. 1.2.4 shows the results. For the 
low climate sensitivity (Te = 15° C) the warming con
tinues to increase, albeit at a slow rate, for another 20 
years reaching ca. 0529° C above the 1860 value. 
There is only a slow decline thereafter, and the A T, 
is still significant (0.293° C) in 2100. Over the whole 
120 year period, there is a reduction by 24 millidegree 
C below the 1980 temperature. Inspection of Fig. 1.2.3 
reveals that for the low climate sensitivity, virtually the 
entire warming commitment is still realized despite 
the emission cut-off. This is to be expected, since for 
low climate sensitivities, the lag in the climate response 
is by definition small. 

In the case of the higher climate sensitivity (Te=4.5° 
C), the temperature increases for another 75 years to 
peak at A T,= 0.677° C. The decline thereafter until 
2100 is hardly measurable. Over the 120 year period, 
there is a net warming by 86 millidegree C However, 
the maximum realized warming is only about half of 
the equilibrium warming predicted for that sensitivity 
(Fig. 1.2.3). Thus, while temperature continued to rise 
for a number of decades, the warming fate was sub
stantially altered by emission curtailment 

This "Gedanken"- experiment leads to three conclu
sions of fundamental importance: 

* Because of the unrealized warming contained 
in the memory of the climate system a "wait-
and-see'' policy entails the risks of enormously 
increasing climate change. Depending on cli
mate sensitivity, ultimate temperature changes 
could be more than twice the initially realized 
warming. 

* Concentration reductions in trace gases could 
possibly avert the full realization of the equilib
rium warming from past emissions, though tem
peratures would continue to rise for several 
decades under the momentum of past emissions. 

* In order to bring about such concentration 
reductions, emissions of trace gases with long 
atmospheric residence times will have to be cut 
drastically. 

These findings also clarify the relative roles of equi
librium and transient temperature changes in policy
making. So long as trace gas concentrations, and 
therefore radiative forcing, do not decline, the equi
librium A T is what measures the potential climatic 
change that we shall ultimately experience. Risk 

assessments for policy purposes should take into 
account the equilibrium warming, and not just the 
lower transient warming. 

Have emissions to date already preempted climate 
stabilization? 

In determining whether our past actions have already 
preempted climate stabilization as defined in Chapter 
1.1, we need to consider future emissions as well, 
including answers to these three questions: 

— What is the expected equilibrium warming 
from past emissions over the range of plausible 
climate sensitivities? 

— What further increments in warming commit
ment will be added over the next few decades 
when concentration reductions will be difficult 
or impossible to achieve? 

— And what scenarios, if any, could prevent the 
full realization of both current and further 
warming commitments over the next century? 

We address the latter two questions in Section D 
below, where we first calculate the additional warming 
increment from a range of published energy scenarios 
and other trace gas projections until 2030. We then 
use transient response modeling to calculate how 
much of this warming commi tment would be 
expected to materialize until 2100, given alternative 
emission trajectories. 

For the moment, we examine the expected equilibrium 
warming from emissions up to the present Figure 1.2.3 
indicates that the equilibrium warming obtained for 
a particular climate sensitivity can be linearly scaled 
to calculate the warming at other sensitivities. Over the 
climate sensitivity range of 15-55° C, the warming 
commitment locked in by 1850-1980 releases of carbon 
dioxide alone remains at abou 10.5-1.8° C relative to 
1850—significantly below the limit of 25° C. In Section 
D.1 below, we show what results are obtained from 
including the other trace gases as well. Ata climate sen
sitivity of 2.3° C, the range of estimates for emissions 
until 1980 is 0.74-0.94° C. Scaling these figures to a 
climate sensitivity of 5 5 ° C extends this range all the 
way to 2.4° C. This range is close to the estimates by 
Ramanathan et al. (1987). Thus, 

• If climate sensitivity is 55°C or greater, climate 
stabilization as defined in this report could only 
be achieved through reductions in radiative 
forcing below present levels. 

Based on the same climate sensitivities, the world is 
currently adding a wanning commitment of 0.13-05° 
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C per decade (Ramanathan 1988). If realistic at all, 
the chance of reducing total radiative forcing to below 
present levels before the equilibrium warming from 
present levels is fully realized will become progressively 
more elusive as greater and greater additional com
mitments are made. 

D. WHAT FURTHER WARMING WTLL 
FUTURE EMISSIONS BRING? 

In this section, we investigate a range of scenarios for 
greenhouse gas emissions. We calculate the ultimate 
warming commitment implied in each scenario (equi
librium response), spanning the time from 1980 until 
2030 and using the 1860-1980 period as a historic 
basis. 

We also calculate expected transient surface temper
ature changes that will be observable. To capture the 
lingering warming effects that will still be felt after 
effective greenhouse gas curtailment has been initi
ated or achieved, we use an extended time horizon 
to the year 2100. 

1. Emission scenarios 

Energy scenarios 

Future world energy use is one of the major uncer
tainties in predicting climate change. To allow for this, 
the usual approach in energy analysis is to investigate 
a range of scenarios. We use the highest and lowest 
published energy scenarios, respectively, to set the 
lower and upper limit of fossil fuel impacts. The high
est published scenario is refened to as "Oak Ridge A" 
(Edmonds et al. 1984). The lowest published scenario 
is referred to as "Energy Efficiency" (Lovins et al. 
1981). As a "medium" scenario, we use the IIASA-
"Low" scenario (Haefele et al. 1981). 

Table 1.2.1 gives detailed information on changes in 
fossil fuel use by source, on Gemissions, and on COg-
concentration for the high (Oak Ridge A) and low 
(Energy Efficiency) scenario. "Oak Ridge A," as devel
oped by Edmonds et al. (1984), projects fossil fuel 
demand to 2075. We extrapolated it to 2100, using 
trends in the period after 2050 as a basis. In this sce
nario coal overtakes oil to become the dominant fuel 
as early as 1990. Total annual fossil fuel use increases 
from 7.83 Terawatt-years/year (TWyr/yr or simply 
TW) in 1980 to ca. 159 TW by 2100. The enormous 
fossil fuel use would increase fossil carbon releases 22-
fold, from the 1980 value of 5 Gt/yr to about 111 Gt/yr 
in 2100. Such levels are clearly not plausible. Note, 

however, that this result is based on a growth rate of 
only 2 5 percent per year. 

This leads to a staggering cumulative fossil fuel use 
of some 7,450 TW by the end of the next century. At 
that growth rate the economically recoverable global 
fossil fuel reserves of ca. 1000 TW would be exhausted 
by ca. 2030. By 2100,80 percent of all estimated con
ventional coal, oil, and gas resources would be con
sumed (see Chapter 1.4). Thus, the resource 
constraints alone, and more so the economic and envi
ronmental costs, make this an unlikely scenario much 
beyond 2030. 

A stark contrast to this picture is provided by the "Effi
ciency Scenario" developed by Lovins et al. (1981). 
It depicts a least-cost strategy in which all the presently 
available cost-effective efficiency improvements in the 
use of energy are more or less fully implemented over 
the next 50 years (See Chapter 1.6 for a more detailed 
discussion). In this scenario, world energy use declines 
to about half of current levels by 2030, and fossil fuel 
use declines to about 12 percent of 1985 levels. For 
the purpose of this exercise, we extrapolate this declin
ing trend to 2100, which leads to essentially zero fossil 
carbon emissions in the period after 2060 (see Table 
1.2.1).* 

The average rate of decline in the consumption of fos
sil fuels is approximately 3.2%/yr. The scenario ini
tially assumes a slower rate of decline to reflect 
implementation barriers, and a faster reduction rate 
later on when policies to promote efficiency invest
ments have picked up momentum. The cumulative 
fossil fuel use never gets close to exhausting even cur
rent economically recoverable reserves. The cumu
lative C-release is only Vis of that in the "Oak Ridge 
A" scenario. 

A widely quoted middle-of-the-road scenario is the 
"IIASA Low" scenario developed by Haefele et al. 
(1981) .s Details are not given here in tabular form. 
In this scenario energy demand projections cover the 
years from 1975-2030. For the purpose of our exercise, 
we use a linear extrapolation to 2100 on the basis of 
the growth rate in the 2020-2030 period. The resulting 
cumulative fossil fuel use is ca. 1950 TW in 2100, 

2. Note that releases of carbon dioxide do not have to 
decline all the way to zero to stop the build-up of 
carbon dioxide in the atmosphere. As shown in 
Table 1.2.1, the atmospheric COs concentration 
actually declines after about 2030 in the efficiency 
scenario. For further discussion of this point, see 
Chapter I.S.D and 1.4. 

3. For a methodological critique of this study, see e.g., 
Keepin and Wynne, 1984. 
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Table 1.2.1 

Energy 
scenario 

Oak-Ridge A 

(Edmonds 
etal., 
1984) 

Efficiency 

(Lovins 
etal., 
1981/83) 

No. 

1 

5 

Energy use, C-emlsslons and CO 

year 

1900 

1980 
1990 
2000 
2010 
2020 
2030 
2040 
2050 
2060 
2070 
2080 
2090 
2100 

1900 

1980 
1990 
2000 
2010 
2020 
2030 
2040 
2050 
2060 
2070 
2080 
2090 
2100 

oil 

0.02 

3.70 
4.31 
4.92 
6.39 
7.86 

10.88 
15.46 
20.04 
30.81 
41.58 
5Z34 
63.11 
73.88 

0.02 

3.70 
3.15 
1.77 
1.26 
0.75 
0.24 
0.10 
0.04 
0.01 

j 

<0.01 . 

2-concentratlon for the highest and the lowest scenario 

Fossil fuel use (TW) 
gas 

0.01 

1.69 
2.40 
3.11 
4.03 
4.96 
5.34 
5.17 
5.01 
4.35 
3.69 
3.08 
2.58 
2.17 

0.01 

1.69 
1.73 
1.52 
1.12 
0.73 
0.34 
0.17 
0.09 
0.04 
0.02 
0.01 

<0.01 | 

coal 

0.63 

2.44 
438 
631 

1039 
14.48 
20.14 
2739 
34.63 
44.27 
5351 
6335 
73.19 
82.83 

0.63 

2.44 
2.40 
1.77 
131 
0.84 
038 
0.19 
0.09 
0.04 
0.02 
OJOI 

<0.01 

total 
annual 

0.66 

7.83 
11.09 
14.34 
20.82 
27.29 
36.36 
48.02 
59.68 
79.43 
99.18 

118.98 
138.89 
158.88 

0.66 

7.83 
7.27 
5.05 
3.69 
2.32 
0.96 
0.46 
0.21 
0.10 
0.05 
0.02 
0.01 
0.01 

cumulative 
from 1980 

7.83 
104.03 
232.79 
411.80 
65558 
971.90 

1399.63 
1943.96 
264937 
3552.26 
4652.80 
5952.00 
7450.75 

7.83 
8722 

147.72 
190.72 
220.09 
235.82 
24254 
245.61 
247.03 
247.69 
248.01 
248.16 
248.23 

reserves to 
be exhausted 

in year 

2026* 
or 

2065** 

will 
not be 

reached 

C-Emission (Gt) 
total cumulative 

annual 

030 

4.96 
7.13 
930 

13.76 
1821 
24.63 
33.03 
41.42 
5539 
6936 
8335 
9739 

111.45 

050 

4.96 
459 
3.13 
229 
1.44 
059 
028 
0.13 
0.06 
0.03 
0.01 

}<0.01 

from 1980 

4.96 
66.49 

149.74 
267.28 
42935 
641.87 
93437 

1310.77 
1801.77 
2432.45 
3202.89 
411354 
5164.77 

4.96 
5521 
93.08 

119.75 
137.95 
147.66 
151.78 
153.65 
15451 
154.91 
155.10 
155.19 
15523 

* Economically recoverable fossil fuel reserves are ca. 836 TW* and those probably technically recoverable are ca. 
3084 TW** (Ziegler and Holighaus. 1979] 

co2 
cone. 
ppm 

293 

338 
360 
386 
425 
479 
551 
656 
794 
982 

1234 
1550 
1932 
2474 

293 

338 
357 
377 
380 
382 
381 
378 
375 
373 
370 
368 
366 
364 
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Table 1.2.2 Trace gas scenarios for equilibrium temperature change calculations 

Scenario 

HIGH 

MEDIUM 

LOW 

A 

B 

C 

D < 

E 

P ! 1 

/ Oak Ridge A3 

I 
| Ramanathan et 
1 aL(l985) 
[ 

(forC02,CH4, 
J N ,0 same as A 
(U^PProtoco^, i 

Ramanathan et 
1 al.(1985) 

f forC02,CH4, 
NjO same as C 

[ Ur4-Protocol same 
asB 

Energy 
Efficiency 
Ramanathan et 
81(1985) 

' forCO^CH,, 
NjOsameasE 

[ Uhl-Protocol same 
asB 

for CO, 
forCri: 
forNjO 
forCFC-11 
forCF-12 

f forCFC-11 
fcrCFC-12 

for CO, 
forCrL 
forN-O 
forCFC-11 
forCF-12 

for CO, 
for CUT 
forN,0 
forCFC-11 
forCF-12 

forC02 

forCH4 

forN20 

forCFC-11 
forCFC-12 

Concentration1'' 
1980 

338 
1650 
300 

0.179 
0.307 

0.179 
0307 

338 
1650 
300 

0.179 
0307 

338 
1650 
300 

0.179 
0307 

2030 

551 
3300 
450 

2.0 
35 

0318 
0514 

450 
2340 
375 

1.051 
35 

381 
1850 
350 

0500 
0500 

(Gammonetal. (1985) 
Wigley. 1987) 
(Rasmussen and 
Khalil.1986) 
(Weiss. 1981 Dklrin-
son and Cicerone, 1986) 

\ (Khalil and Rasmussen, 
f 1981; Fabian 1986) 

Future 
growth rate ' 

%/yr 

0.98 
1.40 
0.81 
4.95 
4.99 

1.16 
1.04 

057 
0.70 
0.45 
3.60 
4.99 

024 
023 
031 
2.08 
2.17 

Current 
growth rate 

folyr 

0.4 

1.1 

03 

5.0 
5.0 

1) CO, is in ppm, all others are In ppb 
2) Concentration changes for Oak Ridge A and Energy Efficient Irom scenario analysis; all others are 

exponential projections 
3) Edmonds etal. (1984) 
4) Based on a 1990 freeze of CFC-11 and CFC-12 production rates at 1986 levels, a 20% cut in 1994 

and another 30% cut by 2000; calculations made with a mass balance model 
5) Lovins etal. (1981) 
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exhausting the presently economically recoverable fos
sil fuel reserves by about 2050. By 2100 the estimated 
cumulative C-emissions are 8 times higher than those 
obtained for the "Efficiency" scenario. 

CFC scenarios 

Of all the trace gases, the CFCs are presendy closest to 
being put under some kind of world-wide control Forty-
three UN member countries have signed the so-called 
UN or Montreal-Protocol on the control of chloroflu-
orocarbons and halons. The principal motivation 
behind these proposed control measures is the protec
tion of the stratospheric ozone layer. The emphasis in 
our analysis is, however, on the contribution of CFCs 
to global warming. A summary of the climatic and 
ozone-depleting effects of important chemicals is given 
in Table 15.2 in Chapter 1.3, which also gives details on 
the Montreal protocol and on control options. There 
is not enough information available at this time to reli
ably estimate the past and future contribution to warm
ing from all substances covered under the protocol. 

The scenarios for the CFCs are again selected to bracket 
possible future emission rates. Base-year CFC-production 
rates are taken from HammittetaL (1986) (see Chapter 
I.3.B). The high, medium, and low scenarios from 1980 
to 2030 as used in the equilibrium response calculations 
are shown in Tables 1.2.2 and 1.25, based on projections 
given by Ramanathan etal. (1985). Alternatively, we use 
a scenario based on the proposed CFC-reduction rates 
of the Montreal Protocol, assuming 100 percent partic
ipation by the nations of the world. Note, however, that 
as agreed-upon, the protocol provided a number of legal 
exemptions for both industrialized and developing 
countries, and full Third World participation is not 
ensured. Only if these exemptions are ignored and if 
full participation is assumed would the protocol result 
in the emission reductions assumed in our Montreal Pro
tocol scenarios (see also Chapter I.3.B). 

There are other CFCs not covered by the Montreal-
Protocol that eventually may contribute to global warm
ing. Eight such substances are listed in Table 1.2.3, and 
their warming impact is incorporated in the equilibrium 
response calculations as well. Overall, the CFC scenario 
incorporates contributions of 10 CFCs to warming. 

For the transient response analysis, we use only one 
CFC scenario which is based on extrapolating the 
Montreal Protocol limits so as to yield approximately 
constant concentrations of CFC-11 and CFC-12 by the 
year 2100. 

Recent research, including a report by the U.S. Envi
ronmental Protection Agency suggests that a complete 

phase-out of CFCs by the turn of the century may be 
needed to preserve the stratospheric ozone layer 
(Hoffman and Gibbs 1988). If such plans materialize, 
the Montreal Protocol could come to represent the 
upper end of the range of likely future CFC concen
trations. We examine the impact of a complete and 
early phase-out on our warming results in Section D.2 
and D.3 below. 

Nitrous oxide and methane 

We do not use emission scenarios but concentration 
scenarios for these gases. Here, again, high, medium, 
and low scenarios up to 2030 are based on 
Ramanathan etal. (1985). For the transient response 
calculations, only a "Medium" and a "Low" scenario 
are used. In the "Medium" case, the 2020-2030 con
centration changes of the "best estimate" by 
Ramanathan etal. is linearly extrapolated to 2100. CH4 

concentrations in 2100 are 3.31 ppm or about twice 
the 1980 level. N 2 0 concentrations rise by 50 percent 
to 0.480 ppm. 

In the "Low" scenario, the CH4 concentration asymp
totically stabilizes in 2100 at ten percent above 1980 
levels orl.81 ppm. The same holds for the N 2 0 con
centration, which reaches 0.328 ppm in 2100. Main
taining approximately constant levels of concentration 
would require a cut in present emissions of about 
10-20 percent for methane, and of about 80-85 per
cent for nitrous oxide (Lashof and Tirpak 1989). 

Combined emission scenarios 

For the equilibrium response calculations, we examine 
six cases (Table 1.2.2): a high (A), medium (C), and 
low (E) case for energy, CFCs and N 2 0 and CH4 using 
the CFC projections by Ramanathan et al. (1985), and 
a high (B), medium (D), and low (F) case based on 
the Montreal Protocol. Cunent concentration growth 
rates and the various assumptions on future growth 
rates are summarized in Tables 1.2.2 and 1.2.3. 

For the transient response studies, we combine the 
high and medium energy scenarios with the medium 
scenarios for CFCs, N 2 0 , and CH4 based on Ramana
than et al. (1985). For the low energy scenario, we use 
the extrapolation of the Montreal Protocol and the 
low scenario for N 2 0 and CH4. 

2. Equilibrium response studies 

Trace gas concentrations 

Fig. 1.25 a-d and Table 1.2.4 show the calculated trace 
gas concentration increases from 1960 to 1980, and 
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Figure 1.25 Calculated trace gaa concentration change from 1860-1980, and for the high, medium, and low 
scenarios given In Table L2J2 from 1980-2030—for (a) CO, (b) CH« (c) NaO (d) CFC-11 and CFC-12 
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Table 1.2.3 Additional chlorofluorocarbons considered In this study 

Compound 

cH3ca3 

Main use 

Degrcasing solvent 

CFC-22 (CHOFj) Refrigerant, iterilant 

ca4 
CFC-14(CF4) 

CHjClj 

CFC-13 (CCDF3) 

CHCI3 

CFC-lWfCjFg) 

Used for CFC-production 

Aluminum industry 

Solvent 

Used for CFC-22 production 

Aluminum industry 

-12 1) ppt" parts per trillion - 1 0 

Extracted from Ramanathan et al. (1985) 

Estimated 
average 
life-time 

yrs. 

8 

20 

50 

500 

0.6 

400 

0.7 

500 

Global 
average 

atm.com:. 
(ppt)" 
1980 

140 

60 

130 

70 

30 

7 

10 

4 

Growth rates (%/yr) 
1980-2030 

High Medium Low 

6.77 

7.15 

237 

3.02 

4.71 

5.46 

4.71 

4.71 

4.86 

5.56 

1.69 

2.49 

3.87 

439 

232 

337 

337 

3.87 

0.87 

2.12 

2.44 

3.55 

1.39 

1.85 

from 1980 to 2030, for the range of scenarios given 
in Table 1.2.2 and 1.2.3. The concentrations up to 1980 
are based on empirical expressions deduced by Wigley 
(1987) from observations. The projections to 2030 are 
fitted to growth rates given by Ramanathan et al. 
(1985). The resulting formulas for the respective gases 
and time periods can be found in Appendix 1.1. 

For COj, Fig. 1.25 a) shows an increase of 13 percent, 
33 percent and 63 percent in 2030 over 1980 for the 
low, medium, and high scenarios, respectively. Note 
that the low ("Efficiency") scenario begins to show a 
stabilization in C 0 2 concentration by the late 2020s. 

Large concentration increases also result for the other 
trace gases. Compared to 1980, the 2030 concentra
tions for CH4 would be 12 to 100 percent higher (Fig. 
1.2.5 b), and those for N 2 0 would be 16-49 percent 
higher (Fig. 1.25 c). The CFC projections show even 
greater changes, reaching 2.8 to 11.4 times the 1980 
figure (Fig. 1.2.5 d). In the ideal, but not very realistic 
case in which the legally permitted exemptions of the 
Montreal Protocol were disregarded, the concentra
tion increase would be limited to about 70 percent 
of 1980 levels. 

Equivalent C02 concentrations and global warming 
commitment 

The individual concentrations of each trace gas can 
be converted into an equivalent C 0 2 concentration. 
This index is the total concentration of all gases 
expressed in terms of a COg equivalent that would pro
duce the same amount of radiative forcing, and there
fore warming. (See Appendix 1.2 for the method used 
in this conversion). 

Fig. 1.2.6 shows the estimated 
global concentration and 
wanning trends for the high, 
medium and low scenarios 
(inputs from Tables 1.2.2 and 
1.2.3). Both COj, CH^NgO and 
the ten CFCs are included. The 
plot covers the historic period 
from 1850 to 1980, and the sce
nario period from 1980 to 2030. 
The changes are given both in 
terms of equivalent C 0 2 con
centrations (left ordinate, see 
also Table 1.2.4), and in terms 
of the global average equilib
rium surface temperature 
(right ordinate). The warming 
is based on a climate sensitivity 
of 2.3° C (see Appendix 1.1). 

Figure 1.2.6 and Table 1.2.4 illustrate a very important 
finding. While carbon dioxide concentrations will be 
a little more than 350 ppm by 1990, the equivalent C0 2 

concentration in the same year will be already about 
400 ppm. Likewise, if carbon dioxide from fossil fuel 
combustion was the only source of greenhouse gases, 
a doubling of C 0 2 from the preindustrial value of 290 
ppm to 580 ppm would not occur before the second 
half of the next century under any of the scenarios. 
By contrast, a doubling on an equivalent-C02 basis 
would already occur by 2011 in the high scenario A. 
By 2030, the doubling mark based on COj-equivalence 
has been passed in both scenarios A, B, and C This 
means that levels of climate risk formerly associated 
with the doubling of C 0 2 are reached much sooner 
once the other trace gases are taken into account 

Overall, there are major differences in the expected 
global warming (Figure 1.2.6 and Table 1.25). For a 
climate sensitivity of 2.3° C, total warming in 2030 rel
ative to 1850 ranges from 1.5° C to 4.2° C. 

Relative contribution of individual trace gases to 
warming 

In assessing the relative importance of control policies 
in different areas, it is necessary to know how much 
warming is contributed by each greenhouse gas. To 
put things into context, we compare historic 
(1850-1980) contributions to equilibrium surface 
warming with future (1980-2030) warming contribu
tions. This information is given in Table 1.25, which 
allows comparison of the contributions between indi
vidual gases, time periods, and scenarios. Cumulative 
results for the two periods are also graphically shown 
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Table 1.2.4 Historic and projected atmospheric concentrations of 
Important trace gases for a range of scenarios 

Year 

Scenario1 

1850 
1900 
1950 
1980 

1990 

2000 
* 

2010 
* 

2020 
< 

2030 
* 

f A 

B 
C 
D 
E 

I F 

( A 

B 
C 
0 
E 

k F 

r A 
B 
C 
0 
E 

I F 

f A 

B 
C 
D 
E 

I F 

f A 

B 
C 
D 
E 

I F 

C0 2 

ppm 

287.4 
296 
312 
338 

360 
360 
355 
355 
354 
354 

386 
386 
374 
374 
377 
377 

425 
425 
397 
397 
380 
380 

479 
479 
422 
422 
382 
382 

551 
551 
450 
450 
381 
381 

Atmospheric Concentrations 

CH4 

ppm 

0.863 
0.974 
1.136 
1.650 

1.896 
1.896 
1.769 
1.769 
1.688 
1.688 

2.178 
2.178 
1.897 
1.897 
1.727 
1.727 

2.503 
2.503 
2.034 
2.034 
1.767 
1.767 

2.877 
2.877 
2.187 
2.187 
1.808 
1.808 

3.300 
3.300 
2.340 
2.340 
1.850 
1.850 

N20 

ppm 

0.280 
0.285 
0.303 

0.327 
0.327 
0.315 
0.315 
0.312 
0.312 

0.354 
0.354 
0.328 
0.328 
0.321 
0.321 

0.383 
0.383 
0.342 
0.342 
0.330 
0.330 

0.415 
0.415 
0.358 
0.358 
0.340 
0.340 

0.450 
0.450 
0.375 
0.375 
0.350 
0.350 

CFC-11 

ppb 

0.179 

0.290 
0.219 
0.286 
0.219 
0.220 
0.219 

0.470 
0.252 
0.438 
0.252 
0.270 
0.252 

0.762 
0.274 
0.616 
0.274 
0.332 
0.274 

1.236 
0.296 
0.820 
0.296 
0.408 
0.296 

2.000 
0.318 
1.051 
0.318 
0.500 
0.318 

CFC-12 

ppb 

0.307 

0.499 
0.356 
0.486 
0.356 
0.380 
0.356 

0.813 
0.400 
0.745 
0.400 
0.472 
0.400 

1.323 
0.438 
1.047 
0.438 
0.584 
0.438 

2.153 
0.476 
1.394 
0.476 
0.724 
0.476 

3.500 
0.514 
1.787 
0.514 
0.900 
0.514 

Equivalent 
C0 2 

concentration 
ppm z 

287.4 
299 
321 
378 

422 
417 
410 
405 
401 
401 

481 
464 
450 
436 
434 
433 

575 
530 
500 
472 
445 
441 

727 
622 
559 
512 
457 
448 

986 
746 
630 
558 
466 
452 

Notes 
1) For explanation of scenarios see Table 1.2.2 and 1.2.3 
2) Including the CFCs shown in Table 1.2.3 
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Table 1.2.5 Contribution of trace gases to the past and future 
greenhouse effect for a range of scenarios 

Year 
Scenario u 

1850 
1900 
1950 
1980 

1990 

2000 

2010 

2020 

2030 

fA 
B 
C 
D 
E 

IF 
fA 

B 
C 
D 
E 

IF 

fA 
B 
C 
D 
E 

IF 

fA 
B 
C 
D 
E 

IF 

fA 
B 
C 
D 
E 

IF 

Equilibrium Temperature Change (C02)2) relative to 1850 

C0 2 

0.000 
0.097 
0.270 
0.534 

0.742 
0.742 
0.696 
0.696 
0.686 
0.686 

0.971 
0.971 
0.867 
0.867 
0.894 
0.894 

1.288 
1.288 
1.064 
1.064 
0.920 
0.920 

1.682 
1.682 
1.265 
1.265 
0.937 
0.937 

2.143 
2.143 
1.477 
1.477 
0.928 
0.928 

CH4 

0.000 
0.038 
0.089 
0.231 

0.291 
0.291 
0.261 
0.261 
0.240 
0.240 

0.355 
0.355 
0.291 
0.291 
0.250 
0.250 

0.424 
0.424 
0.323 
0.323 
0.260 
0.260 

0.498 
0.498 
0.357 
0.357 
0.270 
0.270 

0.577 
0.577 
0.390 
0.390 
0.280 
0.280 

N20 

0.000 
0.000 
0.009 
0.037 

0.074 
0.074 
0.055 
0.055 
0.051 
0.051 

0.114 
0.114 
0.075 
0.075 
0.065 
0.065 

0.155 
0.155 
0.096 
0.096 
0.078 
0.078 

0.199 
0.199 
0.119 
0.119 
0.093 
0.093 

0.245 
0.245 
0.144 
0.144 
0.108 
0.108 

CFC-11 

0.000 
0.000 
0.000 
0.025 

0.041 
0.031 
0.040 
0.031 
0.031 
0.031 

0.066 
0.035 
0.061 
0.035 
0.038 
0.035 

0.107 
0.038 
0.086 
0.038 
0.047 
0.038 

0.174 
0.042 
0.115 
0.042 
0.057 
0.042 

0.281 
0.045 
0.148 
0.045 
0.070 
0.045 

CFC-12 

0.000 
0.000 
0.000 
0.049 

0.080 
0.057 
0.078 
0.057 
0.061 
0.057 

0.131 
0.064 
0.120 
0.064 
0.076 
0.064 

0.213 
0.071 
0.169 
0.071 
0.094 
0.071 

0.347 
0.077 
0.225 
0.077 
0.117 
0.077 

0.564 
0.083 
0.288 
0.083 
0.145 
0.083 

Other 
CFC 

0.000 
0.000 
0.000 
0.023 

0.037 
0.032 
0.038 
0.032 
0.028 
0.032 

0.060 
0.038 
0.058 
0.038 
0.034 
0.038 

0.097 
0.041 
0.082 
0.041 
0.041 
0.041 

0.156 
0.044 
0.109 
0.044 
0.049 
0.044 

0.249 
0.046 
0.139 
0.046 
0.058 
0.046 

All 
CFC 

0.000 
0.000 
0.000 
0.098 

0.159 
0.120 
0.156 
0.120 
0.120 
0.120 

0.257 
0.138 
0.240 
0.138 
0.148 
0.138 

0.417 
0.150 
0.337 
0.150 
0.182 
0.150 

0.676 
0.162 
0.449 
0.162 
0.223 
0.162 

1.094 
0.174 
0.575 
0.174 
0.274 
0.174 

All 
Gases 

0.000 
0.135 
0.368 
0.900 

1.265 
1.226 
1.168 
1.131 
1.098 
1.097 

1.697 
1.578 
1.473 
1.372 
1.356 
1.346 

2.284 
2.017 
1.820 
1.633 
1.440 
1.408 

3.055 
2.541 
2.190 
1.904 
1.523 
1.462 

4.059 
3.138 
2.585 
2.184 
1.590 
1.49 

Notes 
1) For explanation of scenarios see Table 1.2.4 
2) Calculations are for a climate sensitivity of 2.3° C for a doubling of COj (see appendix 1.1 for details) 
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in Figures 1.2.7 and 1.2.8. For each greenhouse gas, 
the contribution to total warming commitment can 
be read off the graphs both in terms of degrees (rel
ative to 1850) and as a percentage share. 

Carbon dioxide: Between 1860 and 1980, the dominant 
contribution was from C02 , which had a share of 59 
percent of the historic warming commitment For the 
period 1980-2030, the relative share of C 0 2 is some
what reduced if CFC control is not implemented, but 
at ca. 51-57 percent (Fig. 1.2.7), C 0 2 is still the dom
inant driving force of warming. With the Montreal Pro
tocol implemented, there would be somewhat of an 
increase, to 67-73 percent These figures underline 
the importance of reductions in fossil fuel use. 

In absolute terms, the contribution to temperature 
change from C 0 2 was 0.53° C for the 130 years from 
1850-1980. It is expected to reach 1.6° C in the high 
scenario over a period of only 50 years. This would 
be a dramatic, eight-fold acceleration of the warming 
commitment, from an average of 0.04° C per decade 
to 0.32° C per decade. By contrast, the rate of wanning 
commitment in the low scenario would be close to his
toric levels. The average C 0 2 contribution would be 
only 0.39° C from 1980-2030, or 0.08° C per decade. 

As can be seen from Table 1.2.5, the fossil fuel reduc
tion measures in the low scenarios E and F begin to 
show an effect as early as 2010, with the absolute warm
ing commitment from C 0 2 levelling off at 0.9° C 
around 2030 and then beginning a very slow down
ward trend in 2030 and beyond (not shown here). 

CH4 andN^O: These gases contributed 26 percent and 
4 percent, respectively to the historic warming com
mitment Over the period 1980-2030, the N 2 0 share 
is expected to double, while CHj would lose more than 
half its share in all three scenarios. 

CMvofluorocarbonr. By 1980, the total CFC contribution 
was already a surprising 10 percent, considering that 
CFCs in the atmosphere were first observed in mea
surable amounts in the early 1960's. In the future, their 
share depends strongly on the measures taken to pro
tect the ozone layer. 

In absolute terms, the contribution to global wanning 
of all CFCs was about 0.1° C for 1960-1980; it could 
increase ten-fold without Montreal control in the high 
scenario A Under full implementation of the Protocol 
without use of permitted exemptions, it would double. 
In percentage terms, the Montreal Protocol has the 
following impacts: 

• Without the Protocol, the warming contribu
tion of the CFCs would roughly treble to 25-32 

percent, making them the second largest driv
ing force of global warming after C 0 2 (Fig. 
1.2.7); 

• With full implementation of the Protocol and 
no use of exemptions, the CFC contribution 
to warming shrinks to 3-13 percent (Fig. 1.2.8). 

These findings show that international agreements 
like the Montreal Protocol can be a very important 
factor in limiting warming.4 The same figures also 
show that fossil fuel reductions are the overriding 
factor in preventing a COg-equivalent doubling. This 
underscores energy policy's preeminent role in cli
mate stabilization. 

Contribution to warming from individual CFCs: Fig. 1.2.9 
shows the contribution of individual CFCs to the total 
warming commitment from all CFCs. The figure shows 
the shift in percentage shares relative to 1960 for three 
cumulated time periods. The 2030 warming commit
ment from CFC-12 is almost double that of CFC-11. 
CFC-12 and CFC-11 are presently the dominant green
house gases among the CFCs, with a share of 76 percent 

The impact of the Montreal Protocol is also shown 
(shaded area). If applied only to CFC-11 and CFC-12, 
the Protocol would reduce the warming commitment 
from all ten CFCs to 44 percent of the medium trend 
projection (scenario C). The warming commitment 
from CFC-11 and CFC-12 alone would be reduced to 
31 percent If the protocol were applied to the whole 
group of ten CFCs considered here,5 the warming 
would be reduced to 23 percent of the ncxontrol case. 

Comparison with other studies 

To assess the relationship of these model calculations 
to other studies, we compare our results with those 
obtained by Ramanathan etal. (1985) and Tricot and 
Berger (1987), using three different time periods 
(Table 1.2.6). All results are based on a climate sen
sitivity of about 2° C. 

The estimated historic temperature increase from all 
gases combined is similar in all studies, ranging from 

4. Because of the permitted exemptions, the impact 
of the protocol will be diluted. It is now widely 
recognized that the protocol will need to be streng
thened, and such action is planned for 1990. 

5. It is assumed that the UN protocol is only applied 
to CFC-11 and CFC-12, while the other eight CFCs 
grow according to the "medium" projections shown 
in Table 1.2.3. On that basis, total warming from all 
CFCs is 0.18° C, as shown in Table 1.2.5. The case 
of applying the protocol to the other eight CFCs is 
not represented among the six scenarios in Table 
1.2.5. 
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Table 1.2.6 Comparison of historic and future trace gas contributions to 
global equlibrium warming as obtained by different authors and scenarios 

s 

to 
I 

Period 

1850/80 

-1980 

1980-2030 

1850/80 
-2030 

Authors/Scenarios 

Ramanathan et al. (1985) 

Tricot ABerger (1987)1) 

This study 2) 

Ramanathan et al. 

Tricot & Berger 

Scenarios 3) 

This study • 

' A 

B 

C 

D 

E 

. F 

Ramanathan et al. 

Tricot & Berger 

Scenarios 

This study | 

IF 

CC 

°C 

0.52 

0.61 

0.53 

0.71 

0.80 

1.61 

1.61 

0.94 

0.94 

0.39 

0.39 

1.23 

1.41 

2.14 

0.93 

Equilibrium Surface Temperature Change (°C) 

»2 

% 

70 

74 

59 

52 

66 

51 

72 

56 

73 

57 

67 

58 

69 

53 

62 

CH 

°C 

0.12 

0.11 

0.23 

0.14 

0.19 

0.35 

0.35 

0.16 

0.16 

0.05 

0.05 

0.26 

0.30 

0.58 

0.28 

4 
% 

16 

14 

26 

10 

16 

11 

15 

09 

12 

07 

08 

12 

15 

14 

19 

N20 

°C % 

0.02 3 

0.02 2 

0.04 4 

0.10 7 

0.06 5 

0.21 7 

0.21 9 

0.11 6 

0.11 8 

0.07 10 

0.07 12 

0.12 6 

0.08 4 

0.25 6 

0.11 7 

CFC-11 

°C 

0.02 

0.03 

0.26 

0.02 

0.12 

0.02 

0.05 

0.02 

0.28 

0.05 

% 

3 

3 

8 

1 

7 

2 

7 

3 

7 

3 

CFC-12 

°C 

0.04 

0.05 

0.52 

0.03 

0.24 

0.03 

0.10 

0.03 

0.56 

0.08 

% 

5 

6 

16 

2 

14 

3 

14 

6 

14 

6 

Other CFC4' 

°C 

0.02 

0.02 

0.23 

0.02 

0.12 

0.02 

0.04 

0.02 

0.25 

0.05 

% 

2 

3 

7 

1 

7 

2 

5 

4 

6 

3 

All CFC 

°C 

0.09 

0.07 

0.10 

0.43 

0.16 

1.00 

0.08 

0.48 

0.08 

0.18 

0.08 

0.51 

0.23 

1.09 

0.17 

% 

11 

10 

11 

31 

13 

32 

3 

28 

6 

25 

13 

24 

12 

27 

12 

All 
Gases 

°C 

0.74 

0.82 

0.90 

1.38 

1.21 

3.16 

2.24 

1.69 

1.29 

0.69 

0.59 

2.12 

2.03 

4.06 

1.49 

1) Equilibrium temperature response calculations based on trace gas concentration scenarios given by Wuebbles et al. (1964). 
2) Equilibrium temperature response calculations based on empirical expressions describing both observed and projected concentration changes as given by Wigley (1987). 
3) See TaWe I.2.2. 
4) See TaWe 1.2.3. 

All estimates are based on a model climate sensitivity of ca. 2° C for a doubling of CO* 



0.74 to 0.90° C over the past 100-130 years. The esti
mates for the contributions of all CFCs are also similar. 
Our study shows higher estimates for CH4 and N 2 0 . 
The discrepancies likely reflect differences in the 
empirical expressions derived for observed and pro
jected concentrations. 

The projecdons over the next 50 years depend on the 
adopted scenarios. The estimates by Ramanathan et 
al. (1985) and Tricot and Berger (1987) are close to 
the medium and low scenarios C and D in our study. 
The "Efficiency" scenarios E and F for fossil fuel use 
cut the warming contribution from C 0 2 to about 50 
to 60 percent of the estimates obtained by the other 
authors. 

Total warming commitment including ozone 

To obtain the total equilibrium surface warming, we 
add to the figures shown in Tables I.2J5 and 1.2.6 the 
greenhouse warming caused by ozone, as estimated 
by Ramanathan et al. (1985). This contribution 
amounts to 0.04° C from tropospheric O s for 
1880-1980, and 0.14° C from both tropospheric and 
stratospheric O s for 1980-2030. 

Based on the estimates of the various studies, we then 
obtain the following ranges for the total warming com
mitment (climate sensitivity about 2° C): 

• 0.8-0.9° C for the period 1850/80-1980; 

• 0.7-3.3° C for the period 1980-2030; 

• 15-4.2° C for the total period 1850/80-2030. 

An approximate threefold amplification toward the 
poles would yield a warming of: 

• 5-13° C for 1880-2030. 

These ranges underline that similar findings for his
toric warming do not preclude widely differing results 
for future warming. There is not one, but, several 
paths into the future. Which path will become reality 
is ultimately a function of policy decisions. 

Comparison with climate stabilization targets 

If we compare these warming impacts with the climate 
stabilization targets discussed in Chapter 1.1, the fol
lowing observations can be made: 

• In the low" combined scenarios, the warming 
commitment would increase by ca. 1.5° C in 
2030 relative to preindustrial conditions. If real
ized, the climate would be about as warm as 
in the Holocene some 6,000 years before the 
present (yBP). 

• If the warming commitment of "medium" com
bined scenarios were realized, the climate 
would warm by 2.2-2.6° C, i.e., to levels not 
experienced since the last Interglacial, i.e., the 
Eem-Sangamon some 125,000 yBP. 

• In the "high" combined scenario A (no Mon
treal Protocol), the earth could warm to con
ditions not experienced since 3 to 5 million 
yBP (the Pliocene warm period) when it was 
some 4° C warmer than today. 

3. Radiative forcing limit 

Our equilibrium response calculations are based on 
a moderate to low climate sensitivity of 2.3° C To com
prehensively evaluate these scenarios against the warm
ing limit we now determine for the full range of 
climate sensitivities what equivalent-C02 concentration 
would produce an equUibrium temperature rise equal 
to the warming limit of 2.5° C. These equivalent-COg 
concentrations can then be compared with the actual 
equivalent concentrations in each scenario (Table 
1.2.4). We can then determine the maximum climate 
sensitivity under which each scenario would still satisfy 
the warming limit6 

Table 1.2.7 shows the maximum radiative forcings and 
equivalent-COg concentrations for climate sensitivities 
ranging from 1.5 to 5.5° C, based on the formulation 
in Appendix 1.1 and linear scaling. 

Table 1.2.7: Maximum radiative forcing and 
maximum equlvalent-C02 concentrations under 
a warming limit of 2.5° C, as a function of model 

climate sensitivity 

Climate sensitivity (° C for 2x00^ 

1.5 2.3 4.5 5.5 

Maximum Radiative 
forcing (W/m*) 

Maximum 
equivalent 
C02 cone, (ppm) 

7.32 4.77 2.44 2.00 

911 610 422 393 

Notes: See Appendix I.I for derivation 

A comparison of this table with the equivalent-C02 

concentrations in Table 1.2.4 shows the following: 

* Present equivalent-G02 concentrations already 
preclude climate stabilization if climate sensi
tivity should be 5.5° C or more. 

6. Assuming that concentrations remain level until equi
librium is reached. 
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• The maximum climate sensitivity for which the 
lowest scenario (F) would still satisfy the climate 
stabilization criterion is 2.5 x 213/15 = 3.8° C 
(2xC02). 

Further emissions beyond 2030 would create addi
tional commitments. But the above equilibrium 
warming figures do not tell us how fast these ulti
mate temperature levels would be reached. Thus, 
the rate of warming over time, which is an important 
parameter in climate stabilization, cannot be deter
mined from these results. A full assessment of each 
scenario therefore requires calculation of the tran
sient response. 

4. Transient response studies 

To estimate the delayed long-term warming effects, 
we now turn to a transient response analysis. The time 
frame for this analysis spans the historical period of 
1860 to 1980 and the projected period of 1980 to 2100. 
The modelling concept used in the transient response 
experiments is shown in Fig. 1.2.2 above. 

Trace gas concentrations to 2100 

Carbon dioxide: The estimated COg-concentration 
changes for the extrapolated energy scenarios "Oak 
Ridge A" and "Energy Efficiency" are shown in Table 
1.2.1 above. The enormous fossil-fuel consumption in 
the "Oak Ridge A" scenario would lead to a more than 
7 fold increase in C02-concentration from the 1980 
value of 338 ppm to almost 2,500 ppm in 2100. In the 
extrapolated "IIASA Low" scenario (not shown in 
Table 1.2.1), CO^oncentration would double. In the 
"Energy Efficiency0 scenario, the CO^oncentration 
would peak at around 380 ppm in the late 2020's and 
then decline to 364 ppm by 2100, or about 8 percent 
above its level in 1980. 

Other trace gases: We use a "medium" and a "low" sce
nario. In both the "medium" and the "low" scenario, 
CFC-11 and CFC-12 emissions are cut to 50 percent 
of 1986 production levels, equivalent to implementing 
the Montreal Protocol without use of exemptions. 
Ongoing emissions lead to a slow further rise in atmo
spheric concentrations. In 2100, the two gases con
tribute a C0 2 equivalent of 7 and 14 ppm, respectively7. 

7. EquivalentCOj concentrations for individual trace gases 
are calculated on an incremental or marginal basis, 
assuming no other trace gases besides COj are present 
Mathematically, these ppm figures are not additive (see 
Appendix 1.1 and 1.2). For die ranges of concentradon 
values in the "low" scenario, the error from adding indi
vidual increments rather than applying the calculation 
•o combinations of trace gases happens to be small. 

CH4 and N 2 0 concentration scenarios are based on 
extrapolating case C in Table 1.2.4 for the "medium" 
case. In the "low" scenario, equrvalent-C02 concen
trations for methane reach 31 ppm in 2100, and 8 ppm 
for nitrous oxide. 

Combinations: We calculate three combined scenarios. 
In the combined "high" case, the "Oak Ridge A" sce
nario for C0 2 is combined with the "medium" sce
nario for other trace gases. In the combined "medium" 
case, the "IIASA Low" extrapolation for C 0 2 is com
bined with the same "medium" trace gas scenario. In 
the combined "low" case, the "Energy Efficiency" sce
nario is combined with the low" assumptions for other 
trace gases. In this latter combined scenario, equh/a-
lent-C02 concentrations peak around 2030 and then 
slowly decline to about 430 ppm by 2100. For reasons 
discussed below, the "low" scenario is also dubbed the 
"toleration" scenario. 

Transient warming results 

We calculate the transient warming A T, for both a 1 J>° 
C and a 4.5° C sensitivity. The results for two of the 
three combined scenarios are shown in Tables 1.2.8 
and 1.2.9, respectively. All three combinations are 
graphically presented in Figures 1.2.10 and 1.2.11. 

Across all scenarios, the key findings (relative to the 
1850/60 mean global temperature) can be summa
rized as follows: 

• In the more optimistic case (low climate sen
sitivity), average global transient warming in 
the year 2100 could range from 0.9 to 4.5° C; 

• In the more pessimistic case (high climate sen
sitivity) the warming could range from 2.1 to 
8.3° C; 

• The total uncertainty in this warming trumpet 
reaches 7.4° C by 2100; 

• The model-sensitivity related uncertainty is 1.2° 
C (lowscenario) to 3.8° C (high scenario). 

In terms of how much warming would come about 
in the worst case, the key conclusions are as follows: 

• Even under a low (1J5° C) climate sensitivity, 
by 2100 the high combined scenario based 
on "Oak Ridge A" would warm the earth 
beyond all historic precedents over the last 
5 million years (including the Pliocene from 
5 to 3 million yBP); 

• The same conclusion applies to the medium 
combined scenario based on "IIASA Low," 
assuming a higher (4.5° C) climate sensitivity; 
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IvO 

I 
to 

Te(K) year 

1860 

1980 
1990 
2000 
2010 
2020 

1.5 2030 
2040 
2050 
2060 
2070 
2080 
2090 
2100 

1860 

1980 
1990 
2000 
2010 
2020 

45 2030 
2040 
2050 
2060 
2070 
2080 
2090 
2100 

"Oak Ridge A" energy scenario and "Medium" trace 

°°2 
0.00 

031 
038 
052 
0.68 
0.87 
1.13 
1.40 
1.75 
Z16 
258 
3.05 
333 
3.98 

0.00 

058 
0.74 
0.95 
1.24 
137 
2.03 
231 
3.09 
3.80 
436 
5.43 
634 
7.26 

ATs(K) (relative to 1860) 

CH4 

0.00 

0.12 
0.15 
0.16 
0.17 
0.18 
0.19 
021 
022 
024 
025 
027 
029 
0.31 

COO 

023 
029 
031 
033 
035 
037 
0.40 
044 
047 
051 
034 
037 
0.61 

due to 
N20 

0.00 

0.02 
0.04 
0.05 
0.06 
0.07 
0.08 
O08 
O09 
O09 
0.10 
0.10 
0.11 
0.11 

0.00 

0.04 
0.04 
0.05 
0.07 
0.10 
012 
013 
015 
on 
018 
020 
021 
022 

CFC-U 

0.00 

0.02 
0.02 
0.02 
0.02 
O03 
O03 
0.04 
O04 
0.04 
O04 
0.04 
0.04 
0.04 

0.00 

0.04 
0.04 
0.04 
0.04 
O04 
0.04 
OOS 
0.06 
0.06 
0.07 
0.07 
0.07 
0.08 

CFC-12 

0.00 

0.04 
0.04 
0.04 
0.04 
O04 
0.04 
0.05 
006 
O06 
O07 
007 
0.07 
O07 

0.00 

0.06 
0.06 
0.08 
0.08 
O09 
0.09 
O10 
OH 
0.12 
013 
0.13 
014 
0.15 

gas scenario 
Total of all gases 
ATsflC) relative to 

1860 

0.00 

051 
0.63 
0.79 
0.98 
130 
1.47 
1.79 
2.16 
238 
3.04 
334 
4.05 
437 

0.00 

095 
1.16 
1.43 
1.76 
2.16 
2.64 
330 
3.86 
4.61 
5.45 
637 
733 
833 

1946-60 

-0.35 

0.16 
038 
0.44 
0.63 
0.86 
1.12 
1.44 
131 
233 
Z70 
330 
3.71 
4.22 

-0.64 

031 
052 
0.79 
1.12 
132 
ZOO 
236 
332 
3.97 
4.81 
5.73 
6.69 
7.69 

1980 

•0.51 

0.00 
0.12 
0.28 
0.47 
0.69 
0.96 
138 
1.65 
Z07 
233 
3.03 
3.54 
4.00 

-0.95 

0.00 
031 
0.48 
0.81 
121 
1.69 
225 
Z91 
3.66 
430 
5.42 
6.38 
738 

Rounding errors with summation. 

ToleranW-scenario ("Efficiency" 

Te(K) year 

1860 

1980 
1990 
2000 
2010 
2020 

13 2030 
2040 
2050 
2060 
2070 
2080 
2090 
2100 

1860 

1980 
1990 
2000 
2010 
2020 

4.5 2030 
2040 
2050 
2060 
2070 
2080 
2090 
2100 

Rounding errors 

°°2 
0.00 

031 
038 
0.43 
0.47 
0.49 
031 
032 
032 
051 
030 
030 
030 
030 

0.00 

058 
0.73 
0.87 
0.98 
1.06 
1.11 
1.14 
1.16 
1.18 
1.18 
1.18 
1.18 
1.18 

energy scenario and "Low" trace 
ATi(K) (relative to 1860) 

CH4 

0.00 

012 
0.14 
0.15 
0.16 
0.16 
017 
0.17 
017 
018 
0.18 
0.18 
0.18 
0.18 

0.00 

023 
0.27 
0.30 
0.31 
0.33 
035 
037 
038 
0.39 
041 
0.42 
043 
0.44 

with summation. 

due to 
N20 

0.00 

0.02 
0.04 
0.05 
0.06 
007 
007 
O07 
O08 
008 
O08 
O09 
0.09 
0.09 

0.00 

O04 
0.05 
0.06 
0.08 
0.09 
O10 
0.12 
014 
0.15 
0.16 
017 
0.18 
0.19 

CFC-11 

0.00 

0.02 
0.02 
0.02 
0.03 
0.03 
0.03 
O04 
O04 
O04 
0.04 
O04 
0.04 
0.04 

0.00 

004 
0.04 
0.04 
0.04 
0.05 
0.06 
0.06 
O06 
0.07 
0.07 
0.08 
0.08 
0.08 

CFC-12 

0.00 

0.04 
0.04 
0.05 
0.05 
0.05 
O06 
O06 
0.06 
O07 
0.08 
0.08 
0.08 
0.08 

0.00 

O06 
0.06 
0.07 
0.07 
0.08 
0.09 
O10 
Oil 
0.12 
0.13 
0.13 
0.14 
015 

gas scenario) 
Total of all gases 
ATs(K) relative 

1860 

0.00 

051 
0.62 
0.71 
0.78 
0.82 
085 
0.87 
0.88 
0.89 
0.89 
0.90 
0.90 
0.90 

0.00 

0.95 
1.15 
134 
1.49 
1.62 
1.72 
1.79 
1.86 
1.91 
1.95 
1.98 
Z02 
Z05 

1946-60 

-0.35 

0.16 
027 
037 
043 
0.48 
051 
032 
053 
034 
055 
055 
055 
055 

-0.64 

0.31 
051 
0.70 
0.85 
0.98 
1.08 
1.15 
122 
127 
1.31 
1.34 
138 
1.41 

to 
1980 

4)51 

0.00 
OH 
020 
027 
031 
0.34 
0.36 
037 
0.38 
0.38 
339 
039 
0.39 

-0.95 

0.00 
020 
0.39 
054 
0.67 
0.77 
0.84 
0.91 
0.96 
1.00 
1.03 
1.07 
1.10 

Table 1.2.8 Transient surface temperature change 
ATs(K) for various energy and trace gas scenarios 

and different climate sensitivities Te(K) 

Table 1.2.9 Transient surface temperature change 
ATs(K) for various energy and trace gas scenarios 

and different climate sensitivities Te(K) 
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Figure 1.2.10 Transient surface temperature change for various scenarios related to 
different time periods and paleoclimatic conditions: Low climate sensitivity Te = 1.5K 
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• Should the higher climate model sensitivity of 
4.5° C turn out to be correct, the realized 
warming by the year 2100 in the "Oak Ridge 
A" case would even go beyond the Oligo-
cene/Miocene some 88 to 15 MyBP; 

• Since a major portion of the equilibrium warm
ing is disguised by the inertia of the ocean, the 
ultimate temperature rise in the years beyond 
2100 would be even higher. 

• The upper limit for me global average warming 
rate of 0.1° C per decade, as set out in Chapter 
1.1, will be exceeded four to sue times in the 
"high" scenario. 

Focusing on the optimistic end of the range of out
comes, the following observations apply: 

• In the "low" case based on the "Efficiency" sce
nario, with rapid COj control and significant 
reductions in the CH4, N 2 0 , and CFC growth 
rates, the realized global average warming by 
2100 would range between about 1 and 2° C; 

• If the lower climate sensitivity should prove cor
rect, the "low" combined scenario would not 
reach the conditions of the Holocene period 
some 6000 years ago; 

• Assuming the higher climate sensitivity is cor
rect, the realized warming would reach the 
range of conditions last experienced in the 
Holocene period. By 2100, realized warming 
would reach the conditions of the last inter
glacial period some 125000 yBP; 

• In the low sensitivity/"low" scenario case, the 
average warming rate over the next 120 years 
would be lower than the warming rate during 
the last 130 years. The trend curve of transient 

warming would be fully stabilized during the 
second half of the next century. 

• In the high sensitivity/"low" scenario case, the 
target warming rate of 0.1° C per decade would 
be exceeded by about 20 percent. Transient 
temperatures would still be rising slightly in 
2100, albeit at much less than the target rate 
(Table 1.2.9). 

• The "low" combined scenario would roughly 
stabilize the trend curve of realized warming 
around 2100, in contrast to the unbroken 
upward trends for the other scenarios. 

The latter point returns us to the relationship between 
warming commitment and realized warming, which 
we discussed in Section C above. 

Comparison of transient with equilibrium 
temperature change 

It is instructive to calculate for the scenarios and mod
eling approach used in this study how much of the 
wanning commitment made in a particular year is real
ized in that year. Table 1.2.10 shows a comparison of 
the expected equilibrium warming Te with the tran
sient warming T, for the "high" and "low" scenarios. 
The ratio of T,/Te gives the realized-warming fraction, 
i.e., the amount of global mean surface warming that 
has already occurred. To be able to observe trends, 
the figures are given for a series of progressively longer 
time periods from 1850/60 to 2030.8 

The modeling calculations, which are normalized 
to a climate sensitivity of 4.5° C, suggest that for the 

8. Equilibrium temperatures were calculated using the 
methods in Appendix LI and 1.2, including linear scal
ing among model climate sensitivities. 

Table 1.2.10 Ratio of transient and equilibrium warming for climate sensitivity 4.5° C 

Period 

1850-1980 

1850-1990 

1850-2000 

1850-2010 

1850-2020 

1850-2030 

Te 

1.71 

2.25 

2.83 

3.57 

4.46 

5.48 

High Scenario 

T8 

0.95 

1.16 

1.43 

1.76 

2.16 

2.64 

T8/re(4.5) 

0.55 

0.52 

0.51" 

0.49 

0.48 

0.48 

T8 

1.71 

2.17 

2.57 

2.65 

2.71 

2.72 

Low Scenario 
T8 T8 f l -e(4.5) 

0.95 0.55 

1.15 0.53 

1.34 0.52 

1.49 0.56 

1.62 0.60 

1.72 0.63 

Notes: 1) Equilibrium warmings calculated as shown In Appendix 1.1, linearly scaled to match transient model climate sensitivities. 
2) Transient warmings for higher scenario from Table 1.2.8, for lower scenario from Table 1.2.9. 
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historic period from 1850 to 1980, some 55 percent 
of the expected equilibrium warming should have 
already occurred. The range for the high and low sce
narios for the period up to 2030 is 0.48 to 0.62. These 
revealed warming fractions are similar to those 
reported in other analyses.9 

Emission trends also have some influence on the real-
ized-warming fraction: With higher and growing trace 
gas emissions, the share of the total warming commit
ment that remains hidden increases relative to scenar
ios of lower and declining emissions. These results 
underline that a strategy of early and major trace gas 
reductions is important to minimize the legacy of unre
alized warming commitments that will be borne by 
future generations. 

Comparison with other transient response studies 

Recently, Hansen etal. (1988) of the Goddard Insti
tute for Space Studies performed a scenario analysis 
similar to the one described in this report, but using 
a more sophisticated modelling approach based on 
a 3-d general circulation model. The model had a cli
mate sensitivity of 4.2° C. Transient calculations were 
performed by coupling the atmospheric GCM to an 
ocean model based on replicating, for each grid cell 
of the 3-d model, the simple diffusion approach used 
in this study. 

The emission scenarios are broadly comparable to the 
ones used in this report In the low scenario, COg con
centrations stabilize at 368 ppm, and CFC 11 and 12 
are phased out by 2000. CH4 concentrations stabilize 
at about 1900 ppm, and no increase occurs in N 2 0 
abundance. The low scenario achieves constant cli
mate forcing after the year 2000, somewhat earlier 
than in our calculations. 

With these assumptions, Hansen et al. arrive at a tran
sient warming of about 1.3-1.5° C relative to 1880 
(0.5-0.7° C relative to the 1951-1980 mean) by about 
2010-2030, with roughly stabilized temperatures there
after. If we take into account the somewhat lower climate 
sensitivity and radiative forcing scenario used in their 
study, these more sophisticated 3-d model simulations 
thus arrive at very similar figures as the 4.5° C sensitivity 
runs based on the 1-d model used in this study. 

5. Discussion 

Our calculations above clearly illustrate the impor
tance of the assumed climate sensitivity in translating 

9. Ramanathan (1988) reports a range of 45-75 percent 
for the realized-warming fraction from GCM-based 
calculations. See also Fig. 1.2.3 and Section C above. 

a global warming limit into specific emission reduction 
requirements. As discussed in Chapter 1.1, and as sug
gested by the trend toward higher climate sensitivities 
in the more recent scientific work, a risk-minimizing 
climate policy should be based on the upper end of 
the climate sensitivity range. Accordingly, we discuss 
and interpret our climate modeling results with focus 
on climate sensitivities in the 4.0-5.5° C range. 

Our transient response calculations suggest that at least 
for the period until 2100, global surface warming could 
still be limited to about 2° C or less—significandy less 
than the 25° C relative to 1850—provided that climate 
sensitivities fall within the range from 15 to 45° C And 
because transient temperature is less than proportional 
to climate sensitivity (see Section C above), the same 
conclusion can be extended to the entire range of cur
rent model climate sensitivities up to 5.5° C. 

At the same time, equrvalent-C02 concentrations in the 
"low" scenario (Table 15.11) climb significantly beyond 
the allowable equilibrium limit of 393-423 ppm calcu
lated for climate sensitivities of 4.5-5.5° C (see Table 
1.2.7 above), and decline only slowly by a moderate five 
percent after reaching their peak around 2030. In 2100, 
the equivalent-GOg concentration is still about 430 ppm. 
Thus, for climate sensitivities in the neighborhood of 
4-5-55° C, the 2.5° C warming limit would be reached 
and exceeded eventually should this concentration level 
persist. If, on the other hand, equivalent-C02 concen
trations were to decline further towards present levels 
during the first few decades of the 22nd century, 
the realization of more than a 2.5° C warming could 
possibly be avoided. With this assumption, and for a 
climate sensitivity in the neighborhood of 4.0-4.5° C, 
the permissible peak concentration limit during the 21st 
century might be as much as 450 ppm. 

It is worth stating what such an eventual return of 
equivalent-C02 concentrations to present levels would 
imply: fossil carbon dioxide emissions would have to 
be fully eliminated; a full ban on CFCs would have to 
be maintained without emitting new kinds of industrial 
greenhouse gases; the carbon storage in the land biota 
would have to be increased above current levels; 
and/or methane concentrations would have to be 
reduced somewhat rather than just stabilized. (We dis
cuss in Chapter 1.3 how these requirements square 
with our current knowledge of emission control 
options for the non-fossil trace gases).10 

10. In allowing for a transient excursion of the total radiative 
forcing equivalent to concentration values significantly 
above 400 ppm, one should also bear in mind that the 
climate system might not move about between alternate 
states in die smooth and gradual fashion current climate 
models predict (Broecker 1987). 
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Table 1.2.11 Equivalent C02 concentrations In the 
toleration scenario 

Gas 

C02 

CH4 

N20 

CFC-11 

CFC-12 

Total 

Equivalent CO2 Concentration « 

ca. 1990 

355 

28 

6 

3 

6 

400 

ca. 2100 

364 

31 

8 

7 

14 

429 

1) Equivalent-C02 concentrations calculated from Appendix 
I.I and 1.2. Individual values for CH4. N20, and the CFCs 
are calculated incrementally and therefore are not additive. 

We can assess our warming results in yet another way. If 
the world should succeed in fully eliminating CFC emis
sions around the turn of the century, equivalent-COj con
centrations would be reduced by about 10-15 ppm 
relative to the "low" scenario. (See Table 1.2.11) On the 
other hand, the phase-out11 assumptions for carbon diox
ide by Lovins et al. (1981) were based on rapid policy 
action beginning in the early 1980s. They are probably 
overly ambitious from today's perspective, since such early 
action has not occurred. If we assume that carbon dioxide 
concentrations stabilize at the peak level of about 380 
ppm rather than declining again, this would roughly can
cel the increment from the early phase-out of CFCs. All 
in all, trace gases other than carbon dioxide would con
tribute an increment of about 50 ppm, and equivalen t-
C0 2 concentrations would again be about 430 ppm. 

6. Conclusions 

These explorations lead to the following major con
clusions: 

• If actual climate response falls within the range 
of current model climate sensitivities, the goal 
of climate stabilization as defined in Chapter 
1.1 could still be realized; 

11. In this report, we occasionally refer to reductions in 
fossil COg emissions as a fossil phase-out. Note that 
in using this term in subsequent contexts we do not 
necessarily mean a complete elimination of these 
emissions. While such an assumption was made in 
the outer limit case of the "low" scenario, reductions 
to a low but significant residual emission level would 
be sufficient to eliminate fossil fuels as a driving 
force in climate change. 

• The maximum allowable equivalen t-C02 con
centrations in the next century would be 
430-450 ppm, provided that concentrations 
decline again thereafter. 

• The range of emission scenarios under which 
this goal could be achieved is very narrow. It 
is roughly captured by trace gas emissions as 
assumed in the "low" scenarios, and requires 
major and rapid reductions in greenhouse gas 
emissions. 

• Even the "low" scenario brings with it signif
icant climatic risks, which are, however, prob
ably unavoidable and must be tolerated; 

• Middle-of-the-road scenarios that project 
moderate and slow changes in emission 
trends, including a transition to constant 
C 0 2 emissions at present or higher levels, 
will not meet stabilization requirements. 
They would rapidly lead the world into cli
matic conditions not experienced since 3 to 
5 million yBP; 

• COg remains the dominant trace gas in all 
scenarios. Mitigation of these releases must 
therefore be the backbone of any climate 
stabilization policy. 

Because the range of warming expected from the 
low" scenario approximates climate stabilization at 
minimum avoidable, but non-zero climatic risk, we 
have dubbed it the toleration scenario. The term 
does not only apply to the specific combination of 
emissions described above, but is also used for any 
other scenario that is similarly compatible with the 
warming. 

E. FROM CONCENTRATION CEILINGS 
TO POLICY TARGETS 

The ominous implications of these and other recent 
climate modeling results have led to calls for deliberate 
reductions in greenhouse gas emissions. Before delv
ing into the details of how such reductions could be 
brought about, it is useful to take a broad look at the 
types of measures that can be taken, and the policy 
fields relevant to the greenhouse effect. 

1. Abatement approaches and policy fields 
involved in climate stabilization 

The principal "technical fixes" that can be used to 
reduce trace gas emissions include CFC control, recy
cling, and substitution; more efficient energy use; sub
stitution of fossil fuels by non-fossil energy sources; 
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Table 1.2.12 Applicability of control measures for trace gases 

Control option 

Control of industrial chemicals 

More efficient energy use 
Substitution with non-fossil sources 
Interfossil fuel substitution 

Emission reduction at the source 
Control deforestation/soil destruction 
Modification of agric. prod, methods 

GHG that Is reduced or Influenced 

CFC-11, CFC-12, other CFCs, Bromine compounds, 03S 

C02l N20. CO, NOx. HC, OH, CH4, 03T, S 

same 
mainly C02, NOx, OH, 03T 

N0X1 CO, HC, OH, 03T 
C02, N20, CO, N0X, HC, OH, CH4l 03T, S 

C02l N20, CO. N0X, OH, CH4.03T, S 

Q,T = ozone in troposphere O3S = Ozone in stratosphere 

substitution of fossil fuels by other fossil fuels; emission 
reduction at the source; tree planting and, more gen
erally, the control of deforestation and soil destruction; 
and the modification of agricultural production pat
terns. Table 1.2.12 shows the trace gases for which each 
approach is relevant and applicable. 

Implementing these measures involves a broad set 
of policy making areas, such as the licensing and reg
ulation of industrial chemicals; regulations governing 
stationary and mobile air pollution emissions in 
industry, households, and transport activities; energy 
planning, utility regulation, and fuel taxation; reg
ulation of imports of tropical forest products; agri
cultural subsidies and farm support policies; land-use 
zoning and planning; land reform, and development 
assistance policies. 

For most air-borne pollutants, the dominant approach 
to emission control so far has been emission reduc
tions at the source. However, inspection of Table 1.2.12 
shows that the most important trace gases, i.e., carbon 
dioxide, cannot be controlled in that manner. Stack 
gas scrubbing could possibly be applied to some large 
stationary emitters such as power plants, but the costs 
of doing so are prohibitive, and disposal problems 
unsolved (see Volume Two). This explains why energy 
policy must be the backbone of climate stabilization. 

2. Development of emission reduction 
targets 

Because of the dominance of fossil fuel consumption 
in global climate warming, we focus on the devel
opment of global and regional control targets for 
fossil carbon dioxide. The toleration scenario 
defines the gross proportions climate stabilizing 
energy strategies will need to satisfy. But many impor
tant questions remain about the exact speed of fossil 

fuel displacement that is needed or feasible in the 
near-term and over the long-term, how near-term 
choices could preempt the attainment of fossil car
bon budgets over the long-term, the relative contri
butions to emission reductions of industrialized and 
developing countries, and the best mix of fossil-
substituting resources. These issues are explored in 
Chapter 1.4 and subsequent chapters. 

Compared to the sources for most other trace gases, 
the magnitude of fossil fuel consumption and the tech
nologies and applications involved are relatively well-
understood. Alternative phase-out schedules along the 
lines of Figure 1.1.3 can therefore be explored in terms 
of their practical implications. But to make this 
detailed discussion of a fossil C 0 2 phase-out climat
ically meaningful, we also need to define the major 
practical steps needed to limit radiative forcing from 
non-fossil trace gases to the approximate magnitudes 
indicated in the toleration scenario. 

In Chapter 1.1 .E, we outlined the warming limit/emis
sion budge t / r educ t ion schedule methodology 
(WERM). At this point we have specified the total 
radiative forcing and equivalen t-C02 concentrations 
that could be compatible with the warming limit (step 
5), and we have established initial orders of magnitude 
for the equivalent-C02 contribution from trace gases 
other than carbon dioxide. 

In our further discussion, a principal objective is to 
establish the degree of optimism involved when one 
assumes that warming from trace gases other than 
C 0 2 can be controlled along the lines of the toler
ation scenario. This is an important assessment for 
the interpretation of all subsequent energy policy 
discussions: the more formidable the control require
ments, the greater the risk that they will not be fully 
achieved in practice. This, in turn, will put more strin
gent demands on energy policy if one and the same 
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warming limit is to be observed. Our entire study is, 
therefore, conceptualized to define an upper limit 
for future fossil fuel consumption, and correspond
ing minimum requirements for energy policy 
responses. 

Our discussion so far shows that the purely mathematical 
options for trade-offs that apparently exist among warm
ing contributions from each trace gas are more limited 
and less relevant when practical constraints are taken 
into account For one, the toleration scenario requires 
close to the maximum potential of emission reductions 
in each trace gas area. Secondly, some sources such as 

CFCs are more easily or reliably controlled than others 
such as methane or nitrous oxide. Finally, measures and 
policies for each trace gas must be in harmony with the 
overall goal for sustainable world development 

Without such assurance, climate stabilization policies 
run the risk of becoming yet another linear single-
issue effort in an interlinked world. It is therefore 
important to identify and pursue those measures that 
simultaneously address problems other than climate 
change. Our analysis in Chapter 1.3 seeks to identify 
the most important opportunities for such tic-ins 
(Schneider 1989). 
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CHAPTER 1.3 

CONTROL REQUIREMENTS FOR NON-FOSSIL 
GREENHOUSE GASES 

A. OVERVIEW 

This chapter deals with trace gases other than C 0 2 from 
fossil fuel burning. We investigate what technical and 
policy measures could be employed to realize the con
centration targets of the toleration scenario; how difficult 
it might be to realize these scenario targets; and what 
trade-offs, if any, could be made among greenhouse 
gases for which reductions are easier and those for which 
diey are more difficult and uncertain. We include in this 
chapter fossil carbon dioxide emissions from cement 
production, and carbon monoxide and methane releas
es from fossil energy production and use. 

In the various subsections below, we provide a brief 
overview of the global chemical cycle for each trace 
gas. A summary for the five major radiatively active-
gases is given in Table 1.3.1. The table shows their 
warming contributions as calculated in the toleration 
scenario, their major sources, and current emission 
rates. Also shown are several columns with percent
age reductions. The first column indicates the 
approximate reduction required to stabilize at
mospheric concentrations as estimated by Lashof and 
Tirpak (1989). The next column shows the range of 
reductions that could be feasible for various emission 
sources and trace gas uses. The corresponding con
trol options are the subject of this chapter. The final 
column shows the reductions relative to present 
emission levels as assumed in the "low" scenario of 
Chapter 1.2. 

To better mesh policy discussions with the list of gases 
to be addressed, we first investigate all those emissions 
that are mainly associated with the urban activities of 
modern industrial societies (Section B). 

Next, we examine those sources that are mainly related 
to agricultural production methods and other rural 
activities (Section C). Here, we focus on altered agri
cultural production methods and food consumption 
patterns. 

We then explore in Section D the contribution of 
biospheric carbon dioxide to the global carbon 
cycle and to rising atmospheric carbon dioxide con
centrations. In Section F, we examine what forestry 

measures and programs are required to reduce cli
mate risks. 

In all of our discussions, we pay special attention to 
issues of sustainable development and the needs of 
Third World countries. Sections C, D, and E as a unit 
address the key issue of increasing food production 
while preserving and restoring biospheric carbon pools. 

B. CFC RELEASES AND OTHER URBAN-
INDUSTRIAL EMISSIONS 

The principal radiatively active gases in this category 
are the chlorofluorocarbons CFC-11 and CFC-12, 
nitrous oxide (N20), and methane (CH4). Table 1.3.1 
shows their contribution to global transient warming 
in 2100 under the toleration scenario. Collectively, the 
urban-industrial sources represent about twenty per
cent of the total 2100 transient warming. 

We also briefly consider sources and control options 
for the chemically active nitrogen oxides (NOx) and 
carbon monoxide (CO). 

1. Chlorofluorocarbons (CFCs) 

In recentyears, the average growth rate of chloroflu-
orocarbon emissions has been about five percent per 
year. Due to the complex chemistry and long resi
dence time of several of the CFCs in the atmosphere, 
major (up to 100 percent) reductions in current 
release rates are required to stabilize atmospheric con
centrations (Table 1.31). The key initiatives for real
izing such reductions will have to come from the 
industrialized countries (ICs). These countries cur
rendy account for about 95 percent of global releases. 

Reducing CFC emissions will both prevent climate 
warming and avoid the impacts that ozone depletion 
would have on health (especially skin cancer), on agri
cultural productivity, and on the phytomass supporting 
marine life in the oceans. As further discussed below, 
the need to control ozone depletion may impose even 
more stringent control requirements on these sub
stances than the need to limit climate warming. 
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Table 1.3.1 Estimates of trace gas emission reduction potentials 
by Individual source or use, and assumed reduction In the toleration scenario 

Gas 

C02 

CH4 

N20 

CFC-11 

CFC-12 

TOTAL 

Anthropogenic 
source/use 

Cement4) 
Coal 4) 
Oil*) 

Gas 4) 
Fossil fuel use*) 

Land use conversion 
Total 

Cattle 
Biomass burning 
Rice paddy fields 

Landfills 
Natural gas & mining losses 

Total 

Fossil fuel combustion 
Cultivation of soils 
Fertilization of soils 
Biomass burning 

Total 

Foam 
Aerosol 

Refrigeration & 
air condition 

Other uses 
Total 

Refrigeration & 
air condition 
Aerosol 
Foam 

Other uses 
Total 

Emission 
rate 

base year1) 

Mt/yr» 

130 
2173 
2182 
853 

5338 
1000-2600 
6300-7900 

Mt/yr 

40-110 
30-110 
40-100 
30-70 
25-75 

165-465 

Mt/yr 

0-^.7 
1.6-3.2 
1.0-1.6 
0.8-1.4 

3.4-10.9 

kt/yr*) 

181.5 
102.3 

26.4 
19.8 

330.0 

kt/yr 

215.6 
140.8 
57.2 
26.4 

440.0 

Reduction 2100 vs. base 

To reach 
stable 

concent*) 

% 

50-80 

% 

10-20 

% 

80-85 

% 

75-100 

% 

75-100 

Estimated 
technical 
potential 

% 

100 

% 

20 
20-60 

20 
50-70 

100 
50-60 

% 

100 
0-50 
0-75 
50-75 
40-75 

% 

100 

% 

100 

year') 

Toleration 
scenario 

% 

100 

% 

10-20 

% 

60-70 «> 

% 

80 
95 

50 
58 
81 

% 

75 
95 
75 
48 
B0 

AT,(K)3) 
forT,=4.5K 

in 2100 

K 

1.18 

K 

0.44 

K 

0.19 

K 

0.08 

K 

0.15 

2.05 

1) Estimates with error bands refer to any year between 1970 and 1987; the fossil C02 and CFC-eslimates refer 
to 1985; data are from Tables I.3.9 and Marland et al. (1988) and Houghton et al. (1987) (CO,). 1.3.6 (CHJ, 
1.3.4 (NtO), 1.3.2 (CFC-11 and CFC-12). 

2) Estimates from Lashof and Tirpak (1989). 
3) AT.values calculated for the Toleration-Scenario (i.e., Efficiency Scenario for Energy and Low Trace Gas Scenario). 
4) Data are from Marland et al. (1988). CO, is given as C. 
5) Mt=10« tons; kt=10» tons. 
6) Calculations based on Weiss (1981), assuming a lifetime of 170 years. 
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Table 1.3.2 Global Sources for CFC-11 and CFC-12 1) 

Sources/uses 

Natural sources: 

Man-made sources/uses 

Closed-cell foams 

Aerosol propellant 

Open-cell foams 

Refrigyair cond. 

Other uses 

Total 

CFC-11 

103t/yr 

None 

118.8 

102.3 

62.7 

26.4 

19.8 

330.0 

1) the estimates refer to 1985 

% 

36 

31 

19 

8 

6 

100 

Sources/uses 

Natural sources: 

Man-made sources/uses 

Refrig./air cond. 

Aerosol propellants 

Closed-cell foams 

Open-cell foams 

Other uses 

From: WMO (1985); Hammitt et al. (1986); Wuebbles and Edmonds (1988) 

CFC-12 

103t/yr 

None 

215.6 

140.8 

35.2 

22.0 

26.4 

440.0 

% 

49 

32 

8 

5 

6 

100 
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Sources of CFCs 

Table 1.3.2 shows current sources and applications for 
the two most important substances, CFC-11 and CFC-
12. Aerosol propellants, air conditioning and refrig
erator systems, insulation and packaging foams, and 
industrial and dry cleaning solvents are the dominant 
uses. In Table 1.3.3, we list for these and ten other CFCs 
a number of important characteristics, including 
recent growth rates, natural decay periods, and relative 
greenhouse warming, and ozone depletion potentials. 
Also listed are three CFCs (CFC-22, CFC-1 S2b, CFC-
134a) that are not yet in wide use, but are being con
sidered as substitutes for the most damaging 
commercial chemicals. Eight of the twelve chemicals 
shown are covered by the Montreal Protocol (see 
below). The exceptions are methyl chloroform, car
bon tetrachloride, and the three substitute CFCs 
already mentioned. 

There are gaps in the table reflecting the lack of cur
rent knowledge about some of these gases. Moreover, 
there are significant differences in the values of the 
relative greenhouse warming potential of individual 
gases given by Ramanathan et al. (1985) and those 
given by the Chemical Manufacturers Association 
(CMA, 1987 b). 

Mitigation options 

The following control measures have been suggested 
(Miller and Mintzer, 1986 and EPA, 1988): 

• Increase in efficiency of CFC use. For example, 
replacing rotary compressors by reciprocating 
compressors in refrigerators and chillers could 
reduce the mass of refrigerant (especially CFC-
12) by 50 to 70 percent or even more; 

• Reduction of operating losses. For example, of the 
CFC-12 used for automobile air conditioning, 
typically 50 percent escapes during servicing, 
30 percent is lost in routine leakage, and 20 
percent escapes when cars are scrapped. All of 
this can be reduced; 

• Recovery and recycling. About 50 percent of the 
CFC-11 used in foam manufacturing can be 
recovered through carbon filtration. CFC-12 
used in vehicular air conditioning can also be 
recovered. CFC-113 used for degreasing and 
cleansing can be recycled through closed-cycle 
in-house distillation equipment; 

• Substitution by CFCs with little or nod A. substitu
tion of one CFC by another must be carefully 
considered by examining all factors involved, 

such as toxicity, flammability and economics, etc., 
but above all the relative ozone depletion poten
tial (ODP), the contribution to the greenhouse 
effect, and other effects on the environment. For 
example, CFC-22 (CHC1F2) is considered a can
didate for replacing CFC-12 in home and vehic
ular air conditioning. It has only about V$o th the 
ODP and Vi« th the greenhouse potential of CFC-
12 (see Table U.3).1 But since it is largely broken 
down in the troposphere, the side-effects of the 
decomposition products must be carefully exam
ined prior to a shift. One of the decay products 
in the troposphere is hydrochloric acid (HQ) 
which is itself an ozone-depleting substance; 

Substitution of CFC-11 and CFC-12as aerosols and 
refrigerants by substances without any CI, such 
as CFC-152 a (CHSCHF2); 

Switching to CFC-free processes and products. For 
example, the use of aerosols as hair, body, 
room, shoe or car sprays, as well as agricultural 
uses, and paints is superfluous, and they can 
be replaced by deodorant roll-ons, creams, 
pumped pressure, nitrogen, or propane-
butane mixtures. The U.S. and Scandinavia 
have switched to hydrocarbon (HC) propel
lants for 90 percent of these aerosols. 

For insulation, polystyrene foams can be 
replaced by fiberglass, mineral wool, and cel
lulose in building applications. In refrigeration 
equipment, evacuated panel technology can 
replace blown insulation at great energy effi
ciency gain (see below and Volume Two). Non-
urethane foam can be blown with pentane. 
High efficiency air conditioning compressors 
can use low vapor-pressure hydrocarbons; 

The gasoline additive ethylene bromide 
(CH2BrCH2Br, see also Table 1.1) is superflu
ous if lead-free gasoline is used. The displace
ment of lead and ethylene bromide should, 
however, be done in conjunction with the intro
duction of three-way catalytic converters to 
avoid emission of benzene and toluene, both 
of which are carcinogens. 

Allegedly, there are no good substitutes avail
able yet for the fire extinguishants halon 1301 
(CBrFs) and halon 1211 (CFjBiClJ.Methylbro-
mide (CH3Br), which is used as a soil fumigant, 
could be displaced by biological pest control 
and other changes in agricultural practices. 

1. Based on information provided by the Chemical Man
ufacturers' Association (CMA 1987a, b). 
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w 
I 

Compound 

CPC-ll 
(CFCIJ) 

cFc-12 

CFC-113 
( C ^ O j ) 

CFC-1M 
(CjF^Cl,) 

CFC-115 
(C^FjO) 

CFC-22 
(CHF2C» 

CFC-132b 
( O l ^ C C y 

CFC-134a 
(CHjCF^ 

Methyl Chloro
form (CHjCClg) 

Carbon Tecra-
chkride 
(ca4) 

Halon 1301 
(CBrF3) 

Halon 1211 
(CF2BiCl) 

Table 1.3.3 Summary of the main CFC-characterlstlcs Influencing the ozone 

Potential use1)2* 

Foam, aerosol, 
ftfrigiftsir cond. 

Refirig Aair cond, 
aerosol, foam 

Solvent, 
refrigerant 

Foam, 
refingerant 

Mixed with CFC-22 to 
form CFC-502 used as 
refrigerant 

Refrigerant 
iterilant 

Replacement for 
CFC-113 

Replacement for 
CFC-12 

Solvent 

Used in CFC pro
duction and grain 
fumigation 

Fire extmquMiam 
(permanent) 

Fireextmguishant 
(portable) 

Estimated global 
production 
(enusjtonl 

m 1 9 8 S 4 ^ 

(kt) 

340 
(238) 

440 
(412) 

1632 
(138) 

us a) 

4.9U> 

210 
(72) 

544.6 
(474) 

1029.0 
(«6> 

10.8 
0). 
10.8 
0) 

lifetime 

yrs.3)4) 

65 

130 

90 

180 

380 

20 

11') 

7 

SO 

no 

25 
(12-15)8) 

Concentration 
in txopoiphere 

inl98<r) 
relative to 

ppb CFC-12 

0.18 

028 

0.025 

0.015 

0.005 

0.06 

0.14 

0.13 

0.001 

0.0018) 

0.64 

1.0 

0X9 

0.05 

0.02 

0.21 

030 

0-46 

•cO.01 

Growth 
in 

trop. 

^ 1 1 ) 1 2 ) 

4-5 

5-6 

12-15 

6 

8-11 

5 

1.5 

20 

layer and the climate 

Relative 
greenhouse 

effect 
relative to 

CFC-12 

0.87*) 

1.0 

031 

0.13 

0M 

0^> 

uo5) 

03-0.86) 

U4> 

0.075) 

0X25) 

0.075) 

0-013) 

OJt5) 

Relative oxone 
depletion 
potential 
relative to 

CFC-II3)7) 

1.0 

05-1.1 

0.8 

0.6-1.1 

03-0.6 

0.05-0.08 

<ao5lfl) 

.o10) 

0,10-0.15 

0.9-1.1 

8-11 

2 - 3 

Share of 
the total 
contrib. 
to ozone 

253 

• 44.7 

11.7 

0-4 

5.1 

7.6 

3.7 

OS 

1) Miller and Mintzer (1986); 2) Hammitt et al. (1986): 3) CMA (1987 a); 4) Ramanathan et al. (1985): 
5) CMA (1987 b); 6) Reijnders (1987); 7) Hammitt et al. (1987); 8) WuebWes and Edmonds (1988); 
9) Rowland (1988); 10) UNEP (1987); 11) Ehhalt (1988): 12) Fabian (1988); 13) McFarland (1988) 



Table 1.3.3 shows that CFC-11 and CFC-12 are by far 
the most important CFCs.2 

Technical substitution potentials 

Miller and Mintzer (1986) investigated the short-term 
reduction potential at a cost of less than $5 per pound 
in applications of these CFCs. They found that for 
CFC-11, possible reductions are as follows: foam blow
ing agent 50 percent, aerosols 90 percent, refrigerants 
25 percent, and other uses 25 percent. For CFC-12, 
possible reductions are: refrigerants 25 percent, 
aerosols 90 percent, foam blowing 50 percent, and 
other uses 25 percent. 

It appears that much larger reductions than those 
identified by Miller and Mintzer under cost consid
erations are technically feasible. A recent analysis by 
Makhijani et al. (1988) found that all but two appli
cations of CFCs and halons could be replaced with 
available technology. Recently announced plans by sev
eral governments to achieve a 90 percent or greater 
phaseout by the mid-1990s (see below) are further 
indications of these possibilities. 

The Montreal Protocol 

In September 1987, representatives of 43 United 
Nations member countries signed a so-called UN Pro
tocol at Montreal on the control of chemicals that 
deplete the stratospheric ozone layer of the earth's 
atmosphere. This Protocol sets out reduction targets 
for CFCs and halons. The chemicals controlled by the 
Protocol fall into two groups (Dechema, 1987) and 
are listed in Table 1.3.3: 

- Group I: CFC-11,12,113,114,115 

- Group II: halons 1211,1301,2402 

After ratification of the Protocol, the following control 
measures are to go into effect: 

• A production and import freeze on the basis 
of 1986 figures six months after ratification but 
no later than 1990; 

• A 20 percent production cut by 1992; 

• A further 30 percent production cut to be 
introduced by the end of 1999; 

• Review and revision, if needed, every four years 
starting in 1990. 

2. Note, however, that other CFCs that are currendy 
less important already contribute about a quarter 
of the warming commitment from all CFCs (see 
Chapter I.2.D). 

It took about a decade to negotiate this agreement 
In the meantime, further research has revealed that 
a major speed-up of the Montreal reduction targets 
is urgently needed. 

The need for accelerated phase-out of CFCs 

A study by the U.S. Environmental Protection Agency 
(Hoffman and Gibbs 1988) found that stabilizing the 
ozone layer basically means stabilizing atmospheric 
chlorine and bromine levels. But under the Montreal 
Protocol, concentrations of these chemicals would still 
rise substantially and inexorably, due to the long atmo
spheric residence times of the chemicals. Even if it is 
assumed that each and every nation will participate 
in the Montreal agreement, the ozone layer would 
continue to be destroyed. The EPA study concludes 
that halting the depletion of the ozone layer will 
require a virtually 100 percent elimination by 1998 of 
the CFCs regulated under the Protocol, compared to 
a 50 percent cut under the current agreement It will 
also require a freeze of methyl chloroform production 
at current levels. 

National and local responses 

National or regional initiatives to accelerate the Mon
treal schedule are warranted. Fortunately, the new sci
entific evidence is beginning to create an international 
political response. During the 120-nation London con
ference on protection of the ozone layer in March 
1989, the twelve nations of the European Economic 
Community (EEC) announced that they would phase 
out all Protocol substances by the year 2000. 

Previously, various countries had already begun to take 
steps to speed up the Montreal schedule. For example, 
the FRG government has reported a pledge by the 
West German aerosol industry to reduce its annual 
aerosol production of 26,000 tons in 1986 to about 
5,000 tons by the end of 1989 (Toepfer 1988). This 
pledge amounts to a 40 percent reduction of the total 
1986 CFC production in the FRG of 53,500 tons 
(about 5.4 percent of the world total) 10 years ahead 
of the UN Protocol schedule. 

The most far-reaching national response so far has 
come from Norway and Sweden (Enquete-Kommis
sion 1988). In Norway, a 50 percent cut of ozone-
depleting substances is planned for 1991, followed by 
a 90 percent cut by 1995. The production and impor
tation of CFC-based foams, dry cleaning agents, and 
solvents will be banned by that year. In Sweden, the 
government has set a target of 50 percent reduction 
by 1990, and a total ban of CFCs outside applications 
for medicine by 1994. 
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Local governments also have begun to play an impor
tant, if more symbolic role. In the U.S., a number of 
cities have passed ordinances that ban the use of CFG 
based styrofoam cups and food containers. In the state 
of New York and elsewhere, efforts to phase out sty
rofoam packaging are primarily motivated by the non
biodegradable nature of such packaging and its impact 
on landfill requirements. Recycling CFCs from air con
ditioners and refrigerators has also been investigated 
by one of these cities, but has proven less amenable 
to unilateral local-level action. Injury of 1989, the city 
of Riverside, California, passed an ordinance that 
essentially implements a near-total ban of CFCs within 
three years. 

A number of developing countries also have ratified 
the Montreal protocol. Though developing nations 
account for no more than about 5 percent of world 
production at this time, major increases can be expect
ed unless a deliberate effort is made to transfer non-
CFC technology to their growing economies. Indeed, 
such international assistance may well be a precon
dition for achieving the 100 percent participation 
required to protect the stratospheric ozone layer. 
China and India have indicated their willingness to 
participate provided that financial and technical assis
tance is given for substitution investments. 

The need for a fresh approach to technology trans
fer is illustrated by conventional refrigerator tech
nology. The saturation of refrigerators in the 
People's Republic of China has been increasing dra
matically over the last decade and is projected to 
reach 60 percent soon. To avoid both the ozone-
depleting impact of CFCs used in compressors and 
foam insulation, and reduce dramatically the green
house effect from use of these refrigerators (which 
is dominated by carbon dioxide released in coal-
based electricity generation), it is necessary to dras
tically increase the energy efficiency of refrigerators 
and eliminate insulating foam and compressor CFC 
releases from these units. 

An advanced, low-impact refrigerator would look some
thing like this: The use of vacuum panels for insulation 
could eliminate CFC releases from foam insulation3 

while drastically improving energy efficiency, by about 
a factor of four or more over conventional technology 
(see Volume Two). Greater energy efficiency of the cab
inet, in turn, would shrink the needed size of the com
pressor and the coolant circuit Recycling would further 
limit CFC losses from these smaller compressors. 

3. Note that the majority of CFC releases from refrigerator 
use are not from the refrigerant, but from foam 
insulation. 

However, this advanced refrigerator technology is not 
likely to be commercialized and made available to 
developing countries in a timely manner without a con
certed effort by the industrialized countries. 

Transitional reduction targets 

In general, the following transitional steps and phase-
out policies should be implemented within the next 
five years: 

• Abandon CFC uses in dry cleaning, all foams, 
throw-away dishes, and sprays; 

• As a transitional solution, recycling of refrig
erant fluids and closed-cycle application of 
industrial solvents where no substitutes are 
available yet; 

• Putting a steep tax on CFCs to promote earliest 
development and commercialization of sub
stitutes; 

• Require labeling of all CFC containing or CFG 
derived products not yet banned; 

• Promulgate CFC-minimizing construction and 
operating regulations for air-conditioning and 
refrigeration equipment 

Global reduction potential 

The toleration scenario assumes a 50 percent global 
reduction by the year 2000, and an about 80 percent 
reduction in 2100 relative to base-year release rates. 
In view of the current momentum to revise the Mon
treal Protocol, the phase-out of CFCs could in reality 
begin sooner than assumed there, could proceed more 
steeply, and could even result in close to a 100 percent 
cut by about 2000. This would eliminate most of the 
CFC contribution to total 2100 transient warming that 
remains in the toleration scenario. This potential con
servatism could provide a small amount of buffer 
against less-than-expected successes in achieving the 
reduction targets for other trace gases. 

2. Nitrous oxide ( N 2 0 ) 

At about 0.25 percent/year, nitrous oxide exhibits the 
slowest growth rate in atmospheric concentrations 
among the five major greenhouse gases. Nevertheless, 
it is an important driving force in the threat of global 
warming. Due to its 170-year residence time in the 
atmosphere (Table 1.1.1), present release rates will 
need to be cut by 80-85 percent to stabilize atmospher
ic concentrations. 

As shown in Table 1.3.4, the nitrous oxide cycle is dom
inated by natural sources. Nitrous oxide sources are 
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Table 1.3.4 Global Budget for Nitrous Oxide 1 

N20 Sources/Sinks 

SOURCES 
Natural 

Natural soils 
Oceans and estuaries 

Total natural 

Man-made 
Fossil fuel combustion 
Cultivation of natural soils 
Fertilization of soils 
Biomassburning 

Total man-made 

TOTAL SOURCES 

SINKS 
Stratospheric photolysis and reaction with OpD) 
Accumulation 

TOTAL SINKS 

106tN2O/yr 

10.2(4.7-16.7) 
3.2 (1.6-4.7) 

13.4 (6.3-20.4) 

2.4 (0-4.7) 
2.4(1.6-3.2) 
1.3(1.0-1.6) 
1.1 (.8-1.4) 

7.2(3.4-10.9) 

20.6(9.7-31.3) 

15.2(11.8-21.2) 
5.4 (4.7-6.3) 

20.6 (16.5-27.5) 

10^ N/yr 

6.5 
2.0 

8.5 

1.5 
1.5 
0.8 
0.7 

4.5 

13.0 

9.7 
3.3 

13.0 

% 

50 
15 

65 

12 
12 
6 
5 

35 

100 

75 
25 

100 

1. The estimates with the accompanying error bands apply to any year between 1970 and 1987. 

From: Crutzen (1983); Logan (1983); WMO (1985); Seiler (1985); Marland (1985); McElroy and Wofsy (1987); Wuebbtes 
and Edmonds (1988); Lashof and Tirpak (1989). 
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Table 1.3.5 Global budget for nitrogen 

NOx(N02) Sources/Sinks 

Sources 

Natural 

Microbial activity in soils 

Lightning 

Input from stratospheric 
oxidation of N^O 

Biological processes in the ocean 

Total natural 

Man-made 

Biomass burning 

Fossil fuel combustion 

Jet aircraft 

Total man-made 

106tNO^r 

26(3-49) 

18(3-33) 

3(1-5) 

2(1-3) 

49(8-90) 

72(13-131) 

66(49-82) 

< K< 1) 

138(61-213) 

oxides 1 

106tN/yr 

8 

6 

1 

<1 

15 

22 

20 

<1 

42 

% 

14 

10 

2 

<1 

26 

39 

35 

<1 

74 

Total Sources 

Sinks 

Wet deposition 

Dry deposition 

Reaction with OH 

Total Sinks 

187(69-303) 

88(39-138) 

56(39-72) 

43 

187 

57 

27 

17 

13 

57 

1 The estimates with the accompanying error bands apply to 
any year between 1970 and 1987. 

100 

47 

30 

23 

100 

From: Logan (1893); NAS (1984); WMO (1985); Kuhler et al. (1985); 
Crutzen and Graedel (1986); Singh (1987); Wuebbles and Edmonds (1988). 
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the most uncertain of the five major greenhouse gases. 
Until recendy, the main source from human activity 
was believed to be fossil fuel combustion, with soil 
cultivation, fertilizer use, and biomass burning next 
in importance. Some recent research suggests that fos
sil fuel combustion contributes only about one third 
of the previously estimated levels , due to an NjO-
producing reaction occurring in some sample contain
ers (Lashof and Tirpak 1989). 

The major control options for nitrous oxide are 
changes in agricultural practices, reduced consump
tion of fossil fuels, and reduced biomass burning. The 
former are discussed in Section C below, the latter are 
the topic of Volume Two. We estimate that in the con
text of a highly efficient global energy system, mainly 
based on renewables, a reduction of about 80-95 per
cent could be achieved in 2100. 

Overall, it is difficult to reliably identify options for 
reducing nitrous oxide emissions sufficiendy to sta
bilize atmospheric concentrations. We indicate in 
Table 1.3.1 a weighted average range of 40-75 percent 
for potentially feasible reductions. 

3 . Nitrogen oxides 

Unlike N 2 0 , the NOx cycle is dominated by human 
activities. NOx emissions from fossil fuel combustion 
contribute about half of the worldwide NOx emissions 
(Table 1.3.5). Biomass burning is the principal other 
source. Again, there are large uncertainties in these 
proportions, as indicated by the ranges in parentheses. 

Reducing NOx emissions is desirable for public health 
reasons, but eliminating NOx is also needed to reduce 
greenhouse effects. Lower NOx emissions make more 
atmospheric OH radicals available for the chemical 
reduction of tropospheric Os. This, in turn, reduces 
the contribution of tropospheric O s to climate warm
ing. In so far as tropospheric ozone also contributes 
to forest dieback (see Section D), NOx control yields 
further greenhouse prevention benefits. 

The principal control options for NOx are more effi
cient use of energy and replacement of fossil fuels with 
energy sources that do not involve combustion with 
air. In stationary combustion, a variety of modified 
burner components (DENOX devices) can also be 
retrofitted at affordable cost. In automobiles, catalytic 
converters or equivalent technologies should be made 
the universal standards. 

These options illustrate the overlap between acid-rain 
oriented policies and climate stabilization policies. A 
joint consideration of both policy fields is necessary 

for other reasons. As pointed out by MacDonald 
(1985), just controlling one acid rain constituent like 
sulfur dioxide at the expense of NOx control could 
shift atmospheric chemistry and increase the concen
trations of radiatively active tropospheric ozone. Com
prehensive joint reduction of all radiatively and 
chemically active trace gases is therefore important 

In principle, more efficient energy use could bring 
about most of the desirable emission reductions. How
ever, due to the complexities of combustion chemistry, 
emissions do not always decrease in full proportion 
to efficiency improvements. Also, pollution control 
equipment can often be retrofitted to stationary equip
ment before it is replaced with more energy-efficient 
equipment To achieve the fullest reduction of nitro
gen oxides, both efficiency improvements and pollu
tion control technologies should therefore be used. 
Moreover, by combining both approaches, it is possible 
to realize a given air pollution reduction target at least 
economic cost4 

Because of the uncertainties surrounding the contri
bution of tropospheric ozone to climate warming, the 
toleration scenario does not explicitly consider reduc
tions in ozone and its precursors. However, in so far 
as nitrogen oxides contribute to tropospheric ozone 
formation, stabilization of the latter at present con
centration levels will require that emissions of nitro
gen oxides at least remain constant. In view of 
growing energy service needs in the developing world, 
new emissions will have to be offset by tightening 
emission standards for all stationary and mobile 
sources and by introducing control technologies in 
those countries and applications where they have 
been absent so far. 

4. Methane 

Among the five major greenhouse gases, methane takes 
a special position. It is the only GHG dominated by 
sources from the developing countries; and it is the 
only gas with a relatively short atmospheric residence 
time (see Chapter 1.1, Table 1.1). As a result required 
reductions to stabilize atmospheric concentrations are 
a modest 10-20 percent of current emission levels. 
Available control options in several areas could signif
icantly exceed this reduction target This is particularly 
true for the urban-industrial sources of methane. 

The global methane cycle is shown in Table 1.3.6. As 
with the nitrogen oxides, our present knowledge is 

4. A general discussion of this and other aspects of least-
cost energy and environmental planning is found in Vol
ume Two of this report 
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Table 1.3.6 Global budget for methane 1 

CFL Sources/Sinks 

Sources 
Natural 

Wetlands (swamps, etc.) 
Termites (and other insects) 
Oceans 
Enteric fermentation (wild animals) 
Lakes 
Tundra 
Other 

Total natural 
Man-made 

Enteric Fermentation (cattle, etc.) 
Biomass burning 
Rice paddies 
Landfills 
Natural gas and mining losses 

Total man-made 
Total sources 

Sinks 
Reaction with tropospheric OH 
Transport to and reaction with 

OH, CI, or O in strat. 
Uptake by microorganisms in soils 

Total sinks 

106tCH4/yr 

110(60-160) 
25(5-45) 
10(7-13) 

5(2-8) 
4(2-6) 
3(1-5) 

40(0-80) 
197(77-317) 

75(40-110) 
70(30-110) 
70(40-100) 

50(30-70) 
50(25-75) 

315(165-465) 
512(242-782) 

350(250-450) 

50(30-70) 
10(5-15) 

410(285-535) 

106tC/yr 

82 
19 
8 
4 
3 
2 

30 
148 

56 
52 
52 
37 
37 

235 
383 

262 

37 
8 

307 

% 

22 
5 
1 
1 

<1 
<1 

8 
39 

15 
14 
14 
10 
10 

61 
100 

85 

12 
3 

100 

1. The estimates with the accompanying error bands apply to any year between 1970 and 1987. 

From: Bingermer and Crutzen (1987); Cicerone and Shatter (1981); Khalil and Rasmussen (1983,1985); Seller 
(1984,1985); Ehhalt (1985); WMO (1985); Kuhler, et al.(1985); Edmonds and Marland (1986); Fraser, et 
al. (1986); Crutzen (1986,1987); Crutzen, et al. (1986); McElroy and Wofsy (1987); Matthews and Fung 
(1987); Wuebbles and Edmonds (1988). 
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marked by large uncertainty. Again human activities 
play a major role, with agricultural sources dominat
ing. Natural gas and mining losses and urban landfills 
constitute about a third of the total anthropogenic 
emissions. The major agricultural sources—animal 
husbandry, biomass burning, and rice cultivation—are 
discussed in Section C. 

Landfills produce methane due to the anaerobic fer
mentation of paper, food, and garden wastes. Methane 
from landfills is significant because it is radiatively 
more active than the carbon dioxide that would be 
released under aerobic decomposition of organic 
materials. 

Mitigation options 

The principal mitigation option for urban-industrial 
sources is the reduction of coal and natural gas con
sumption. Properly designed energy policies aimed 
at phasing out fossil fuel consumption would automat
ically reduce methane emissions as well (see below for 
a discussion of inter-fossil fuel switching). In addition, 
better control of leaks in the natural gas distribution 
system and better capture of natural gas in coal seams 
could be pursued. 

Landfill gas can be captured for energy production, 
thus displacing fossil fuels. A widening size range of 
economically viable packaged cogeneration systems 
is commercially available to utilize methane from land
fills of smaller size (see Volume Two). Recycling of 
paper and the composting of food and garden wastes 
can reduce methane emissions as well. 

Methane impacts of inter-fossil fuel switching 

A complication related to methane control arises from 
the option of fuel-switching, i.e., switching from car
bon-intensive coal and oil to less carbon-intensive gas.5 

As shown in Table 1.1, Chapter 1.1, methane is about 
25-32 times more potent as a greenhouse gas than car
bon dioxide. So long as methane losses from natural 
gas systems are small, fuel switching will nevertheless 
bring greenhouse prevention benefits. 

This conclusion is reinforced by the fact that coal min
ing and oil production are themselves associated with 
significant emissions of methane. The offset of carbon 
benefits due to natural gas losses is thus smaller than 
indicated by the losses in natural gas. Another factor 
thatworks in the same direction is the greater efficiency 
of gas combustion technology compared to coal com
bustion technology. 

5. See Chapter 1.4, Table 1.4.1 for the relative carbon inten
sities of the three fossil fuels. 

Worldwide natural gas lost due to venting and leakage 
from gas wells, refineries, and transmission and distri
bution systems is about 1-2 percent of total production, 
but systems in some countries are leakier.6 Given these 
proportions it is safe to assume that fuel switching at the 
point of energy production and conversion (e.g., power 
plants) will definitely preserve a net wanning advantage. 
So will fuel switching at the point of end-use (gas-fired 
furnaces, appliances/air conditioning, packaged cogen
eration, etc.) so long as standard levels of system main
tenance are observed (see also Volume Two). 

The situation is somewhat different for vehicles running 
on compressed natural gas. Here, vehicle methane emis
sions expressed in equivalent COj/km driven almost 
offset the lower carbon intensity of natural gas com
pared to gasoline (Unnasch etal. 1989). In general, care 
must be taken that technology choices are assessed on 
the basis of all greenhouse gas emissions, not just COa, 
and on the basis of delivered energy services. 

Global reduction potential 

We assume that in the longer-term, 50-70 percent of 
landfill methane emissions can be eliminated. We fur
ther assume that in the context of a general phase-
out of fossil fuels, natural gas flaring, gas system leaks, 
and mining losses could be reduced in proportion or 
eliminated entirely. 

The weighted average of all long term estimated reduc
tion potentials combined is 52-62 percent Atmospheric 
methane concentrations in the toleration scenario in 
2100 are 10percentabovel980slevels (see Chapter 1.2), 
implying that the reduction potentials identified in Table 
1.3.1 are not fully implemented in the scenario. As in 
the case of CFCs, this reserve could easily be needed 
to compensate for surprises elsewhere, such as less-than-
targeted reductions in other trace gas releases or 
stronger-than-expected biogeochemical feedbacks. 

5. Carbon monoxide 

The global cycle for carbon monoxide is shown in Table 
L3.7. Again, anthropogenic sources constitute probably 
about half the total, but proportions are uncertain. 

Though carbon monoxide is eventually oxidized to 
carbon dioxide, it interacts with OH-radicals and indi
rectly influences the concentrations of methane and 
tropospheric ozone. 

As with nitrogen oxides, a reduction in carbon monox
ide emissions is desirable for health reasons alone. Again, 
energy efficiency and fossil fuel substitution could 

6. Reportedly, parts of the gas system of the Soviet Union 
have experienced significant leakage problems. 
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Table L3.7 Global budget for carbon monoxide1 

CO Sources/Sinks 

Sources 

Natural 

Oxidation of natural hydrocarbons 

Methane oxidation 

Plant emissions 

Oceans 

Forest wildfires 

Total natural 

Man-made 

Forest clearing 

Energy use 

Agriculture 

Oxidation of anthro
pogenic hydrocarbons 

Total man-made 

Total Sources 

Sinks 

Reaction with OH 

Soil uptake 

Accumulation 

Total Sinks 

106tOO/yr 

641(116-1167) 

612(175-1050) 

128(47-210) 

58(23-93) 

29(11-47) 

1468(372-2567) 

501(187-816) 

467(350-583) 

245(93-396) 

93(0-187) 

1306(630-1982) 

2774(1002-4549) 

1913(1213-2613) 

256 

23 

2192 

1 The estimates with the accompanying error bands 
apply to any year between 1970 and 1987. 

106tC/yr 

275 

262.5 

55 

25 

12.5 

630.0 

215 

200 

105 

40 

560 

1190 

820 

110 

10 

940 

From: Logan et al. (1981); WMO (1985); Kavanaugh (1987); 
Wuebbles and Edmonds (1988). 

% 

23 

22 

5 

2 

1 

53 

18 

17 

9 

3 

47 

100 

87 

12 

1 

100 
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mitigate emissions, butmuch more stringent source con
trol technologies are also available and will need to be 
more broadly applied. Automobile and truck emissions 
are particularly in need of greater control efforts. 

6. Carbon dioxide from, limestone processing 

During cement manufacture, limestone is converted 
from its mineral form, which is calcium carbonate, to 
calcium oxide. In the process of this chemical conver
sion, formerly mineral-bound carbon dioxide is set free. 
In 1986, this source contributed 136 million tons of fos
sil carbon dioxide releases to the atmosphere, or 2.45 
percent of total fossil emissions (Marland etal.. 1988). 

Building materials other than cement are widely used, 
notably in the developing world. They include mud 
bricks, adobe, poles, and other local materials. However, 
some bricks, notably those made from carbonaceous 
clays, cause carbon dioxide releases themselves. Substi
tuting timber for cement and concrete structures could 
be an option in some regions and countries. Timber con
struction is widely practiced in the U.S. and Canada, but 
timber is much less abundant in many other countries. 

Where feasible, this substitution would have three climate 
benefits: it would not only avoid limestone emissions, but 
also reduce the fossil fuel requirements of construction 
materials. In construction, the energy embedded in mate
rials dominates the energy requirement of building activ
ities. Timber processing is far less energy intensive than 
cement production. Finally, if harvested on a sustainable 
basis, timber not only avoids limestone carbon emissions, 
but also stores atmospheric carbon that was sequestered 
during growth for a period of several decades, thus pro
viding a temporary sink of carbon (see also Section £) . 

Besides substituting building materials, greater effi
ciency of materials use could be important including 
improved design practice. 

While cement production in the most advanced indus
trialized countries has leveled off, the potential for major 
increases in consumption exists in the developing world.7 

However, the magnitudes of carbon dioxide involved are 
relatively small. Unlike fossil fuel releases, they could be 
offset by relatively modest reforestation programs. 

C. G R E E N H O U S E GASES AND 
AGRICULTURE 

Human use and alteration of the terrestrial ecosystems 
contributes to the total release of greenhouse gases 

7. Under plausible assumptions, cement releases could 
double. 

with emissions of radiatively active methane (CH4), 
nitrous oxide (N 2 0) , and carbon dioxide, as well as 
other nitrogen oxides (NOx) and carbon monoxide, 
which are chemically active. In combination, the three 
radiatively active biospheric sources may contribute 
as much as 20-40 percent of the total warming in the 
toleration scenario (see Table 1.3.1). 

Methane is produced in cattle breeding, rice plan
tations, landfill disposal of organic wastes, and 
biomass burning. Nitrous oxide and nitrogen oxides 
are produced through the use of artificial fertilizers 
and other soil cultivation methods, and in the com
bustion of biomass. Carbon monoxide is also pro
duced in biomass burning. Carbon dioxide is released 
through land-use changes and agricultural activities 
including, but not limited to, the direct burning of 
biomass. 

Mitigating these releases requires a major overhaul 
of current agricultural production methods. These 
reforms must be seen in a broad context In this sec
tion, we look at such reforms mainly from within the 
agricultural sector itself. From this perspective, the fol
lowing overall criteria apply. The world community 
must 

• gready increase agricultural productivity in 
developing countries to satisfy the basic nutri
tional needs of a growing world population; 
while at the same time 

• limiting agricultural activity to land areas that 
can be sustainably farmed; and 

• limiting agricultural productivity increases to 
levels that can be achieved and maintained 
over the long-term with sustainable farming 
systems. 

Of course, a stable climate is a key ingredient in any 
farming that is sustainable. Traditionally, climate sta
bility has been taken for granted. If we now expliciuy 
add climatic criteria, agricultural practices must: 

• minimize the impingement of agriculture on 
carbon pools in soils and forests; and 

• minimize the release of greenhouse gases from 
agricultural activities themselves. 

In this section, we investigate the extent to which mea
sures needed to abate GHG emissions can also put 
agriculture on a sustainable footing in general. 

In Section D and F, we consider agriculture from a 
broader perspective that integrates all lancVuses (crop
land, pastures, managed forests, etc.) and their impact 
on carbon storage in forests and soils. 
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1. Biomass burning 

Biomass burning in connection with agricultural pro
duction comprises the combustion of organic waste 
matter in the field, slash-and-burn shifting cultivation, 
fuelwood use, and land clearing through forest burn
ing in the course of extending setded areas. Biomass 
burning can contribute significandy to the global bud
get of several major trace gases in the atmosphere, 
notably N 2 0 and NOx, CO, CHj, and CO? (see Tables 
1.3.1,1.3.4,1.3.5,1.3.6, and 1.3.7). 

Most of the biomass burning in agriculture occurs 
in the tropics and the savannah areas during the dry 
season. An estimated 600 million ha of savannah and 
bushlands are affected each year (Crutzen et al. 
1979). Recent NASA satellite photographs suggest 
that land clearing for development projects and set
tlements in the Amazon basin has accelerated enor
mously. A 1 million km2 cloud of white smoke was 
found hanging over the area in 1988. Slash-and-burn 
subsistence agriculture affects a comparatively small 
22-30 million ha of tropical forests each year 
(Houghton etal. 1987). Also, large amounts of agri
cultural wastes are burned on the field all over the 
world. 

A further source of greenhouse gases is the burning 
of wood, dung, and other materials for fuel use, much 
of which occurs in simple stoves and open fires in 
developing countries. However, the amount of biomass 
burning in the field, i.e., without providing energy ser
vices, is probably at least as much and possibly twice 
as much.8 

In biomass burning, one has to distinguish between 
the production of carbon dioxide and the production 
of other trace gases. To the extent that biomass burn
ing is fed by deforestation, this contributes a net flux 
of carbon to the atmosphere. If deforestation were 
compensated for by reforestation or afforestation,9 this 
carbon flux would be suppressed. But the releases of 
the other combustion product trace gases would still 

8. Total biomass fuel use currently is about 2 Terawau-years 
peryear (see Chapter 1.5,Table 1), which is equivalent 
to about 1.6 billion tons of carbon releases in the form 
of C02. By comparison, Crutzen etal. (1979) estimate 
that anywhere from 1.4 to 2.9 btC are released annually 
from biomass burning in savannahs, in shifting culti
vation, and on permanent croplands. 

9. Afforestation refers to planting tress on previously non-
forest land, whereas reforestation means planting on land 
previously forested. We also use the term afforestation 
for planting trees on cropland, though most cropland 
was forested atone time. The term "net reforestation 
rate" is used for the difference between reforestation and 
afforestation rates and deforestation rates. 

remain. It is these other emissions we are concerned 
with in this section. 

An important aspect of biomass burning is that these 
tropical emissions take place in a photochemically very 
active and atmospherically dynamic region, in which 
considerable transfer of tropospheric air to the strato
sphere occurs. This makes the large-scale production 
of chemically active trace gases such as nitrogen 
oxides, and carbon monoxide especially worrisome. 
Note, in particular, that about half of all NOx emissions 
are from biomass burning (Table 1.3.5), though 
biomass contributes only about 17 percent to world 
energy use (See Chapter 1.5, Table 1.5.1). 

A certain amount of biomass burning is part of the 
natural ecological maintenance cycle. Likewise, tra
ditional shifting cultivation and other indigenous prac
tices do not per se, represent an ecological threat If 
a ten to fifteen year fallow period is observed, such 
cultivation is compatible with a sustainable secondary 
forest cover. It is mainly the shortening of this fallow 
cycle due to population pressures and social factors 
such as land holding inequities that is causing ecolog
ical havoc. With the wholesale land-clearing for devel
opment projects and new settlements, rates of forest 
clearing and biomass burning have skyrocketed, push
ing them far beyond those caused by traditional levels 
of shifting cultivation (see also Section D). 

Mitigation options 

The mitigation of carbon dioxide releases is discussed 
in detail in Sections D and E. Here, we concentrate 
on carbon monoxide, methane and nitrogen oxides. 
These emissions could be reduced by 

• replacing slash-and-burn shifting cultivation 
with permaculture techniques (see Section E); 

• using trees felled during land clearing for tim
ber and biomass fuel applications; 

• using agricultural wastes for composting and 
other forms of soil regeneration, or biogas pro
duction, rather than burning them;10 

• controlling other forest savanna and bushland 
burning; 

• using improved technologies in the combus
tion of biomass for energy purposes. 

10. Note, however, that a good deal of in-field crop residue 
burning is done to suppress crop pests (e.g. maize bor
ers) . In these instances, reduced burning will depend 
on the availability of substitute chemical or biological 
pest control methods. 

Control Requirements for Non-Fossil Greenhouse Gases 1.3-15 



In changing combustion techniques, the trade-offs 
between CH4, NOx, and CO emissions must of course, 
be carefully considered. These need to be more com
prehensively researched. However, the now dominant 
uncontrolled combustion of biomass represents the 
most unfavorable conditions for trace gas control. A 
significant trace gas reduction can be achieved by switch
ing from open fires to controlled burning in more effi
cient stoves. An even greater reduction could potentially 
be achieved by first converting biomass into biogas using 
gasifiers and digesters, and then burning the resulting 
gaseous fuels with efficient gas cook plates, gas lanterns, 
and other clean-burning end-use devices.11 In commer
cial and industrial applications, wood gasification, pro
ducer gas technologies and integral units with highly 
efficient gas turbines could find many applications (see 
Volume Two). 

The widespread introduction of more efficient fuelwood 
stoves and biomass gasification technologies is imperative 
if the basic needs of Third World rural people are to be 
effectively addressed. This is one of a number of instances 
where climate stabilization and development goals are 
convergent and could be brought into harmony. 

Global reduction potential 

We assume that in the long-term, most traditional slash-
and-burn cultivation and forest-clearing will be phased 
out and most agricultural waste burning will also be cur
tailed. Moreover, with improved infrastructures in Third 
World rural areas, a significant portion of cleared trees 
that were previously burned could be made available 
for other uses, such as biomass fuel or timber applica
tions (Leach and Mearns 1988). We envision that in the 
context of the highly efficient energy systems that will 
be needed to reign in fossil carbon dioxide emissions, 

• the total volume of biomass burning (energy 
and non-energy related) could be reduced sub-
standaily below present levels; and 

• most biomass burning would occur under con
trolled conditions in modern biomass-based 
energy conversion devices rather than under 
uncontrolled conditions in the field or in low 
efficiency devices. 

We estimate, under these conditions, nitrous oxide emis
sions from biomass burning could be reduced by 50-75 
percent and methane emissions by 20-60 percent (see 
Table 1.3.1).« 

11. As in the case of the expanded use of natural gas, 
methane leaks must be minimized to assure a net green
house benefit (see Section B.4 above). 

12. A lower reduction potential is assigned to methane in 
order to take account of possible offsets from biogas 
technologies. 

2. Livestock production 

Livestock production contributes about a third of the 
total methane from human agricultural activities 
(Table 1.3.1 and 1.3.6). CH4 in animal husbandry is 
produced by the anaerobic fermentation of organic 
matter in the rumen and lower gut of animals. The 
emission rate depends on the type of animal. 

A recent review and update of animal methane sources 
is found in Crutzen etal (1986). By far the most impor
tant animal methane source is the world's cattle, which 
are estimated to release 40-110 million tons per year 
(see Table I.S.6 and 1.3.8). According to FAO produc
tion yearbook statistics, the total world cattle population 
in the mid-1980s was about 1.3 billion, compared to 1.1 
billion sheep, 0.8 billion pigs, and 0.5 billion goats. The 
cattle population in industrialized countries is about 
47 percent of the world total, compared to a little more 
than 20 percent share in world human population. 

With a share of 75 percent cattle dominate methane 
emissions (Table 1.3.8). This is mainly because of the 
large amount of feed and fodder they consume, but 
also because the fraction of the feed converted to 
methane (the methane yield) is greater than in 
other animals. In cattle, CH4 yields range from five 
percent (high feed quality and level) to 9 percent 
(low quality feed and quantity) of the gross energy 
intake. In non-ruminant pigs, they range from 0.5-2 
percent with an average of about 1.3 percent 

The methane yield also depends on the quality and 
the amount of feed. The amount of feed is highest 
for dairy cows, which typically receive three times their 
maintenance level feed. About 10-15 percent of the 
world's cattle are dairy cows. The mean CH4 produc
tion by cattle in industrialized countries is about 55 
kg/animal/year. Cattle in Third World countries pro
duce only 35 kg/animal/year, partly because of lower 
quality feed, partly because of less feed input Also, 
many Third World animals are kept for draft power 
purposes rather than just meat and dairy production. 
The world average methane release is 45 kg per head 
of cattle annually (Table 1.3.8). 

As shown in Table 1.3.8, total methane production 
is about equally large from animals in developing 
and developed regions.13 Animal herds have grown 
steadily over the last 100 years, driven by increases 
in human population. For example, cattle herds 
were about 310 million in 1890,640 million by the 
1920's, and 740 million around the time of World 
War II. 

IS. The world's herds of goats, camels, bufralos, and mules 
and asses are almost entirely found in the Third World. 
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Table 1.3.8 Methane releases from animal sources by world region 

Animal type 
and region 

Cattle 

ICs 

DCs 

Sheep 

ICs 

DCs 

Pigs 

Goats 

Buffalos 

Horses 

Mules, Asses 

Wild animals 

Total* 

Population 
early 1980's 

(million) 

1226 

573 

653 

1138 

400 

738 

774 

476 

142 

64 

54 

200 

CH4 production 
per individual 

(kg/year) 

45 

55 

35 

6 

8 

5 

1.2 

5 

50 

18 

10 

Total CH4 

Production 
(million tons/year) 

54.3 

31.5 

22.8 

6.9 

3.2 

3.7 

0.9 

2.4 

6.2 

1.2 

0.5 

2 

75 

Fraction 

0.72 

0.42 

0.30 

0.09 

0.04 

0.05 

0.01 

0.03 

0.08 

0.01 

0.01 

0.02 

1.00 

* Rounding errors 
Source: Crutzen et al. , (1986) 
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Mitigation options 

The following measures could be envisioned: 

• capturing methane released by animals in 
feedlots or enclosed quarters; 

• converting manure to biogas; 

• breeding for more productive dairy cows, 
breeding herds, and draft animals, especially 
in the Third World; 

• shifting meat consumption to less methane-
intensive animals; 

• development of feed and fodder conducive to 
low CH4 emissions; 

• reducing cattle populations; 

• development of less CH4 producing rumen 
bacteria cultures. 

The contribution biogas digesting of manure could make 
to methane reduction is not clear. Some (unknown but 
probably modest) fraction of cattle manure is now being 
fermented anaerobically under natural conditions with
out methane capture (e.g., in ponds or in rice paddy 
fields). Biogas digesters would increase the fraction of 
manure fermented anaerobically, but under controlled 
conditions. Biogas digesters contribute to methane con
trol and can also provide significant benefits in other 
areas, such as reduced fuelwood demand, reduced nitro
gen oxide and carbon monoxide emissions from open 
biomass burning, and reduced use of fossil fuels in fer
tilizer production and rural energy applications. 

Producing more meat and milk products per animal 
is an important mitigation option. In industrialized 
countries, livestock herds peaked around 1975, and 
greater productivity allowed for a slight reduction of 
herds to meet demand. In the Third World, most ani
mals are managed extensively by peasant farmers in 
family herds, and do not benefit from breeding tech
niques. Extension services aimed at this deficit could 
gready reduce the need for increased herds as pop
ulations grow in these regions. 

Another important approach to animal methane con
trol is to limit cattle herds and moderate the consump
tion of beef. Here, one has to clearly distinguish 
between industrialized countries and developing coun
tries. Per capita meat consumption is currendy six 
times higher in the industrialized countries than in 
the developing world (78 kg/cap-yr compared to 14 
kg/cap-yr). Moreover, while industrial country per 
capita consumption has risen by another 20 percent 
in the last fifteen years, it has stagnated in the Third 
World (UNEP 1987). 

Reducing beef consumption in the industrialized 
countries 

Reduced beef consumption in the wealthy countries 
may be a realistic option because people in these 
countries consume several times more animal protein 
per capita than the minimum of about 30 grams/day 
recommended for a balanced non-vegetarian diet In 
fact people in OECD countries consume much more 
beef and milk fat per capita than medical research on 
cholesterol and heart disease suggests is advisable. The 
unavoidable fat intake per unit of protein from meat 
is 10 to 30 times higher than the fat intake per unit 
of protein from grain, e.g., in bread (Bechmann 1987). 

To achieve substantial reductions in the methane 
releases of industrialized areas from domestic animals, 
it would not be necessary to switch to a vegetarian diet 
Consider the following example: in the FRG, people 
consumed about 90 kg of meat per capita per year in 
1984/85, according to government statistics. Of the 
FRG total consumption, 10 percent was in the form 
of chicken, 25 percent in the form of beef, and the 
other 65 percent in the form of pork. There were 
about 15.7 million cattle, of which an unusually large 
fraction (about a third) was kept for milk production. 
Though cattle supplied only 25 percent of meat con
sumption, 75 percent of the total feed and fodder was 
consumed by them (Bechmann 1987). Cattle also 
accounted for about three quarters of total methane 
releases from husbandry animals. 

Reducing the per capita consumption of beef by 50 
percent would still allow ample supplies of dairy prod
ucts while reducing methane production by about 40 
percent The cut in per capita meat consumption over
all would be no more than 12 percent If the beef were 
replaced by pork, the methane reduction would still 
be lowered by virtually the same amount due to the 
low methane production in pigs. Meat consumption 
would, in this case, not have to drop at all. 

Reversing current meat consumption trends could be 
pursued using a number of policies. One would be 
to reform the farm subsidies that now promote over
production and overconsumption of dairy products 
("butter mountains"). A more far-reaching measure 
would be to charge a climate tax on beef consumption 
and dairy products. The tax could be recycled into 
incentive payments to farmers for switching to alter
native agricultural production patterns and soil-con
serving farming methods (see also Chapter 1.7). 

Consumers might be receptive to better education 
about the health risks of high meat consumption.In 
the U.S., red meat consumption has already slightly 
declined in favor of poultry consumption. Consumer 
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groups also point out that most beef (and other meat 
as well) is heavily polluted with antibiotics, sedatives, 
and a large arsenal of other pharmaceuticals, as well 
as with hormones for fast growth. After slaughter, beef 
is commonly treated with preservatives, antioxidants, 
coloring agents, emulsifiers, tenderizers, etc. Such 
meat also contains residues from chemicals, hor
mones, and pesticides. 

From a climatic point of view, the ban of growth-pro
ducing hormones or other treatments can somewhat 
increase methane emissions, by decreasing the 
amount of product obtained per head of cattle. Con
sumer demands for protection from chemicals in the 
food chain are important and should be translated 
into new regulations, as happened in the European 
Economic Community. At the same time it is impor
tant that such regulation be accompanied in the future 
by measures that somewhat reduce the consumption 
of beef and dairy products. 

Finally, reducing beef consumption in the industrialized 
countries would be an important component of pro
moting a more equitable international economic order. 
Because of the large amounts of grain required to pro
duce beef, the geographic location of cattle herds can 
be misleading. Most industrial countries do not have 
sufficient agricultural land to support their meat con
sumption. Beef production is particularly land-intensive, 
because one calorie of meat production requires 3 calo
ries of grain inputs for pork and 10 calories for beef. 
Land requirements can be up to 50 times higher than 
for protein production from grain . 

As a result a great deal of the feed consumed in indus
trialized countries is not produced on the home farm, 
but purchased from developing countries. For exam
ple. Western Europe imports more than 40 percent, 
or 21 million tons per year, of its feed grains from the 
Third World (Bechmann 1987). In addition, about 
two thirds of the total domestic grain crop goes to feed-
lots (Mueller-Elze and Bach 1985). 

The agribusiness production of grains for foreign-
exchange-earning exports to the industrialized regions 
is one among several factors in the displacement of 
the rural poor in the Third World onto marginal, eco
logically-sensitive land. The magnitude of the food 
value involved in this trade is significant the 500 mil
lion people suffering from starvation in the Third 
World could find relief from this condition if they had 
the cash to buy the grains exported to industrial coun
try feedlots (see also Section E). In that sense, the pre
sent level of meat consumption in the wealthy 
industrialized countries is directly related to starvation 
in the poor countries of the world. 

In Latin America, beef production for export is often 
based on tropical forest clearing. Fast-food restaurants 
are an important buyer of beef from these regions' 
"hamburger farms." The consumption of beef in 
OECD countries thus also has a direct link with trop
ical forest loss (see also Section E). Citizen groups have 
used boycotts of fast food restaurants to discourage 
this form of tropical forest destruction. 

Cattle herds in the developing countries 

In the developing world, cattle and other animals per
form a much broader set of functions than just meat 
or dairy production. One is as a stabilizing agent or 
savings account to buffer against the year-to-year fluc
tuations of harvests and crop availability. Often, the 
animals scavenge vegetative matter in forests and crop 
residues. They provide fertilizer or fuel from dung, 
as well as hides, bones, hair, meat and a renewable 
source of motive power for plowing, threshing, and 
irrigation. They are also an integral part of the social 
and cultural system of traditional rural societies. 
Because of this integral function within Third World 
agricultural systems, there is less room for cattle pop
ulation reduction. On the other hand, with growing 
populations, the need for animals will increase pro
portionately. 

Overall, some 250 million draft animals are kept in 
the Third World, compared to 650 million cattle (see 
Table 1.3.8). These draft animals alone account for 
about 30 percent of the total Third World animal 
methane. Until the power-providing functions of these 
animals can be replaced by mechanized devices run
ning on renewable forms of energy, there is little room 
for reducing this methane source. 

Income growth will also lead to greater animal protein 
consumption, though much of this demand could be 
met from less methane-intensive animals. Third World 
fish resources could also provide a significant portion 
of future animal protein needs in developing coun
tries. Unfortunately, large amounts offish caught in 
Third World waters are now fed to house pets and ani
mals in the industrialized countries. 

Global reduction potential 

A global limit to beef consumption is not only impor
tant to reduce methane releases. It would also free 
up land for reforestation to allow more carbon stor
age in the terrestrial biosphere, as further discussed 
in Section E. However, the global methane reduc
tions from cattle as indicated in Table 1.3.1 would be 
difficult to achieve by reduced beef consumption 
alone. A fifty percent reduction in beef consumption 
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in the industrialized countries would just about offset 
the population-related growth of methane releases 
in the Third World, assuming unchanging low per 
capita beef consumption there. Only in the extreme 
case of limiting cattle herds to the levels required for 
dairy production could most animal methane be 
eliminated.14 In view of these constraints we estimate 
that animal methane releases in 2100 could be 
reduced by 20 percent relative to present levels 
(Table 1.3.1). 

3 . Soil cultivation and fertilizer use 

Soil cultivation (tillage and fertilizing) in conventional 
agriculture leads to the release of nitrogen oxides, car
bon dioxide, and—in the case of rice cultivation— 
methane. N 2 0 is emitted due to the cultivation of nat
ural soils and due to the application of fertilizers 
(Table 1.3.4). It is produced during nitrification of 
ammonium and ammonium-producing fertilizers 
under aerobic soil conditions. It is also released by de-
nitrification of nitrate under anaerobic conditions, 
including rice cultivation (Bremner and Blackmer, 
1978). The contamination of ground and surface 
waters with fertilizer run-off is a further, less under
stood source of nitrous oxide releases. Even soil cul
tivation without the use of artificial fertilizers appears 
to increase emissions of N 2 0 and NOx from microbial 
activity in the soils. 

There are significant (at least one order of magnitude) 
differences among nitrogen fertilizers (urea, ammo
nium nitrate, ammonium sulfate, ammonium phos
phate, and nitrogen solutions) in terms of the amount 
of applied nitrogen that is released as N 2 0 . 

Mitigation options 

The following measures can be envisaged: 

• Using the lowest-emitting nitrogen fertilizers 
whenever suitable; 

• Applying fertilizer efficiently and in forms that 
enhance utilization (deep placement of fer
tilizer, timing of application for maximum 
effectiveness, water management , timed-
release, etc.); 

• Adding nitrification inhibitors to fertilizers; 

14. Currendy, about 15 percent of the world's catde are 
dairy cows. Assuming some amount of non-dairy cattle 
needed for herd regeneration, constant global per capi
ta consumption of dairy products, and a doubling of 
Third World populations, the reduction limit would be 
in the neighborhood of 70 percent 

• Limiting fertilizer use on the basis of water 
quality standards (monitoring ground water for 
salination); 

• Reducing urea from oversupply of liquid 
manure; 

• Combining application of organic and chem
ical fertilizers; 

• Extending no-tillage or low-tillage farming; 

• Covering fields with green plants or mulch; 

• Using N-fixing plants such as alfalfa. 

Impacts of organic farming practices 

The latter four options broadly represent the displace
ment of "modern" chemical or green revolution agri
culture by innovative methods of regenerative or 
ecotarming and its many variants. While such tech
niques would allow large reductions in nitrogen fer
tilizer use, it is important to consider their impacts on 
yields and cropland requirements. These are discussed 
in Section C o below. 

Implications of some practices for nitrous oxide emis
sions are also unclear at this time. For example, nitrous 
oxide emissions from fields under nitrogen fixing 
legumes may be the same as those under fertilized 
crops. The same may be true for unfilled soils, though 
experimental evidence in either case is not conclusive 
at this point (Groffman etal . 1987). 

While the nitrous oxides benefits or disbenefits of no-
tillage or low-tillage farming and legume fertilizing tech
niques are unclear, these techniques offer significant 
greenhouse gas benefits in other areas. One is the 
reduced consumption of fossil energy in the production 
of chemical fertilizers. Another is the reduction of fossil 
fuels for tractors in low-tillage agriculture. A third ben
efit is the conservation of soil carbon in humus. 

Soil humus is a reservoir for organic carbon. The carbon 
storage in the soil depends on the soil moisture budget 
and the type of base rock, the supply of detritus from 
litter and roots, and the type of soil cultivation (e.g., no 
tillage versus tilling, and frequency and depth of tilling). 
Intensive chemical-based cultivation accelerates the loss 
of soil humus and its carbon content thus contributing 
to climate warming (Hampicke and Bach, 1980). 

Under conventional chemical-dependent agriculture, 
less humus is actually formed than is destroyed. For 
example, in 1985, soil loss in the U.S. amounted to 
a staggering 22 tons of soil matter per hectare (Global 
2000, 1981). This loss rate is large compared to soil 
formation rates of only 12.5 tons/ha in deep soils and 
2.5 tons/ha in shallow soils. Similar soil losses are 
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induced by agriculture in the Third World, including 
some forms of subsistence farming and pastoralism 
(see Section E). 

Global reduction potential 

The processes driving nitrous oxide releases are so 
litde understood that the reduction potentials shown 
in Table 1.3.1 are purely speculative at this point, and 
may be too optimistic. We estimate that in the longer 
term, releases of nitrous oxide emissions from soil cul
tivation could be reduced by a modest margin. If or
ganic fertilization techniques should emit significantly 
less NjO than chemical fertilizers, large reductions 
could be possible. The issue of increased fertilizer 
requirements for food production is discussed in Sec
tion C.6 below. 

4. Rice paddy fields 

The world's rice growing fields are a major source of 
methane releases to the atmosphere. From measure
ments taken in Andalusia, Spain, Seiler etal. (1984) 
deduced CH4 release rates ranging between 2 and 14 
mg/m 2 /h . There were strong seasonal variations with 
maximum values at the end of the flowering stage, and 
minimum values during the tilling stage and shortly 
before harvest 

Methane production is limited to wetland (paddy) pro
duction. In dryland production, no methane is pro
duced. At this time, most rice production is in 
wetlands. Anaerobic fermentation of organic crop 
residues is an important factor in total methane releas
es. Short-stemmed high-yield varieties produce less 
residue per unit of rice product hut require increased 
fertilizer inputs. Long-stem medium-yield varieties that 
can adapt to a great variety of conditions may, however, 
offer the greatest overall benefits. 

The global emissions of 35-59 Mt/yr deduced on the 
basis of the Spanish findings are somewhat on the low 
side as compared with the estimates of 40-100 Mt/yr 
given in Table 1.3.6. 

Mitigation options 

Rice is the staple food especially in the developing 
countries of Asia, but also in Africa and Latin America. 
In view of the high population growth rates and the 
already precarious food situation in these regions a 
reduction in rice production can hardly be visualized 
—let alone be justified. 

The following possible measures are briefly con
sidered: 

• Avoiding uncontrolled anaerobic fermentation 
of crop residues; 

• Adopting organic fertilizing techniques using 
biogas digester residues; 

• Breeding resilient and efficient strands suited 
for dryland cultivation; 

• Increasing rice cultivation under rainfed con
ditions on dry uplands. 

Improved techniques in the use of rice straw for build
ing materials (roofing) could reduce the anaerobic 
fermentation of long-stem residues. Using straw as 
feedstock for biogas digesters instead of plowing it into 
the paddy could help reduce uncontrolled methane 
emissions. 

Plant breeding and selection could have a useful role, 
if those strands were developed that make optimum 
use of natural nitrogen fixation while at the same time 
reducing CH4 emission. Strands that produce good 
yields on drylands should also be emphasized. We esti
mate that a 20 percent reduction in CH4 emissions 
could possibly be obtained from such developments, 
as shown in Table I.S.I. 

5. A broader perspective: technological and 
social reforms in agriculture 

The need to reform current agricultural systems is 
being increasingly recognized, partiy because these 
systems produce huge surpluses and starvation at the 
same time, and partly because chemical food contam
ination and ecological damages from ground water 
pollution, soil erosion, loss of soil fertility, salination, 
loss of species diversity, and failing pest resistance have 
reached major proportions. 

The impoverishment of rural social structures, both 
in the industrialized countries and in the developing 
world, has also caused growing concern. Its manifes
tations are the loss of rural jobs, the decline of rural 
communities, the bankruptcy of many small farmers, 
and the concentration of farming into ever larger 
units. These trends reinforce the negative impacts and 
potential risks of chemical agriculture, because careful 
maintenance of the land becomes less practiced or 
feasible, and large pools of people with experience 
and direct knowledge from working the land vanish 
irretrievably into urban life (Jackson 1980). 

Fortunately, the need for major reforms of agricultural 
production methods point in a direction that would 
reduce climatic impacts as well. The key techniques 
of regenerative farming or ecofarming are mulching, 
conservation tillage, plan ting legumes, use of organic 
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fertilizer, locally self-sufficient production of animal 
fodder, biological pest control where possible, and 
maximum utilization of local conditions and natural 
biotope relationships. All these methods work to 
reduce losses of carbon stored in soil humus and 
releases of carbon dioxide from fossil fuel use in agri
culture and fertilizer production. 

The same principles of ecofarming are being applied 
in the developing countries, where they are often part 
of broader experiments in ecodevelopment Many 
methods are being used, including the farming sys
tems approach (Redclift 1984; Bull 1982), which con
centrates on smallholders and seeks to develop 
increased and more reliable yields of a range of crops 
and livestock, including tree fruits. 

Agroforestry schemes are one variant of this approach 
(see also Section E). Like its industrial country equiv
alents, this practice seeks to make best use of on-farm 
inputs, such as organic fertilizer, while minimizing the 
need for expensive off-farm inputs such as irrigation, 
non-local seeds, and chemical fertilizer. At the same 
time, many different garden, tree, and field crops are 
cultivated, and synergisms with animal husbandry care
fully optimized. Because ecofarming systems can pro
duce food and fuel for basic human needs with less 
capital requirements and inputs of imported goods, 
they can offer broad economic and social benefits for 
developing countries. 

Impacts on yields 

The traditional objection to regenerative farming is 
that it would lower yields and agricultural incomes. 
Market acceptance problems with organic produce also 
have been cited. If true, the broad introduction of these 
practices could make the maintenance of proper nutri
tion levels more difficult and costly to maintain. 

More importantly, there could also be a conflict with 
climate stabilization itself: if the goal of growing suf
ficient food for rapidly expanding Third World pop
ulations is to be achieved without significant additional 
trace gas releases from conversion of forest land into 
cropland (see Section E), agricultural productivity in 
most Third World countries has to be greatly 
improved. Conversely, it can be argued that higher 
short-term yields in tons per hectare from "modern" 
chemical agriculture are ultimately an illusion, since 
they tend to irreversibly destroy the ecological basis 
for this fertility. 

In considering these issues, it is useful to take a look 
at recent empirical evidence regarding the cost and 
yields of alternative agricultural methods. 

Ecofarming experience in industrial countries 

Preliminary results from on-going long-term field test 
comparisons conducted by the U.S. Department of 
Agriculture with the Rodale Research Center in Penn
sylvania are encouraging. Of a sample of 800 farmers 
who converted to regenerative farming, 83 percent 
had equal or better earnings. Yields did drop for a 
number of crops, but did not drop for a number of 
others. Moreover, drops in the initial years after con
version were partially or totally compensated for in 
later years (Brody 1985). 

Similar results were obtained from detailed analyses 
of ecological farming results in the FRG, including a 
government survey of the country's 1600 biologically-
oriented farms. Yields were 10-20 percent lower for 
wheat and potatoes, butjustas high as in conventional 
farms for beets, various fodder crops, and vegetables. 
Labor inputs were about 10-20 percent higher, but 
the savings in pesticides, fertilizer, and other inputs 
turned out to pay for this extra cost and the somewhat 
lower yields as well. Overall, the West German farms 
achieved slightly better earnings than conventional 
farms (Bechmann 1987). It is estimated that due to 
a variety of factors, yields from regenerative farming 
would improve at least 10 percent over a 20-30 year 
period (Bossel etal. 1986). 

Bechmann (1987) constructs a scenario in which 
regenerative farming techniques become the norm 
for West German agriculture, and a portion of agri
cultural land is converted into interspersed biotopes 
that restore both biotic diversity and aesthetically 
attractive landscapes. He finds that this system, com
bined with a ten percent productivity gain, would be 
as adequate to supply the country's nutritional needs 
and habits as conventional agriculture is now. 

The growing market acceptance of, and active demand 
for, organically grown food was recently documented 
by the U.S. Wall Street Journal (WSJ 1989). Pesticide-
tainted fruit has increased public awareness. According 
to a 1988 Louis Harris poll, 84 percent of U.S. con
sumers said they would buy organically grown food if 
it were available, and 49 percent would pay more for 
it Sales of organically grown produce and products 
in the U.S. doubled between 1983 and 1988 and have 
reached $1 billion. In 1988, some twenty big supermar
ket chains in the U.S. began stocking organic produce. 
Some restaurant owners have switched to organic food 
because of what they say is its superior taste. 

Both in the FRG and in the U.S., the percentage of 
total agricultural land farmed regeneratively is still very 
small—less than one percent. Nevertheless, large 
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farmers in California and elsewhere, including big sup
pliers like Sunkist are beginning to convert some of 
their production to organic methods. These and many 
other examples indicate that organic farming is eco
nomically viable, but has been hampered by strong 
disincentives to its practice in existing government sub
sidy programs. Still, most U.S. organic farmers expect 
the percentage of organically grown produce to 
increase to 8 to 9 percent over the next few years. 

Ecofarming in the Third World 

Large numbers of peasant farmers in the developing 
world still rely on traditional methods that are in many 
ways similar to modern ecofarming. Unfortunately, 
due to population pressures and the displacement of 
poor populations onto more fragile lands, methods 
that formerly were sustainable are being intensified 
and applied to ecosystems for which they are not 
adapted. Also, crop yields in traditional forms of sub
sistence farming are very low, and raising these yields 
is of tantamount importance. 

One of the most versatile and promising approaches 
to ecofarming in developing countries is agroforestry. 
Agroforestry is a whole-system approach that addresses 
the many needs and capabilities of small and subsis
tence farmers. In such a system, which can involve sev
eral dozens of crops instead of one or two crops, up 
to a quarter of the land may be kept under trees. Here, 
a diversity of fruit-bearing and other useful trees are 
planted in various densities and clusters moving from 
the rural settlements outward. Trees are also located 
along field perimeters, pathways, roads, and around 
houses, serving several purposes at once, including soil 
protection from wind and water erosion, water shed 
stabilization, fuelwood, structural timber needs, shad
ing and air-conditioning of dwellings, cash income 
from tree fruits, and a savings account for emergencies. 

One of the most authoritative reviews of agroforestry 
experience is found in Leach and Mearns (1988). The 
authors emphasize that agroforestry is not a panacea, 
and is not practical under all circumstances. Never
theless, the findings on yields from monitored projects 
hold out great hopes for improving agricultural yields 
and reducing pressures on forests. Crop yields in a 
large variety of African settings increased from 40-90 
percent or more, while peasants also were able to har
vest woodfuel in excess of their family requirements. 

One important component of these improvements in 
yields is the fertilizing effect of trees when integrated 
into the farm. In Senegal, the leaves from 50 Acacia 
trees per hectare (ha) proved to be equivalent to 50 
t/ha of manure. As a result annual millet production 

doubled. In addition, the average tree produced 
enough pods to increase cattle stocking. In other pro
jects, tree leaves helped boost livestock weight gain 
because they contain four to five times as much pro
tein as grass. This allowed farmers to experiment with 
"zero-grazing" practices (Leach and Mearns 1988). 

As the authors point out the intensification of crop 
and livestock production by means of agroforestry 
methods can at the same time reduce the need to clear 
woodlands and other tree resources. This, in turn, can 
reduce biomass burning (see also Section E). 

There also has been good experience with other mod
ern ecofarming in Africa regarding the reduction in 
artificial fertilizer use (Egger, 1978). Results from two 
comparative studies on maize yields in Kenya and 
sorghum yields in West Africa are shown in Figure 
1.3.1. A comparison of maize production on the basis 
of green revolution, inefficient traditional, and 
improved traditional practices shows that good hus
bandry and use of local seeds can substantially exceed 
the results from hybrid seeds and chemical fertilizers 
applied with bad husbandry, and can reach at least 
60 percent of the yield obtained with hybrid seeds, fer
tilizer, and good husbandry (Leach 1982). In view of 
the accelerated degradation of soils that usually accom
panies chemical agriculture, the long-term difference 
in yields may be even smaller. 

Similar results are reported by Wolf (1986), who 
reviews results from semi-arid West Africa. In field stud
ies there, organic fertilizer techniques increased yields 
of sorghum from traditional methods by almost 50 per
cent reaching 90 percent of artificial fertilizer yields. 
When artificial fertilizers were applied in combination 
with straw, composting, and manure, yield grew by 
another 20 to 30 percent above the one reached with 
chemical fertilizer alone. 

The partial substitution of artificial fertilizers and other 
capital intensive green revolution inputs with organic 
sources and ecofarming practices would also help 
reduce the foreign exchange requirements of many 
developing countries, and the upfront capital needed 
by peasant farmers to increase their productivity. 

These results suggest that regenerative farming could 
be greatly expanded both in industrialized and devel
oping countries without negative consequences for the 
goal of increasing Third World agricultural yields. On 
the contrary, without a conversion to such ecologically 
sound approaches, the loss of arable land, notably in 
the tropics, threatens to accelerate beyond control (see 
also Section D and E). Nor does one technique have 
to be used at the rigid exclusion of the other. Substan
tial field experimentation is needed to see how both 
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ECOFARMING YIELDS IN THE THIRD WORLD 
Maize Production in Kenya 

Bad Husbandry 
Local Seeds 
No Fertilizer 

2.0 tons/ha 
(index 100) 

Bad Husbandry 
Hybrid Seed 

Fertilizer 

3.2 Tons/ha 
(index 160) 
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Good Husbandry 
Local Seeds 
No Fertilizer 

4.9 tons/ha 
(index 245) 

Good Husbandry 
Hybrid Seed 

Fertilizer 

8.0 tons/ha 
(index 400) 

Based on Leach 1982/Allen 1968 

Sorghum Production in West Africa 

No Organic Treatment 

1.8 tons/ha 
(index 100) 

^ 

With Organic Treatment 

2.5 tons/ha 
(index 139) 

^ 

Organic Treatment + Nitrogen 

3.7tons/ha 
(index 206) 

With 60 kg/ha Nitrogen 

2.8 tons/ha 
(index 156) 

Based on Wolf 1986/Sedego 1981 

Figure 1.3.1 Grain production yields from ecofarming practices in Africa 
compared to green revolution agriculture yields. 
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approaches can be combined in an optimal way under 
varying local conditions. 

What about bioengineering? 

Given the crisis of growing starvation and limited food 
supplies, the advent of genetic engineering has raised 
hopes that the world might find a "high-tech" solution 
to the food problem. If so, the same technology could 
also offer solutions in the search for greenhouse gas 
abatement After the breeding of the green revolution 
hybrid varieties, a second generation of bioengineered 
plants might emerge that combines the high yields 
and good fertilizer response of the green revolution 
varieties with the resilience of traditional varieties and 
with new features such as low fertilizing needs, low 
methane emissions in rice, and better pest and 
drought resilience. Similarly, methane production in 
catde rumen might be controllable with bioengi
neered bacteria. 

At the same time, there is justified concern that bio
engineering intervention in the natural gene pools 
might backfire. Given past experience with human 
"improvements" of nature and with controlling the 
side effects of technologies, it is difficult to see why 
bioengineering will be free from similar negative con
sequences. In view of the unprecedented scale of 
human intervention represented by this new technol
ogy, and the scale of run-away biological pollution that 
could ensue, the risks of negative ecological impact 
are magnified. 

But these dangers aside, genetic engineering may 
prove to be handicapped by the same social power 
relations that made its predecessor, the green revo
lution a mixed success, at best (Wolf 1986). This could 
be especially true in the Third World for which it 
would ostensibly be most beneficial. 

Because green revolution agriculture was for the most 
part introduced without also implementing land 
reforms and other social policies, it further concen
trated land holdings in developing countries. But 
worse, it reconstituted the entire natural environment 
of the Third World's rural poor (Agarwal 1985). In 
effect the poor's traditional skills and intuitive knowl
edge of their environment were rendered useless on 
a massive scale, with no replacement of an equivalent 
means of subsistence. In many cases, the new agricul
ture robbed them of scarce natural resources like fod
der, agricultural waste, etc., that they traditionally had 
access to (Banerjee and Kothari 1985). It worsened 
the split between a small kulak class of modernized 
farmers and a swollen underclass of subsistence farm
ers and landless laborers. 

While the former now participate in a system that sali-
nates soils with irrigation practices made possible 
through large-scale development schemes, pollutes 
groundwater with nitrates and pesticides, and impov
erishes species diversity and soil humus, the latter are 
pushed into the environmental frontier where they 
destroy fragile soils and forests by virtue of their sheer 
numbers, and with traditional subsistence practices 
that are no longer adapted to their locales. 

Though great progress in food production was made 
through green revolution methods, these successes 
arguably rest on unsustainable foundations. Further
more, much of the fruits of this progress are exported 
to industrialized countries. What remains within the 
Third World is so inequitably distributed that mass star
vation has actually increased. Meanwhile, modern agri
culture also has added to the foreign exchange and 
debt burden of the developing world. 

Bioengineering could probably provide some valuable 
contributions to food production, if carefully con
trolled and applied in limited measure. The difficulty 
in realizing this potential lies in the need to not only 
meld appropriate technology with high-technology, 
but also to join the two technology cultures in a viable 
development process. To perform this feat requires 
special policies and equitable social structures to foster 
and protect the participation of local people. 

It is difficult to see how the introduction of high-tech, 
bioengineered animals and plants, along with a new 
wave of foreign experts and corporate marketing efforts, 
will bring agricultural productivity gains within reach 
of the capital-poor Third World smallholder. Like the 
green revolution, genetic engineering as a technology 
brings with it a whole set of institutional and social rela
tionships that is likely to reinforce the Third World's 
dependence on imports of technology and know-how, 
and increase their foreign exchange requirements. 

Reversing the social polarization and ecological dam
age that accompanied the green revolution, while 
retaining and absorbing its positive elements into a 
sustainable, regenerative farming practice, will require, 
above all, a massive social mobilization of the Third 
World poor. This can only be done with a capital-
efficient self-reliant approach, with land reform and 
the construction of advanced agricultural knowledge 
by local communities themselves at its core. Such 
knowledge will have to build on farmers' own informal 
"research system" (Redclift 1984) and the indigenous 
technical knowledge of their environment (ITK 
approach). It also requires extension services based 
on local social institutions, with the ability to reach 
out to groups unfamiliar with the written word. 

Control Requirements for NonFossil Greenhouse Gases 1 .3-25 



There are already precedents where these approaches 
have proven successful, but the broad-based diffusion 
of such forms of participatory, sustainable development 
is being hindered by many constraints (Leach and 
Mearns 1988), including the grossly inequitable patterns 
of land tenure typical of most developing countries. 

D. CARBON RELEASES FROM DEFORES
TATION AND SOIL DESTRUCTION: 
H O W SIGNIFICANT ARE THEY IN 
C U M A T E WARMING? 

1. Overview of the global carbon cycle 

An important area of uncertainty in the greenhouse 
problem is the net flux of carbon dioxide into the 
atmosphere due to changes or disturbances of natural 
life systems. To appreciate the relative roles of fossil 
fuel consumption and carbon releases from the bio
sphere, it is helpful to take a closer look at the natural 
carbon cycle of the world. These main proportions of 
the natural carbon cycle are shown graphically in Fig
ure 1.3.2. Table 1.3.9 summarizes the key sources and 
sinks. As indicated by the range of values given in the 
graph and in the text below, there are still major gaps 
in our knowledge of the carbon cycle. A detailed dis
cussion can be found in Trabalka and Reichle (1985). 

Though carbon makes up about 4 percent of the earth's 
mass, most of it is contained in inorganic rock material 
or enclosed organic material. Only a tiny fraction (0.04 
percent) participates in the atmospheric-biological-
oceanic carbon cycle that influences the world's climate. 
This cycle occurs between five major reservoirs: the 
atmosphere itself, the terrestrial biosphere consisting 
of land biota and soils, the upper (mixed) layer of the 
ocean, and the deep ocean (Fig. 1.3.2). 

Most (about 95 percent) of the carbon participating 
in this cycle is contained in dissolved form in the deep 
ocean. In principle, the deep ocean could buffer 
against disturbances in the other carbon cycle reser
voirs, and restore the atmosphere close to its original 
condition. However, the deep ocean is separated from 
the mixed layers of the upper ocean (0-75m) by a ther-
mocline. The rate of exchange across this boundary 
is very slow and, like so many aspects of the carbon 
cycle, not precisely known, but probably more impor-
tant than the net terrestrial fluxes. To the extent that 
the deep ocean does act as a buffer, this activity is mea
sured in thousands of years. 

On a time scale less than thousands of years, the 
world's climate is thus controlled by the exchange 

processes in the carbon cycle reservoirs. Here, the ter
restrial systems of vegetation and soils are more impor
tant than is suggested by their relative size. The land 
biota alone account for 420-660 billion tons of carbon 
(Houghton 1986). About 90 percent of the carbon in 
vegetation is contained in the woody biomass of forests 
and trees, and only the remaining small fraction is 
found in crops and grasslands. 

But an even larger terrestrial carbon reservoir of about 
1500 btC is found in the humus materials of the sur
face layer (top lm) of soils. In combination, the car
bon in land biota and humus adds up to about 
2000-2500 btC Soils also contain inorganic carbonates 
of the order of 1000 btC. Peat and other "subfossil" 
organic materials contain a further 1000-3000 btC. 
Because they turn over much more slowly, they are 
not considered further here. 

The atmosphere contains presently about 740 btC, 
which is only a third as much as that stored in biomass. 
The carbon stored in the upper (0-75m) layer of the 
ocean is about the same, or 600-700 btC (Olson et al. 
1985). The sum of terrestrial, atmospheric, and upper 
ocean reservoirs represent about 3300-4000 b tC The 
terrestrial systems alone contain about 75 percent of 
the fast-cycle biospheric carbon that is not in the atmos
phere already (Fig. 1.3.2). Note that these biospheric 
totals are of the same order of magnitude as that stored 
in the world's conventional fossil fuel resources, esti
mated at 3800-4200 btC (Rotty and Masters 1985; see 
also Chapter 1.4). 

With the exception of some of the soil components, 
carbon stored in these reservoirs turns over rapidly 
(fast-cycle reservoirs). The typical residence times 
range from 1-30 years. As a result the natural fluxes 
of carbon to and from the atmosphere are large, of 
the order of 60-130 btC/yr. Naturally occurring oscil
lations in the fluxes of terrestrial systems due to the 
seasonal change from photosynthesis to respiration 
in forests outside the tropics are large enough to show 
up clearly in corresponding oscillations of atmospheric 
carbon dioxide concentrations in the Mauna Loa 
monitoring records. 

Annual releases of fossil and biospheric carbon 

Currendy, net annual terrestrial fluxes of biospheric 
carbon into the atmosphere are estimated as 1.8 
btC/yr for the years around 1980, with an uncertainty 
ranging from 1.0 to 2.6 btC (Houghton etal. 1987). 
These fluxes are only of the order of one to two per
cent of the naturally occurring fluxes caused by pho
tosynthesis, respiration, and other processes, which 
explains some of the difficulty in accurately measur
ing them. 

Control Requirements for NonFossU Greenhouse Gases 1.3-26 



<005 
STRATOSPHERE 

(110) 

S ATMOSPHERE 
55 (740) 

(Accumulation =: 

TROPOSPHERE 
(630) 

t 
2 

Land biota 
(420-660) 

Marine lile 
(2) 

-20 

Dissolved + particulate 
organic matter 

(30) 

I Soil carbon 
(humus and peat) 

(1200-1800) 

Fossil fuels 
(coal. oil. gas. etc.) 

(5000 - 10000) 

Photosynthesis 
* — (25-40)—>. 

-25-40-
Respiration 

Mixed 
layer 

(590-720) 

Thermocline 

Dissolved organic 
. * . matter 

(1000-3000) 

i 25 

Magma 

25 

4 

DEEP OCEAN 
(3800) 

1 

1-15 
t 

SEDIMENTS 
(~100 X 106) 

Organic C 
in sediments 
(~20 X 108) (~80 X 106) 

Reservoirs in Gt C (values in brackets) fluxes in Gt C/yr (values on arrows) mean residence 
times in reservoirs in years 

natural C transfers ^ anthropogenic C-transfers 

All values except for fossil fuels and accumulation uncertain all fluxes with? too uncertain for 
estimation 

Rgure 1.3.2 The global carbon cycle, mid to late 1980s 

Sources: Bach (1984), Trabalka (ed.) 1985 
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Table 1.3.9 Global budget for carbon dioxide 1 

C02 Sources/Sinks 

SOURCES 
Natural 

Gross annual release from ocean 
Gross annual release from land 

Total natural 
Man-made 

Fossil fuel use 
Land use conversion 

Total man-made 

TOTAL SOURCES 

SINKS 
Ocean 

Gross annual uptake 

Land 
Net primary production 

Accumulation 

TOTAL SINKS 

IO»t C02/yr 

381(376-390) 
216(32-440) 

597(408-830) 

18(16-20) 
7(0-10) 

25(16-30) 

622(424-860) 

392(388-396) 

220(183-257) 

10(10-15) 

622(581-668) 

IO»t C/yr 

104 
59 

163 

5 
2 
7 

170 

107 

60 

3 

170 

% 

60 
36 
96 

3 
1 
4 

100 

63 

35 

1 

100 

1. The estimates with the accompanying emir bands apply to any year between 1970 and 1987. 
From: Trabalka (1985); Wuebbles and Edmonds (1988) 
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The current annual release of carbon from fossil fuels 
(about 5.3 btC in 1985/86, see also Chapter 1.4) are 
about three times as great as biospheric ones. But this 
dominance of fossil fuel releases over biospheric 
releases probably began only after World War II. Fossil 
carbon releases did not reach 1 btC/yr until the 1920s. 
The point value of the current biospheric range, 1.8 
btC/yr, was not reached by fossil fuel consumption 
until 1952, and the high value, 2.6 btC, not until 1960 
(Rotty and Masters 1985). 

Cumulative releases of fossil and biospheric carbon 

Cumulative net releases of carbon into the atmos
phere due to land-use changes and fossil fuel con
sumption are of significant magni tude , both 
compared to natural fluxes and compared to the 
total carbon stored in the fast-cycle reservoirs. 
Between 1860 and 1985, an estimated 90-180 btC 
have been released into the atmosphere due to 
human land-use activities (Houghton et al. 1987). 
This corresponds to about 5-10 percent of the ter
restrial biospheric pool. 

Another 140-180 btC were released from fossil fuels 
(Rotty and Masters 1985).1S This is about 5 percent 
of the total fast-cycle carbon in the upper ocean, the 
atmosphere, and on land. Figure 1.3.3 shows the rel
ative proportions based on the upper bound of esti
mated releases. 

Looking into the future to the year 2100, Figure 1.3.3 
shows that cumulative carbon releases from the bio
sphere could grow by 170 percent above the approx
imate current value of 180 btC, assuming only 
constant release rates at the high end (2.6 btC/yr) 
of current estimates. But this increase in biospheric 
releases is overshadowed by the trend-based cumu
lative fossil fuel releases, which would reach, at a 2 
percent annually compounded growth rate, about five 
times their current level. This would shift the balance 
between cumulative biospheric and fossil releases 
from about 50:50 between 1860 and 1980 to 30:70 
between 1860 and 2100. 

Figure 1.3.3 also shows the relative proportions of car
bon releases in the toleration scenario of Chapter 1.2, 
in which the biosphere is stabilized at ca. 1980 carbon 
storage levels, and fossil fuels are phased out. Here 
again, cumulative fossil fuel releases would become 
clearly dominant over time, gaining a share of 70-75 
percent of the total 1860-2100 figure. 

15. These figures refer to 1980. By 1985, me upper bound 
of the range was 210 btC in round numbers, as shown 
in Figure 1.3.3. 

However, if the destruction of biospheric pools were 
to further accelerate, this could set free as much car
bon as trend-based fossil fuel consumption. The car
bon pool in terrestrial ecosystems alone is about three 
to four times the size of cumulative fossil releases to 
date. It is precisely these important terrestrial life sys
tems that are being extensively and dramatically 
altered by human civilization. 

f, this overview leads to an important con-In summary, 
elusion: 

• Changes in the terrestrial life systems and soils 
caused by human activity could pose a large 
additional climate threat, compounding the 
impacts of fossil fuels by a significant margin. 

2. Biospheric carbon releases and land-use 
changes 

Below, we look at the various components of human 
activity that are changing terrestrial biospheric carbon 
storage. Here, it is important to consider both direct 
human impacts due to changes in land-use, and indi
rect environmental impacts on the biological produc
tivity of undisturbed and altered ecosystems. The 
impacts of human activity on the carbon content of 
soils and standing biomass are also somewhat different 
in the tropics and in the temperate or high latitude 
(boreal) zones. 

The greatest change in the terrestrial biospheric car
bon reservoir occurs through human agricultural 
activity. This activity can be broadly defined as the 
transformation of forests into non-forest land for pas
ture or crop production purposes. The harvesting of 
forests for timber in managed forests or industrial 
plantations also has an impact on stored carbon. 

Of course, the reverse process of forest recovery is also 
at work, since some agricultural land is continually 
being taken out of production. The reasons may be 
agricultural overproduction, soil conservation or refor
estation programs, the fallow cycle in tropical shifting 
cultivation, or simply the abandonment of land that 
has been degraded to the point of non-productivity. 

However, the natural recovery of such abandoned agri
cultural land may be severely hampered or entirely 
blocked if overly intensive use has set into motion the 
process of desertification. This is increasingly the case 
in many semi-arid regions. Even in the humid regions 
of the tropics, desertification can occur where laterite 
soils are involved. The loss of arable land then leads 
to more clearing of forests to maintain agricultural 
production. 
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Figure 1.3.3 Biospheric and fossil carbon releases under two scenarios (1860-2100) 

Sources: Historic data from Marland etal. (1988). Houghton etal. (1987), Trabalka (1985); 
phase-out scenario from Chapter 1.4. 
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Quantitative relationships 

A quantitative understanding of these impacts on ter
restrial carbon storage and releases can be gleaned 
from the data presented in Table 1.3.10. 

When forests are converted to non-forest areas, there 
is a drastic drop in the carbon content stored in stand
ing biomass, and some drop in soil carbon. As shown 
in Table 1.3.10, converting forests into cultivated land 
leads to a loss of anywhere from half to three quarters 
of total stored carbon per hectare. The impact of veg
etation clearing alone is most severe in tropical rain 
forests, where about two thirds of the total carbon are 
found in the vegetation,16 and least severe in the bore
al regions, where proportions are about the inverse. 

Note that croplands and pastures store only very little 
carbon in their vegetation, on the order of 3-7 percent 
of the soil-plus-vegetation total (Table 1.3.10). In this 
respect, they are not much different from natural grass
lands and woodlands. Note further that if croplands and 
pastures arc degraded through mismanagement, they 
can release once again as much carbon from the soil 
as the original forest clearing that created them released 
from vegetation. Even before this complete desertifica
tion is reached, overly intensive use can reduce the 
humus content of soils enough to cut soil storage by as 
much as 40-50 percent Soil loss due to wind erosion 
also accelerates the oxidation of soil carbon. Similarly, 
the table shows that the destruction of savannahs and 
dry woodlands due to overgrazing and excessive wood-
fuel harvesting can release as much carbon per hectare 
as the clearing of forests in forested regions. 

Even where forests are harvested on a renewable basis, 
there is a carbon loss of anywhere from 10-25 percent 
in temperate and boreal forests. The same reduced 
carbon storage is found in "recovered" forests that 
regrew on abandoned agricultural land. 

The difference is even larger in tropical rain forests. 
In tropical shifting cultivation, a mature fallow area 
may contain less than 60 percentof the undisturbed 
carbon storage. 

Global history of land-use changes 

Before the advent of agricultural civilizations, about 
10,000 years before present, forests and open wood
lands covered an estimated 6.2 billion ha (Mathews 

16. We show in Table 1.3.10 the high estimates for the carbon 
content of tropical forest vegetation, which are derived 
from direct measurement Significandy lower numbers 
(by 3040 percent) are obtained from FAO/ UNEP statis
tics on growing stocks (Brown and Lugo 1982,1984). 

1983), or about 47 percent of the world's land area. 
Human activity began to have an impact on forest 
cover early on, as witnessed by the desertification of 
the Middle East, but it did not begin to change dra
matically on a global scale until about 1800, when 
world population began its steep increase. 

Today, only about two thirds, or 4.1 billion ha of the 
original forest cover is left If degraded tropical areas 
supporting shrubs and forest fallows are included, the 
total comes to 5.2 billion ha. Relative to the original 
state of affairs, the reduction in forest cover is thus 
at least 16 percent, and could be twice as much on a 
forest quality basis. These and other statistics on pre
sent-day land-use are summarized in Table 1.3.11. 

In the course of this conversion, a large but difficult 
to estimate amount of biospheric carbon was released 
into the atmosphere. In the Holocene period before 
agricultural disturbance, long-lived plant material con
tained an estimated 340 btC more in vegetation, and 
possibly several hundred more btC in soil humus 
(Olson et al. 1985). But the speed of change until 
about 1800 was apparently not large enough to sig
nificandy alter the atmospheric equilibrium. 

In the period from 1860 to 1980, on the other hand, 
the rate of biospheric carbon releases due to land-use 
changes accelerated by one to two orders of magni
tude.17 In that period, the cultivated area worldwide 
increased dramatically, from less than 600 million ha 
to about 1500 million ha (Houghton 1986). Houghton 
estimates that this resulted in a release of about 
160-180 btC in the same period. 

This accelerating growth put enormous pressure on for
est resources. Of the total carbon released, between 60 
and 90 percent was due to the clearing of forests for 
permanent agriculture. Reduced fallow periods, increas
ing land areas under shifting cultivation, and land 
degradation due to intensified cropland cultivation 
account for most of the remainder (Houghton 1986). 

Biospheric releases from temperate and boreal 
ecosystems 

The percentage of the biospheric carbon stored in 
terrestrial ecosystems outside tropical forests is 
about 320-360 btC, or about 60-75 percent of the 
global stock (Houghton et al.1985). These figures 
illustrate the critical influence of forest maintenance 
in the industrialized regions on global climate sta
bilization. 

17. Assuming mat most releases before 1800 occurred with
in the preceding 2000 years, me average release rate 
was perhaps (100-500)/2000 = 0.05-0.25 btC/yr, com
pared to 1.3-1.5 btC/yrfor 1860-1980 (see below). 
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Table 1,3.10: Carbon in vegetation and soils for different land-uses and regions 

Land-use type 

Northern (boreal) forest 
natural 

managed 
"recovered" 

Temperate evergreen forest 
natural 

managed 
"recovered" 

Temperate deciduous forest 
natural 

managed 
"recovered" 

Temperate grassland 
Temperate woodland 

Temperate cultivated land 
formerly boreal 

form, evetgr. ordecid. 

Tropical moist forest 
natural (a) 

(b) 
mature fallow 

Tropical dry woodland 

Tropical pasture 
Tropical cropland 

C in vegetation 
tons/ha 

90 
72 
68 

160 
120 
120 

135 
100 
100 

7 
27 

5 
5 

176-250 
73-140 
70-90 

27-90 
15-40 

5 
5 

C in soil 
tons/ha 

206 
185 
185 

134 
120 
120 

134 
120 
120 

189 
69 

155 
101 

100-120 
100-120 
90-108 

50-69 

75-90 
70-84 

Total C 
tons/ha 

296 
257 
253 

294 
240 
240 

269 
220 
220 

196 
96 

160 
106 

276-370 
173-260 
160-198 

77-159 
84-96 

80-95 
75-89 

Index 1 

1.00 
0.87 
0.85 

1.00 
0.82 
0.62 

1.00 
0.82 
0.82 

1.00 
0.49 

1.00 
0.66 

1.00 
0.63-0.70 
0.54-0.58 

0.21-0.58 
0.23-0.35 

0.26-0.29 
0.24-0.27 

Index 2 

1.00 
0.87 
0.85 

0.99 
0.81 
0.81 

0.91 
0.74 
0.74 

0.66 
0.32 

0.54 
0.36 

0.93-1.25 
0.58-0.88 
0.54-0.67 

0.26-0.54 
0.28-0.35 

0.27-0.32 
0.25-0.30 

Notes: (a) values from Brown and Lugo (1882) 
(b) Values from Brown and Lugo (1984) 

Ranges for tropical forests reflect differences between Latin America, Africa, and Asia. 

Source: Houghton etal. (1987) 
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Table 1.3.11: World land area by category and use, circa 1982-84 

Total forests 
before human disturbance 

Closed forests 
Open forests 

Shrubland and forest fallow 

Cropland 
Cropland in dryland areas 

of which irrigated 
of which desertified 

of which rainfed 
of which desertified 

Pasture 
Pasture in dryland areas 

of which desertified 

Total agricultural 
productive drylands 
of which desertified 

Total other 

Total land area 

LDCs 
billion ha 

3 . 1 7 

1.34 
0.80 
1.03 

0 .81 
0.46 
0.10 
0.03 
0.37 
0.28 

1.89 
1.53 
1.23 

2 . 7 0 
1.99 
1.54 

ICs 
billion ha 

2 . 0 0 

1.49 
0.52 

0 

0 .66 
0.24 
0.03 
0.009 

0.2 
0.07 

1.26 
1.03 
0.38 

1.92 
1.27 
0.46 

World 
billion ha 

5 .16 
6.2 
2.83 
1.30 
1.03 

1.47 
0.70 
0.13 
0.04 
0.57 
0.35 

3 . 1 5 
2.56 
1.61 

4 . 6 2 
3.26 
2.00 

3 . 3 2 

1 3 . 0 8 

Index 1 

0 .39 
0.47 
0.22 
0.10 
0.08 

0 .11 
0.05 
0.01 
0.00 
0.04 
0.03 

0 .24 
0.20 
0.12 

0 . 3 5 
0.25 
0.15 

0 .25 

1 .00 

Index 2 

1 .00 

0.55 
0.25 
0.31 

0.32 
0.15 
0.03 
0.01 
0.12 
0.08 

0 .68 
0.55 
0.35 

1.00 
0.71 
0.43 

1.00 

Sources: Desertification data from UNEP (1987); historic forestation from Mathews (1983); forest cover 
estimates from Poste) & Heise (1988); other from World Resources Yearbook (WRI/IIED 1987). 
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The temperate and boreal ecosystems are mainly locat
ed in China, the Soviet Union, North America, 
Europe, and most of Oceania. These regions contain 
about 40 percent of the forested land of the world 
today. The largest share of forest land in these regions 
is found in the Soviet Union (about 20 percent), fol
lowed by North America (about 13 percent). Europe 
and China contain about 3 percent each. 

On the surface, the picture of biospheric COg releases 
for these non-tropical regions is assuring. The expan
sion of agricultural areas had largely ceased in the 
industrialized regions by the middle of the twentieth 
century, and forested areas have remained fairly stable. 
In Europe, they even increased due to the abandon
ment of significant areas of the less productive agri
cultural land. Reflecting these dynamics, Houghton 
et al. (1987) estimate a net biospheric release of only 
0.1 btC/yr from boreal and temperate ecosystems in 
1980, or no more than 4-10 percent of the estimated 
world total. 

There are, however, geographic areas that do less well. 
Both the eastern Soviet Union and China are setting 
free more carbon through cropland increases than 
they sequester through afforestation and cropland 
abandonment. In view of the enormous population 
concentration in China, it is a major achievement that 
deforestation has been greatly slowed, but the addi
tional population pressures of the next few decades 
will pose a challenge to the gains made so far, and 
make further improvements more difficult to achieve. 

In the U.S., growth in grain exports and urban sprawl 
have led to a reduction of forested areas by about 10 
percent since 1960 (WRI/IIED 1987). Continuing 
large soil losses in U.S. agriculture also are a factor, 
accelerating the oxidation of soil carbon (see Section 
C above). 

In this respect, the U.S. soil conservation program 
begun in 1985, which sets aside 16 million ha of highly 
erodible cropland for planting in trees or grass, is an 
important step. It could render North American ter
restrial ecosystems a net sink for carbon (Postel and 
Heise 1988). However, non-sustainable logging prac
tices, notably clear-cutting in erosion-prone forest 
lands, continue in the U.S. and elsewhere at large 
scale. A significant portion of forest lands in indus
trialized countries are understocked or degraded. 

Acid rain impacts 

There is other cause for concern that the relatively 
stable overall picture for the non-tropical areas might 
change. The above carbon release estimate does not 

take into account the massive and sudden forest dam
age recently detected in Europe and the Eastern U.S., 
caused by acid rain and other pollution stress. In 1986, 
some 52 and 36 percent of the total forest area in West 
Germany and Switzerland had been damaged, respec
tively (Giesen 1986). In central and northern Europe 
as a whole, more than a fifth of forested area has 
already been damaged. This area alone corresponds 
to more than seven percent of the non-tropical forest 
area. Together with affected areas in the U.S., some 
ten percent of the non-tropical forests are likely 
involved. 

The potential magnitude of climatic impacts from this 
environmental problem are, as Woodwell (1987) and 
Bach (1985) point out, large and widely underestimat
ed. Suppose the ten percent of forests already dam
aged die back. From the figures on total standing 
biomass quoted above, it follows that this could release 
as much as 35 btC to the atmosphere. This corre
sponds to seven years of world fossil fuel consumption 
at the current level. Depending on the speed of such 
a process, this dieback alone could gready increase 
global biospheric releases. Natural recovery would like
ly take many decades. 

Biospheric releases from tropical ecosystems 

Houghton et al. (1987) find that the global net bio
spheric carbon flux of 1.8 + 0.8 btC/yr in 1980—about 
as large as the annual fossil carbon release from total 
world oil consumption (Chapter 1.4)—was almost 
entirely from the tropics. Some 40 percent of the total 
comes from tropical Latin America, 37 percent from 
tropical Asia, and 23 percent from tropical Africa. 

By far the largest national contributor is Brazil, which 
alone accounts for 20 percent of the total. According 
to the same data source, just one of the nine Amazo
nian provinces of Brazil releases more biospheric car
bon than all temperate and boreal regions combined. 
80 percent of the total is accounted for by just 15 coun
tries, with the biggest players, other than Brazil, includ
ing Indonesia, Colombia, Thailand, Laos, Nigeria and 
Cote d'lvoire. 

The land-use changes and other human activities driv
ing these releases are complex and regionally 
diverse.18 Forest clearingfor croplands by far the major 
driving force. The intensification of "slash and burn" 
subsistence shifting cultivation also plays a major role. 
Fuelwood collection, including selective cutting of trees 
for charcoal production, can have devastating conse
quences, particularly around cities. Notably in Latin 

18. See Postel & Heise (1988) for further discussion. 
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America, caUle ranching for beef exports drives the 
clearing of large tracts for pastures. Export of tropical 
hardwoods to cash-rich Northern markets also is a major 
factor, partly because of its indirect effects: it leads to 
the construction of logging roads that brings in mas
sive numbers of colonists in its wake. In some coun
tries, like Brazil and Indonesia, colonization programs 
are additionally promoted by governments and even 
international development agency grants. Similarly, 
the World Bank and bilateral aid agencies support 
large hydro dam projects that often destroy huge virgin 
forests. Acid rain damage is also being detected in sev
eral Third World areas. 

Tropical deforestation 

Around the turn of the century, about two billion 
hectares of tropical forests existed. By 1980, only about 
half of this total was left Current net deforestation 
rates in the tropics are large. The most widely accepted 
current estimates are from a joint study by the Food 
and Agriculture Organization (FAO) and the United 
Nations Environment Program (UNEP), from FAO 
Production Yearbooks, and from work by Norman 
Myers. Recently, these estimates were brought into 
comparable form and synthesized by Houghton etal. 
(1987). The range of the FAO/UNEP and Myers num
bers is shown in Table 1.3.12. 

The deforestation rates shown in the table include 
closed tropical rainforests in humid regions where 
the dense canopy prevents grass from growing on the 
forest floor; open forests including woodlands in 
semi-arid regions; and forest fallow and dry shrub 
lands. The net loss in total forest area is about 11-14 
million ha per year, equivalent to the size of Great 
Britain. The greatest area losses occur in the open 
forests and shrublands of the seasonal and dryland 
stocks. Clear-cutting in tropical rainforests is 4—7 mil
lion hectares, but about two thirds is on mature fal
low. Clearing of undisturbed tropical rainforests is 
about 2.3-2.5 million hectares per year (Houghton 
etal.1987). 

Expressed in percentages, the net deforestation rates 
range from 0.2 to 0.5 percent of the world's forest 
land per year. If we combine deforestation and degra
dation, about 0.5-0.6 percent are affected per year. 
These figures may seem modest, but they would 
still mean a loss often percent of forests in less than 
twenty years. 

Moreover, in individual countries, deforestation rates 
are as much as ten times as high. Since 1966, the Ivory 
Coast has lost 56 percent of its forest cover, and a score 
of other countries have lost from 20-40 percent 

(WRI/IIED 1986,1987). Recent satellite data indicate 
that Brazil's deforestation rate has increased more 
than twofold since 1980. In the Amazon basin, rates 
of up to ten percent per year have been reported 
(Salati 1987). At that rate, about 90 percent of the pre
sent 400 million ha of Amazon rainforest will have 
been destroyed in about 20 years. 

By comparison, afforestation in the tropics is lagging 
far behind. In Africa, on average, only one in about 
30 hectares cleared is replaced by reforestation or by 
afforestation elsewhere. About half the African coun
tries have no significant reforestation efforts at all. In 
tropical America, the ratio is about one in ten, and 
in Asia about one in five (WRI/IIED 1987). 

Forest degradation 

The deforestation rates alone do not accurately mea
sure the extent of the damage to the world's forest 
stock. They do not include the vast areas that were 
simply degraded, but not fully cleared of trees. From 
an ecological point of view, impoverishment is also 
caused in areas where selective logging is practiced, 
but surrounding vegetation is damaged, and in areas 
where plantations diminish species diversity and for
est stability. This partial degradation has itself a sig
nificant impact on carbon releases. It is estimated 
that each year four million hectares of forest land 
are degraded by these and other human activities 
(Table 1.3.12). 

Desertification 

Desertification is also spreading, leading to the release 
not only of vegetation carbon, but also of soil carbon. 
According to estimates by the UN Food and Agricul
tural Organization (FAO 1980), about 5-7 million ha 
of the world's arable land under cultivation are com
pletely lost for agricultural production every year. For 
comparison, the FAO projects that about 200 million 
ha of new arable land will have been added between 
1980 and 2000. At current rates of loss of arable land, 
this addition would little more than compensate for 
losses due to soil degradation. 

The most affected regions are those with semi-arid or 
arid climates (drylands). Of the world's 4 5 billion ha 
of drylands, 3 3 billion are classified as biologically pro
ductive, and are used as pastures, rainfed cropland, 
and irrigated cropland. Almost half the world's crop
land is in dryland areas, and about 80 percent of the 
world's pastures are found there. But 61 percent of 
this area is already desertified, i.e., production of 
biomass and soil reproduction are at least 25 percent 
diminished (WRI/IIED 1986/87, see Table 1.3.11). 
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Table 1.3.12: Annual rates of tropical deforestation and desertification 

Forest clear-cutting 
(1) f. perm, pasture & cropland 
(2) f. shifting cultivation 

(a) gross 
(b) mature fallow 
(c) primary (net) 

Total gross (1+2a) 

Total net (i+2c) 
percent of stock 

Forest degradation 
primary forests 

Grand Total 
percent of stock 

Global loss of arable land 
percent of stock 

Area by climate region 
Moist 

million ha/yr 

0.2-1.0 

4.1-6.7 
2.8-4.4 
1.3-2.3 
5.1-6.9 

2.3-2.5 
0.2 

Seasonal 
million ha/yr 

0.7-2.8 

6.4-11.9 
4.4-7.5 
2.0-4.0 
9.2-12.6 

2.1-4.2 
0.25-0.5 

Dry 
million ha/yr 

2 

5.9-6.4 
4.1-4.4 
1.8-2.0 
7.9-8.4 

3.8-4.0 
0.4 

Total 
million ha/yr 

4.2-5.8 

16.5-25.0 
11.3-16.7 
5.2-8.3 

22.3-29.2 

11.0-14.1 
0.36-0-46 

4.3 

15.3-18.5 
0.5-0.6 

5-7 
0.33-0.47 

Notes: (a) total gross is total clearing for all purposes 
(b) this is clearing for shifting cultivation on land previously used for that purpose 
(c) total net is total gross minus land clearing under (b) 

Sources: FAO (1980), FAO/UNEP (1981), Houghton et al. (1987) 

Control Requirements for Non-Fossil Greenhouse Gases 1.3-36 



UNEP estimates that an even larger fraction of this 
land is at risk of becoming desertified. 

As can be seen from Table 1.3.11 (land categories), 
most of the desertification occurs in the developing 
world. 57 percent of the Third World cropland is in 
dryland areas, and here, fully two thirds are already 
desertified. Of the twenty percent or so under irriga
tion, a third is affected. 

3 . Feedbacks o f the g reenhouse effect o n 
biospheric carbon releases 

Increased C 0 2 concentrations and warmer climates 
could themselves lead to feedback effects on biospher
ic carbon fluxes to the atmosphere. The present 
understanding of such possible mechanisms is highly 
inadequate, particularly in view of their enormous 
implications for greenhouse risks (Lashof 1989). 

The up side: increased photosynthesis ? 

Increased carbon fixation in plants in response to 
higher carbon dioxide concentrations would be a 
negative feedback mechanism. Such a compensating 
effect has been proposed by some, pardy as one 
explanation of the "missing sink" in the current 
accounting of the global carbon cycle (see Section 
D.4 below). 

The carbon dioxide levels used to promote plant 
growth in commercial greenhouses are several times 
those occurring naturally, notjust 25-30 percent high
er. On the other hand, chamber experiments show 
that some plants respond in a linear fashion over a 
wide range of carbon dioxide concentrations. There 
is some uncertainty whether crop plants will respond 
to increased C 0 2 concentrations even more or less 
so when their access to energy, water and mineral 
nutrients is limited, as is the case in the natural envi
ronment A further complicating factor is that weeds 
and pests are likely to be even more enhanced than 
crops. The transfer of chamber or hot-house expe
rience to the natural environment could therefore 
be misleading. 

But for C 0 2 enhancement of p lant growth to 
explain the "missing sink" in the carbon cycle (see 
below) it is above all the forest biomass that would 
have to be increasing. Almost all the data on C 0 2 

enhancement are on crops. A recent analysis of 
feedback mechanisms in the climate system suggests 
that an enhancement effect could be real but 
appears too small to account for the "missing sink" 
(Lashof 1989). 

The down side: increased respiration? 

Warmer temperatures brought about by the green
house effect could lead to a positive feedback by accel
erating the respiration of plants while producing little 
impact on photosynthesis (Woodwell 1983). When res
piration outpaces photosynthesis, trees release more 
carbon than they fixate, as evidenced by the seasonal 
fluctuations in the Mauna Loa records. A 10° C 
increase in temperature can increase plant respiration 
by anywhere from 30 percent to more than four times. 
Several degrees of warming are expected in the north
ern region for one degree of warming in the global 
average surface temperature (see Section 1.1). 

Woodwell (1986) warns that if respiration exceeded 
photosynthesis for an extended period of time, a large-
scale forest dieback in the Northern Hemisphere 
could occur. If the recent experience with forest dam
age in Europe is any indication, such forest dieback 
could occur within a decade once the process is set 
in motion. By contrast, the migration of species more 
adapted to the new temperature regime into the 
destroyed regions would take a century or more. The 
rate of increase in global warming would be decisive 
for the extent of the devastation that might occur. 

The threat of a positive temperature feedback on bio
spheric carbon releases is not limited to forests. It 
would affect all vegetation and soils, especially those 
of the middle and higher latitudes including the tun
dra (Billings etal. , 1982,1983,1984). The forests of 
Western and Northern Europe would be among the 
areas affected in a major way. 

Thus, depending on the rate of warming, up to several 
hundred billion tons of carbon could be released from 
the biospheric pool in a matter of a few decades. The 
annual rate of such releases could outstrip releases from 
fossil fuels for an extended period. The potential con
sequences of massive forest dieback and further warm
ing illustrate the danger of seeing greenhouse warming 
as mainly beneficial for northern hemisphere regions. 

4. T h e missing sink: Is the b iosphere active 
o r neutral? 

There remains at this time a significant gap in clima-
tologists' and geophysicists' ability to balance the glob
al carbon-cycle budget Carbon-cycle models built on 
geochemical knowledge can account for the fossil car
bon releases and the atmospheric C 0 2 concentrations 
monitored at Mauna Loa since 1959, but not for an 
additional biospheric carbon release of 1.8 btC/yr or 
more, as suggested by Houghton et al. (1987). To 
bring the models into balance requires a neutral 
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biosphere or a slight net sink in the biosphere, point
ing to a 1-2 btC discrepancy between models and total 
(biospheric plus fossil) carbon release estimates (Tra
balka etal. 1985; Houghton etal. 1987). This balanc
ing requirement of current carbon cycle models is 
reflected in the climate warming calculations of Chap
ter 1.2. Consistent with other climate warming mod
eling exercises, they treated the biosphere as neutral. 

The discrepancy between model requirements and 
land-use based estimates has led to speculation about 
additional carbon sinks not presently accounted for. 
Various proposals have been advanced, including the 
possibility that the 25-30 percent increase in atmo
spheric C 0 2 concentrations since 1860 might some
how have stimulated carbon uptake in plants. As 
already discussed above, there is no experimental evi
dence available to support this suggestion. It is urgent 
to improve the data base on this question. 

One difficulty in resolving this issue is that the mag
nitude of the discrepancy is small compared to the 
large natural fluxes occurring in the terrestrial-ocean-
atmospheric system, and thus difficult to detect. Mod
eling exercises will have to contend with these carbon 
cycle uncertainties for some time. Resolving the ques
tion of whether the biosphere will react with positive 
feedback to climate warming or with negative feed
back to increased carbon dioxide concentration will 
require significant additional research. Ideally, it would 
include extensive monitoring of actual eco-systems 
over at least a decade (Trabalka 1985). 

In the meantime, this uncertainty means an exposure 
to significant climatic risk. The entire discrepancy could 
be an accidental outcome of temporary opposing 
effects. Once these overlaps disappear, we might find 
that there is no hidden carbon sink after all, and that 
the global greenhouse effect is driven by the full sum 
of net biospheric carbon releases and fossil releases. 
One should, therefore, distinguish between current 
modeling conventions and actual risks posed by the 
known man-made changes in terrestrial ecosystems. 

Risk-minimizing policy responses to carbon cycle 
uncertainties 

Whether it is assumed that net biospheric releases are 
negligible or not has significant policy implications 
for climate stabilization. If the current biosphere is 
treated as a neutral "black box", any additional tree 
planting would offset fossil releases. If, on the other 
hand, the biosphere is seen as a significant source of 
carbon, tree planting will be needed first and foremost 
to offset biospheric releases from the destruction of 
forests and soils. 

Recall that in our modeling calculations of Chapter 
1.1, climate stabilization in the toleration scenario was 
achieved under the assumption that the biosphere was 
neutral. If the biosphere is in fact a carbon source, 
and the toleration scenario is still to be realized, fossil-
biospheric tradeoffs would be feasible only after bio
spheric carbon pools have been stabilized. The 
stabilization of these pools is itself a major task, as fur
ther discussed below. 

Treating the biosphere as neutral has been a common 
assumption in climate modeling exercises not only 
because of model calibration difficulties, but also 
because these exercises focused on scenarios of grow
ing fossil fuel consumption. In that case, biospheric 
releases do become less important (see Figure 1.3.3), 
though positive feedbacks from forest die-back could 
still make a large contribution. 

But relative proportions of fossil and biospheric releas
es are different under a scenario of climate stabiliza
tion, in which fossil fuel use is largely phased out within 
the next century. As a result, the "residual" term of 
biospheric releases, including its uncertainty range, 
gains in importance (Figure 1.3.3). After a few decades, 
net biospheric releases would even become dominant 
if they were to continue at present levels. 

If climate policies are to minimize risks: 

• we must assume that biospheric releases 
increase the risk of greenhouse warming in 
direct proportion to the net flux calculated 
from land-use changes. 

This is equivalent to saying that biospheric carbon 
directly and fully adds to the warming from fossil carbon 
releases. From the same risk-minimizing perspective: 

• global land-use, land conservation, and 
afforestation policies should be aimed, at a 
minimum, to achieve a neutral biosphere close 
to present levels of terrestrial carbon storage; 

• Optimally, these policies should be geared 
toward increasing terrestrial carbon storage 
above current levels. 

This treatment is warranted in particular because: a) 
biospheric carbon releases since about 1860 were as 
large as those from fossil fuels to date; b) according to 
our best knowledge, the current rate of biospheric 
releases is in fact not zero but substantial; and c) this 
biospheric release rate could grow through massive for
est die-back due to air pollution and warming stresses. 

To translate such a risk-minimizing perspective into 
policy action, it is necessary to explore in some detail 

Control Requirements for Non-Fossil Greenhouse Gases 1.3 — 38 



the global opportunities for reforestation and 
afforestation. 

E. RESTORING BIOSPHERIC CARBON 
POOLS IN FORESTS AND SOILS. 

1. How many trees should be planted? A 
climate perspective 

From the perspective of climate stabilization, we need 
to know how much tree planting would be needed to 
achieve the following goals: 

• Eliminating current net annual biospheric car
bon releases of about 1-2 btC/yr; 

• Compensating for annual fossil carbon releases 
of 5.5 btC/yr; 

• Returning terrestrial ecosystem carbon storage 
to the level that existed before industrialization 
(i.e., fixing an estimated 90-180 btC of biotic 
releases); 

• Sequestering all (fossil and biospheric) carbon 
releases since industrialization (an estimated 
250-400 btC), plus all future fossil carbon 
releases that would unavoidably still occur 
under a rapid fossil fuel phase-out (another 300 
btC, see below). 

Figure 1.3.3 shows the relationships of some of the 
quantities involved. 

The first target should be seen as the minimum action 
required to mitigate against biospheric carbon risks. 
Essentially, it is geared toward stabilizing the terrestrial 
carbon pool as closely as possible to current levels. Fur
ther destruction of existing carbon pools, now accel
erating at an alarming rate, would first be steadied and 
then reduced in the near to medium term, while tree 
planting elsewhere would increasingly offset remain
ing losses. Eventually, a steady-state situation would 
be achieved. In the course of the transition to this 
steady state, a significant amount of current terrestrial 
biospheric carbon would still be shifted to the atmos
phere. To bring carbon storage back to current levels, 
a significant further afforestation effort would have 
to be undertaken. 

Under the second goal, tree planting would be imple
mented at a sufficiently fast rate and broad scale to main
tain current storage and to begin to offset fossil releases 
as well. This fossil fuel offset, would, however, be only 
temporary. If one assumes that fossil fuel consumption 
will continue after the newly planted forests have 

matured, tree planting becomes mainly a strategy for 
gaining time; once the added forest areas have matured, 
carbon sequestering will cease, and fossil releases will 
be unabated. Of course, this time element could be very 
important, both in terms of the climate stabilization goal 
of slowing the ruteof warming, and in terms of the time 
needed for putting into place highly efficient energy 
technologies and renewable energy sources. 

The third goal overlaps with the second, but is orient
ed toward minimizing biospheric climate impacts by 
sequestering historic carbon releases from the atmos
phere. This "roU-back" approach reflects the climatic 
risks associated with our lack of certainty about the 
eventual impacts of these releases. The magnitudes 
involved are shown in Fig.I.3.3. As discussed in Section 
D above, net biospheric carbon releases since indus
trialization were almost as large on a cumulative basis 
as those from fossil fuel consumption. 

Of course, this roll-back of past biospheric emissions 
would still be counteracted by fossil releases. To pursue 
the maximum reduction of anthropogenic climate 
risks, one would want to phase out fossil fuel consump
tion over the next few decades, as assumed in the tol
eration scenario; sequester all historic carbon releases 
since the onset of industrialization; and also offset all 
future fossil and biospheric releases that are inevitable 
during the completion of the fossil phase-out. This 
would lead to a return to preindustrial atmospheric 
conditions and a steady-state situation in which no net 
anthropogenic carbon releases, either biospheric or 
fossil, would occur. The magnitudes involved are again 
shown in Fig. 1.3.3. 

An upper limit analysis for global tree planting 

Could any of these carbon sequestering targets be real
istically approached? In principle, the percentage of 
the earth's land surface under forests could probably 
be returned to the 6 billion ha level of preindustrial 
times. If left alone and given sufficient time, nature 
might do the job on its own. However, the climate 
problem must be addressed in the next five to ten 
decades. This presents a logistic constrain L 

Also, there is now 1.5 billion ha of agricultural crop
land, much of it on areas formerly forested, and the 
need for food production will increase with growing 
populations in the developing countries. Further vex
ing issues in developing a reforestation scenario are 
the political and social constraints placed upon imple
menting the necessary land-use changes.19 

19. For a sophisticated treatment of these constraints based 
on experience in Africa, see Leach and Mearns (1988). 

Control Requirements for Non-Fossil Greenhouse Gases 1.3-39 



In the discussion below, we sketch in rough terms a 
series of reforestation efforts that could conceivably 
be pursued over the next 50-100 years. The purpose 
of this sketch is to estimate the order of magnitude 
of the biotic carbon fixing potential under optimistic 
assumptions. It is not to develop a detailed action plan. 
Nor does it address all the practical implementation 
problems associated with tree planting programs, 
which are many and daunting. The principal purpose 
of this exercise is to better define what minimum 
requirements should be applied for the curtailment 
of fossil fuel consumption under the goal of climate 
stabilization. These minimum requirements are 
defined by the maximum contribution other policy 
areas could make toward this goal. 

2. More forests versus more food: 
an inherent conflict? 

In the past, discussion has focused mainly on potential 
conflicts between food production and energy crop 
production (such as the use of sugar cane or corn for 
conversion to fuel alcohol). The climate threat now 
adds a potentially even larger competitor for agricul
tural land. How can global afforestation be achieved 
in the face of growing food demands? And does 
biomass energy production fit in any more at all? 

It is estimated that an additional 200 million ha of land 
will be devoted to agriculture in the Third World by 
the year 2000. Other investigations of the world's agri
cultural future have suggested that the world's crop
land area might be doubled in the longer term, adding 
another 1500 million ha (FAO 1978). 

But according to FAO estimates, all but about 11 per
cent of the world's land area—i.e., about as much land 
as is now under cultivation—offers serious limitations 
to agriculture. The more land taken under production 
in the more marginal regions, the greater the likeli
hood for accelerated loss of cropland from soil degra
dation and desertification. Deforestation can itself 
accelerate the loss of soils and cropland, because of 
watershed damage, lowered water tables, and accel
erated wind- and flood-related erosion. 

In the near-term, further forest clearing for agriculture, 
and the attendant releases of biospheric carbon, seem 
therefore unavoidable. However, at least over the long-
term, increasing agricultural demands on the one hand, 
and maintenance of forests on the other hand, are not 
necessarily incompatible. Even a limited amount of 
biomass energy production, albeit from trees rather than 
from cropland, could be part of a sustainable pattern. 
Options for counteracting the pressures of increased 
cropland demand on forests can be grouped into three 

categories. Measures in the first category are aimed at 
reducing the demand for agricultural land and thereby 
reducing demands on forest resources. They include: 

• Raising the crop growing and livestock raising 
productivity of poor, small Third World farmers 
whose appallingly low yields force them to clear 
land (see also Section C). 

• Replacing slash and burn shifting cultivation by 
agroforestry and tree crop permaculture systems; 

• Making biomass energy use more efficient; 

• Recycling paper, timber, and other wood 
products; 

• Limiting infringements from hydro dams and 
other development projects on tropical forests; 

• Avoiding "hamburger farms" in tropical forest 
areas; 

• Reducing beef consumption. 

The goal here is to leave as much land as possible 
under forest. The second category of measures aims 
at producing more forestry products on existing forest 
land. It includes: 

• Improving management of existing forests and 
plantations; 

• Switching to better harvesting practices (har
vesting more species, minimizing damage to 
standing trees, better utilizing total biomass); 

• Reforesting and fully stocking degraded forests. 

The third category consists of tree planting in a wide 
variety of settings: 

• Integrating trees into agricultural systems. 

• Reforesting surplus agricultural land in the 
industrialized regions; 

• Afforesting degraded semi-arid lands; 

• Establishing peri-urban fuelwood plantations 
around Third World cities; 

• Planting trees in cities and along roadways. 

Above all, the rate of biospheric degradation in those 
carbon pools that still exist must be slowed soon. With
out such action, reforestation in other areas is like 
opening the tap to draw more water into a leaky bucket 

Tree crop permaculture and agroforestry 

Tree crop permaculture, like organic farming, is a form 
of agriculture that builds on traditional practices. It 
has particular potential in tropical forest areas, and is 
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widely practiced in the developing world. This form 
of agriculture mimics the natural forest system while 
building on the indigenous techniques of the peoples 
living in and around them. Trees producing various 
oil seeds, nuts, and grain-equivalent fruits or natural 
products such as gum or selected species of timber, are 
planted in multi-story permaculture systems. These for
est systems are then managed to yield food and other 
products while rnaintaining a diversified forest cover. 

For example, large populations in humid West Africa 
produce coffee, cocoa and palm oil as well as many 
other minor food and other products from tree crop 
systems that look to the untutored eye exacdy like 
natural forests. The harvesting of rubber from within 
natural forests without destroying them is practiced 
by Brazilian subsistence farmers and is another 
illustration. 

Tree crop agriculture as a modern practice is less far
fetched than it might sound. The tropics, with their 
large variety of species, offer many more tree products 
that are both edible and palatable than the temperate 
zone forests. Oil palms, breadfruit trees, leafy products 
of lettuce-like quality, and a large variety of nut and 
fruit trees are examples. 

The enormous genetic pool contained in tropical 
forests also represents an untapped resource for the 
in-forest cultivation of special purpose plants with 
potentially very high commercial value. This unique 
potential of tropical moist forests, accumulated in mil
lions of years of natural evolution and now squan
dered, could give developing nations a competitive 
advantage and future export opportunities worth far 
more than the current income derived from cash 
crops and unsustainable hamburger farms. 

Agroforestry. If tree crop permaculture takes the farm 
into the trees, agroforestry brings the trees onto the 
farm. As such, it combines the maintenance and 
improvement of soil fertility with increases in carbon 
storage. Anywhere from 10 to 25 percent of agricul
tural land may be under trees, but a real competition 
with crop production and livestock raising is avoided. 
Fallow enrichment by planting leguminous trees, alley 
cropping, boundary tree planting, and community 
and private woodlots are some of the specific tech
niques used in this approach. In many areas, boundary 
planting of hedgerows alone could provide half the 
local fuelwood and fodder needs.20 

Agroforestry can also make a major contribution to 
meeting rural fuelwood needs, and offers advantages 

20. See Leach and Mearns (1988) for detailed case studies. 

over large fuelwood plantations. While fuelwood yields 
per hectare are larger in plantations than in agro
forestry, yields per tree are as much as an order of mag
nitude higher in agroforestry schemes (Leach and 
Mearns 1988). 

Liquid fuels from oilrbearing trees 

Many countries could cultivate oil-bearing trees for 
obtaining liquid fuels and other petroleum product 
substitutes. By using oil-bearing trees, a carbon-storing 
and soil-protecting tree cover could be maintained. 
Provided that the biomass fuels are burned with good 
emission controls, the goal of climate stabilization and 
biomass energy production would complement each 
other rather than compete. 

This scheme is not without historic preceden t. At one 
time, close to 100,000 people were employed in Brazil 
in cultivating the babassu tree for vegetable oil pro
duction. More than half the fruit of these swamp trees 
consists of oil, and they yield several hundred nuts per 
year, equivalent to a barrel of oil per tree or more. Dur
ing World War II, liquid fuels derived from the Ama
zonian babassu tree were burned in diesel engines, 
while the solid fruit residues were converted to coke 
and charcoal. 

Other trees with liquid fuel potentials are the oil palm 
and the Nypa palm. The latter, which is native to the 
mangrove forests of Southeast Asia, is reported to yield 
at least twice as much alcohol per hectare as sugar cane. 

Replanting degraded semi-arid land 

Conflicts between food production needs and refor
estation requirements can also be minimized by refor
esting desertified and degraded semi-arid regions?1 

These regions comprise about 1.2 billion ha and can 
be found throughout the world at the fringes between 
the tropical and temperate zones. They include the 
subtropical mediterranean climate zones in Northern 
Africa and Southern Europe, the tropical savannahs, 
and the Asian steppes. 

While agroforestry has so far been most successful in 
the humid and sub-humid regions, it is technically just 
as suited for application in semi-arid and even arid 
regions. In fact, such applications provide the most dra
matic benefits and improvements. Studies of the impact 

21. Semkuid regions are variously defined as regions receiving 
more than 200 mm/yr but less than 500 mm/yr in rainfall, 
typically concentrated in one season. Irrigated fanning 
is needed beyond low-productivity cultivation of a few 
drought-resistam species. Beyond that, the climate char
acteristics of semi-arid regions are highly variable. 
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of Acacia tree planting on Sahel zone farms indicate 
that the land carrying capacity of the area could be 
increased by a factor three to four by such planting.22 

A principal problem with agroforestry in semi-arid 
regions is the long (up to fifteen year) establishment 
time for trees. This delay in benefits conflicts with the 
short-term risk perspective forced on subsistence farm
ers and pastoralists trying to survive in an unpre
dictable environment Providing viable forms of risk 
reduction is a key challenge for successful develop
ment assistance projects in these regions. 

Despite the lack of precipitation, many areas are 
potentially recoverable. There are a number of well-
known "rain harvesting" or catchment techniques that 
allow the funnelling of precipitation from a larger sur
face area to the root system of planted trees. These 
techniques have been used in Israel, in the Sahel zone, 
in the U.S. Southwest, and elsewhere.29 Shelterbelts 
and livestock exclosure can help maintain and 
improve biomass stands. 

At one time, many semi-arid regions supported large 
tracts of sub-humid forest land. Reforestation would be 
difficult at first, but could in time make semi-arid cli
mates less dry. Some 85 percent of the precipitation 
received on land originates from non-oceanic sources, 
notably from plant transpiration itself (Winstanley 1983). 
This feature of the water cycle can thus provide a positive 
feedback effect once trees have taken hold again. 

Woodland afforestation and agroforestry in semi-arid 
regions might initially do no more than compensate 
for ongoing soil losses and desertification processes 
on agricultural land elsewhere. In the longer term, 
it could increase terrestrial carbon storage. 

The carbon storage and growth rates that could be 
achieved on these lands are, of course, smaller than 
those obtainable from afforestation of subhumid and 
humid areas. Afforestation also would be more diffi
cult and expensive. But the sheer magnitude of avail
able land area still represents a significant potential 
for carbon sequestering. 

Urban forestry and agriculture 

Currently, some 2 billion people live in cities worldwide. 
Their environments generally lack greenery, and the 
concentration of paved areas and energy use creates 
urban summer heat islands that raise temperatures 

22. Leach and Mearns (1988) 
23. For a review of these techniques and of pertinent NGO 

experience, see Pilarski (1988) and also Leach and 
Mearns (1988). 

several degrees above those found in the countryside. 
In North America and other industrialized countries 
where air-conditioning represents a major portion of 
total electricity demand, these heat islands significantly 
increase fossil carbon releases. 

Both problems could greatly benefit from urban tree 
planting campaigns. The direct carbon fixing gains 
from such planting are modest; if one tree were plant
ed for each urban resident the total would be equiv
alent to about 2 million ha of forest less than one 
tenth of one percent of the world total. 

However, in air-conditioned buildings, trees can 
reduce air-conditioning loads by as much as 50 per
cent Akbari etal. (1988) calculate that in U.S. cities, 
an urban tree planted for shading and evapotranspi-
ration cooling of the microclimates surrounding build
ings eliminates 10-14 times as much atmospheric 
carbon as a tree planted on forest land. The large dif
ference is due to the avoided electricity consumption, 
most of which is fossil-fuel based. 

The combined effect of direct sequestering and indi
rect fossil carbon savings can make planting urban 
trees one of the most cost-effective climate-stabilization 
measures available (Krause and Koomey 1989). With 
growing use of air-conditioning in Southern European 
and Third World cities, these benefits will be relevant 
to increasing numbers of people worldwide. 

Urban tree planting could also be part of urban food 
production. In developing countries, large numbers 
of urban poor have no access to the cash required to 
buy healthful, fresh produce. Small-scale, highly pro
ductive roof-top and multi-story garden farming in 
cities could meet many food demands locally (Wade 
1981). Urban agriculture would reduce the demand 
for rural land and could avoid portions of the expen
sive and fossil-fuel intensive chain of transport storage, 
refrigeration, packaging, and processing that charac
terizes industrialized food systems. The combination 
of fruit-bearing trees, fuelwood trees, and air-condi
tioning trees with urban agriculture could be a promis
ing element in addressing the basic needs and capital 
shortage crisis of Third World urban populations. 

Urban agriculture is not without precedent For ex
ample, in China, at least 85 percent of vegetables con
sumed by urban residents are grown within 
municipalities. Two large cities, Shanghai and Peking, 
are completely self-sufficient in vegetables. Chinese 
city dwellers also produce fish, chicken, duck, piglets, 
and tree crops in sizeable quantities (Wade 1981) .24 

24. Even in some industrialized countries, urban gardens 
have recendy seen a revival. The FRG is an example. 
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Surplus food production and excess consumption in 
the industrialized regions 

Because of productivity gains, the Western industri
alized nations are faced with chronic agricultural 
overproduction, resulting in large grain, butter, and 
milk surpluses. Notably in Europe, but also else
where, these surpluses have already led to the retire
ment and afforestation of some of the less productive 
agricultural land. But government subsidies, agribusi
ness lobbies, and the concern of maintaining a viable 
base of small farmers and rural jobs have prevented 
a more complete adjustment There are many oppor
tunities to return significant additional agricultural 
land to forest. 

Such newly planted forests will reduce the need for 
agricultural subsidies and will yield economic ben
efits from timber products. These could at least par-
tially offset the loss of agricultural income. 
Afforestation would also help stabilize soils in 
regions of high erosion. 

As already discussed in Section C above, the high and 
often excessive beef consumption in OECD countries 
also leads to excessive agricultural land requirements. 
In the industrialized world, fully 60 percent of all 
grains are used to produce meat compared to 30 per-
centworldwide (Bechmann 1987). A cutin beef con
sumption would thus free up a major portion of 
cropland and pastures. 

Since 1970, meat consumption in the industrialized 
world has increased by 20 percent per capita. A grad
ual return to about 1970 per capita levels overall, com
bined with a fifty percent reduction in beef 
consumption as explored in Section C, would present 
a significant change in nutritional habit but not any 
real hardships if done gradually over time. As a benefit, 
such policies would free up large tracts of OECD 
land.2* 

The potential for cropland afforestation may grow fur
ther as agricultural reforms in the socialist countries 
progress. Productivity gains from such reforms could 
easily outstrip the moderate growth of their popula
tions. On the other hand, per capita meat consump
tion in these countries is lower, so that the percentage 
of land that would become available for afforestation 
would be smaller. 

25. See Bechmann (1987) for a quantitative scenario anal
ysis of these impacts, as applied to the FRG. Note that 
the 50 percent reduction suggested for beef is larger 
than that for meat as a whole, due to the 3.3-fold dif
ference in grain inputs required to raise beef and pork, 
respectively. 

Recycling of wood products 

High-yield industrial plantations fix carbon very rapidly 
but store much less carbon over time than a natural 
forest (see Section E.S below). To minimize the need 
for managed forests and industrial plantations, it is 
important to limit the consumption of timber and trop
ical hardwoods as well as the consumption of paper 
and pulp. The average OECD person consumes about 
as much wood in the form of paper as the average 
Third World person consumes in the form of fuelwood. 
Recycling of paper is not nearly as widely practiced as 
it could be, given adequate incentives. Such recycling 
would at the same time save about 40 percent of the 
(usually fossil-based) commercial energy inputs during 
pulp and paper production (see Volume Two). 

Are Northern croplands needed to feed the 
developing world ? 

An objection to this long-term picture of cropland and 
pasture afforestation might be that food exports from 
surplus-producing developed countries will be needed 
to support large and growing populations in the devel
oping countries. Several detailed analyses have shown 
that this is not the case (George 1976; Moore-Lappe 
and Collins 1979; Moore Lappe etal., 1981; Drenham 
and Hines 1984; Goldsmith 1985; Banerjee and Kothari 
1985). They conclude that the current international 
system of OECD-dominated agricultural trade, and the 
many assistance programs accompanying that trade, 
are a primary cause of the growing starvation in the 
Third World, not a solution that should be expanded. 

The pressure of foreign debt and the growing integra
tion of Third World agriculture into the world commod
ity market has led to a major shift of agricultural land 
from domestic food production into large-scale export 
crop production dominated by international agribusi
ness corporations.26 According to FAO statistics, an esti
mated 14 percent of Third World agricultural cropland 
is now devoted to export production. At the same time, 
Third World self-sufficiency in basic grains, which has 
already dropped to about 92 percent is projected to 
drop to 85 percent by the year 2000. What is more, the 
grains and other feed exported to industrialized coun
tries from the Third World are almost entirely used for 
producing meat i.e., for high-income luxury consump
tion rather than basic needs (see Section C). 

The grain imports required to compensate for this 
shift of agricultural land further undermines the self-
reliance of developing countries: Grain exports from 

26. For a detailed discussion of this process in Africa, see 
e.g. Drenham & Hines 1984. 
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industrialized countries to Third World countries are 
routinely subsidized. Such low-costs grains undermine 
small Third World peasant farmers, while shifting 
nutritional habits and food preferences toward 
imported grains such as wheat Free emergency relief 
supplies can have a similar detrimental effect The 
loss of indigenous food production, in turn, makes 
developing countries more vulnerable to bad harvests 
and more dependent on emergency relief from 
abroad.27 

Recendy, the direct production of beef in developing 
countries for export to the wealthy nations has also 
become significant Notably in Latin America, cattle 
ranches or "hamburger farms" (Myers 1981) have 
been established through the large-scale clearing of 
tropical forests to provide low-cost beef for northern 
consumers. This mining of a major climatic resource 
is yet another thread in the tapestry of food and eco
logical subsidies provided by the developing countries 
to the industrialized regions. 

Partly because of the extreme internal inequities in 
the distribution of income in the developing countries, 
this international agricultural order leads to the grow
ing use of the most fertile Third World regions for rais
ing those crops that cash-rich OECD consumers buy 
(cocoa, coffee, feedgrains, fruit, and meat), while 
developing countries are becoming more and more 
dependent on imports of wheat and other grains for 
feeding their poor populations. 

A solution to Third World food shortages thus requires 
approaches that lessen poverty and income disparities. 
Some of the most important policy options are debt 
relief for developing nations by industrialized coun
tries, stimulating food production for the domestic 
market and improving agricultural productivity with 
ecofarming techniques that require less machinery, 
fossil fuels, and other foreign-exchange and capital 
intensive inputs, as discussed in Section C. 

3. Potential impacts of a global afforestation 
campaign: A scenario exploration 

There is unfortunately no inventory that would classify 
world-wide land areas by their suitability for afforesta
tion. Short of such a detailed study, we develop a sim
ple back-of-the envelope sketch.28 

27. A detailed case study of this process is provided by 
Andrae & Beckman 1985 for Nigeria. 

28. Among other things, we incorporate proposals by non
government organizations (NGOs) involved in tree 
planting (Pilarski 1988) and perspectives summarized 
in Leach and Mearns (1988) and Postel and Heise 
(1988). 

Table 1.3.11 in Section D. shows the world's forest and 
agricultural areas by current use and by industrialized 
versus developing regions. For each major land-use 
category, Table 1.3.13 indicates the type of afforesta
tion or other land-use conversion envisioned. We also 
show the total areas planted, the fraction of land 
involved in each category, and the average annual 
reforestation or afforestation rate required to accom
plish the total plantings within the next50-100 years. 

Overall, some 25 percent of the world's agricultural 
and forest area would be affected by the scenario 
efforts. Each year, close to 50 million ha of land would 
be unproved, roughly twice the 20-25 million ha cur
rendy dear-cut degraded, and lost to desertification 
(see Table 1.3.12 above). These afforestation and forest 
upgrading activities of 50 million ha/yr would largely 
be in addition to the current world-wide reforestation 
activity of about 15 million ha/yr (WRI/IIED 1987), 
which principally maintains a steady-state in affected 
areas of existing forests. The modest afforestation activ
ity in industrialized countries would increase about 
ten-fold compared to early 1980's levels. Overall, this 
level of activity represents a very large increase in bio
spheric maintenance and repair. Much of it would 
become an integral part of agricultural activities. 

Rates of carbon fixation from tree planting 

In relating a tree planting scenario to the climatic goals 
outlined above, one must distinguish between the rate 
at which tree planting can fix atmospheric carbon, and 
the cumulative carbon storage achieved per unit of land 
area once trees have matured and forest cover is main
tained at a steady-state level. 

The basic calculation in determining the rate of car
bon releases or sequestering is to multiply the areas 
planted by the average rate of fixing achieved on the 
type of land planted.29 However, in calculating the 
combined effect of tree planting done at different 
times, one must consider the logistics of tree planting 
and growth. Carbon fixing from tree growth will large
ly cease after 20-40 years, as trees mature and a steady-
state is reached.30 

Forest growth is measured in terms of net primary pro
ductivity of plant matter (tons of biomass/ha-year). 

29. A second increment of reduction comes from land that 
would normally have been clear-cut but was preserved. 

30. In adding up contributions to the total rate of carbon 
fixing, only areas with overlapping growth periods are 
additive. The maximum rate of carbon fixing as shown 
in Table 1.3.13 below is calculated on the basis of a 20-
year overlap in the growing periods between all areas 
planted. 
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Table 1.3.13: Scenario of land-use changes for sequestering atmospheric carbon 

Current 
land use 

Industrial countries 
Cropland 

desertified drylands 
other 

Pastures 
desertified drylands 

other 

Forest lands 
Acid-rain damaged 

Subtotal 

Developing countries 
Cropland 

desertified drylands 

Pastures 
desertified drylands 

other pastures 

Forest lands 
Clearing f. agriculture 

of which dry woodlands 
of which other forest land 

Degraded forest areas 
logged over tropic, forests 

Other degraded areas 

Subtotal 

Total 

Area reforested or 
Cumul. 

million ha 

100 
40 
60 

310 
180 
130 

180 

590 

225 

600 
60 

200 
100 
100 

100 
50 
50 
400 

1890 

2 4 8 0 

Fraction 
of total 

0.15 
0.50 
0.10 

0.25 
0.47 
0.15 

1.00 

0.15 

0.50 

0.50 
0.17 

0.06 
0.03 
0.03 

0.50 
0.06 
0.06 
0.48 

0.32 

0 .25 

converted 
Rate 

mill, ha/yr 

1 
1.5 

5 
4 

6 

18 

5 

5 
1.5 

5 
5 

2 
1 

1.7 
3.3 

29.5 

4 7 . 0 

Conversion to 
(land-use) 

Woodland 
Temp, forest, managed 

Woodland 
Temp, forest, managed 

Temp, forest, managed 

Agroforestry 

Woodland 
Mngd. forest/tree crops 

Agroforestry 
Tree crop agric. 

Tropic, forest, managed 
Industrial plantation 

Peri-urban fuelwood lots 
Woodland/forests 

Carbon fixing factors 
rate cumulative 

tC/ha-vr1' tC/ha® 

1.2 
3.6 

1.2 
3.6 

0 

1 

0.5 
5 

-0.5 
-2.5 

5 
7 
7 
2 

50 
140 

50 
140 

0 

30 

15 
100 

-20 
-60 

100 
80 
80 
50 

Notes: 1) Estimate based on typical growth periods and on column 7 
2) Estimates based on data in Table 1.3.10. representing net change in carbon storage under steady-state conditions. 
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The carbon portion of this biomass is about 50 per
cent Including soil storage, a 60 percent share is a 
good ball-park figure. In managed temperate forests, 
61 biomass/ha-year (3.61 carbon/ha-year) is a typ
ical value. 

Much larger rates of carbon fixing can be achieved 
with intensive plantation management and with select
ed species, such as fast-growing eucalyptus or sycamore 
trees. A species of American sycamore achieves 7.5 tons 
C/ha-year (Dyson and Marland 1979). In the tropics, 
the leucaena tree is a similar option. Dyson (1977) pro
posed a biogenic "carbon bank" (similar to a blood 
bank) that would store the carbon produced from fast-
growing trees and water plants in the form of timber, 
humus, or peat 

As a supplement to reforestation, the intensive culti
vation of water plants has also been proposed (Dyson 
and Marland, 1979). The water hyacinth, a widely dis
tributed freshwater plant originating from South Amer
ica, can, for example, store some 6,0001 C/km2/year, 
which is about eight times as much as the American 
sycamore. To sequester the roughly 5 billion tons of 
fossil carbon released each year, one would need an 
area of about 800,000 km2 for the hyacinths. The total 
alluvial land in the tropics suitable for hyacinth growth 
amounts currently to about 2.5 million km2. However, 
if this plant were to be used as a carbon sink, one would 
have to store it after harvest in a manner that avoids 
releases of methane from its decomposition. 

For most afforestation opportunities, carbon fixing 
based on such high single-species values and exotic 
schemes is not realistic. For one, they ignore the eco
logical lesson that intensive monocultures deplete soils 
and are susceptible to disastrous pest attacks, which 
have occurred in a number of single-species reforesta
tion projects (Postel and Heise 1988). Leucaena trees 
can invade land and become a weed problem. The 
dense growth of hyacinths kills fish and clogs waterways. 

A sustainable approach to reforestation would seek 
to mimic the sophisticated division of labor developed 
over millennia in natural forests, including the com
bination of upper story, middle story, lower story, and 
edge species, different crown shapes to reduce storm 
damage, and different root systems. 

Worldwide, several thousand tree species are available 
for use in reforestation under the most severe condi
tions. The efficient and sustainable use of this inher
ited diversity in a variety of settings still awaits 
comprehensive research and exploration. Nitrogen-
fixing trees can be used to regenerate soils. Trees like 
the Nypa palm of the Southeast Asian mangrove 

forests thrive in areas flooded by saltwater tides, and 
hold promise for reforestation on salinated soils. They 
also produce fruit suitable for high-yield alcohol pro
duction, as mentioned above. 

Furthermore, single-species plantations alter the nat
ural environment in a way that deprives the rural 
Third World poor of a significant portion of their 
"gross natural product" which is as important to them 
as the gross national product is to the cash economy. 
In many areas of the Third World, the rural poor rely 
on forests as their apothecary (barks, leaves, and other 
medicinally useful plant material), food store (nuts, 
tree fruit, oils, edible and palatable tropical leaves), 
utility (fuelwood from fallen branches, twigs), ranch 
(animal fodder from leaves, shoots, etc.), and recre
ational and spiritual centers. 

Most of these values are degraded or totally eliminated 
in a plantation. For example, development-assistance 
financed eucalyptus woodlots in India were based on 
species that provided no forage for the animals of the 
poor, as natural forests did. In Africa, women using 
eucalyptus as cooking fuel have complained that their 
meals took on a flavor of cough medicine. Under
standably, the widespread use of eucalyptus—currently 
more than 40 percent of all hardwood planting in the 
tropics—has sparked rural protest movements in a 
number of countries.31 

In some circumstances, monoculture plantations may 
have their uses, at least as a short-term measure. For 
example, they could be used in commercial woodlots 
surrounding large cities and for supplying industrial 
paper, pulp, and timber needs. This would provide 
relief from deforestation associated with these 
demands. 

What levels of cumulative carbon storage could be 
achieved through afforestation and forest upgrading in 
the long-term is indicated by the storage values for var
ious land-use types in Table 1.3.10 (Section D). At the 
present time, net increases of carbon storage per ha can 
only be roughly estimated (Houghton etal. 1983). 

As a rule, the average carbon storage in a frequent-
harvest fuelwood or industrial plantation just before 
harvest will be lower than in a less intensively managed 
forest where in turn it is lower than in a mature nat
ural stand. The qualitative relationships are shown in 
Figure 1.3.4. In the figure, the average carbon storage 
over the harvest and growth cycle of a sustained yield, 
short rotation forest is about half the value achieved 
just before cutting. Of course, this fraction could be 

31. See, for example, Development Forum (July/August 
1987). 
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higher under different tree usage schemes, such as 
coppicing trees for fuelwood rather than felling them. 

Table 1.3.13 shows the assumptions on carbon fixing 
rates and levels used in our scenario estimate.92 

Reforestation in the industrialized countries 

Croplands. We estimate that if beef consumption were 
to adjust to more moderate levels, and some of the 
more marginal croplands were set free under a reor
ganization of the farm subsidy systems,33 about 100 
million ha of cropland (about 20 percent of the OECD 
cropland or 15 percent of the cropland in the devel
oped world) could be converted to managed temper
ate forests and woodlands. 

Some 240 million ha of industrial country croplands 
are in dryland regions, and about 80 million ha are 
desertified. With proper targeting, the retirement of 
40 million ha from dryland croplands could also help 
fight desertification. 

Increases in agricultural productivity brought on by 
technical innovations would work in the same direc
tion, but have not been included in this estimate. As 
already noted, the potential for such increases could 
be large in the socialist countries. However, conven
tional means of increasing agricultural productivity 
based on fertilizers and frequent tillage are themselves 
implicated in climate change (see Section C). 

Pastures. Reduced meat and dairy production will 
mean less need for pasture areas. We assume that 
about 300 million ha of pastures (ca. 25 percent of 
the developed world total) will be afforested. Again, 
the selection of areas to be put to trees could be 
geared, in part to mitigating desertification.34 

32. The carbon fixing figures include both vegetation and 
soil storage. The assumed biomass storage in agro
forestry is equivalent to 25 percent tree cover. For tree 
crop farming, we assume an intermediate value between 
tropical cropland and primary forests. The carbon fixing 
rates in Table 1.3.13 are estimated from the cumulative 
carbon storage per ha shown in the table, assuming typ
ical growth periods for the different kinds of plantings 
All figures should be treated as back-of-the-envelope esti
mates and are used here solely to establish an order of 
magnitude of potential reforestation impacts. 

33. An in-depth discussion of agricultural reform policies that 
simultaneously addresses ecological, economic, and social 
issuescan be found in Bechmann (1987), who discusses 
the situation in the FRG and the European Community. 

34. About 1 billion ha of industrial country pasture is in 
semi-arid and arid regions. 600 million ha of this dry
land area is desertified. Short of rainfall constraints, 
all of the 180 million ha of pasture afforestation could 
be geared toward desertified areas. In practice, only a 
fraction of the desertified areas may be able to support 
woody biomass stands. 

Repairing acid-rain damage. A further increment of 
reforestation is the replanting of acid-rain damaged 
forests. Possible carbon releases from forest dieback 
in these damaged areas were not counted in the bio
spheric release estimates of Houghton et al. (1987). 
As a consequence, we assign no net carbon fixing ben
efits to this activity relative to current levels. 

IC total In total, afforestation and reforestation in the 
ICs would progress at peak rates of about 18 million 
ha/yr. This compares to a net reforestation rate of 8.4 
million ha/yr in these countries during the 1980's 
(WRI/IIED 1987). 

Reforestation in the developing countries 

Croplands in desertified semiarid regions. Perhaps the most 
pressing reforestation action needed is in the deser
tified regions of semi-arid Africa. In Table 1.3.13 we 
assume that over time, about half the desertified crop
land in the Third World semi-arid dryland regions will 
be improved through agroforestry schemes, and that 
half of the desertified pastures in the Third World will 
be put under woodlands again and managed in a sus
tainable manner. 

Cattle-ranches. We also assume that dear-cutting of trop
ical forests in Latin America for cattle-ranching is 
phased out and partially reversed. According to data 
from the World Resources Yearbook (WRI/IIED), 
about 60 million ha of pasture were added in the trop
ics in the last twenty years. We assume that an area 
equivalent to these pastures will be reconverted to 
managed tropical forests and tree crop agriculture 
schemes. The net effect will be the elimination of a 
sizable source of biospheric carbon, and an increase 
in carbon storage above current levels. 

Cropland expansion. For the purpose of our reforesta
tion estimate, we assume that the expansion of agri
cultural land in the Third World can be limited to 200 
million ha, as projected for the year 2000. This cor
responds to a 40 percent increase in Third World crop
land. Losses of arable land are assumed to be 
compensated for by redirecting some export crop 
plantation lands toward domestic consumption. The 
gap between this 40 percent increase and the expected 
doubling of Third World population is to be closed 
by productivity increases. 

The expansion by 200 million ha is treated as follows: 
continuing present trends into the near term, some 
100 million ha of closed, open, and woodland forest 
areas are cleared for permanent cropland, and a fur
ther 100 million ha is converted to shifting cultivation. 
Over time, both the existing and these added shifting 
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cultivation areas are converted to tree crop agriculture 
and agroforestry schemes. As a result, the net annual 
losses of forests from the expansion and intensification 
of shifting cultivation (see Table 1.3.11, Section D) 
would wane, eliminating that source of net carbon 
releases. All longer-term food production needs aris
ing in the years beyond 2000 be met by productivity 
increases on existing land.35 

Industrial wood and timber requirements. About 40 percent 
of industrially harvested wood worldwide is for pulp 
and paper, the rest for hardwood and other wood 
products (Houghton etal.1983). In tropical hardwood 
consumption for timber and furniture, the harvested 
carbon is not released for decades. Here, it is not so 
much the utilization of the wood, but the destructive 
impact of harvesting of select species that is worrisome. 
The curtailment of tropical hardwood imports by 
industrial countries would help contain industrial log
ging as Third World pulp and paper needs grow. Recy
cling of paper products, improved harvesting, and 
utilization of a broader array of tree species could also 
gready relieve these pressures. 

We assume that currentand future needs for pulp and 
paper and for industrial hardwood will eventually be 
met on a renewable basis in 50 million ha of industrial 
plantations (Postel and Heise 1988). These plantations 
would be located on already degraded forest land. As 
a result the current net carbon release to the atmos
phere from industrial wood and timber needs are 
gradually eliminated. In time, the plantations add an 
increment of carbon storage. 

Degraded tropical rainforests. A further element of our 
scenario is the rehabilitation of about half of the esti
mated 200 million ha of tropical forests that have been 
severely degraded, but are still carried as natural forest 
on the books of FAO statistics. This rehabilitation 
would increase the carbon storage in these areas above 
present levels. 

Degraded forests and shrubland. We also assume that over 
time, about half of the 800 million acres of other 
degraded forests and shrublands outside agricultural 
areas will be be improved through woodland planting 
and reforestation. 

Fuelwood requirements. According to World Bank esti
mates, some 55 million ha of fuelwood planting will 
be needed between now and the turn of the century. 

35. The assumption of a very limited increase in cropland 
a hundred years from now relative to today could 
include a transient excursion of cropland acreage, fol
lowed by reforestaton once productivity increases have 
been more fully realized. 

Fuelwood project planting rates would have to be 
increased by a factor of five above current levels of 
about 0.5 million ha/yr to reach this goal. The figure 
already includes an increase in the efficiency of fuel-
wood use by 25 percent (Postel and Heise 1988). In 
the longer-term, an even greater need for biomass 
fuels can be expected. 

We assume that 50 million ha will be planted in peri-
urban plantations to meet the needs of the landless 
and of poor city people. All remaining rural needs 
would be met by the dispersion of agroforestry. In the 
longer-term, gasification schemes using improved bio
gas digesters and thermal gasifiers will stabilize biomass 
fuel requirements and could even provide growing 
quantities of energy services. In combination, these 
plantings will eliminate current fuel-related deforesta
tion and in the longer-term, add a net increment of 
terrestrial carbon storage. 

Adding it all up 

Table 1.3.14 shows in rough numbers what the impact 
of this scenario would be. Looking at the carbon flux, 
we see that the above reforestation and afforestation 
measures would, during the decades of peak planting 
and regrowth, create a substantial sink of carbon. The 
maximum rate of carbon sequestering might reach 
1.3 btC/yr.36 If existing carbon pools are stabilized as 
well, as assumed in the above scenario, it would offset 
a quarter of the 1985 fossil carbon releases. Two thirds 
of this sink would be in developing countries. 

In cumulative terms, about 90 billion tons of carbon 
would be sequestered from the atmosphere over the 
next 50-100 years. This would be about half of the bio
spheric releases since 1860, about a quarter of total 
biospheric and fossil releases since 1860, and about 
15 percent of the total carbon releases between 1860 
and 2100, if the toleration scenario is assumed for fossil 
fuel consumption. 

Conclusions 

The above results are based on a global afforestation 
and reforestation effort that is major by any standard, 
and would indeed represent a breakthrough in 
humankind's ability to act effectively as a world com
munity. We can conclude the following: 

36. To calculate this maximum value, we assume a twenty 
year overlap among regrowth periods on all land areas. 
This means that the contribution from a given land cat
egory is twenty times the annually reforested increment. 
We also treat all land areas as additive, though there 
might in practice be some overlap. 
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Table 1.3.14: Sequestering of atmospheric carbon through tree planting: rough upper limit estimate 

Reforestation or other 
land-use conversion on 
(current land use) 

Industrialized countries 
Cropland 

desertified drylands 
other 

Pastures 
desertified drylands 

other 

Forest lands 
Acid-rain damaged 

Subtotal 

Developing countries 
Cropland 

desertified drylands 

Pastures 
desertified drylands 

other pastures 

Forest lands 
Forest clearing f. agriculture 

dry woodlands 
other forest land 

Degraded forest areas 
logged over tropical forests 

Other degraded areas 

Subtotal 

Conversion to 
(land-use) 

Woodland 
Temp, forest, managed 

Woodland 
Temp, forest, managed 

Temp, forest, managed 

Agroforestry 

Woodland 
Mngd. forest/tree crops 

Agroforestry 
Tree crop agric. 

Tropic, forest, managed 
Industrial plantation 

Peri-urban fuelwood lots 
Woodland/forests 

Total 

Max. rate of C fixing 

Absolute 
btC/yr 

0.02 
0.11 

0.12 
0.29 

0 

0.54 

0.10 

0.05 
0.15 

•0.05 
-0.25 

0.20 
0.14 
0.24 
0.13 

0.71 

1.3 

Fraction of 
1980's 

fossil C flux 

0.00 
0.02 

0.02 
0.05 

0.00 

0.10 

0.02 

0.01 
0.03 

-0.01 
-0.05 

0.04 
0.03 
0.04 
0.02 

0.13 

0 . 2 4 

Sequestered carbon 

Absolute 
btC 

2 
8.4 

9 
18.2 

0 

38 

6.75 

9 
6 

-2 
-6 

10 
4 
4 
20 

52 

8 9 

Fraction of 
1860-1980 

biosph. C rel. 

0.01 
0.05 

0.05 
0.10 

0.00 

0.21 

0.04 

0.05 
0.03 

-0.01 
•0.03 

0.06 
0.02 
0.02 
0.11 

0.29 

0.50 

Notes: 1) Calculated from Table 1.3.13 assuming a 20 year overlap in peak growth periods. 
Rate of C-fixing • (column 4) x (column 6) x 20. 

2) Calculated from Table 1.3.13. Sequestered carbon = (column 2) x (column 7). 
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• A very major and sustained afforestation and 
reforestation effort would have a substantial 
impact on atmospheric carbon concentration 
and could sequester perhaps a quarter of all 
fossil and biospheric carbon released to the 
atmosphere to date; 

• Such an effort could slow the growth of fossil-
related climate risks, though offsets of current 
fossil COg releases would at best be partial and 
temporary; 

• The gc>al of restoring pre-industrial atmospheric 
carbon concentrations by means of tree plant
ing is unattainable within the next century. 
Though a major effort could offset a significant 
portion of historic carbon releases, it would still 
be overwhelmed by the further fossil releases 
that are unavoidable during a fossil phase-out; 

• The much more modest goal of merely render
ing the biosphere neutral and maintaining ter
restrial carbon pools at approximately current 
levels is itself an ambitious target and will 
require unprecedented policies and action. 

Thus, even under optimistic assumptions about tree 
planting worldwide, trees cannot, in the aggregate, 
substitute for the fossil-displacing investments required 
under the toleration scenario. Tree planting must be 
done in addition. This finding suggests that no trade
offs should be made between curtailing fossil carbon 
releases and biospheric sequestering unless and until 
zero ne t releases from the biosphere have been 
achieved and recent levels of global bio tic carbon stor
age have been reestablished. 

4. Some policy implications 

How likely is it that the world will be able, within the 
next few decades, to more than neutralize current bio
spheric fluxes? Just neutralizing the current rate of 
carbon pool destruction of about 20-25 million 
ha/year (Table 1.3.12) will require implementation 
of roughly half the measures listed in our scenario. 
A look at the social and political obstacles to reforesta
tion provides a further sobering perspective. 

The politics of tree planting 

The political challenge of implementing even the 
more modest goal of biosphere neutralization is daunt
ing. Our scenario goes far beyond the modest begin
nings of international action, as represented by the 
Tropical Forest Action Plan (TFAP) sponsored by the 
World Bank, UNEP, and the U.S. Agency for Interna
tional Development (WRI1986). 

While an encouraging beginning, this plan provides 
a one-time sum of $8 billion of capital over five years, 
or $1.6 billion per year. If current trends are to be 
slowed and turned around in a timely manner, much 
larger sums of capital are likely to be needed—-on the 
order of 10-20 billion dollars per year.37 More broadly, 
the developing countries will need gready stepped-
up assistance to develop efficient, environmentally and 
socially benign technologies in their energy, agricul
ture, and forestry sectors. 

Such change may be slow in coming, for the following 
reasons: 

• The current destruction of the biosphere can
not be seen separately from the pervasive 
inequities of the current world economic 
order, which has created huge debt burdens 
on T h i r d World coun t r i es , a widening 
North/South gap in living standards, and a 
massive crisis in the basic needs of the 
developing world. For example, it is the debt 
crisis that directly drives much of the destruc
tion of tropical forests, which are mined for 
short-term foreign exchange earnings; 

• Nor is i t possible to implement a global 
afforestation strategy without the active involve
ment and participation of people and local 
communities everywhere, notably the rural 
poor in the developing world. In this regard, 
efforts like the TFAP may err in the direction 
of over reliance on multinationally organized, 
commercialized forestry, which has often 
proven antithetical to such mobilization;38 

• A major reason for Third World poverty and 
environmental destruction is the highly 
inequitable distribution of land ownership and 

37. Using a very favorable figure of $1 per tree for the aver
age planting, establishment and maintenance cost, and 
a density of 400 trees per ha on average, tree planting 
on 47 million ha of land each year (Table 1.3.13) would 
cost 18.8 billion U.S. dollars, or more than 10 billion 
dollars per year if planting is slowed to continue till 2100. 
Note, however, that the net cost may be much smaller 
over time since die first cost of tree planting will in many 
settings be offset by significant economic returns (Leach 
and Mearns 1988) 

38. An example of an alternative approach is the proposal 
by India's Center for Science and the Environment 
(CSE) to setde 30 million landless families on 2 ha plots 
of degraded yet recoverable land, and let them produce 
a livelihood, including cash crop trees for pulp and 
paper needs of the commercial sector, but in balance 
with all the other requirements of a sustainable agro
forestry system. Such a policy, argues the CSE, would 
bring reforestation goals in line with the social require
ments of sustainable development 
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income in most of these countries. This 
inequitable and environmentally destructive 
internal social order is widely maintained by 
force. Most peoples of the Third World live 
under undemocratic, repressive regimes that 
are prone to see grassroots initiatives of any 
kind as a potential threat. 

In general, there is a danger of over-reliance on well-
intentioned proposals that are modeled on implemen
tation options in the industrialized countries. 
Reforestation and afforestation in the developing 
countries is unlikely to succeed if pursued merely as 
a single-issue campaign or a commercial activity, with
out solutions to the broader social questions of basic-
needs oriented, sustainable development. For all 
practical purposes, augmenting the world's carbon 
pools beyond present levels will therefore be a long-
term prospect 

Financing mechanisms 

One way in which the large sums of capital needed 
for tree planting could be raised is by levying a tree-
planting surcharge on non-renewable energy use in 
industrialized countries. For example, one could envi
sion that every non-renewables based new power plant 
built in an industrialized country would be taxed with 
a surcharge to finance reforestation, whether on indus
trial country cropland or in the Third World. 

One U.S. supplier of cogeneration power plant equip
ment, Applied Energy Systems, is already voluntarily 
applying such a (less than five percent) price surcharge 
on their projects for Third World reforestation purpos
es. In the U.S., it also has been proposed to levy a fine 
on new power plants to finance the reforestation of 16 
million ha of surplus cropland set aside under the coun
try's Conservation Reserve Program (Dudek 1988). 

A further way of raising funds would be to convert 
Third World debt payments into contributions to an 
international climate protection fund that would 
finance afforestation and reforestation projects in 
developing countries, as well as transfers of energy-effi
cient technology. Alternatively, developing countries 
could be given debt relief in proportion to domestic 

reforestation efforts. Tree planting campaigns would 
require no foreign exchange and could mobilize the 
Third World's domestic human resources both for 
development and for global environmental goals. 

However, the main problem may not be how to raise 
the necessary funds, but how to find away of disburs
ing them effectively and productively. In addition, 
problems of monitoring debt-for-forest trades could 
be significant Furthermore, if debt-for-forest swaps 
are promoted with excessive pressure, they might be 
seen as yet another form of Northern interference in 
Third World affairs. This could stir resentment and 
backlash, particularly in view of the fact that most of 
the climate warming threat has been caused by the 
industrialized countries (see Chapter 1.5). 

Trade-off issues 

It is evident from our previous discussions that the tol
eration scenario, which assumes a neutral biosphere, 
represents an ambitious target If investments in fossil 
carbon abatement were traded off for investments in 
tree planting, rather than being pursued in tandem, 
this target could be badly missed. 

For example, under schemes that allow fossil-biotic 
offsets and apply a surcharge per unit of net carbon 
emitted, there could be an incentive for the individual 
utility or industrial power plant investor to engage in 
tree planting instead o/efficiency and renewables pro
grams. A possible solution to this problem might be 
to require more than one unit of biotic carbon storage 
per unit of fossil carbon offset (see also Chapter 1.7). 

No doubt carbon surcharge/tree planting trade-off 
mechanisms could be an effective means of admin
istering policies and of raising capital for reforestation 
projects. However, one must carefully distinguish 
between trade-off arrangements that serve as admin
istrative tools for stimulating individual economic 
actors to participate in a societal long-term strategy, 
and the overall target setting for policy purposes. 
Policymakers must still determine what quantities of 
biospheric and fossil emission reductions should be 
achieved overall, and over what periods of time, given 
the goal of climate stabilization. 
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CHAPTER 1.4 

HOW MUCH FOSSIL FUEL CAN STILL BE BURNED? 

A. OVERVIEW 

In this chapter, we use the scenario calculations in 
Chapter 1.2 and the discussion of non-fossil trace 
gases in Chapter 1.3 to determine an approximate 
concentration limit for carbon dioxide. We then translate 
this concentration limit into a global fossil carbon bud
get. The next step is to calculate how much fossil-
derived energy this budget represents assuming 
different mixes of coal, oil, and gas. Finally, we 
explore what share of current global fossil resources 
can still be burned under this carbon budget 

The central theme in this investigation is the conver
sion of a carbon dioxide concentration limit into an 
emission budget For many purposes, the relationship 
between carbon dioxide concentrations and fossil 
fuel consumption can be approximated by simple 
conversion factors for the energy content of fossil 
fuels, their carbon content and the fraction of fossil 
carbon dioxide releases that are retained in the 
atmosphere (the airborne fraction, or AF). We pre
sent these simplified calculations in Section C. 

A more sophisticated treatment of this conversion 
involves models of the global carbon cycle. Among 
currendy used dynamic models, which differ greatly 
in complexity, there is considerable divergence in cal
culated carbon dioxide concentrations for a given 
emission increment This divergence, in turn, varies 
with the emission path. In Chapter 1.2, we had used 
only one model that is considered one of the best in 
terms of reproducing available empirical data. A sen
sitivity analysis based on consideration of other mod
els is now in order. 

Similarly, our analysis in Chapter 1.2 considered only 
three published energy scenarios. A number of other 
global energy trajectories have been important in the 
international discussion, and are now incorporated into 
our sensitivity analysis. In Chapter 1.2, we also did not 
present variations in the timing of a fossil fuel phase-
out under die toleration scenario. Such fossil phase-out 
variations are, however, of great significance in deriving 
fossil carbon budgets and reduction milestones under 
a tight warming limit They are also important in testing 
a key approximation made in the WERM framework, 
i.e. the use of one and the same carbon budget in devis
ing alternative phase-out schedules. 

B. CONCENTRATION LIMIT FOR 
CARBON DIOXIDE 

1. Changing meaning o f carbon dioxide 
doubling 

Early discussions of the greenhouse effect mainly 
focussed on risks from carbon dioxide. They led to a 
consensus that a doubling of carbon dioxide concen
tration to 550-580 ppm represented the approximate 
threshold for definite climate deterioration. It is useful 
to relate our warming limit analysis to this reference 
point for even the conventional doubling criterion 
has undergone major reinterpretation. 

We had shown in Chapter 1.2 that when other trace 
gases are taken into account the date by which equiv-
alent-carbon dioxide concentrat ions double is 
advanced dramatically. To see this compression in con
centration terms, it is useful to reinspect Table 1.2.4 in 
Chapter 1.2, which shows both C 0 2 and equivalent COg 
concentrations. The influence of non-C02 greenhouse 
gases is measured by the difference between these two 
numbers. For the medium scenarios C and D, the con
centration of COg alone is 450 ppm in 2030. The other 
greenhouse gases add anywhere from 107 ppm to 179 
ppm, for an equivalent total of 557-629 ppm. 

If the threshold risk had originally been defined by a 
doubling, i.e., 580 ppm, the effective doubling thresh
old for COj alone now decreases to the range of 
(580-179) = 401 ppm to (580-107) = 473 ppm. If we 
use the lower value for the range of estimates for pre
industrial carbon dioxide concentrations, i.e., 275 
ppm, the doubling level would be 550 ppm, and the 
equivalent concentration level for carbon dioxide 
becomes about 370-440 ppm. Thus, it can be plausibly 
argued that 

• Under conventional projections for non-fossil 
trace gas emissions, risk levels associated in the 
past with a doubling of carbon dioxide con
centration may now be associated with a C 0 2 

concentration as low as 370-470 ppm. 

But more important than the doubling standard and 
its equivalents is the question of what COg concentra
tion is compatible with the warming limit and toler
ation scenario defined in Chapters 1.1 and 1.2. 
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Table 1.4.1 Energy, tons of carbon, and ppm of carbon dioxide 

ppmv 

billion t C 

TW-y coal 

TW-y oil 

TW-y gas 

ppmv 

1 

0.26 

0.198 

0.155 

0.112 

billion t C 

3.85 

1 

0.761 

0.596 

0.430 

TW-y coal 

5.056 

1.313 

1 

0.783 

0.564 

TW-y oil 

6.458 

1.677 

1.277 

1 

0.721 

TW-y gas 

8.960 

2.327 

1.772 

1.388 

1 

Notes: (1) Assuming 55 percent atmospheric retention. See Section I.4.C for a 
discussion of the applicability of this conversion factor. 

(2) Carbon factors from Marland & Rotty (1984), adjusted for complete combustion. 
(3) Each ton of carbon dioxide counted as carbon only. 
(4) In conversion among energy units, TW-y stands for carbon content of one TW-y. 
(5) Energy units based on higher heating value (HHV). 
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2. C 0 2 concentration limit under the 
toleration scenario 

As discussed in Chapter 1.2, the warming limit trans
lates into a peak radiative forcing limit equivalent to 
about 430-450 ppm of COg under risk-minimizing 
assumptions about climate sensitivity. Furthermore, 
the discussion in Chapters 1.2 and 1.3 shows that trace 
gases other than C0 2 from fossil fuel combustion will 
contribute at least 50-70 ppm (under scenario E and 
F) of equivalent-C02 even if far-reaching control mea
sures are implemented. The lower value is based on a 
phase-out of CFCs by around the turn of the century. 
Thus, we can conclude that 

• Under a global toleration scenario, the upper 
limit for atmospheric carbon dioxide concen
trations due to fossil carbon releases is about 
380-400 ppm. 

• This upper limit applies under the assumption 
that contributions to radiative forcing from 
other trace gases will be limited to no more 
than 50-70 ppm equivalen t-C02. 

To the degree that control of other trace gases is not 
as fully achieved as stated, the concentration limit for 
fossil carbon dioxide will need to be reduced, or the 
risk ceiling for climate change as assumed in this 
report will be exceeded. 

C. FOSSIL RESERVES, ENERGY 
CONTENT, CARBON CONTENT, AND 
AIRBORNE FRACTION 

1. Energy and carbon content o f fossil fuels 

An important feature of fossil fuels is that the amount 
of carbon released per unit of energy obtained (the 
carbon burden of the fuel) differs widely.' These dif
ferences are shown in the form of a simple matrix in 
Table 1.4.1. To read this matrix, we may start for 
example, with natural gas in the lowest row and last 

1. The production, conversion, distribution, and com
bustion of these fuels also entails indirect fossil carbon 
releases related to the inputs of energy at the various 
processing steps, and inputs of materials in the associ
ated capital goods with embedded energy and carbon 
release contents, such as cement steel, etc. Also, die 
use of coal, oil, and gas is associated with varying releas
es of other trace gases (Chapter 1.3). An accurate com
parison of the greenhouse impacts of the different 
fuels can only be made on a technology-specific, CCy 
equivalent basis (see Volume Two). In this Chapter, we 
omit indirect emissions of C02. Other trace gas emis
sions are taken into account globally (Section B.2). 

column. Here, the carbon content of 1 Terawattyear 
(TW-y) of natural gas is given the index 1.0. Moving 
upward in the last column, the next row gives the car
bon content of one TW-y of oil relative to 1 TWy of 
natural gas. The index is 39 percent higher. Going up 
another row, we see that the carbon burden of coal 
is 77 percent higher. 

Put another way, burning only gas would produce 77 
percent more energy than burning only coal for the 
same carbon budget At 39 percent above the burden 
for gas, oil falls almost exactly between coal and gas. 

Carbon content of fossil fuel reserves and resources 

Table 1.4.2 shows estimates by Haefele et al., (1981) of 
global fossil resources by fuel and recovery cost The 
energy unit shown is the number of Terawatt-years. One 
TW-y is a large energy unit equivalent to about one 
tenth of current commercial world energy consump
tion. The table also indicates the current rate of con
sumption of these fuels, and how long it would take to 
completely exhaust them at 1985 rates of consumption. 

In total, fossil fuel resources as estimated by Haefele 
etal. (1981) contain about 8000 billion tons of car
bon. Eighty percent of this total is stored in the 
world's coal resources, which constitute about 76 per
cent of the energy content of fossil resources. 

Only about nine percent of the world's fossil 
resources are estimated to be recoverable at the cost 
ceilings shown in Table 1.4.2. Here, energy in coal 
constitutes only about 55 percent of the total, but still 
about two thirds of the total carbon content 

Current world fossil fuel consumption is about 46 per
cent oil, 22 percent gas, and 32 percent coal (see also 
Chapter 1.5). If we look at the annual carbon contri
butions, the figures are 42 percent for oil, 16 percent 
for gas, and 42 percent for coaL Again, coal contributes 
a disproportionately large share to carbon releases. 

2. Atmospheric retention of carbon dioxide 
releases 

An important complexity in the discussion of this 
chapter is the determination of the airborne fraction. 
In the past two major approaches have been used 
(Trabalka, ed. 1985). One is the application of a con
stant airborne fraction (CAF). The other employs car
bon-cycle models to calculate the airborne fraction 
as a function of the emission path, i.e., both the 
amount and timing of releases. In our discussion 
below, we use both approaches and examine the 
degree to which they give divergent results for differ
ent carbon release trajectories. 
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Table 1.4.2 Carbon content of global fossil resources 

Resources 1} 

TW-y 
% of total by fuel 

% of total resources (convJcheaper) 
(all) 

Carbon content2> 

BtC 
% of total C (convJcheaper) 

(all) 

1985 consumption 
TW-y 

Percent of total 

1985 carbon release 3> 

BtC 
Percent of total 

Years to exhaustion 
at 1985 rate of consumption 

Change In C02 level from 4> 

complete combustion 
Absolute (ppm) 

relative to 1880-1985 
increase (Index 60 ppm = 1.00) 

Oil 
< $26/t 
(1982 $) 

132 
36 
13 

79 
12 

3.97 
46 

2.18 
42 

33 

20 

0.34 

total 

364 
100 

3 

217 

3 

92 

56 

0.94 

Gas 
conv. 

330 
14 
32 

142 
22 

1.91 
22 

0.85 
16 

173 

37 

0.62 

conv. 
&deep 

2300 
100 

21 

989 

13 

1204 

258 

4.29 

Coal 
<$40/t 

(1982$) 

560 
7 

55 

426 
66 

2.76 
32 

2.17 
42 

203 

111 

1.85 

total 

8535 
100 

76 

6495 

84 

3092 

1690 

28.17 

Total resources 
conv./ 
cheaper 

1022 
9 

100 

647 
100 

8.6 
100 

5.2 
100 

118 

168 

2.81 

all 

11199 
100 

100 

7701 

100 

1296 

2004 

33.40 

Notes: 1) Resource data from Haefele etal. (1981). Deep gas includes estimate of US resources only. 
2) From Table 1.4.1. 
3) Based on Marland et al. (1988), excluding cement 
4) Assuming 55 percent atmospheric retention of carbon dioxide and the conversion factors of Table 1.4.1. 

conv. = conventional 
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Constant airborne fraction (CAF) 

The constant airborne fraction approach is based on 
interpretations of observed atmospheric measurement 
data, such as the Mauna Loa records, and estimates of 
net annual carbon dioxide releases. These data suggest 
an airborne fraction of anywhere from about 50 per
cent to about 58 percent for carbon releases from fossil 
fuels (Perry 1984, Trabalka etal. 1985). 

If biospheric releases are accounted for (see Chapter 
1.3), the airborne fraction from observed C 0 2 con
centrations decreases to about 34-43 percent, 
depending on the estimate for these releases. In 
accordance with our discussion in Chapter 1.3, we 
assume that afforestation and reforestation activities 
will over time maintain a neutral biosphere. With this 
assumption, we can limit ourselves to the range of 50 
to 58 percent for the airborne fraction. We use an 
intermediate value of 55 percent in our CAF calcu
lations (Tables 1.4.1 and 1.4.2). On that basis, one bil
lion tons of carbon release results in a 0.26 ppm 
increase in atmospheric carbon dioxide concentra
tions. The matrix in Table 1.4.1 shows conversion fac
tors for going from TW-y for a specific fuel to parts 
per million (ppm).2 

Carbon-cycle models 

The large-scale release of fossil carbon dioxide rep
resents not only a perturbation of the atmosphere, 
but an intervention into a complex biospheric system 
comprising the land biota, oceans, and other carbon-
cycle reservoirs, as shown in Figure 1.3.2. Carbon-
cycle (CC) models allow a sophisticated treatment of 
these perturbations. For example, rates of absorption 
of carbon dioxide into the ocean are treated on the 
basis of chemical and physical measurements. The 
dynamic feedback effects from climate (and ocean) 
warming are taken into account Though significant 
modeling uncertainties persist carbon cycle models 
are considered the more reliable tool for predicting 
the dynamic range of C 0 2 levels (Trabalka et al. 
1985). 

A problem with the CC models is that they can pro
duce significandy different results depending on the 
model structures and parameters used. Also, empir
ical data for calibrating the models are only available 
from periods of rising carbon dioxide releases, not 
from periods of consistently declining emissions. The 
divergence among models becomes particularly pro
nounced at low carbon release-rates (Laurmann and 
Spreiter 1983)—precisely the conditions that are 

2. The ppm figures are volume-based (ppmv). 

important during fossil phase-out Increasing diver
gence occurs because with declining release rates, the 
net change in atmospheric concentration becomes a 
small difference between two comparatively large 
numbers: carbon emissions are increasingly compen
sated for by sinks. For the same reasons, it is difficult 
to predict with certainty what residual levels of carbon 
dioxide releases would result in negligible changes to 
carbon dioxide concentrations. 

We use two alternative carbon cycle models in our cal
culations that represent in terms of outputs for car
bon dioxide concentrations, opposite ends of the 
spectrum of published models (Siegenthaler 1983).3 

One is a box-diffusion model equivalent to the one 
developed by Oeschger et al. (1975). As the name 
implies, the uptake of carbon dioxide in the oceans 
is modeled as a diffusive process (see Chapter 2.B.S 
for details). Based on this model, as much as 75-80 
percent of the 1985 fossil carbon releases would have 
to be eliminated before carbon dioxide concentra
tions would no longer rise. The Oeschger box-diffu
sion model is considered to best reflect the current 
understanding of geophysical dynamics.4 Itwas used 
in the climate warming calculations of Chapter 1.2. 

The other model is an outcrop-diffusion model 
(Siegenthaler 1983) in which non-diffusive processes 
in the polar regions enhance C 0 2 uptake by the 
oceans. Based on this model, up to almost half of the 
1985 level of carbon releases could be tolerated with
out increases in atmospheric carbon concentrations, 
and requirements for phasing out fossil fuels would 
be correspondingly less stringent 

The outcrop diffusion model is less compatible with 
current understandings of the various geophysical 
and geochemical processes. It does reduce the "miss
ing sink" phenomenon discussed in Chapter I.3.D, 
but the unexplained sink in the biosphere could be 
a transient phenomenon reflecting ongoing adjust
ments of the biosphere to climatic perturbations that 
occurred a long time ago. Because of this possibility, 
the reduction of the "missing sink" in the outcrop dif
fusion model does not necessarily enhance its cred
ibility. We assign less weight to this model but use it 

3. The CC model calculations shown in this chapter 
were kindly provided by Mr. Lashof of US EPA, using 
a personal computer implementation of the models 
developed by P. Moore. 

4. For example, Hasselmann (1989) found in a 
comparative evaluation of conventional CC models 
that the Oeschger et al. model best approximated 
the three-dimensional carbon cycle model developed 
at the German Climate Computing Center in 
Hamburg. 
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Table 1.4.3 Exhaustion of fossil resources under various carbon budgets (1) 

Atm. C02 level (ppm) (2) 
Increase over 1985 level ( 

Fossil fuel mix 

As In 1985 
Energy obtained (TW-y) 

Resource exhaustion 
Cheaper oil 

total oil 
conventional gas 

total gas 
cheaper coal 

total coal 

All gas 
Energy obtained (TW-y) 

Resource exhaustion 
conventional gas 

total gas 

All oil 
Energy obtained (TW-y) 

Resource exhaustion 
cheaper oil 

all oil 

All coal 
Energy obtained (TW-y) 

Resource exhaustion 
cheaper coal 

total coal 

ppm) 

Index of 
energy 

obtained 

1.00 

1.37 

0.98 

0.77 

Carbon release (BtC) 
200 
401 
52 

341 

117% 
42% 
31% 
4% 
15% 
1% 

465 

141% 
20% 

335 

254% 
92% 

263 

47% 
3% 

300 
427 
78 

511 

175% 
64% 
47% 
7% 

22% 
1% 

698 

212% 
30% 

503 

381% 
138% 

394 

70% 
5% 

400 
453 
104 

682 

234% 
85% 
62% 
9% 

30% 
2% 

931 

282% 
40% 

671 

508% 
184% 

525 

94% 
6% 

600 
505 
156 

1022 

350% 
127% 
94% 
13% 
45% 
3% 

1396 

423% 
61% 

1006 

762% 
276% 

788 

141% 
9% 

800 
557 
208 

1363 

467% 
169% 
125% 
18% 
60% 
4% 

1862 

564% 
81% 

1342 

1017% 
369% 

1051 

188% 
12% 

Notes: (1) Shown as the percent of existing resources (Table I.4.2) that would be consumed 
for a given C release budget and resource mix. 

(2) Based on 55% atmospheric retention and the resources shown in Table I.4.2 
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for purposes of sensitivity analysis. The differences 
between the two diffusion models and the CAF 
approach are illustrated in Section D below. 

3. Approximate correlation between C 0 2 

concentrations and fossil resource 
exhaustion 

To get an order-of-magnitude impression of the rela
tionship between fossil resource consumption and 
atmospheric carbon dioxide levels, it is sufficient to 
analyze figures based on the simple model of a con
stant airborne fraction. As shown in Table 1.4.1, a one 
ppm change in atmospheric C 0 2 concentrations is 
roughly equivalent to 3.85 billion tons of carbon 
release, assuming a 55 percent retention factor. 

Table 1.4.2 shows by how much atmospheric concen
trations would increase, based on a 55 percent AF, if 
all fossil fuel resources were burned. As can be seen 
from the table, the complete consumption of only the 
cheaper oil and conventional gas resources would 
increase atmospheric levels to about 400 ppm, com
pared to 349 ppm in 1985. The complete use of only 
the cheaper coal resources would bring atmospheric 
levels to about 460 ppm. And the complete combus
tion of all oil, all conventional gas, and all cheaper 
coal would raise concentration to the neighborhood 
of 520 ppm. 

To fully appreciate the impact of future fossil fuel con
sumption on atmospheric composition, ppm increases 
should be compared to the ppm increase that has 
occurred since industrialization began. These percent
ages are shown in the last row of Table 1.4.2. For exam
ple, with the assumed AF of 55 percent , the 
combustion of all cheaper oil and coal and all conven
tional gas reserves would increase atmospheric concen
trations to 517 ppm, up by 168 ppm from the 1985 
level The 1985 level, in turn, was about 60 ppm higher 
than the pre-industrial level of about 290 ppm.5 

Relative to this increment of about 60 ppm, complete 
combustion of these fossil fuels would thus roughly 
triple the impact on atmospheric composition. 

Since we are interested in climatic ceilings on fossil 
fuel consumption, we examine the fraction of remain
ing total oil, conventional gas, and total coal resources 
that could still be burned under each of several car
bon budget and ppm levels (abundances). The 
degree of exhaustion of each fuel category depends 

5. There is some uncertainty in the pre-industrial 
concentration level. Within the range of currendy 
preferred values of 280-290 ppm, we use die high 
end figure. 

on the mix of fuels burned. Table 1.4.3 gives the 
percentage of existing resources that would be con
sumed for a given fuel mix and carbon release budget 
Also shown are the approximate ppm levels and con
centration increases associated with these carbon bud
gets, again based on a simple CAF calculation. 

The upper end (about 800 btC or about 550 ppm) of 
the range of abundances shown in the table corre
sponds to a near-doubling of the preindustrial atmo
spheric C 0 2 level. It indicates the point for which 
severe disruption of the climate has been traditionally 
predicted. The lower end (200-300 btC or about 400 
ppm) denotes an approximate threshold level for 
severe climate disruption when the findings of Chapter 
1.2 are taken into account (see also Section D below). 
Finally, Table I.4.S shows how much energy would be 
obtained under the indicated ppm levels and carbon 
budgets, assuming different fossil fuel mixes. 

D. GLOBAL FOSSIL CARBON BUDGET 

1. Carbon cycle modeling of fossil fuel burn 
trajectories 

In Chapter 1.2, we had used the warming impacts of 
three energy scenarios that collectively cover the span 
of published projections to set overall benchmarks. 
In the following analysis, we use the same span of 
energy scenarios to illustrate the quantitative differ
ences among the three carbon cycle models as a func
tion of the emission scenario. At the same time, we 
abstract from the particulars of the scenarios used in 
Chapter 1.2 and take a more fine-grained look at alter
native fossil carbon trajectories. 

Below, we define six scenarios, or trajectories, of glob
al fossil C 0 2 releases for the period between 1985 and 
the year 2145. Each of the six trajectories represents 
a certain "trend paradigm" that is likely to be relevant 
for certain subperiods. Scenarios A, B, and C test the 
carbon cycle models for constant to growing emis
sions. Scenarios D, E, and F represent alternative 
emission paths for a fossil fuel phase-out 

The key trajectory assumptions for our sensitivity 
analysis are: 

A. An average growth rate in CO% releases of two 
percent (annually compounded). This rate is 
roughly equivalent to the carbon releases from 
fossil fuel growth as projected in the two major 
conventional world energy studies (WEC1978 
and Haefele 1981). These studies underem-
phasize efficiency improvements and project 
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Table 1.4.4 Carbon dioxide level as a function of carbon release trajectories 

C02 concentration (ppm) 

Index 1985 ppm (349=1.00) 
index preindustrial (290ppm=1. 
Change rel. to 1860-1985 ppm 

Scenario 

A. +2% compounded abs. 
CAF 

Box-Diffusion 
Outcrop-Diffusion 

B. Constant per cap 
CAF 

Box-Diffusion 
Outcrop-Diffusion 

C. Constant absolute 
CAF 

Box-Diffusion 
Outcrop-Diffusion 

D. -2% Ilnearx40, const. 
CAF 

Box-Diffusion 
Outcrop-Diffusion 

E. -l%linear 
CAF 

Box-Diffusion 
Outcrop-Diffusion 

F. Delayed Phase-out 
CAF 

Box-Diffusion 
Outcrop-Diffusion 

00) 
increase (60 

1985-2100 
Cumulative 
C releases 

btC 

2402 

904 

610 

205 

262 

301 

ppm=100%) 

C release rate 
(1985=1.00) 
2025 

2.21 

1.25 

1 

0.2 

0.6 

0.5 

2085 

7.24 

1.28 

1 

0.2 

0 

0.2 

400 

1.15 
1.38 
85% 

450 

1.29 
1.55 

168% 

500 

1.43 
1.72 

252% 

550 

1.58 
1.90 

335% 

Year In which level Is reached 

2013 
2010 
2015 

2015 
2012 
2020 

2022 
2020 
2037 

2094 
-
— 

2036 
-
— 

2021 
2016 

— 

2030 
2026 
2032 

2040 
2034 
2050 

2059 
2057 
2103 

-
-
— 

-
-
— 

-
-
^ 

2043 
2037 
2045 

2062 
2055 
2085 

2095 
2095 
2177 

-
-
— 

-
-
— 

-
-

~ 

2053 
2046 
2055 

2085 
2076 
2126 

2132 
2133 

— 

-
-
— 

-
-
— 

-
-

Notes: (1) Box diffusion model and outcrop diffusion model from Siegenthaler (1983). 
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Third World development to follow the ener-
gy-intensive growth patterns seen in 
industrialized countries during earlier phases 
of their development. From today's viewpoint, 
path A should be seen as an upper limit for 
the range of plausible fossil COg-release rates. 

B. Constant 1985 per capita emissions. This tra
jectory illustrates how population dynamics 
alone would drive global emissions if all other 
factors remained constant It is assumed that 
world population would stabilize at about 7.8 
billion people by the middle of the next cen
tury. This is equivalent to a 60 percent 
increase in world population over 1985 levels 
and corresponds to United Nations "Low" 
forecast (UN 1982, 1984; see Chapter 1.5, 
Table 1.5.2). According to this forecast, 

C. Constant global emissions at the 1985 level 
This trajectory extrapolates the trend of global 
emissions in the early 1980's, which was rea
sonably flat (see Chapter 1.5, Fig. 1.5.4). This 
trajectory corresponds to the lower end of the 
range of fossil burns typically discussed in offi
cial policy deliberations. 

D. Average linear decline of global emissions at a 
rate of-2.0 percent for 40years, then constant glob
al emissions at twenty percent of the 1985 level This 
trajectory explores the impact of reducing 
emissions by a major fraction early on, while 
fossil fuels would continue to be used al a sig
nificant residual level in later decades. 

E. Average linear decline of 1985 global emissions 
to zero at a rate of—1.0 percent per year. This tra
jectory explores the implications of a more 
gradual fossil fuel reduction based on a one 
hundred year target for a complete phasing 
out. It shows the impact of a slower speed of 
C 0 2 reductions over the next few decades rel
ative to the more aggressive approach of (D), 
followed, however, by a complete fossil phase-
out in later decades. 

F. Delayed phase-out composite. In this scenario, it 
is assumed that the onset of fossil phase-out is 
delayed due to the difficulties of turning 
around energy policies and trends on an inter
national scale. There is about a decade of con
tinued fossil growth (as in A), followed by a 
decade of approximately constant fossil fuel use 
(as in C), and a return to 1985 levels within 
about 25 years. In the following 30 years, releas
es decline to about 20 percent of the 1985 level, 
and then remain constant at that level (as in D). 

Table 1.4.4 shows the total cumulative carbon releases 
along each trajectory for the period 1985-2100. 
Scenarios A, B, and C result in cumulative releases of 
about 2400 btC, 900 btC, and 600 btC, respectively.6 

The three phase-out trajectories also differ significant
ly. Whereas trajectory D releases only about 200 btC, 
trajectory E results in about a 260 btC release, and 
scenario F in a 300 btC release for 1985-2100. 

We investigate three basic questions: 

(1) By when, given the above trajectories of fossil 
COg release, would atmospheric C 0 2 concen
trations exceed the 400 ppm limit? 

(2) What is the upper limit for cumulative fossil 
carbon releases under the 400 ppm limit? 

(3) How divergent are the answers obtained from 
CAF and CC model calculations? 

The results of our calculations are presented in 
Figure 1.4.1 (a-f) and in Table 1.4.4. 

2. Viable global carbon trajectories under a 
400 ppm limit 

Inspection of Figures 1.4.1 (a-f) and Table 1.4.4 
reveals that under a 400 ppm limit for atmospheric 
carbon dioxide concentrations, only scenarios D, E, 
and F are viable.7 In scenario D, carbon dioxide con
centrations remain safely below the limit, despite a 
residual carbon release of about 20 percent of the 
1985 level. In scenario E, C 0 2 levels peak around 
2040 to 2060 and then decline. Only for the box-dif
fusion calculation do they exceed the 400 ppm limit, 
and then only temporarily and by a few ppm. Along 
trajectory F, a similar peak is observed earlier, around 
2020 to 2030. Here, concentration levels stabilize over 
the longer-run. Again, the box diffusion model pre
dicts levels slighdy above 400 ppm. 

For trajectories A and B, the 400 ppm limit would be 
reached somewhere between 2010 and 2020. In sce
nario C, this threshold would be exceeded by the 
middle of the century or later. 

Early versus delayed phase-out 

The key interpretations of these results are as follows: 

6. In accordance with our treatment of biotic and other 
carbon releases in Chapters 1.2 and 1.3, the above 
scenarios are defined to reflect carbon releases from 
fossil fuels. 

7. We base the following discussion on the results 
obtained from die CC models and ignore the CAF 
results (see also Secdon B above). 
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• The time gained by moving from high growth 
to a constant level of C 0 2 releases is much 
smaller (of the order of a few years to a few 
decades) than the time gained by moving from 
a constant level of C 0 2 release to negative 
growth (of the order of decades to centuries); 

• Among trajectories of declining C 0 2 emis
sions, a strategy that aggressively seeks reduc
tions early on (scenario D) provides much 
more time to develop and deploy new fossil-
substituting technologies than one in which 
reductions are achieved at a more lackadaisi
cal pace (scenarios E and F). 

Put another way (Lovins et al. 1981): 

• A unit of C 0 2 reduction achieved in the near 
term is worth several units of C 0 2 reductions 
achieved in the longer term. 

These findings again underline that the opportunity 
cost and risk of not reducing release rates early on 
grows disproportionately with each year of delay. 

CC models versus CAF 

When looking at the difference between carbon-cycle 
models and CAF calculations, the following observa
tions can be made: 

• For trajectories of exponential growth (A), the 
difference between CAF and CC models is 
minimal; 

• For the phase-out scenarios (D, E, and, F), the 
CAF approach overestimates carbon dioxide 
concentrations. The divergence grows as low 
release rates are reached. At such low levels of 
release, carbon sinks begin to overwhelm 
sources, resulting in an effective stagnation or 
slow decline of carbon dioxide concentrations 
(Figures 1.4.1 .d-f). This effect is not captured 
by the CAF model; 

• For the phase-out scenarios, the difference in 
carbon dioxide concentrations between the 
box-diffusion and the outcrop-diffusion 
model is significant By 2100, it is 27-36 ppm. 

To illustrate the latter point, consider trajectory F. 
The peak concentration in the box-diffusion calcu
lation is 407 ppm, which is reached in about 2030. In 
the outcrop-diffusion calculation, the peak is 387 
ppm, or 20 ppm lower. In 2100, the box-diffusion 
model calculates a C 0 2 concentration of 404 ppm. 
According to the outcrop-diffusion model, C0 2 levels 
would have declined to 368 ppm by then, for a dif
ference of 36 ppm. 

3. Global fossil carbon budgets under a 400 
ppm limit 

Inspection of box-diffusion trajectories D, E, and F 
reveals that a 400 ppm limit would require a restric
tion of carbon releases to about 300 billion tons 
between 1985 and the year 2100. Note also that the 
exact figure depends on the path of the fossil phase-
out For the same concentration limit, the phase-out 
scenario F allows a 50 percent greater amount of car
bon release than trajectory D, and provides a 15 per
cent greater carbon budget than trajectory E (see 
Table 1.4.4). 

Because the CAF approach assumes increases in 
atmospheric concentrations at all levels of carbon 
release, this model underestimates the allowable car
bon budget under a 400 ppm limit by up to about 100 
btC relative to the box diffusion model (see Table 
1.4.3). The outcrop-diffusion model, on the other 
hand, extends the upper limit for the carbon budget 
to about 450 btC.8 

Because the outcrop diffusion model is considered less 
credible, and in light of recent measurements indicat
ing that airborne fractions may be rising, we conclude: 

• The upper limit for cumulative fossil carbon 
releases between 1985 and 2100 should be 
about 300 btC. 

At this stage in our analysis, this budget is a working 
hypothesis. In our subsequent analyses in Chapters 
1.5 and 1.6, we investigate its practical feasibility, and 
if need be, make iterative adjustments. In this explo
ration of practical phase-out schedules, the 450 btC 
figure is used for sensitivity analyses. 

4. Fossil energy budget under a 300 btC limit 

A carbon budget of 300 billion tons is equivalent to 
511 TW-y of energy at the 1985 fuel mix (Figure 
1.4.2). Using the index of energy obtained for various 
other fuel mixes (Table 1.4.3), we can calculate that 
under this budget the world would be able to obtain 
some 700 TW-y of energy if all consumption were gas, 
or some 400 TW-y if all consumption were coal. 

Based on these figures, we can translate the global 
carbon budget into the number of years it would take 

8. SeeSvennigson (1984),whocalculatedcarbondioxide 
concentrations for the World Energy Conference, 
IIASA, and Goldemberg et al. global energy scenarios 
using the outcrop diffusion modeL A 450 btC budget 
(1985-2100) is obtained, for example, if one follows the 
Goldemberg e t al. scenario until 2020 and then linearly 
phases out all but about 1 btC of fossil fuels by 2100. 
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to consume this budget at 1985 levels of fossil fuel 
consumption (Figure 1.4.2). With a constant fuel mix, 
the 300 billion ton budget would last about 57 years, 
or until the year 2042. Depending on the direction 
of change in global fossil fuel mix, this period might 
realistically shorten or lengthen by a decade or so. 

5. Allowable depletion of fossil fuel resources 

A 300 btC budget means major restrictions on the use 
of global fossil resources. The quantitative implications 
for alternative fuel mixes can be seen from the data in 
Table 1.4.3. At the 1985 mix of fuels, the consumption 
of fossil resources would be limited as follows: 

• no more than 64 percen t of total oil resources; 

• no more than 47 percent of conventional gas 
resources; 

• no more than 22 percent of the cheaper coal 
resources. 

These figures clash with the conventional assump
tion that all conventional oil and gas resources would 
probably be consumed before a major shift away 
from fossil fuels would occur. Our analysis suggests 
that: 

• climate stabilization requires keeping signifi
cant portions of even the world's conventional 
fossil resources in the ground. 

Such a requirement is a stark contradiction to all con
ventional energy planning and illustrates the magni
tude of the greenhouse challenge. 

Of course, some inter-fossil fuel shifting is feasible 
and desirable to get the most energy out of the global 
carbon budget But the room for such cross-substitu
tion is limited by the structure of fossil resources. 
While it would be desirable from a resource efficiency 
point of view to shift fossil fuel consumption to more 
plentiful (and often cheaper) coal, both the green
house effect and other environmental problems of 
coal use point in the opposite direction, toward gas 
and oil. Since gas resources are the second-largest 
after coal, the need to shift away from oil and from 
carbon-intensive coal is perhaps best accommodated 
by cross-substitution with gas. Fundamentally, howev
er, a much more radical shift away from all fossil fuels 
is needed than has been anticipated so far. 

6. Viable energy scenarios under a 400 ppm 
limit 

The calculations in Chapter 1.2 had already indicated 
that climate stabilization is incompatible with 

conventional world energy scenarios, which are based 
on rising fossil fuel consumptions. This finding is fur
ther clarified by the calculations of this chapter. In par-. 
ticular, the most widely quoted world energy scenarios, 
i.e. the IIASA low" and World Energy Conference 
low" trajectories, which are approximated by Figure 
1.4.1 .a and I.4.1.b, would "blow" the 400 ppm C0 2 ceil
ing by 2010-2025. This result is obtained no matter 
what carbon cycle model is used, and no matter what 
assumptions are made about fossil fuel use in the 
decades beyond 2020-2030 which are not covered by 
these scenarios. Simply put, conventional world ener
gy strategies and projections need to be scrapped if 
climate stabilization is to be achieved. 

Our more detailed exploration in this chapter further 
reveals that even constant carbon releases at 1985 levels 
pose unacceptabty high climatic risks. This type of sce
nario had been proposed by Goldemberg et al. (1985), 
who argued that investments in efficiency improve
ments could keep energy use flat but that the world 
would likely use up all its oil and gas reserves before a 
switch to renewables would occur. Given the magni
tude of these resources (see Table 1.4.2 above), fossil 
fuels would under this assumption completely domi
nate energy use for the remainder of the 21st century. 

This outcome is again incompatible with climate sta
bilization, irrespective of the carbon cycle model 
assumed. The Goldemberg et al. scenario would obey 
the 400 ppm limit if it is assumed that beginning in 
about 2020-2030, a linear fossil fuel decline to a 
release rate of 1 btC/yr is achieved by 2100. Even 
then, compatibility is achieved only with the outcrop 
diffusion model and not with the more plausible box 
diffusion model. Greater climatic acceptability would 
depend on levels of reforestation and other trace gas 
control that are greater than those assumed in 
Chapter 1.3. 

Finally, we see that the scenario by Lovins et al. 
(1981), with a cumulative carbon release of only 
aboutlSO btC between 1985 and 2100, would repre
sent a substantial safety margin against climatic sur
prises for the worse. This margin could buffer against 
stronger-than-expected feedback effects, or against 
serious slips in reforestation efforts and other mea
sures related to non-fossil carbon trace gases. This sce
nario would be compatible with the strict 300 btC 
budget of the box diffusion model even if, following 
Goldemberg et al., no fossil fuel substitution were to 
occur. Then again, the full realization of this scenario, 
which requires implementing by 2030 most efficiency 
potentials and displacing 80 percent of fossil fuels 
with renewables, has already been preempted due to 
the inertia of recent and current energy policies. 
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Figure 1.4.2 Global carbon and fossil energy budgets under a 400 ppm atmospheric COj limit 
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These findings can be summarized as follows: 

• The conventional world energy scenarios 
(World Energy Conference, and IIASA) are 
incompatible with climate stabilization. 

• The range of desirable world fossil fuel 
trajectories is circumscribed by the scenario 

of Lovins etal. atone end, and a renewables-
based extrapolation of the scenario of 
Goldemberg et al. at the other end. The 
former can be seen as representing the outer 
limit of logistic feasibility, while the latter 
marks the outer limit of climatic accept
ability. 
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PART TWO: 

TOWARD A 

GLOBAL COMPACT 

ON 

CLIMATE STABILIZATION 

AND 

SUSTAINABLE DEVELOPMENT 



In the following three chapters, we discuss policy issues related to the formulation 
of an international agreement to stabilize the world's climate. 

Chapter 1.5 develops quantitative formulations for dealing with the equity issue 
between industrialized and developing countries, either through the physical allo
cation of the fossil carbon budget or through compensatory financial arrangements. 

Chapter 1.6 develops separate fossil carbon reduction milestones for developing 
and industrial countries as a group. We explore what rates of converting capital 
stocks would be needed to meet climatic imperatives, and evaluate these rates in 
terms of both logistic constraints and factors of political economy. 

Chapter 1.7 translates the analysis of Chapters 1.1-6 into suggestions for shaping a 
global climate convention. Emphasis is placed on the use of a target-based approach 
using a global fossil carbon budget and on mechanisms that would transfer capital 
and technologies to the developing nations. 



CHAPTER 1.5 

HOW COULD THE GLOBAL CARBON BUDGET 
BE SHARED? 

A. CLIMATE CHANGE AND GLOBAL 
EQUITY 

One important insight driven home by the green
house effect is that gross international inequity and 
ecological maintenance are fundamentally incompat
ible. In fact, the global environmental crisis and the 
warming threat could bring about a realignment of 
international policies that goes far beyond the control 
of greenhouse gases in the narrow sense (Reddy 
1989): historically, industrialized countries have for 
the most part allied themselves with Third World elites 
at the expense of basic-needs oriented development 
In view of the global environmental consequences, 
these alliances have now become anachronistic. Solu
tions to the global warming problem and related envi
ronmental threats will necessitate satisfying basic needs 
everywhere. 

Because the global climate can tolerate only a certain 
amount of perturbation before it will irreversibly dete
riorate, climate stability is a limited resource. This cli
matic resource takes the form of a buffering capacity 
against greenhouse gas releases. In this report, we have 
quantified this resource in the form of a global budget 
for remaining allowable fossil carbon releases. We now 
deal with ways of allocating the global carbon budget 
in an equitable manner. Past discussions on the issue 
of sharing the limited fossil fuel resources of the earth 
have usually been based on the assumption that these 
fuels offer a unique developmental benefit, and-that 
this benefit grows in proportion to the amount of fossil 
fuels used. This common assumption has led to some
times acrymonious debates over an equitable physical 
distribution of cumulative fossil fuel consumption 
among the world's nations. 

Our analysis in this report, notably in Voume Two, sug
gests a very different view: that from here on out, there 
is a relatively modest optimum amount of cumulative 
fossil fuel use beyond which these fuels become not 
only an environmental trap but also a strong economic 
disbenent Most industrialized countries find them
selves in this economic and environmental trap 
already, and will be foregoing significant welfare incre
ments until they greatly reduce fossil fuel use and relat-
ed pollutant emissions. 

Developing nations have a unique opportunity to 
leapfrog into economies based on largely non-fossil 
energy systems. Such systems would rely on combina
tions of capital-saving high-efficiency technologies and 
low-pollution supply technologies based on renew
ables. They potentially could provide larger economic 
and developmental benefits than intensive fossil fuel 
use patterned after the evolution of industrialized 
countries. 

From this perspective, the equity issue loses much of 
its divisiveness. Yet under a tight climate-stabilizing 
global fossil carbon budget, the equity issue does retain 
its importance in so far as most or all of this limited 
budget will be needed to support the global transition 
to largely non-fossil energy systems. Fossil fuels thus 
offer a vital transitional benefit (see Section IJ5.B below 
and also Chapter 1.6). 

The basic investigation in this Chapter is whether and 
how these transitional benefits of fossil fuel use could 
be obtained by both industrialized and developing 
countries, using an equitable physical allocation of the 
global fossil carbon budget as far as feasible, combined 
with compensatory capital and technology transfer 
programs. We therefore investigate two topics: 

(1) What might be an equitable yet feasible phys
ical allocation of the global carbon budget? 

- How much more fossil fuel consumption 
would industrial countries be allowed if cli
matic resources were shared equitably? 

- Conversely, we might ask: How much more 
fossil fuel would developing countries be 
entided to burn if the global fossil carbon 
budget were to be apportioned according 
to strict equity criteria? 

- Could industrialized countries manage 
their transition to non-fossil energy systems 
if limited to a strictly equity-based portion 
of the global carbon budget? 

- How would Third World countries be 
affected if they were to receive less than 
their calculated fair share? 
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(2) If strict allocational equity is not feasible on a 
physical level, how could sustainable Third 
World energy development be ensured anyway? 

- How could developing countries be com
pensated if they were to forego the full use 
of their equity-based fossil carbon budget? 

- How should the burden of compensatory 
assistance to the Third World be shared 
among industrialized countries? 

Section B develops quantitative equity criteria for the 
physical allocation of the global carbon budget Sections 
C and D apply these equity formulas to historic and 
future carbon dioxide releases. Section E deals with com
pensatory arrangements that could flexibly complement 
a less than perfect physical allocation of the fossil carbon 
budget A number of ccwt-mmimizing and welfare-max
imizing technology options that could be transfered to 
developing nations are discussed in Volume Two. 

B. HOW COULD EQUITY GOALS BE 
QUANTIFIED? 

A logical principle for assigning responsibility for cli
mate stabilization would be that those who cause the 
damage pay for the cost of abatement This principle 
is by now the basis of environmental legislation in 
many nations. If fully enforced, it ensures that the bur
den of environmental repair will be carried equitably. 
In internalizing previously ignored costs, it also sends 
the right economic signals to the producers of pol
lution and to the consumers of products associated 
with such pollution. 

Identifying the principal culprits in the destruction 
of the world's climate is not difficult. The history of 
greenhouse gas emisions shows that the industrialized 
countries have been and continue to be by far the 
major source of climate destabilization: they over
whelmingly dominate CFC emissions, clearly dominate 
carbon dioxide emissions, and contribute close to half 
of global anthropogenic methane releases (see Chap
ter 1.3 and below). Put another way, the prevailing lop
sided international economic order is reflected in a less 
recognized but similarly inequitable ecological order 
that is starkly revealed by the global climate threat 
We therefore mainly focus in this chapter on an equi
table distribution of the global fossil carbon budget 
among developing and industrialized regions as a 
whole. Of course, important allocational issues also 
exist among nations and groupings within each of 
those two categories. These are further investigated 
in Chapter 1.6. 

1. Global in te rdependence : accounting issues 
in measuring equity 

Developing quantitative distributional criteria for 
allocating climate stabilization responsibilities is inher-
endy difficult Besides the challenge of including all 
the greenhouse gases in such allocations, rigid equity 
criteria run the risk of creating artificial accounting 
boundaries in a world that is highly interdependent 

For example, one might argue that developing coun
tries have in fact contributed to climate change in a 
major way through deforestation driven by population 
growth, if not yet through fossil fuel use or CFC releas
es. This is, of course, true. In fact, the fossil carbon 
budgets developed in Chapter 1.4 are explicitly based 
on maintaining biotic carbon storage at mid-1980s 
levels. Given current deforestation trends, this will 
involve a major afforestation and reforestation cam
paign. The bulk of this campaign will need to be car
ried out by developing countries. 

On the other hand, ecological destruction in the Third 
World is inextricably linked to the history of coloniza
tion, as well as to persistent post-colonial patterns of 
inequitable trade. Over the last 200 years, industrialized 
countries (ICs) have been actively and often forcefully 
integrating Third World regions into their economic 
cycles. In the course of this integration, ICs also exported 
their own model of economic and social development 

Today, many people in developing countries aspire to 
obtain at least some of the consumer goods prevalen t 
in the wealthy countries. As a result developing coun
tries are also displaying a growing demand for fossil 
fuels and other greenhouse-active products. But now 
that the risk of climate destruction has become broadly 
recognized, it turns out that much of the biosphere's 
buffering capacity against trace gas emissions has 
already been consumed. 

Arguably, industrialized countries have primary 
responsibility for climate stabilization not only because 
of their disproportionate past and present role in alter
ing the global atmosphere, but also because of their 
disproportionate capabilities to mitigate this threat 
Whereas the developing countries are laboring under 
immense problems of deb t debilitating population 
growth, and capital scarcity, industrialized nations have 
the technology, the capital, and the organizational fac
ulties that are needed to "dean up their ac t " More
over, their influence on the Third World's investment 
patterns and resource consumption through lending, 
technology export and trade is immense, and could 
be used to help those countries from growing into a 
major climate-destroying force of their own. 
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For these and other reasons, any international agree
ment that may ultimately be reached might well devi
ate from simple equity-based formulas. Nor will the 
economic fate of each country hinge on the exact 
share she receives of the global fossil carbon budget, 
or for that matter, on any other greenhouse gas reduc
tion target The economic history of the world has 
shown that countries with the most unfavorable nat
ural resource endowments can overcome such hand
icaps with technological and cultural inventiveness. 

The more important prerequisites of economic suc
cess seem to be participatory political structures, equi
table distributions of land and income, self-reliance, 
and the freedom to shape development policies 
according to national priorities rather than those of 
the economically dominant powers (Senghaas 1977, 
1982). 

Nevertheless, it is useful to know how the task of cli
mate stabilization would be allocated under strict 
adherence to international equity criteria. In partic
ular, such an analysis provides countries and regions 
with a framework for the goals they should set them
selves in energy planning so long as formal interna
tional agreements have not been reached. 

Can fossil carbon releases be used as a proxy for 
greenhouse equity? 

Figures I5.1-S show the contributions of industrialized 
and developing countries to the greenhouse problem, 
using several indices. The first figure shows an estimate 
from a climate stabilization analysis by the U.S. Envi
ronmental Protection Agency (Lashof and Tirpak 
1989) in which emissions of all greenhouse gases were 
disaggregated into major countries and regions and 
then weighted by their respective warming impacts. This 
sophisticated, warming-based analysis can be com
pared with Figures 1.5.2 and 1.5.3, in which we com
piled percentages for the same disaggregations, but 
derived from greenhouse gas release rates. Figure 1.5.2 
shows the results for total carbon dioxide releases (fos
sil releases and deforestation), based on the combined 
data of Houghton et al. (1987) and Marland et al. 
(1988). Figure 1.5.3 shows fossil releases alone. 

A comparison of the three figures reveals that the 
regional distribution of fossil carbon releases could 
be used as a reasonable proxy for the regional con
tributions to global warming: The major industrialized 
countries explicitly shown in the pie charts (the United 
States, the Soviet Union, and the European Economic 
Community) contributed 49 percent of the annual 
global warming increment during the 1980s. Their 
contribution to fossil carbon releases was about 56 

percent Their share in carbon dioxide releases from 
fossil fuels and deforestation was 52 percent 

For some countries with large land area and defor
estation rates, the difference between these indices 
can, of course, be dramatic. For example, Brazil 
accounts for five percent of fossil and biotic carbon 
releases, one percent of fossil carbon releases, and four 
percent of the annual global warming increment The 
latter figure is mainly the result of the climate mod
eling convention to treat the biosphere as neutral (see 
Chapters 1.2 and 1.3). 

Note that all of the comparisons in Figures 1.5.1-3 are 
based on current annual contributions, not cumulative 
contributions over historic periods. The effect of 
including historic emissions in equity considerations 
is illustrated for fossil carbon emissions in Section C 
below. 

2. Equity formulas 

In establishing equity formulas, at least three basic 
alternatives are available: carbon-release based models, 
C/gdp-based models, and population-based models. 

Carbon-release based models 

In its simplest form, this approach consists of allocat
ing the cumulative fossil carbon budget in proportion 
to each country's current carbon releases. Each coun
try would have to disengage from the use of fossil fuels 
at the same average speed (though individual reduc
tion milestones could, of course, vary). Based on 1986 
figures, developing countries would obtain a 28 per
cent share1 of the global fossil carbon budget, or about 
SO years worth of releases at 1986 rates. 

This approach essentially replicates the current status 
quo. It could be the basis for an acceptable agreement 
only 

- if new non-fossil technologies can provide ener
gy services more cheaply than fossil-based ones; 

- if the potential of these technologies for reduc
ing carbon emissions is sufficiendy large in all 
economies irrespective of their absolute size 
and stage of development; and 

- if all countries have comparable access to the 
technical know-how, financing and organization
al capacities to implement these technologies. 

The first proposition is partially true. It holds for most 
demand-side technologies. On the supply-side, the 

1. Based on Marland etaL (1988). See Table L5.4 below. 
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picture is mixed. At least when externalized costs are 
ignored, fossil fuels at curren t prices are significandy 
cheaper than several of the presently available renew
ables-based resources. However, this cost differential 
could be much smaller or of inverse sign in many local 
settings, particularly in the Third World. And some 
renewables are already cost-effective against present 
fossil-based energy supplies (see Volume Two). 

The second proposition is quite plausible. There is 
strong evidence that efficiency-based percentage 
reductions in fossil carbon releases in developing 
countries could be at least as large as in the industri
alized countries, and probably significandy larger: 
Third World modern sector capital stocks are consis
tently less energy-efficient than those in the industri
alized countries, and the discrepancy is even more 
pronounced in the traditional or informal economic 
sectors (Goldemberg et al. 1988, see also Volume 
Two). And on the supply side, the technical potential 
of renewables is at least as large in the developing 
countries as in the industrialized countries. 

However, the third proposition clearly does not apply 
at all. Indebtedness, capital scarcity, and lack of domes
tic technological and administrative capacities are the 
hallmark of the current Third World predicament 
These will hinder not only the implementation of effi
ciency improvements, but also the timely development 
and commercialization of advanced renewables-based 
technologies (see also Chapter 1.6). 

Furthermore, the current narrow selection of fully com
mercial, cost-effective renewables-based supply tech
nologies is a particular handicap for developing 
countries. In the near- to medium-term, the high growth 
rates of energy service needs in these countries cannot 
be fully offset by converting existing capital stocks to 
more efficient technologies, as is the case in industri
alized countries. Faced with the need to expand sup
plies, they would obtain major portions of this supply 
expansion at lowest cost from fossil fuels, particularly 
in countries with accessible domestic resources.2 On 
the other hand, a Iarger-than-expected contribution 
could already be provided from cost-effective renew
ables, particularly when foreign exchange considera
tions and other externalities are taken into account 

On balance, however, conventional least-cost criteria 
would still lead to increased DC fossil fuel consumption 
in the near- to medium-term. If percentage reduction 

2. Some developing countries have significant fossil 
resources but face very large infrastructure investments 
if they want to exploit them. An example are the coal 
resources in mainland China, which would require enor
mous transportation investments. 

milestones were uniformly applied to developing and 
industrialized countries, developing countries would 
be forced to make relatively earlier and greater use of 
higher cost renewables. On a per-unit basis, the early 
reduction of fossil carbon releases could thus cost them 
more than the industrialized countries. 

Industrialized countries, on the other hand, experi
ence relatively modest growth in energy services. They 
could overwhelm that growth merely by inserting cost-
effective efficiency technologies into existing capital 
stocks through retrofit or replacement investments 
(see Chapter 1.6). They could therefore achieve major 
fossil carbon reductions without increasing the cost 
of energy services (see Volume Two). This would also 
gain them the necessary time to fully develop cheaper 
non-fossil supply technologies, while lowering fossil 
fuel consumption in the meantime. 

Reduction milestones based on C/gdp ratios 

This approach is similar to the release-based model. 
All countries would be required to reduce their C/gdp 
ratios by a certain percentage by a given year. This is 
an improvement in so far as the proposal recognizes 
that current C/gdp ratios in developing countries are 
higher than in industrialized countries. The model 
also would give countries with greater gdp growth rates 
a greater fossil carbon allowance. This would buffer 
developing countries against the disproportionate 
costs of near- to medium-term expansion of non-fossil 
supplies. However, this model still does not address 
differences between the ICs and the DCs in the capac
ity to develop, commercialize, finance and implement 
reduction technologies, and the broader international 
equity questions associated with these differences. 

There are other drawbacks. First, it is inherendy dif
ficult to relate C/gdp reduction targets to the permis
sible fossil carbon budget To do so would require the 
ability to reliably measure gdp and to make long-term 
forecasts of regional and global gdp growth. The 
volatility of gdp projections could require frequent 
adjustments to the C/gdp reduction targets. Measure
ment problems and the need for frequent renegoti
ations could undermine the consensus necessary for 
ongoing cooperation. 

Secondly, the driving force of fossil fuel consumption 
is not so much the growth in gdp per se, but changes 
in the kinds and amounts of energy services employed 
to produce a unit of gdp. This energy service intensity of 
gdp (Krause 1980, Lovins etal. 1981) is both a function 
of the country's resource endowment and industrial mix, 
and of the stage of development Many developing coun
tries are experiencing phases of economic development 
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in which the energy service intensity of gdp is rapidly 
growing—a trend that was also experienced during the 
earlier development stages of currently industrialized 
countries. Industrialized countries, on the other hand, 
are experiencing a certain saturation of energy service 
demand in most sectors. If carbon/gdp reduction targets 
were uniformly applied to developing and industrialized 
countries, developing countries would therefore still be 
put at a disadvantage.9 

Per capita models 

The annual per capita model A recurring theme in the 
international debate over global equity has been the 
issue of population discrepancies between the devel
oping and industrialized regions.4 Proposals have been 
made to base emission reduction requirements on 
some annual per capita release rate that would even
tually have to be achieved by all countries (see, e.g., 
Feiveson etal. 1988). 

Compared to the carbon release or C/gdp based mod
els, per capita formulations allow a more rigorous equity 
approach: All human beings should be equally entitled 
to make use of global resources such as the planet's 
atmosphere. If some end up using more of such 
resources than others, they should provide some form 
of compensation (see also below and Chapter 1.7). 

Of course, per capita formulations have their own 
drawbacks. First, the annual per capita model does not 
provide the incentive for population control inherent 
in the previous models: As formulated, the target per 
capita level would apply irrespective of the degree of 
population growth between now and the target year. 
Secondly, per capita models require the use of pop
ulation forecasts to establish a link to the global carbon 
budget This is less of a handicap than having to rely 
on gdp projections, since population forecasts are 
inherently more stable than gdp forecasts (see Section 
C below). However, the use of projections could still 
prove awkward in international agreements. 

Approaches based on an annual per capita target also 
fall short in addressing the dimension of intergener-

3. In principle, this disadvantage could be remedied by 
establishing more lenient C/gdp reduction schedules 
for developing countries. Unfortunately, current anal
yses on the contribution of structural change to changes 
in the energy/gdp and carbon/gdp ratios are far too 
few and limited in scope to provide guidelines for such 
a differentiation. Also, developing countries may end 
up pursuing development models that differ significant
ly from the patterns found in industrializing nations in 
the past. 

4 See, for example, die summary of die population con
trol debate in Eckholm (1982). 

ational equity. This aspect is particularly important in 
climate stabilization because it is a longterm task 
extending over many decades. How should the dam
age done by past generations be treated, and how can 
the interests of unborn future generations be explicitly 
incorporated into an equity formula? 

Tlie cumulative per capita model As a modification of the 
per capita model, one could represent population 
changes over time (based on historic data or forecasts) 
in the form of "cumulative populations" for the period 
during which the phaseout of fossil fuels is to be 
achieved. The cumulative population over a period of 
time is simply the number of person-years lived in each 
region. For example, a country with a population of 
1 million in year x is counted as 1 million person-years. 

Cumulative person-years would be calculated, in part, 
on the basis of population forecasts. Since the com
position of present populations will largely determine 
future population levels over several decades, such 
forecasts are reasonably stable. The global carbon bud
get would then simply be allocated in proportion to 
the person-years lived in each region.5 

Note that per capita models make no distinction 
between countries with an energy-intensive industrial 
mix and those whose economies are less energy inten
sive (and therefore fossil-carbon intensive). All else 
being equal, they favor countries that have managed 
to limit fossil fuel consumption in the past and coun
tries that are at early stages of economic development 
Reduction requirements would appear relatively less 
drastic to them. 

Summary 

As a basis for sharing the global fossil carbon budget 
between developing countries and industrialized coun
tries, the three models compare as follows: 

• Under all formulas, major capital and technol
ogy transfer to the developing countries will be 
necessary to enable these countries to partici
pate in climate stabilization. An equitable allo
cation of the global carbon budget can be seen 
as one of several instruments in this overall task. 

5. The proposal by Feiveson et al. (1988) goes in the direc
tion of controlling cumulative releases. It would establish 
a common long-term per capita target for all countries; 
put a short-to-medium term ceiling on industrial coun
try releases at current per capita levels, and would limit 
the degree to which developing country per capita emis
sions could exceed the long-term target at any one time 
between now and the target date. These qualifications 
and specifications could be brought into approximate 
equivalence with the cumulative carbon budget 
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Table 1.5.1 Approximate global distribution of energy use and population In 1986 0) 

Population 
(billion) 
share 

Energy use 
Total TW-y/y 

share 

Per capita kW-y/y 

Fossil fuels 
Total TW-y/y 

share 
Fraction of total energy 

Per capita kW-y/y 

Fossil fuel Breakdown 
Coal 

Oil 
Natural Gas 

Fraction of Total 
Coal 

Oil 
Natural Gas 

ICs 

1.18 
0.24 

8.26 
0.66 

7.00 

7.21 
0.77 
0.87 

6.11 

2.20 
3.04 
1.97 

1.00 
0.31 
0.42 
0.27 

DCs 

3.76 
0.76 

4.16 
0.33 

1.11 

2.11 
0.23 
0.51 

0.56 

1.00 
0.89 
0.22 

1.00 
0.47 
0.42 
0.10 

World 

4.94 
1.00 

12.43 
1.00 

2.52 

9.32 
1.00 
0.75 

1.89 

3.20 
3.93 
2.19 

1.00 
0.34 
0.42 
0.23 

Biomass 
Total TW-y/y 

share 
Fraction of total energy 

Per capita kW-y/y 

Hydro 
TW-y/y 
share 

Fraction of total energy 

per capita kW-y/y 

Nuclear 
TW-y/y 
share 

Fraction of total energy 

per capita kW-y/y 

Total non-fossil 
TW-y/y 
share 

Fraction of total energy 

per capita kW-y/y 

ICs 

0.07 
0.04 
0.01 

0.06 

0.47 
0.67 
0.06 

0.40 

0.51 
0.96 
0.06 

0.43 

1.05 
0.34 
0.13 

0.89 

DCs 

1.80 
0.96 
0.43 

0.48 

0.23 
0.33 
0.06 

0.06 

0.02 
0.04 
0.00 

0.01 

2.05 
0.66 
0.49 

0.55 

World 

1.88 
1.00 
0.15 

0.38 

0.70 
1.00 
0.06 

0.14 

0.53 
1.00 
0.04 

0.11 

3.11 
1.00 
0.25 

0.63 

Note 
(1) Based on UN population and commercial energy statistics and biomass per capita estimates by Goldemberg et al. (1988) 
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• The lowest level of equity would be achieved 
in allocations of the cumulative fossil carbon 
budget on the basis of current release patterns. 

• Uniform reduction milestones for C/gdp ratios 
would provide somewhat greater international 
equity, but would introduce target volatility and 
exacerbate measurement problems. 

• The highest level of equity would be provided 
by allocating the fossil carbon budget on the 
basis of the cumulative per capita model. The 
cumulative person-year formula explicitly takes 
into account intergenerational dynamics while 
preserving the incentive for population con
trol. It also could be used to develop equity for
mulas based on cumulative historic emissions 
(see below). 

But is this strict equity model practical on logistic 
grounds, given the remaining allowable fossil fuel con
sumption and the inertia of existing consumption pat
terns? And if not, what might be a reasonable 
compromise? 

These questions are explored in Sections C and D 
below. Section C illustrates the difference among the 
carbon-release based and population-based models in 
a quantitative way, by applying them to the historic fos
sil carbon emissions between 1950 and 1986. In Sec
tion D, we extend the analysis to the future, covering 
the entire period between 1950 and 2100. 

C. FOSSIL CARBON EMISSIONS AND 
INTERREGIONAL EQUITY: T H E 
RECORD T O DATE 

To illustrate the quantitative difference between the 
carbon-release based and per capita models, we apply 
them to historic fossil carbon emissions as compiled 
by Marland et al. (1988). The carbon release dynamics 
between 1950 and 1986 are illustrated in Figures 1.5.4-
9. In these figures, the world is alternately divided into 
two regions (developing countries (DCs) and indus
trialized countries (ICs) or six regions: OECD Europe, 
North America (Canada and the USA), the Pacific 
(Australia, New Zealand, and Japan), Eastern Europe 
(including the Soviet Union), centrally planned Asia 
(China, Mongolia, Vietnam, North Korea), and all 
other developing countries.6 

6. The definition of regions and die fossil carbon emission 
data are from Marland etal. (1988). We consider only 
the 1950-1986 period since regionalized carbon release 
data for the pre-war period are much less certain. Note 
that this procedure works in favor of industrialized 
countries. 

To put these figures in context itis useful to first exam
ine the current structure of world energy use. 

Current world energy use and fossil fuel 
consumption 

Table 1.5.1 shows how the use of fossil fuels was dis
tributed between industrialized and developing coun
tries in 1986.7 About 75 percent of the world's energy 
use was fossil-based, 15 percent was derived from 
biomass, 4 percent from nuclear power, and 6 percent 
from hydro power. Among fossil fuels, oil was domi
nant at 42 percent, followed by coal (34 percent), and 
gas (23 percent). 

The industrialized nations accounted for three quar
ters of fossil fuel consumption in 1986. On a per capita 
basis, the average person in the industrialized coun
tries consumes eleven times as much fossil-based ener
gy as the average person in the developing countries. 
If biomass fuels are included, the ratio is still 7:1. 

Note also that fossil fuels account for only a little more 
than half of energy use in developing countries, where
as the fraction is 87 percent for the industrialized 
world. Coal is much more dominant in developing 
countries, while gas is correspondingly less important 

Annual C02 emission rates, absolute 

Figure 1.5.4 shows the development of annual COg 
emissions from fossil fuel use between 1950 and 1986 
for developing and industrialized countries. Figure 
1.5.5 reproduces the same data disaggregated into six 
world regions. The ratio of releases in developing ver
sus industrialized regions in 1986 was 1:2.6. 

In 1950, the developing countries accounted for only 
7.5 percentof total releases. By comparison, the share 
of Western Europe was 24 percent By 1986, the devel
oping country share had climbed to 28 percent while 
that of Western Europe was only 15 percent 

The historic data also show that until the 1973/74 oil 
crisis, the U.S. was the largest emitter of COg in abso
lute terms, with a growth rate in the 1960s that was 
unmatched by any other region. Second in growth and 
absolute numbers was the Comecon region (Soviet 
Union and Eastern Europe). Unlike in the U.S. and 
Western Europe, the Comecon releases did not drop 
after the second OPEC crisis in 1979/80. 

Fossil fuel consumption is based on UN statistics and 
higher heating values. Estimates of biomass consump
tion are based on per capita budgets developed by 
Williams et al. (1985), and adjusted to reflect 1986 pop
ulation levels. 
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Table 1.5.2 Population forecasts for the world and by regions, 1985-2100 

1980 
1985 
1990 
1995 
2000 

2005 
2010 
2015 
2020 
2025 

2030 
2035 
2040 
2045 
2050 

2055 
2060 
2065 
2070 
2075 

2080 
2085 
2090 
2095 
2100 

Developing Countries 
Low 

3290 
3578 
3892 
4233 
4604 

4841 
5090 
5352 
5627 
5917 

6028 
6141 
6256 
6373 
6493 

6497 
6500 
6504 
6507 
6511 

6486 
6461 
6436 
6412 
6387 

Medium High 

3301 
3634 
4000 
4403 
4847 

5189 
5556 
5948 
6368 
6818 

7059 
7308 
7567 
7834 
8111 

8221 
8333 
8446 
8561 
8677 

8694 
8712 
8729 
8747 
8764 

3308 
3674 
4080 
4532 
5033 

5472 
5950 
6469 
7033 
7647 

8071 
8519 
8992 
9491 
10018 

10326 
10643 
10970 
11307 
11654 

11812 
11972 
12135 
12299 
12466 

Industrialized Countries 
Low 

1130 
1155 
1180 
1206 
1233 

1237 
1240 
1244 
1247 
1251 

1239 
1228 
1216 
1205 
1194 

1185 
1177 
1168 
1159 
1151 

1148 
1145 
1143 
1140 
1137 

Medium 

1131 
1165 
1199 
1235 
1272 

1292 
1313 
1334 
1355 
1377 

1382 
1387 
1392 
1397 
1402 

1405 
1409 
1412 
1416 
1419 

1419 
1420 
1420 
1421 
1421 

High 

1132 
1173 
1215 
1259 
1304 

1339 
1375 
1411 
1449 
1488 

1512 
1536 
1560 
1585 
1610 

1628 
1646 
1664 
1682 
1701 

1707 
1714 
1720 
1727 
1733 

Low 

4420 
4733 
5072 
5439 
5837 

6078 
6330 
6596 
6875 
7168 

7267 
7369 
7473 
7579 
7687 

7682 
7677 
7672 
7667 
7662 

7634 
7606 
7579 
7551 
7524 

World 
Medium High 

4432 
4798 
5199 
5638 
6119 

6482 
6869 
7282 
7724 
8195 

8441 
8695 
8959 
9231 
9513 

9627 
9742 
9858 
9976 
10096 

10114 
10131 
10149 
10167 
10185 

4440 
4847 
5295 
5790 
6337 

6811 
7324 
7880 
8483 
9135 

9583 
10055 
10552 
11076 
11628 

11954 
12289 
12634 
12989 
13355 

13519 
13686 
13855 
14026 
14199 

Source: UN (1982.1984) 
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Table 1.5.3: Population dynamics and cumulative person years, 1950-2100 

Year 

1950 

1986 

2000 

2025 

2050 

2075 

2100 

1950-1986 
share 

1986-2100 
share 

1950-2100 
share 

Population (billion) e> 
ICs 

0.77 

1.18 

1.27 

1.38 

1.40 

1.42 

1.42 

DCS 

1.75 

3.76 

4.85 

6.82 

8.11 

8.68 

8.76 

World 

2.52 

4.94 

6.12 

8.20 

9.51 

10.1 

10.2 

Person-years (billion) <2> 
ICs 

38 

17 

33 

35 

35 

36 

38 
0.29 

156 
0.16 

194 
0.18 

DCs 

95 

60 

145 

186 

210 

218 

95 
0.71 

819 
0.84 

914 
0.82 

World 

133 

77 

178 

221 

245 

254 

133 
1.00 

975 
1.00 

1108 
1.00 

Notes: (1) Population projections based on UN medium case (UN 1982,1984) 
(2) Approximate values based on interpolation 
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Today, releases from Eastern Europe and the Soviet 
Union match the U.S. emission rate. Meanwhile, emis
sions from developing countries experienced a rapid 
growth in the 1970s, fueled, in part, by the recent peri
od of high economic growth in China (Chandler 
(1988); see also Chapter 1.6). 

Cumulative releases 

The degree to which industrialized countries have 
inequitably consumed non-renewable climatic resources 
is more accurately measured by the cumulative fossil 
C 0 2 emissions. Due to lack of reliable data for the peri
od before World War II, we limit our comparison to the 
period from 1950-86. This period represents the era 
of greatest growth in energy consumption, and it cap
tures the majority of cumulative fossil COg releases to 
date (Rotty and Masters 1985). 

The cumulative comparison among the regions is 
shown in Fig. 1.5.6 (see also Table 1.5.4 below): Only 
18 percent of cumulative 1950-1986 emissions came 
from developing countries, compared to the 82 per
cent share of the industrialized countries. The ratio 
is thus 1:4.4, compared to the ratio of 1:2.6 for annual 
emissions in 1986. 

This wider ratio still understates the real disparity since 
a major portion of world cumulative releases occurred 
before 1950, and these were even more dominated 
by industrialized countries. 

Per capita emission rates 

Figures 1.5.7 and 1.5.8 show the changes in per capita 
emission rates. Based on these figures, the gap 
between developing and industrial countries is even 
wider. In 1950, the average per capita fossil COg releas
es in developing countries were only 4.1 percent of 
those in the industrialized countries, a ratio of 1:25. 
By 1986, the figure rose to 12.9 percent, or to a ratio 
of 1:7.8. 

These numbers illustrate that the rise of developing 
nations into the league of major fossil carbon emitters 
(i.e., their 28 percent 1986 annual contribution, or 
their 19 percent 1950-1986 cumulative share) is much 
less true on a per capita basis. Per capita, industrialized 
countries still release about 8 times die amount of fos
sil COg emitted by Third World countries. 

Cumulative per capita emissions 

The most accurate measure of the relative consump
tion of climatic resources in industrialized and 
developing countries is obtained by correlating 
cumulative releases with the development of the 

populations in the two regions. We show this com
parison in Fig. 1.5.9, based on UN population statis
tics: Between 1950 and 1986, industrialized countries 
released 11.1 times as much fossil carbon dioxide per 
person-year as developing countries. Thus, on this 
account, the imbalance between the two groups of 
countries widens even further. 

D. EQUITY-BASED ALLOCATION OF THE 
GLOBAL CARBON BUDGET 

Below, we calculate the regional allotment of fossil car
bon emissions on the basis ofcumulative per capita emis
sions. We apply this approach to two periods: 
1950-2100, and 1986-2100. The former accounting 
period amounts to treating historic carbon releases 
between 1950 and 1985 as a "cash advance" against 
the total 1950-2100 carbon budget. The latter time
frame ignores historic inequities in fossil fuel con
sumption. Instead, past fossil carbon releases are 
"grand-fathered." 

In extending the cumulative per capita approach to 
future time periods, a population forecast has to be 
used. As mentioned above, this is the major drawback 
of this model when considered as a basis for interna
tional agreements. A simple way around this problem 
would be to apply historic cumulative populations. To 
examine the viability of this approximation, we com
pare the allocation shares based on the 1950-1985 peri
od with those derived from long-term population 
forecasts. 

1. Population forecasts and cumulative 
person years 

Population growth is in some sense like global warm
ing: due to the inertia of intergenerational dynamics, 
a large amount of population growth is already 
unavoidable though not yet realized. For this reason, 
longterm population forecasts are relatively more 
reliable than other kinds of forecasts. Changes in 
future birth rates, life expectancies, and other factors 
such as urbanization, occur slowly and take several 
decades to show up in significantly altered popula
tion trends. 

A widely used long-term population forecast is that 
prepared by the United Nations (UN 1982, 1984). 
Table 1.5.2 summarizes the UN's high, medium, and 
low projections. The range of projections for 2100 is 
anywhere from about 7 3 to 14.2 billion. 

A key parameter for understanding these scenarios 
is the year in which a net reproduction rate of 1.0 is 
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reached. This is the replacement level fertility that 
would eventually stabilize populations. In the UN low 
projection, this point is reached as early as 2010. In 
the high projection, it is not reached until 2065, and 
in the medium case, it is reached by 2055. 

Current population control programs are plainly 
insufficient to achieve replacement levels by 2010, or 
for that matter, by 2035. Equally important, prospects 
are extremely poor that Third World standards of liv
ing will soon broadly rise to levels where high birth 
rates would truncate on account of income effects. 
In view of this constraint, the UN low projection may 
no longer be attainable in an orderly fashion. The 
most likely but horrifying scenario leading to low pop
ulation figures is that catastrophic deterioration in 
the world's environmental conditions would drasti
cally shorten life expectancy. From a status quo per
spective, the high forecast would appear to be the 
most likely scenario. 

On the other hand, if the world proceeds along the 
high scenario, population pressures on natural 
resources could become so intense that the earth's car
rying capacity would be exceeded. Rather than leading 
to a population of up tol4 billion people in 2100, as 
projected under conditions of trend continuity, this 
scenario could, for example, lead to significandy lower 
population levels—but again due to catastrophic 
breakdowns. Nor is the UN medium scenario immune 
to such an outcome. 

For the purposes of this report, we neglect such 
feedback risks. We further assume the a successful 
international cooperation effort to curb climate 
warming would strengthen population control pro
grams and thus lower world population growth. 
Success in implementing broad policies for sustain
able development should also lead to substantial 
income gains in the developing countries. We 
therefore use the UN medium forecast in future 
discussions. 

Regional distribution of person-years: past and 
future 

Table 1.5.3 shows the distribution of person-years 
between developing and industrialized countries. 
In the period from 1950-1986, developing countries 
accounted for about 95 billion person-years, or 71 
percent of the total. This share is not much different 
from the 1986 Third World share of world popu
lation (76 percent) or its historic share between 
1950 and 1985 (74 percent). Between 1986 and 
2100, the DC share would be 84 percent of the glob
al person-year total. If the entire period from 1950 

to 2100 is taken as a basis, the DC share becomes 
82 percent 

These figures show that the person-year percentages 
are not very sensitive to changes in the base period. 
To reduce the contentiousness of allocation shares in 
international negotiations, equity calculations could 
either be based on shorter population forecast periods 
(e.g., the next 50 years, in which the low-to-high fore
cast variation is only 36 percent compared to 89 per-
centin 2100, see Table 1.5.3); or they could simply be 
based on historic figures. 

2. Cumulative per capita equity: results 

Regional fossil carbon budgets: allocation basis 
1950-2100 

Under a 400ppm/300 btC ceiling for the 1986-2100 
period, the total fossil carbon budget from 1950 to 
2100 would be 428 btC (see Table 1.5.4). According 
to Table 1.5.3, the person-year based share of indus
trial countries would be 18 percent of the overall 
1950-2100 budget, or 77 btC. In actuality, industrial 
countries released 104 btC betweenl950 andl986. 
This result shows that when historic emissions are 
counted, industrialized countries have already over
drawn their entire 1950-2100 account. This finding 
is not altered if, for the sake of sensitivity analysis, a 
450 btC budget and /o r the UN low population fore
cast is assumed. 

For the developing nations, the converse is true: their 
1950-2100 fair share of 351 btC has been gready 
"underused" to date. If this much emission were still 
permissible, it would last them for another 255 years 
at the current Third World fossil fuel consumption 
rate and mix (Table 1.5.4). 

Regional fossil carbon budgets: allocation basis 
1986-2100 

If we ignore the past and just divide the 300 btC (1986-
2100) carbon budget among the generations living 
betweenl986-2100, things don' t look much better: 
According to Table 1.5.3, the fair share of industri
alized countries would be 16 percent, or 48 btC. At 
current rates of fossil fuel consumption, this budget 
would last about 12 years (Table 1.5.4). Even under 
a 450 btC budget, and assuming the UN low popu
lation forecast, the total would not last longer than 
20 years. 

By contrast, the fair share of the 300 btC budget for 
developing countries would allow them to operate for 
183 years at their current level of consumption. 
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Table 1.5.4 Historic and remaining permissible fossil CO2 releases, cumulative per capita 
equity under a 400 ppm/300 btC ceiling, 1950-2100 and 1985-2100 

Actual (1) 
1950 

share 

1986 
share 

1950-1986 
share 

Equity basis 
1986-2100 

share (2) 

Equity basis 
1950-2100 

share (2) 

World 
billion tC 

1.55 
1.00 

5.27 
1.00 

127.9 
1.00 

300 
1.00 

428 
1.00 

ICs 
billion t C 

1.44 
0.93 

3.90 
0.74 

104.4 
0.82 

48 
0.16 

T7 
0.18 

DCS 
billion t C 

0.11 
0.07 

1.37 
0.26 

23.5 
0.18 

252 
0.84 

351 
0.82 

Years left @ 1986 release rate 
ICs DCs World 

12 183 57 

— 255 81 

Notes: (1) Historic data from Marland etal. (1988), including cement, without bunkers. 
(2) Share of 1986-2100 cumulative person-years, based on Table 1.5.3 
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Conclusions 

This brings us to the following conclusions: 

• The intensely fossil-based growth of industri
alized nations has forever preempted Third 
World nations from using fossil fuels to a sim
ilar extent for their own development 

• The high consumption of fossil fuels in indus
trialized countries has made a stricdy equitable 
sharing of the remaining permissible fossil car
bon budget impossible. The fair carbon budget 
share of industrialized countries would not be 
sufficient to allow them an orderly phase-out 
of fossil fuels. 

• If climate stabilization is to be achieved, devel
oping countries will need to leap-frog into eco
nomic development based on non-fossil energy 
sources. 

3 . What amount o f fossil fuels is needed for 
development? 

There is an important irony to this situation which has 
not been widely recognized so far. Could developing 
countries make productive use of their share of the 
global carbon budget if it were indeed still available? 
The answer is probably no. The mere fact that remain
ing allowable global carbon emissions are so limited 
means that any economic infrastructures built up 
mainly on the basis of fossil fuels risk early obsoles
cence. In effect, the tight carbon budgets implied by 
climate stabilization greatly reduce the long-term value 
of fossil fuels to developing countries: 

- If any policy of global climate stabilization is 
pursued at all, industrialized countries will be 
making rapidly increasing use of existing and 
new high efficiency technologies to reduce 
their carbon releases. Such technologies tend 
to promote energy efficiency and productivity 
advantages in tandem. 

- Without use of these fossil-substituting tech
nologies in their own modern sectors, develop
ing countries would risk losing competitiveness 
in international markets. In that sense, overly 
heavy reliance on fossil fuels during periods of 
intensive infrastructure build-up would create 
inefficiencies, with a serious retarding effect on 
development in later years.8 

To be sure, increased access to fossil fuels is necessary 
if developing countries are to overcome their near and 

8. See footnote 3. 

medium term economic difficulties. But increased 
reliance on fossil fuels in the near and medium term 
will only be developmentally beneficial for them if it 
is part of a broader strategy of permanent fossil fuel 
displacement 

If these issues are taken into serious consideration, 
Third World countries might want to use much less 
fossil fuel than represented by the roughly 250 btC 
they would be theoretically entitled to under our strict 
cumulative per capita criterion. 

To summarize: 

• Fossil fuel consumption in the developing 
countries based on a cumulative per capita allo
cation of the fossil carbon budget is not only 
infeasible from a logistic point of view but 
appears also undesirable from a developmental 
point of view. 

However, the cumulative per capita criterion could 
still be used in the service of international equity. Such 
options are explored in the concluding section of this 
chapter. 

E. PERSON-YEAR EQUITY AND 
COMPENSATORY INTERNATIONAL 
ASSISTANCE 

While the cumulative person-year model is not prac
tical for the physical distribution of remaining permis
sible fossil carbon emissions, it could be used to 
allocate the financial burden of supporting Third 
World energy development But to arrive at an accept
able formula, it will be desirable to eliminate popu
lation projections, which are liable to be a source of 
contention in international negotiations. Two basic 
approaches are worth discussing: 

(1) Developing countries could be given emission 
rights based on their share in cumulative per-
son-years between 1950 and the present As sug
gested by our analysis in Section C and D, this 
approach would give them emission rights in 
excess of their short and medium term needs, 
if not of their longterm needs as well. They 
could thus sell emission rights to industrialized 
countries, who would be short of such rights. 
The proceeds would be used to boost energy 
efficiency, reforest and conserve soils, and 
finance the development of non-fossil energy 
systems. 

(2) Alternatively, industrialized countries could pay 
into a "climate protection fund" which would 
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be used for capital and technology transfer pro
grams in proportion to some equity formula, 
e.g., their cumulative per capita releases between 
1950 and the present Again, the proceeds 
would be used to finance proposals by develop
ing countries for boosting energy efficiency, 
reforesting and conserving soils, and financing 
the development of non-fossil energy systems. 

Both arrangements could provide the necessary flex
ibility in physically sharing the global carbon budget 
while tying financial compensation to strict equity cri
teria. Industrial countries could raise payments for 
assistance programs or for purchasing emission rights 
by levying taxes on energy use in general, and fossil 
fuel use in particular. 

Some of these IC revenues could also finance the 
accelerated development of low-cost efficiency and 
renewables-based technologies at home. Within a few 
decades, when income growth in developing countries 
would lead to major increases in energy service 
demand, affordable non-fossil technologies would be 
widely available and could allow developing countries 
to complete their leapfrog into economies based on 
highly efficient use of modern renewables. 

1. Tradable emission rights 

Tradable emission rights have long been advocated 
as an economically efficient means of implementing 
environmental goals.9 The debate over global warming 
has rekindled interest in the concept (see, e.g., von 
Weizsaecker 1988). Emission rights are direcdy com
patible with the concept of cumulative emission bud
gets developed in this study, since the definition of 
emission rights depends on an environmental target 
level or ceiling for pollutant emissions. 

Theoretically, tradable emission rights could offer an 
effective means of providing developing countries 
compensation for lost opportunities to use fossil fuels. 
If workable, they could lead to a sharing of the global 
carbon budget based on market efficiency. Rigid allo
cation formulas that are difficult to adapt to changing 
needs and circumstances would be avoided. 

Note that our sketch deviates in a major way from the 
usual emission rights proposals made in the context 
of conventional air pollution policy: base-period emis
sion rights are not awarded in proportion to existing 
emission patterns, but according to a formula for inter
generational per capita (i.e., person-year) equity. 

9. For an early discussion of this and other forms of 
rationing environmental impacts, see e.g. Westman 
(1975). 

Unlike conventional proposals, this feature would 
force the market to start working from an equitable 
baseline distribution of emission rights rather than 
from a "grandfathered" status quo. 

Limitations and problems 

Whether tradable emission rights can serve as a central 
allocation and compensation instrument is question
able. A number of potential implementation problems 
are readily apparent 

- Tradable emission rights reduce the complex
ities of each individual carbon-substituting 
investment to a monetary value. However, 
many important aspects of such investments, 
including impacts on local communities, 
national self-reliance, and environmental 
effects cannot be adequately captured by mar
ket prices based solely on carbon benefits. 

- A purely market-based approach could conflict 
with the long-term planning that is required to 
observe the limits of the global fossil carbon 
budget The year-to-year flows of emission rights 
from poor countries to rich countries and vice 
versa could create uncertainty that might inter
fere with monitoring of timely plan implemen
tation and other longterm planning activities. 

- Under the burden of tremendous debt and 
other short-term difficulties, governments of 
developing countries could be forced to sell large 
amounts of certificates at a time (the bulk of 
which they need only in the longer-term), send
ing prices to the firesale level. This would under
mine the compensation payment and capital and 
technology transfer objectives of the arrange
ment Alternatively, developing countries might 
be forced to form an "emission rights OPEC." 

- The same short-term pressures, and/or exag
gerated hopes for technology innovations 
might lead governments of capital-poor coun
tries to sell too much of their emission rights 
early on. In later years, they may find them
selves unable to live within their remaining car
bon budgets, but may not have the capital or 
the opportunity to buy them back. 

- All this could undermine the equity objective 
of the initial assignment of emission rights: the 
rich nations might end up buying their way out 
of painful adjustments, while the poor nations 
could no t 

- The dominance of the energy supply industries 
of the industrial nations over energy planning 
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in the developing countries could be rein
forced, which could undermine efforts by devel
oping nations to achieve technological and 
economic self-reliance (see also Chapter 1.7). 

The development experience to date, and specif
ically the Third World debt crisis, suggests that 
approaches based mainly on market exchange will 
not work among nations as structurally different 
as developing and industrialized countries (Seng-
haas 1977, 1982). Such approaches will tend to 
reinforce existing relationships of economic dom
inance—the same relationships that already are a 
major cause of environmental destruction. Rather 
than allowing developing countries to be part of 
the solution, this self-feeding dynamic could ulti
mately make them less capable of contributing to 
climate stabilization. 

Of course, the emission rights approach could probably 
be modified to eliminate a number of its drawbacks. 
For example, the amount of fossil carbon release rights 
that would be tradable in any year could be limited to 
a small percentage of each country's or region's total, 
or to a fraction of annual increments derived from 
long-term reduction targets. Trade could further be 
limited to industrialized countries, or organized within 
trading groups that are reasonably matched in terms 
of levels of economic development Such rules could 
limit price drops and support long-term planning. 

But if trading is limited in these ways, it may not provide 
a sufficient mechanism for generating the large capital 
transfers that will be needed to get Third World invest-
ments underway. Emission rights trading could likely 
be no more than one of several elements in an overall 
redistribution/fossil-carbon reduction strategy. 

2. A climate protection fund combined with 
carbon reduction auctions 

The idea of a climate protection fund has appeared 
in a number of proposals for a global climate conven
tion (see Chapter 1.7). The task of the fund would be 
to support implementation of long-term DC and IC 
regional reduction goals (see Chapter 1.6) as nego
tiated in the climate convention protocols (see Chap
ter 1.7). A principal use of the fund in the area of fossil 
carbon reductions would be to pay capital-strapped 
developing countries for the extra first cost of 
installing and/or retrofitting the most energy- and pol
lutant efficient end-use technologies instead of stan
da rd technology, a n d for the ex t ra cost of 
renewables-based supply systems. 

Such an international fund might function as follows: 

• Initial capitalization. Initial contributions would 
come from industrialized countries and would 
be in proportion to the cumulative or cumu
lative per capita emissions between 1950 and 
the present This start-up capitalization would 
be similar to the Super Fund approach used, 
for example, in the U.S. for funding clean-ups 
of toxic waste sites. In this case, the atmosphere 
is the toxic waste site. Table I.5JS shows each 
region's payment for a start-up capitalization 
of a b o u t ) 100 billion, which could be mobi
lized over a number of years. As noted in Sec
tion B, the two formulas are different in their 
impact on regions. Obviously, ability to pay has 
to be taken into account in the case of Eastern 
Europe. 

• Ongoing contributions. Ongoing contributions 
could be tied, wholly or in part, to actual releas
es or to progress in reducing releases according 
to some schedule. Like the trading of emission 
rights, this would give an economic incentive 
for each country to reduce carbon releases over 
time. 

For example, ongoing payments could be 
based on the difference between actual releases 
in a given year and average annual releases 
based on a 1986-2100 cumulative IC carbon 
budget Table 1.5.6 shows such a calculation 
for an IC cumulative budget of 150 btC for the 
principal industrialized regions.10 For pur
poses of illustration, the table also shows the 
annual capital contributions based on a $15/ 
ton carbon fee (about $ 0.001/kWh primary 
fossil energy at the current fuel mix, or equiv
alent to about 10 percent of 1986-90 fossil 
energy prices). This would raise some $ 40 bil
lion annually, comparable to the funds now 
available to bilateral and multilateral agencies. 

Under this formula, Portugal is the only country 
for which fossil carbon emissions are below the 
threshold for becoming a fund contributor. 
Again, the economic conditions in each country 
will need to be taken into account Notably the 

10. Cumulative budgets would be converted into average 
annual release rates by dividing them by the number 
of years in the cumulation period. To illustrate this for
mula, take Western Europe, which had a 31 percent 
share in 1986 IC population (Table 1.5.6). Under a 150 
btC cumulative IC carbon budget, this translates into 
emission rights of 46.6 btC, or an average of 46.6/115 
= 0.405 buC/yr. Current annual emissions are aboutO.87 
btC Payments into die fund would be proportional to 
the difference of 0.87-0.405=0.47 btC/yr. As Western 
Europe reduces its fossil carbon releases over the years, 
payments would become proportionately smaller. 
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Table 1.5.5: Illustration of possible equity formulas for the Initial capitalization 
of a global climate protection fund 

Region 

North America 
Western Europe 
Eastern Europe 
Pacific/Other 

All ICs 

Cumulative emission equity 

Cumulative 
fossil C releases 

1950-86 
btC 

1 

40.2 

25.1 

31.9 
7.2 

104.4 

Share of 
IC total 

2 

0.39 
0.24 
0.31 
0.07 

1.00 

Initial Fund 
capitalization 
@$1/tonCin 1, 

billion U.S.$ 

3 

40.2 
25.1 
31.9 
7.2 

104.4 

Cumulative per capita 
emission equity2) 

Cumulative 
per capita 
emissions Index 

ton C/pers.-yr 

4 5 

4.95 1.79 
2.55 0.92 
1.95 0.71 
1.60 0.58 

2.76 1.00 

Initial Fund 
capitalization 
of $104 billion 

based on 4,5 

billion U.S.$ 

6 

46.8 
24.1 
18.4 
15.1 

104.4 

Notes: 
(1) Historic data from Marland et al. (1988), including cement, excluding bunkers. 
(2) Definition of cumulative per capita emissions as in Section I.5.B 
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Table 1.5.6: llustratlon of a possible equity formula for funds contributions from ICs 

Region 
or country 

North America 
Western Europe 
Eastern Europe 
Pacific 
Others) 
All ICs 

Australia 
Austria 
Bulgaria 
Canada 
Czechoslovakia 
Denmark 
FR Germany 
Finland 
France 
Germ. Dem. Rep. 
Greece 
Hungary 
Iceland 
Ireland 
Israel 
Italy 
Japan 
Luxemburg 
Netherlands 
New Zealand 
Norway 
Poland 
Portugal 
Romania 
South Africa 
Spain 
Sweden 
Switzerland 
United Kingdom 
United States 
USSR 
Yugoslavia 

Population 
In 1986 
(millions) 

267 
378 
393 
141 
37 

1216 

16 
7.6 
9 

25.6 
15.5 
5.1 
60.9 
4.9 

55.4 
16.6 
10 

10.6 
0.2 
3.6 
4.3 

57.2 
121.5 
0.4 
14.6 
3.3 
4.2 

37.5 
10.2 
22.9 
32.3 
38.7 
8.4 
6.5 
56.7 
241.6 
281.1 
23.3 

Share 
ofIC 
total 

0.220 
0.311 
0.323 
0.116 
0.030 
1.000 

0.013 
0.006 
0.007 
0.021 
0.013 
0.004 
0.050 
0.004 
0.046 
0.014 
0.008 
0.009 
0.000 
0.003 
0.004 
0.047 
0.100 
0.000 
0.012 
0.003 
0.004 
0.031 
0.008 
0.019 
0.027 
0.032 
0.007 
0.005 
0.047 
0.199 
0.231 
0.019 

Reference 
1986-2100 

fossil C-budget 
btC 

32.9 
46.6 
48.5 
17.4 
4.6 

150.0 

2.0 
0.9 
1.1 
3.2 
1.9 
0.6 
7.5 
0.6 
6.8 
2.1 
1.2 
1.3 
0.0 
0.5 
0.5 
7.1 
15.0 
0.0 
1.8 
0.4 
0.5 
4.6 
1.3 
2.8 
4.0 
4.8 . 
1.0 
0.8 
7.0 

29.8 
34.7 
2.9 

Reference ave. 
permissible 
releases2) 

') btC/year 
4 

0.286 
0.405 
0.422 
0.151 
0.040 
1.304 

0.017 
0.008 
0.010 
0.028 
0.017 
0.005 
0.065 
0.005 
0.059 
0.018 
0.011 
0.011 
0.000 
0.004 
0.005 
0.061 
0.130 
0.000 
0.016 
0.004 
0.005 
0.040 
0.011 
0.025 
0.035 
0.041 
0.009 
0.007 
0.061 
0.259 
0.302 
0.025 

1986 
releases3) 

btC/year 
5 

1.22 
0.87 
1.40 
0.32 
0.10 
3.92 

0.061 
0.014 
0.033 
0.105 
0.066 
0.017 
0.186 
0.015 
0.098 
0.092 
0.016 
0.021 
0.000 
0.008 
0.007 
0.095 
0.256 
0.002 
0.035 
0.005 
0.009 
0.124 
0.008 
0.056 
0.093 
0.050 
0.016 
0.011 
0.166 
1.202 
1.011 
0.035 

Contribution 
Index 

btC/year 
(5)-(4) 

0.93 
0.47 
0.98 
0.17 
0.06 
2.61 

0.044 
0.006 
0.023 
0.078 
0.049 
0.012 
0.121 
0.010 
0.039 
0.074 
0.005 
0.010 
0.000 
0.004 
0.003 
0.033 
0.126 
0.002 
0.019 
0.002 
0.004 
0.084 
-0.003 
0.031 
0.058 
0.008 
0.007 
0.005 
0.105 
0.942 
0.709 
0.010 

Annual 
Contribution 
@$15/tonC4) 
U.S. $ billion 

14 
7 
15 
3 
1 

39 

0.66 
0.09 
0.35 
1.17 
0.74 
0.17 
1.81 
0.14 
0.58 
1.12 
0.08 
0.15 
0.00 
0.06 
0.04 
0.50 
1.89 
0.03 
0.29 
0.03 
0.06 
1.26 
-0.04 
0.47 
0.87 
0.13 
0.11 
0.07 
1.58 
14.14 
10.64 
0.15 

(1) Reference budget for contribution calculations based on 300 btC global budget, 50 percent IC share (see Chapter 1.6), allocated 
among ICs accordng to column 2. 

(2) Reference average permissible release rate based on reference budget applied to 1986-2100 period. 
(3) Regional release rates from Marland et al. (1988) including cement, excluding bunkers. These may vary from national data 

calculated from more detailed statistics or using different healing value conventions. 
(4) $15/ton C at the 1986 global fuel mix is equivalent to a roughly tan percent increase of 1986 crude oil prices 
(5) Other is South Africa and Israel 
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countries of Eastern Europe might find it difficult 
to make large annual contributions at this time. 

• Solicitation of carbon-reduction proposals. An inter
national oversight agency would determine each 
year what decrement of fossil carbon reductions 
is needed in each world region. The decrement 
would be calculated on the basis of agreed-upon 
long-term reduction schedules, and monitoring 
results from previously funded projects. The 
fund would then issue a request for proposals, 
and developing countries would file concrete 
project proposals with specified carbon benefits. 

• Mechanisms and criteria for project selection. The 
annual reduction increment in each region 
would be filled by the proposals with the lowest 
cost and greatest non-monetary benefits. An 
auction or bidding mechanism11 could be used 
to help determine the most attractive projects 
and to assure efficient use of capital. Proposals 
would be evaluated according to a point system 
that includes both price and non-price factors. 
The non-price factors would emphasize ecode-
velopment criteria (see Chapter 1.7). 

Many other variants of the basic scheme could be con
ceived. Note that under the above formulas, the largest 
amounts of capital for DCs would be available in the 
initial two to four decades, when industrial country 
emissions will be most out of line with their fair share, 
and the need for massive investments in developing 
countries is most pressing.12 

Of course, the bidding/climate fund approach has its 
own drawbacks. Given that much climate-stabilizing 
action will need to occur through dispersed local action, 
an international agency may have inherent difficulties 
controlling the use of funds without stifling creative, self-
reliant approaches. A large, highly centralized bureau
cracy could prove inefficient in administering such tasks 
(see also Chapter I.S.E). Industrial nations may balk at 
giving developing countries significant control over how 
available funds would be used. Agreement on scoring 

11. A model for such bidding, as well as a valuable source 
of experience with the use of price and non-price fac
tors, is provided by the utility resource auctions that have 
recendy been implemented in several states of the U.S. 
See Volume Two for further discussion. 

12. Tlx;mannerin\shichindustrializedcountrieswouldiinple-
ment their reduction targets at home is not addressed by 
this proposal. As argued in greater detail in Volume Two, 
price-based incentives such as carbon taxes are by them
selves insufficient to spur die necessary reductions. Stan
dards, financial incentives to consumers, and other policies 
will need to be implemented as well. Furthermore, sur
charges should not be limited to fossil fuels alone, but 
should also be applied to other sources of energy, since 
all of them entail risks and environmental impacts. 

systems for the competitive bidding process could be 
difficult to reach. And in the area of modern sector ener
gy investments, many developing countries may find 
themselves short of the necessary technical sophistica
tion to gear their proposals to the most viable techno
logical options. 

3. The need for reduction milestones 

The above compensatory financial mechanisms could 
in principle ensure that poor countries can meet their 
development goals with less than their strict cumula
tive per capita equity share of the global carbon bud
get But the adequacy of both the tradable emission 
rights approach and the climate fund mechanism is 
predicated on the existence of equitable agreements 
about reduction milestones. Only once milestone 
agreements have been set in accordance with the glob
al fossil carbon budget can these mechanisms reliably 
assist climate stabilization. 

How could equitable reduction targets be deter
mined? The use of compensatory financial mecha
nisms frees negotiations from the dilemma of the 
infeasibility of strict equity formulas. Nevertheless, 
basic equity considerations still apply: It is fair to argue 
that if industrial countries cannot manage with their 
fair share of the global fossil carbon budget, they 
should at least displace fossil fuels as fast as they can 
without economic disruption. 

This course of action would limit the world's exposure 
to the risk of climate disruption to the unavoidable 
minimum. It would create the most rapid expansion 
of commercially available fossil-substituting technolo
gies for all countries, while providing developing coun
tries with the necessary leadership by example. With 
appropriate technology transfer, Third World nations 
could base most of their new capital stocks on modern 
non-fossil and high efficiency technologies. 

The key question for our further analysis thus 
becomes: 

- How fast could industrialized countries phase 
out fossil fuels without creating serious eco
nomic disruptions? 

This question leads us to a broader issue that needs 
yet to be addressed in our overall analysis: is a 300 btC 
cumulative fossil carbon budget an economically and 
logisticaliy feasible ceiling? While economic and logis
tic factors are ultimately interrelated, we reserve the 
detailed exploration of the economic cost of phasing 
out fossil fuels to Volume Two. The overall rate-and-
magnitude questions, and the equity issues implied 
in them, are explored in the following chapter. 
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CHAPTER 1.6 

HOW QUICKLY MUST FOSSIL FUELS 
BE PHASED OUT? 

GLOBAL AND REGIONAL MILESTONES 

A. INTRODUCTION 

Within a carbon budget framework, reduction targets 
could in principle vary over a wide range. In practice, 
that range will be narrowed by logistic constraints and 
considerations of political economy. 

In this chapter, we investigate the degree of latitude 
in timing that is available to society in weaning itself 
from fossil fuels, given a 2-2.5° C mean global warm
ing limit As before, climatic necessity is represented 
in the form of the 300 btC cumulative fossil carbon 
budgetfor the period 1985-2100. To establish a prac
tical band of reduction milestones, we estimate what 
phase-out rates for fossil-fuel burning would be rea
sonable, given political economy and logistic con
straints in restructuring the energy sector. We then 
examine whether these pragmatic rates of phase-out 
would be compatible with the global fossil carbon bud
get, and make modifications as needed. We thus arrive 
at phase-out schedules in an iterative manner. 

In all this, we apply our analysis of the global equity 
issue from Chapter L5. As a simple working hypothesis, 
we split the global fossil carbon budget evenly between 
industrialized and developing countries. This choice 
represents an approximate midpoint between the 
cumulative per capita formula and the carbon release 
formula. We examine the implications of this split for 
the required speed and practical feasibility of the fossil-
fuel phase-out in each group of countries, and develop 
regionalized phase-out schedules. 

Specifically, we identify the approximate range of 
dates by which the world and the two regions will 
have to achieve a 20 percent, 50 percent, and 75 
percent reduction in carbon releases. We also dis
cuss various sensitivity cases, including a 450 btC 
budget. 

To establish a connection to existing target proposals, 
we also examine the Toronto target (a 20 percent 
reduction in fossil carbon releases by 2005). We cal
culate this target's compatibility with the global fossil 

carbon budget when applied to the world as a whole, 
and when applied to industrialized countries only, 
using the same equity, political economy, and logistic 
considerations. 

Finally, we compare the changes in C/gdp ratios 
implied in these trajectories with historic patterns in 
selected countries and groups of countries. 

The setting of phase-out targets will likely bring forth 
strong political pressures from the powerful commer
cial enterprises that produce, transform, and sell fossil 
fuels. There are other societal groups and forces 
whose immediate interests will be negatively affected 
by a fossil phase-out Economic regions that are heav
ily dependent on energy production, and labor 
unions in these industries immediately come to mind. 
In several countries, the coal regions are important 
political bases for the major labor-oriented political 
parties. And the geopolitical significance of nations 
with large fossil reserves will also be strongly affected. 
The greenhouse issue will thus fuel the politicization 
of energy policy. This means that factors of political 
economy must be carefully considered in constructing 
phase-out schedules. 

At the same time, there are logistical constraints on 
the speed of phasing out fossil fuels. Principally, these 
are related to the sheer magnitude of capital stocks 
that need to be restructured. But an orderly fossil 
phase-out also requires that time be allowed for 
restructuring the many regulatory and institutional 
infrastructures that now surround the supply of energy 
services. 

B. WHAT RATES OF FOSSIL-FUEL PHASE-
O U T COULD BE VIABLE? 

We begin with the political economy aspects of the 
problem, followed by a brief exploration of logistic con
straints. The two aspects are, of course, interrelated. 
Political economy analyses usually examine how 
economic interests are intertwined with the institutions 
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that administer regulatory decisions, and with regu
latory approaches themselves. We focus on a somewhat 
narrower issue here: the "economic-pain thresholds" 
that are likely to shape the reaction of various interest 
groups to regulatory action, given the nature of their 
investment in the status quo pattern of fossil fuel use. 

1 . Least cost efficiency versus sunk 
investments 

In the following analysis, we assume that all affected 
parties will be willing to make some adjustments to 
help achieve climate stabilization. We further postulate 
that the most legitimate and most widely acceptable 
approach would be one that achieves the phase-out 
of fossil fuels at least cost What mix of non-fossil or 
low-carbon resources could provide such a least cost 
phaseout is explored in detail in Volume Two. Here, 
we are only concerned with the temporal aspect of a 
least-cost phase-out, i.e., the effect of the speed of fossil 
carbon reductions on the cost of these reductions. For 
this discussion, we need to clarify the major perspective 
from which least cost can be defined. 

The societal perspective 

From a societal perspective, global warming means 
that the true cost of using fossil fuels is much higher 
than apparent To bring about the internalization 
of these costs, an energy or fossil carbon tax, (or bet
ter, revenue-neutral incentive schemes, see Volume 
Two) and /o r regulatory action to limit fossil energy 
use would be justified. Such changes in price and/or 
regulatory requirements will make previously cost-
effective energy producing and energy using equip
ment obsolete. 

From a standard neoclassical perspective, cost-
effectiveness is always measured at the margin. If 
it is cheaper at the margin to scrap the capital stock 
of energy-producing or energy-using equipment, 
this is the economically rational decision—even if 
these capital stocks were just built and purchased 
yesterday. Societal welfare maximization as formu
lated in neoclassical economics is not concerned 
with sunk costs. 

The conflict over environmental policy in general, and 
over climate policy in particular, then, can be 
described as a conflict between the perspective of the 
owners of sunk investments and the societal perspec
tive on least-cost efficiency. For example, it could be 
economically efficient policy for governments to phase 
in strict fuel economy standards even if these reduce 
the demand for gasoline at a rate significantly faster 
than the depreciation of existing refinery capacity. 

And a carbon tax on gasoline could be societally effi
cient even if this action were to reduce the resale value 
of existing automobiles. 

Of course, global warming is not the only force that 
renders capital stocks obsolete. Technical innovation 
and international competition do the same. Further
more, even in the absence of global warming, there 
are large inefficiencies in existing energy-using capital 
stocks. A large portion of the demand for energy, and 
consequendy of the energy supply business, is built 
on information and market barriers. These make it 
difficult for individual consumers to choose invest
ments that minimize their energy service costs.1 

As societies investigate options for reducing fossil fuel 
consumption, the general disequilibrium between 
the current prices of energy supplies and the cost 
and price of efficiency improvements is being more 
broadly recognized. Most importandy, the global 
warming issue is gready strengthening the incentives 
for society to implement these "demand-side re
sources" through removal of market barriers and 
other policy action because they afford opportunities 
to reduce greenhouse gas emissions at negative soci
etal cost (see Volume Two). 

The energy producer perspective 

Assume for the moment that the fossil fuel industry 
receives no subsidies to cushion it against a fossil 
phase-out Least cost from the perspective of the fossil 
and utility industries means that the rate of fossil 
phaseout is slow enough not to create losses for their 
capital owners: existing investments in fossil supply 
and distribution would operate to the end of their 
anticipated life and still earn their expected returns. 
In effect this producer's perspective would tic the 
rate of fossil fuel phase-out to the turnover rates of 
supply-side capital stocks. 

If a more rapid restructuring were to be achieved, soci
ety could, of course, pay producers for their losses in 
the form of accelerated depreciation allowances. The 
fiscal losses incurred by such allowances could likely 
be recouped through revenues from fossil carbon 
taxes. Such subsidies would protect investors from cap
ital losses and redistribute the burden to energy con
sumers at large. 

Of course, even under a phase-out tied to supply-side 
capital stocks capital owners in the fossil industries 
would have to bear an indirect cost i-e-i die risks and 

1. For a more detailed review of implicit consumer dis
count rates and underlying market barriers, see Krause 
and Eto (1988), and Volume Two. 
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uncertainties of having to diversify into other business 
activities. For example, even a well-planned retrench
ment could create impacts on the value of stocks in 
the financial markets. Government financial incentives 
could be required to make these risks acceptable to 
capital owners. 

Fortunately, there would be a signifkan t time window 
for diversification, since the lifetimes of existing capital 
stocks are measured in decades. Labor and regional 
governments, who can be considered part of the pro
ducer group in the present context would have an 
extended period of time to make the necessary adjust
ments. Overall, the required rate of restructuring ener
gy sector activities might be no greater than the rates 
of change forced upon industries and society at large 
due to increased world economic competition. But 
unlike these larger pressures for structural change, 
the phase-out of fossil fuels could be made quite pre
dictable by establishing clear agreed-upon national 
policy schedules for i t 

The energy consumer perspective 

Energy consumers, too, have made investments in 
fossil fuel using capital stocks that will be affected by 
government policies to internalize the risk of green
house warming. Policies such as fossil carbon taxes will 
make their equipment economically inefficient or, 
if it is so already, even less cost-effective. 

The business activities or living expenses of domestic 
and commercial and industrial energy consumers are 
not as centrally shaped by the price of fossil fuels as 
the operations of the energy suppliers. In fact many 
of them are operating inefficient motors, furnaces, 
air conditioners, household appliances, and vehicles 
that would be worth scrapping: Energy cost savings 
from new, more efficient devices would more than 
compensate for both the capital loss of early retire
ment and the extra capital cost of buying more effi
cient equipment2 In these instances, higher fossil fuel 
prices would help bring this disequilibrium to the 
attention of consumers, while technical regulations 
or targeted incentive payments would direcdy over
come the market barriers that keep consumers from 
obtaining energy services at least cost 

2. Any marginal demand-side or supply-side resource that 
can provide energy services at substantially lower cost 
than current systems could justify the early retirement 
of existing capital stocks. Often these conditions are 
fulfilled in end-uses where energy costs greatly outweigh 
the capital costs of end-use devices. Examples are com
mercial and industrial lighting and many electric motor 
applications. Here, even modest efficiency gains can 
make mass retrofits or wholesale replacements of exist
ing equipment cost-effective (see Volume Two). 

In some countries, these considerations have actually 
led to programs for the early retirement of existing 
capital stocks. In the U.S., for example, a number of 
utility-sponsored efficiency incentives programs have 
been operated that aim at early retirement of existing 
end-use equipment In Europe, significant investments 
in the steel industry were made on a scrap-and-rebuild 
basis to increase energy efficiency and competitiveness. 

Faced with a rise of fossil fuel prices due to govern
ment taxation, a much broader range of early retire
ment programs would be economically justified for 
the consumer. However, consumers, too, could require 
larger incentives for participating in such intervention 
than in programs in which the necessary adjustments 
are being made at the time of consumer replacement 
purchases. 

The continuity rate 

From a societal economic welfare-maximization per
spective, the most desirable fossil phase-out is one that 
proceeds at the rate of logistic feasibility. But the more 
the rate of fossil phase-out exceeds the turnover rates 
of capital stocks, the greater will be the pressure faced 
by governments to provide compensatory incentives 
and redistributive fiscal programs. This pattern is dear
ly borne out by the experience of nations that under
went rapid structural change from international 
competition. Where such structural change occurred 
not only at the margin, i.e., through a differentiation 
of growth rates among industries, but led in effect to 
the idling or premature retirement of existing pro
ductive capacity, governments have found it difficult 
to escape pressures for compensation from the tax
payers at large. 

Even when fossil substitution is undertaken at no more 
than the rate of capital turnover, pressures to provide 
government compensation and resistence to phase-
out policies can be expected. And unlike the oil price 
hikes of the 1970s, global warming will create eco
nomic or psychological shock effects that could help 
overcome this resistance only with delay. For these rea
sons, a practical national target-stetting guideline 
might be to phase out fossil fuels in approximate syn
chrony with the turnover rate of capital stocks. We call 
this rate the continuity rate. 

This does not mean that governments should not push 
for faster action in individual industries and energy 
applications where logistic and political constraints 
so allow. On the contrary, wherever mass retrofits and 
scrap and rebuild programs would be justified on con
ventional economic grounds, these opportunities 
should be pursued as aggressively as possible, since 
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they are likely to be counterbalanced by difficulties 
in other areas. The suggested continuity-rate guideline 
should be understood to represent the likely overall, 
average rate of fossil phase-out resulting from an 
aggressive but politically realistic stance toward climate 
stabilization. Within this umbrella rate of phase-out 
individual policies and programs can trigger fossil fuel 
substitutions at various speeds. 

We therefore first investigate whether a rate of fossil 
fuel displacement closely tied to the turnover of capital 
stocks would be sufficient to meet climatic require
ments. Should the continuity rate be incompatible 
with the global fossil carbon budget we can then 
determine what faster action is required. 

2. Phase-out rates based on turnover rates of 
capital stocks 

The relevant capital stocks are those of the energy sup
ply system on the one hand, and those of energy-con
suming equipment and buildings on the other hand. 
One issue is whether the feasible rate of fossil fuel dis
placement from capital turnover on the supply-side 
is significantly different from that on the demand-side. 
Here, both the lifetimes of the relevant technologies 
are important and the degree to which the carbon-
intensity of new equipment can be increased during 
one replacement cycle. A further factor is the growth 
in energy service demand. 

Turnover rates 

On the supply-side, the most important long-lived cap
ital stocks are power plants, with an economic life of 
about 30-40 years for a typical coal plant and 20-30 
years for other power plant types. An average life of 
30 years is a good round number. This figure can also 
be used as a weighted average for supply-side facilities 
at large, including refineries, pipelines, etc. 

On the demand-side, vehicles, industrial processes, 
major appliances, and heating and air conditioning 
systems have technical-economic lives of 10-20 years. 
Building shells, which determine energy consump
tion, have much longer lifetimes of anywhere from 
40 to more than 100 years. However, major renova
tions of buildings are due every 20-25 years, and sig
nificant improvements can be introduced at that time. 
A weighted average of about 20 years is a reasonable 
estimate. 

Phase-out functions 

There is some confusion in the literature about how 
the percentage rate of fossil phase out should be 

defined and calculated. A number of analyses connect 
target rates of fossil carbon emissions with the base-
year emission rate through an exponential function. 
This choice of phase-out function is, of course, only 
one of any number of mathematical functions that 
could be used to connect the two emission levels. 

An exponential function is, in many cases, inadequate 
for simulating turnover rates of capital stocks. It assigns 
very large absolute reductions to the early years of the 
phase-out and progressively smaller absolute reduc
tions to later years. This pattern only applies if capital 
stocks had been growing and then saturating in the 
years immediately preceeding the onset of the phase-
out policy. If capital stocks were built up in an expo
nential growth path, the absolute number of 
retirements will be smallest in the early years, and will 
become exponentially larger in later years. If capital 
stocks were built up in a linear fashion, the absolute 
number of annual retirements would again grow in 
later years, though in a slower, linear fashion. If capital 
stocks had been at a steady-state level, a constant annu
al increment would be retired each year.9 

In developing phase-out trajectories, we will be using 
a constant annual increment of fossil carbon reduc
tions. In the initial years, we use smaller increments 
to reflect the logistics of starting up substitution pro
grams. Compared to the exponential formula, a con
stant annual increment leads to higher levels of 
emission reduction in later years of the phase-out 
cycle. This pattern is more plausible, since industries 
providing non-fossil technologies will be well-estab
lished in later years. 

Growth of energy services 

So long as some portion of marginal energy service 
growth is still being met by fossil-fuels, this growth will 
counteract the phaseout from replacing existing fossil-
fuel based capital goods. To simplify our analysis, we 
assume that all marginal increases in energy services 
will be supplied by non-fossil energy sources, either 
directly, or through offsets provided by a limited num
ber of mass retrofit programs. 

For example, if total housing stocks grow by three per
cent we assume that the additional fossil fuels that 
would otherwise be required to supply these new 
homes will largely be supplied by a combination of 
improved efficiency and non-fossil energy supplies. 
To the extent that these new homes would still use 

3. Actually, each capital stock has a distribution of life
times. For a discussion of retirement functions in com
parison to empirical data on appliances, see McMahon 
(1981). 
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some limited amount of fossil-based energy, the phase-
out increment in existing stocks would have to be 
slightly larger. This could be achieved by focusing on 
retrofitting those buildings and measures that provide 
highly cost-effective energy savings even if the reno
vation cycle is somewhat accelerated. 

Calculation of the continuity rate 

Using a crude model in which all facilities have the 
same lifetime rather than a distribution of lifetimes, 
and assuming steady-state conditions, about three per
cent of the world's supply investments would be 
replaced each year. Upon replacement they could be 
switched to non-fossil energy sources, or to high effi
ciency, low-carbon energy sources such as gas-fired 
cogeneration. As an approximate upper-limit range, 
we assume that such substitution could reduce fossil 
carbon releases by an absolute annual amount equal 
to about 2.6-2.9 percent of base-year releases.4 

On the demand-side, a weighted average lifetime of 
about twenty years would result in an annual rate of 
replacement of five percent per year. Since efficiency 
improvements eliminate only a portion of energy use, 
this five percent value needs to be corrected by the 
degree of efficiency improvement that can be intro
duced within a twenty-year span. Assuming that prod
uct development, retooling, and commercialization 
limit the average improvement to 50 percent over 20 
years,5 efficiency improvements could contribute an 
annual reduction increment in carbon emissions of 
5%/yr * 0.5 = 2.5%/yr of the base year value. Fuel 
switching at the point of end-use (e.g., from fossil-based 
electric heating to direct use of gas for heating) could 
add a further increment, particularly in those OECD 

4. The basic alternatives are renewable energy sources, 
nuclear power, and cogeneration. Supply curves for 
these sources are discussed in Volume Two. Cogener
ation technologies based on gas could contribute more 
than two thirds and up to more than 90 percent of die 
carbon savings obtainable from a complete switch to 
non-fossil energy sources (see Volume Two). If non-
fossil and cogeneration/fuel switching options con
tribute equally to capacity replacements, the annual 
percentage reduction in fossil carbon could be about 
(0.5*100%+0.5*75%)*3%/yr = 2.63 percent on a 
weighted average basis. 

5. This figure has emerged as a good rule of thumb from 
detailed studies of demand-side resource potentials. 
The longer-term potential for efficiency improvements 
in most end-uses is 70-90 percent (see Volume Two). 
While best technology would yield greater percentage 
savings in developing countries, institutional and imple
mentation obstacles are also larger. We therefore use 
the same continuity rate for ICs and DCs. For further 
discussion, see e.g., Krause et al. (1980), Chandler et 
al. (1988). 

countries where electric space conditioning is prevalent 
and so could scrap-and-rebuild or mass retrofit activities. 
We round the demand-side continuity rate to a value 
of three percent to allow for such opportunities.6 

Though only approximate, these figures show that 
roughly equal annual increments of fossil fuel displace
ment could be obtained from supply-side investments 
and demand-side investments.7 In a given year, then, 
fossil-phase-out investments would displace an absolute 
amount of carbon equivalent to about three percent 
of the baseline releases. We further assume that this 
annual increment could continue to be displaced each 
year as long as carbon releases are still significant8 

3. Near-term constraints 

Based on the above continuity rate, a 20 percent reduc
tion in fossil carbon releases could be achieved in as 
little as 20/3 = 7 years. But in the near-term, rates of 
change will of necessity be more limited. Any realistic 
goal for fossil fuel reductions must take into account 
the near-term momentum of past investment deci
sions. Also, supply facilities already under construction 
or in advanced planning stages will be largely fossil-
based. And most of the world's buildings and equip
ment that are currendy on order or being produced 
are not radically more efficient than existing stocks. 

To this one must add initial transaction costs in reori
enting energy policy. Here, factors other than purely 
economic concerns are important Many industries 

6. Structural change is assumed to largely occur through 
lags in the positive growth rates of affected sectors, not 
rapid negative growth that would affect existing capital 
stocks. It is therefore subsumed in the treatment of 
energy service growth at large (see the subsection 
above). 

7. Note that the feasible rates of substitution from supply 
and demand-side investments are not additive. Note 
also that the demand-side/supply-side equivalence only 
holds if non-fossil supplydde resources and efficiency-
based demand-side resources are both equally available 
for market introduction and meet criteria of cost-effec
tiveness and non-climatic environmental requirements 
equally well A comparison of the two kinds of resources 
is provided in Volume Two. Also, this equivalence only 
applies to the displacement rate while sufficient resource 
potentials are available. As shown in Volume Two, it 
does not describe the relative contributions of the two 
types of resources under least cost criteria. 

8. To further illustrate the difference between die conven
tional growth rate approach and the annual increment 
approach used here, Tables L6.2 and 1.6.3 below jux
tapose both the annual increment and the exponential 
descriptors. Over time, as remaining fossil carbon 
releases drop to lower levels, the exponentially calcu
lated negative growth rate of carbon releases becomes 
larger. 
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that produce energy-using equipment will need to 
make significant product development and retooling 
efforts to manufacture more efficient equipment In 
many cases, designers, engineers, and installers will 
need to be trained or retrained to implement the new 
technologies. Professional societies will need to 
embrace and certify more advanced techniques before 
they can be widely applied. 

The energy supply companies will also need to be 
transformed. For example, utilities will need to change 
their mission from energy seller to energy service com
pany or procurement broker of supply-side and 
demand-side resources. This, in turn, will require 
major regulatory reforms. 

To implement a fossil fuel phaseout new regulatory 
and administrative institutions will be needed. For 
example, most any country has a ministry of energy, 
and many have a ministry of coal or nuclear energy, 
but none have ministries for energy efficiency or renew
ables. Governments will have to regroup to redirect 
the manner in which energy technology is developed 
and energy services are provided. Technology research 
communities will have to take on new missions. 

Constraints in developing countries 

If these near-term barriers seem formidable in the 
industrialized countries, they are at least as large in 
the developing countries. To a considerable extent 
developing countries rely on imported or licensed 
technology. So long as industrialized countries have 
not widely commercialized efficiency improvements 
and renewables-based technologies that could be 
adapted to their special needs, the capacity and will
ingness of developing countries to switch to non-fossil 
energy systems is likely to remain limited. 

In developing countries, fossil fuel saving technologies 
are often treated as luxury technology that is only 
applied to export items. A number of countries produce 
appliances and other items for export that are more 
energy-efficient than versions produced for the domes
tic market In part this reflects higher interest rates, 
which in turn are related to the debt problem and the 
associated capital flight from developing countries. 

To remedy this situation, developing countries will 
need to implement incentives programs that overcome 
the barrier of higher first costs for energy-and capital-
efficient technologies. They will also need to gain 
greater regulatory control over technology choices 
now made by corporations from industrial countries. 
The latter will need to move toward unifying environ
mental, efficiency, and cost-effectiveness standards 
through international agreements. 

In some countries and in some areas of energy appli
cation, current Third World technological capacities 
could already support a fossil phaseout Despite their 
flaws, initiatives such as the Brazilian fuel alcohol pro
gram show that the developing countries' technolog
ical dependence is by no means absolute. An 
important new technological option for developing 
countries is the building of dispersed efficiency/ 
biomass/renewablesorien ted local utilities to supply 
rural efficiency, electricity, and fuel needs. 

4. Summary 

The further we look into the future, the less important 
will be the inertia of these status quo constraints, and 
the more closely could carbon reductions proceed at 
approximately the continuity rate. We therefore make 
the following propositions for defining continuity-
based phaseout trajectories: 

• Once a fossil-phase-out program is in full 
swing, annual fossil carbon emissions from 
existing energy uses in both ICs and DCs could 
be reduced by an increment of approximately 
three percent of base year emissions. 

• So long as fossil carbon emissions from 
marginal energy service demand are less than 
three percent, economic growth can be 
achieved with declining fossil carbon emissions. 

- For example, a 4% growth in energy service 
demand could be met with a 1 % reduction 
in total fossil carbon releases by reducing fos
sil carbon releaseses from existing stocks at 
the continuity rate of 3% and by supplying 
half of the marginal energy service demand, 
or 2%, with renewables and efficiency. 

• In the near-term, developing countries will need 
increasing amounts of fossil fuels. However, 
developing countries can contribute to climate 
stabilization by reducing fossil fuel consump
tion in relative terms, i.e., by lowering the fossil 
carbon intensity of gdp (C/gdp ratio). 

• Significant absolute reductions of fossil fuel 
consumption in developing countries could be 
achieved once efficient appliances, buildings, 
vehicles, and industrail plant have become 
widely available in the developing world, and 
once dispersed cogeneration and renewables-
based supply technologies have reached com
mercial maturity and/or have been widely 
implemented through grassroots efforts by 
local organizations. It may take 3040 years until 
these conditions will be widely fulfilled. 

How Quickly Must Fossil Fuels Be Phased Out? 1 .6-6 



Industrialized countries will need several years to 
reverse current trends of rising fossil fuel con
sumption and set up the policies and programs 
that would allow absolute reductions. 

Beyond this start-up phase, lower growth in 
energy services, greater technology develop
ment capacities and commercialization infras
tructures, and greater access to capital will 
make steep declines in IC fossil carbon emis
sions logistically feasible. 

C. MILESTONES FOR T H E GLOBAL 
FOSSIL PHASE-OUT 

1. What regional allocation o f the global 
carbon budget should be used for target 
setting? 

In analyzing near-term reduction milestones like the 
Toronto target the allocational issue is overshadowed 
by logistic constraints in both industrialized and devel
oping countries. Carbon emissions in the period until 
2005 are going to be determined more by the inertia 
of current investments and policies than by the total 
carbon budget that will eventually be available to each 
region. For the larger reduction milestones, on the 
other hand, the regional allocation of the global car
bon budget becomes decisive. 

In the following analysis, we divide the global carbon 
budget evenly among developing countries and indus
trialized countries. Given our discussion in Chapter 
L5, the 50/50 allocation is a simple compromise locat
ed approximately midway between the cumulative per 
capita formula, which would assign DCs 84 percent 
of the global fossil carbon budget and the status quo 
carbon-release based formula, which would assign 
them 28 percent 

However, at this stage of our analysis, a 50/50 regional 
split is only a working proposition. We next investigate 
whether such an allocation will produce a fair and 
managable sharing of the task of fossil carbon reduc
tions, given practical constraints on the rate of fossil 
fuel substitution in each group of countries. 

2. Where does the Toronto target fit within a 
carbon budget approach? 

In 1988, the Toronto World Conference on the Chang
ing Atmosphere called upon governments to reduce 
world emissions of carbon dioxide from energy pro
duction by 20 percent by the year 2005. This call for 

a 20 percent reduction in carbon emissions by a high-
level international conference is a historically signif
icant and politically important event It is the first 
acknowledgement by such a body of the need to 
reduce fossil carbon emissions. And it establishes a near-
term target that affects current planning for major 
energy supply facilities and long-lived energy consum
ing goods. 

Since the Toronto target is a political target its rela
tionship to the climate stabilization goals as devel
oped in this study needs to be clarified. We pointed 
out in Chapter 1.1 that a single percentage mile
stone is conceptually insufficient for defining cli
matic targets. Additional, longer-term milestones 
should be specified for energy policy since the 
effects of decisions made today on future energy use 
patterns will be felt over much more than 20 years. 
Furthermore, while the target was formulated for 
the world as a whole, no specific guidelines were 
provided as to how the target might apply to devel
oping and industrialized countries. Recent legisla
tive initiatives in the U.S. and elsewhere have 
interpreted the target as directly applying to indus
trial countries. By implication, developing countries 
would have to achieve a 20 percent reduction as 
well. Various non-governmental organizations have 
called for larger reductions in the industrialized 
countries to accommodate growth needs in the 
developing countries. 

To clarify these issues, we investigate the following 
questions: 

• Does the Toronto target fall within the range 
of near - te rm miles tones tha t would be 
required by, or compatible with, the global 
warming analysis and carbon budget devel
oped in this study? 

• What reduction targets should or could apply 
to developing and industrialized countries? 

• And how feasible is the Toronto target given 
logistic constraints in each of the two regions? 

The first question is easily answered by inspecting Fig
ure 1.6.1: a 20 percent reduction by 2005 would be 
compatible with trajectories for realizing the 300 btC 
limit By contrast the Toronto target would not make 
sense under a 450 btC limit in order to reach the 
steady-state release rate of 1 btC/year late in the next 
century, the 450 btC emission trajectory would have 
to rise again after 2005 or the total budget could not 
be consumed. Such a trend reversal would be illogical 
and logistically incongruous. 

How Quickly Must Fossil Fuels Be Phased Out? 1 .6-7 
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3. The Toronto target as a global milestone 

We begin by applying the Toronto target as a global 
target Using 1985 emissions as a baseline,9 the Toron
to target means a reduction of fossil carbon releases 
from 5.2 btC to about 4.2 btC in 2005. As a further 
limiting condition, we estimate the minimum fossil 
fuel needs of developing countries until 2005. We 
assume that developing countries will succeed in sta
bilizing their rising emissions by about the turn of the 
century. In 2005, developing countries would release 
about 50 percent more fossil carbon than in 1985, or 
about 2 btC. The annual rates of fossil carbon emis
sions for this "DC 150 btC" trajectory (see Figure 1.6.2) 
are shown in Table 1.6.1 and 1.6.3. 

This leaves 2.2 btC for the 2005 release from indus
trialized countries. To get there, industrialized coun
tries would have to achieve a 43 percent reduction of 
their 1985 carbon emissions within a mere 20 years 
(not shown in Figure 1.6.2 and Table 1.6.1). Of these, 
five years have already passed in which emissions 
increased further. This means a virtually instantaneous 
turn-around of present trends. On average, all growth 
in energy service needs and all facilities up for replace
ment between now and 2005 would have to be sub
stituted by efficiency options and non-fossil supplies. 
Failure to do so in earlier years would have to be com
pensated for by crash programs in later years. 

This is an extremely ambitious schedule. Could faster 
action in the developing world possibly provide relief? 
Even if the developing countries could somehow suc
ceed in supplying all their marginal energy service 
needs from non-fossil resources starting in 1990, indus
trialized countries would still need to reduce their 
releases by close to 40 percent In either case, the con
tinuity rate would have to be exceeded by a substantial 
margin in the IC phaseout 

These quantifications indicate that 

• Implementing the Toronto target as a global 
reduction milestone will require crash pro
grams and accelerated depreciation of existing 
capital stocks. 

4. The Toronto target as a milestone for 
industrialized countries 

Assuming the same minimum carbon releases for 
developing countries, we might next examine a 20 per
cent reduction of industrial country emissions. This 

9. The Toronto target specified 1987 as the baseline year. 
The difference in emissions between die two years is 
small enough to be ignored in the present context. 

application of the Toronto target to ICs only would 
result in 2005 global carbon releases that are no dif
ferent from the 1985 level (Toronto/IC case, see Fig
ure 1.6.1 and Table 1.6.1). If IC programs are started 
immediately and succeed in holding emissions con
stant during 1990-1995, a period often years would 
be left until 2005 to implement a reduction of twenty 
percent At an annual reduction increment of 2 per
cent of 1985 releases, this target would certainly be 
ambitious but would still fall within the bounds of the 
continuity rate (Table 1.6.2). 

We conclude: 

• The Toronto target appears to be an appropri
ate and feasible near-term milestone for indus
trialized countries. 

• With concomitant efforts in developing coun
tries, an appropriate and feasible milestone for 
global fossil carbon emissions might be a return 
to about 1985 release rates by 2005. 

In Table 1.6.1 and Figures 1.6.2,3, and 4, we show for 
the same Toronto/IC case, how fossil carbon emissions 
from industrialized and developing countries would 
evolve in the years beyond 2005, given a 50:50 split 
of the 300 btC budget The figures show that in the 
years beyond 2005, industrial countries would have 
to continue to displace fossil fuels at rates close to the 
continuity limit (see Table 1.6.2). 

The major milestones are summarized in Tables 
L6.4-6. The world as a whole would reach the -20 per
cent milestone by 2015, and the -50 percent milestone 
by about 2030. Industrial countries, on the other hand, 
would almost reach the -50 percent milestone in 
about 2015, or within about 10 years of having 
achieved the 20 percent reduction goal. The -75 per
cent milestone would be reached within another fif
teen years, by about 2030. 

These milestone years appear ambitious, but it should 
again be emphasized that they remain well within the 
bounds of the continuity rate (Table 1.6.2) .10 This leads 
us to the following assessment 

• A 50:50 split of the global fossil carbon budget 
among developing and industrialized nations 
appears to yield workable and fair reduction 
milestones. It would push industrialized coun
tries to fully mobilize their technological, finan
cial, and organizational capacities for phasing 
out fossil fuels without creating infeasible goals. 

10. Note that the increments in columns 2 of the table are 
averages for five-year periods. 
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Table 1.6.1 Fossil carbon releases 1985-2100 by world region under various phase-out schedules: 
300 btC cumulative budget and 450 btC sensitivity case 

1985 

1990 

1995 

2000 

2005 

2010 

2015 

2020 

2025 

2030 

2035 

2040 

2045 

2050 

2055 

2060 

2065 

2070 

2075 

2080 

2085 

2090 

2095 

2100 

1 
ICs 

150 btC 
Toronto/IC 

3.82 

4.15 

3.95 

3.48 

3.01 
2.52 

2.03 

1.63 

1.24 

0.91 
0.72 

0.62 

0.54 

0.47 

0.41 

0.36 

0.29 

0.21 

0.15 

0.16 

0.16 

0.16 

0.16 

0.16 

2 
ICs 

150 btC 
delayed 

3.82 

4.20 

4.36 

4.27 

3.86 

3.08 

2.27 

1.57 

0.92 

0.43 

0.20 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

0.15 

3 
ICs 

225 btC 
sensitivity 

3.82 

4.20 

4.32 

4.08 

3.72 

3.30 

3.00 
2.74 

2.49 

2.24 

2.00 

1.80 

1.60 

1.40 

1.20 

1.02 

0.87 

0.72 

0.55 

0.42 

0.33 

0.25 

0.25 

0.25 

4 
DCs 

150 btC 
Toronto/IC 

1.39 

1.65 

1.99 

2.16 

2.24 

2.21 

2.16 

2.00 

1.79 

1.53 

1.22 

0.97 

0.88 

0.85 

0.85 

0.85 

0.85 

0.85 

0.85 

0.85 

0.85 

0.85 

0.85 

0.85 

5 
DCs 

225 btC 
sensitivity 

1.39 

1.65 

1.99 
2.24 

2.45 

2.62 

2.67 

2.63 

2.58 

2.53 

2.47 

2.37 

2.27 

2.17 

2.07 

1.95 

1.80 

1.65 

1.50 

1.28 

1.02 

0.75 

0.75 

0.75 

1+4 
World 

300 btC 
Toronto/IC 

5.21 

5.80 

5.94 

5.64 

5.25 

4.73 

4.19 

3.63 

3.03 
2.44 

1.94 

1.59 

1.42 

1.32 

1.26 

1.21 

1.14 

1.06 

1.00 

1.01 

1.01 

1.01 

1.01 

1.01 

2+4 
World 

300 btC 
delayed 

5.21 

5.86 

6.35 

6.43 

6.10 

5.29 

4.43 

3.57 

2.71 

1.96 

1.42 

1.12 

1.03 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

3+5 
World 

450 btC 
sensitivity 

5.21 

5.85 

6.31 
6.32 

6.17 

5.92 

5.67 

5.37 

5.07 

4.77 

4.47 

4.17 

3.87 

3.57 

3.27 

2.97 

2.67 

2.37 

2.05 

1.70 

1.35 

1.00 

1.00 

1.00 
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Table 1.6.2 Required fossil carbon reductions, gdp growth, 
and required changes In C/gdp ratios: Industrialized countries 

Historic changes 
1970-1986 
1979-1986 
OECD 1979-86 

150 btC Toronto/IC 
schedule 

1995-2000 
2005-2010 
2015-2020 
2025-2030 

150 btC delayed schedule 
1995-2000 
2005-2010 
2015-2020 
2025-2030 

225 btC sensitivity case 
1995-2000 
2005-2010 
2015-2020 
2025-2030 

1.00% 
-0.50% 
-1.40% 

Required change In C releases 

Absolute 
btC 

-0.47 
-0.49 
-0.40 
-0.33 

-0.09 
-0.78 
-0.70 
-0.49 

-0.24 
-0.42 
-0.26 
-0.25 

Index rel.to ( 
continuity limit 
(3% of 1985/vr) 

0.81 
0.85 
0.69 
0.57 

0.16 
1.35 
1.21 
0.85 

0.41 
0.73 
0.45 
0.43 

Browth rate 
%/yr 

-2.50 
-3.50 
-4.30 
-6.00 

-0.40 
-4.40 
-7.10 

-14.10 

-1.10 
-2.40 
-2.80 
-3.10 

-2.03% 
-2.86% 
-3.74% 

Required change in C/gdp ratios 
(%/yr) 

assuming a gdp growth of 
1% 

-3.50 
-4.50 
-5.30 
-7.00 

-1.40 
-5.40 
-8.10 

-15.10 

-2.10 
-3.40 
-3.80 
-4.10 

2% 3% 

-4.50 -5.50 
-5.50 -6.50 
-6.30 -7.30 
-8.00 -9.00 

-2.40 -3.40 
-6.40 -7.40 
-9.10 -10.10 

-16.10 -17.10 

-3.10 -4.10 
-4.40 -5.40 
-4.80 -5.80 
-5.10 -6.10 

4% 

-6.50 
-7.50 
-8.30 

-10.00 

-4.40 
-8.40 

-11.10 
-18.10 

-5.10 
-6.40 
-6.80 
-7.10 
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Table 1.6.3 Required fossil carbon reductions, gdp growth, 
and required changes In C/gdp ratios: developing countries 

Historic changes 
1970-1986 
1979-1986 
Centrally Planned 

Asia 79/86 

Toronto/IC schedule 1> 
1995-2000 
2005-2010 
2015-2020 
2025-2030 

225 btC sensitivity case 
1995-2000 
2005-2010 
2015-2020 
2025-2030 

5.60% 
3.70% 
3.81% 

Required change In C releases 

Absolute 
btC 

0.17 
-0.03 
-0.16 
-0.26 

0.25 
-0.04 
-0.15 
-0.18 

Index rel.to Growth rate 
continuity limit 
(3%of1985/yr) 

— 
0.10 
0.53 
0.87 

— 
0.13 
0.50 
0.60 

%/yr 

1.65 
-0.30 
-1.50 
-3.10 

2.40 
-0.40 
-1.60 
-2.20 

0.66% 
0.00% 

-3.33% 

Required change In C/gdp ratios 
(%/yr) 

assuming a gdp growth of 
2% 

-0.35 
-2.30 
-3.50 
-5.10 

0.40 
-2.40 
-3.60 
-4.20 

3% 4% 

-1.35 -2.35 
-3.30 -4.30 
-4.50 -5.50 
-6.10 -7.10 

-0.60 -1.60 
-3.40 -4.40 
-4.60 -5.60 
-5.20 -6.20 

5% 

-3.35 
-5.30 
-6.50 
-8.10 

-2.60 
-6.40 
-6.60 
-7.20 

1) Toronto/IC schedule refers to reduction milestones for DCs under the 300 btC Toronto/IC schedule (see Table 1.6.1). 
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Table 1.6.4 Reduction schedules for global fossil carbon releases 
300 btC limit and 450 btC sensitivity case 

Maximum release rate, btC/yr 
Index (1985=1.00) 

% of C budget burned by 2005 
% of C budget burned by 2030 

Milestone 

Year of peak release rate 
return to 1985 level (0%) 

-20% 
-50% 
-75% 

btC/year 

5.21 
4.16 
2.60 
1.30 

6 
1.15 
39% 
75% 

6.5 
1.25 
43% 
7 1 % 

1 2 
300 btC 

Toronto/ 
IC delayed 

Year Year 

1994 
2005 
2015 
2029 
2050 

1999 
2010 
2017 
2026 
2038 

6.3 
121 
27% 
57% 

3 
450 btC 

Sensitivity 
Year 

2000 
2023 
2040 
2066 
2086 

4 

difference 
(2-1) 
years 

5 
5 
2 
-3 

-12 

5 

difference 
(3-1) 
years 

6 
18 
25 
37 
36 

Notes: Historic release rates based on ORNL (1988), excluding cement 

Table 1.6.5 Reduction schedules for fossil carbon releases from Industrial countries, 
150 btC limit end 225 btC sensitivity case 

Maximum release rate, btC/yr 
Index (1985=1.00) 

%of C budget burned by 2005 
%of C budget burned by 2030 

Milestone 

Year of peak release rate 
return to 1985 level (0%) 

-20% 
-50% 
-75% 

btC/year 

3.82 
3.06 
1.91 
0.96 

4.15 
1.09 
53% 
84% 

1 
150 

Toronto/ 
IC 

Year 

1991 
1996 
2005 
2016 
2030 

4.36 
1.14 
60% 
92% 

2 
btC 

delayed 
Year 

1995 
2005 
2010 
2017 
2040 

4.36 
1.14 
37% 
69% 

3 
225 btC 

Sensitivity 
Year 

1995 
2003 
2013 
2037 
2062 

4 

difference 
(2-1) 
years 

4 
9 
5 
1 

-10 

5 

difference 
(3-1) 
years 

4 
7 
8 

21 
12 

Notes: Historic release rates based on ORNL (1988). excluding cement 
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Table 1.6.6: Fossil carbon reduction schedules for developing countries, 
150 btC budget and 225 btC sensitivity case 

Maximum release rate, btC/yr 
Index (1985 =1.00) 

% of C budget burned by 2005 
% of C budget burned by 2030 

Milestone 

Year of peak release rate 
return to 1985 level (0%) 

-20% 
-50% 
-75% 

1.62 

btC/year 

1.39 
1.11 
0.70 
0.35 

2.25 
1.92 
26% 
59% 

150 btc 
Toronto/ 

IC 
Year 

2026 
2005 
2015 
— 
— 

2.67 

10% 
18% 

225 btC 
Sensitivity 

case 
Year 

2014 
2079 
2084 
— 
—̂ 

difference 
(2-1) 
years 

-12 
74 
69 
— 
— 

Note: Historic release rates based on ORNL (1988), exduding cement. 
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5. Sensitivity analysis: other phase-out 
trajectories for a 300 btC budget 

Abandoning the Toronto target entirely, we might ask: 
Could other viable 150 btC trajectories be defined for 
industrialized countries in which the onset of absolute 
fossil carbon reductions would be postponed into the 
next century? Unfortunately, such postponement 
would likely compound the logistical challenges. Since 
the "Toronto/IC" trajectory already proceeds close to 
the continuity limit in the near to medium term (Table 
1.6.2), any scenario in which strong action is delayed 
until after the turn of the century is likely to require 
accelerated replacement of capital stocks or "scrap and 
rebuild" programs beyond those that would be eco
nomically advantageous anyway. 

For example, suppose the Toronto/IC target were 
replaced with the more lenient goal of a return to 1985 
levels by 2005, with a shallow peak in between. This 
variant, which is not plotted in the Figures, is labeled 
"delayed 150 btC" in Tables 1.6.1 and 2. Such a delay 
increases by about 25 percent (ten percentage points) 
the share of the 150 btC budget that is used up before 
2005. To make up for this, reductions between 2005 
and 2030 would have to be steeper: a drop of 90 per
cent would have to be achieved in these 25 years, com
pared to 70 percent in a comparable period for the 
Toronto/IC" trajectory. As shown in Table 1.6.2, the 
continuity limit would have to be exceeded. 

6. Summary 

In summary, each of the global 300 btC trajectories 
contains subperiods in which the rate of change of 
carbon releases would appear particularly ambitious 
from the viewpoint of past developments. In the 
"Toronto/IC" trajectory, it is the rapid turn-around 
of present global trends by the mid-1990s that presents 
the greatest challenge. Subsequent rates of reduction 
appear less formidable. 

In the "delayed" phase-out scenario, the timing in the 
initial fifteen to twenty five years may reflect more 
closely the difficulties of concerted international 
action. But inertia and procrastination have their 
price. The rate of reduction required in subsequent 
decades—an 80 percent reduction within about 35 
years—appears very rapid, and "scrap and rebuild" 
programs would likely be required. 

Note that the areas of concern in each of these 
extreme cases are somewhat different in nature. For 
the early phaseout, it is principally the world commu
nity's ability to come to consensus and act quickly and 
decisively that is in question. For the delayed phase-

out, it is the rapid implementation of large-scale ener
gy substitution processes in later years that requires 
greatest attention. 

Despite considerable differences between the two 300 
btC scenarios in the initial years and decades, the deci-
sion-making latitude between the two scenarios is not 
large: The zero and -20 percent milestones are only 
seven to ten years apart (see Table 1.6.4). Of course, 
other trajectories could be envisioned, but whatever 
leeway could emerge within the continuity rate is not 
much more than about ten years. 

D. ARE THERE ANY OTHER OPTIONS? 

1. Could an as yet undiscovered energy 
technology provide relief? 

The enormous changes brought about by modern 
physics, biology, computer science, and electronics 
continue to fuel hopes that the discovery of a new 
energy technology or energy source could at once do 
away with current economic and environmental con
straints on energy use. Fundamentally new energy 
sources such as cold fusion or solar-based catalytic pho
tolysis of water may weU materialize, but would they 
help solve the predicament of climate warming? 

Here, it must be remembered that any new energy 
source will be initially constrained by prototype devel
opment, commercialization, and market acceptance 
hurdles. For any energy source or technology not in 
existence today, this means a delay of at least 20 years 
before commercial market penetration can begin, and 
probably much longer. And unless such new sources 
are very inexpensive, their market penetration will be 
further limited by the same process of turnover of cap
ital stocks as the penetration of currently available 
technology options. 

In view of this, any policy that ignores the climatic lim
its and milestones developed in this chapter really 
banks on the discovery of universally applicable new 
energy sources by the turn of the century. It also implies 
that such energy panaceas would have low costs com
pared to present energy costs and prices. 

Only if one is sure that both these conditions will be 
met could a policy course be justified that deviates 
from the above phase-out schedules. If such an energy 
technology were, for example, discovered in 2010 and 
commercialized in 2030 but fossil fuel consumption 
were to continue more or less unabated between now 
and then, the climatic damage would according to pre
sent scientific understanding already have been done. 
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For these reasons, the backbone of climate stabi
lizing energy strategies must be the implemention 
of currendy available low-carbon or non-fossil 
technology options. Accelerated technology devel
opment is surely needed to diversify and facilitate 
the phase-out process, but it cannot take the place 
of moving aggressively to implement currendy 
available options. As we show in Volume Two, 
there is an ample supply of fossil carbon displacing 
technologies, either commercial or near-commer
cial, to realize fossil carbon reductions at the pace 
outlined above. In fact, the supply of carbon 
reduction options appears to be sufficient for pol
icy-makers to be selective in their deployment and 
to rely on those resources that can provide energy 
services at least economic, environmental, and 
social cost 

We conclude: 

• Climate stabilizing energy policies should 
include intensive development of new supply 
and demand-side technologies to diversify tech
nology options and reduce costs. However, 
results from such R&D efforts cannot substan
tially alter the near-term imperatives for action 
based on existing technologies. 

The inertia of existing structures in the energy sup
ply system, in energy-consuming capital stocks, and 
in the political economy that maintains these struc
tures cannot be overcome with technological mea
sures alone. 

2. Sensitivity analysis: 450 btC limit 

From the stand-point of implementation, the outer 
climatic limit of 450 btC is easier to achieve than the 
300 btC case. Unfortunately, this carbon budget is 
much less attractive from a climatic point of view. As 
pointed out before, it is based on best-case estimates 
about the global carbon cycle. These estimates appear 
even less suitable as a policy basis in view of the most 
recent atmospheric C 0 2 concentration measure
ments: in 1988, the airborne fraction of fossil carbon 
emissions increased to 90 percent, compared to the 
55 percent average of measurements over the last 
three decades. This increase could be due to a loss 
of C0 2 absorption capacity in the world's oceans (Mac
Donald 1989). 

With this perspective in mind, we construct a 
phase-out schedule as shown in Figure 1.6.5 and 
Tables 1.6.1 and 1.6.4-5 (column 3). To hedge 
against climatic risks, we assume broadly similar 
near-term changes in carbon release patterns as 

in the 300 btC Toronto/IC" case. What relief in 
the reduction schedules is provided by relying on 
the 450 btC budget is largely allocated to later 
decades. In the next three to four decades, then, 
the main focus in this scenario would be not so 
much to achieve rapid absolute reductions, but to 
supply all energy service growth from efficiency 
and other non-fossil sources. Serious cuts in abso
lute emissions would begin in the second quarter 
of the next century. 

Table 1.6.1 shows that global emissions peak around the 
turn of the century at about 21 percentabove thel985 
baseline. Carbon releases then decline more or less lin
early ata modest pace of about 1 percent peryear. World 
carbon releases would return to 1985 levels between 
2020 and 2025. The -20 percent milestone would be 
reached in 2040, the -50 percent milestone in about 
2065, and the -75 percent milestone around 2085. 

Under a 5050 split, fossil carbon releases in the devel
oping countries would grow until around 2015, peak
ing at twice the 1985 level. The fossil C growth rate 
would be 2.8 percent over the next 25 years, or about 
half the 1970-86 average (Table 1.6.3). Assuming a 
growth rate of 3 percent in per capita gdp, and pop
ulation growth rates of 1.6 percent, carbon emissions 
in these early years would grow about 2.8/ (3+1.6) =60 
percent as fast as gdp." The "DC 225 btC" scenario 
would thus still represent a substantial fossil phase-out 
effort compared to the roughly lockstep pattern of the 
1970-1986 period. 

This lower DC fossil carbon growth between 
1990-2015 articulates not just climate considerations, 
but developmental imperatives as well. Lowered car
bon/gdp ratios would be economically rational for 
developing countries in view of their need to be com
petitive in international markets, as already discussed 
in Chapter I.5.C. 

Furthermore, as discussed in detail in Volume Two, 
many carbon saving efficiency improvements and 
renewables investments are least cost solutions on 
the basis of capital scarcity, foreign debt, and for
eign exchange earnings considerations alone. The 
climate stabilization requirements incident on 
developing countries are therefore not necessarily 
an additional burden, but would blend well with 
other requirements derived from overall develop
mental goals. 

11. The S percent per capita figure represents roughly die 
mean between the growth rates of the 1965-75 and 1975-
85 periods. The population growth rate reflects the UN 
medium projections discussed in Chapter L5. 
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E. C / G D P RATIOS: HISTORIC VERSUS 
REQUIRED FUTURE CHANGES 

In Sections B to D above we relied on the turnover 
rates of capital stocks as a guideline for scenario devel
opment Because most economic and energy planners 
employ the gross domestic product as an indicator, 
we also discuss the phase-out scenarios in terms of 
changes in the fossil carbon/gdp ratio. 

1. Historic data 

Despite the continued general rise in carbon emissions 
over the last 20 years, the world economy has actually 
become more fossil-carbon efficient Figure 1.6.6 shows 
the global trends in energy/gdp ratios and C/gdp 
ratios since 1970.1* Over the sixteen year period until 
1986, there has been a significant and steady decrease 
in both ratios. Due to investments in hydro and nucle
ar power, the carbon intensity of world economic prod
uct declined somewhat faster than the energy intensity 
of world gdp.is 

The figure shows that while gdp grew by more than 
three percent carbon emissions trailed this rate con
siderably, starting in about 1973. Beginning with the 
first OPEC price hike, carbon releases lagged more 
and more behind economic growth. In the period 
from 1979 to 1985, world carbon emissions 
remained constant (see Chapter 1.5), while gdp still 
grew by roughly 3 percent per year. As a result the 
carbon intensity of gdp dropped by about 20 percent 
betweenl970 and 1986. Most of this drop was real
ized after the second oil price shock in 1979. Since 
1985, carbon releases have been on the rise again, 
and improvements in C/gdp ratios appear to be 
small.14 

12. Carbon release data from Marland et al. (1988). World 
gdp data were kindly provided by Kent Anderson (1989) 
and are based on World Bank, data (1988) for market 
economies and on data from ESS (1987) for centrally 
planned economies. These data should be considered 
approximate only. Estimates ofgdp growth are often 
distorted by exchange rates, accounting differences, and 
other data inconsistencies, including the presence of 
sizable underground economies in many countries. 
Uncertainties are probably greatest in estimates for low-
income countries and in comparing the growth figures 
of centrally planned economies with those of OECD 
countries. 

13. Data on the relative contribution of renewables, nuclear 
power, and intra-fossil fuel switching are presented in 
Volume Two. 

14. Note that changes in C/gdp ratios stem from efficiency 
investments, structural changes in the economy, and 
behavioral factors. The relative contributions of these 
components vary from country to country. See Volume 
Two for further discussion. 

Growth rates in C/gdp ratios for the world as a whole 
were about -2.0% for thel979-86 period, and -1.4% 
for the 1970-86 period, compared to a growth in world 
gdp of about 3.0% and 3.6%, respectively. 

Figure 1.6.7 shows that there were large differences 
among the various world regions. Clearly, the greatest 
changes in C/gdp ratios occurred in the OECD 
countries (developed market economies). Since 
these countries constituted about 53 percent of world 
energy use in 1986, OECD patterns strongly shape 
the figures for the industrialized countries (ICs) as 
a whole, and also dominate the global trends. The 
carbon intensity of gdp in the developing world 
increased slighdy over this period. Likewise, carbon 
intensity in the centrally planned economies ended 
the period litde changed from the 1970 value. 

An indication of the potential for achieving economic 
growth in the Third World at lowered carbon intensity 
is provided by China (Chandler 1988). As shown in 
Figure 1.6.7, the C/gdp ratio in that country dropped 
by 23 percent between 1978 and 1986, a period of 
rapid growth and modernization efforts. C/gdp ratios 
changed at an average rate of-3.3% over the 1978-86 
period. This performance was significantly better than 
the world average, and fell between that of the indus
trialized countries as a whole and that of the OECD 
(see Tables 1.6.2 and 3). About 20-40 percent of this 
remarkable drop appears to have been the result of 
structural changes toward consumer goods industries. 
But most of the change seems to be attributable to 
specific policy measures taken since 1978 to promote 
more energy efficient capital stocks and active energy 
management measures to increase energy productiv
ity and efficiency in the economy (Liu 1989). 

One might suspect that this high rate of improvement 
was feasible only because Chinese capital stocks are 
even more energy-inefficient than those of other devel
oping countries. This may be true in comparison to 
some of the higher-income DCs. But a recent compar
ison of Chinese energy intensities on a physical unit basis 
with those in another major low-income country, i.e., 
India, revealed that the two countries had very similar 
technological efficiencies (Lu 1987). Differences in 
terms of the energy/gdp ratio exist principally because 
China's industrial mix is dominated more by heavy 
industry than that of India. Also, international statistics 
on China's gdp may be distorted by the prevalence of 
administrative prices in that country. 

Also, China is not the only DC that managed to break 
its historic lockstep pattern and lower C/gdp ratios. 
Brazil's C/gdp ratio also dropped by about 20 percent 
between 1970 and 1986. Again, deliberate policies 
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such as the fuel alcohol program contributed to this 
outcome.13 

2. Future requirements 

In Tables 1.6.2 and 1.63 we show how C/gdp ratios would 
have to evolve under the various phaseout scenarios. 
A matrix of plausible values for future gdp growth rates 
is provided. As a point of reference, the tables also show 
the historic C/gdp growth rates. Note that industrialized 
countries achieved a gdp growth rate of about 3.3 per
cent per year in the decade from 1975 tol985, while the 
rate was close to 5 percent for the developing countries. 

Annual percentage rates of change in the C/gdp ratio 
are most informative for the near-term, where they 
can be compared with recent experience. Over the 
longer-term, significant changes occur in the C/gdp 
base value that make comparisons with historic growth 
rates less meaningful. Here, the continuity limit index 
in tables 1.6.2 and 3 should be used for orientation. 

Based on the 1979-86 data and the growth matrices 
in the two tables, we can make the following obser
vations for the near-term (the next 10 to 20 years): 

• If industrialized countries continue to grow at 2-3 
%/yr and are to meet the Toronto/IC target they 
will need to increase, by about 50-120 percent 
and within the next few years, the rate of C/gdp 
reduction achieved in the 1979-86 period. 

• Even under the more lenient 225 btC schedule, 
industrialized countries will need to exceed the 
1979-86 carbon substitution rate (by as much 
as 50-80 percent) in the late 1990s (see the 
matrix in Table 1.6.2 and 1.6.3. 

• If developing countries grow at a similar per capi
ta rate as in the past they will need to achieve 
a moderate decoupling of carbon releases and 
gdp growth beginning in the 1990s.16 In the first 
decade of the next century, they will need to 

15. Based on gdp figures of the World Bank (1988) and of 
the International Energy Studies Group at Lawrence 
Berkeley Laboratory. Both data scries indicate that the 
C/gdp ratio did not really drop until after 1979. 
Thereafter, the annual percentage reduction of the C/gdp 
ratio closely matches that achieved in China. However, 
this pattern could also be due to discontinuities in gdp 
accounting and normalization methods (Sathaye 1989). 

16. Assuming continued per capita rates of about 2 J %/yr 
plus projected population growth of about 1.5 %/yr (see 
Chapter 1.5), die gdp growth rate would be 4 %/yr. 
According to the matrix of Table 1.6.3, C/gdp growth 
rates in the late 1990s would have to be -2.35%/yr under 
the Toronto/IC target compared to 0%/yr for the DCs 
in 1979-86. 

match or exceed the rate of reduction in C/gdp 
ratios of about 3.3% per year achieved in the 
People's Republic of China during 1979-86. 

3. Carbon budgets and phase-out requirements 
for individual industrialized countries 

So far, we have not differentiated among industrialized 
economies, though these differ gready in their fossil 
carbon intensity. Table 1.6.7 shows a comparison of 
per capita 1986 carbon releases, and country cumu
lative-carbon-budgets based on 1986 population shares. 
The use of current population shares seems practical 
since the population growth rates among industrialized 
countries are small and by and large convergent 

At 1986 release rates, these cumulative fossil carbon 
budgets are equivalent to anywhere from about 100 
years of fossil fuel consumption to as little as about twen
ty years. Countries at the lower end of this range would 
have to phase out fossil fuels at a rate significantly faster 
than the continuity rate. Alternatively, they would have 
to buy or negotiate larger emission budgets for them
selves than computed from their population share. 

The figures in Table 1.6.7 indicate that a significant 
amount of emission rights trading could occur among 
the ICs. Among countries with relatively larger emission 
budgets are Spain, Italy, Switzerland, France, Sweden, 
and Japan. The United Kingdom, the Netherlands, 
Romania, and the FR Germany occupy the middle 
ground. Besides the U.S., other countries with small 
carbon budgets would be the German Democratic 
Republic, Czechoslovakia, and Canada. 

F. SUMMARY AND C O N C L U S I O N S 

In summary, we come to the following overall con
clusions: 

• A global fossil carbon budget of 300 btC 
appears to be sufficient to allow an orderly 
phase-out of fossil fuels. 

• In broad terms, the critical period in which the 
phase-out of fossil fuels will need to be largely 
accomplished is between now and the middle 
of the next century. 

• The 300 btC limit could be realized within the 
limits of the continuity rate of about 3% per 
year, if decisive fossil-substituting action is set 
in motion within the decade of the 1990s. 

• Intensive development of technologies is need
ed, but overreUance on major technological 
breakthroughs should be avoided, due to the 
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Table 1.6.7: Allocation of the IC fossil carbon budget on the basis of 1986 per capita fossil carbon releases 

Portugal 
Spain 
Yugoslavia 
Greece 
New Zealand 
Italy 
Israel 
Switzerland 
France 
Austria 
Sweden 
Iceland 
Hungary 
Japan 
Norway 
Ireland 
Romania 
Netherlands 
Belgium 
South Africa 
United Kingdom 
Finland 

1986 
Release rate 
tons/cap-yM> 

0.79 
1.28 
1.49 
1.62 
1.63 
1.65 
1.68 
1.79 
1.79 
1.93 
1.95 
1.97 
1.98 
2.11 
2.14 
2.15 
2.41 
2.41 
2.68 
2.78 
2.94 
3.02 

Federal Republic of Germany 3.07 
Poland 
Denmark 
USSR 
Bulgaria 
Australia 
Canada 
Czechoslovakia 
United States of America 

3.32 
3.34 
3.59 
3.60 
3.85 
4.09 
4.21 
5.01 

German Democratic Republic 5.50 
Luxembourg 

TOTAL IC AVERAGE 

6.42 

3.22 

Percent of 
IC average 

23 
38 
44 
47 
48 
49 

49 
53 
53 
57 
57 
58 
58 
62 
63 
63 
71 
71 
79 
82 
86 
89 
90 
97 
98 
105 
106 
113 
120 
124 
147 
161 
188 

100 

1985-2100 
Fossil C allowance2) 

btC 

1.26 
4.78 
2.88 
1.23 
0.41 
7.06 
0.53 
0.80 
6.84 
0.94 
1.04 
0.03 
1.31 
14.99 
0.52 
0.44 
2.83 
1.80 
1.22 
3.99 
7.00 
0.60 
7.51 
4.63 
0.63 

34.69 
1.11 
1.97 
3.16 
1.91 

29.81 
2.05 
0.05 

150 

Years left 
at 1986 

release rates 

155 
96 
83 
77 
75 
74 

73 
70 
70 
65 
64 
62 
62 
59 
58 
57 
51 
51 
46 
43 
42 
41 
40 
37 
37 
34 
34 
32 
30 
29 
25 
22 
19 

47 

Notes: 
(1) 1986 release rates from Marland et al. (1988), including cement. 
(2) Allocation shares calculated on the basis of 1986 UN population data. 
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need to achieve large fossil carbon reductions 
in the near- and medium-term. 

The following milestones should guide the global fossil 
phase-out (Table 1.6.4): 

• By 2005, global carbon releases should have 
returned to the 1985 level; 

• The 20 percent global reduction milestone 
should be achieved by about 2015, or within 
about 25 years (base-year 1990); 

• A 50 percent global reduction should be 
achieved by about 2030, or within 40 years; 

• A 75 percent reduction should be reached by 
about 2050 or within 60 years. 

Regional phaseout goals might be formulated as follows: 

• Reduction milestones based on allocating 150 
btC each to industrialized and developing 
countries is probably close to an optimal com
promise between international equity and prac
tical feasibility. 

Based on this allocation, the following targets should 
be adopted (Tables 1.6.5 and 1.6.6): 

• The Toronto target should be understood as 
a target for industrialized countries. 

• ICs should achieve a 20 percent reduction by 
2005, a 50 percent reduction by about 2015, 
and a 75 percent reduction by about 2030. 

• Developing countries as a group should aim to 
stahilrn* their fossil fuel consumption early in the 
next century, and limit increases in the mean
time to about50-l 00 percent above 1985 levels. 

• The long-term level of fossil carbon releases from 
DCs should be about half their current release 
rate. This level should be reached by about 2050. 

Within each group of countries, the application of per 
capita equity formulas would lead to further differ
entiation of phase-out milestones. Putin terms of the 
fossil carbon intensity of gross domestic product these 
targets would read about as follows: 

• In industrialized countries, near to medium term 
reductions in C/gdp ratios will need to exceed 
1979-86 rates by as much as a factor of two. 

• Developing countries as a whole will need to 
overcome their lockstep C/gdp pattern and 
achieve rates of carbon substitution of about 
3%/year, which are similar to those realized in 
developing countries with the most proactive 
energy policies during 1979-86. 

Having established these approximate targets, the key 
question becomes: which mix of substitution technolo
gies and energy policies holds the greatest promise for 
achieving fossil carbon reductions in a timely manner, 
and with the least economic and other costs? This inves
tigation is the topic of Volume Two. We conclude Vol
ume One with a look at the implications of our analysis 
for the shaping of an international climate convention. 
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CHAPTER 1.7 

A GLOBAL COMPACT 
ON CUMATE STABILIZATION 

AND SUSTAINABLE DEVELOPMENT 

A. CLIMATE STABILIZATION AND 
SUSTAINABLE DEVELOPMENT 

1. The need for a broad North-South Compact 

Much of the current climate warming debate still pro
ceeds along the narrow lines of conventional air pol
lution abatement policy. But climate stabilization is 
an entirely different challenge. The greenhouse effect 
is driven by a confluence of environmental impacts 
that have their source not only in the nature of human 
resource use, but also in the nature of the current 
international economic order. Climate stabilization 
therefore requires a comprehensive turn toward envi
ronmentally sound and socially equitable develop
ment—in short, an unprecedented North-South 
Compact on sustainable development 

Like no other environmental crisis, the threat to the 
world's climate drives home the point that all nations 
truly are in one boat—spaceship Earth. Industrialized 
countries, who long considered themselves the lucky 
winners in the global race for turning natural resources 
into economic wealth, cannot safeguard their eco
nomic future over the long-term unless the driving 
forces of global climate change and environmental 
destruction in the developing world are brought to a 
halt. Most Third World countries, on the other hand, 
are caught in a short-term struggle for economic and 
physical survival. This struggle tragically pitches them 
against the long-term maintenance of the very envi
ronment on which their—and the world's—future 
depends. So long as this situation persists, developing 
countries cannot turn their attention to issues of sus
tainable development and climate stabilization. 

In this situation, simple appeals to developing coun
tries to join the industrialized countries in reducing 
their greenhouse gas emissions are not only naive but 
morally indefensible. No approach to climate stabi
lization can be successful unless it simultaneously 
rekindles economic growth and social progress in the 
Third World. An international effort to solve the Third 
World development debacle has to be part and parcel 
of overcoming the global environmental crisis. 

2. A rough outline 

The basic propositions of the needed global compact 
might be stated as follows: 

1) DCs and ICs will agree to undertake ajointven-
ture to protect the global environment (in par
ticular the global climate) and to subordinate 
all national policies to that goal. 

2) DCs and ICs will agree to unprecedented emis
sion limits and other internationally defined 
environmental constraints on their national 
development paths. 

3) The ICs will engage in an unprecedented envi
ronmental initiative to contain and reduce 
their disproportionate consumption of global 
environmental resources. They will treat the 
debt and basic needs crisis in the developing 
world, and the related environmental destruc
tion, as an externality of their own develop
ment to date. Specifically, 

• ICs will drastically cut their greenhouse gas 
emissions in the quickest way possible. 

• ICs will agree to provide the necessary debt 
and international trade relief to restart 
Third World economic growth. 

• ICs will approach future technology devel
opment and technology transfer and trade 
policies from a global environmental per
spective. 

4) The DCs will accept emission constraints, 
which industrialized countries did not face dur
ing their development and find alternative 
development paths that will not repeat and 
magnify the environmental impacts of past IC 
development Specifically, 

• DCs will intensify their campaigns for pop
ulation control; 

• DCs will mobilize their communities for 
sustainable economic growth through land 
reforms and other political reforms and 
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social policies that support local initiative 
and self-reliance. 

• DCs will replace environmentally unsound 
price subsidies, notably for energy and other 
commodities, with efficiency subsidies. 

• DCs will be selective in the adoption of 
technologies from industrialized countries 
and will emphasize technical and infras-
tructural solutions that are better adapted 
to their social and economic needs and to 
their renewable resource base. 

5) This acceptance of climate stabilization respon
sibilities by the DCs is tied to the following con
ditions: 

• Developing countries will be given prompt 
debt and trade relief to restart their eco
nomic growth. 

• ICs will provide aggressive leadership by 
example, notably in the area of industrial 
and fossil emission reductions. 

• The industrialized countries will provide 
DCs with capital and technology transfers 
to allow them to leap-frog into growth 
based on highly efficient non-polluting 
technologies. 

• DCs will be given support to strengthen 
their own technology development capa
bilities and to manufacture high efficiency, 
non-polluting technologies themselves. 

• Beyond agreed-upon environmental and 
other international targets, the sovereignty 
of the DCs to pursue their own develop
ment paths will be respected. 

• Developing countries will have substantial 
representation and say in international 
funding decisions. 

6) Effective use of international capital flows 
could be ensured through the following 
arrangements: 

• Funding of internationally sponsored pro
jects and policies will be tied to specified 
ecodevelopmental conditionalities (see 
below). 

• Beyond a basic level of debt reduction and 
capital and technology assistance, addi
tional incentives will be offered to nations 
exceeding certain energy and other 
resource efficiency indices, as well as envi
ronmental and population control targets. 

7) The necessary capital for this global scheme 
could be obtained as follows: 

• The major industrial nations will gradually 
reduce their military spending. 

• World-wide efficiency improvements in 
energy use will free capital for other purposes. 

• Agricultural systems based on sophisticated 
low-input techniques could improve cap
ital productivity world-wide, and both cap
ital and labor productivity in Third World 
agricultural systems. 

• Expanded global markets for high effi
ciency technologies and renewables-based 
energy systems will provide a major stim
ulus to the world economy. 

The above outline appeals to common sense at the 
same time that it is thoroughly Utopian. The profound
ness of change in human consciousness and culture 
required to implement such a compact cannot be 
underestimated. 

In proposing the above compact we do not suggest 
that the world could somehow buy itself out of its pre
sent predicament merely by redeploying established 
means within the prevailing model of consumption-
oriented industrialization and international trade. The 
nations of the world will have to come to terms with 
the structural impediments to economic development, 
both within the current international order and within 
the political and socio-economic structures of each 
country. And changes in the development model pur
sued by Third World nations will not only require envi
ronmentally sound modern sector technologies but 
also environmentally sound intermediate technologies 
that are matched to the employment needs and capital 
sources of developing countries. 

A common characteristic of countries that successfully 
industrialized in the past was their ability to generate 
an ever-greater forward and backward interlinking 
between the agricultural sector, the capital goods sec
tor, and the intermediate goods and consumer goods 
sectors. In this process of intensifying interlinkages, 
a significant part of industrial investments was aimed 
at simple products satisfying the basic needs of the 
large masses of lower-income consumers. This produc
tion, in turn, often drew in significant part on dis
persed informal sector industries using intermediate 
technologies to provide semi-finished inputs.1 

1. One of die most cogent analysis of the commonalities 
of the successful industrializing nations, who showed 
large differences in resource endowments and trade 
strategies is found in Senghaas (1982). 
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This is the opposite of current patterns in most devel
oping countries, many of which are still caught in colo
nial patterns of dependence on exports of one or a few 
agricultural commodities. Others first attempted import 
substitution industrialization aimed at luxury goods pro
duction and then tried export-oriented industrializa
tion. Both models accrued debts far faster than internal 
interlinkages or distributed domestic employment and 
income effects. As a result most developing countries 
are experiencing a worsening —and environmentally 
highly destructive—dualism between isolated modern 
industrial enclaves and vast impoverished regions.2 

In the economies of successful industrializers, on the 
other hand, the progressive interlinking of the various 
domestic production sectors created resilience and 
broad-based dynamism. It was usually accompanied 
by a reasonably broad distribution of income and land, 
along with successful policies of infant industrializers 
to shield themselves from excessive trade competition 
from dominant economic powers. Again, such favor
able social and political conditions are found in few 
developing countries today, who also do not have the 
access to cheap foreign natural resources enjoyed by 
early industrializers. 

Successful Third World development will also require 
the use of appropriate technologies that foster income 
distribution and broad-based self-reliant development 
We had discussed in Chapter 1.3 the difference 
between advanced agricultural methods based on low-
input methods and methods based on capital- and 
energy-intensive chemical agriculture or systems based 
on genetically engineered plants. In the energy sector, 
electrification schemes based on large central stations 
may be useful for supplying large cities. But the same 
technology is structurally unsuited to reach dispersed 
townships and villages at reasonable cost and speed. 

In summary, it is not clear howTntemational money and 
technology transfer alone can create the necessary polit
ical, social and structural conditions for successful eco
nomic development in Third World nations. Even the 
much more limited issue of large-scale transfers of effi
cient low-pollution technologies to the developing 
nations raises difficult questions, given that currently 
most technology transfer occurs through the operation 
of profit-oriented private multinational firms. However, 
these questions go beyond the scope of our discussion 
below, which focuses on the more narrow issue of a 
global climate convention. 

2. A review and synthesis of the many critiques of the cur
rent international economic order, along with analyses 
and critiques of prevailing development strategies in 
both socialist and capitalist developing countries, can 
be found, for example, in Senghaas (1977). 

B. INTERNATIONAL PROTOCOLS 
VERSUS LEADERSHIP BY EXAMPLE 

1. The need for unilateral initiatives 

The development of a climate convention with effec
tive reduction protocols will require great commit
ment leadership, diplomatic skill, and protracted 
negotiations. Calls for concluding a treaty by 1992 
notwithstanding, experience with the Montreal pro
tocol on CFCs suggests that a ten-year period is not 
an unrealistic timeframe for resolving the many tech
nical issues involved. 

But climate stabilizing action cannot wait that long. 
Our discussion of the previous chapter showed that 
action to reduce fossil carbon releases must be initi
ated within the next few years. In view of this timetable, 
individual nations and groups of nations will need to 
act even before comprehensive international agree
ments are concluded. 

Here, the major industrial nations, notably the Group 
of Seven, are under obligation to lead by example. 
Unilateral or multilateral action by any of these coun
tries could prove effective in creating momentum 
toward broader participation. Just as recent unilateral 
actions in the arms control area and in the control 
of CFCs have overcome negotiating deadlocks, so too 
could unilateral reductions in fossil fuel use pave the 
way for broader greenhouse gas control. Action by the 
wealthiest nations could build indispensible good will 
needed to conclude effective international treaties and 
protocols. Unilateral action could also take the form 
of partnerships between individual industrialized 
countries and developing countries which would work 
towards implementing the global compact on a bilat
eral level. 

Some countries have already taken unilateral steps. 
For example, the Netherlands has adopted a target 
to return national fossil carbon releases to 1990 levels 
by the year 2000, and the Swedish parliament has 
adopted a pledge to keep fossil carbon emissions in 
that country below current levels. Though these ceil
ings are less than what our analysis would indicate is 
necessary, they are an important signal. 

2. Limits to unilateral action 

The core concern for most countries is whether uni
lateral cuts in fossil fuel use would negatively affect 
their competitive international position. This concern 
gets us back to our discussion in Chapter LI A, in 
which we emphasized the need for a proper least-cost 
analysis of the net cost of climate-stabilizing actions. 
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We find in Volume Two that major C 0 2 emission 
reductions could be achieved at negative net economic 
cost to society, and even larger reductions at negative 
net economic and social cost because current insti
tutional and market barriers have led to underinvest
ments in highly cost-effective energy efficiency 
improvements. Depending on the individual circum
stances and level of international assistance, even the 
cost of capital transfer to developing nations could pos
sibly be covered by energy sector savings. 

From this result unilateral action would seem not only 
feasible, but could in fact be used by individual coun
tries to strengthen their competitive position. However, 
there are a number of other potential impediments 
to unilateral action. One is that large-scale fossil phase-
out efforts in some of the major industrialized coun
tries would likely lead to price collapses for fossil fuels 
and possibly greater consumption of lower-cost fossil 
energy elsewhere. Also, price cutting policies by major 
producers could derail fossil fuel substitution invest
ments before they even get fully under way. Here, spe
cial international compensation agreements will be 
needed with the major fossil fuel exporters (see below). 

A second complication arises from international trade. 
A country may raise fossil fuel prices internally in a 
revenue-neutral manner, but could face competition 
from products produced in other countries that did 
not incorporate global externality costs in the same 
way in their fuel prices. This competition—and poten
tial shifts of energy-intensive production to other coun
tries in response to that competition—could in 
principle be fended off by levying an import tax on 
energy-intensive products from such countries. How
ever, this tariff could be in conflict with the Global 
Agreement on Trade and Tariffs (GATT). 

Logically it is the GATT agreement that would ulti
mately have to change: at present the free trade 
regime it purports to maintain is riddled with hidden 
"subsidies" obtained from uneven use and destruction 
of global environmental resources in the various parts 
of the world. The fact that environmental protection 
standards are not globally applied is yet another reason 
why notions of free and fair trade tend to be of quite 
arbitrary character.3 

Finally, unilateral action by ICs will not be effective 
if DCs are not also enabled to use efficient, low-pol
lution technologies for their economic development 

3. In fact, one could argue that GATT should endorse envi
ronmental taxes on imports when these would aim at 
exporters that are delinquent in applying best available 
technology in protecting globally shared environmental 
resources such as climate. 

This issue may be the most compelling argument for 
backing up unilateral action with some kind of inter
national agreement 

But on the way to such an agreement major initiatives 
by leading industrialized nations will still be indispen
sible. To facilitate both early action by these nations 
and comprehensive participation later, a global treaty 
might be pursued in stages that encourage some 
action early in the process, even if participation is lim
ited at first 

Fortunately, the countries with the greatest responsibility 
to provide leadership are also the ones with the most 
sophisticated institutional cooperation mechanisms in 
place: the European Economic Community (EEC), the 
Organization for Economic Cooperation and Develop
ment (OECD), and the UN Economic Commission for 
Europe (ECE) countries (which include the Soviet 
Union and North America) are examples. 

3. The IPCC process: progress and 
challenges 

The first formal call for a global climate convention 
by a broad-based international meeting came in June 
1988 at the Toronto Conference on the Changing 
Atmosphere (Toronto 1988). Government and non
government organizations in various quarters have 
been developing sketches and drafts of such a con
vention (see e.g., Enquete-Kommission 1988, Feiveson 
et al. 1988). In November 1988, the Intergovernmen
tal Panel on a Climate Convention (IPCC) was initi
ated by the United Nations Environment Program 
(UNEP) and the World Meteorological organization 
(WMO). In February 1989, an international meeting 
of legal and policy experts, sponsored by these orga
nizations and the Canadian Government developed 
a first draft of a framework for such a Climate Con
vention (Ottawa 1989). In March of the same year, 
twenty two nations formally committed themselves to 
establishing a global climate convention, including five 
of the seven major OECD countries. 

The principal challenge in the IPCC process is to 
develop reduction protocols with teeth rather than 
just a general framework with non-binding language. 
First an effective disaggregation of the overall prob
lem must be found that avoids losing unnecessary time 
in overly complex negotiations (Tolba 1989). This con
cern is reflected in proposals to focus on protocols 
for individual gases or policy areas, which could be 
agreed upon one by one. 

At the same time, there is considerable interlinkage 
between the various greenhouse gas emissions, as 
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discussed in earlier chapters. Thus, on a technical 
level, the challenge is to formulate indices of emission 
reduction that do justice to the nature of the climate 
warming problem. On the political level, the key prob
lem is the adoption of sufficiendy strict reduction tar
gets. On the policy level, it will be crucial that the 
selected abatement responses are in harmony with 
broader sustainable-developmental considerations. 

This task is further complicated by the international 
equity issue. The Third World contribution to the over
all greenhouse effect is already significant and growing 
(see Chapter 1.5) and must be addressed right away. 
One way of doing so is to build into each protocol a 
compensatory mechanism that creates economic 
incentives for low-pollution investments while provid
ing funding for corrective measures in the capital-
strapped developing countries. 

In this concluding Chapter, we highlight how the sci
entific and policy analyses presented in this report might 
be incorporated in the current IPCC process. Given the 
great complexity of an international climate convention, 
our comments and suggestions should be understood 
as selective contributions, and not as an attempt to pre
sent a comprehensive protocol framework. 

C. THE CLIMATE CONVENTION 

1. Basic agreements 

The overall framework for a climate convention has 
been sketched in Ottawa (1989). We focus here on 
its substantial content which might look as follows: 

1) The nations of the world agree to a warming 
limit: Anthropogenic trace gas emisions will be 
reduced sufficiently to limit global wanning to 
the temperature regime in which humanity and 
most of the world's biological gene pool evolved, 
i.e., a 2-25° C ceiling. Furthermore, the rate of 
climate warming is to be reduced to match the 
capacity of forest ecosystems to adapt to warm
ing, or to no more than about 0.1° C per decade. 

As shown in our report adoption of these limits on 
warming probably minimizes climate risks to levels we 
will simply have to tolerate. Of course, higher warming 
ceilings could be chosen as a basis for a convention. 
But as discussed in Chapters 1.1 and 1.2, even this min
imum feasible limit on warming poses major climate 
risks. A significantly higher warming limit would make 
climate stabilization progressively more elusive while 
disproportionately escalating the risks of devastating 
impacts on society. 

2) For planning purposes, the signatories of the 
climate convention take the period between 
now and 2100 as a reference point They agree 
to reverse the current rising trend of radiative 
forcing and equivalent-COj concentrations in 
time to achieve close to level global surface 
temperatures by the end of the next century. 

S) These warming limits are given explicit inter
pretation in terms of maximum allowable 
equivalent-COg concentrations. This interpre
tation is based on the risk-minimizing assump
tion of upper-range climate sensitivities in 
excess of 4° C for a doubling of COj. 

4) These risk-minimizing specifications are fur
ther translated into a package of explicit pro
tocols for individual trace gases and policy 
areas, notably 

- A cumulative global fossil carbon budget; 

- A target for the long-term level of biotic 
carbon storage relative to the present level; 
and 

- A near-term phase-out schedule for chlo
rofluorocarbons. 

- The global implementation of strict con
trols on acid rain and other classical air 
pollutants. 

Based on our analysis in this report these global tar
gets should be as follows: 

• The cumulative fossil carbon budget for the 
1985-2100 period should be about 300 billion 
tons. 

• Biotic carbon storage should be returned to 
present levels. 

• CFCs should be phased out by the turn of the 
century. 

• Classical air pollutant emission rates should be 
reduced by percentages equivalent to the full 
application of best available technologies 
world-wide. 

The reasons for treating fossil and biotic carbon 
releases in separate protocols are further discussed 
below. 

5) The above goals and requirements should be 
subject to periodic review to incorporate new 
scientific evidence. 

6) The convention should focus on achieving 
agreement among the 15-20 largest trace gas 
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emitting industrialized and developing nations. 
For equity reasons, the convention should also 
disaggregate the world's nations into develop
ing and industrialized countries, based on the 
established categorizations of international 
agencies. As further discussed below, protocols 
on emission reductions should be formulated 
on the basis of separate requirements for each 
of the two groups of countries. 

Two other subgroups of countries should be given spe
cial attention: the industrialized countries of Eastern 
Europe and the Soviet Union, which are currendy 
undergoing a difficult period of internal restructuring, 
and the oil-exporting and coal-rich developing coun
tries for whom climate stabilization will mean a sig
nificant reappraisal of their national resource assets. 

2. Should fossil and biotic carbon emissions 
be linked? 

In developing a protocol for carbon dioxide emissions, 
a key issue is whether and how to link fossil carbon 
emissions with those from deforestation and soil ero
sion. On the surface, unking the two sources and allow
ing trade-offs between fossil reductions and net 
reforestation efforts4 appears to be an elegant and sen
sible solution. Upon closer examination, we find rea
sons not to pursue such an offset approach at the 
global level at this time: 

- Carbon fixing through tree planting and fossil 
fuel conservation differ from each other in fun
damental ways and are not equivalent Refor
estation and forest preservation provide only 
temporary emission reductions until biomass 
levels in replanted areas have steadied. By con
trast fossil carbon substitutions can provide 
cumulative emission reductions as time goes 
on. Also, carbon releases from forests and trees 
are in principle reversible, while fossil emissions 
are not (see Chapter 1.3). 

- Compared to fossil fuel consumption, net refor
estation and deforestation rates are hard to 
measure and verify. As discussed in Chapter 1.3, 
the current rate of deforestation in various parts 
of the world is highly uncertain. While such 
uncertainties could be addressed within a defor
estation/forest and soil conservation protocol, 
the linkage of highly uncertain biotic C0 2 emis
sions with the much better understood fossil 
fuel emission data is inherently unsatisfying. 

4. Net reforestation means the net effect of reduced 
deforestation, afforestation, and reforestation; see 
Chapter I.S.D-F. 

- The offset approach could reinforce the mis
guided notion that any kind of tree planting 
is environmentally and socially benign and sus
tainable. As discussed in Chapter 1.3, forestry 
projects can themselves aggravate rural poverty. 
While offset linkages would make the capital-
rich energy supply sector interested in financ
ing forestry projects, these new players could 
also inadvertantly aggravate the detrimental 
impacts of many commercial forestry projects 
on the Third World poor. This would not only 
have negative social consequences, but could 
ultimately foil the environmental purpose of 
these projects. 

- Specifically, successful reforestation and forest 
preservation requires a participatory approach 
at the grassroots level and, in many cases, far-
reaching land-use reforms. Altering fossil fuel 
consumption is an inherently more centralized 
task than changing land-use patterns and 
biomass economies. It could be difficult to coor
dinate the necessary national policy-making 
process in developing countries with the emis
sion-offset agenda of energy supply companies. 

- More broadly, linkage between the fossil fuel 
area and the reforestation/forest- and soil 
preservation area could easily aggravate prob
lems of interference by industrialized nations 
and their powerful commercial organizations 
in the national planning of other nations. 

- There are also complexities in the equity area. 
For example, the much higher per capita beef 
consumption in the industrialized countries is 
based, in part on the use of large tracts of land 
for agricultural feedstock production that once 
were, and could again be, forested if beef con
sumption were lower (see Chapter 1.3 and the 
discussion below). 

For these reasons, we recommend that separate pro
tocols be formulated, at least initially, for the fossil car
bon and biotic carbon (mainly deforestation) 
emissions. Once separate protocols have been estab
lished in each area, experience has been gained in 
implementing them, and the data situation on biotic 
carbon storage has been improved, linkage could still 
be introduced if advantageous. 

3. Global climate protection fund 

Part of the framework should be an international fund 
that supports climate-stabilizing investment and 
research and development projects and policies, 
notably in the developing world. This idea has been 
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put forth in several proposals for a global climate con
vention. The Ottawa meeting of legal and policy 
experts adopted the idea of a fund ("world climate 
trust fund") in February ofl989. Such a fund, and par
allel bilateral and multilateral assistance programs, 
should be structured to reflect the North-South Com
pact on sustainable development It would therefore 
differ from conventional development assistance 
mechanisms in fundamental ways. 

Mission 

A principal use of the fund would be to pay capital-
strapped developing countries for the extra cost of 
installing and/or retrofitting the most energy- and pol
lutant-efficient technology instead of standard tech
nology. A further purpose would be to support policies 
and projects aimed at reforestation and the 
widespread introduction of innovative agroforestry, 
tree-cropping, and other low-input farming tech
niques. Both the transfer of currendy available tech
nology and R&D and commercialization efforts would 
be financed, and both governments and non-govern
ment organizations would be eligible for support 
Besides providing capital for preventative action, the 
fund would also contribute to adaptation costs and 
emergency relief. 

Aside from financing such efforts, a section of this fund 
may also have to be used to compensate the minority 
of fossil-rich developing countries for leaving fossil fuel 
resources in the ground. The possible need for such 
compensation has mostly been overlooked so far, partly 
because most discussions to date were not based on the 
strict climatic risk limits used in this report As shown 
in Chapter 1.4, climate stabilization will require that fos
sil fuel consumption be limited to only a portion of avail
able low-cost coal, oil and conventional gas resources. 

This latter use of funds would be similar to the agricul
tural subsidies paid to farmers in the US and elsewhere 
to retire farmland and limit production. Disbursements 
should be primarily aimed at those countries that are 
heavily dependent on their reserves of domestic fossil 
resources for their economic development and whose 
cumulative per capita emissions to date are compara
tively small, such as coal-owning China and India, and 
the OPEC countries. In order to assure economic effi
ciency, lock-up agreements could be purchased through 
auctions in which the fossil reserves with the highest 
production costs would be offered first 

Funding sources 

Payments into a global climate protection fund and 
capital for other dedicated bilateral and multilateral 

environmental funds could be raised in a number of 
ways, including. 

• Industrialized countries could charge them
selves user fees for climate-changing and envi
ronmentally damaging activities, such as fossil 
fuel consumption and energy use at large, beef 
consumption, CFC production, etc. 

• ICs could provide debt relief for developing 
nations, which could take the form of: 

- combinations of debt reduction and con
version of debt payments into fund con
tributions for environmental programs; 

- debt-for-nature swaps in which discounted 
debt is purchased and converted into con
servation bonds that would generate local 
funding for environmentally benign 
income-generating programs and natural 
resource protection projects. 

The latter approach could be particularly appealing 
in the area of tropical deforestation, since two thirds 
of global forest losses and half of Third World debt 
occur in the same 14 developing countries (Speth, 
1989). However, the concept of debt-for-nature swaps 
should be treated with caution. If such swaps remove 
current sources of foreign exchange earnings without 
accompanying deliberate investments in alternative 
income-generating ventures, they may neither solve 
the debt problem nor remove the poverty-related driv
ing forces of environmental degradation. 

A global fund also raises the issue of formulas or guide
lines for determining appropriate contribution levels 
from individual ICs. Contributions from individual 
industrial countries could be made proportional to 
indices based on past and current emissions, as illus
trated in Chapter I.5.E. We make further suggestions 
below. Though the suggested formulas are based on 
a rationale and calculus that measures international 
inequity, these proposals do not have to be used as 
rigid quotas. Instead, they could be used for setting 
upper and lower limit guidelines in a sliding-scale 
approach that takes into account each country's ability 
and willingness to pay. 

Ecodevelopmental conditionality 

Unlike existing international assistance and lending 
agencies now, the climate protection fund should have 
an explicit mandate to further sustainable develop
ment In operating this international fund, it will be 
of vital importance to subject all funded projects to 
a careful environmental and social review process. The 
history of international lending and development 
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assistance projects is replete with examples that inad-
vertantly created negative environmental and social 
impacts, often far in excess of project benefits. 

Projects aimed at climate stabilization cannot auto
matically be assumed to be free from such adverse 
impacts. Each projector policy measure should there
fore fulfill an ecodevelopmental conditionality: Specif
ically, projects should be screened to avoid causing or 
magnifying the following inadvertant impacts: 

• Inefficient use of capital due to an overly sup
ply-oriented approach based on large-scale, 
centralized technologies and projects that over
look cheaper options, such as increased 
demand-side efficiency and more dispersed, 
medium-scale or modular systems; 

• Income or land ownership concentration and 
increased poverty among local populations, e.g. 
in the form of displacement of tribal subsis
tence economies, or through the commercial
ization of previously free environmental goods 
without commensurate income generation in 
the local economy; 

• major environmental impacts in areas unre
lated to climate change; 

• risks of major catastrophic accidents; 

• risks of nuclear weapons proliferation, includ
ing increased risk of use of nuclear and other 
technologies for terrorist activities. 

Mandatory, comparative, least-cost analyses of alter
native technology options, and review by independent 
bodies, should be part of the operating guidelines for 
the fund. Finally, disbursement of funds should be 
made conditional on the safeguarding of the civil 
rights of citizen groups engaged in local social and 
environmental action. 

Control of the fund 

Unlike current development assistance agencies that are 
totally controlled by the industrialized "donor" countries, 
a climate protection fund would need to be adminis
tered with major participation by the developing coun
tries. Such Third World representation is appropriate 
since the capital transfers for the purposes of global envi
ronmental maintenance and repair are for a joint ven
ture, and not welfare payments to the poor. 

Also, it should be evident that even if the nations of 
the world band together to save the world's climate, 
this will not automatically do away with the deep divi
sion among rich and poor nations. Adequate Third 
World participation is needed to prevent forms of 

"environmental colonialism'' in which the climate issue 
is inadvertantiy or deliberately used to reinforce tra
ditional agendas that are in conflict with the North-
South Compact 

To ensure balanced fund operation, representatives 
from non-governmental organizations (NGOs) should 
also have an oversight role. NGOs have proven effec
tive leaders in environmental action on account of 
their scientific and social expertise; both will be indis
pensible in the future. 

D. FOSSIL FUEL PROTOCOL 

1. Cumulative fossil carbon budgets and 
reduction milestones: the basic bargain 

The basic arrangement that would guide this protocol 
is as follows: 

• ICs and DCs commit themselves to base their 
energy planning on roughly equal shares of a 
global fossil carbon budget of 300 btC, and 
adopt reduction milestones and peak emission 
caps along the line of our analysis in Chapter 
1.6. 

• ICs will provide the capital and technology 
assistance to allow DCs to buy and produce 
state of the art efficiency technologies and 
renewables-based energy systems. 

• ICs and DC fossil fuel exporters make special 
agreements to stabilize global fossil fuel prices 
and lock up the more expensive fossil fuel 
reserves. 

We suggest that the concentration limit/emission bud
get/reduction milestone approach is the most sensible 
basis for a fossil carbon protocol. The advantages of 
a carbon budget/reduction milestone approach over 
other approaches have been explored in Chapter 1.1. 
and 1.5. 

Our analysis in Chapters 1.5 and 1.6 suggests that for 
a 300 btC global budget, a 50:50 split would be a fair 
and workable guideline. The corresponding reduction 
milestones for industrialized and developing countries 
were explored in Chapter 1.6. Chapters 1.5 and 1.6 also 
illustrated possible formulas for deriving fossil carbon 
budgets for individual countries. Since actual fossil fuel 
needs may vary from projected requirements even when 
a phaseout plan is meticulously implemented, and 
much more so in a world of unexpected events, these 
carbon budgets would be used as a benchmark for com
pensatory financial arrangements among nations. 
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2. Possible mechanisms for financing Third 
World energy investments 

Chapter 1.5 showed that a strictly equitable sharing 
of the global fossil carbon budget is not feasible on 
logistic grounds. However, the person-year equity 
approach could be made the basis of the initial cap
italization of a climate protection fund, as described 
in Chapter 1.5. The same discussion showed that a 
modest, ten percent surcharge on fossil fuels would 
mobilize several tens of billions of dollars—a sum com
parable to all current bilateral and multilateral devel
opment assistance combined. 

The mechanism proposed in Chapter 1.5 would pro
vide not only an equitable guideline for financing 
internationally-sponsored corrective measures, but 
would also provide an economic incentive for reduc
tions in fossil fuel use at home.5 Furthermore, the 
largest amounts of capital raised through this mech
anism would be available in the initial two to four 
decades, when industrial country emissions will be 
most out of line with their fair share, and the need 
for massive investments in developing countries is most 
pressing. 

Again, not all ICs are currendy able to take on major 
capital transfer burdens equally well, and individual 
circumstances will need to be taken into account For
tunately, recent polls in the wealthiest industrial 
nations have shown an increasing willingness to pay 
for global environmental repairs, which could facilitate 
pragmatic compromises. 

3. The need for detailed national least-cost 
reduction plans 

One of the logical components of a fossil carbon pro
tocol would be the periodic filing of national emission 
reduction plans with an appropriate coordinating 
agency. Such plans could be one of several tools for 
monitoring the progress of implementation. The use
fulness of such reduction plans will greatly depend on 
developing more consistent energy analysis practices. 
The key methodological and data source issues are: 

- the use of appropriate least-cost principles, 
including consideration of non-economic costs 
and risks, in formulating resource plans,; 

5. As argued in greater detail in Volume Two, such 
energy taxes by themselves are insufficient to bring 
about the necessary reductions. Regulatory 
standards, revenue-neutral mechanisms that tie taxes 
to incentives and subsidies for fossil-substituting 
investments, and other least-cost planning policies 
mil need to be implemented as well. 

- the integration of efficiency (in particular, 
demand-side) investments into energy plan
ning; 

- the availability and proper generation of 
detailed end-use data and baseline statistics on 
existing efficiency levels needed for quantifying 
demand-side resources; and 

- consistent cost evaluations of alternative tech
nology options. 

These issues need to be much better resolved in order 
to come to agreements on what levels of carbon reduc
tions are economically feasible. A number of interna
tional cooperation efforts, both by non-government 
organizations (NGOs) and governmental bodies, have 
been started to address these issues. We devote Volume 
Two of our study to clarify many of these issues. 

E. PROTOCOL O N REFORESTATION 
AND AGRICULTURAL LAND-USE 

1. T h e basic bargain 

The guiding principle of a deforestation protocol 
should be as follows: 

* The nations of the world will take action to 
maintain and restore global carbon storage in 
land biota to mid-1980s levels. 

This goal flows out of the analysis of Chapter 1.3, and 
underlies the fossil carbon budget derivation in Chap
ter 1.4. 

Given the analysis in Chapter 1.3, a protocol on defor
estation and reforestation could be linked to the per 
capita area of afforestable cropland and pasture under 
production in developing and industrialized countries. 
In Chapter 1.3, we pointed out that the most difficult 
aspect of tropical deforestation are the real increases 
in demand for agricultural land. Even after all the 
other contributing factors to deforestation have been 
brought under control, there remains the challenge 
to increase food production without commensurate 
forest clearing. 

We also explored how tree cropping and productivity 
increases in Third World cropland agriculture could 
be used to limit the need for new cropland and pasture 
despite the anticipated doubling of populations. We 
showed that a significant portion of Third World crop
land and pasture b devoted to food production for 
consumption in the industrialized countries. At the 
same time, our analysis showed that on a per capita 
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basis, industrialized countries use four times as much 
non-dryland cropland and pasture as developing coun
tries. Pastures and croplands outside dryland areas are 
the prime candidates for afforestation. Moreover, 
much of the disproportionately large use of such 
prime land for agriculture in the industrialized coun
tries is due to the five- to sixfold higher per capita ani
mal protein consumption, particularly beef 
consumption, in these countries. 

A deforestation protocol could account for these fac
tors through the following agreements: 

• Developing nations set themselves a target of 
limiting the growth in croplands and pastures 
from forest clearing to a certain fraction of pop
ulation growth. 

• Industrialized countries agree to provide major 
funding and technology assistance to increase 
Third World agricultural productivity, notably 
through advanced low-input techniques. 

• Industrialized countries also undertake com
pensating afforestation activities at home that 
offset unavoidable losses of Third World 
forests. 

We briefly discuss these elements below. 

2. A special forest clearing allowance for 
developing countries 

Given the expected doubling of populations in devel
oping countries over the next few decades, there is 
an obvious need to bring more agricultural land into 
production. A major portion of this new agricultural 
land will need to come from currendy forested land. 
In Chapter 1.3, we had shown that productivity in many 
Third World agricultural systems can be increased by 
up to a factor of 2—4 even without introducing fertil
izer- and pesticide-intensive chemical agriculture. 

This means that a major portion of the additional 
demand from population growth could in principle 
be met by productivity increases. We also pointed to 
the option of using tree crop agriculture and agro
forestry schemes to reduce the amount of tree carbon 
losses due to food production. However, prerequisites 
of such improvements are development assistance pro
grams and land and policy reforms that could free 
rural populations from the short-term survival pres
sures that prevent them from adopting more advanced 
low-input methods now. 

To give a quantitative illustration of a forest clearing 
allowance based on a population growth/agricultural 
land growth formula, suppose developing countries 

were to determine that with adequate capital assistance 
to finance extension services and land reforms, they 
could limit the growth rate of agricultural land to one 
quarter of population growth. For the high-growth 
period between 1985 and 2025, this limit would trans
late into a cumulative forest-clearing allowance of 
about 130 million ha, or seven percent of currently 
existing closed and open Third World forest lands.6 

Limiting Third World forest clearing to this allowance 
would still be a great improvement over present 
trends: permissible clearing would be only about one 
fourth of the loss of forests from continuing current 
net deforestation rates in the tropics.7 

Of course, this forest clearing allowance would have 
to be applied in a sensible manner that does not pit 
food production and human survival against forest 
preservation. It can only be implemented to the extent 
that the necessary productivity improvements and 
shifts to agroforestry and tree cropping are indeed 
realized. 

3. Compensating carbon storage in the land 
biota o f industrialized countries 

To maintain the goal of holding biotic carbon storage 
steady on a global level, industrial countries would 
have to afforest an area of about 130 million ha, equiv
alent to taking about 20 percent of their (non-dry
land) cropland and pasture out of production.8 

Industrialized countries would be faced with the chal
lenge of reducing agricultural land requirements at 
a time when they also need to convert from chemical, 
fertilizer-intensive agriculture to sustainable organic 
practices. As our discussion in Chapter 1.3 showed, 
this transition is likely to limit offsetting productivity 
gains in the near to medium term. But properly con
ceived, afforestation could become part of a strategy 

6. Third World rainfed cropland areas and pastures 
were about 700 million ha in 1982-84 (see Table 
1.3.11). Assuming the UN medium population 
growth projection of about 1.7%/yr for the 
developing world between 1985-2025, agricultural 
cropland and pasture would be targeted to grow at a 
rate of about 1.7/4 = 0.43%/yr, or 19 percent over 
40 years. This is equivalent to 0.19*700 = 133 million 
ha, or about 7 percent of the roughly 2 billion ha of 
open and closed forests in the Third World (see 
Table 1.3.11). 

7. If curren t deforestation and degradation rates of about 
0.6 percent per year (see Chapter I.3.D) were to con
tinue unabated over 40 years, some 27% of Third World 
forests would be lost 

8. For the purpose of this exploratory discussion, we 
assume a rough carbon equivalence between the aver
age cleared ha in die developing world and the average 
afforested ha in the industrialized regions. 
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for regenerating industrial country farmlands. 
Beyond that a more balanced diet with a moderate 
shift from beef consumption to other forms of animal 
protein or to non-animal protein sources could pro
vide room for the necessary adjustment 

4. Possible mechanisms for financing Third 
World agricultural improvements 

Dedicated funds for agriculture-related capital and 
technology transfer could be raised in one of several 
ways: 

• A reforestation tax on beef consumption in the 
industrialized countries; 

• Improved prices and terms of trade for agri
cultural export commodities of developing 
countries, tied to switching some land now 
devoted to export crop production to domestic 
food production; 

• An IC consumption surcharge on Third World 
cash crop commodities such as coffee, sugar, 
and other tropical products, to be recycled into 
a dedicated fund for Third World agriculture 
and forestry projects. 

The beef consumption tax would be similar to a car
bon tax on fossil fuels. The tax would provide an incen
tive to limit or reduce beef consumption and thus the 
need for land-intensive feedgrain production. It would 
also reduce methane releases from livestock. In many 
industrialized countries, the net impacts of such a pol
icy could be less severe than one might expect reduc
tions in meat and dairy production could solve 
overproduction problems and save large amounts of 
farm subsidies. In fact part of such a tax could be used 
to support industrial country farmers in their transi
tion to organic fanning and to give them a broader 
role as "ecotope stewards." 

Higher prices for those Third World agricultural export 
commodities that do not compete with IC domestic 
production, i.e. the tropical products that cannot be 
grown in temperate zones, could be an effective way 
of providing growth stimuli in the short-term. Industrial 
country consumers have weathered significant price 
oscillations for these commodities in the past and have 
benefitted from the collapse of many commodity prices 
over the last ten to fifteen years. The partial conversion 
of export cropland to cropland for domestic food pro
duction could be used to prevent overproduction in 
response to higher prices. 

Guidelines for relative IC contributions to such an 
international reforestation/agriculture fund could be 

based on agricultural land-use patterns. One possible 
formula would be to calculate the difference between 
the rainfed cropland and pasture actually under pro
duction and the land needed to produce a balanced 
per capita diet at reference productivity levels. 

To illustrate this approach, we might consider meat 
consumption, which dominates land requirements 
for agriculture in the industrialized regions. Assume 
that for purposes of establishing contribution guide
lines, a balanced diet is denned per international 
agreement as including twice the World Health 
Organization (WHO) minimum daily requirement 
of animal protein of 30 grams/cap-day, or 60 grams/ 
cap-day. On average, developing countries consume 
only about 38 grams/cap-day, while the figure for 
industrialized countries is 210 grams/cap-day (see 
Chapter I.3.C). 

Contributions to the reforestation/agriculture account 
could be made proportional to the difference between 
actual per capita land requirements to produce the 
animal protein actually consumed, and the land 
required to produce 60 grams/cap-day, using, e.g., 
average industrial country and developing country 
productivity as reference standards.9 (Again, the 60 
gram figure is purely illustrative). Alternatively, animal 
protein consumption, weighted by the feedgrain 
inputs for each type of meat could be made the basis 
for calculating financial contributions. 

5. Forest cover monitoring and standardized 
carbon storage factors 

The first component of a deforestation protocol 
should be efforts to greatly improve the knowledge 
about current rates of deforestation, and the associ
ated carbon releases. Also, a sufficiendy detailed and 
accurate system of assigning carbon fixing rates and 
carbon storage levels to different land-uses and 
replanting schemes should be developed. This would 
allow the standardized determination of each coun
try's or region's net deforestation and reforestation 
rates. Statistics on degraded forest land should be 
improved and factored into this rate. 

9. There are important complexities in calculating this 
land requirement. First import-export flows must be 
taken into account. Second, a much greater portion 
of industrial country meat consumption is based on 
beef. The beef in turn is grainfed to a much higher 
degree man in the Third World. On the other hand, 
me higher productivity with which feedgrains are 
produced in industrialized countries provides some 
offset. However, overall, the differences in animal 
protein consumption are in proportion to per capita 
agricultural land ues in the two groups of countries. 
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F. PROTOCOL O N 
CHLOROFLUOROCARBONS 

The Montreal protocol is currently being revised, with 
the goal of phasing out chemicals that deplete strato
spheric ozone as early as by the year 2000. As men
tioned in Chapter 1.3, the ozone problem imposes 
even more stringent limits on the use of these chem
icals than does the greenhouse effect As a result the 
revised Montreal protocol should simply be made part 
of the climate convention. Of course, substances with 
low ozone depletion potentials must be screened for 
their greenhouse impacts. 

G. PROTOCOL O N OTHER TRACE GASES 

Among others, the following sub-agreements suggest 
themselves: 

• An expanded protocol on the control of acid 
rain emissions, carbon monoxide, and other 
classic air pollutants. What is needed, in 
essence, is the globalization of tough air pol
lution legislation for vehicles and stationary 
sources. Existing acid rain control agreements 
and national legislations on automobile emis
sions can be used as a starting point but need 
to be tightened. Pollution control in developing 
countries should be financed in a manner sim
ilar to efficiency improvements. Moreover, effi
ciency improvements could themselves be used 
to reduce pollution while achieving fossil car
bon benefits as well. 

• Agreements to limit or eliminate the flaring off 
of natural gas and other sources of fossil hydro
carbons; to introduce recycling requirements 
in place of landfills as the principal waste man
agement strategy; and to limit the CH4 produc
tion from livestock in industrialized countries, 
for example by implementing the beef con
sumption tax proposed above. 

• A milestone schedule for reducing the use of 
chemical fertilizers in industrialized countries. 

As in the case of the other protocols, these agreements 
will need to be accompanied by research to improve 
current knowledge on the nature of the sources and 
chemical cycles involved. 

H . CONCLUSION 

The above agenda raises political and implementation 
questions that seem overwhelmingly difficult given 

past experience with international cooperation. 
Nobody has yet been able to figure out how the polit
ical will can be mobilized to undertake such unprece
dented global action. 

But like any challenge in human life, the global cli
mate threat can also be looked at as an opportunity. 
Humanity is being spurned to undertake with vigor 
the transition to a highly resource-efficient equitable, 
and sustainable civilization. The world has today all 
the necessary technical and research tools to under
take this transition. What is needed now is a clear 
action plan for using them, and the enlightenment 
to implement it with alacrity. 

Surely, the required profound changes in economic 
development and human resource consumption will be 
slow to materialize so long as their economic costs are 
seen as overwhelming. Specifically, there is a widespread 
belief that the costs of rapidly phasing out fossil fuels 
would be prohibitive, and if begun unilaterally, could 
harm the competitive position of countries doing so. 

We investigate this question in Volume Two of this 
report, which is solely devoted to energy strategies for 
climate stabilization. Following our least cost approach 
to climate stabilization as oudined in Chapter 1.1, we 
investigate the net economic cost of warming preven
tion in the energy sector. Our analysis is guided by the 
following three questions: 

1) How much lower could fossil fuel consumption 
be if all efficiency improvements and other car
bon-emission reducing options were imple
mented that are economically viable at present 
energy prices, but whose implementation is 
being blocked on account of market barriers 
and market-distorting government policies? 

2) How would this least-cost level of fossil carbon 
emissions change if the externality costs and 
impacts of each fossil and non-fossil energy 
source were properly accounted for? 

3) How would the levels of fossil fuel consumption 
identified under 1) and 2) compare to climate 
stabilizing reduction targets? And what if any, 
would be the incremental cost to society of 
moving from the level of fossil fuel consump
tion identified under 1) and 2) to climatically 
sound levels? 

These fundamental questions have remained largely 
unaddressed and unanswered by officially sponsored 
energy strategy and policy researchTo support a global 
plan for climate stabilization, they should become the 
focus of significant and ongoing national energy policy 
projects throughout the world. 
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APPENDIX 1.1 

Empirical expressions for calculating trace gas concentrations (C) for specific years (y) and the 

equivalent C O g concentration (C(C02*)) for the effect of all gases. 

The change in surface warming is determined by the radiative effect 
of the trace gases on the radiative heating of the entire surface-tropo
sphere system (Ramanathan, 1962), i.e. 

AQ = AQ(A) + A0(s) 

AO(A) s AF+lh) - AF+(h) - AFKO) 

AQ(s) = AFHO) 

AQ = AF+(h) - AFt(h) 

where 
AQ = change in radiative heating of the surface-troposphere system 

AO(A) = change in radiative heating of the troposphere 

AO(s) s change in radiative heating of the surface 

AF+(0) = change in downward F at the surface 

AF+(h) = change in upward P at the tropopause 

AFt(h) s change in downward F at the tropopause. 

Trace gases absorb and emit radiation as functions of wave-length 
in discrete lines with extended wings. Dickinson and Cicerone (1986} have 
pointed out that the relationship between radiative forcing change at the 
tropopause and concentration change is approximately logarithmic for large 
concentrations such as C0_, square root at intermediate values such as 
CH, and N_0, and linear at low concentrations such as CFCs. Using the re
sults of the radiative transfer calculations for CO. and CH done by Kiehl 
and Dickinson (1987) with a 1-d narrow-band radiative conveStive model, 
and those for N_0 and the CFCs done with a 1-d radiative convective model 
as reported by Ramanathan et al. (1985), Wigley (1987) derived the fol
lowing formulas for calculating a change in radiative forcing (AG) resul
ting from a concentration change from C to C: 

co2 
CH, 
N20 

CFC 11 

CFC 12 

all CFCs 

AQ = 6.333 In (C/CQ) 

AQ = 0.0395 ( & - SCQ) 
AQ = 0.105 ( /C - SCQ) 

AQ = 0.27 C(CFC 11) 

AQ s 0.31 C(CFC 12) 

AQ = 1.052 C (CFC 11) 

valid over concentration range 

250 to 600 

700 to 3100 

285 to 560 

0.1 to 2.0 

0.2 to 3.5 

AQ(total) = 6.333 In ([COgl/C^CO,]) + 0.0398 (C[CH4]
0'5 

- C0[CHA]
0,5) + 0.105 (C[N20]°-

5 - Co[N20)
0'5) 

+ 1.052 C (CFC H ) 

_2 
C, C are in ppm for C02, in ppb for all other gases, AQ is in Km 
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The models on which these expressions are based account for CH./CO,/ 
H_0 overlap assuming that other overlap effects are likely to be small. 
It should be stressed here that the formulas are only valid over the in
dicated concentration range for each gas. 

This leads to another important question, namely whether the changes 
in tropospheric radiative forcing due to greenhouse gases are additive. 
Taking into account the various trace gas band overlaps, model calculations 
indicate an error of about 10 % due to the assumption of additiveness (Ra
manathan et al., 1987). This finding may, however, not be valid if one 
or more of the radiatively active gases are altered through chemical inter
actions. For example, the chemistry involving CH., CFCs and 0- is quite 
different in the various atmospheric layers thereby producing^different 
changes in the vertical 0. profile. Since the vertical 0., distribution 
changes have an influence on the tropospheric effects, the assumption of 
the validity of additiveness needs further study. 

Finally, the global average equilibrium surface temperature (ATe) 
is related to the change in radiative forcing (AQ) by the following simple 
expression (Ramanathan, 1982): 

where 

ATe = XAQ 

X = 
dF S dj, 
C + - -3&J 
dTe 4 dTe 

X = climate sensitivity parameter 

1/X = global climate feedback parameter which is the total of the 
negative and positive feedbacks (Dickinson, 1985) 

F = longwave radiative flux 

S s solar constant 

a = planetary albedo 

The X values from a variety of model calculations as shown by Ramana-
et al. (1985) range from 0.47 to 0.53 

we have used their latest estimate of 0.52. 
than et al. (1985) range from 0.47 to 0.53 K/Wm . In our calculations 

For a CO, doubling we get: 

AQ(2xC02) = 6.333 In 2 

= 4.39 Win*"2 

X = 0.52 K/Wm"2 

ATe(2xC0o) = 0.52 K/Wm~
2 x 4.39 Wm~2 

2' 
a 2.28 K 

This means that our temperature change estimates presented in the 
main body of this report have a climate sensitivity of 2.3 K. This com
pares with the climate sensitivity of 1.5 to 4.5 K obtained by the GCMs, 
which are the most sophisticated climate models. 
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APPENDIX 1.2 

Estimation of changes in radiative forcing due to trace gas changes and the resulting changes in 
global average equilibrium surface temperature. 

Period Formula 

COg (ppm) 

1790 - 1870 C s 279-8 + 0.126 (y - 1790) 

1870 - 1925 C = 288.5 + 0.00276 (y - 1847.2)2 

1925 - 1958 C = 300 + 0.00232 (y - 1877.7)2 

1958 - 1985 C = 311 + 0.0206 ( y - 1944)2 

J1985 C = 291.4 + 0.0135 (y - 1921.6)2 

1765 -

21951 

1951 
a* 
C = 

C = 

(ppb) 

790 • 

1643 « 

0.0101 

• 14.81 

(y -

(y-

1765)2 

1985) 

NgO (ppb) 

1900 - 1975 C = 280 • 0.000042 (y - 1900)3 

S1975 C = 258.5 + 0.0068 (y - 1899.1)2 

CFC11 (ppb) 
1950 - 1985 C = 0.00018 (y - 1950)2 

S1985 C s -0.0858 + 0.00013 (y - 1936.5)2 

CFC12 (ppb) 

C = 1.7 CFC11 

Equivalent CO-.-concentratJon 

C(C02«) = 287.4 exp (AQ(total)/6.333) 

where AQ(total) is obtained from Appendix 1.1 

The projections beyond 1985 are fitted to the growth rates given by Ramanathan et 
al. (1985) 

After Wigley (1987) 
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