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EXECUTIVE SUMMARY

The primary purpose of this analysis is to examine the costs and benefits of taking action to 
mitigate the threat of global warming. In particular, we examine the costs and benefits of complying 
with the emissions reduction target for the United States set forth in the Kyoto Protocol on Climate 
Change, negotiated in December 1997. For reasons discussed at length in this paper, it is our 
conclusion that, with the flexibility mechanisms included in the treaty, the United States can reach 
its Kyoto target at a relatively modest cost. And the benefits of mitigating climate change are likely 
to be substantial.

Before considering the economics of taking action, however, we ought to step back and ask 
the threshold question - whether taking action to mitigate global climate change is necessary in the 
first place.

The Rationale for Taking Action

The great weight of scientific authority suggests that climate change is a serious problem and 
that pmdent steps to mitigate it are in order. In essence, we need to take out an insurance policy with 
reasonably priced premiums. As long ago as 1991, the National Academy of Sciences, in a study 
entitled Policy Implication of Greenhouse Warming, concluded that “...even given the considerable 
uncertainties in our knowledge of the relevant phenomena, greenhouse warming poses a potential 
threat sufficient to merit prompt responses. ...Investment in mitigation measures acts as insurance 
protection against the great uncertainties and the possibility of dramatic surprises.”

What the science tells us is that greenhouse gases are rapidly building up in the atmosphere 
as a result of the burning of fossil fuels and deforestation; that the concentration of these gases is 30 
percent higher than it was at the beginning of the industrial revolution; and that this concentration 
is expected to reach twice current levels by 2100 — a level not seen in 50 million years. Theory and 
computer models suggest that this increased concentration of greenhouse gases could warm the earth 
by about 2-6.5° F by 2100. By way of comparison, the last ice age was only about 9° F colder than 
today. Moreover, much evidence suggests that warming is already underway. For example, we 
know from ice cores and other data that we are living in the hottest century since at least 1400, that 
the 1990s are the hottest decade on record, that 1997 is the hottest year, and that the nine hottest 
years have all occurred since 1987.

Scientists predict a range of likely effects from global warming. For example, the rate of 
evaporation is expected to increase as the climate warms, leading to increasingly frequent and intense 
floods and droughts. Sea level is projected to rise 6-38 inches by 2100. A 20-inch rise could
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submerge around 7000 square miles of U.S. territory. Warmer temperatures would be expected to 
increase the risk of mortality from heat stress, aggravate respiratory disease, and increase the range 
and rates of transmission of some infectious diseases.

Scientific opinion is not unanimous on these points, but most independent climate scientists 
believe that global climate change poses real risks. A few scientists contest the notion that 
increasing concentrations of greenhouse gases will warm the planet, while a few others argue that 
the earth is indeed getting warmer, but that this is a good thing - “a wonderful...gift from the 
industrial revolution,” in the words of one. But these are distinctly minority views. The prevailing 
view is that the risks of climate change warrant prudent and prompt action. Prompt because to wait 
for greater scientific certainty could have very large costs. Greenhouse gases are long-lived and the 
decisions being taken by governments and firms in the next decade, with respect, for example, to the 
kinds of power plants to build or the kinds of energy sources to develop, are likely to have significant 
consequences for our ability to limit the buildup of greenhouse gases.

Consequently, there is a substantial rationale for acting now. Our task is to act in a manner 
that responds appropriately to the scope of the risk while at the same time being economically 
sensible.

The Kyoto Protocol

The Kyoto Protocol, which requires the industrialized nations to take on binding targets for 
greenhouse gas emissions, includes three basic kinds of flexibility provisions that were proposed by 
the United States. These provisions - commonly referred to as “when”, “what”, and “where” 
flexibility — have great potential to significantly lower the costs of meeting the Kyoto targets. 
“When” flexibility appears in the form of a multi-year commitment period (2008-2012), and 
allowance for “banking” of emissions reductions. The freedom for countries or companies to delay 
or accelerate reductions within an agreed upon time frame can help lower costs. “What flexibility” 
is provided by the inclusion of all six greenhouse gases - so that reductions in emissions of one gas 
can be used to substitute for increases in emissions of another - and the coverage of certain “sink” 
activities, such as afforestation or reforestation, that absorb carbon. Most important, the Protocol 
incorporates “where” flexibility in the form of international emissions trading and joint 
implementation among countries that take on binding targets, coupled with a “clean development 
mechanism” allowing industrial countries or firms to earn emissions reduction credit for investments 
in clean energy projects in the developing world. These mechanisms can provide opportunities for 
industrial countries and firms to secure low-cost reductions and for developing countries to achieve 
sustainable growth.

Developing countries did not take on binding emissions targets at Kyoto. The President has 
said that he will not submit the Protocol to the Senate without meaningful participation from key 
developing countries. The Clean Development Mechanism provides a down payment on such
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participation, and the Administration is actively engaged in seeking greater participation from key 
developing countries. Robust developing country participation would likely lead to new 
opportunities for low cost reductions, benefitting developing and developed countries alike.

Costs and Benefits of Mitigation

Analyzing the costs and benefits of mitigating climate change is a difficult undertaking for 
three reasons. First, uncertainties remain about significant details of certain provisions in the 
Protocol. Second, available models have inherent limitations in their abilities to analyze even short­
term costs and benefits. Third, it is extremely difficult to quantify the long-term economic benefits 
of climate change mitigation, so we have made no effort to quantify these benefits in our analysis.

Recognizing these difficulties, our conclusion is that the net costs for the United States to 
meet its Kyoto emissions target are likely to be modest if those reductions are undertaken in an 
efficient manner employing the flexibility measures of international trading, joint implementation, 
and the Clean Development Mechanism. This would be so even without considering the benefits 
of mitigating climate change itself or the impact certain additional factors - such as the President’s 
domestic climate change proposals, the ancillary benefits of improved air quality, or the inclusion 
of sinks - could have on lowering the costs of mitigation.

The conclusion about the costs of complying with the Kyoto Protocol is not entirely 
dependent on, but is fully consistent with, formal model results. For example, given the flexibility 
measures just noted, with key developing countries participating in trading, and excluding the 
benefits of both mitigating climate change and restructuring the electricity sector, estimates derived 
using Battelle’s Second Generation Model suggest that the resource costs of attaining the Kyoto 
targets for emission reductions might amount to $7-12 billion per year in 2008 to 2012 or just 0.1 
percent of projected GDP. The same model predicts that emission permits in 2010 would cost 
between $14 and $23 per ton of carbon equivalent — which would translate into an increase of about 
4 to 60 per gallon of gasoline. The increase in energy prices would raise the average household’s 
energy bill in 2010 by between $70 and $110 per year - a relatively small amount compared to 
typical energy price changes. Moreover, this increase would be substantially offset by the decline 
in electricity prices resulting from the Administration’s electricity restructuring proposal.

Further, even if international trading occurred only among developed countries, with 
developing countries limiting their use of flexibility measures to the Clean Development Mechanism, 
the costs of complying with Kyoto, and the price of emissions permits, would still be just a fraction 
of what they would be if we had to reach our target entirely through domestic action.

Several factors not included in the estimate using the Battelle model could reduce cost further 
and/or increase the amount of reductions accomplished through domestic action. These factors 
include the benefits of reducing net emissions through carbon sinks; the Administration’s electricity
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restructuring proposal; the Administration’s $6.3 billion budget proposal to improve energy 
efficiency and spur the development of renewable energy, a proposal that could help increase the rate 
of technology diffusion above the conservative estimate used in this analysis; the Administration’s 
consultations to encourage and support voluntary efforts by U.S. industry to undertake emissions 
reductions; and the ancillary benefits of reducing greenhouse gas emissions.

All of the cost calculations above exclude the substantial long-term benefits of mitigating 
global climate change. Monetary estimates of damages from the environmental, health, and 
economic impacts of global warming during the next century range in the tens of billions of dollars 
per year. One noted economist, William Cline, has estimated that a doubling of pre-industrial 
concentrations of greenhouse gases would cost the U.S. economy about 1.1% of GDP annually - 
some $89 billion a year in today’s terms. Moreover, these estimates do not reflect the potential costs 
of so-called “non-linearities” - the risk that global warming will lead not to gradual and predictable 
problems, but to relatively abrupt, unforeseen, and potentially catastrophic consequences. Although 
we do not think the benefits of mitigating climate change are, at this stage, quantifiable with 
adequate precision, they are nonetheless likely to be very real and very large in the long run.

Conclusion

The current state of the science provides a powerful rationale to take prompt, prudent action 
to mitigate climate change; the agreement negotiated in Kyoto includes flexibility mechanisms that 
will allow the United States to meet its Kyoto target at a modest cost. Additional factors not 
included in the Battelle model we reference - such as the President’s domestic climate change 
policies, the inclusion of sinks and the ancillary benefit of improving air quality - could lower costs 
even further and increase the percentage of reductions made through domestic action. The benefits 
of avoiding long-term impacts of global climate change, while not precise enough to quantify at this 
stage, are likely to be very important. In short, this is an insurance policy we should buy and it is one 
we can buy for reasonably priced premiums.
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INTRODUCTION
The earth’s surface appears to be warming as a result of the accumulation of greenhouse 

gases from myriad sources worldwide. None of the emitters of these gases presently pays the cost 
to others of the adverse effects of warming. No individual firm, nor any single country, has an 
incentive to reduce emissions sufficiently to protect the global environment against climate change.
Each has an economic incentive to “free ride” on the efforts of others. Without an international 
agreement limiting emissions abroad, even if one country sharply reduces its emissions unilaterally, 
greenhouse gas emissions from all other countries would continue to grow, and the risks posed by 
climate change would not be significantly reduced. The complex nature of the climate change 
problem requires global cooperation and a long-term solution.

In June of 1992, the Framework Convention on Climate Change, the first intemational/2r^ 
agreement to address the risks of climate change, was signed during the Earth Summit in Rio de(|^ 

Janeiro. This treaty, ratified by the United States with the advice and consent of the Senate iP'C^ 
October 1992, established the following ultimate objective:

“[To achieve] stabilization of greenhouse gas concentrations in the atmosphere at a 
level that would prevent the dangerous anthropogenic interference with the climate 
system. Such a level should be achieved within a time-frame sufficient to allow (S^ 

ecosystems to adapt naturally to climate change, to ensure that food production is not 
threatened and to enable economic development to proceed in a sustainable manner”
(Framework Convention on Climate Change, Article 2).

The Framework Convention laid the foundation for international cooperation to reduce emissions 
of greenhouse gases to achieve this objective. The treaty encouraged industrial countries to retum^^N 
their greenhouse gas emissions to their 1990 levels by 2000.

Since the Framework Convention entered into forc^the world’s scientists have continued 
to warn of the potential negative environmental and economic effects of climate change. In 1995,^.—^^ 
the Intergovernmental Panel on Climate Change (IPCC), jointly established by the World^J 

Meteorological Organization and the United Nations Environment Programme, and representing the 
work of more than 2,000 scientists, concluded that “the balance of evidence suggests that there i{^^ 

a discernible human influence on global climate” (Houghton et al. 1996, p. 5). Without measures — 
to abate the expected increase in greenhouse gas emissions over the next century, the IPCC projectecU^^ 
that average global temperatures would increase by 1.8 to 6.3° F (1 to 3.5° C), resulting in coastaf-^ 

damage from rising sea levels, greater frequency of severe weather events, shifts in agricultural 
growing conditions from changing weather patterns, threats to human health from increased rang^(^ 
and incidence of diseases, changes in availability of freshwater supplies, and damage to ecosystems^ 

and biodiversity.



noinic^rtofilje
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sions trading could undercut the effectiveness of pollution controls if 
it resulted in shifting emission reductions farther upwind. Trading 
ratios that weight the reductions made at different sources according 
to their distance from the downwind nonattainment area might be 
considered to address this problem. In reality, however, there are a 
large number of nonattainment areas spread out over the region, and 
several different weather patterns and wind conditions characterize 
the ozone pollution episodes that the program is trying to remedy.
Sources affect multiple nonattainment areas in a variety of directions 
from them, and it affects any single nonattainment area differently 
imder different weather conditions. The polycentric nature of this 
problem complicates the identification of a unique and stable set of 
trading ratios that would work for all relevant cases. Thus, striking 
the proper balance between achieving the cost savings from larger geo­
graphic scope and limiting the potentially significant adverse 
environmental effects of trading is an ongoing challenge.

Like most air pollution control programs, NOjj trading programs 
would require an estimate of emissions from each regulated source in 
order to ensure compliance. The estimation method can have signifi- 

^ cant implications for cost-effectiveness, both directly, through the cost 
f performing the estimate, and indirectly. One indirect implication is 

that more costly requirements may limit the number of sources that 
could meet the estimation requirements and participate in trading, 
and thereby raise costs. On the other hand, a more reliable estimation 
method may offer regulators and sources greater confidence in the 
permits, and thereby increase the willingness of sources to buy them 
or offer them for sale. For example, the SO2 program requires contin­
uous emissions monitoring to provide precise information on 
emissions. Such monitoring is expensive and impractical for many 
smaller sources and thus may effectively exclude such sources from 
participating. But such precise monitoring may not always be neces­
sary. Methods for estimating emissions that provide unbiased, 
although less precise, estimates of emissions may be accurate enough 
to ensure accountability.

CLIMATE CHANGE
Climate change is a global environmental externality; warming of „

the earth’s surface results from the accumulation of greenhouse gases / |^ I 
from myriad sources worldwide, none of which presently pay the cost xjy' 
to others of warming’s ill effects. The Intergovernmental Panel onx^\ 
Climate Change, jointly established by the World Meteorologically ) 
Organization and the United Nations Environment Programme, con­
cluded in 1995 that “the balance of evidence suggests that there is a 
idiscemible human influence on global climate.” Current concentra­
tions of carbon dioxide (SO2), methane, nitrous oxide (N2O), and other 
so-called greenhouse gases have reached levels well above those of
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preindustrial times. Of these, CO2 is the most important: net cumu­
lative CO2 emissions resulting from the burning of fossil fuels and 
deforestation account for about two-thirds of potential warming from 
changes in greenhouse gas concentrations related to human activity.
If growth in global emissions continues unabated, the atmospheric 
concentration of CO2 will likely double, relative to its preindustrial 
level, midway through the next century.

The accumulation of greenhouse gases poses significant risks to the 
world’s climate and to human well-being. Potential impacts include a 
rise in sea levels, greater frequency of severe weather events, shifts 
in agricultural growing conditions from changing weather patterns^Tps. 
threats to human health from increased range and incidence of dis-\^ v 
eases, changes in availability of freshwater supplies, and damage to 
ecosystems and biodiversity.

Climate change is a complex, long-term problem requiring global 
cooperation and a long-term solution. No single coimtry has an incen­
tive to reduce emissions sufficiently to protect the global environment 
against climate change. Even if the United States sharply reduced its 
emissions unilaterally, greenhouse gas emissions from all other coun­
tries would continue to grow, and the risks posed by climate change 
would not be significantly abated. Since many of these gases remain 
in the atmosphere for a century or more, the climatic effects of actions 
taken today will primarily benefit future generations. But delaying 
action to reduce greenhouse gas emissions until the disruptive effects 
of climate change become widespread will considerably reduce the 
options for remedial or preventive measures.

The Framework Convention on Climate Change
The threat of disruptive climate change has led to coordinated 

international efforts to reduce the risks of global warming by reduc­
ing emissions of greenhouse gases. The first international agreement 
to address global warming was the Framework Convention on 
Climate Change signed during the Earth Summit in Rio de Janeiro in 
1992. This convention established a long-term objective of limiting 
greenhouse gas concentrations and encouraged the established indus-/<'’V 
trial countries to return their emissions to 1990 levels by 2000. Sincevi;;^ 
then it has become clear that the United States and many other par­
ticipating countries will not meet this goal.

To address the lack of progress among many industrial countries 
toward meeting this first target, the United States and approximate­
ly 159 other nations, in negotiations held in Kyoto, Japan, last 
December, agreed to take substantial steps to stabilize atmospheric 
concentrations of greenhouse gases. The Kyoto agreement, which 
requires the advice and consent of the Senate, would place binding 
limits on industrial countries’ emissions of the six principal categories 
of greenhouse gases; CO2, methane, N2O, sulfur hexafluoride, perflu- 
orocarbons, and hydrofluorocarbons. Each industrial country’s “1990
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Itiftjs of iaiilication
in alphabetical order

The text of the Convention was adopted at the United nations Headquarters, New 
York on the 9 May 1992; it was open for signature at the Rio de Janeiro from 4 to 
14 June 1992, and thereafter at the United Nations Headquarters, New York, from 
20 June 1992 to 19 June 1993. By that date the Convention had received 166 
signatures. The Convention entered into force on 21 March 1994. Those StatesC^ 
that have not signed the Convention may accede to it at any time.

For those States that ratify, accept or approve the Convention or accede thereto 
after the date of entry into force, the Convention shall enter into force on the 
ninetieth day after the date of the deposit by such State of its instrument of 
ratification, acceptance, approval or accession.

These pages contains information concerning dates of signature and ratification 
received from the Secretary-General of the United nations, as at 29 May 1997. The 
dates in the column entitled "date of ratification" are those of the receipt of the 
instalment of ratification (R), acceptance (At), approval (Ap) or accession (Ac). 
(For an explanation of these legal terms, please follow this link
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Uganda 13-Jun-92 08-Sep-93 R 21-Mar-94

Ukraine 1 l-Jun-92 13-May-97 R 11-Aug-97

United Arab Emirates 29-Dec-95 Ac 28-Mar-96

United Kingdom of
Great Britain and 
Northern Ireland 12-Jun-92 08-Dec-93 R 21-Mar-94

United Republic of 
Tanzania 12-Jun-92 17-Apr-96 R 16-Jul-96

United States of
America 12-Jun-92 15-Oct-92 R 21-Mar-94

Uruguay 04-JU11-92 18-Aug-94 R 16-NOV-94

Uzbekistan 20-Jun-93 Ac 21-Mar-94
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^___ means any process, activity or mechanism which removes a
Pienhouse gas, an aerosol or a precursor of a greenhouse gas from the 

osphere.

9...."Source" means any process or activity which releases a greenhouse gas, 
an aerosol or a precursor of a greenhouse gas into the atmosphere.

Titles of articles are included solely to assist the reader.

ARTICLE 2 

OBJECTIVE

The ultimate objective of this Convention and any related legal insmunents 
that the Conference of the Parties may adopt is to achieve, m accordance with 
the relevant provisions of the Convention, stabilization of greenhouse gas 
concentrations in the atmosphere at a level that would prevent d^gerous ( K) 
anthropogenic interference with the climate system. Such a level should be 
achieved within a time-frame sufficient to allow ecosystems to adapt 
naturally to climate change, to ensure that food production is not threatened 
and to enable economic development to proceed in a sustainable manner.

ARTICLE 3 

PRINCIPLES

In their actions to achieve the objective of the Convention and to implement 
its provisions, the Parties shall be guided, INTER ALIA, by the following.

1 ....The Parties should protect the climate system for the benefit of present 
and future generations of humankind, on the basis of equity ^d in 
accordance with their common but differentiated responsibilities and 
respective capabilities. Accordingly, the developed country Parties should 
take the lead in combating climate change and the adverse effects thereof

2.. ..The specific needs and special circumstances of developing country 
Parties, especially those that are particularly vulnerable to the adverse effects 
of climate change, and of those Parties, especially developing country 
Parties, that would have to bear a disproportionate or abnormal burden under 
the Convention, should be given full consideration.

3.. ..The Parties should take precautionary me^ures to anticipate, prevent or 
minimize the causes of climate change and mitigate its adverse effects.
Where there are threats of serious or irreversible damage, lack of full 
scientific certainty should not be used as a reason for postponing such 
measures, taking into account that policies and measures to deal with climate 
change should be cost-effective so as to ensure global benefits at the lowest 
possible cost. To achieve this, such policies and measures should take into 
account different socio-economic contexts, be comprehensive, cover all 
relevant sources, sinks and reservoirs of greenhouse gases and adaptation, 
and comprise all economic sectors. Efforts to address climate change may be 
carried out cooperatively by interested Parties.

4 of 23
1/5/98 3:33
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Intergovernmental Panel on Climate Change (IPCC)

The Intergovernmental Panel on Climate Change (IPCC) was established by 
the United Nations Environment Programme and the World Meteorological 
Organization in 1988. The purpose of the IPCC is to assess information in 
the scientific and technical literature related to all significant components of 
the issue of global climate change. The IPCC provides the scientific 
underpinnings for understanding global climate change and its 
consequences for society and the environment. It relies upon preparation 
and review of documents by 2,5G0 of the world’s leading experts on cliirike 
change and its consequences from some 60 nations.^ With its capacity for 
reporting on climate change, the IPCC also functions as the official advisory 
body to the world’s governments on the state of science of the issue.

Over the past two years the IPCC prepared its Second Assessment Report 
(SAR), which considers results from approximately 20,000 peer-reviewed 
articles pertaining to the science of climate change and its consequences. 
This exhaustive review represents the consensus of scientific understanding 
of global climate change.

The SAR confirms earlier findings that anthropogenic (i.e., human-induced) 
greenhouse gas emissions are altering the chemical composition of the 
atmosphere. An important new conclusion in this report is that "the balance 
of evidence suggests that there is a discernible human influence on global 
climate."

The IPCC further concludes that unless the world takes steps to reduce 
emissions of these greenhouse gases, global temperatures could rise another 
1.4 to 6.3 degrees Fahrenheit by the year 2100. This would be the fastest 
rate of warming since the end of the last ice age more than 10,000 years 
ago.

You can find additional information about the IPCC and its work by 
clicking on the two documents listed below. Also, you can click on "IPCC" 
below to access the web site of the Intergovernmental Panel on Climate 
Change.

Key Findings of the Second Assessment Report of the 
Intergovernmental Panel on Climate Change 
IPCC Fact Sheet
Slide Presentation on IPCC Conclusions and Observations from the 
1995 Second Assessment Report

I 0(2 7/17/98 12:21 PM
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Summary for Policymakers

m
change in climate is highly unusual in a statistical sense, but 
does not provide a reason for the change. “Attribution” is the 
irocess of establishing cause and effect relations, including 
le testing of competing hypotheses.

Since the 1990 IPCC Report, considerable progress has 
been made in attempts to distinguish between natural and 
anthropogenic influences on climate. This progress has been 
achieved by including effects of sulphate aerosols in addition 
to greenhouse gases, thus leading to more realistic estimates 
of human-induced radiative forcing. These have then been 
used in climate models to provide more complete simulations 
of the human-induced climate-change “signal”. In addition, 
new simulations with coupled atmosphere-ocean models 
have provided important information about decade to century 
time-scale natural internal climate variability. A further major 
area of progress is the shift of focus from studies of global- 
mean changes to comparisons of modelled and observed 
spatial and temporal patterns of climate change.

The most important results related to the issues of 
detection and attribution are:

• The limited available evidence from proxy climate 
indicators suggests that the 20th century global mean 
temperature is at least as warm as any other century 
since at least 1400 AD. Data prior to 1400 are too 
sparse to allow the reliable estimation of global mean 
temperature.

Assessments of the statistical significance of the 
observed global mean surface air temperature trend 
over the last century have used a variety of new 
estimates of natural internal and externally forced 
variability. These are derived from instrumental data, 
palaeodata, simple and complex climate models, and 
statistical models fitted to observations. Most of 
these studies have detected a significant change and 
show that the observed warming trend is unlikely to 
be entirely natural in origin.

More convincing recent evidence for the attribution 
of a human effect on climate is emerging from 
pattern-based studies, in which the modelled climate 
response to combined forcing by greenhouse gases 
and anthropogenic sulphate aerosols is compared 
with observed geographical, seasonal and vertical 
patterns of atmospheric temperature change. These 
studies show that such pattern correspondences 
increase with time, as one would expect as an 
anthropogenic signal increases in strength. 
Furthermore, the probability is very low that these

correspondences could occur by chance as a result of 
natural internal variability only. The vertical patterns 
of change are also inconsistent with those expected 
for solar and volcanic forcing.

Our ability to quantify the human influence on global 
climate is currently limited because the expected 
signal is still emerging from the noise of natural 
variability, and because there are uncertainties in key 
factors. These include the magnitude and patterns of 
long term natural variability and the time-evolving 
pattern of forcing by, and response to, changes in 
concentrations of greenhouse gases and aero_sols,^nd 

„lan<T,surfac£j:djafi^s. Nevertheless, the balance of 
evidence suggests that there is a discernible human 
infiuence on global climate.

Climate is expected to continue to change in the future

The IPCC has developed a range of scenarios, IS92a-f, of 
future greenhouse gas and aerosol precursor emissions 
based on assumptions concerning population and economic 
growth, land-use, technological changes, energy 
availability and fuel mix during the period 1990 to 2100. 
Through understanding of the global carbon cycle and of 
atmospheric chemistry, these emissions can be used to 
project atmospheric concentrations of greenhouse gases 
and aerosols and the perturbation of natural radiative 
forcing. Climate models can then be used to develop 
projections of future climate.

• The increasing realism of simulations of current and 
past climate by coupled atmosphere-ocean climate 
models has increased our confidence in their use for 
projection of future climate change. Important 
uncertainties remain, but these have been taken into 
account in the full range of projections of global 
mean temperature and sea level change.

• For the mid-range IPCC emission ’scenario, IS92a, 
assuming the “best estimate” value of climate 
sensitivity' and including the effects of future 
increases in aerosol, models project an increase in

' In IPCC reports, climate sensitivity usually refers to the long 
term (equilibrium) change in global mean surface temperature 
following a doubling of atmospheric equivalent CO, concentration. 
More generally, it refers to the equilibrium change in surface air 
temperature following a unit change in radiative forcing (°CAVm^).



global mean surface air temperature relative to 1990 
of about 2°C by 2100. This estimate is approximately 
one third lower than the “best estimate” in 1990. This 
is due primarily to lower emission scenarios 
(particularly for CO, and the CFCs), the inclusion of 
the cooling effect of sulphate aerosols, and 
improvements in the treatment of the carbon cycle. 
Combining the lowest IPCC emission scenario 
(IS92c) with a “low” value of climate sensitivity and 
including the effects of future changes in aerosol 
concentrations leads to a projected increase of about 
1°C by 2100. The corresponding projection for the 
highest IPCC scenario (IS92e) combined with a 
“high” value of climate sensitivity gives a warming 
of about 3.5°C. In all cases the average rate of 
warming would probably be greater than any seen in 
the last 10,000 years, but the actual annual to decadal 
changes would include considerable natural 
variability. Regional temperature changes could 
differ substantially from the global mean value. 
Because of the thermal inertia of the oceans, only 50- 
90% of the eventual equilibrium temperature change 
would have been realised by 2100 and temperature 
would continue to increase beyond 2100, even if 
concentrations of greenhouse gases were stabilised 
by that time.

Average sea level is expected to rise as a result of 
thermal expansion of the oceans and melting of 
glaciers and ice-sheets. For the lS92a scenario, 
assuming the “best estimate” values of climate 
sensitivity and of ice melt sensitivity to warming, and 
including the effects of future changes in aerosol, 
models project an increase in sea level of about 50 
cm from the present to 2100. This estimate is 
approximately 25% lower than the “best estimate” in 
1990 due to the lower temperature projection, but 
also reflecting improvements in the climate and ice 
melt models. Combining the lowest emission 
scenario (IS92c) with the “low” climate and ice melt 
sensitivities and including aerosol effects gives a 
projected sea level rise of about 15 cm from the 
present to 2100. The corresponding projection for the 
highest emission scenario (IS92e) combined with 
“high” climate and ice-melt sensitivities gives a sea 
level rise of about 95 cm from the present to 2100. 
Sea level would continue to rise at a similar rate in 
future centuries beyond 2100, even if concentrations 
of greenhouse gases were stabilised by that time, and 
would continue to do so even beyond the time of

Summary for Policymakers

stabilisation of global mean temperature. Regional 
sea level changes may differ from the global mean 
value owing to land movement and ocean current 
changes.

Confidence is higher in the hemispheric-to- 
continental scale projections of coupled atmosphere- 
ocean climate models than in the regional 
projections, where confidence remains low. There is 
more confidence in temperature projections than 
hydrological changes.

All model simulations, whether they were forced 
with increased concentrations of greenhouse gases 
and aerosols or with increased concentrations of 
greenhouse gases alone, show the following features: 
greater surface warming of the land than of the sea in 
winter; a maximum surface warming in high northern 
latitudes in winter, little surface warming over the 
Arctic in summer; an enhanced global mean 
hydrological cycle, and increased precipitation and 
soil moisture in high latitudes in winter. All these 
changes are associated with identifiable physical 
mechanisms.

In addition, most simulations show a reduction in the 
strength of the north Atlantic thermohaline 
circulation and a widespread reduction in diurnal 
range of temperature. These features too can be 
explained in terms of identifiable physical 
mechanisms.

The direct and indirect effects of anthropogenic 
aerosols have an important effect on the projections. 
Generally, the magnitudes of the temperature and 
precipitation changes are smaller when aerosol 
effects are represented, especially in northern mid­
latitudes. Note that the cooling effect of aerosols is 
not a simple offset to the warming effect of 
greenhouse gases, but significantly affects some of 
the continental scale patterns of climate change, most 
noticeably in the summer hemisphere. For example, 
models that consider only the effects of greenhouse 
gases generally project an increase in precipitation 
and soil moisture in the Asian summer monsoon 
region, whereas models that include, in addition, 
some of the effects of aerosols suggest that monsoon 
precipitation may decrease. The spatial and temporal 
distribution of aerosols greatly influence regional 
projections, which are therefore more uncertain.
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To address these climate change risks better and to build on the existing treaty, approximately 
160 countries met in Kyoto, Japan in December of 1997 and agreed to take substantial steps toward 
meeting the Convention’s ultimate objective. The Kyoto Protocol, which requires the advice and 
consent of the Senate, would place binding limits on industrial countries’ emissions of the six^-^^ 
principal types of greenhouse gases: carbon dioxide (CO2), methane (CH4), nitrous oxide (N20),([^ 

sulfur hexafluoride (SF^), perfluorocarbons (PFCs), and hydrofluorocarbons (HFCs). The Protocol 
embraces several flexible, market-based approaches to allow for the emissions targets to be achieved 
at least cost. While the Protocol includes some participation by developing countries — for example, 
through the Clean Development Mechanism' — it does not currently include adequate participatioiy/^ 
by key developing countries, and the Administration is working to promote such participation. ^—

The Administration will continue its efforts to promote meaningful participation by key 
developing countries and will work for effective implementation rules for international trading, the 
Clean Development Mechanism, and joint implementation. The risks of climate change are global 
and thus they require a global effort. The Administration will not submit the Kyoto Protocol to the/'|^ 
Senate for advice and consent until key developing countries agree to participate meaningfully. viZv

Independent of the agreement reached in Japan, the Administration has proposed a suite of 
measures to reduce emissions domestically.

• Corresponding to the first stage of the three stage domestic strategy that the President/^^ 
announced in October 1997, the Administration has proposed a five-year $6.3 billion''^ 
package of tax incentives and R&D investments to improve energy efficiency and spur the^ j 
development of renewable energy; commenced a set of consultations with our energy-^’'^ 
intensive sectors aimed at achieving voluntary agreements on how, with government supporL<^ 
where needed, including the provision of credit for early action they can most effectively^ _,y 
reduce greenhouse gas emissions; submitted a proposal for electricity restructuring that will 
reduce greenhouse gas emissions; and commenced an intensive review of how to improve
the Federal government’s own energy use and procurement.

Complementing these measures are the second and third stages of the Administration’s plan 
that would be implemented subsequent to ratification of the Kyoto Protocol.

• The second stage will include a review of our program and an evaluation of next steps as we 
prepare for a market-based trading system for greenhouse gas emissions. The details of the 
domestic trading system would be refined and possibly tested.

For a discussion of the Clean Development Mechanism, see p. 25.
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preindustrial times. Of these, CO2 is the most important; net cumu­
lative CO2 emissions resulting from the burning of fossil fuels and 
deforestation account for about two-thirds of potential warming from 
changes in greenhouse gas concentrations related to human activity. 
If growth in global emissions continues unabated, the atmospheric 
concentration of CO2 will likely double, relative to its preindustrial 
level, midway through the next century.

The accumulation of greenhouse gases poses significant risks to the 
world’s climate and to human well-being. Potential impacts include a 
rise in sea levels, greater frequency of severe weather events, shifts 
in agricultural growing conditions from changing weather patterns, 
threats to human health from increased range and incidence of dis­
eases, changes in availability of freshwater supplies, and damage to 
ecosystems and biodiversity.

Climate change is a complex, long-term problem requiring global 
cooperation and a long-term solution. No single country has an incen­
tive to reduce emissions sufficiently to protect the global environment 
against climate change. Even if the United States sharply reduced its 
emissions unilaterally, greenhouse gas emissions from all other coun­
tries would continue to grow, and the risks posed by climate change 
would not be significantly abated. Since many of these gases remain 
in the atmosphere for a century or more, the climatic effects of actions 
taken today will primarily benefit future generations. But delaying 
action to reduce greenhouse gas emissions until the disruptive effects 
of climate change become widespread will considerably reduce the 
options for remedial or preventive measures.

The Framework Convention on Climate Change
The threat of disruptive climate change has led to coordinated 

international efforts to reduce the risks of global warming by reduc­
ing emissions of greenhouse gases. The first international agreement 
to address global warming was the Framework Convention on 
Climate Change signed during the Earth Summit in Rio de Janeiro in 
1992. This convention established a long-term objective of limiting 
greenhouse gas concentrations and encouraged the established indus­
trial countries to return their emissions to 1990 levels by 2000. Since 
then it has become clear that the United States and many other par­
ticipating countries will not meet this goal.

To address the lack of progress among many industrial countries 
toward meeting this first target, the United States and approximate­
ly 159 other nations, in negotiations held in Kyoto, Japan, last 
December, agreed to take substantial steps to stabilize atmospheric 
concentrations of greenhouse gases. The Kyoto agreement, which 
requires the advice and consent of the Senate, woxild place binding 
limits on industrial countries’ emissions of the six principal categories! 
of greenhouse gases: CO2, methane, NgO, sulfur hexafluoride, perflu- 
orocarbons, and hydrofluorocarbons. Each industrial country’s “1990
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February 2,1998

... So ¥/hile we tecosnize that the challenge we take oo today is laraer • 
th«» any Mvironmehtal mission we have accepted in the past, elimate change can 
bnng us together around what America does best - we innovate, we compete, we 
find solotions to problems, and we do It in a way that promotes entrepreneuisbip 
and strengthens the American economy.

If we do it right, protecting the climate will yield not costs, but profits' not 
burdens, but benefits; not sacrifice, but a higher standard of living.

____________________ . President Clinton. October 22,1997
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Climate Change Technology Initiative

Introduction

Last October the President outlined the three-stage approach the US will take in 
addressing climate change. The first stage consists of immediate actions to stimulate 
development and use of technologies that can minimize the cost of mceiing US goals in reducing 
greenhouse gas emissions. Stage two will review options created through ongoing technology 
development and lead to detailed plans for a market-based permii trading system for carbon 
emissions. Stage three will begin to implement a market-based emissions-trading system.

The President's 1999 budget includes S2.7 billion over five years for increased R&D and 
deployment of energy efficiency, renewable energy, and carbon-reduction technologies, and an 
additional $3.6 billion over five years in lax incentives. These provide a total initiative of 
56.3 billion in new funding and tax expenditures over five years to stimulate adoption of more 
efFIcient technologies in buildings, industrial processes, vehicle.^, and power generation.

During the coming year, federal agencies will supplement these activities with three other 
actions outlined in the Presidezd's plan;

• Active support’for industry-by-industry consultations with all major business sectors.

• Changes in federal procurement policy to ensure that Federal agencies make all cost-
cfTecTive energy invesimenis and take advantage of energy savings perfonnance
cunu^acts and other services available from private investors.

'

• Introduction of utility restructuring proposals that will reduce carbon emissions while 
saving customers billions of dollars in electric bills.

Section 1 below shows several summary table.s that provide a variety of views or 
perspectives on the Climate Change Technology Initiative (CCH) - by agency, by type of 
activity, direct spending, and tax incentives. Following that, in Section 2, arc programmatic
details organized by the sector or technical topic on which they are focused.



PRESIDENT CLINTON ANNOUNCES THE UNITED STATES
CLIMATE CHANGE POLICY

NATIONAL GEOGRAPHIC SOCIETY
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)LID PRINCIPLES: The President’s five climate change principles include; that the policies 
^ould be guided bv science, rely on market-based, common-sense tools, that we should seek win-win 
MUtions. that global participation is essential to addressing the global problem of climate change, and 

that we must have regular common-sense reviews of the economics and science of climate change.

SOUND AND SENSIBLE THREE-STAGE APPROACH: Reflecting his five key principles, the 
President’s plan includes three stages: Stage 1 includes priming the pump through programs such as 
R&D, tax incentives, incentives for early action, and Federal leadership, and industry consultations. 
Stage 2 builds upon the first stage by including a review and evaluation in preparation for the permit 
trading system. Stage 3 - which does not occur for a decade - involves meeting binding targets 
throng a domestic and international emissions trading program. The President is committed to 

working with labor and Congress to insure that we give proper assistance to any workers dislocated by 
the changes in energy usage inherent in any climate change plan.

INITIAL ACTION PLAN: The President’s immediate action plan includes 9 elements:

1. $5 Billion in Tax Cuts and Federal R&D: To spur energy efficiency and encourage the development 
and deployment of lower-carbon energy sources, the Administration supports a major new package of 
tax cuts and R&D spending amoimting to $5 billion over five years.

2. Credit for Early Action: To provide an immediate incentive for near-term actions, the President is 
committed to ensuring that firms acting early are rewarded appropriately.

Industry-by-Industry Consultations: The Administration challenges key industry sectors to prepare 
plans over the next 9 months on how they can best reduce emissions.

4. Encouraging the Use of Energy-Efficient Products: The President vrill complement his tax 
incentives, commitment to early action credit, and industry consultations by engaging in a broad-based 
effort to expand the use of existing energy-efficient technologies.

5. Federal Procurement and Energy Use: The Department of Energy will spearhead a comprehensive 
effort to reduce greenhouse gas emissions from Federal sources.

; ‘-t; .

^^structuring: To deliver a significant downpayment on emission reductions, while 
If^ll^nsumers billions, we wiU pursue a bold plan for electricity restructuring.
msMM 'm;:-

o Concentration Goal: The United States supports developing a specific, long-term 
goal vrith the assistance of the National Academy of Sciences and other bodies.

Dialogues: In addition to pursuing agreement in Kyoto, the Administration will pursue 
.5 with key developing countries to promote clean energy.

and Science Reviews: The President proposes regular scientific and economic reviews, 
will ensure that policy-makers have the best possible information on climate change.

T^ere are numerous win-win solutions to reducing carbon emissions. For example, a 

technology annoimced yesterday will clear the way toward developing cars 
times as efficient as today’s models - cutting pollution while also cutting driving costs.
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THE PRESIDENT’S THREE-STAGE PLAN ON CLIMATE CHANGE
October 22,1997

Reflecting his five key principles, the President’s plan will proceed in three stages;

Stage 1: Priming the Pump Through R«&D, Tax Incentives, Incentives for Early Action, 
Federal Leadership, and Industry Consultations. The first stage of the President’s package 
includes a 9-point action plan -- including $5 billion in tax incentives and spending for R&D 
and energy efficiency, incentives for early action, a set of Federal government energy 
initiatives, and industry-by-industry consultations to explore their best ideas on how to reduce 
emissions in a cost-effective manner (including market-oriented standards for energy 
efficiency). The first economic review would occur near the end of Stage 1.

Stage 2: Review and Evaluation. The second stage, which would begin around 2004, will 
build upon the programs adopted in Stage 1, by including a review of our progress and an 
evaluation of next steps as we move toward a market-based permit trading system for carbon 
emissions. During this second stage, the details of the permit system would be refined and 
perhaps tested. Such a permit system is similar in concept to the one that dramatically cut acid 
rain emissions — although the scale would be significantly larger than the current acid rain 
program. The second economic review would occur near the end of Stage 2.

Stage 3: Meeting Binding Targets Through Domestic and International Emissions 
Trading Program. In the third stage, we would reduce emissions to 1990 levels by 2008- 
2012, and below 1990 levels in the 5-year period after that, through a market-based domestic 
and international emissions trading system. Before beginning this third stage, the second 
economic update and review would allow Congress and the President to evaluate how the 
economy had responded to a decade’s worth of experience in the first two stages of the 
President’s plan. The President is committed to working with labor and Congress to msure that 
we give proper assistance to any workers dislocated by the changes in energy usage inherent in 

any climate change plan.

This three-stage program recognizes the long-term nature of the effort to address climate change in 

three ways:

• By adopting a graduated approach to emissions reductions, it allows us to exploit the 
tremendous opportunities for win-win reductions first.

• By adopting a system of regular scientific and economic updates and reviews, it allows 
us to monitor our progress and re-assess our success in reducing emissions, the state of 
scientific knowledge, and how the economy is responding to our efforts. Only after we 
have accumulated ten years of experience with the first two stages of the program would 

we enter the internationally binding period.

w • By insisting that the United States will not adopt binding obligations without
developing country participation and by emphasizing the importance of an international 
trading system and joint implementation, we take advantage of low-cost reduction 
possibilities wherever they occur — either here or abroad.

W:
t.
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In the final stage, emissions reductions would occur through the domestic trading program, 
integrated with international flexibility mechanisms, including international trading of( y 

emissions allowances, the Clean Development Mechanism, and joint implementation.

The international agreement that was reached in Kyoto this past December is a crucial step 
forward in addressing global climate change. But it is only one step in a journey. Since the 
international effort to reduce greenhouse gas emissions is still in some respects a work-in-progress, 
it is not yet possible to provide a full authoritative analysis of it. However, key elements of the 
Kyoto Protocol and the Administration’s policy, such as international emissions trading, meaningful 
developing country participation, inclusion of carbon sinks and six categories of gases, as well as 
domestic initiatives, can ensure that reductions in global greenhouse gas emissions are consistent 
with continued strong economic growth.

This report provides the reasoning underlying the Administration’s conclusion that, with the 
flexibility represented by key provisions of the Kyoto agreement, the economic impacts of complying 
with the Kyoto Protocol are likely to be modest. First, the report provides a discussion of trends in 
greenhouse gas emissions, both in the United States and internationally. Second, it presents a brief 
survey of the scientific literature on the risks of climate change. Third, it provides an overview of 
the Kyoto Protocol, with emphasis on its flexibility mechanisms, and the evidence in the economic 
literature for cost-savings through these mechanisms. Fourth, it describes the methodology used to 
provide illustrative cost estimates of the Administration’s policy to address climate change and 
presents the results of this illustrative cost analysis.
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CLIMATE CHANGE POLICY
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Washington, D.C.
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THE PRESroENT’S THREE-STAGE PLAN ON CLIMATE CHANGE
October 22,1997

Reflecting his five key principles, the President’s plan will proceed in three stages:

Stage 1: Priming the Pump Through R&D, Tax Incentives, Incentives for Early Action,
Federal Leadership, and Industiy Consultations. The first stage of the President’s package 
includes a 9-point action plan — including $5 billion in tax incentives and spending for R&D 
and energy efficiency, incentives for early action, a set of Federal government energy ( O )
initiatives, and industry-by-indhstiy consultations to explore their best ideas on how to reduce ^ ^
emissions in a cost-effectiye m^er (including market-oriented standards for energy 
efficiency). The first economic review would occur near the end of Stage 1.

Stage 2: Review and Evaluation. The second stage, which would begin around 2004, will 
biiild tq)on the programs adop^ in St^e 1, by including a review of our prd^ss and an 
evaluation of next steps aiyye^moye tbw^ a market-based permit trading system for carbon 

emissions. During this second st^e, the details of the permit system would be refined and 
perhaps tested. Such a permit system is similar in concept to the one that dramatically cut acid 
rain emissions - although the scale would be significantly larger than the current acid rain 
program. The second economic review would occur near the end of Stage 2.

Stage 3: Meeting Binding Targets Through Domestic and International Emissions 
Trading Program. In the thiid stage, we would reduce emissions to 1990 levels by 2008- 
2012, and below 1990 levels in tiie 5-year period after that, through a market-based domestic 
and international emissions trading system. Before beginning this third stage, the second 
economic update and review would allow Congress and the President to evaluate how the 
economy had responded to a decade’s worth of experience in the first two stages of the 
President’s plan. The President is committed to working with labor and Congress to insure that 
we give proper assistance to any workers dislocated by the changes in energy usage inherent in 
any climate change plan.

This thr^stage program recognizes the long-term nature of the effort to address climate change in 
three ways:

r-> >
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By adopting a graduated approach to emissions reductions, it allows us to exploit the . 
tremendous opportunities for win-win reductions first.

By adopting a system of regular scientific and economic updates and reviews, it allows 
us to monitor our progress and re-assess our success in reducing emissions, the state of 
scientific knowledge, and how the economy is responding to our efforts. Only after we 
have accumulated ten years of experience with the first two stages of the program would 
we enter the internationally binding period.

By insisting that the United States will not adopt binding obligations without 
developing country participation and by emphasizing the importance of an international 
hading system and joint implementation, we take advantage of low-cost reduction 
possibilities wherever they occur - either here or abroad.
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TRENDS IN GREENHOUSE GAS EMISSIONS

&

Historical Emissions

The increase in atmospheric concentrations of greenhouse gases reflects in part the growth 
in anthropogenic emissions of these gases. In the United States, emissions of carbon dioxide have 
increased more than 2 V2 times since 1950, and are projected to continue to increase over the next 
twenty years absent any new emissions abatement policies and efforts (see Figure 1). Most of the 
projected increase in domestic greenhouse gas emissions results from anticipated growth in carbon 
dioxide emissions; emissions of
methane and nitrous oxide are Figure 1. U.S. Greenhouse Gas Emissions,
likely to remain roughly flat over 
the next decade (Energy 
Information Administration 
1997a; Climate Action Report 
1997).^ More than 98% of all 
carbon dioxide emissions in the 
United States result from the 
combustion of fossil fuels 
(Energy Information 
Administration 1997b).^
Although emissions of the 
synthetic gases, HFCs, PFCs, and 
SFg, are projected to increase, 
they will still comprise only a 
small share of total U.S. 
greenhouse gas emissions in 2010 
Climate Action Report 1997).'*

Actual and Projected without New Abatement Policies
2,500

— Historical emissions
— Projected emissions without new abatement poiicies

2,000
Greenhouse gas emissions

1,500

Carbon dioxide emissions
1,000

1950 1960 1970 1980 1990 2000 2010 2020
Source: Energy Information Administration 1997a, 1998b; Climate Action Report 1997.

^ A recent draft report by the Environmental Protection Agency (1998) indicates that N2O 
emissions may have been higher in the past than previously reported, based on a new emissions 
accounting methodology. This analysis implies that future N2O emissions may grow.

^ Measures of carbon dioxide emissions from the Energy Information Administration and 
the Carbon Dioxide Information Analysis Center do not include the effects of land use change 
(such as reforestation, afforestation, and deforestation) on total net emissions of carbon dioxide.

'* Emissions of greenhouse gases are presented in terms of million metric tons of carbon 
equivalent (MMTCE). Carbon equivalence is based on the 100 year global warming potentials 
for greenhouse gases (see Table 2 for a review of global warming potentials).
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Projected Greenhouse Gas 
Emissions: 1990-2020

Emissions of greenhouse gases are pro­
jected to rise at a decreasing rate between 
now and the year 2020 (Table 4-2 and Figure 
4-3). Between 1990 and 2000, emissions 
increase by 12,percent,- between 2000 and 
2010, they increase by an additional 11 per­
cent,- and between 2010 and 2020, they 
increase by another 9 percent. The growth of 
overall greenhouse gas emissions is due to the 
continued but slowing growth in projected 

baseline emissions.
Among all gases, net carbon emissions 

increase the most in absolute terms, while 
emissions from halogenated gases increase 
the most in percentage terms. Net carbon 
emissions are projected to increase by 195 
MMTCE between 1990 and 2000, by 137

MMTCE between 2000 and 2010, and 117 
MMTCE between 2010 and 2020. The 
largest percentage increase in net carbon 
emissions, 16 percent, occurs between 1990 
and 2000. (Net carbon emission is equal to 
gross domestic energy-related carbon emis­
sions, minus international bunker fuel, plus 
Adjustments to U.S. Energy, plus emissions 
from Other Sources, minus sequestered car­
bon.)

Although the projected absolute increase 
in carbon-equivalent emissions for halo­
genated gases is relatively small compared to 
net carbon emissions, halogenated gases 
increase by 73 percent between 1990 and 
2000, by 115 percent between 2000 and 
2010, and by 46 percent between 2010 and 
2020. The largest absolute increase for these 
gases was 49 MMTCE, which is projected to 
occur between 2000 and 2010.

Tnhie 4-2

Greenhouse Gas Htstoricai Emissions 
1990 1995

Projected-Egiissions 
2000 2010 2020

Net COj 
Energy
Adjustments and Other Sources 
Carbon Sequestration

Methane

N,0

HFCs,PFCs and SF^

Diffe^ncefrom4990

1,228
1,327

26
-125

170

36

24

1,305
1,391

31
-117

177

40

37

1,423
1304

31
-112

ISO

31

42

1,560
1,634

35
-109

152

34

91

1,646 1,837 1,998

188 378 540

Note- Pmjeaions assume tmely receipt of legislative authority for poria'ng cash-out Program funding is based on funding proportional to 
current funding with respea to 1993 CCAP funding levels. Columns may not sum due to independent rounding.

Miti^atin^ Climate Change
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Table ES-1. Summary of EsUmaled U^. Emissions of Greontiouse Gases, f98S-1996
(Million Metric Tons of Gas)

Greenhouse Gas
Carbon Dtoxide 
h«ethane 
Nitrous Oxide
Haloc3itx>ns and Mirtor Gases 
CFC-H.CFC-12. CFC-113 
HCFC-22
HFCs, PFCs and SF6 
Methyl Chlrxoform 

Criteria Pollutants 
Carbon hlonoxide 
Nltrosen Oxides 
Nonmethane VOCS

Units I960 1981 1S82 1983 1984 1985 1989 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996
MMT 4.853.7 4.728.4 4,459 3 4,430.6 4,6690 4.667.2 4,865.9 4.819.5 5,044.1: 5.091.8 5.037 1 4,987.3 5,059.8 5,175.9 5,258.1 5,296.9 5,484 9MMT 286 29.2 298 296 304 30.6 29.9 30.7 31 3 31.3 316 316 31.7 30.8 31 4 30.9 30.9
MhJT 0.3 0.3 03 03 * 0 4 0.4 0.4 0.4 0.4 0.4 04 05 0.5 0 5 0.5 0 5 04

0.2 0.2 02 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.2 02 0J2 0 1 0 1 0 1 oi:
0.1 0.1 0.1 0.1 0.1 0.1 0 1 0 1 0.1 01 01 0 1 0.1 0 1 0 1 0.1 0.1:

hWT • * a * • • » * • • • • • • * ;hWT 0.3 0.3 0.3 03 0.3 0 3 03 03 0.3 03 0.3 02 0.2 0 1 0.1 ' • :
MIAT 1049 103J 9B7 104.6 103.7 1040 09.0 979 105.0: 93.5 91.3 883 853 86 4- 89 6 835
MMT 21 1 209 204 20.2 21.0 207 20.3 203 21.4: 21.1 20.9 206 20.7 21 1 21.5 167 NA’
MMT 235 223 21.3 22.3 23.2 234 227 22.5 23 3 i 217 21.4 20.8 203 205 21.1 207 MAi

MMTC 1323.7 1289.6 12182 12033 12734 1272,9 1272.5 13144 1375 7 1388,7 1373 8 1360.2 13799 1411.6 14335 1444 6 1495,9

0.006B 0.007 0 00513 000609 00069 00053 0008511 000681 O.OOBOBt OOOB3 0 0085 0.00915 00128 0.0145 0.0206 00229 0.03412

Sources: This report

Carbon Uoxide

memo HFCs, PFCs, & SF6
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Tab4e ES-2. U-S. Emissions of Groenhouso Gas«s, Based on Gtobal Wanning Potenttat, 198S-1995 
(MUton MeWc Tons of Caribon Equivalent)

1982

Carbon Dioxide 
litethone 
Nitrous Oxide 
MFCs. PFCs. and SFS 
Total

1
5.7
85
(a)

1^24 1.291)
164 167
29 29
20 21

1,537 1.507

1.216
170
27
16

1.429

1.208

1994

1,273

1935

1.273

1983 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996

1,273 1.314 1,376 ~ i.389 1,374 1.360 1.380 1.412 1.433 1.445 1.496T70 174 175 171 176 179 179 181 181 182 177 180 177 17727 31 32 32 33 36 38 38 38 38 39 40 38 3319
1.424

21
1.500

20
1.500

21
1.497

22
1,546

26.
1,616i

26
1,632

2$
1,618

26
1.806

28
1.828

27
1.654

31
1.684

35
1.695

42
1.753

Smjtoes: Emissions Estimates; ElA, Gneenliouae Gas Report, 1995
GWP: United Nations. Intergovemmental Pand on Climaia Change (IPCC):
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Table 3.1. U.S. hii,_.-ne Emissions from Anthropogenic Sources, 1980-1996 
(Million Metfic Tons of Methane)

Source 1980 1981
1982 1983 ~ 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 199-1 1995 P1996

Energy Sources 
Coal Mining 
Oil and Gas 
Stationary Combustion 
Transpoftallon 

Total Energy Sources 
Waste Itenagement 

Landfills
Waste Water Treatment 

Total Waste Management 
Agrtcuftoral Sources 
Ruminat Animals 
Animal Waste 
Ritje Paddies 
Agiicultural Residue 

Total AgricuRure Sources 
Industrial Processes 
Total 

3.05
5.31
0.83
0.38
957

2.80
5.93 
0.83 
0.38
9.93

3.23
809
0.89
037

10.57

3.02 
621 
0.88 
0 36 

10.46

3.60 3 88
6.30 * 6.26 
0.88 0.84
035 0.33

11.13 11.31

9 85 10.02 10,18 10.34 10.48 10.58
0.1369 0.1382 0.1395 0.1408 0.1421 0 1433

9.99 10.16 10.32 10.49 10.62 10.72

5.47 
2 88 
0.48 
0.12 
8.95 
0.13 

26 64

5.56
2.75
0.54
0.14
899
0.14

29.23

5.60
2.66
0.47
0.14
8.77
0.10

29.75

5.46 
2.71 
0.31 
0.10 
8 59 
0.11 

29.64

5.33 527
2.64 2.64
0.40 0 36
0.13 0.14
8.61 8.41
0.11 0.11

30-37 30.55

3.73
6.22
082
0.32

11.09

10.61
0.1446

10.76

5 13 
2.39 
0.34 
013 
7.99 
0.10 

29.94

4.01
6.37
081
0.31

11.50

10.81 
0.1459 

10 96

5.08 
2.63 
0.33 
0 12 
816 
0.11 

30.73

4.24 
6.47 
0.84 
0.30 

11 85

4.31 
6.48 
0.87 
0 29 

11.95

4.63
6.59
0.57
0.27

12.07

4.38
6.73
060
0.26

11.97

4.28
6.78
0.63
0.26

11.96

3.50
6.78
0.55
0.25

11.08

390 
6.73 
0 54 
0.24 

11.42

398 
632 
0 59 
0.25 

11.15

5.10
264
0.41
0.10
8.24
0.12

31-26

5.08 
260 
0 38 
0.12 
8.18 
0.12 

31.29

5.13
2.63
0.40
0.13
8.29
012

31.59

5.31 
2.73 
0.39 
0 12 
8.55 
0.11 

31 63

6.39 
281 
0.44 
0.14 
8.77 
0.12 

31 74

5.46
281
0.40
0.11
8.79
0.12

30.82

5.62
2.88
046
0.15
9.11
0.13

31.38

3.93 
6.80 
0.59 
0.25 

11 57

10 89 10.89 10.96 10 85 10.74 10 68 10.57 10.45 10 28
01473 0 1487 0.1502 0 1519 0.1536 0.1553 0.1568 0 1583 0.1598

11 04 11 04 11 11 11 00 10.89 10.83 10.73 10.60 10.44
561 
2.88 
0.43 
0.12 
9.05 
0 13 

3093

5,46 
2 76 
0,40 
0,14 
8.75 
0.13 

30.90

12«9/97 03:03 PM - DBCH4INO.WK4



Table 4.1. Estimatau J.S. Nitrous Oxide Emissions. 1980-1996

Agriculture
Fertilizer
Crop Residue Burrtng
Total

1980

166
4

171

1981

163
5

168

1982

143
5

149

1983

144
4

148

1984

161

{66

1985

156
5

162

1986

147
5

152

1987

148
5

162

1988

150
4

154

1989

154
5

159

1990

159
5

164

1991

162
5

167

1992

163
5

168

1993

171
4

176

1994

174
6

179

1995

164
5

159

P1996

141
5

146

Energy Use
Transport
Stalvonary Combustion
Total

Industrial Sources
Total

50
35
84
90

345

52
34
86
87

341
A O

54
32
86
82

317
A

64
33
96
81

325

79
35

113
89

368
n A

91
35 

126 
90 

378 
n A

101
35

136
85

374
0 4

116
36

152
90

394
0.4

134
38

172
95

420
0.4

147
38

184
100
444
0.4

150
38

188
97

449
0.4

148
37

185
100
452
0.5

150
37

188
96

452
0.5

147
38

186
101
463
0.5

147
39

186
107
472
OS

148
39

187
108
454
0.5

148
41

189
111
446
0.4

Total (10*6 Metric Tons)

12/29/97 03;0t PM - DBN20SUM.>M<4



TaMe5-Z esticriiucd U3. 
KMjsand Melrtc Tons)

Emissions of Halocarbons and Other Greenhouse Gases, 1S80-1996

tern 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990

60 004

1991

53 996

1992

48.043

1993

39.359

1994

37 000

1995

38 000

P199

10.292
112.999 107.626 96.606 90-291 59.002 52 002 47 473
49.998 38.540 27.826 19.702 17.000 17.000 16.143
9.000 8.750 8.500 8250 8.000 5.000 4.000
3.000 3.000 3000 3.000 3.000 3.000 2.000

71.997 82.332 91.799 100.064 104.996 91.996 92 634
« 0.500 3.000 8.000 16.000 22.047 32.796

0.000 2.500 3.000 6.000 10000 8.204 10.966
2.000 2.500 3.000 3.500 4.000 7.000 9.000

4.165 4.279 4486 3.965 4.160 4.200 4200
0.500 0900 3.470 5.920 10410 12.031 21.660

« * 1.030 1 040 1.530 0.910 1.000
0.000 0.000 0.000 0 000 2020 4.680 6.500
2672 2.720 2.668 2.439 2.177 3.258 3.472

30.000 NA 25.600 21.600 16000 5.000 4.745
316.004 224365 215.012 121.886 77997 46.000 25.840

1.000 1.071 1.132 1.170 1.213 1.290 1.404

CFCs 
CFC-11 
CFC-12 
CFC-113 
Other CFCs 

Halons 
HCFCs 

HCFC-22 
HCFC-Ulb 
HCFC-U25 
Olher HCFCs 

MFCs 
HFC-23 
HFC-134a 
HFC-152a 
Olher MFCs 

PFCs/PFPEs 
Other Chemicals 
Carbon Tetrachloride 
Methyl Chloiofotm 
Sulfur HexaflouridB

52.299 60.189 54.195 71.752 78.237 77.035
76.940 81 272 87.218 92.630 98.862 111.294
40.520 42.408 44.170 51.888 66.641 72.362

NA NA NA NA NA NA
NA NA NA NA NA NA

58.646 64.374 67.762 73.176 73.617 70.350
OOOO 0.000 0.000 0.000 0.000 0.000
0.000 0.000 0000 0.000 0.000 0.000
0.000 0.000 0.000 0.000 OOOO 0.000

3.097 3 425 2.371 3.206 3.458 3.203
0.000 0.000 0.000 0.000 0000 0.000
0.000 OOOO 0.000 0.000 0.000 OOOO
0.000 0.000 0.000 0.000 0.000 OOOO
3071 2.962 2,160 2.212 2.705 2.310

NA NA NA NA NA NA
294.801 283.790 252.460 252.598 276 438 261.120

0.629 0 644 0 603 0.666 0.771 0.794

NA
NA

0.000
0.000
0.000

3.687 
0.000 
0 000 
0000 
2.004

NA
NA

0.000
0.000
0.000

3 741 
0.000 
0.000 
0.000 
2.206

NA
NA

0.000 
0.000 
0.000

4525 
0.000 
0.000 
0.000 0.000 
2.603 2660

NA NA

0.000
0.000
0.000

4661
0.000
0.000

0819 0.861 0932 0.989

Source: 1990 emissions estimates: Unpublished infonnaBon, EPA Office of Air and Radiation 
Other estimates, EIA estimates described in this chapter.

12/29^7 02:59 PM - CFC.WK4
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Summary

Emissions of Carbon Dioxide by Sector, 1949-1998

1950 • 1^1
Sector ______

. Residential 
Commercial 
Industrial . 
Transportafion 
Total

Electric Utility

Uruts_______ 1949
lO^MTC 3.3.8
lO^MTC -75.3

1952 1flS3 1954 1955 1956 1957 1958 —1^
■91:1 9$:0 98:0
79.2 77.9

98.0
75.4

10*^ MT<^ 258.4 295.7 321.4 309.0 328.1
IG'^MTC 164,.5 1.72j0 ■180.8 175.6 174.8
lO^MTC 591.9 637.9 676:7 660.5 676.4

MTC 67.6 75.1 83-5 87.3 96.7

101.5 109.0 114.8 114.9 120.8
74.9 79.2 81.3 78.0 80.6

300.3 347.0 357.7 356.8 331.8
168.5 179.6 182.1 182.5 181.4
645.2 714.7 735.9 732.1 714.6

98.3 114.8 124.0 128.3 125.1

1960
136.0126.8 

82.6 88.0
346-0 353.8
185.7 203.2
741.0 781.0
138.1 144.5

Emissions of Carbon Dioxide By Fuel, 1949-1996

Sector
Petroleum
Coal
NaturaKBas
Geothermal

Total

Units
10(^MTC 
10^6MTC 
lO'^ MTC 
ICy^MTC 
10'^ MTC

. 1949
1960

76.1

591.9

1950
244.5
306.5 
.86.9

19B1 
264:1 
310.9 
101 8

1952
271.1
280.4
109.0

1953
281.0
281.7
113.7

1954
:?83.9
240.9
120.3

1955
307.5
276.9
130.3

190b
316.2
281.3
138.4

190/

317.2
268.1
146.9

IVsJO

324.0 
236.5
154.1

335.8 
236.5
168.8

358.5
244.2
178.3

637.9 676.7 660-5 676.4 645.2 714.7 735.9 732.1 714.6 741 0 781.0
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ener^ consumption steadily declined (Figure ES).

Figure ES2. Emtselone Intbneity' of U.5. Groec
Domestic Product, Population, Energy 
•Use, and Electricity Productiph, 
1980-ldW
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accompanied by rapid fna^ m to^dirwl (from 
naturJ^ and heating oO) ^ (from el^
tridty) missions .from the residqitial and commercial 
•iectSL Emissions £rom,<b* industrial and *
tion sectors ihcmased by • rmoie^r^
and 23 perc®t..rc^?ectJv«^y' A1996 (Figure E$3).
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Several unrelated factors caused the derdme:

• .’Ifre deregulation of the natural gas industry bore 
. fruit in Ac form, of gready mcreasing; gas supplies 

at low prices. Nattrral gas use expaiided.rapidly m- 
. Ae i^iden]^ commercial, dnd industrial sectors,

- accoimting for mudi of ^ growA irf energy 
COTSumption. . - . ' . . ..

• Many eveiits.bf tiie periodr-induding the Gulf War,
the ofl price ^ike of 1990, the recessirxi erf 1991, 
and the-vogde-for uttii^ demand-side management 

■■ prbgiams^-tended to restrain the grpwA of energy . report, 
consumption.

110- industrfal

'^TranspoftaUon
Utility;

i«ao.^1^. ■’99°..,

SoiKce; EIA estimaw* ^ocumonted In Chaptw 2 of this

• Utility operators begah to solve nuclear power plant 
- operating problems and, by 1995, were ibte to pfo- l^ethane

duoe 17 percent mom elertriciiy fromnudear plants • . ' afo more uncerfrOn than
US anAropo^ meAar^than A 1990.

• * •, '■
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DRAFT

Including missing emission sources. Quantitative estimates of some of the sources and sinks of greenhouse gas 
emissions are not available at this time. In particular, emissions from some land-use activities and industrial 
processes are not included in the inventory either because data are incomplete or because methodologies do not 
exist for estimating emissions from these source categories.

Improving the accuracy of emission factors. Further research is needed in some cases to improve the accuracy of 
emission factors used to calculate emissions from a variety of sources. For example, the accuracy of current 
emission factors applied to methane and nitrous oxide emissions from stationary and mobile source fossil fuel 
combustion are highly uncertain.

Collecting detailed activity data. Although methodologies exist for estimating emissions for some sources, 
problems arise in obtaining activity data at a level of detail in which aggregate emission factors can be applied.
For example, the ability to estimate emissions of methane and nitrous oxide from jet aircraft is limited due to a lack 
of activity data by aircraft type and number of landing and take-off cycles.

Applying Global Warming Potentials. GWP values have several limitations including that they are not applicable 
to unevenly distributed gases and aerosols such as tropospheric ozone and its precursors. They are also intended to 
reflect global averages and, therefore, do not account for regional effects (IPCC 1996).

Emissions calculated for the U.S. inventory reflect current best estimates; in some cases, however, estimates are 
based on approximate methodologies, assumptions, and incomplete data. As new information becomes available in 
the future, the U.S. will continue to improve and revise its emission estimates.

Changes in U.S. Greenhouse Gas Inventory Report
This year’s inventory of greenhouse gas emissions and sinks includes several significant additions and
methodological changes that, depending on the source, improve the accuracy, precision, or comprehensiveness of
the estimates presented relative to previous U.S. inventories. A summary of these additions and changes is
provided below:

• An improved methodology for estimating methane and nitrous oxide emissions from mobile sources was 
employed that accounts for changes in emission control technologies over time and vehicle miles traveled by 
model year. Improved CH4 and N2O emission factors were also used, which had the primary result of revising 
N2O emission estimates from highway vehicles upward significantly.

• An additional analysis of carbon dioxide emission from fossil fuel combustion in the transportation end-use 
sector is provided showing emissions by fuel and vehicle type.

• Carbon sequestration from non-fuel uses of fossil fuels in U.S. territories was included for the first time in 
emission estimates of CO2 from fossil fuel combustion.

• Due to inconsistencies in natural gas production and consumption data available from the Energy Information 
Agency, CO2 emissions from unmetered natural gas consumption were not included. This exclusion had a 
insignificant effect on reported emissions.

• Carbon dioxide emissions from geothermal steam extraction for electric power generation are included for the ‘ 
first time, although its contribution to total emissions is less than 0.1 MMTCE.

• Improved emission factors and a more detailed analysis of activities contributing to methane emissions from 
natural gas systems have been employed.

• Several new industrial processes were included for the first time. Methane emissions from the production of 
select petrochemicals and silicon carbide production were added, although their contribution is minor. Carbon 
dioxide emissions from ammonia, iron and steel, and ferroalloy production were estimated, even though their 
emissions are accounted for under the fossil fuel combustion of industrial coking coal and natural gas.

• The discussion of HFC, PFC, and SF6 emissions has been expanded to include multiple sources and improved 
estimating methodologies.

2.-Z-

U.S. Greenhouse Gas Emissions and Sinks: 1990-1996 Page 13
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Carbon Emissions and Energy Us(

AE098 Projects Higher Carbon 
Emissions Than AE097
Figure 106. Carbon emissions by sector, 1990-2020 
(million metric tons per year)
9 mA'. - I '

m n
iS;^>ntiorM

iarbon emissions from energy use are projected to 
^crease by an average of 1.2 percent a year from 
1996 to 2020, reaching 1,956 million metric tons 
(Figure 106). The 2015 projection of 1,888 million 
metnc tons is higher than the AE097 projection of 
1,799 million metric tons, due to higher energy con­
sumption and a reduced share of renewable fuels.

[ncreasing concentrations of greenhouse gases— 
:arbon dioxide, methane, nitrous oxide, and others— 
may increase the Earth's temperature and, in turn 
affect the climate. The AE098 projections include 
analysis of the Climate Change Action Plan (CCAP), 
developed by the Clinton Administration in 1993 to 
stabilize U.S. greenhouse gas emissions hy 2000 at 
1990 levels. Carbon emissions from fuel combustion, 
the primary source of carbon emissions, were about 
1,346 million metric tons in 1990. The analysis does 
not account for carbon-absorbing sinks, the 13 CCAP 
actions that are related to non-energy programs or 
gases other than carbon dioxide, nor any future miti­
gation actions that may be proposed.

Emissions in the 1990s have grown more rapidly 
than projected at the time the plan was formulated, 
partly due to moderate energy price increases and 
higher economic growth, which have led to higher 
energy demand. In addition, some CCAP programs 
have been curtailed. Additional carbon mitigation 
programs, technology improvements, or more rapid 
adoption of voluntary programs could result in lower 
^missions levels than projected here.

U.S. Carbon Emissions per Capita 
Level Off Late in the Projections
Figure 107. Carbon emissions per capita, 1990-2020 
(metric tons per person)
6.2

History

U.S. carbon emissions from energy use are projected 
to grow at an average annual rate of 1.2 percent; 
however, per capita emissions grow by only 0.4 per­
cent a year (Figure 107). To achieve stabilization of 
total emissions, population growth would need to be 
offset by reductions in per capita emissions.

Emissions in the residential sector, including emis­
sions from the generation of electricity used in the 
sector, are projected to increase hy 1.2 percent a 
year, reflecting the ongoing trends of electrification 
and penetration of new appliances and services. Sig­
nificant growth in office equipment and other uses is 
also projected in the commercial sector, hut growth 
in consumption—and in emissions, which increase 
by 1.1 percent a year—is likely to be moderated by 
slowing growth in floorspace, coupled with efficiency 
standards, voluntary efficiency programs, and tech­
nology improvements. Transportation emissions 
grow at an average annual rate of 1.6 percent as a re­
sult of increases in vehicle-miles traveled and freight 
and air travel, combined with slow growth in the av­
erage light-duty fleet efficiency. Industrial emissions 
are projected to grow by only 0.9 percent a year, as 
shifts to less energy-intensive industries and effi­
ciency gains moderate growth in energy use.

Further reductions in emissions could result from 
Climate Wise and Climate Challenge, voluntary pro­
grams for emissions reductions by industry and elec­
tricity generators, which are cosponsored by the U.S. 
Environmental Protection Agency (EPA) and the 
U.S. Department of Energy.

Energy Information Administration/Annual Energy Outlook 1998
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Clearance Draft, Do Not Cite, 7/10198

The pattern of emissions growth in the United States is similar to that of most other Annex 
I nations (see Figure 2) (Marland and Boden 1998).^ In many cases, the emissions increases have/^"!^]^ 
tracked the output of these ^
nations’ economies. For 
example, the rapid development 
of Japan since World War D 
resulted in a large increase in 
carbon dioxide emissions in spite 
of that economy’s high energy 
efficiency. Further, the nations of 
the former Soviet Union have 
experienced a decline in their 
carbon dioxide emissions since 
the beginning of this decade 
because of the significant fall in 
economic output during their 
transitions to market economies.

In 1996, the industrial 
countries emitted a majority of 
the world’s energy-related carbon 
dioxide emissions. The United 
States emitted approximately 1/4 
of the world’s carbon dioxide 
emissions from fossil fuel 
combustion (see Figure 3). 
China, the world’s second largest 
emitter, had emissions almost 
equal to those of all of Eastern 
Europe and the former Soviet 
Union. The industrial world’s 
share of global emissions has 
declined over time as developing 
countries’ economies have grown 
(Energy Information 
Administration 1998).

Figure 2. Major Annex I Countries’ Carbon Dioxide Emissions 
1 600 Fossil Fuel Combustion, 1950-1995

1,400

1,200

1,000

800

600

400

200

United States

^ V/ N .

'' Former Soviet Union

European Union

Japan

Australia Canada

1950 1960 1970 1980 1990
Source: Marland and Boden 1998.

Figure 3. World Carbon Dioxide Emissions from 
Fossil Fuel Combustion, 1996

Other Developed 
Countries 

26%

Eastern Europe and 
Former Soviet Union 

14%

China

United States 
24%

)ther Developing 
Countries 

22%

Source: Energy Information Administration 1998a.

Annex I includes most of the world’s industrial countries (see Appendix A for a 
description of Annex I and a list of these countries).



Boden T A <tab @ tab.esd.ornl.gov>
riT'’" 06/09/98 01:23; 17 PM

Please respond to Boden T A <tab@tab.esd.ornl.gov> 

Record Type: Record

To: Zachary M. Candelario/CE/VEOP

cc: tab @ ornl.gov
Subject: Re: Vostok temperature record

Dear Zachary,

You are welcome for the data. I truly enjoy providing data to people.

I’ve attached an ASCII file (global.dat) that contains the Jones et al. global 
monthly and annual temperature anomalies for 1856-1997. If you need to 
convert the anomalies to actual temperatures use 16 degrees C as the 
reference period mean. For example, an annual anomaly of -0.20 equals 
15.8 degrees C. An anomaly of -t-0.08 equals 16.08 degrees C.

The C02 emissions file you have is old and out-of-date. Based on the 
header on your file I’m guessing you got this from the World Resources 
Institute or some similar organization. I suggest you use a more current 
version of our database. I’ve attached the latest version of the file 
containing the national estimates (nation95.ems) and recommend the following 
citation.

Marland, G., and T.A. Boden. 1998. Global, Regional, and National C02 Emissions. 
In Trends: A Compendium of Data on Global Change. Carbon Dioxide Information 
Analysis Center, Oak Ridge National Laboratory, Oak Ridge, Tenn., U.S.A.

Please contact me if you have further questions or need additional information.

Sincerely,

Tom Boden

> Delivered-To; tab@tab.esd.ornl.gov
> X-Lotus-Fromdomain: EOP
> From: Zachary_M._Candelario@cea.eop.gov
> To: Boden T A <tab@tab.esd.ornl.gov>
> Date: Mon, 8 Jun 1998 15:43:52 -0400
> Subject: Re: Vostok temperature record
> Mime-Version: 1.0
>
> Thank you for the data.
> I have two more questions for you.
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\
Table A9. Worid Total Carbon Emissions by Region, Reference Case, 1990-2020 

(Million Metric Tons)

Region/Country

History

1990
1995 I

justriallzed 
4orth America 

. —UnitedStates*
—. Canada ..i>........

: }Cm^Ico .,............
. ■"^Western Europe ... •.... • .y. •

industrialized Asia ....;

1,650 1,629
1.^6 . 1,411 

126 135
. v78 82

971

Japan .;.... .y ... •...
Australasia... .. ........ .>

; TOtai Industrialized y V....,.

' \._;.^iTner Soviet Union ..
Ea^ern Europe ..........

^lEE/FSU .........

Developing Countries 
Developing Asia ^........

-India ............
O^her Asia-------- ....---------

Middle East ................
Africa .........----- ........
Central and South America ....
Brazil----------.........
Other Cehtral/South America ... 
Total Developing..........

364 379
^■:274f-M1-

.90 99
2,885 2,933

Projections Average Annual 
Percent Change, 

1995-20201996 2000 1 2005 2010 2015 2020

1,687 1,829 1,967 2,105 2,217 2,313 1.4
1,463 1,577 1,689 1,803 1,888 1,956 1.3

140 152 161 170 183 198 1.5
84 99 .117 132 145 159 2.7

947 978 1,037 1,101 1,169 lji39 1J2
389 409 434 461 485 514 1.2
291 303 320 342 361 385 - 1.3’

99 107 113 119 124 129 1.1
3,023 3,216 3,437 3,667 3,870 4,066 W

.991 636 613 653 720 792 850 913 1.5
299 230 228 . 249 266 280 293 . 310 1.2

1,290 866 842 903 ^986 1,072 1,144 1,223 1.4

\ 1.065
' 620 ,

1,427 1,474 1,758 2,161 2,603 3,158 3,835 4.6
792 . 805 978 1^02 1,481 1.866 2,340 4.4

153 - 222 230 '281 ■ 340 399 456 523 : 3.5
' 293 413 439 499 620 723 836 971 3.5

, 494 229 241 253 285 322 363 409 2.3
192 198 219 247 276 306 341 2.3

174 194 206 250 318 391 475 574 4.4
57 64 71 85 111 139 170 208 4.9

117 130 135 165 206 252 305 366 4.2
. 1,611 2,043 2,118 2,480 3,011 3,591 4,302 5,158 3.8

■•'.-•I'.

Total World ......................... 5,786 5.841 5,983 6.598 7,434 8,330 9,315 10,447 2.4

•includes the So States and the District of Colurnbla. U.S. Territories are Included in Australasia. „ . ^ ., , '
Notes: EE/FSU b Eastern Europe/Former SOviet UniOn. The U.S. numbers include carbon emissions attributable to renewable

:®Sws!^HiSory; Energy Information Administration (EIA). IntematSonal Energy Annual 1996. ^E/EIA-0219(96) (W^hin^on.
Qpifebruary.1998), Prbledlohs: EIA, Annua/Ene/gy Duf/oo/f f998, DQE/EIA-0383(98) (Washin^on, DC. Droember 1997), T^le
A19; and Wpild EneirgyProjedion System (19^^^^^^

%
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Projected Emissions

Absent new measures to 
abate emissions in industrial 
countries, emissions of carbon 
dioxide will grow in all Annex I 
nations (see Figure 4).® The 
Energy Information 
Administration (1998) projects 
that the United States will 
experience the largest absolute 
increase in emissions, while 
nations of the former Soviet 
Union are not expected to achieve 
their 1990 carbon emissions level 
before 2020.

Clearance Draft, Do Not Cite, 7110198

Figure 4. Projected Carbon Dioxide Emissions of Major Annex I
Countries without New Abatement Policies

2,500

United States

m 1,500
Western Europe

1,000 Former
Soviet Union^^

Australasia Eastern EuropeCanada

2000 2005 2010 2015 2020
Note: Data represent carbon dioxide emissions from fossil fuel combustion. 
Source: Energy Information Administration 1998a.

The United States is 
projected to experience the 
second fastest rate of emissions 
growth among the major Annex I 
nations (see Figure 5). Canada is 
projected to experience the fastest 
growth rate. After declines in 
emissions during most of this 
decade, nations of the former 
Soviet Union and eastern Europe 
will also have comparable growth 
rates.

Figure 5. Projected Growth in Carbon Dioxide Emissions 
Among Annex I Countries without New Abatement Policies

Canada

United States
Australasia

.0 1.4

Western Europe

Eastern Europe..
Former Soviet 

Union

Source: Energy Information Administration 1998a.

^ The Energy Information Administration defines Australasia to include Australia, New 
Zealand, and U.S. Territories. Western Europe includes all of OECD Europe except for the 
Czech Republic, Hungary, and Poland.
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Preface

I '

The Energy Information Administration's outlook for world energy trends 
is presented in this report. Model projections now extending to the 

year 2020 are reported, and regional trends are discussed.
... ^The Intermtioml Energy Outlook 1998 (IE098) presets 

assessment by the. ^ergy Information Admin­
istration (EIA) of the outiopk for international energy 
markets through 2020. The report is an extension of the 
EIA's Annual Energy Oidlook 1998 (AE098), which was 
prepared using the National Energy Modeling System 
(NEMS). U,S. projections appearirig inlE098 are consis­
tent with those published in AEOSj IE058 is provided 
as a statistical service to energy mwagers and angsts, 
both in government and in the private sector. The pro­
jections are used by international agencies. Federal and 
State governments, trade nsspCiatipns, and other 
planners and decisionmakers. They are published 
pursuant to the Department of Energy Organization Act 
of 1977 (Public Uw 95-91), Section 205(c). The IE098 
projections are based on U.S. and foreign government 
policies in effect on October 1,1997.

Projections in IE098 are displayed according to six basic 
country groupings (Figure 1). The industrialized region 
includes projections for four individual countries—the 
United States, Canada, Mexico, and Japan—along with

I  ------ the subgroups Western Europe and Australasia (defined
l7 E ) Australia, New Zealand, and the U.S. Territories). The
VZx ) developing countries are represented by four separate 

^ regional subgroups: developing Asia, Africa, Middle 
fcst, and Central and South America. China and India 
are represented in developing Asia! New to this year's 
report, couhtiy-level projections are provided for 
Brazil—which |s represented in Central arid South 
America. Eastern Europe and the former Soviet Union 
(EE/FSU) are considered as a separate country 
grouping. .

The report begins with a review of world trends in 
energy demand. The historical time frame starts with 

; data froth 1970 and* extends to 1996, providing readers 
with a 26-year historical vieW of energy demand. For the 
first time, IE098 projections are extended to 2020, so that 
the forecasts cover a 24-year period.

.High economic growth and low economic growth cases, 
rbased on different rates of growth in regional gross 
k domestic product (GDP), are used to depict a set of alter- 
' native growth paths for the energy forecast. The projec­
tions and the uncertainty associated with making

international energy projections in geheraU are dis­
cussed in the first chapter of the report! the sfotus of 
environmental issues, including global carbon emis- ' 
sions, is reviewed. Compari^ns of the! lECWSi pro- 
jections with other available ihterhationalKener^ 
forecasts are also included in the firat xhapteiv along 
with a review of the perfohhahce of M's intematibnal 
energy projections frorh previous editions'bf the lEO. ^

The next part of the report is organized by energy 
source. Regional consumption projectibns for oil, natu­
ral gas, coal, nuclear power,; and renewable energy 
(hydroelectricity, geothermal, wind, solar, and other 
renewables) are presented in five fuel chapters, with a 
review of the current status of each fuel bn a worldwide 
basis. This IE098 includes expanded coverage of the 
transportation sector; A discussion of iener^ use in the 
transportation sector—where EIA expects" robust 
growth over the next 25 years-:-has been added to the 
chapter on world oil nrtarkets. The last chapter of the 
report contains a discussion of energy use for electricity 
production.

Summary tables of the IE098 projections for world 
energy consumption, carbbn emissions, oil production, 
and nuclear power generating capacity are provided in 
Appendix A. The reference case projections for total 
foreign energy consumption and for natbral gas, coal, 
and renewable energy were prepared using EIA's World 
Energy Projection System (VN^Sj model, as were 
projections of carbbn emissions, net electricity .con­
sumption, and energy UM for electricity generation.. 
Reference case projections of forei^ oil production and 
consumption were prepared using the International 
Energy Module of the National Energy Modeling 
System (NEMS). The NEMS Coasl Expbrt Submodule 
(CES) was used to derive flows in interhational coal 
trade. Nuclear consumption projections were derived 
from the International Nuclear Model, PC Version (PC- 
INM). Alternatively, nuclear capacity projections \yere 
developed by two methods: the nuclear reference case 
and low growth case projections were based on analysts' 
knowledge of the nuclear programs in different coun­
tries; the high growth case was generated by the World 
Integrated Nuclear Evaluation System (WINES), a 
demand-driven model.



igure 1. Map of the Six Basic Country Groupings
A

/ -yjj

Source: Energy Information Administration, Office of Integrated Analysis and Forecasting.

The six basic country groupings used in this report 
(Figure 1) are defined as follows:

• Industrialized Countries (the industrialized 
countries contain 18 percent of the 1997 world 

' population): Auatrtdia, Austria, Belgium, Cemada,
Denmark, Finland, France, Germany, , Greece, 
Iceland, Irelaiid; Italy, Japan, Luxembourg, 

the Metherlands,:New-Zealand', Norway, 
Portugal, Spain, Sweden, Switzerland, Turkey, the 

' United Kingdom, ^^d the United States. The 
industrialized countries actually represent all the 
countries that are members of the Organization 
for Economic Cooperation and Development 
(OECD), with the exceptions of the most recent 
additions—the Czech Republic, Hungary, Poland, 
and South Korea.

' Eastern Europe and the former Soviet Union
(EE/FSU) (7 percent of the 1997 world population):

- Eastern Europe: Albania, Bosnia and Herze­
govina, Bulgaria, Croatia, Czech Republic, 
Hungary, Macedonia, Poland, Romania, Serbia 
and Montenegro, Slovakia, and Slovenia.

- Former Soviet Union (FSU): The Baltic States of 
Estonia, Latyia, and Lithuania, as well as Arme­
nia, Azerbaijan, Belarus, Georgia, Kazakhstan,

Kyrgyzstan, Moldova, Russia, Tajikistan, Turk- ^ 
menistan, Ukraine, and Uzbekistan.

• Developing Asia (54 percent of the 1997 world
population): Afghanistan, Bangladesh, Bhutan, 
Brimei, Cambodia (Kampuchea), China, Fiji, 
French Polynesia, Hong Kong, India, Indonesia, 
Kiribatia, Labs, Malaysia, MaCau, Maldives, 
Mongolia, Myanmar (Bunina), Nauru, Nepal, New 
Caledonia, Niue, North Korea, Paldstan, Papua , 
New Guinea, Philippines, Sampa^. Singaj^re, 
Salomon Islands, South Korea, Sri L?mka, Tahy^, , 
Thailand, Tonga, Vanuatu, and Vietnam.' ' ‘ ~

• Middle East (2 percent of the 1^ world popular 
tipn): Bahrain, Cyprus, Iran, Iraq, Israel, Jord^^

/Kuwait, Lebanon, Oman, Qatar, Saudi Arabia, ; 
Syria, the United Arab Emirates, and Yemen. ,

• Africa (12 percent of the 1997 world population): 
Algeria, Angola, Benin, Botswana, Burkina Faso, 
Burundi, Cameroon, Cape Verde, Central African 
Republic, Chad, Comoros, Congo (Brazzaville), 
Congo (Kinshasa), Djibouti, Egypt, Equatorial 
Guinea, Eritrea, Ethiopia, Gabon, Gambia, Ghana, 
Guinea, Guinea-Bissau, Ivory Coast, Kenya, 
Lesotho, Liberia, Libya, Madagascar, Malawi, 
Mali, Mauritania, Mauritius, Morocco, Mozam- . 
bique, Namibia, Niger, Nigeria, Reunion,
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The Energy Information 
Administration (1998) projects 
that Non-Annex I countries’ 
emissions will surpass the 
emissions of Annex I countries 
between 2015 and 2020 (see 
Figure 6).’

Clearance Draft, Do Not Cite, 7/10/98 

Figure 6. Projected Emissions of Annex I and Non-Annex I
Countries without New Abatement Policies

6,000

5,000 Annex I

lij 4,000
Non-Annex I

2,000

Note: Data represent carbon dioxide emissions from fossil fuel combustion. 
Source: Energy Information Administration 1998a.

According to projections, 
China will surpass the United 
States as the world’s largest 
annual emitter of carbon dioxide 
around 2015 (Energy Information 
Administration 1998). China’s 
emissions will surpass 2 billion 
metric tons between 2015 and 
2020 because of its expected 
rapid economic growth and its 
reliance on its vast coal reserves 
(see Figure 7).

Figure 7. Projected Emissions of the U.S. and China without 
New Abatement Policies

2,500

2,000

1,500

1,000

500

United States
\

China
\

1990 1995 2000 2005 2010 2015 2020
Note: Data represent carbon dioxide emissions from fossil fuel combustion. 
Source: Energy Information Administration 1998a.

^ See Appendix A for a discussion of Annex I and Non-Annex I countries.
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1Table A9. World Total Carbon Emissions by Region, Reference Case, 1990-2020 
(Million Metric Tons)

Region/Country

History

1990 I 1995 I 1996

Projections

2000 2005 2010 2015 I 2020

Average Annual 
Percent Change, 

1995-2020
;lustriallzed
<orth America .............

-—United States*
. Canada. i >..

/iCMexico........

1,650 1,629
1,346 - 1,411 

126 135
82

'—Western Europe .....:....... ; ;|9T1
-—industrialized Asia .,^^

• J^n ........... •. • ;274;,^ '281
Australasia... .. .... •..••> v V '
Totai Industrialized ^2,^ 2,933

' \_,^rrner Soviet Union ...... ..• • • .' "SI
Eastern Europe .............. 299 230

TbtalEEfl=SU ........V..... 1i290 966

Developing Countries
Developing Asia ............ , 1>065 i,427
China'...'............... .. i 620 , 792
India ................................. . ' 1S^ 222
Other Asia ..................  293 413

MlddleEast .............  494 229
Africa .................... . 178 192
Central and South America .... 174 194
Brazil............... 57 64
Other Cehtral/South Anfierica ... 117 130
Total Developing........ . 1,611 2,043

1,687 
1,463 

140 
' 84 

947 
389 

. 291 
99 

3,023

1,829
1,577

152
99

978
409
303
107

3,216

1,967 
1,689 

161 
. 117 
1,037 

434 
: 320 

113 
3,437

2,105
1.803

170
132

1,101
461
342
119

3,667

2,217
1,888

183
145

1,169
485
361
124

3,870

2,313
1,956

198
159

1,239
614
385.
129

4,066

1.4 
1.3
1.5 
2.7 
1.2 
1.2 
1.3’ 
1.1 
1..3

613 653 720 792 850 913 1.5
228 , 249 266 280 293 .310 1.2
842 603 ,086 1,072 1,144 1,223 1.4

1,474 1,758 2,161 2,603 3,158 3,835 4.0
. 805 978 1,202 1,481 1,866 2,340 4.4

230 281 ■ 340 399 456 523 . 3.5
439 499 620 723 836 971 3.5
241 253 285 322 363 409 2.3
198 219 247 276 306 341 . 2.3
206 250 318 391 475 574 4.4

71 85 111 139 170 208 4.9
135 165 206 252 . 305 366 4.2

2,118 2,480 3,011 3,591 4,302 5,158 3.8

5.983 6.598 7.434 8.330 9.315 10.447 2.4
•includes the 5b States and the District of ColutTibla U.S. Terrftories are Included in Australasia „ _ ^ ., , . ,
Notes: EE/FSU = Eastern Europe/FonTwr Soviet Utiibn. The U.S. numbers include carbon emissions attributable to renewable 

Al9; and Wpild Energy Projection System (1998),;: ■ ^

. .« ^____ 4An«
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igure 22. World Carbon Emissions by Region, 
1970-2020

Billion Metric Tons

1970 1980 1990 2000 2010 2020^
Sources: History: Energy Intbrmation Administration (EIA), 

Office of Energy Markets and End Use, International Statistics 
Database and International Energy Annual 1996, DOE/EIA^ 
0219(96) (Washington, DC, February 1998). Projectioi; 
ElA, World^nergy£tfliftctinn .System (1998).

3on etriissioris between 1990 and 2020 and thNj^ 
fourths of the increment for all the developing countries. 

/The increase reflects the region's continuing heavy reli- 
Jmce bn coal, the most carbon-intensive of the fossil 
^els. Increased coal use accounts for 1.7 billion metric 
tons of developing Asia's 2.8 billion metric ton incre-. 
ment in carbon eiriissibns. At the end of the forecast pej^ 
od, emissions in China alone surpass those of theljMed 

te^
Worldwide, carbon emissions per person grow from 1.1 
metric tons in 1990 to 1.2 rhetric tons in 2010 and to 1.4 
metric tons in 2020 (Fi^re 23). Per capita carbon emis­
sions for the Annex I countries remain markedly higher 
than those for other countries throughout the forecast 
period, increasing from a 1990 level of 3.2 metric tons of 
Carbon per person in 1990 to 37 metric tons per person in 
2020. In comparisoiV, the 1990 level for non-Annex I 
countries was 0 4 metric tons per person, and the pro­
jected 2020 level of 0.8 metric tons is one-fourth the 1990 
level of per capita emissions, for the Annex I Countries. 
On the other hand, the increments for the Annex I and 
nbn-Aruiex I countries over the forecast period are actu­
ally equivalent. The non-Annex I countries accounted 
for 75 percent of the world's population in 1990; in 2020 
they will account for almost 82 percent of the world's 
population; therefore, the effects of relatively small 

. increases in per capita emissions for non-Annex 1 
countries on overall emissions levels \yill be far greater 
than the effects of equivalent per capita increases for the 
Annex I countries.

Figure 23. Carbon Emissions per Capita by 
Region, 1990,2010, and 2020

Metric Tons per Person

1990 2010 2020
Sources: 1990: Energy information Administration (EIA), 

Office of Energy Markets and End Use, International Ener^ 
Annual 1996, DOE/EIAt021 9(96) (Washington, DC, February 

J998). Projections: EIA'World Energy Projection System 
1998). ■, , :

iroughout the forecast, reaching 6.1 and 5.6 metric tons 
per person in 2020, respectively (Figure 24). However, 
the growth rate of per capita emissions in both countries 
is projected to be fairly flat after 2000. In contrast, out­
side the Annex I countries, per capita emissions are pro­
jected to increase more rapidly. In China, for instance, 
per capita carbon emissions in 2020 are projected to be 
more than triple their 1990 level, reflecting fast-paced 
industrialization based largely on fossil fuel consump­
tion over the forecast period.

Figure 24. Carbon Emissions per Capita for 
Selected Regions and Countries, 
1990-2020

Metric Tons per Person

. ..........:

Within the Annex I countries, the United States and 
Canada have the highest per capita emissions levels

1990 1995 2000 2005 2010 2015 2020
Sources: History: Energy Information Administration (EIA),, 

Office of Energy Markets and End Use, International Energy 
Annual 1996, DOE/EIA-O219(96) (Washington, DC, February 
1998). Projections: EIA, World Energy Projection System 
(1998). .

_____ I ^________L. . 4 000
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The rapid increase in 
Non-Annex I emissions is not 
solely the result of rapid 
emissions growth in China. The 
emissions of several other large 
developing economies are also 
projected to grow at nearly the 
same rate (Energy Information 
Administration 1998; see Figure 
8).'

Clearance Draft, Do Not Cite, 7110198

Figure 8. Projected Growth in Carbon Dioxide Emissions of Several 
Developing Countries without New Abatement Policies

China
\

Brazil.2 3.0

1990 1995 2000 2005 2010
Source: Energy Information Administration 1998a.

2015 2020

The projected growth in emissions of carbon dioxide and other greenhouse gases can increase 
atmospheric concentrations of these gases, and further accelerate climate change. The next section 
details the risks associated with continuing along the business as usual emissions path.

For additional country specific energy and emissions data, refer to Appendix E.
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tTable A9. World Total Carbon Emissions by Region, Reference Case, 1990-2020 
(Million Metric Tons)

V^ortli

Reolon/Country

History

1990 1 1995 1 1996

Prolections

2000 2005 I 2010 I 2015 I 2020

Average Annual 
Percent Change, 

1995-2020

llustrialized 
th America

— UnHed States* ......;......
Canada . . i <

': ."j^MexIco....... • • • • • V » • •'
'^Western Euro^....
-^ industrialized Asia . . . , •• • • • •' 

, . • Japan ..... .■»^
Australasia
;-TotaiIndustrialized .....

l'-'. ' '■ . • ,J • ■

1^50 1,629
1.^6-1,411 

; 126 135
..78 . 82

• m ;;925

";;-:-:274:i;^:.V‘281-

1,687 1.829
1,463 1,577

140 152

. \.:'.;«0 "\-:;:.99.:

84
847
389
291

99

99
978
409
303
107

3,023 3,216

1,967 2,105 2,217 2,313 1.4
1,689 1.803 1,888 1,956 1.3

161 170 183 198 1.5
,117 132 145 159 2.7
1,037 1,101 1,169 1,239 1J2

434 461 485 614 1.2
320 342 361 385. : 1.3’
113 119 124 129 1.1

3,437 3,667 3,870 4,066 1^

...former Soviet Unlpn .... . ..... 613 653 720 792 850 913 ■••5

ErSern Europe ..,........... 299 230 228 . 249 266 280 293 . 310 1.2

Total EE/FSU >•....... •. »• 1,290 866 842 603 686 1,072 1,144 1,223 1-4

Developing Countries
Developing J^ia............ \ \
China;..-......---------- ----- i

1,065 1,427 1,474 1,758
1. _ .

2,161 2,603 3,158 3,835 4.0
620 . 792 . 805 978 1,202 1,481 1.866 2,340 4.4

.India ; 153 -222 230 281 340 399 456 523 3,5

Other Asia ................. . 293 413 439 499 620 723 836 971 3.5

Middle East ................ 229 241 253 285 322 363 409 2.3

Africa 178 192 198 219 247 276 306 341 , 2.3

Central and South America .... 174 194 206 250 318 391 475 574 4.4

Brazil....................... .................. 57 64 71 85 111 139 170 208 4.9

Other Cehtral/South America ... 117 130 135 165 206 252 305 366 4.2

Total Developing........... 1,611 2,043 2,118 2,480 3,011 3,591 4,302 5,158 3.8

Total World 5.786 5.841 5.983 6.598 7.434 8.330 9,315 10,447 2.4

. •includes.the 5b States and the District of Columbia. 0.1 Territories are included in Australasia
Notes: EE/FSU = Eastern Europe/FormierSdyiet Union. The U.S. nutnbers include carbon emissions attributable to renewable

• :*S)ur(ia[SiSory; Energy Information Administration (EIA), International Energy Annual 1996, ppE/EIA-0219(96) (Washington,
DC.Eobruary'iebO). Pr6JectIbhs:EI/C Aiintra/Enfl(igypufto.o/f 1885. DOE/EIA-0383(98) (Washin^on. DC. pwerrt)er1997).T^le

' A19; and Wprid Energy Projection System (1998).;, '

•V- .•

. .« ^____ _ 4nno
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THE RISKS OF CLIMATE CHANGE
The greenhouse effect 

naturally warms the Earth’s 
surface (see Figure 9). Without 
it, the Earth would be 60° F 
cooler than it is today - 
uninhabitable for life as we know 
it. Water vapor, carbon dioxide, 
and other trace gases such as 
methane and nitrous oxide, trap 
solar heat by slowing the loss of 
heat by radiative cooling to space, 
thereby keeping the Earth’s 
surface warmer than it otherwise 
would be.

Rgure 9: The Greenhouse Effect

Some solor rndi.it ioti 
is reflcclccJ by llie 

Forth otid the atmosfilicre.

Solat radiation V>. 
passes througlt %/ 

the clear *atmosphere

Some ot the itiltared 
radiation passes tfuough 

tfie atmospiiere, 
and some is absoibed and 
r{?-emitlf‘fl in all dirertions 

by greenhouse gas 
molecules. The ettec.t of 

this is to warm tfic Eartti's 
surlace and ttie lus-ver atmosphere.

ATMOSP^fff,

m
Since the beginning of the Industrial Era in the middle of the 19th century, the concentration 

of CO2 in the atmosphere has been steadily increasing (Neftel et al. 1985, 1994; Keeling and Whorf 
1997; see Figure 10). Beginning

Figure 10. Atmospheric Carbon Dioxide Concentration 
380

in 1957, continual measurements 
of atmospheric CO2 
concentrations have been made 
by scientists at an observatory on 
Mauna Loa, Hawaii (Keeling and 
Whorf 1997). The seasonal 
cycle of vegetation in Northern 
latitudes is evident in this record; 
each spring the vegetation ^ 320 
“inhales” and absorbs CO2, and S. 
each autumn most of that CO2 is 
released back to the atmosphere. 
Overall, atmospheric CO2 has 
increased over 30% from 280 
parts per million (ppm) to over 
360 ppm since 1860 (Schimel et 
al. 1996).

360

i 340

300

280

Mauna Loa / 
(Hawaii) ^

'X /
/

/
J

/

Ice core data

X

1860 1880 1900 1920 1940 1960 1980

Sources: Neftel et al. 1985; Keeling and Whorf 1997.
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«• The Greenhouse Effect and Historical Emissions

Life as we know it is possible on Earth because 
of a natural greenhouse effect that keeps our 
planet about 60° F warmer than it otherwise 
would be (Figure 1). Water vapor, carbon diox­
ide (CO2 ), and other trace gases, such as 
methane and nitrous oxide, trap solar heat and 
slow its loss by re-radiation back to space. With

m:

industrialization and population growth, green­
house gas emissions from human activities have 
consistently increased. These steady additions 
have begun to tip a delicate balance, signifi­
cantly increasing the amount of greenhouse 
gases in the atmosphere, and enhancing their 
insulating effect.

The Greenhouse Effect

Some solar radiation 
is reflected by the 

Earth and the 
atmosphere.

Some of the infrared 
radiation passes through 

the atmosphere, and some 
is absorbed and re-emitted 

in all directions by 
greenhouse gas 

molecules. The effect of 
this is to warm the Earth's 

surface and the lower 
atmosphere.

Solar radiation atha^^
passes through ^OSP/i£^^

m c
Figure 1. The greenhouse effect naturally warms the Earth's surface. Without it, Earth would be 60° F cooler than it is today 
- uninhabitable for life as we know it.

t



The result is that the atmospheric level of CO2, 
the most important human-derived greenhouse 
gas, has increased 30 percent, from 280 to 360 
parts per million (ppm) since 1860 (Figure 4). 
Over the same time period, agricultural and 
industrial practices have also substantially 
increased the levels of other potent greenhouse 
gases - methane concentrations have doubled 
and nitrous oxide levels have risen by about 15 
percent. These gases have atmospheric lifetimes 
ranging from decades to centuries; today's emis­
sions will be affecting the climate well into the 
21st century.

The overall emissions of greenhouse gases are 
growing at about 1 percent per year. For millen­
nia, there has been a clear correlation between 
CO2 levels and the global temperature record. 
Fluctuations of CO2 and temperature have 
roughly mirrored each other over the last 
160,000 years (Figure 5). The current level of 
CO2 is already far higher than it has been at 
any point during this period. If current emis­
sions trends continue over the next century, 
concentrations will rise to levels not seen on 
the planet for 50 million years.

Carbon Dioxide Concentrations
Mauna Loa

(Hawaii)
Ice Core Data

g 340

E 330

290 i EasssESKSSSS*

1860 1880 1900 1920 1940 1960 1980 2000

Figure 4. Since the beginning of the Industrial Revolution in the middle of the 19th century, the concentration of carbon diox­
ide (CO2) in the atmosphere has steadily increased. Beginning In 1957, continual measurements of atmospheric CO2 concen­
trations have been made by scientists at an observatory in Mauna Loa, Hawaii. The seasonal cycle of vegetation in Northern 
latitudes can be seen in this record: each spring the vegppJion "inhales" and absorbs CO2, and each autumn most of that 
CO2 is released back to the atmosphere. XOi (T
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SUMMARY
Climate change can be driven by changes in the 
atmospheric concentrations of a number of radiatively 
active gases and aerosols. We have clear evidence that 
human activities have affected concentrations, distributions 
and life cycles of these gases. These matters, discussed in 
this chapter, were assessed at greater length in IPCC WGI 
report “Radiative Forcing of Climate Change” (IPCC 
1994). The following summary contains some material 
more fully discussed in IPCC (1994): bullets containing 
significant new information are marked “***”; those 
containing information which has been updated since IPCC 
(1994) are marked and those which contain
information which is essentially unchanged since IPCC 
(1994) are marked

Carbon dioxide (CO2)
* Carbon dioxide concentrations have increased by almost 

from about 280 ppmv in the late 18th century to 358 
j Jppmv in 1994. This increase is primarily due to combustion 

of fossil fuel and cement production, and to land-use 
change. During the last millennium, a period of relatively 
stable climate, concentrations varied by about ±10 ppmv 
around the pre-industrial value of 280 ppmv. On the 
century time-scale these fluctuations were far less rapid 
than the change observed over the 20th century.

*** The growth rate of atmospheric CO2 concentrations 
over the last few years is comparable to, or slightly above, 
the average of the 1980s (-1.5 ppmv/yr). On shorter 
(interannual) time-scales, after a period of slow growth (0.6 
ppmv/yr) spanning 1991 to 1992, the growth rate in 1994 
was higher (-2 ppmv/yr). This change in growth rate is 
similar to earlier short time-scale fluctuations, which 
reflect large but transitory perturbations of the carbon 
system. Isotope data suggest that the 1991 to 1994 
fluctuations resulted from natural variations in the 
exchange fluxes between the atmosphere and both the land 
biota and the ocean, possibly partly induced by interannual 
variations in climate.

*** As well as the issue of natural fluctuations discussed 
above, other issues raised since IPCC (1994) have been 
addressed. There are some unresolved concerns about the 
'“^C budget which may imply that previous estimates of the 
atmosphere-to-ocean flux were slightly too high. However, 
the carbon budget remains within our previously quoted 
uncertainties and the implications for future projections are 
minimal. Suggestions that the observed decay of bomb-'‘*C 
implies a very short atmospheric lifetime for CO2 result 
from a mis-understanding of reservoir lifetimes. Current 
carbon cycle modelling is based on principles that have 
been well-understood since the 1950s and correctly 
accounts for the wide range of reservoir time-scales that 
affect atmospheric concentration changes.

** The major components of the anthropogenic 
perturbation to the atmospheric carbon budget, with 
estimates of their magnitudes over the 1980s, are: (a) 
emissions from fossil fuel combustion and cement 
production (5.5 ± 0.5 GtC/yr); (b) atmospheric increase (3.3 
± 0.2 GtC/yr); (c) ocean uptake (2.0 ± 0.8 GtC/yr); (d) 
tropical land-use changes (1.6 ± 1.0 GtC/yr); and (e) 
Northern Hemisphere forest regrowth (0.5 ± 0.5 GtC/yr). 
Other potential terrestrial sinks include enhanced terrestrial 
carbon storage due to CO2 fertilisation (0.5-2.0 GtC/yr) and 
nitrogen deposition (0.2-1.0 GtC/yr), and possibly response 
to climatic anomalies. The latter is estimated to be a sink of 
0-1.0 GtC/yr over the 1980s, but this term could be either a 
sink or a source over other periods. This budget is changed 
from IPCC (1994) by a small adjustment (from 3.2 to 3.3 
GtC/yr) to the atmospheric rate of increase and a 
corresponding decrease in “other terrestrial sinks” from 1.4 
to 1.3 GtC/yr.

* In IPCC (1994) calculations of future CO2 concentrations 
and emissions from 18 different carbon cycle models were 
presented based on the IPCC (1992) carbon budget. 
Concentrations were derived for the 1S92 emission 
scenarios. Future CO2 emissions were derived leading to
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Over the past century, the 
global average temperature has 
risen by approximately 1° F 
(Nicholls et al. 1996; Jones et al. 
1998; see Figure 11).^ Further, 
recent analyses have indicated 
that 1997 was the warmest year 
on record (Quayle et al. 1998, 
Karl 1998), and that the decade of 
the 1990’s will be the warmest 
decade for at least the past 600 
years (Manmct"al>s^l998).

4R.,
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Figure 11. Global Average Temperature

E 61.0

E 60.5

Note: Data are expressed as 3-year centered averages. 
Source: Jones et al. 1998.

Figure 12. Atmospheric Carbon Dioxide Concentration and 
Temperature over the Past 160,000 Years
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Sources: Bamola et al. 1994; Energy Information Administration 1998; 
Chapeliaz and Jouzel 1992.
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Temperature changes in 
recent decades bear out the close 
correlation between carbon 
dioxide concentration and 
temperature found in ice core 
data going back 160,000 years 
(Bamola et al. 1987, 1994).
Since the beginning of the 
Industrial Era, the COj level has 
increased steadily and is already 
outside the bounds of variability 
seen in the 160,000 year record 
(see Figure 12). Continuation of 
current levels of emissions is 
projected to raise concentrations 

.—TiNto over 700 ppm by the year 
(0X^2100, a level not experienced on 

Earth since about 50 million
W)

’ The approximate 1 ° F temperature rise over the past century is derived from a 
regression analysis of the temporal data. Because the annual global average temperature is 
variable from year to year, it is inappropriate to simply select two years to quantify the increment. 
The trend or regression is a more appropriate means to calculate the century’s temperature rise.
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Climate Change Over the Last 100 Years

Global surface temperature has been measured 
since 1880 at a network of ground-based and 
ocean-based sites. Over the last century, the 
average surface temperature of the Earth has 

(y increased by about 1.0° F. The eleven warmest 
^ years this century have all occurred since 1980, 

with 1995 the warmest on record (Figure 7).
The higher latitudes have warmed more than 
the equatorial regions.

Beginning in 1979, satellites have been used to 
measure the temperature of the atmosphere up 
to a height of 30,000 feet. The long-term sur­
face record and the recent satellite observations 
differ, but that fact is not surprising: the two 
techniques measure the temperature of different

parts of the Earth system (the surface, and vari­
ous layers of the atmosphere). In addition to 
this, a variety of factors, such as the presence of 
airborne materials from the 1991 eruption of 
the volcano Mt. Pinatubo, affect each record in 
a different way. Satellite observations were ini­
tially interpreted as showing a slight cooling, 
but more recent analyses accounting for natur­
al, short-term fluctuations imply warming, just 
as the ground-based measurements have indi­
cated over a longer time period. As more data 
from the satellite record become available, and 
as the quality of measurements is improved, 
comparison of these two records should yield 
additional insights.
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Figure 7. The global average temperature has risen by approximately V F over the last century.
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SUMMARY
Has the climate warmed?

The estimate of warming since the late 19th century 
has not significantly changed since the estimates in 
IPCC (1990) and IPCC (1992), although the data 
have been reanalysed, and more data are now 
available. Global surface temperatures have 
increased by about 0.3 to 0.6°C since the late-19th 
century, and by about 0.2 to 0.3°C over the last 40 
years (the period with most credible data). The 
warming has not been globally uniform. Some areas 
have cooled. The recent warming has been greatest 
o\ er the continents between 40° and 70°N.

The general, but not global, tendency to reduced 
diurnal temperature range over land, at least since the 
middle of the 20th century, noted in IPCC (1992), has 
been confirmed with more data (representing more 
than 40% of the global land mass). The range has 
decreased in many areas because nights have warmed 
more than days. Cloud cover has increased in many of 
the areas with reduced diurnal temperature range. 
Minimum temperature increases have been about 
twice those in maximum temperatures.

Radiosonde and Microwave Sounding Unit 
observations of tropospheric temperature show slight 
overall cooling since 1979, whereas global surface 
temperature has warmed slightly over this period. 
There are statistical and physical reasons (e.g., short 
record lengths; the different transient effects of 
volcanic activity and El Nino-Southem Oscillation) 
for expecting different recent trends in surface and 
tropospheric temperatures. After adjustment for these 
transient effects, which can strongly influence trends 
calculated from short periods of record, both 
tropospheric and surface data show slight warming 
since 1979. Longer term trends in the radiosonde 
data, since the 1950s, have been similar to those in 
the surface record.

Cooling of the lower stratosphere since 1979 is 
shown by both Microwave Sounding Unit and 
radiosonde data (as noted in IPCC, 1992), but is 
larger (and probably exaggerated because of changes 
in instrumentation) in the radiosonde data. The 
current (1994) global stratospheric temperatures are 
the coolest since the start of the instrumental record 
(in both the satellite and radiosonde data).

As predicted in IPCC (1992), relatively cool surface 
and tropospheric temperatures, and a relatively 
warmer lower stratosphere, were observed in 1992 
and 1993, following the 1991 eruption of Mt. 
Pinatubo. Warmer surface and tropospheric 
temperatures reappeared in 1994. Surface 
temperatures for 1994, averaged globally, were in the 
warmest 5% of all years since 1860.

Further work on indirect indicators of warming such 
as borehole temperatures, snow cover, and glacier 
recession data, confirm the IPCC (1990) and (1992) 
findings that they are in substantial agreement with 
the direct indicators of recent warmth. Variations in 
sub-surface ocean temperatures have been consistent 
with the geographical pattern of surface temperature 
variations and trends.

As noted in IPCC (1992) no consistent changes can 
be identified in global or hemispheric sea ice cover 
since 1973 when satellite measurements began. 
Northern Hemisphere sea ice extent has, however, 
been generally below average in the early 1990s.

Has the climate become wetter?

There has been a small positive (1%) global trend in 
precipitation over land during the 20th century, 
although precipitation has been relatively low since 
about 1980. Precipitation has increased over land in
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1951 -0.36
1952 0.16
1953 0.09
1954 -0.28
1955 0.11
1956 -0.22
1957 -0.16
1958 0.34
1959 0.13
1960 0
1961 0.04
1962 0.04
1963 -0.02
1964 -0.01
1965 -0.15
1966 -0.08
1967 -0.19
1968 -0.27
1969 -0.25
1970 0.07
1971 -0.1
1972 -0.42

-0.19
-0.26
-0.27
-0.31
-0.11
0.21

-0.38
0.05
0.08

0
-0.12
0.14

-0.03
0.12
0.29

-0.07
0.2

-0.2
-0.18
-0.16

-0.3
-0.5
0.1

0.19
-0.08
-0.14
-0.36
-0.11
0.23
0.06
0.22
0.17
0.15
0.22

-0.19
-0.29
-0.08
-0.24
-0.2

-0.17
0.21

-0.35
-0.3

-0.15
-0.07
-0.3

-0.32
-0.36
-0.21
-0.22
-0.24
0.18

-0.19
-0.14
-0.09
0.04

-0.21
0.2

-0.02
-0.14
-0.04
-0.26
-0.23
-0.16
-0.27
-0.11
0.12

-0.17
-0.41
-0.32
-0.11
0.08
0.14

-0.29
0.1

0.03
-0.1

-0.28
-0.23
-0.05
-0.09
0.09
0.02

-0.05
-0.3

-0.13

-0.17
-0.14
-0.05
-0.19
-0.23
-0.29
-0.22
-0.11
0.19

-0.04
0.07
0.11
0.05
0.04
0.11
0.16
0.13
0.03

-0.09
-0.02
-0.18
-0.07
0.07
0.22

-0.22
-0.27

-0.3
-0.03
0.12
0.09

-0.12
0.1

0.04
-0.03
-0.23
-0.27
-0.11
-0.04
-0.15
0.12
0.09

-0.25
-0.04

-0.21
-0.12
-0.15
-0.19
-0.06
-0.31
-0.11
-0.03
0.07

0
-0.07
-0.03
0.06
0.11
0.19

-0.08
-0.18
-0.13
0.05

-0.05
-0.1
0.02
0.04
0.13

-0.24
-0.17
-0.29
0.08
0.11
0.02

-0.11
0.1

0
-0.02
-0.16

.'-0.15
-0.12
0.07

-0.17
0.11

-0.01
-0.2

-0.05

-0.17
0.07
-0.1

-0.14
0

-0.16
-0.05
0.07
0.06
0.11

-0.02
0.08
0.14

-0.07
0.24
0.05

-0.23
-0.06
0.06

-0.14
-0.1
0.07
0.07
0.14

-0.12
-0.09
-0.21
0.15
0.06
0.11
0.06
0.12

-0.04
-0.02
-0.12
-0.11
0.05

-0.07
-0.06
0.03

-0.01
-0.25
0.02

-0.09
0.07

-0.08
-0.12
-0.05

-0.1
0.11

0.1
0.11
0.09
0.13
0.06

-0.02
0.08
0.24

0
-0.1

-0.07
-0.13
-0.14

-0.1
0.04
0.06
0.07

-0.19
-0.16
-0.21
0.07
0.08
0.05
0.01

0
0.04
0.11

-0.16
-0.18
0.05

-0.06
-0.06
0.06

-0.05
-0.16
-0.02

-0.05
0.04

-0.06
-0.1

-0.01
-0.05
0.04
0.13
0.12
0.11

-0.02
0.07

0
0.07
0.27
0.31

-0.19
-0.11
-0.03
-0.01
-0.15
0.13

0.1
0.09
-0.1

-0.02
-0.22
0.14
0.07
0.05
0.07
0.03
0.03
0.12

-0.25
-0.14

0
-0.02
-0.04
0.02

-0.09
-0.13
0.05

%

0.03
-0.19
-0.11

-0.1
-0.05
0.21
0.16

-0.01
0.08

-0.07
0.06
0.07
0.35

0.2
-0.02
-0.09
-0.08

-0.1
-0.07
0.11
0.11
0.09

-0.07
-0.09
-0.28
0.11

0
0.11
0.08

-0.05
0.03
0.14

-0.29
-0.1
0.02

-0.05
-0.06
0.04

-0.06
-0.14
-0.04

-0.07
0

-0.01
-0.13
-0.01
0.03

-0.02
0.15
0.25

-0.17
-0.04
0.31
0.12
0.35
0.32
0.28

-0.07
0.08

-0.04
-0.01

-0.1
0.12

0
0.09

-0.04
-0.09
-0.18
0.06
0.08

-0.02
0.03

-0.07
0.1

0.25
-0.3

-0.03
-0.06
0.14
0.01
0.04

-0.12
-0.13
0.05

0.1 -0.07 -0.13 15.87 60.5661H60.47
-0.17 -0.07-0.05 15.95 60.71 ^0.632

-0.21 -0.18-0.1 .. 15.9 60.62 60.572
-0.29 -0.55-0.23 15.77 60.386 60.536
-0.02 -0.1-0.11 15.89 60.602 60.506
-0.33 -0.22-0.15 15.85 60.53 60.584
-0.06 0-0.1 15.9 60.62 60.65

0 -0.16 0 16 60.8 60.8
0.12 -0.26 0.1 16.1 60.98 60.872

-0.06 0.37 0.02 16.02 60.836 60.848
-0.11 0.13-0.04 15.96 60.728 60.824
0.04 0.08 0.06 16.06 60.908 60.848
0.03 -0.04 0.06 16.06 60.908 60.908

0.1 0.29 0.06 16.06 60.908 61.004
0.02 -0.06 0.22 16.22 61.196 61.004
0.07 -0.21 0.06 16.06 60.908 60.92

-0.14 -0.43-0.08 15.92 60.656 60.74
-0.03 -0.19-0.08 15.92 60.656 60.656
-0.12 -0.22-0.08 15.92 60.656 60.65
-0.08 -0.25-0.09 15.91 60.638 60.584
-0.43 -0.23-0.19 15.81 60.458 60.602
-0.03 0.19-0.05 15.95 60.71 60.668
-0.27 -0.06 0.02 16.02 60.836 60.842
-0.09 0.06 0.1 16.1 60.98 60.782
0.03 -0.28-0.15 15.85 60.53 60.674

-0.23 -0.31 -0.16 15.84 60.512 60.458
-0.27 -0.2-0.26 15.74 60.332 60.578
0.13 0.25 0.05 16.05 60.89 60.746
0.07 0.14 0.12 16.12 61.016 60.926

-0.15 -0.08 0.04 16.04 60.872 60.896
-0.1 0.19 0 16 60.8 60.842

-0.02 -0.11 0.03 16.03 60.854 60.842
0.01 0.03 0.04 16.04 60.872 60.884
0.17 -0.01 0.07 16.07 60.926 60.734

-0.28 -0.39-0.22 15.78 60.404 60.614
-0.15 -0.08-0.16 15.84 60.512 60.536
-0.08 -0.24-0.06 15.94 60.692 60.632
-0.08 -0.09-0.06 15.94 60.692 60.674
-0.03 -0.1 -0.09 15.91 60.638 60.728
0.11 0.18 0.03 16.03 60.854 60.746

-0.06 -0.24-0.03 15.97 60.746 60.686/
-0.08 -0.18-0.19 15.81 60.458 60.632
0.01 0.15-0.06 15.94 60.692 60.698 \



1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997

t-0.17
-0.15
0.05

-0.05
0.16
0.34

0
0.47
0.17
0.02
0.17
0.17
0.42
0.12
0.28
0.35
0.39
0.35
0.23

0.5
0.18
0.28

0.28
-0.36
-0.07
-0.31
0.08
0.01
-0.1
0.16

0.2
0.05

0.4
0.04

-0.13
0.14
0.35
0.24

0.2
0.37

0.4
0.37
0.36

-0.01
0.64
0.36
0.36

0.2
-0.2

-0.02
-0.39
0.14
0.06
0.04
0.05
0.23

-0.06
0.28
0.09
0.01
0.11
0.06
0.31

0.2
0.58
0.24
0.31

0.3
0.26

0.4
0.23
0.36

0.15
-0.15
-0.06
-0.16
0.14

-0.01
-0.09
0.13
0.18
0.09
0.18

-0.01
0.02
0.11
0.15
0.32
0.13
0.38
0.42
0.15
0.23
0.28

0.3
0.16
0.32

0.12
-0.13
-0.03
-0.28

0.1
-0.07
-0.02
0.19
0.05
0.07
0.16
0.1,5
0.05

0.1
0.19
0.27
0.12
0.27
0.31
0.19
0.25
0.29
0.29
0.28
0.31

0.15
-0.11
-0.08
-0.18
0.13

-0.13
0.07
0.13

0.1
-0.02
0.16
0.01

-0.04
0.13
0.17
0.28
0.12
0.33
0.39
0.17
0.16
0.27
0.37
0.25
0.43

0.07
-0.09
-0.11
-0.18
0.05

-0.05
0.01
0.08
0.02
0.01
0.18
0.01

-0.05
0.04

0.3
0.2

0.22
0.27
0.36

-0.02
0.15
0.23

0.4
0.28
0.45

0.04
-0.07
-0.16
-0.18

0
-0.16
0.07
0.05

0.1
0

0.25
0.09
0.05
•0.05
0.28
0.21
0.21

0.3
0.27
0.04
0.11
0.25
0.44
0.22
0.48

0
-0.12

-0.09
-0.18

-0.05 0.08
-0.27-0.18

-0.2 -0.27 -0.3-0.12
-0.16 -0.33 -0.19 -0.14-0.22
0.08 0.01 0.16 -0.05 0.06

-0.05 -0.08 0.07 -0.06-0.03
0.12 0.16 0.16 0.39 0.06

0 0.02 0.19 0.08 0.1
0.06 0.03 0.05 0.28 0.14
0.11 0.09 0.02 0.3 0.05
0.23 0.15 0.28 0.14 0.24
0.02 -0.01 -0.11 -0.27 0.02

0 0.05 -0.02 0.02 0
0.07 0.12 0.02 0.06 0.09
0.33 0.22 0.2 0.38 0.23
0.24 0.2 0.09 0.22 0.25
0.18 0.23 0.15 0.26 0.18
0.24 0.41 0.42 0.3 0.35
0.25 0.24 0.15 0.15 0.29
0.01 0.02 -0.02 0.15 0.15
0.05 0.15 -0.01 0.15 0.19
0.26 0.35 0.44 0.31 0.26
0.33 0.4 0.38 0.25 0.39
0.17 0.13 0.16 0.28 0.22
0.52 0.59 0.49 0.53 0.43

16.08
15.82
15.88
15.78
16.06
15.97
16.06

16.1
16.14 
16.05
16.24 
16.02

16
16.09
16.23
16.25 
16.18 
16.35 
16.29
16.15 
16.19
16.26 
16.39 
16.22 
16.43

60.944
60.476
60.584
60.404
60.908
60.746
60.908

60.98
61.052

60.89
61.232
60.836

60.8
60.962
61.214

61.25
61.124

61.43
61.322

61.07
61.142
61.268
61.502
61.196
61.574

^0.704^W68
Vr488

60.632
60.686
60.854
60.878

60.98
60.974
61.058
60.986
60.956
60.866
60.992
61.142
61.196
61.268
61.292
61.274
61.178

61.16
61.304
61.322
61.424
61.385

Anomalies are expressed in degrees Celsius and are relative to the 1961-1990 mean.
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1997 WARMEST YEAR OF CENTURY, NOAA REPORTS

1997 was the warmest year of this century, based on land and ocean surface temperature 

data, reports a team of scientists from the National Oceanic and Atmospheric 

Administration's National Climatic Date Center in Asheville, N. C.

(2^1^he 1997 figure exceeds the previous record warm year, 1990, by 0.15 degrees Fahrenheit.

over the land have all occurred since 1981, and the warmest five years all since 1990 Land

threeKiuarters of a degree above r^ormal, fall^g short of the 

1990 record by one -quarter cf a degree. 
i u le

Ocean temperatures during 1997 also averaged three-quarters of a degree above

SfT987^Td19^b;

data factored in. global temperature warming trends now exceed 1 0

Tn^lik^v thTt thP f' t temperatures warming at a somewhat faster rate.

^ sustained trend toward increasingly warmer global temperatures is 

^^related to anthropogenic increases in greenhouse gases.” Karl said.
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Joseph E. Aldy
07/19/98 10:43:35 PM

Record Type: Record

To: Matthew C. Weinzierl/CE/VEOP

cc:
Subject: annotated input on aldy questions

Below you will find Rosina’s comments on some of the outstanding issues in the report. I would 
appreciate it if you could follow up on a couple of these:

On #2, could you copy pp. 28, 37 of the Working Group I report (science) -- this should have the quotes 
Rosina references.

On #3, could you check figure 12 and see if it has C02 ppm of 710 in 2100.

On #4, could you read Gibbons testimony (see my Admin Testimonies binder on the right wall of my office; 
Gibbons testified at the 2/12 hearing) and find/copy the part of his testimony that says this.

Could you also print out Rosina’s email and include that in our fact-check binder.

Thanks,

Joe

..........................Forwarded by Joseph E. Aldy/CEA/EOP on 07/19/98 10:33 PM -...............................

Record Type: Record

..ii:oM;7/98;*;i9p|

To: Joseph E. Aldy/CEA/EOP
cc: Peter W. Backlund/OSTP/EOP
Subject: annotated input on aldy questions

More on Monday
1. p. 9, continual measurements of atmospheric C02 at Mauna Loa began in 1957. The data set we 
received from the CDIAC web page for Keeling and Whorf’s work indicates that the period of the record is 
1958-1996. One of our interns spoke with Keeling today who told us the measurement at Mauna Loa 
began in 1958 (while measurement at the South Pole began in 1957). Is your understanding that 1957 or 
1958 is the right year? March ’58

2. p. 10, the 1990’s will be the warmest decade for at least the past 600 years. I read the Mann et al 
paper last night, and they do not make this point. The paragraph in our report refers to global average 
annual temperature, while the Mann et al results that are related to this statement are based on analyses 
of northern hemisphere climate/temperature proxies since 1400. Further, the authors note simply that 3 
years in this decade are "hotter" than any others with a statistical significance at the 99.7% level (pp. 
783-784 of Nature article). I did not see any statistical tests by decade to determine if the 1990’s (or the



past ten years) are "hotter" than any decade in the constructed temperature record. I think we have two 
options; 1) cite this paper, and use a line like "A recent study indicates that the Northern Hemisphere 
appears to have experienced its three warmest years since 1400 during the present decade": or 2) make a 
reference to the historical temperature record, where I believe we can say something like "The 1990’s will 
likely be the warmest decade on record." If we go with the second option, we will need a paper to back it 
up. Note that this appears to be related to the reference to this century being the hottest since 1400 on p. i 
of the Executive Summary, ipcc wgl spm (p. 32) says" As an average over the Northern 
Hemisphere for summer, recent decades appear to be the warmest since at ieast 1400 from the 
iimited avaiiabie evidience." it a/so says "ice core data from severs/ sites suggest that the 20th 
century is at ieast as warm as any century in the past 600 years, although the recent warming is 
not exceptional everywhere." So these are two separate points that can be cited, and then Mann 
et al could be used to speak about the 1990’s. See also memo developed for POTUS by 
NOAA/USGCRP in next e-mail

3. p. 10, Figure 12, C02 Concentration in 2100 under iS92a scenario. As I understand from our RA 
who used to work on the charts (he left CEA last week as a part of the annual CEA summer turnover), we 
do not have the exact value for the 2100 C02 concentration. Do you have any paper that indicates 
explicitly the C02 concentration in 2100 in the IS92a scenario? / forwarded wigley’s and Mike M’s 
answer on this to you, which is that ipcc did not publish a number. But, 710 was the number the 
IPCC and the GCRP leadership agreed we should cite.

4. pp. 10-11, Earth has not experienced C02 concentrations at 700 ppm for 50 million years. We
could not find the reference to this in the Berner 1994. If someone on your staff who is familiar with this 
paper or this reference could point it out for us, I would appreciate it Hope Peter sent you the file we 
have on this. You can cite Jack Gibbon’s testimony

5. p. 11, thermal lag and sea level rise from a doubling of C02. In reading the Manabe and Stouffer 
papers, it appears that the 1% concentration increase per annum to 2xC02 refers to a doubling of 
pre-industrial, not current C02 concentration. While the authors appear to not explicitly state the 
concentration that serves as their starting point, they do call it the "normal value" (Manabe and Stouffer 
1993, p. 215) and the "initial condition, which is in a quasi-equilibrium state" (Manabe and Stouffer 1994, p. 
6). I have interpreted these to mean pre-industrial. If I have missed the reference to the exact 
concentration they use as their starting point, or have misinterpreted this, please let me know. If not, then 
we will change the reference to approximately twice pre-industrial (about 560 ppm) from approximately 
700. Further, their analysis tends to indicate that a 1% concentration increase per annum to 2xC02 would 
reach this concentration in 70 years, stabilize through 500 years, and in total result in a 1 meter sea level 
rise, not an additional 1m rise after 2100 (Manabe and Stouffer 1993, p. 216; Manabe and Stouffer 1994, 
p. 9 and Figure 3). Below is how I propose to rewrite the second half of this paragraph:

"Even if greenhouse gas concentrations were stabilized at about 560 ppm (double pre-industrial 
concentration) within the next century, the sea level would continue to rise for several centuries because of 
the large inertia in the coupled ocean-atmosphere-climate system (Warrick et al. 1996). If the carbon 
dioxide concentration were to increase 1% per year until it reached approximately 560 ppm, and then were 
to stabilize, the sea level would continue to rise from thermal expansion alone (Manabe and Stouffer 1993, 
1994)."

This is ok.
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f
term events such as volcanic eruptions and El Nino are 
taken into account. After adjustment for these transient 
effects, both tropospheric and siirlace data show slight 
warming (about 0.1 °C per decade for the troposphere and 
nearly 0.2°C per decade at the surface) since 1979.

Cooling of the lower stratosphere has been observed 
since 1979 both by satellites and weather balloons, as noted 
in IPCC (1992) and IPCC (1994). Current global mean 
stratospheric temperatures are the coldest observed m the 
relatively short period of the record. Reduced stratospheric 
temperature has been projected to accompany both ozone 
losses in the lower stratosphere and atmospheric increases 

of carbon dioxide.

C.2 Is the 20th century warming unusual?
In order to establish whether the 20th century warming is 
part of the natural variability of the climate system or a 
response to anthropogenic forcing, information is needed 
on climate variability on relevant time-scales. As an 
average over the Northern Hemisphere for summer, recent 
decades appear to be the warmest since at least 1400 from 
the limited available evidence (Figure 10). The warming 
over the past century began during one of the colder 
periods of the last 600 years. Prior to 1400 data are 
insufficient to provide hemispheric temperature estimates. 
Ice core data from several sites suggest that the 20th 
century is at least as warm as any century in the past 600 
years, although the recent warming is not exceptional 

everywhere.
Large and rapid climatic changes occurred during the 

last glacial period (around 20,000 to 100,000 years ago) 
and during the transition period towards the present

Northern Hemisphere Summer (JJA) 
for decades from 1400-09 to 1970-79, 
relative to 1961-90

0.6
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Technical Summary

interglacial (the last 10,000 years, known as the 
Holocene). Changes in annual mean temperature of about 
5°C occurred over a few decades, at least in Greenland and 
the North Atlantic, and were probably linked to changes m 
oceanic circulation. These rapid changes suggest that 
climate may be quite sensitive to internal or external 
climate forcings and feedbacks. The possible relevance of 
these rapid climate changes to future climate is discussed 

in Section F.5.
Temperatures have been less variable during the last 

10,000 years. Based on the incomplete evidence available, 
it is unlikely that global mean temperatures have varied by 
more than 1°C in a century during this period.

C.3 Has the climate become wetter?
As noted in IPCC (1992), precipitation has increased over 
land in high latitudes of the Northern Hemisphere, 
especially during the cold season. A step-like decrease of 
precipitation occurred after the 1960s over the subtropics 
and tropics from Africa to Indonesia. These changes are 
consistent with changes in streamflow, lake levels and soil 
moisture (where data analyses are available). Precipitation, 
averaged over global land areas, increased from the start of 
the century up to about 1960. Since about 1980 
precipitation over land has decreased (Figure 11).

There is evidence to suggest increased precipitation over 
the central equatorial Pacific Ocean in recent decades, with 
decreases to the north and south. Lack of data prevents us 
from reaching firm conclusions about other precipitation 

changes over the ocean.
Estimates suggest that evaporation may have increased 

over the tropical oceans (although not everywhere) but 
decreased over large portions of Asia and North America. 
There has also been an observed increase in atmospheric 
water vapour in the tropics, at least since 1973.

Figure 10; Decadal summer (June to August) temperature index 
for the Northern Hemisphere (to 1970-1979) based on 16 proxy 
records (tree-rings, ice cores, documentary records) from North 
America, Europe and East Asia. The thin line is a smoothing of 
the same data. Anomalies are relative to 1961 to 1990.

1900 1920 1940 I960
Year

Figure 11; Changes in land-surface precipitation averaged over 
regions between 55°S and 85°N. Annual precipitation departures 
from the 1961-90 period are depicted by the hollow bars. The 
continuous curve is a smoothing of the same data.
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Figure 16: Observed changes in global mean temperature over 
1861 to 1994 compared with those simulated using an upwelling 
diffusion-energy balance climate model. The model was run first 
with forcing due to greenhouse gases alone (a) and then with 
greenhouse gases and aerosols (b).
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qualitative agreement between observations and those 
model predictions that either include aerosol effects or do 
not depend critically on their inclusion. As in the 
quantitative studies, one must be cautious in assessing 
consistency because the expected climate change signal 
due to human activities is still uncertain, and has changed 
as our ability to model the climate system has improved. In 
addition to the surface warming, the model and observed 
commonalities in which we have most confidence include 
stratospheric cooling, reduction in diurnal temperature 
range, sea level rise, high latitude precipitation increases 
and water vapour and evaporation increase over tropical 

oceans.

E.6 Overall assessment of the detection and attribution 
issues

In summary, the most important results related to the issues 
of detection and attribution are:

The limited available evidence from proxy climate 
indicators suggests that the 20th century global mean 
temperature is at least as warm as any other century 
since at least 1400 AD. Data prior to 1400 are too 
sparse to allow the reliable estimation of global mean 
temperature (see Section C.2).

the model-observed correspondence in these experiments 
occurs at the largest spatial scales - for example, 
temperature differences between hemispheres, land and 
ocean, or the troposphere and stratosphere. Model 
predictions are more reliable at these spatial scales than at 
the regional scale. Increasing confidence in the 
identification of a human-induced effect on climate comes 
primarily from such pattern-based work. For those seasons 
during which aerosol effects should be most pronounced 
the pattern correspondence is generally higher than that 
achieved if model predictions are based on changes in 
greenhouse gases alone (Figure 17).

As in the global mean studies, pattern-oriented detection 
work relies on model estimates of internal natural 
variability as the primary yardstick for evaluating whether 
observed changes in temperature patterns could be due to 
natural causes. Concerns remain regarding the reliability of 
this yardstick.

Assessments of the statistical significance of the 
observed global mean temperature trend over the last 
century have used a variety of new estimates of 
natural internal and externally forced variability. 
These are derived from instrumental data, palaeodata, 
simple and complex climate models, and statistical 
models fitted to observations. Most of these studies 
have detected a significant change and show that the 
observed warming trend is unlikely to be entirely 
natural in origin.

E-5 Qualitative consistency
In addition to quantitative studies, there are broad areas of

More convincing recent evidence for the attribution 
of a human effect on climate is emerging from 
pattern-based studies, in which the modelled climate 
response to combined forcing by greenhouse gases 
and anthropogenic sulphate aerosols is compared 
with observed geographical, seasonal and vertical 
patterns of atmospheric temperature change. These 
studies show that such pattern correspondences 
increase with time, as one would expect as an 
anthropogenic signal increases in strength. 
Furthermore, the probability is very low that these 
correspondences could occur by chance as a result of 
natural internal variability only. The vertical patterns

f
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Vostok ice core provides 160,000-year record of 

atmospl^ric CO2
Barnola^. Raynaud*, Y; S. Korotkevich’ & C Lorius*

_____________ ogle et de Otephyiique <te rBnvInnncmeni, BP 96,38601 Saint Martin d’Hirei Cedex, Prance
1 Arctic and Antarctic Rciearch Inatltute, Beringa Street 38, Leningrad 199226, USSR

Direct .evidence cf past atmospheric COf changes has been extended to the past 160,000 years from the Vostok fee core. 
These cfianf e« are most notably an inherent phenomenon of change between glacial and Interglacial periods. Besides this 
mqjor tOO,000-year tycle, the CO^ record seems to exhibit a cyclic change with a period ef some 21,000 years.

AlthouOh the first direct CO, measurements in the atmos­
phere were made In the second hair of the nineteenth century, 
atmospheric CO, variations have been monitored In asystematic 
and reliable manner only since t9S8. Fortunately, nature has 
been taking continuous samples of the atmosphere at the surface 
of (he ice sheets throughout the ages. This natural sampling 
process takes place when snow is transformed into ice by sinter­
ing at the surface of the melt-free zones of the ice shecu, with 
air becoming Isolated from the surrounding atmosphere In the 
pores of the newly formed ice. Alter pore closure the gu remains 
stored in the ice moving within the Ice sheet During this natural 
air sampling and storage process, different mechanisms could 
alter (he original atmospheric composition''*. But by choosing 
appropriate sampling sites, ice cores (for example see ref. 1) 
and experimental methods*, past COj changes in the atmosphere 
can be determined with high confidence by analysing the air 
enclosed in the pores of the ice.

Previous results from ice-core analysis have already provided 
important reliable informqtion on the 'pre-industrial* CO] level 
and the recent CO, increase induced by anthropogenic 
activities*^. Striking CO, changes have also been detected in 
(his way in the ice record covering (he last 30-40 kyr**'*, includ­
ing the large CO, increase assodated with the dimatic shift 
from (he Last Glacial Maximum (~18 kyr bp) to the Holocene,

Because of the extremely low temperatures at Vostok (present- 
day mean annual temperature is -55 JK!) and the good core 
quality, the 2,083-m-Iong ice core recovered by the Soviet 
Antarctic Expeditions at Vostok (East Antarctica) provides a 
unique opportunity to extend the Ice record of atmospheric COj 
over (he last gladal-intergladal cycle back to the penultimate 
ice age about 160 kyr ago". Over this timescale a high correlation 
is found between CO2 concentrations and Antarctic dimate, 
with sign! Acant osdilatory behaviour of COs between high levels 
during interglacial and low levels during gtadal periods. The 
CO] record also seems to exhibit a cyclic change with a period 
of ~21 kyr, that is, around the orbital period corresponding to 
the precession.
Eyperimental procedure
Gas extraction and mcosuremenu were performed with the 
•Grenoble analytical setup* described by Barnola « A", 'nie

Fig. 1 CO) concentrations (p.p.m-v,) ploned against depth In the 
Vostok Ice core. The *best esUmates' of the CO] concentrations 
are indicated by dou and the envelope shown has been .plotted 

' taking Into account the different uncciuinty soo.ices.

method is based on crushing the ice under vacuum without 
melting, expanding the gas released during the crushing in a 
pre-evacuated sampling loop, and analysing the CO] ooncentra- 
dons by gas chromatography.

The analytical system, except for the stainless steel conuiner 
in which the ice is crushed, is calibrated for each ice sample 
measurement with a standard mixture of CO, in nitrogen and 
oxygen. The corresponding accuracy (2er) is evaluated from the 
standard deviation of the residuals corresponding to the calibra­
tion regression and ranges from 3 to 12 patu per million by 
volume (p.p.m.v.) for the measuremenU presented In this article.

We recently discovered an additional error due to our experi­
mental system when a slgnlAcant amount of water vapour is 
detected by the gas chromatograph. In such a case, selective 
CO] transport by water vapour (similar to that observed by 
Neftel el al*) back to the }ce crushing container is suspected of 
depleting the COj from the air extracted IVom the Ice and injected
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Climate Change Over the Next 100 Years

Where is the climate headed? If the 
world proceeds on a "business as 
usual" path, atmospheric CO2 concen­
trations will likely be more than 700 
ppm by 2100, and they will still be 
rising. This is nearly double the cur­
rent level and much more than dou­
ble the preindustrial level of 280 ppm 
(Figure 10). State-of-the-art climate 
models suggest that this will result in 
an increase of about 3.5° F in global 
temperatures over the next century. 
This would be a rate of climate 
change not seen on the planet for at 
least the last 10,000 years. It is the 
combined threat of elevated concen­
trations of greenhouse gases and this 
unprecedented rate of increase that 
causes great concern.

What are the projected extent and 
pattern of warming over the globe? 
The higher latitude regions will warm 
relatively more than areas nearer to 
the equator. The land surface will 
warm more than the oceans, and 
there will be less variation in tempera­
ture from night to day.

Atmospheric Carbon Dioxide Concentration 
and Temperature Change

ih400

.(

Current
Level

figure 10. The CO2 level has increased sharply 
since the beginning of the Industrial Era and is 
already outside the bounds of natural variabili­
ty seen in the climate record of the last 
160,000 years. Continuation of current levels 
of emissions will raise concentrations to over 
700 ppm by 2100, a level not experienced 
since about 50 million years ago.

Thousands of years ago

Current
Level

CO2 concentration in the 
atmosphere (Antarctic Ice Core)

Temperature changes through time 
compared to the present temperature



J.'fijand fresh and wastewater treatment and distribution. This infrastructure is extremely vulnerable 
to extreme weather events. I want to emphasize that one can't point to any single extreme 
weather event today and say for sure that global warming caused it. But we can say that such 
events are examples of the kinds of impacts we expect to occur with greater frequency in a 
warmer world. There are likely to be more "storms of the century,” “100-year floods,” and severe 
droughts in the future than there were in the past.

The temperature increases, intensification of the water cycle, and sea-level rise already 
observed over the past century are all consistent with theoretical predictions of the consequences 
of an enhanced greenhouse effect. They are also consistent with the projections from simulations 
of global climate by general circulation models.

The IPCC “business as usual” scenario indicates that even with continued technological 
improvement (such as energy efficiency increases of about 1 percent per year), unless policies to 
control emissions of greenhouse gases are implemented, the atmospheric concentrations of these 
gases will be much higher by 2100. Assuming “business as usual” COj concentrations will reac 
about 710 parts per million by volume (ppm), a level higher than any seen on this planet in the 
last 50 million years (Figure 2). For context, the pre-industrial level of COj was about 280 ppm, 
and has increased to the current level of about 360 ppm. If realized, this increase is expected to 
result in significant future climate changes:

Global surface temperature would increase an average of another 2-6 °F by 2100, with a 
best estimate of 3.5 °F. Higher Northern latitudes are projected to warm by more. 
Temperature change of this magnitude would be faster than any observed changes in the 
last 10,000 years.
Global mean sea level would rise another 6 to 38 inches by the end of the 21st century. 
The rate of evaporation would increase as the climate warms, leading to an increase in 
average global precipitation as well as frequency of intense rainfall and floods in some 
regions. In some regions, the soil moisture will decrease, leading to increased frequency 
and intensity of droughts.

Most of the climate impacts have been evaluated for a world at equilibrium after 
greenhouse gases have reached either 550 or 700 ppm. But stabilizing at double the pre­
industrial concentration of greenhouse gases, or 550 ppm, would require massive intervention. 
On the other hand, a continuation of “business as usual” implies a world with far higher 
concentrations and far greater effects. The Geophysical Fluid Dynamics Laboratory at Princeton 
has recently modeled the effects of doubling and quadrupling the level of greenhouse gases;

• A quadrupling of such concentrations (to about 1100 ppm) is likely to increase
temperatures in North America by 15 - 20“ F, as opposed to the 5-10°F expected from 
doubling.
In the growing season, soil moisture deficits would approach 30 - 50 percent for 
quadrupling, as opposed to 10-30 percent for doubling.
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Introduction

%

Thank you for providing the opportunity to talk to you today about the U.S. Global 
Change Research Program’s (USGCRP) current and planned activities. The best way to describe 
how these activities relate to the Kyoto Protocol is to describe the current state of scientific 
knowledge of climate change, a significant portion of which is the product of our Nation’s strong 
support for the USGCRP since its inception.

The USGCRP began as a Presidential Initiative in 1989, and was codified by the Global 
Change Research Act of 1990. The program has been strongly backed by every Administration 
and Congress since its inception. The FY 1999 Budget Request demonstrates President 
Clinton’s ongoing commitment to the program, with an overall request of approximately $1.86 
billion dollars. The President and the Vice President believe that global change research is one 
of the foundations of a sustainable future. The Administration looks forward to working with the 
Congress to carry on this bipartisan tradition of support for sound science.

I want to emphasize that the plaiming of the USGCRP budget and research programs for 
this year, or any year, were not directly impacted by the Kyoto negotiations. The USGCRP is 
not a policy-driven program, but rather is driven by critical science questions and the need to 
develop a long term understanding of the scientific information that is of most relevance to U.S. 
policy makers. The results obtained through the sustained USGCRP research effort over the past 
decade have been very helpful in U.S. government climate change policy deliberations. As we 
look ahead to the next decade of global change research, it is apparent that much of the USGCRP 
research effort is addressing questions of ecological impacts and rates of change, both of which 
are relevant to the decisions the world must make about long term emissions trajectories beyond 
2010.

The USGCRP, along with the global change research efforts supported by other countries 
such as Japan and the European nations, has provided the knowledge base for national and 
international decision making on climate change issues, both by providing research results 
directly to national governments and to the international process of the Intergovernmental Panel
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years ago (Berner 1994). It is anticipated that if the COj levels increase to this level, then the globa^OX^^ 
average temperature will rise by between 1.8 and 6.3° F by the year 2100 (Kattenberg et al. \996\\^ ^ 

This range of temperature impacts was developed by the Intergovernmental Panel on Climate 
Change using a set of alternative plausible assumptions about climatic response to higher greenhouse/ 
gas concentrations, the effects of aerosols (such as sulfate particles) that can offset warming, andv 
several economic parameters. In general, the temperature change experienced would be greater at^—^ 
higher latitudes than at lower latitudes, and greater over land than over the oceans (Kattenberg et 
1996). VL V
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Figure 13. U.S. Coastal Lands at Risk from a 
20-inch Sea Level Rise in 2100

Global warming of the magnitude projected by the IPCC will have many effects due to 
changes in local temperature and precipitation patterns, an induced rise in sea level, and altered 
distribution of freshwater supplies. By 2100, sea level is expected to rise by 6 to 37 inches (Warrick/!/^ 
et al. 1996). An average 20-inch sea level rise would result in substantial loss of coastal land in thevJ^C' 
United States especially along the southern Atlantic and Gulf Coasts, which are currently subsiding^'^ 

and are particularly vulnerable (Titus et al. 1991; Smith and Tirpak 1989; see Figure 13). Even if/ 
greenhouse gas concentrations were stabilized within the next century, the sea level would continue 
to rise for several centuries because of the large inertia in the coupled ocean-atmosphere-climate 
system (Warrick et al. 1996). For example, if the carbon dioxide concentration were to increase 1% 
per year until it reached 
approximately 700 ppm, roughly 
double the current level, and then 
were to stabilize, the sea level 
would continue to rise from 
thermal expansion alone. Several 
researchers estimate that after 500 
years, the sea level would have 
risen one meter in addition to the 
rise experienced through 2100 
due to thermal expansion of the 
ocean waters and would still be 
rising, even though the 
temperature changes had largely 
been stabilized (Manabe and 
Stouffer 1993, 1994).
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SUMMARY
General circulation models (GCMs), and in particular 
coupled atmosphere-ocean general circulation models 
(AOGCMs), are the state-of-the-art tool for understanding 
the Earth’s present climate, and for estimating the effects 
on past and future climate of various natural and human 
factors. This chapter focuses on the estimation of the 
effects on future climate of changes in atmospheric 
composition due to human activities. An important 
development since IPCC(1990) is the improved 
quantification of some radiative effects of aerosols, and 
climate projections presented here include, in addition to 
the effects of increasing greenhouse gas concentrations, 
some potential effects of anthropogenic aerosols.

Climate simulations using GCMs require substantial 
•omputer resources and it is not generally feasible to carry 

separate simulations for a large number of forcing 
_^narios. In order to interpolate and extrapolate global 
mean projections from GCMs to a wider range of 
greenhouse gas and aerosol scenarios, simple upwelling 
diffusion-energy balance models are employed. These 
models are calibrated to give the same globally averaged 
temperature response as the global coupled GCMs. Since 
the amount of anthropogenic aerosols has most probably 
grown alongside the growth in fossil fuel use since pre­
industrial times, the estimated historical changes of 
radiative forcing up to 1990 used in this report for global 
mean temperature projections include a component due to 

aerosols.

^^on

Projections of global mean temperature
Using the IS92 emission scenarios, projected global mean 
temperature changes were calculated up to 2100 assuming 
low (1.5°C), “best estimate” (2.5°C) and high (4.5°C) 
values of the climate sensitivity (similar to IPCC (1990)). 
Taking account of increases of greenhouse gas 
concentrations alone (i.e., assuming aerosol concentrations 
remain constant at 1990 levels) the models project an 
increase in global mean temperature relative to the present 

.of between 1 and 4.5°C by 2100 for the full range of 
pec scenarios. These projections are lower than the

corresponding projections presented in IPCC (1990) partly 
because of the inclusion of aerosols in the pre-1990 
radiative forcing history and partly for other reasons, 
including revised understanding of the carbon cycle (see 
Chapter 2). Incorporating possible effects of future changes 
of anthropogenic aerosol concentrations implied by the 
IS92 scenarios leads to lower projections of temperature 
change of between 1°C and 3.5°C by 2100. In all cases 
these projections would represent a substantial warming of 
climate. Uncertainty in the projections is introduced by 
uncertainty in the climate sensitivity and by uncertainty in 
the radiative forcing scenarios.

Projections of continental scale climate change 
Spatial patterns of climate change in recent publications 
tend to confirm and extend the 1990 results. With 
increasing greenhouse gases, the warming of the land is 
generally more than that of the oceans, similar to 
equilibrium simulations. There is a minimum warming 
around Antarctica and in the northern North Atlantic which ' ^ 
is associated with deep oceanic mixing in those areas. The 
maximum annual mean warming occurs in high northern 
latitudes associated with reduced sea ice cover. The 
warming here is largest in late autumn and winter, but 
becomes negligible for a short period in summer. There is 
little seasonal variation of the warming in low latitudes or 
over the southern circumpolar ocean. The diurnal range of 
land temperature is reduced in most seasons and most

I' ’
I

regions.
Including the effects of aerosols in simulations of future 

climate leads to a somewhat reduced warming in middle 
latitudes of the Northern Hemisphere and the maximum 
winter warming in high northern latitudes is less extensive.

All models produce an increase in global mean 
precipitation. If the direct effect of sulphate aerosol forcing 
is taken into account, the total increase in global 
precipitation is smaller, as would be expected with the 
smaller net warming. Precipitation increases in high 
latitudes in winter and in most cases the increases extend 
well into mid-latitudes. In the tropics, the patterns of
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transmission. This could result in 50 million to 
80 million additional malaria cases per year 
worldwide by 2100.

Rising Sea Level - Rising sea level erodes 
beaches and coastal wetlands, inundates low- 
lying areas, and increases the vulnerability of 
coastal areas to flooding from storm surges and 
intense rainfall. By 2100, sea level is expected 
to rise by 6 to 37 inches. A 20-inch sea level 
rise will result in substantial loss of coastal land 
in the United States, especially along the south­
ern Atlantic and Gulf coasts, which are subsid­
ing and are particularly vulnerable. The oceans 
will continue to expand for several centuries 
after temperatures stabilize. Because of this, the 
sea level rise associated with CO2 levels of 550 
ppm (double pre-industrial levels) could eventu­

ally exceed 40 inches. A CO2 level of 1100 ppm 
could produce a sea level rise of 80 inches or 
even more, depending on the extent to which 
the Greenland and Antarctic ice sheets melt.

• A 20-inch sea level rise would double the 
global population at risk from storm surges, 
from roughly 45 million at present to over 90 
million, and this figure does not account for 
any increases in coastal populations. A 40- 
inch rise would triple the number.

• South Florida is highly vulnerable to sea level 
rise (Figure 16). A third of the Everglades has 
an elevation of less than 12 inches. Salt watei 
intrusion would adversely affect delicate eco­
logical communities and degrade the habitat 
for many species.
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Figure 16. Sea level rise could 
inundate many low-lying coastal 
areas in Florida, and will increase 
the vulnerability of all such areas 
to storm surges.
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which tend to raise sea level. However, the potential 
future effect on sea level from such sources is 
probably relatively small, of the order of a few 
centimetres during the next century.

An exact accounting of the past sea level rise is difficult, 
particularly in the light of the large uncertainties associated 
with the mass balances of the ice sheets. However, the 
observed rise lies well within the combined ranges of 
uncertainty of the above factors.

Projections of future changes in sea level as a 
consequence of greenhouse-gas-induced warming were 
made for each of the six IPCC IS92 emission seenarios, 
with and without the effect of aerosol changes after 1990, 
for the period 1990 to 2100. In addition, high, middle and 
low estimates, using a range of parameter values based on 
key model uncertainties, were made for IS92a (the 
emission scenario most comparable to the IPCC (1990) 
Scenario A, the so-called “Business-as-usual” scenario). 
The results showed that;

• for Scenario IS92a, sea level is projected to be about 
50 cm higher than today by the year 2100, with a 
range of uncertainty of 20-86 cm;

• for the range of emission scenarios IS92a-f using 
“best-estimate” model parameters, sea level is 
projected to be 38-55 cm higher than today by the 
year 2100;

the extreme range of projections, taking into account 
both emission scenarios and model uncertainties, is 
13-94 cm;

• most of the projected rise in sea level is due to thermal 
expansion, followed by increased melting of glaciers 
and ice caps. On this time-scale, the contributions 
made by the major ice sheets are relatively minor, but 
are a major source of uncertainty.

It is evident that the choice of emission scenario makes 
relatively little difference to the projected rise in sea level, 
especially for the first half of the next century. This is

Changes in Sea Level

because much of the rise has already been determined by 
past changes in radiative forcing, due to lags in the 
response of the oceans and iee masses. For this same 
reason, in model simulations sea level continues to rise 
over many centuries even after concentrations of 
greenhouse gases are stabilised. In contrast, the scientific 
uncertainties - as reflected partly in intra-model 
uncertainties in the choice of individual model parameter 
values, and partly in inter-model uncertainties in the ehoice 
of methods for climate, glacier and ice sheet modelling - 
make a very large difference in the estimate of future sea 
level rise.

A major souree of uneertainty concerns the polar ice 
sheets. Not only is there a lack of understanding of the 
current mass balance, but there is also eonsiderable 
uneertainty regarding the possible dynamie responses on 
time-scales of centuries. Concern has been expressed that 
the West Antarctic Ice Sheet might “surge”, causing a rapid 
rise in sea level. The current lack of knowledge regarding 
the specific circumstances under which this might occur, 
either in total or in part, limits the ability to quantify the 
risk. Nonetheless, the likelihood of a major sea level rise 
by the year 2100 due to the collapse of the West Antarctic 
Ice Sheet is considered low.

The changes in future sea level will not oceur uniformly 
around the globe. Reeent eoupled atmosphere-ocean model 
experiments suggest that the regional responses could 
differ significantly, due to regional differences in heating 
and eireulation changes. In addition, geological and 
geophysical processes cause vertical land movements and 
thus affect relative sea levels on local and regional scales. 
Finally, extreme sea level events - tides, waves and storm 
surges - eould be affected by regional climate changes but 
are, at present, difficult to predict.

Overall, the basic understanding of climate-sea level 
relationships has not changed fundamentally since IPCC 
(1990). The estimates of global sea level rise presented 
here are lower than those presented in IPCC (1990), due 
primarily to significantly lower estimates of global 
temperature change which drive the projections of sea 
level rise. Thus, if global warming were to oecur more 
rapidly than expected, the rate of sea level rise would 

consequently be higher.
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transmission. This could result in 50 million to 
80 million additional malaria cases per year 
worldwide by 2100.

Rising Sea Level - Rising sea level erodes 
beaches and coastal wetlands, inundates low- 
lying areas, and increases the vulnerability of 
coastal areas to flooding from storm surges and 
intense rainfall. By 2100, sea level is expected 
to rise by 6 to 37 inches. A 20-inch sea level 
rise will result in substantial loss of coastal land 

1 ^n the United States, especially along the south- 
\ \ fern Atlantic and Gulf coasts, which are subsid­

ing and are particularly vulnerable. The oceans 
will continue to expand for several centuries 
after temperatures stabilize. Because of this, the 
sea level rise associated with CO2 levels of 550 
ppm (double pre-industrial levels) could eventu­

ally exceed 40 inches. A CO2 level of 1100 ppm 
could produce a sea level rise of 80 inches or 
even more, depending on the extent to which 
the Greenland and Antarctic ice sheets melt.

• A 20-inch sea level rise would double the 
global population at risk from storm surges, 
from roughly 45 million at present to over 90 
million, and this figure does not account for 
any increases in coastal populations. A 40- 
inch rise would triple the number.

• South Florida is highly vulnerable to sea level 
rise (Figure 16). A third of the Everglades has 
an elevation of less than 12 inches. Salt watei 
intrusion would adversely affect delicate eco­
logical communities and degrade the habitat 
for many species.
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Figure 16. Sea level rise could 
inundate many low-lying coastal 
areas in Florida, and will increase 
the vulnerability of all such areas 
to storm surges.
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Chapter 7

Cost of Raising Barrier Islands

The data provided by We^el focused only on 
elevating roads, buildings, and bulkheads. Thus, 
Titus and Greene do not consider the cost of 
replacing sewers, water mains, or buried cables. On 
the other hand, Weggel’s cost factors assume that 
rebuilt roads would be up to engineering standards; 
it is possible that communities woidd tolerate 
substandard roads. In addition, the census data 
Titus and Greene used were only available for 
incorporated communities, many of which are part 
barrier island and part mmnland; thus, the data 
provide only a rough measure of typical road 
density.

Sensitivity of Sand Costs to Increased Scarcity of 
Sand

Fmally, Titus and Greene made no attempt to 
determine how realistic their assumption was that

sand costs would increase by the same pattern 
nationwde as they would in Florida.

Results

Loss of Wetlands and Dryland

Table 7-4 illustrates 95% confidence intervals 
for the nationwide losses of wetlands and dryland. 
If all shorelines were protected, a 1-meter rise 
would result in a loss of 50 to 82% of UJS. coastal 
wetlands, and a 2-meter rise would result in a loss 
of 66 to 90%. If only the densely developed areas 
were protected, the losses would be 29 to 69% and 
61 to 80% for the 1- and 2-meter scenarios, 
respectively. Except for the Northeast, no 
protection results in only slightly lower wetland loss 
than protecting only densely developed areas. 
Although the estimates for the Northeast, mid- 
Atlantic, the gulf regions outside Louisian^ and the 
Florida peninsula are not statistically significant (at 
the 95% confidence levels), results suggest that 
wetlands loss would be least in the Northeast and 
Northwest.

Table 7-4. Nationwide Loss of Wetlands and Dryland® (95% confidence intervals)

Baseline
Souare miles“

50-cm rise 100-cm rise 200-cm rise

Wetlands

Total protection N.C. 4944-8077
(38-61)

6503-10843
(50-82)

8653-11843
(66-90)

Standard
protection

1168-3341
(9-25)

2591-5934
(20-45)

3813-9068
(29-69)

4350-10995
(33-80)

No protection N.C. 2216-5592
(17-43)

3388-8703
(26-66)

3758-10025
(29-76)

Dr>iand

Total protection 0 0 0 0

Standard
protection

1906-3510 2180-6147 4136-9186 6438-13496

No protection N.C. 3315-7311 5123-10330 8791-15394

“Numbers in parentheses are percentages. 
NC = Not cdculated.

Source: Titus and Greene (Volume B).
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which tend to raise sea level. However, the potential 
future effect on sea level from such sources is 
probably relatively small, of the order of a few 
centimetres during the next century.

An exact accounting of the past sea level rise is difficult, 
particularly in the light of the large uncertainties associated 
with the mass balances of the ice sheets. However, the 
observed rise lies well within the combined ranges of 
uncertainty of the above factors.

Projections of future changes in sea level as a 
consequence of greenhouse-gas-induced warming were 
made for each of the six IPCC IS92 emission scenarios, 
with and without the effect of aerosol changes after 1990, 
for the period 1990 to 2100. In addition, high, middle and 
low estimates, using a range of parameter values based on 
key model uncertainties, were made for IS92a (the 
emission scenario most comparable to the IPCC (1990) 
Scenario A, the so-called “Business-as-usual” scenario). 
The results showed that:

• for Scenario IS92a, sea level is projected to be about 
50 cm higher than today by the year 2100, with a 
range of uncertainty of 20-86 cm;

• for the range of emission scenarios lS92a-f using 
“best-estimate” model parameters, sea level is 
projected to be 38—55 cm higher than today by the 
year 2100;

• the extreme range of projections, taking into account 
both emission scenarios and model uncertainties, is 
13-94 cm;

• most of the projected rise in sea level is due to thermal 
expansion, followed by increased melting of glaciers 
and ice caps. On this time-scale, the contributions 
made by the major ice sheets are relatively minor, but 
are a major source of uncertainty.

It is evident that the choice of emission scenario makes
relatively little difference to the projected rise in sea level,
especially for the first half of the next century. This is

Changes in Sea Lewi

because much of the ri^ has already been determined bv 
past changes in radiative forcing, due to lags in the 
response of the oceans and ice masses. For this same 
reason, nn model simulations sea level continues to rise 
over many centuries even after concentrations of 
greenhouse gases are stabilised. In contrast, the scientific 
uncertainties - as reflected partly in intra-model 
uncertainties in the choice of individual model parameter 
values, and partly in inter-model uncertainties in the choice 
of methods for climate, glacier and ice sheet modelling - 
make a very large difference in the estimate of future sea 
level rise.

A major source of uncertainty concerns the polar ice 
sheets. Not only is there a lack of understanding of the 
current mass balance, but there is also considerable 
uncertainty regarding the possible dynamic responses on 
time-scales of centuries. Concern has been expressed that 
the West Antarctic Ice Sheet might “surge”, causing a rapid 
rise in sea level. The current lack of knowledge regarding 
the specific circumstances under which this might occur, 
either in total or in part, limits the ability to quantify the 
risk. Nonetheless, the likelihood of a major sea level rise 
by the year 2100 due to the collapse of the West Antarctic 
Ice Sheet is considered low.

The changes in future sea level will not occur uniformly 
around the globe. Recent coupled atmosphere-ocean model 
experiments suggest that the regional responses could 
differ significantly, due to regional differences in heating 
and circulation changes. In addition, geological and 
geophysical processes cause vertical land movements and 
thus affect relative sea levels on local and regional scales. 
Finally, extreme sea level events - tides, waves and storm 
surges - could be affected by regional climate changes but 
are, at present, difficult to predict.

Overall, the basic understanding of climate-sea level 
relationships has not changed fundamentally since IPCC 
(1990). The estimates of global sea level rise presented 
here are lower than those presented in IPCC (1990), due 
primarily to signifieantly lower estimates of global 
temperature change which drive the projections of sea 
level rise. Thus, if global warming were to occur more 
rapidly than expected, the rate of sea level rise would 

consequently be higher.
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scales of the disk correspond to those of the large-scale radio jets 
and lobes. For example, the kinetic timescale fn which the radio 
jet structures change is about 10^ yr, while the synchrotron 
lifetimes of radio regions range from ~ Wyr for the hotspots to 
~ lO* yr for the more extended lobes. Similarly, the total 
‘equipartition' energy in the lobes, ~ erg, corresponds to 
the mass energy available in the disk: for a dust/gas ratio similar 
to our Galaxy, the disk mass is about 10^ solar masses. 
Converted to energy at an efficiency of 1%, a value often 
assumed, this mass would yield 1(P erg.

These facts, combined with the alignment of the radio axis and 
disk spin axis, lead us to describe the feature seen in NGC4261 as 
the ‘outer acaetion disk’ of the central active nucleus. The 
bright unresolved point at the centre of the disk probably 
represents thermal optical emission from the hot inner accretion' 
disk. The outer disk supplies fuel by way of the inner disk to the 
central engine, probably a massive black hole, in quantities that 
determine the luminosity, size and orientation of the extended 
radio emission.

Hints of such features have been obtained earlier: a previous 
ground-based image of NGC4261 showed a small central dust 
region (~ 3* in diameter), but neither its size nor morphology 
could be accurately determined. Molecular radio observations'^ 
of Centaurus A have indicated the presence of rotating cold 
material in a rather larger region (~ 1 kpc). To our knowledge, 
however, the image presented here is the first of an accretion 
disk where size and structure can be directly associated with the 
results of nuclear activity.

On much larger scales, dust has been seen before in many 
other elliptical galaxies«•'^ as lanes, disks and filamentary 
structures. These structures, often assumed to be the remnants 
of a captured late-type galaxy, are generally 10 to 100 times 
larger than the disk shown here. Although their presence may be 
correlated statistically with nuclear activity, their dynamic and 
decay timescales are much longer than those associated with 
AGN phenomena.

If the disk is in simple circular rotation, measurements of the 
rotation curve at HST resolution should lead to an estimate of 
the central mass that is free from the ambiguities of estimates 
derived from the orbits of stars. Measurements of the turbulent 
velocities should help to constrain models of the nature of the 
angular momentum and mass transport in the disk". □
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Century-scale effects of increased 
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Several studies have addressed the likely effects ofCOg-Induced 
climate change over the coming decades but the longer-term 
effects have received less attention. Yet these effects could be very 
slgnUicant, as persistent increases in global mean temperatures 
may ultimately influence the large-scale processes In the coupled 
ocean-atmosphere system that are thought to play a central part 
in determining global climate. The thermohaline circulation is 
one such process — Broecker has argued" that It may have 
undergone abrupt changes in response to rising temperatures 
and ice-sheet meiUng at the end of the last glacial period. Here we 

^^_use a coupled ocean-atmosphere climate model to study the 
evolution of the world’s climate over the next few centuries, 

S /driven by doubling and quadrupling of the concentration of 
^p;;^lmospheric CO,. We find that the global mean surface air 
I increases by about 3.5 and 7 *C, respectively, over
I 500 years, and that sea-level rise owing to thermal expansion 
\ alone is about 1 and 2 m respectively (Ice-sheet melting could 
. '^BMke these values much larger). The thermal and dynamical 

stnicture of the oceans changes markedly in the quadrupled-CO, 
w ‘he ocean settles into a new sUble sUte in

Which the thermohallne circulation has ceased entirely and the 
"f. substantially. These changes prevent

the ventilation of the deep ocean and could have a profound
s^s^em **** *'*''bon cycle and biogeochemistry of the coupled

® circulation model(GCM) of the atmosphere and oceans, and a simple model of 
land surfaces that includes the budgets of heat and water. It is a
NATURE • V0L364 • 15JULY1993

global model with realistic geography. The atmospheric GCM 
includes the seasonal variation of insolation, and predicted 
cloud over which depends only on the relative humidity. It has 
nine vertical finite difference leveb. The horizontal distribution 
of predicted variables is represented by spherical harmonics (15 
associated Legendre functions for each of 15 Fourier compo­
nents) and by corresponding grid-point values. The oceanic 
GCM uses a finite difference technique with a regular grid 
system which has horizontal spacing (4.5° latitude) by (3.75° 
longitude) and 12 vertical levels. This model is similar to that of 
Bryp and Lewis'^, except that it mimics the effect of mesoscale 
eddies by the diffusion of potential temperature and salinity on 
isopycnal surfaces. The atmospheric and oceanic GCMs interact 
through the exchange of heat, water and momentum.

Assuming the temporal variations of atmospheric CO, in 
Fig. la, three 500-year integrations of the coupled model are 
done. One is a standard integration (S) in which the atmospheric 
CO, remains unchanged. In a second integration (4xC), the 
CO, concentration increases by 1% yr”' (compound) (close to 
the ‘business as usual’ (BAU) radiative forcing rate obtained by 
the Intergovernmental Panel on Climate Change"; IPCC) until 
it reaches four times the normal value at about the 140th year 
and remains unchanged thereafter. In a third integration (2XC), 
the CO, concentration also increases at the rate of 1% yr”' 
(compound) until it doubles around the 70th year and remains 
unchanged thereafter. By comparing the three integrations, one 
can evaluate the long-term impact of the doubling and 
quadrupling of atmospheric CO, on the coupled system.

The initial conditions for these integrations have realistic 
seasonal and geographical distributions of surface temperature, 
surface salinity and sea ice; the atmospheric and oceanic 
components of the model are nearly in equilibrium with these 
distributions. When the time integration of the model starts 
from this initial condition, the model climate rapidly drifts 
towards its own equilibrium state. To minimize the drift, the 
fluxes of heat and water at the ocean-atmosphere interface are 
adjusted by amounts that vary seasonally and geographically*. 
These adjustments, applied to all three integrations identified 
above, are independent of the anomalies of temperature and
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po/es of the disk correspond to those of the large-scale radio jets 
Snd lobes. For example, the kinetic timescale m which the radio 
“-.t structures change is about 10" yr, while the synchrotron 

‘^times of radio regions range from - 10" yr for the hot spots to 
^ ICr yr for the more extended lobes. Similarly, the total 

‘equipartition- energy in the lobes, -- lO^’ erg, corresponds to 
the mass energy available in the disk: for a dust/gas ratio similar 
to our Galaxy, the disk mass is about 10* solar masses 
Converted to energy at an efficiency of 1%, a value often 
assumed, this mass would yield 10” erg.

These facts, combined with the alignment of the radio axis and 
disk spin axis, lead us to describe the feature seen in NGC4261 as 
the ‘outer accretion disk’ of the central active nucleus. The 
bright unresolved point at the centre of the disk probably 
represents thermal optical emission from the hot inner accretion 
disk. The outer disk supplies fuel by way of the inner disk to the 
central engine, probably a massive black hole, in quantities that 
determine the luminosity, size and orientation of the extended 
radio emission.

Hints of such features have been obtained earlier: a previous 
ground-based image of NGC4261 showed a small central dust 
region (~ 3* in diameter), but neither its size nor morphology 
could be accurately determined. Molecular radio observations” 
of Centaurus A have indicated the presence of rotating cold 
material in a rather larger region (~ 1 kpc). To our knowledge, 
however, the image presented here is the first of an accretion 
disk where size and structure can be directly associated with the 
results of nuclear activity.

On much larger scales, dust has been seen before in many 
other elliptical galaxies’”, as lanes, disks and filamentary 
structures. These structures, often assumed to be the remnants 
of a captured late-type galaxy, are generally 10 to 100 times 
larger than the disk shown here. Although their presence may be 
correlated statistically with nuclear activity, their dynamic and 
decay timescales are much longer than those associated with 
AGN phenomena.

If the disk is in simple circular rotation, measurements of the 
rotation curve at HST resolution should lead to an estimate of 
the central mass that is free from the ambiguities of estimates 
denved from the orbits of stars. Measurements of the turbulent 
velocities should help to constrain models of the nature of the 
angular momentum and mass transport in the disk " □
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Several studies have addressed the likely effects of COj-induced 
climate change over the coming decades'-'®, but the longer-term 
effects have received less attention. Yet these effects could be very 
significant, as persistent increases in global mean temperatures 
may ultimately influence the large-scale processes in the coupled 
ocean-atmosphere system that are thought to play a central part 
in determining global climate. The thermohaline circulation is 
one such process — Broecker has argued” that it may have 
undergone abrupt changes in response to rising temperatures 
and ice-sheet melUng at the end of the last glacial period. Here we 
use a coupled ocean-atmosphere climate model to study the 
evolution of the world’s climate over the next few centuries, 
driven by doubling and quadrupling of the concentraUon of 
atmospheric COj. We find that the global mean surface air 
temperature increases by about 3.5 and 7 °C, respectively, over 
500 years, and that sea-Ievel rise owing to thermal expansion 
alone is about 1 and 2 m respectively (ice-sheet melting could 
make these values much larger). The thermal and dynamical 
structure of the oceans changes markedly in the quadrupled-CO, 
climate—in particular, the ocean settles into a new stable state in 
which the thermohaline circulation has ceased entirely and the 

Jhcrmocline deepens substantially. These changes prevent 
^^wcntilation of the deep ocean and could have a profound 
^^^^ct on the carbon cycle and biogeochemistry of the coupled 
system.

consists of a general circulation model 
(CjCM) of the atinosphere and oceans, and a simple model of 
land surfaces that includes the budgets of heat and water. It is a
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global model with realistic geography. The atmospheric GCM 
includes the seasonal variation of insolation, and predicted 
cloud over which depends only on the relative humidity. It has 
nine vertical finite difference levels. The horizontal distribution 
of predicted variables is represented by spherical harmonics (15 
associated Legendre functions for each of 15 Fourier compo­
nents) and by corresponding grid-point values. The oceanic 
GCM uses a finite difference technique with a regular grid 
system which has horizontal spacing (4.5° latitude) by (3.75° 
longitude) and 12 vertical levels. This model is similar to that of 
Bryan and Lewis”, except that it mimics the effect of mesoscale 
eddies by the diffusion of potential temperature and salinity on 
isopycnal surfaces. The atmospheric and oceanic GCMs interact 
through the exchange of heat, water and momentum.

Assuming the temporal variations of atmospheric COj in 
Fig. la, three 500-year integrations of the coupled model are 
d(^e. One is a standard integration (S) in which the atmospheric 
COj remains unchanged. In a second integration (4XC), the 
COj concentration increases by 1% yr' (compound) (close to 
the ‘business as usual’ (BAU) radiative forcing rate obtained by 
the Intergovernmental Panel on Climate Change”; IPCC) until 
It reaches four times the normal value at about the 140th year 
and remains unchanged thereafter. In a third integration (2xC). 
the COj concentration also increases at the rate of 1% yr"' 
(compound) until it doubles around the 70th year and remains 
unchanged thereafter. By comparing the three integrations, one 
can evaluate the long-term impact of the doubling and 
quadrupling of atmospheric COj on the coupled system.

The initial conditions for these integrations have realistic 
seasonal and geographical distributions of surface temperature, 
surface salinity and sea ice; the atmospheric and oceanic 
components of the model are nearly in equilibrium with these 
distributions. When the time integration of the model starts 
from this initial condition, the model climate rapidly drifts 
towards its own equilibrium state. To minimize the drift, the 
fluxes of heat and water at the ocean-atmosphere interface are 
adjusted by amounts that vary seasonally and geographically*. 
These adjustments, applied to all three integrations identified 
ibove, are independent of the anomalies of temperature and
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FIG. 1 Temporal variations of: a, logarithm of atmospheric CO, 
concentration; b, global mean surface air temperature (K); and c. 
global mean increase of sea level (cm) due to thermal expansion, 
computed as the difference between 4xC and S, and 2xC and S.

salinity at oceanic surface, and so neither damp nor amplify the

Figure lb contains the time series of global mean surface air 
temperature from the 4XC, 2XC, and S integrations. During the 
rirst 140 years of the 4XC integration, the global mean surface 
air temperature increases by 5 °C, at the rate of ~3.5 °C per 
century. After the 140th year, the global mean surface air
temperature increases slowly by an additional 1.5 °C despite the
absence of further COj increase in the model atmosphere. The 
large thermal inertia of the deep ocean is mainly responsible for ’ 
this residual warming.

A qualitatively similar feature is evident in the time series of 
the 2XC integration. During the first 70 years, the global mean 
temperature increases by 2.2 "C, again at the rate of 3.5 “C per 
century. After atmospheric COj stops increasing at the 70th 
year, the global mean surface air temr>erature increases by an 
additional 1 “C.

The temporal variations of global mean sea level due to 
thermal expansion of sea water alone are estimated for both the 
4XC and 2XC integrations (Fig. Ic), although sea level is not 
explicitly predicted in the present model'^ During the first few 
decades of the 4XC experiment, the sea level rises by ~ 1 cm per 
decade. The sea level continues to rise long after the 140th year 
when the atmospheric carbon dioxide stops increasing. A
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qualitatively similar feature is indicated in the curve of sea-level 
rise in the 2XC integration. The total sea-level rise over the 
entire 5(W-year period of the 4xC amounts to about 1.8 m and is 
substantially larger than the corresponding rise of about 1 m in
IjlC ^Xv.-.

Although the melt water from continental ice sheets is not 
included in the computation of sea-level rise mentioned above, 
the rate of melting at the surface of ice sheets has been estimated 
from the surface heat budget. If the effect of melt water were 
taken into consideration, the resulting sea-level rise could be 
much larger.

Figure 2 indicates that, in the 4XC. the thermohaline 
circulation (THC) almost disappears in most of the model 
oceans, leaving behind wide-driven cells. For example, the THC 
nearly vanishes in the North Atlantic during the first 200-yr 
integration (Fig. 3). In the immediate vicinity of the Antarctic 
continent, the THC weakens and becomes shallower (Fig. 2), 
nwrkedly reducing the formation of Antarctic Bottom Water! 
pis m turn weakens the northward flow of bottom water in both 
Pacific and Atlantic.
pe near-extinction of the THC described above is attribut- 

ple mainly to the capping of oceans by relatively fresh water in 
high latitudes, where the supply of water to the ocean surface 
increases markedly. The excess of precipitation over evapora­
tion and runoff from continents increases in high-latitude oceans 
because of the enhanced poleward transport of water vapour in • 
the warmer model troposphere.

The evolution of the THC in 4XC described above can be

y mmmj

{H?)

400-500 ,

Latitude 60" 90" s

FIG. 2 Stream function of zonal mean meridional circulation in model 
oceans. Top: initial distribution obtained from the S. Bottom: average 
over the 400-500th year of the 4xC. Units on contours are in 
Sverdrups (10^ m^ s"').
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ABSTRACT

SsSsSHSSS'SsCOi Increnes by 1% yx"' (oorapounded) unU it nachcs four tome* vnluc at <*>4

”||« For enunplc, thcnnohalioe diculation nearly vanishes ra the North Atlantic Ounne the firt 200 ^ of

eac^of pRxipitation over evaporaiian increases martolly due to the enhanced poleward mtnrture transport

**ta*iteaWwhUi^SSS^n. the thcnnobalinccutulatioo *en^by ®
North Afl^c durine the fiist 150 year* but almost recovers its oneinJ intensity
and downwaid penetiation of poiitive heal and temperanire an^aly in Iw and middle
Aihwtic helps to increase the densily contrast brrtween the and nsii« repons. coirtribuliy to Bus yw
recovezy. The nxoveiy is aided by the padual increase in smftcc talimry that aceempames the mtaiaficauon

***^Dwingthe SOQ-year period of the doubUne and quadrupline expmineiits. ^ tJohd nw stuftoe air ton- 
pe^iS^nenasQ h^bout 3.5*C and 7»C, respectively. The nte of sea 1^ due to^ thcr^ ttp^n of 
Swter is about 1 and 1.8 m, respectively, and could te much lai^ ^
oontincntal ioe sheets were induded. It is speculated that the two expemnents described above previde a probable 
raiiB: of future climate chanEC.

1. Introduction
The COrinduced change of dintatc has been the 

subject of many studies using general circulation mod­
els of the coupled ocean-atmosphere system (e.g., 
Bryan et al. 1982; Spelman and Manabe 1984; Schlc- 
singer ct aL 1985; Bryan and Spelman 1985; Bryan et 
al 1988- Washington and Meehl 1989; Stouffer ct al. 
1989; Manabe ctal. 1991,1992;Cubasch rtal. 1992). 
This study, recently summarized by Manabe and 
Stouffer (1993), Is an extension of the earlier studies 
by Stouffer ct al. and Manabe et al., which explored 
the response of a coupled ocean-atmosphere modd to 
a gradual incrtasc of atmospheric carbon dioxide. 
(Hereafter, these earlier studies will be refened to as

Corresponding authoreddress:T>r. Syulturo Manabe. Get^hj^ 
Fluid Dynamim Laboratoiy/NOAA, Prinedun Univeroly. Fonmhd 
Campus, US Route I. P.O. Box 308. Princeton, NJ 08542.

SM for die convenience of identification.) By exam­
ining the multiplc-ccnlury responses of the coupl^ 
model to the qu^rupling and doubling of atmo^hcric 
COj, the present study examines the robustness of the 
results from the earlier work. The study also speculates 
on the nature of a large diange of dimate that may 
occur in the more distant firtiue.

Stouffer and Manabe noted that the COrinduced 
warming of sea surface icmperature is delayed mailc- 
cdly in the northern North Atlantic and the Cireum- 
polar Ocean of the Southern Hemisphere due party 
to the deep mixing of heat trapped by the increasing 
greenhouse gas. This study investigates whether such 
a delay continues when toe time integration of the 
coupled model is extended over several cenluiies.

Based upon the paleo-oceanc^pbic evidence, 
Broecker (1987) raised the postil^ty that the ther- 
roohalinc circulation in the Atlantic and toe rest of the 
world oceans may undergo an abrupt change in re­
sponse to the global warming of climate. Uang a cou-
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Fig. 3.Temporal variation or the elobal man sa level from the 
4XC ami 2XC experimenta. The 4XC and 2XC time teriet iqmsent 
the dilleience between the 4XC and S, and 2XC and S intcErations, 
icspectivdy. Uniu are in centimeten.

year. Even after the 180th year, the rate of sea level 
rise is reduced only very gradually. As discussed in sec­
tion 5, the gradual, downward penetration of positive 
tempeiatuie anomaly in the model oceans is mainly 
responsible for the continuous sea level rise after the 
140th year when the atmospheric CO2 stops increasing. 

In the 2XC experiment, the initial rate of sea levd 
rise is nearly identical to the initial rate in the 4XC 
experiment By the 70th year when atmospheric carbon 
dioxide stops increasing, the rate of sea level rise reaches 
3 cm decade"* and stays at this value until about the 
110th year whcai it begins to decrease vciy gradually. 
A qualitatively similar feature is indicated in the curve 
of sea level rise obtained by Warrick and Oerlemans 
[Fig. 9.8 of IPCC (1990)]. Note, however, that their 
result includes the contribution of meltwater from ice 
sheets and mountain glaciers.

Because of the downward penetration of a larger 
temperature anomaly, the rate of sea level rise is larger 
in the 4XC than the 2XC experiment even after the 
atmospheric CO2 stops increasing in both experiments. 
Thus, the total sea level rise over the entire 500-year 
period of the 4XC experiment amounts to about 1.8 
m and is substantiaUy larger than the corresponding 
rise of about 1 nd in the 2XC experiment

Although the meltwater from continenta) ice sheets 
is not included in the computation of sea level rise 
mentioned above, the rate of melting at the surface of 
ice sheets has been estimated as described in section 
2b for the sake of bookkeeping. Assuming that the 
mdtwater does not refreeze at all in the ice sheet, sea 
level would rise by as much as an additional 7 m during 
the 5(X)-ycar period of the 4XC integration, resulting 
in a total sea level rise of about 9 m. Even if only half 
of the meltwater were to eventually run off into the 
oceans, the total sea IcVel rise would be about 5 m.

(For the temporal variation of the meltwater from 
continental ice sheets, see Fig 14 in section 4b.)

4. Tbermohalinc drculation 

0- Temporal variation
One of the most remarkable aspects of the 4XC in- 

t^ration is the gradual disappearance of the thermo- 
halinc dnnilations in the mo^ oceans. For example, 
the thermohaline circulation almost vanishes in the 
North Atlantic Ocean before the end of the 4XC in­
tegration (Fig. 4). It weakens rapidly during the first 
140 years of theO02 increase, and continues to decrease 
after the 140th .year despite the absence of the CO2 
increase until i^ intensi^ is reduced to a few Sveidiups 
(1 Sv = 10* m^ s~*) around the 200th year. During 
the second half of the integration, very weak overturn­
ing is essentially confined equatotwaid of 4S‘‘N with 
practically no anking in the northern North Atlantic 
(Fig. 5c). In the immediate vicinity of the Antarctic 
continent, (he thermohaline overturning not only 
weakens markedly but also shifts toward the sur&ce 
during the first 140 years of the 4XC integration (Figs. 
Sg and 5h). Although the coastal cell of tbermohaline 
circulation reintensifies slightly after the 140th year, it 
is essentially confined to the top 1.5-kip layer of ocean, 
(Fig. 50> resulting in a marked reduction of the for­
mation of Antarctic Bottom Water. Thus, the north­
ward flow of the bottom water stops and the deep cell 
of clockwise circulation disappears in the Pacific Ocean 
(Fig. 50. The reduction in the formation of the Ant­
arctic Bottom Water (AABW) also affects deep cir­
culation in the Atlantic sector. Although the clockwise 
cdl of AABW in the Atlantic intensifies during the first 
140 years as the upper thermohaline cell becomes shal­
lower, it eventually disappears and ffie northward flow 
of the bottom water also stops for all practical purposes 
toward the end of the 4XC integration (Fig. 5c). In 
summary, most of the thermoh^ne drculations dis­
appear in the model oceans toward the end of the 4XC 
integration, leaving the wind-driven, shallow cells in

FIc. 4, Temponl vaiiatioa of the inlonity of the thermobalinc 
dmilatiOB in the North Atlantic Ocean fiiim the 4XC, 2XC, and 5 
intcsratioiu. Hm the imensi^ is defined as the maximum value of 
the snofflluDcikm repicscnting the mendional dicubUoii in the 
North Atlantic Ocean (e.g, Fis- Sa). Units an in SveidnipK.
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The effects of the global climate system described above do not include potential non- 
linearities in the relationships between greenhouse gas concentrations and temperature, between 
temperature and economic damages, or in the various other complicated relationships governing 
interactions among greenhouse gas emissions, the climate, and the economy. Three possibilities 
serve as illustrations. Warming of Northern tundra might release large amounts of methane frorri^?^ 
the subarctic permafrost, thereby acting as a positive feedback on the climate, leading to potentiall^O^^ 

devastating acceleration of an otherwise controllable global warming process (Gorham 1991, 1995;
Nisbet and Ingham 1995). Second, evidence from the historic record suggests that some types of 
climate change might lead to abrupt changes in ocean currents, including displacement of the 
currents that warm Western Europe. Evidence from ocean core samples suggests such changes 
ocean currents have occurred in previous ice ages (Broeker 1997). Third, warming might caus-"'^ 

accelerated melting of the Antarctic ice sheet causing even more substantial increases in sea level 
(Rott et al. 1996; Vaughan and Doake 1996). These potential nonlinearities strengthen the argument 
for taking prompt, reasonable steps to mitigate climate change.
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Methane Output from Natural 

and Quasinatural Sources: 

A Review of the Potential for 

Change and for Biotic and 

Abiotic Feedbacks

C.;bUSB-&T-l2v'ND B. INGHAM

Methane output from “natural” sources has changed rapidly in the recent geological 
past is changing at present under human influence, and may change further as the earth 
war^s. Unfortunately, the causes, feedback processes, and extent of geological changes 
are still only poorly understood, the relative strengtf.s of modem sources of CRi remain 
controversial, and prediction is virtually impossible. One of the most difficult problems 
is in linking accurate but very imprecise, qualitative, and often anecdotal field biogeo­
chemical observations with precise but not necessarily accurate quantitative synthetic 
models.

This discussion is confined to an analysis of those major “natural sources and sinks 
that may have caused the postglacial fluctuations in atmospheric CR.. Tlie net effect of 
the latitudinal and seasonal distribution of sources, sinks, and atmospheric transport is 
shown in Figure 10.1, from Steele et al. (1992). Ihis plot reveals the most important 
constraint on the global CR, budget; the other major constraint is the isotopic finding 
(e.g., Lowe et al. 1991) that roughly 20% of the atmospheric CR, is outut from fossil 
sources. The present budget is still not well understood (Watson et al. 1990; Tyler 1991), 
and prediction of future concentrations is difficult.

THE MAJOR SOURCES

Arctic and Sub-Arctic Hydrates
Very large stores of CR, exist in permafrost regions, held in soil and in sedimentary rock 
as gas hydrates (clathrates) (Kvenvolden 1988). Gas hydrates, composed of ngid cages 
of water molecules that trap molecules of gas (Cox 1983), are potentially stable where
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BIOTIC PROCESSES AND POTENTIAL FEEDBACKS

Table 10.1. Global CH< Budget

Source
Estimated 
flux (Tg) Comment

Possible feedback (change 
after global warming)

“Quasi-natural”

CHa hydrates 5 Variable Signincant danger

Wetlands ,
Northern bogs, tundra 35 Too low ? May increase or decrease
Swamps/alluvial 80 Too high ? May increase
Biomass burning 55 Fluctuati:s Substantial increase
Termites 20 May decrease

Oceans and freshwater 10
205

Animals 80 May increase
Anthropogenic 285

Rice 100 Will increase
Landfills 40 Too high ” Decreasing?

Natural gas vents 10 Conuollable

Natural gas leaks 30 Controllable

Coal mining J5 Poorly Controllable
known

ill
Total 500

Source. Estimates of flux from Fung et al. (1991): scenario:

well-stijdied area, albeit a small one (in global terms) without permafrost, the North Sea 
seepage losses to the atmosphere have been thought to be small, on the order of a few 
kilotons (Judd in A. Williams 1993). Globally, however, the flux from shallow marine 
sediment has been estimated as being as large as 8-^5 Tg annually (Hovland et al 1993).

The isotopic data imply that between 80 and 125 Tg of fossil CH4 are released 
annually (Table 10.1). Fung et al. (1991) took the lower figure and allocated 35 Tg to 
loss from coal mining, 40 Tg to loss from the natural gas industry, and 5 Tg to loss from 
CR. hydrates. However, the 5-Tg figure, which is ultimately derived from the estimate 
of Cicerone and Oremland (1988). is essentially a “placeholder,” to use Cicerone and 
Oremland’s term. The true figure may be rather different and is very poorly constrained. 
The 40-Tg figure for gas industry losses may be a snapshot of a moving figure, roughly 
correct in the 1970s and too low for the 1980s, but perhaps an attainable target for the 
1990s as losses from the huge Russian natural gas industry are reduced. Table 10.2 is a 
rough estimate of the “fossil” CR burden of the atmosphere.

Subtracting fossil fuel losses from the isotopically derived total of 80-125 Tg of 
fossil CR emitted annually gives, by difference, the hydrate loss. Tables 10.1 and 10.2 
make the assumption that hydrate gas emission at present is roughly 5 Tg annually. This 
estimate is highly approximate, and within the isotopic constraints it is possible that the 
hydrate output is either virtually nil or perhaps as high as 1(S Tg. The only way to 
improve the estimate of the hydrate contribution is through steady isotopic monitoring; 
even then, since the Russian gas is derived partly from hydrate, it may be impossible to 
quantify hydrate losses until detailed knowledge of Russian gas industry losses is 
available. Nevertheless, the hope is that hydrate losses are at present fairly small.

MbIHAfNtOUirOi ------------- '
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“Fossir Methane 

Cccf
Natural gas" 

Production Loss 
10’(Tg)

Totaf

Production 
(to’metric ton)

Loss
(Tg)

Annua) Cumulative
(Tg) (Tg)

1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992

1503
1484
1490
1626
1686
1738
1830
1906
1975
2028
2059
2066

49
49
51
52 
55 
57 
60 
63 
61 
57 
52 
47

3814
3930
3951
4122
4345
4518
4630
4730
4816
4736
4566
4484

27
28 
28 
29
31
32
33
34 
34
34
33
32

61
63
66
66
71 
74 
77 
80 
77
72 
66 
60

770
776
783
790
803
817
834
853
868
877 
881
878

l.tSSLm ™ .no mV i» —k “■

wim low lo»«s CHx. «xi hard Slox. (1992) »d Beck « U. (1993).

assumes a pre-1981 content of 82() Tg L^u^Jould bTcompaied with the total CHa content
^nhTrp^ptra f?:^"‘i'rc«:;hrc'his mughl, aOtXlTg. This model isve, appmximate. Ixtut tlluscates 
the nialeoffoasil" emissions of CIU gp o/tVorW Energy, mi. and
p^o”; Gos i99i. Briush Petroleum Comreny. London.

Vulnerability of Hydrate to Climatic Change ^

atmospheric temperature, heating fro g sea-level drop, either as

recovers after glacial loading. Press ma-uive release of CR either from a
..ajor cause for concern is the nsk f release
marine slump or from the ruptunng of ^ ® decades; rather it
would not be direcUy attributable to modem est source would
would be a ^ Pfio slL^s are more likely at times of
be a major marine slump (Figure 103B). ,„/„,aior glaciation, around 13-

aU r:,ease enormous quantities of CR (Pauli et al.



ARTICLE

Thermohaline Circulation, the Achilles Heel of Our Climate 

System: Will Man-Made CO2 Upset the Current Balance?
WallacQ^S. Broecker

During the last glacial period, Earth’s climate underwent frequent large and abrupt global 
changes. This behavior appears to reflect the ability of the ocean’s thermohaline cir­
culation to assume more than one mode of operation. The record in ancient sedimentary 
rocks suggests that similar abrupt changes plagued the Earth at other times. The trigger 
mechanism for these reorganizations may have been the antiphasing of polar insolation 
associated with orbital cycles. Were the ongoing increase in atmospheric COj levels to 
trigger another such reorganization, it would be bad news for a world striving to feed 11 
to 16 billion people.

How Today’s Ocean Functions

One of the major elements of today’s ocean 
system is a conveyor-like circulation that 
delivers an enormous amount of tropical 
heat to the northern Atlantic. During win­
ter, this heat is released to the overlying 
eastward moving air masses, thereby greatly 
ameliorating winter temperatures in north­
ern Europe. The record contained in ice (1) 
and sediment (2) indicates that this current 
has not run steadily, but jumped from one 
mode of operation to another. The changes 
in climate associated with these jumps have 
now been shown to be large, abrupt, and 
global (3-5). Although the exact linkages 
that promote such climate changes have yet 
to be discovered, a case can be made that 
their roots must lie in the ocean’s large- 
scale thermohaline circulation [see (2)]. 
The results of a wide variety of modeling 
exercises clearly demonstrate that because 
waters dense enough to sink to the deep sea 
can be generated at more than one place on 
the planet, several quasi-stable patterns of 
circulation exist (6). Variations in the con­
ditions governing the density of high-lati- 
tude surface waters can lead to abrupt reor­
ganizations of the ocean’s circulation. The 
surprise revealed to us by the climatic 
record is the extent, rapidity, and magni­
tude of these atmospheric changes.

Although to date the documentation of 
abrupt global climate change is confined 
to the last 110,000 years, the time interval 
preserved in the Summit Greenland ice 
cores (1), there is reason to suspect that 
this phenomenon has operated off and on, 
throughout the history of the Earth. The 
evidence comes from the well-document­
ed cyclicity in sedimentary rock sequenc­
es. In many of these sedimentary cycles, 
the boundaries between the individual 
units are sharp rather than gradational, as 
might be expected if the sediment compo-

The author is at The Lamont-Doherty Earth Observatory 
of Columbia University, Palisades, NY 10964, USA.

sition followed the sinusoidal insolation 
cycles.

Might the ongoing buildup of greenhouse 
gases in our atmosphere trigger yet another 
reorganization of the climate system? Were 
this to happten a century from now, at a time 
when we struggle to produce enough food to 
nourish the projected population of 11 to 16 
billion, the consequences could be devastat­
ing. Thus, it behooves us to get a better grasp 
than we now have of this phenomenon.

A complex of currents collectively known as 
the Conveyor (7) dominates circulation in 
today’s Atlantic Ocean (see Fig. 1). The 
waters in the upper 1500 m of the Atlantic 
Ocean cany heat to its northern reaches. 
Much of this transport is by western bound­
ary currents. During the cold winter months, 
this heat is transferred to the overlying at­
mosphere, greatly supplementing that 
ceived from the sun (8). The primary beij^^ 
ficiary of this extra heat is northern Euro^^^ 
where winters are far warmer than one wodkl-/ 
otherwise expect.

Cooling in the North Atlantic increases 
the density of this upper ocean water to the 
point where it sinks to the bottom and flows 
southward, forming the lower limb of the 
Conveyor. This limb extends all the way to 
the southern tip of Africa where it joins the 
raceway, which transports water around the

Fig. 1. The present-day large-scale thermohallne circulation pattern of the ocean. (Top) Salty upper 
Atlantic water moves northward into the vicinity of Iceland, where it is cooled through contact with cold 
winter wind. This thermally densified salty water sinks to the bottom and flows to the south, forming the 
Conveyor’s (orange) lower limb. After passing the
tip of Africa, it joins the Southern Ocean raceway, 
which carries water around the Antarctic conti­
nent. Here it is blended with brine-densified winter 
waters that pour off the shelves surrounding the 
Antarctic continent into the abyss (blue). The mix­
ture (purple) thus formed enters the Pacific and 
Indian Oceans as bottom water forming the lower 
limbs of large anti-Conveyor circulation cells. Pen­
etrating into all three oceans are tongues of inter­
mediate depth water formed along the northern 
margins of the Southern Ocean (black). This water 
is mixed downward into the deep ocean, forming 
the third end member. As can be seen in the PO 
versus salinity diagram (below), its presence is 
made known by a deviation toward lower salinity. 
The PO4 of these waters is about 1.4 (xmol/kg, 
their salinity about 34.4 g/liter, and their potential 
temperature about 3°C (right).
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Thermohaline Circulation, the Achilles Heel of Our Climai 

System; Will Man-Made CO2 Upset the Current Balance?
Wal lace S. Broecker ',

During the last glacial period, Earth’s climate underwent frequent large and abrupt global 
changes. This behavior appears to reflect the ability of the ocean’s thermohaline cir­
culation to assume more than one mode of operation. The record in ancient sedimentary 
rocks suggests that similar abrupt changes plagued the Earth at other times. The trigger 
mechanism for these reorganizations may have been the antiphasing of polar insolation 
associated with orbital cycles. Were the ongoing increase in atmospheric COg levels to 
trigger another such reorganization, it would be bad news for a world striving to feed 11 
to 16 billion people.

One of the major elements of today’s ocean 
system is a conveyor-like circulation that 
delivers an enormous amount of tropical 
heat to the northern Atlantic. During win­
ter, this heat is released to the overlying 
eastward moving air masses, thereby greatly 
ameliorating winter temperatures in north­
ern Europe. The record contained in ice (1) 
and sediment (2) indicates that this current 
has not run steadily, but jumped from one 
mode of operation to another. The changes 
in climate associated with these jumps have 
now been shown to be large, abrupt, and 
global (3-5). Although the exact linkages 
that promote such climate changes have yet 
to be discovered, a case can be made that 
their roots must lie in the ocean’s large- 
scale thermohaline circulation [see (2)]. 
The results of a wide variety of modeling 
exercises clearly demonstrate that because 
waters dense enough to sink to the deep sea 
can be generated at more than one place on 
the planet, several quasi-stable patterns of 
circulation exist (6). Variations in the con­
ditions governing the density of high-lati- 
tude surface waters can lead to abrupt reor­
ganizations of the ocean’s circulation. The 
surprise revealed to us by the climatic 
record is the extent, rapidity, and magni­
tude of these atmospheric changes.

Although to date the documentation of 
abrupt global climate change is confined 
to the last 110,000 years, the time interval 
preserved in the Summit Greenland ice 
cores (1), there is reason to suspect that 
this phenomenon has operated off and on, 
throughout the history of the Earth. The 
evidence comes from the well-document­
ed cyclicity in sedimentary rock sequenc­
es. In many of these sedimentary cycles, 
the boundaries between the individual 
units are sharp rather than gradational, as 
might be expected if the sediment compo-

The author is at The Lament-Doherty Earth Observatory 
ot Columbia University, Palisades, NY 10964, USA.

sition followed the sinusoidal insolation 
cycles.

Might the ongoing buildup of greenhouse 
gases in our atmosphere trigger yet another 
reorganization of the climate system? Were 
this to happen a century from now, at a time 
when we struggle to produce enough food to 
nourish the projected population of 11 to 16 
billion, the consequences could be devastat­
ing. Thus, it behooves us to get a better grasp 
than we now have of this phenomenon.

How Today’s Ocean Function;

A complex of currents collectively know 
the Conveyor (7) dominates circulatior 
today’s Atlantic Ocean (see Fig. 1). 
waters in the upper 15(X) m of the Atlai 
Ocean carry heat to its northern read 
Much of this transport is by western bou 
ary currents. During the cold winter mon 
this heat is transferred to the overlying 
mosphere, greatly supplementing that 
ceived from the sun (8). The primary be 
ficiary of this extra heat is northern Eure 
where winters are far warmer than one wc 
otherwise expect.

Cooling in the North Atlantic incre: 
the density of this upper ocean water to 
point where it sitdes to the bottom and (!■ 
southward, forming the lower limb of 
Conveyor. This limb extends all the wax 
the southern tip of Africa where it joins 
raceway, which transpxorts water around

Fig. 1. The present-day large-scale thermohaline circulation pattern of the ocean. (Top) Salty up 
Atlantic water moves northward into the vicinity of Iceland, where it is cooled through contact with c 
winter wind. This thermally densified salty water sinks to the bottom and flows to the south, forming 
Conveyor’s (orange) lower limb. After passing the 
tip ot Africa, it joins the Southern Ocean raceway, 
which carries water around the Antarctic conti­
nent. Here it is blended with brine-densified winter 
waters that pour off the shelves surrounding the 
Antarctic continent into the abyss (blue). The mix­
ture (purple) thus formed enters the Pacific and 
Indian Oceans as bottom water forming the lower 
limbs of large anti-Conveyor circulation cells. Pen­
etrating into all three oceans are tongues of inter­
mediate depth water formed along the northern 
margins of the Southern Ocean (black). This water 
is mixed downward into the deep ocean, forming 
the third end member. As can be seen in the PO 
versus salinity diagram (below), its presence is 
made known by a deviation toward lower salinity.
The POj of these waters is about 1.4 nmol/kg, 
their salinity about 34.4 g/liter, and their potential 
temperature about 3°C (right).
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Summary

Through the record kept in Greenland ice, a 
disturbing characteristic of the Earth’s climate 
system has been revealed, that is, its capability
to undergo abrupt switches to very differei 

f states of operation. 1 say “disturbing” because
there is surely a possibility that the ongoing 
buildup of greenhouse gases might trigger yet 
another of these ocean reorganizations and 
thereby the associated large atmospheric 
changes. Should this occur when 11 to 16 

\ billion people occupy our planet, it could lead 
\ to widespread starvation, for in order to feed 
\hese masses, it will be necessary to produce 
two to three times as much food per acre of 
arable land than we now do. More problem­
atic perhaps than adapting to the new global 
climate produced by such a reorganization will 
be the flickers in climate that will likely punc­
tuate the several-decade-lottg transition peri­
od (Fig. 3, right panel).

So what do we do? Everyone would agree 
that the smaller the COj buildup the less the 
likelihood of dire impacts. But we are 
hooked on cheap energy and the demand for 
it continues to grow. Furthermore, no viable 
and acceptable option to fossil fuels has yet 
been devised. Although efforts to bring 
about more efficient use of energy must be 
redoubled, it is my feeling that this route is 
not likely to succeed in bringing about an 
adequate reduction in COj emissions. 
Hence, as a backstop, we must strive to 
develop an energy supply that does not load 
the atmosphere with CDj To this end 1 see 
a ray of hope. TTie idea is to separate the 
hydrogen atoms contained in fossil fuels by 
reacting them with steam. The Hj produced 
in this way would be used in fuel cells, and 
the CO2 would be captured at its source, 
liquified, and injected either into continen­
tal reservoirs or onto the sea floor (54). 
While perhaps doubling the cost of energy, 
diis is something that could be accom­
plished. But as such a transition in energy- 
generation technology would require at least 
50 years to implement, we must get off to a 
tunning stan to put into place this irrsurance 
policy.
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Recent atmospheric warming 

and retreat of ice shelves on 

the Antarctic Peninsula
D,. 6. Vaughan S. M. Doake

f British Antarctic Survey, Natural Environment Research Council, 
H^adingtey^^Oa'd, Cambridge CBS GET, UK

In 1978 MerceH discussed the probable effects of climate warm­
ing on the Antarctic Ice Sheet, predicting that one sign of a 
warming trend in this region would be the retreat of Ice shelves on 
the Antarctic Peninsula. Analyses of 50-year meteorological 
records have since revealed atmospheric warming on the Antarctic 
Peninsula^, and a number of ice shelves have retreated^. Here 
we present time-series of observations of the areal extent of nine 
Ice shelves on the Antarctic Peninsula, showing that five northerly 
ones have retreated dramatically in the past fifty years, while 
those further south show no clear trend. Comparison with air- 
temperature data shows that the pattern and magnitude of ice- 
shelf retreat is consistent with the existence of an abrupt thermal 
limit on ice-shelf viability, the isotherm associated with this limit 
having been driven south by the atmospheric warming. Ice 
shelves therefore appear to be sensitive indicators of climate 
change.

Ice shelves fringe most of the Antarctic continent where there 
are bays or islands to constrain them. Robin and Adie’, however, 
noted that a portion of the Antarctic Peninsula was free of ice 
shelves, despite many glacier-fed bays and offshore islands. The 
limit of ice shelves apparently corresponded with the 0 °C January 
isotherm, and they concluded this marked a “limit of viability”. 
Other constraints on ice-shelf viability based on ocean tempera­
ture'* and tidal amplitude" have been proposed, but have not 
been shown to fit the known distribution.

Where there is little summer melting, the yearly surface tem­
perature cycle is attenuated to ->5% at a depth below the ice 
surface of 10 m (ref. 12). TTie 10-m temperature thus provides an 
estimate of the mean annual air temperature. Mercer' suggested 
that the downward percolation and subsequent refreezing of 
surface melt could eliminate the cold thermal wave from the 
previous winter and raise the ice shelf to the pressure melting 
point throughout. The so-called temperate ice shelf thus created 
was at that time thought to be inviable. However, it is unlikely that 
this process would be sufficient to form a temperate ice shelf if 
percolation is restricted to the near surface layers (-^lOm). 
Furthermore, there is strong evidence that portions of stable ice 
shelves can approach the temperate state". Nevertheless, we 
believe that increased melt could play an important role in 
providing the reason for a climate-imposed limit.

The duration and extent of the summer melt season has 
been determined from satellite passive microwave data'* '^. The 
threshold for melting in the Antarctic Peninsula region is about 
-2.5 (monthly average) and the area of melt increases rapidly 
with temperature". Trends are not well established, being masked 
by the inter-annual variability from 1978 to 1987'^ but the number 
of days per year with summer melting seems to have increased 
(one day per year) over the period 1978-91 on four ice shelves on 
the Antarctic Peninsula".

The only climate parameter that is well mapped on the 
Aiitarctic Peninsula is the mean annual air temperature'* 
(Fig. 1). The distribution of ice shelves indicates that the -5°C 
mean annual isotherm in Reynolds’ compilation'* could be taken 
as proxy for the limit of viability of ice shelves. Although the 0 =C 
January isotherm is not well mapped, the sparse data available 
suggest that it coincides with the mean annual -5 °C isotherm". 
For example, mean January temperatures at Faraday Station are 
around 0.5 C. whereas the mean annual temperature is —4.4 C

328

(ref. 2). VVe thus adopt mean annual air temperature as the best 
available indicator of the amount of summer melt.

Meteorological records along the west coast of the Antarctic 
Peninsula^ ’ show a spatially consistent warming trend. At Faraday 
Station, a w-arming of0.056 'Cyr'' has been measured^ since 1945, 
a total of '-2.5°C. Consistency along the west coast is to be 
expected, as sea-ice extent in the Bellingshausen Sea strongly 
modulates the temperature of the entire area". In 1988-91 sea-ice 
ejrtent in the Bellingshausen Sea reached a minimum, coinciding 
with the warmest recorded temperatures on the west coast of the 
Antarctic Peninsula'*. In contrast, the climate of the east coast is 
governed by conditions in the Weddell Sea'* and there is little 
meteorological evidence that warming has also occurred on the 
cast coast. The temperature record from Marambio Station is 
short and incomplete®, and Jones’ comparison of a two-year 
record from Snow Hill Island with spatially smoothed mean 
temperatures 1957-75 (ref. 21) is untrustworthy, because the 
area has extremely high spatial gradients of mean annual air 
temperature.

Figure 2 presents a catalogue of changes in ice-shelf areas on 
the Antarctic Peninsula since direct observations began, compiled 
from published sources*-*^” and recent satellite imageiy. How 
do we distinguish climate-induced retreat from normal calving? 
We suggMt that an ice shelf which is no longer viable will suffer a 
progressive retreat, via a series of small cal^ng events occurring 
each year over a period of many years, without substantial 
readvance. Such behaviour was clearly seen during the disintegra­
tion of Wordie Ice Shelf (Fig. 3), and Fig. 2 suggests similar 
behaviour in three other ice shelves close to the -5 °C isotherm; 
namely, the ice shelf that occupied Prince Gustav Channel, Larsen 
Inlet, and the northernmost section of Larsen Ice Shelf (Sobral 
Peninsula to Robertson Island, hereafter Larsen-A). An order of 
magnitude smaller and potentially quite different, Muller Ice 
Shelf has sho\ra a progressive retreat since the 1950s, but without 
complete disintegration. In summary, each retreat was pro-

70"W
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65»S

- 70°S

75»S
50°W

80”W

FIG. 1 Map of pre-1981 mean annual air temperatures in °C. Derived from 
temperatures 10 m below the ice surface, normalized to sea-level by 
Reynolds‘S Ice shelves (shaded) are indicated at their mid-1970s extent.
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Rapid Collapse of Northern 
Larsen Ice Shelf, Antarctica

M6lmurRottri?e(dro Skvarca, Thomas Nagler
in January square kilometers of the northern Ursen Ice Shelf J^tarO

as a result of perturbated mass balance.

Ice shelves cover 11% of the total area of 
Antarctica (1) and play an important role 
in the mass budget and dynamics of the 
Antarctic Ice Sheet. Most of the ice that 
has accumulated over the grounded parts of 
Antarctica is discharged to ice shelves, 
where it is lost as icebergs along the seaward 
edges as well as by basal melting (2). Be­
cause ice shelves are exposed to both atmo­
sphere and ocean, they are sensitive to 
changes in the temperature and circulation

H. Ron and T. Nagler, Inslitut fur Meteorologie und Got- 
physik der Universitat Innsbruck, Innrain 52, A-602U 
Innsbruck, Austria.
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of either (3). The 0°C summer isotherm 1 
been taken as the climatic limit for i 
existence of ice shelves along the west cc 
of the Antarctic Peninsula (4). Betwi 
1966 and 1989, the Wordie Ice Shelf (1 
1) decreased from ~2000 to 100 km^, pr^ 
ably as a result of regional atmosphi 
warming (5). Here, we report on the rec 
disintegration of the northern Larsen 
Shelf (LIS).

The LIS extends along the eastern 
of the Antarctic Peninsula from latit 
64° to 74°S (Fig. 1). The part of the 
north of Robertson Island has retre: 
slowly but constantly since the 1940s (6 
The retreat accelerated after 1975 (8),



4
1 acsVr€^

CXir observations suggest that ice shelves 
close to the climatic limit for existence may 
disintegrate rapidly. CXiring the next years, 
increased attention should be paid to the 
section of the LIS south of Seal Nunataks, 
which may be subject to major changes if 
the warming continues. In November 1994, 
we observed a transverse rift ~50 km in 
length in section 1, ~30 km inland from 
the ice front.
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DNA: An Extensible Molecule
Philippe Cluzel, Anne Lebrun, Christoph Heller,*

Richard Lavery, Jean-Louis Viovy, Didier Chatenay,t 
Frangois Caront

The force-displacement response of a single duplex DNA molecule was measured. The 
force saturates at a plateau around 70 piconewtons, which ends when the DNA has beer 
stretched about 1.7 times its contour length. This behavior reveals a highly cooperative 
transition to a state here termed S-DNA. Addition of an intercalator suppresses this 
transition. Molecular modeling of the process also yields a force plateau and suggests £ 
structure for the extended form. These results may shed light on biological processei 
involving DNA extension and open the route for mechanical studies on individual mol 
ecules in a previously unexplored range.

Many biologically important processes in­
volving DNA are accompanied by deforma­
tions of the double helix, and the ability of 
DNA to stretch "like a spiral spring in ten­
sion" p, p. 739^ was recognized long ago 
(1-3). The mech^ics of DNA has regained 
interest in recent years as a result of the 
possibility of working with individual mole-
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cules. The extension of a duplex DNA mol 
ecule under the action of an external force 
was measured by Smith et oL (4) and com 
pared to predictions of the wormlike chair 
model (5). In good agreement with this the 
ory, these researchers observed that a force o: 
2 to 3 pN is able to stretch the DNA to 9091 
of its contour length at rest in the B-form, Iq 
and that the force then rises sharply wher 
the extension approaches Iq. This experi­
ment was restricted to forces smaller than 2C 
to 30 pN, whereas it has been suggested that 
DNA is able to withstand about 500 pN 
before breaking (6). We present here a study 
of the force-extension response of a single 
duplex DNA molecule submitted to force; 
ranging from 10 to 160 pN, using an appa 
ratus (Fig. 1) that improves on that devel 
oped by Kishino and Yanagida to study the 
actin-myosin interaction (7).

We repeated our experiment many time; 
using different fibers and stretching velocitie: 
(a few seconds was typically required fo' 
stretching). Two types of curves were ob


