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Foreword

The Bnergy Security Act of 1980, while focused on the development of
synthetic fuels, also called for examination of some of the environ-
mental consequences of their development. One such consequence
perceived by the Congress was the buildup of carbon dioxide (COj) in
the atmosphere, and the National Academy of Sciences (NAS) and the
Office of Science and Technology Policy (OSTP) of the Executive Office
of the President were requested to prepare an assessment of its
implications.

Concern about the atmosphere's carbon dioxide and its influence on
climate dates back to the last century. In the 1970s, however, with
recognition of a growing world population and increasing per capita use
of energy, attention markedly heightened. 1In 1977 the National Research
Council issued a report, Ener and Climate,; prepared by a panel
chaired by Roger Revelle, calling for an intensified program of research
on CO3. At around this time, the federal government began expanding
its concern with CO,, primarily through a research and assessment
program in the Department of Energy. In a congressional symposium on
CO3 and energy policy in 1979 some scientists expressed the fear that
atmospheric CO, could double by the first decade of the twenty-first
century if coal and fossil-based synthetic fuels were vigorously
exploited.

Such concerns and the increasing volume of research results led the
Congress and the Executive to ask the NAS to consider anew various
aspects of the issue. In July 1979, a brief preliminary statement
about CO, and energy policy was released by the Academy, and later in
that same summer a Panel of the Climate Research Board chaired by the
late Jule Charney undertook an evaluation of the models being used to
estimate likely effects of CO, on climatel In the following
winter and spring, a committee chaired by Thomas C. Schelling and
including several other members of the current Committee considered

! Geophysics Study Committee (1977). Energy and Climate. National
Academy Press, Washington, D.C.

2 National Research Council (1979). Carbon Dioxide and Climate: A
Scientific Assessment. National Academy Press, Washington, D.C.
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some of the economic and social aspects of increase in C02.' At
the same time, in April 1980, the Senate Committee on Energy and
Natural Resources convened a hearing on the issue.

In this climate of concern, the Energy Security Act of 1980 was
passed, calling upon OSTP to request a study by the Academy that would
deal with, among others, the following issues:

* A comprehensive assessment of CO, release and impacts of
CO2 increase;

* Development of an international research and assessment program
and definition of the U.S. role;

* Analysis of domestic resource requirements for international
and domestic programs;

* Evaluation of the U.S. government CO; program; and

* Assessment of the need for periodic reports and a long-term
assessment program.

Annex 3 of this report contains the relevant subtitle of the
legislation.

As congressional interest was mounting, the Climate Research Board
requested one of its members, William A. Nierenberg, to monitor
developments and to advise the Board on appropriate actions. 1In
response to the congressional mandate, the Carbon Dioxide Assessment
Committee (CDAC) was formed under his leadership to develop a plan to
accomplish the requested study.

With support from OSTP, the Committee developed a preliminary plan,
which was provided to OSTP for comment in January 1981. The change of
administration at that time slowed the discussions of the study's scope
and objectives. However, in the summer of 1981 a plan of action was
agreed on by which the NAS and OSTP could respond to the congressional
request for an independent and comprehensive assessment. The report
would comprise two major parts: (1) an overview or synthesis repre-
senting the views of the Committee as a whole on the issue and (2) a
group of papers each addressing a specific topic or problem area and
prepared by an individual committee member or a specialist group.

The Compmittee began its work in September 1981. Over the next 2
years, the Committee members met four times (September 28-29, 1981,
Washington, D.C.; March 25-26, 1982, La Jolla, California; September
20-21, Berkeley Springs, West Virginia; January 13-14, 1983, Washington,
D.C.) to monitor progress on their specific topics and to develop their
collective views.

A number of considerations went into the design of the Committee and
the selection of additional experts to contribute to its work. Com-
petence was sought in each of the major subject areas of the question,

' Letter report of the Ad Hoc Study Panel on Economic and Social
Aspects of Carbon Dioxide Increase, T. C. Schelling, Chairman. April
18, 1980. Climate Research Board, National Academy of Sciences,
Washington, D.C.




as well as experience with assessment of long-range issues. A balance
of viewpoints about environmental issues was sought. PFinally, con-
tinuity was maintained with previous, related NRC efforts (Energy and
Climate, Bnergy in Transition,* the Schelling report). Additional
experience and skills were provided by consultants to the Committee and
by ad hoc workshops and groups convened with the assistance of other
NRC units.

Before the reader turns to the contents of this report, the question
might be raised: Why another CO, report, apart from the legislative
request? The CO, issue has been probingly addressed by many indi-
viduals and groups in recent years. One could mention, for example,
Carbon Dioxide Review: 1982,° Carbon Dioxide from Coal Utilization,*

On_the Assessment of the Role of CO, on Climate Variations and Their
1 t

mpact,” The CO,-Climate Connection,® The Long-Term Impacts of
Increasing Atmospheric Carbon Dioxide Levels,’ Interactions of Energy
and Climate,'’ as well as the NRC's own Energy and Climate, Charney
report, and Schelling report. There are at least two reasons to con-
tribute to the growing volume of literature on the CO; issue. One is
that research developments are occurring at a rapid rate, as we see in
many sections of the report that follows. A second reason is that the
focus and perspectives of the reports on the CO, issue differ. A
major distinguishing feature of Changing Climate is that it represents
a sustained attempt by a group with a wide range of expertise to achieve
a comprehensive and internally consistent assessment.

On behalf of the Board and the Academy, I wish to express our appre-
ciation to Professor Nierenberg, the members of the Committee, and the
many other participants in this study for their individual and collec-
tive contributions to this report. As described in the Historical Note
(Annex 2), the carbon dioxide issue has been with us for a long time,

‘*National Research Council (1979). Energy in Transition
1985-2010. Final Report of the Committee on Nuclear and Alternative
Energy Systems (CONAES). W. H. Freeman, San Francisco.

SW. C. Clark, ed. (1982). Carbon Dioxide Review: 1982. Oxford
U. Press, New York, 469 pp.

¢I. M. Smith (1982). Carbon Dioxide from Coal Utilization.
Technical Information Service, International Energy Agency, Paris.

7 WMO/ICSU/UNEP (1981). On the assessment of the role of CO, on
climate variations and their impact. (Based on meeting of experts,
Villach, Austria, November 1980.) World Meteorological Organization,
Geneva, January 1981.

®G. B. Tucker (1981). The CO,-Climate Connection. Australian
Academy of Science, Canberra.

'G. J. MacDonald, ed. (1982). The Long-Term Impacts of Increasing

Atmospheric Carbon Dioxide Levels. Ballinger, Cambridge, Mass., 263 pp.
(1980) .

'W. Bach, J. Pankrath, and J. Williams, eds.
Interactions of Energy and Climate. Reidel, Dordrecht, The Netherlands.
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and it will undoubtedly maintain a prominent place on our agenda for a
long time to come. We continue to need well-coordinated programs of
research, productively interdisciplinary in character and broadly
international in scope. As Professor Nierenberg indicates in his
Preface, this report is best viewed as one stepping-stone on a long
pathway into the future. We are confident, however, that it will prove

to be a solid step on that pathway toward more complete understanding
of this complex issue.

Thomas F. Malone, Chairman
Board on Atmospheric Sciences and Climate
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Preface

There is a broad class of problems that have no "solution” in the sense
of an agreed course of action that would be expected to make the problem
go away. These problems can also be so important that they should not
be avoided or ignored until the fog lifts. We simply must learn to deal
more effectively with their twists and turns as they unfold. We require
sensible regular progress to anticipate what these developments might

be with a balanced diversity of approaches. The payoff is that we will
have had the chance to consider alternative courses of action with some
degree of calm before we may be forced to choose among them in urgency
or have them forced on us when other--perhaps better--options have been
lost. Increasing atmospheric CO, and its climatic consequences
constitute such a problem.

Research developments are taking place rapidly in this area. In the
pages that follow we report our understanding of the status of a number
of selected, critical aspects and comment on how well we think the
overall attack on this complex matter is proceeding. Our stance is
conservative: we believe there is reason for caution, not panic. 8Since
understanding and proof of what is happening to climate as a result of
practices that load the atmosphere with CO, may come too late to allow
for corrective action, we may not be able to wait to make certain there
is a best course. Thus, we must proceed in a manner that keeps open
our major options on energy development and use, on water management,
agricultural adjustment, and other relevant activities, as we move from
one set of uncertainties to another. We make an effort in this report
to point the way as we see it today.

A range of approaches was emplcyed in developing the Committee's
report. For example, in the study of possible future CO, emissions,

a review of earlier research was conmissioned and a new model was
constructed to remedy some of the shortcomings of previous work. The
carbon cycle was addressed through individual reviews of its oceanic,
atmospheric, and biotic components, together with model-based sensitiv-
ity analyses. In the area of agriculture a survey was undertaken, and
several outside experts were convened in a small informal workshop to
address the relationship of climatic change to crop yield. A group was
also convened, in Athens, Georgia, in May 1982, in conjunction with a
meeting organized by the American Association for the Advancement of
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Science on direct effects of CO, on plants. Small, informal work-
shops were also convened in the areas of hydrology and land surface
processes (La Jolla, March 16-17, 1982) , Antarctic Ice (La Jolla, March
18-19, 1982), and Arctic Ice (Philadelphia, June 1-2, 1982). Questions
of sea-level rise were explored with assistance from experts from the
Samenwerkende Instellingen ten Behoeve van beleidsanalytische Studies
(SIBAS), Delft, The Netherlands. The general area of scenario construc-
tion and evaluation benefited from the participation of three Carbon
Dioxide Assessment Committee (CDAC) members in a workshop on this topic
at the International Institute for Applied Systems Analysis in
Laxenburg, Austria, in July 1982,

The Committee recognized early that the central issue of CO;
effects on climate would require intensive review. Thus, the Board's
Climate Research Committee was asked to re-examine and update the work
of the 1979 Charney panel. A panel chaired by Joseph Smagorinsky, a
member of the CDAC and Chairman of the Climate Research Committee (CRC),
undertook this task and issued its report, Carbon Dioxide and Climate:
A Second Assessment, in 1982. This document should be considered an
integral part of the present study; its conclusions are reproduced in
this volume together with brief supplementary comments. The CRC was
also asked to consider the detection of climatic change induced by
CO, and the monitoring of climatic variables. With the advice of the
CRC, a group of experts, including a number of CRC members, was asked
to contribute to the report. These experts met several times during
1982 under the leadership of Gunter Weller, and the results of their
conferring form Chapter 5 of this volume.

The scope of the Conmittee's report is broad, and I believe it meets
as fully as a small group could the congressional request for a "compre-
hensive" assessment of the CO, issue. A truly complete assessment of
the CO, issue might involve most or all of a very wide range of
elements, including identification of various risks and prospective
changes; estimation of probabilities of their occurrence; linkage of
such events with various environmental and social consequences; and
evaluation of the risks by comparison with costs, with other risks,
with benefits, with alternative ways of reducing risks, or with risks
of substitute activities. In this report the Committee does attempt to
shed a little light on all of these aspects of the CO, issue: CO
emissions and concentrations are projected; possible climatic changes
are assessed; implications of increasing CO, and climatic change for
agriculture and water, sea level, and other selected areas are examined,
including possible impacts that might have a low probability but a high
cost; and possible consequences are evaluated against historical
experiences and other current and future problems.

However, the report certainly does not exhaust the issue. A number
of possibly important problems are left for future investigators.

Among such problems are the effects of non-CO, greenhouse gases on
climate, effects of altered climate on agriculture and water outside
the United States, and the feasibility of alternative nonfossil energy
strategies. Furthermore, as interest in synfuels development dimin-
ished, the CDAC chose to place less emphasis on this aspect of the
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CO, issue than would have been the case if the report had been
prepared largely during 1979 and 1980. While the report offers
estimates of probabilities in several areas, it is not always possible
to do so in a meaningful way. Consistent treatment of uncertainty in
each of the aspects of this heterogeneous issue remains elusive, but I
believe that this report makes substantial progress in this regard.

The CO, issue is so diverse in its intellectual components that no
individual may be considered an expert on the entire problem. For this
reason, as noted above, the CDAC prepared or commissioned separately
authored and separately peer-reviewed papers in each area, with no
attempt to force unanimity of style or of views. For the same reason,
the Coomittee members felt themselves incapable of judging and endors-
ing as a group the details of each paper's analysis and findings. Thus,
each paper should be viewed primarily as the product of its individual
author or authors, having had the review and comment of the Committee
members and other reviewers but not enjoying the unanimity of conclu-
sions possible in a more homogeneous and less controversial topic.
However, the Committee's work did reveal a large core of views, find-
ings, conclusions, and recommendations on a more general level, which
all members could wholeheartedly and responsibly endorse. These are
presented in the Synthesis of the report. Despite the existence of
some areas of continuing controversy, such as the carbon cycle, there
are no major dissents with respect to the contents of this assessment.

There continues to be an outpouring of fact, interpretation, con-
jecture, and proposals for research and policy having to do with the
effect of increasing carbon dioxide and its consequences. Periodically,
it will be well worth taking stock. Where are we? What is most impor-
tant or troublesome? What should we be doing now, although treatment
of the issue is full of uncertainties, to avoid the haste and waste of
being forced to shoulder a burden later, when our best choices may have
been foreclosed? What opportunities does the prospect of COz-induced
changes offer societies? Are we doing anything now that will look like
a mistake later on? This report is the result of one effort to gain
insights into these questions. We hope that others in the United States
and other countries will continue to ask them. Such sustained question-
ing may be the best insurance we can buy.

The support that the CDAC has received from the Congress and the
federal government throughout its work has been gratifying. The Office
of Science and Technology Policy (OSTP) of the Executive Office of the
President, the Department of Energy (DOE), and the National Science
Foundation (NSF) provided the necessary means, as well as ready coopera-
tion on access to information and expertise. Richard Meserve and
Thomas Pestorius of OSTP, David Slade and Frederick Koomanoff of DOE,
and Bernard Stein of NSF deserve special mention.

I am sure that all the members of the Conmittee also share my
gratitude to the many experts who let us draw upon their knowledge and
wisdom through many ad hoc means. Our sister Climate Research
Committee deserves many thanks for organizing groups to address the
questions of climate modeling, detection of climate changes, and
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monitoring. Some 30 volunteer reviewers provided trenchant and most
helpful comments that greatly strengthened the report. Finally, we

appreciate greatly the support provided by the NRC staff: particularly
Jesse H. Ausubel and John S. Perry of the Board on Atmospheric Sciences
and Climate (BASC); and also Robert S. Chen of BASC's predecessor, the
Climate Board; James A. Tavares of the Board on Agriculture; and Gary
Yohe and David Katcher, consultants to BASC.

William A. Nierenberg, Chairman
Carbon Dioxide Assessment Committee
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Executive Summary

1. Carbon dioxide (COy) is one of the gases of the atmosphere
important in determining the Earth's climate. In the last generation
the CO; concentration in the atmosphere has increased from 315 parts
per million (ppm) by volume to over 340 ppmv. (Chapters 3, 4)

2. The current increase is primarily attributable to burning of
coal, oil, and gas; future increases will similarly be determined
primarily by fossil fuel combustion. Deforestation and land use
changes have probably been important factors in atmospheric COp
increase over the past 100 years. (Chapters 2, 3)

3. Projections of future fossil fuel use and atmospheric concen-
trations of CO; embody large uncertainties that are to a considerable
extent irreducible. The dominant sources of uncertainty stem from our
inability to predict future economic and technological developments
that will determine the global demand for energy and the attractiveness
of fossil fuels. We think it most likely that atmospheric CO, con-
centration will pass 600 ppm (the nominal doubling of the recent level)
in the third quarter of the next century. We also estimate that there
is about a 1-in-20 chance that doubling will occur before 2035.
(Chapters 2, 3)

4. If deforestation has been a large net source of CO, in recent
decades, then the models that we are using to project future atmospheric

concentrations are seriously flawed; the fraction 6f man-made CO,
remaining airborne must then be lower, and CO, increase will probably

occur more slowly than it otherwise would. (Chapter 3)

5. Estimates of effects of increasing CO; on climate also embody
significant uncertainties, stemming from fundamental gaps in our under-
standing of physical processes, notably the processes that determine
cloudiness and the long-term interactions between atmosphere and
ocean. (Chapter 4)

6. Several ‘other gases besides CO, that can affect the climate
appear to be increasing as a result of human activities; if we project
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increases in all these gases, climate changes can be expected sig-
nificantly earlier than if we consider CO, alone. (Chapter 4)

7. From climate model simulations of increased CO; we conclude
with considerable confidence that there would be global mean
temperature increase. With much less confidence we infer other more
specific regional climate changes, including relatively greater polar
temperature increase and summer dryness in middle latitudes (e.g., the
latitudes of the United States). (Chapter 4)

8. Results of most numerical model experiments suggest that a
doubling of CO2, if maintained indefinitely, would cause a global
surface air warming of between 1.5°C and 4.5°C. The climate record of
the past hundred years and our estimates of CO, changes over that
period suggest that values in the lower half of this range are more
probable. (Chapters 4, 5)

9. By itself, CO, increase should have beneficial effects on
photosynthesis and water-use efficiency of agricultural plants,
especially when other factors are not already limiting growth.
(Chapters 3, 6)

10. Analysis of the effects of a warmer and drier climate on rain-
fed agriculture in the United States suggests that over the next couple
of decades negative effects of climate change and positive effects from
CO, fertilization both will be modest and will approximately balance.
The outlook is more troubling for agriculture in lands dependent on
irrigation. Longer-term impacts are highly uncertain and will depend
strongly on the outcome of future agricultural research, development,
and technology. (Chapter 6)

1l. Changes in temperature and rainfall may be amplified as changes
in the annual discharge of rivers. For example, a 2°C warming could
severely reduce the quantity and quality of water resources in the
western United States. (Chapter 7)

12. (a) 1If a global warming of about 3 or 4°C were to occur over the
next hundred years, it is likely that there would be a global sea-level
rise of about 70 cm, in comparison with the rise of about 15 cm over
the last century. More rapid rates could occur subsequently, if the
West Antarctic Ice Sheet should begin to disintegrate. (Chapter 8)

(b) Such a warming might also bring about changes in Arctic ice
cover, with perhaps a disappearance of the summer ice pack and asso-
ciated changes in high-latitude weather and climate. (Annex 1)

13. Because of their large uncertainties and significant implica-
tions, it is important to confirm the various predictions of climate
changes at the earliest possible time and to achieve greater precision.
This can best be done through carefully designed monitoring programs of
long duration emphasizing the ensemble of variables believed to
influence climate or to reflect strongly the effect of CO,. (Chapter 5)
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14. The social and economic implications of even the most carefully
constructed and detailed scenarios of CO, increase and climatic con-
sequences are largely unpredictable. However, a number of inferences
seem clear:

(a) Rapid climate change will take its place among the numerous
other changes that will influence the course of society, and these
other changes may largely determine whether the climatic impacts of
greenhouse gases are a serious problem.

(b) As a human experience, climate change is far from novel;
large numbers of people now live in almost all climatic zones and move
easily between them.

(c) Nevertheless, we are deeply concerned about environmental
changes of this magnitude; man-made emissions of greenhouse gases
promise to impose a warming of unusual dimensions on a global climate
that is already unusually warm. We may get into trouble in ways that
we have barely imagined, like release of methane from marine sediments,
or not yet discovered.

(d) Climate changes, their benefits and damages, and the
benefits and damages of the actions that bring them about will fall
unequally on the world's people and nations. Because of real or
perceived inequities, climate change could well be a divisive rather
than a unifying factor in world affairs. (Chapter 9)

15. Viewed in terms of energy, global pollution, and worldwide
environmental damage, the "CO, problem" appears intractable. Viewed
as a problem of changes in local environmental factors--rainfall, river
flow, sea level--the myriad of individual incremental problems take
their place among the other stresses to which nations and individuals
adapt. It is important to be flexible both in definition of the issue,
which is really more climate change than COy, and in maintaining a
variety of alternative options for response. (Chapter 9)

16. Given the extent and character of the uncertainty in each segment
of the argument--emissions, concentrations, climatic effects, environ-
mental and societal impacts-—-a balanced program of research, both basic
and applied, is called for, with appropriate attention to more signifi-
cant uncertainties and potentially more serious problems. (Chapter 1)

17. Even very forceful policies adopted soon with regard to energy
and land use are unlikely to prevent some modification of climate as a
result of human activities. Thus, it is prudent to undertake applied
research and development--and to consider some adjustments--in regard
to activities, like irrigated agriculture, that are vulnerable to
climate change. (Chapters 1, 9)

18. Assessment of the CO, issue should be regarded as an iterative
process that emphasizes carry over of learning from one effort to the
next. (Chapter 1)

19. Successful response to widespread environmental change will be
.facilitated by the existence of an international network of scientists
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conversant with the issues and of broad international consensus on facts
and their reliability. Sound international research and assessment
efforts can turn up new solutions and lubricate the processes of change
and adaptation. (Chapter 1)

20, With respect to specific recommendations on research, develop-
ment, or use of different energy systems, the Conmittee offers three
levels of recommendations. These are based on the general view that,
if other things are equal, policy should lean away from the injection
of greenhouse gases into the atmosphere.

(a) Research and development should give some priority to the
enhancement of long-term energy options that are not based on com-
bustion of fossil fuels. (Chapters 1, 2, 9)

(b) We do not believe, however, that the evidence at hand about
CO2-induced climate change would support steps to change current
fuel-use patterns away from fossil fuels. Such steps may be necessary
or desirable at some time in the future, and we should certainly think
carefully about costs and benefits of such steps; but the very near
future would be better spent improving our knowledge (including knowl-
edge of energy and other processes leading to creation of greenhouse
gases) than in changing fuel mix or use. (Chapters 1, 2, 9)

(c) 1It is possible that steps to control costly climate change
should start with non-CO, greenhouse gases. While our studies
focused chiefly on CO,, %tagmentazy evidence suggests that non-CO,
greenhouse gases may be as important a set of determinants as CO,
itself. While the costs of climate change from non-CO, gases would
be the same as those from CO,, the control of emissions of some
non-CO, gases may be more easily achieved. (Chapters 1, 2, 4, 9)

21l. Finally, we wish to emphasize that the CO, issue interacts
with many other issues, and it can be seen as a healthy stimulus for
acquiring knowledge and skills useful in the treatment of numerous
other important problems. (Chapter 1)




1 Synthesis

Carbon Dioxide Assessment Committee

1.1 INTRODUCTION

For more than a hundred years scientists have been suggesting that
slight changes in the chemical composition of the atmosphere could
bring about major climatic variations. Since the turn of the century,
the focus has been particularly on worldwide release of carbon dioxide
( ), as a result of burning of coal, oil, and gas and changes in

land use that release CO, from forests and soils.* In recent decades
many aspects of the argument that enough CO, will be released to
bring about unwanted and unwonted changes in climate have been filled
out and strengthened; at the same time, new questions about segments of
the argument have arisen, and possible benefits have been identified,
including directly favorable implications for plant growth from
increasing CO,.

At this stage in the history of the CO, question, many readers are
familiar with its basic aspects, so we have limited this introduction
to two fundamental points. The first is that CO,, along with water
vapor, ozone, and a variety of other compounds, is a key factor in
determining the thermal structure of the atmosphere. These so-called
"greenhouse® gases do not strongly absorb incoming radiation for most
of the shortwave solar spectrum, but they are more effective absorbers
of the long-wavelength (infrared) radiation of the Barth's surface and
atmosphere (see Figure 1.1). The mix and distribution of the gases
account in no small part for the generally hospitable climate of Barth
and the inhospitable climate of other planets. Concern arises about
human activities that release greenhouse gases because important
absorption bands for CO, and other atmospheric gases are far from
saturation; increasing the concentration of the gases will continue to
affect the net emission or absorption of energy from a given layer of
the atmosphere and thus the climate. The second fundamental point is
that the atmospheric concentration of CO, is rising. Figure 1.2
shows an exceptionally accurate and reliable record of measurements

*See "Annex 2, Historical Note," for the early history of the CO3
issue.
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FIGURE 1.1 Infrared spectrum of the Barth as taken by a scannhing
interferometer on board the Nimbus-4 satellite over the North African
desert. Also shown (dotted lines) are the blackbody radiances that
would be observed at various temperatures. Thus, in the 10-13-um
region, the atmosphere is transparent and the radiance corresponds
closely to that expected from the hot desert surface (at 320 K or
47°C). 1In the CO; band, however, the radiance is from the
stratosphere at a temperature of 220 K, and energy from the Earth's
surface is blocked. Other important infrared-absorbing trace gases
include water vapor, nitrous oxide, methane, the chlorofluorocarbons,
and ozone (in the troposphere). (From Paltridge and Platt, 1976, after
Hanel et al., 1972).

starting in 1958. 1In short, there is a strong physical basis for
attention to the CO; question in both theory and measurement.

Another, quite different, aspect of the COZ issue that requires
introduction is that the time horizons of the subject and, therefore,
of this report are very long. We talk about American agriculture in
the year 2000, global energy use to 2100, and possible changes in sea
level over the next three to five centuries. Is it meaningful to talk
of such remote times? We think it is, and we have tried to devise
approaches that take the time dimension seriously, although much of the
report had to be speculative. 1Is it necessary to look so far into the
future? Again, we think the answer is yes. Once the CO, content of
the atmosphere rises significantly, it is likely to remain elevated for
centuries; so from a physical point of view one must consider the long
run. From the perspective of human activities, the time periods to be
considered are also necessarily long. It takes many decades to replace
the capital and infrastructure associated with a particular form of
energy, and the time to develop large-scale water supply systems can be
equally great. No policy, no matter how forceful, will make the issue
of climate change disappear for at least decades to come. Finally, in
considering the environment, one must think in terms of long-term
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sustainable strategies. While adverse consequences of 100 years from
now are obviously less pressing than those of next year, if they are
also of large magnitude and irreversible, we cannot in good conscience
discount them.

The outline of the report is as follows. In this Synthesis chapter
we summarize the outlook for COj-induced climatic change and its
effects, try to estimate how serious an issue CO, is, and make
recommendations for improving our understanding of the issue and our
societal stance in regard to it. 1In subsequent chapters, individual
authors and groups of authors treat the same topics in greater depth
and for more specialized audiences. Both the Synthesis and the volume
as a whole examine this sequence of questions: How much CO; will be
emitted? How much will remain in the air? How much will CO; and
other greenhouse gases change the climate? Are COx-induced climatic
changes already identifiable? What would be the effects of substantial
warming induced by increased atmospheric concentrations of CO, and
other greenhouse gases on agriculture, water supply, and polar regions
and sea level? And, finally, what are the implications of the COp
issue for societal welfare and policy? Figure 1.3 offers an overview
of the CO; issue as treated in this report.

[~ Prevent ™ Modify Adept, Compensate, Reduce
Emissions Concentrations Climate Vulinerability, Absorb Impacts
29 339 9 6,9
Use of
Fousil -
Fuels
21,22 ! Policy
Choices
co Distribution (Actions)
]
> Em?ulom oAf'mCOmpz h‘:,. b Agriculture 9
23 Oceen, Biota 6 JV -------
23 y = ————- Research,
- Applied
Water Economic
Defores Climete R snd Social [—p{ Feseerch
=% Ch —> 6, =
and . ange Welfere Development
Land Use 45 | b 9 !
2233 Other y Sea Level/ .
Greenhouse H Polar Regions
Gases 89 Monitor
223543 5
1
r 3

FIGURE 1.3 An overview of the CO, issue. Numbers refer to chapters
or sections that focus on topic in box.




1.2 THE OUTLOOK

1.2.1 Future CO, Emissions

By far the largest potential sources of man-made CO, emissions are
the fossil fuels, especially the abundant supplies of coal. Current
annual fossil fuel emissions are estimated at about 5 x 10° tons of
carbon (Gt of C) + 10% (Marland and Rotty, 1983). 1In 1981, emissions
came about 44% from oil, 38% from coal, and 17% from gas. The United
States accounts for about one quarter of worldwide fossil fuel emis-
sions, as do Western Europe and Japan, the Soviet Union and Eastern
Europe, and developing countries.

To estimate future emissions of CO, from fossil fuels, Nordhaus
and his co-authors adopted two approaches. One was to review previous
global, long-range energy studies and use the range of projections as
guide to the uncertainty of scientific judgment (Ausubel and Nordhaus,
this volume, Chapter 2, Section 2.2). The second approach (Nordhaus
and Yohe, this volume, Chapter 2, Section 2.1), developed for this
assessment, explicitly allows estimation of future emissions and their
uncertainty based on a range of values for key parameters.

Review of previous energy studies shows that almost all studies
applicable to estimation of CO; emissions project a continued marked
growth of energy demand. For example, projections of energy demand in
the year 2030 generally range from about_2-1/2 to 5 times the recent
rate of energy use of 8 terawatt (TW, 10l W) years per year. The
studies vary so widely in quality, approach, level of detail, time
horizon, data base, and geographic aggregation that strict comparisons
are generally inappropriate. However, some generalizations may be
ventured. Most studies looking beyond the year 2000 project average
energy growth between about 2% and slightly above 3% per year, rates
reasonably consistent with the 2.2% global annual average increase in
primary energy consumption* that has prevailed over the past 120
years. Of course, the absolute range of projections spreads as the
time horizon is extended, as a result of compounding the varied annual
rates of increase. To illustrate, the range embracing almost all of
the more detailed projections increases from 14-21 TW yr/yr in A.D.
2000 to 20-40 TW yr/yr a generation later. There are no strong signs
of convergence toward a single, widely accepted projection or set of
assumptions, although generally estimates have been lower in the last
few years than in the 1970s. PFigure 1.4 summarizes past global energy
consumption and most of the long-range projections.

Combining estimates of energy demand and the mix of fuels leads to
projections of CO, emissions. When the mix includes a large share of
fossil energy, the projections show relatively high levels of CO,
emissions. Figure 1.5 shows paths of CO, emissions derived from
about a dozen long-range energy projections. Average annual rates of

*The 2.2%/yr figure includes wood and noncommercial energy sources
(Marchetti and Nakicenovic, 1979; Nakicenovic, 1979).
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FIGURE 1.4 Past and projected global energy consumption. See Chapter
2, Section 2.2 for discussion of projections included here.

increase in CO, emissions to 2030 generally range from about 1 to
3.5%.* Estimated annual emissions range between about 7 and 13 Gt of C
in the year 2000 and, with a few exceptions, between about 10 and 30 Gt
of C in 2030. Thus, based on a review of past efforts, one might infer
that energy consumption 50 years hence could differ by at least a factor
of 2 and associated CO, emissions by a factor of 3 or more.

For purposes of understanding future outcomes and weighing policy
choices, the past efforts reviewed leave open important questions.
They generally do not allow a judgment as to the accuracy with which a
forecast is made. It is of central importance in many policy problems
to know not only the best judgment about an event (such as the time
when atmospheric CO, will pass a certain level) but also to be able
to estimate the degree of precision or approximation about that judg-
ment. Some studies have approached the difficulties of forecasting by

*This range contrasts with the 4.3% figure for past and projected
growth in CO, emissions that prevailed for several years in the
literature on the issue. The mean growth rate of fossil fuel
CO, emissions over the past 120 years has more recently been
estimated at about 3.5% per year (Elliott, 1983).
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use of "scenario® analysis. The scenario approach involves tracing out
time paths for important parameters under assumptions that are thought
to be "interesting,” usually without assigning measures of probability
to the parameters or outcomes. These studies provide answers to hypo-
thetical questions of the "what if?" type. For example, What might be
the evolution of the energy system if there is a moratorium on building
nuclear power plants? Usually scenario studies examine only a very few
possibilities, and they do not attempt to assess the actual likelihood
of the scenarios investigated.

To address these shortcomings, Nordhaus and Yohe employed modern
developments in aggregative energy and economic modeling to construct a
simple model of the global economy and carbon dioxide emissions. Par-
ticular care was given to assure that the energy and production sectors
of the economy were integrated (most CO, emission projections are
based on examination of the energy sector taken in isolation) and to
respect the cost and availability of fossil fuels. The analysis
attempts to recognize explicitly the intrinsic uncertainty about future
developments by identifying the most important uncertain parameters of
the model, by examining current knowledge and disagreement about these
parameters, and then by specifying a range of possible values for each
uncertain parameter. The emphasis was not to resolve uncertainties but
to represent current uncertainties as realistically as possible. A use
of the range of paths and uncertainties for the major economic, energy,
and carbon dioxide variables allows not only a "best guess" of the
future path of carbon dioxide emissions but also alternative trajec-
tories that represent a reasonable range of possible outcomes given the
current state of knowledge. The data employed were gathered from
diverse sources and are of quite different levels of precision; judg-
ments as to the uncertainties about the parameters are rough. Political
conditions are not treated explicitly, but they may be regarded as
included implicitly, for example, as a possible cause of a low value
for the parameter representing growth in productivity.

The central tendency in the results of the Nordhaus-Yohe approach is
a lower emissions rate than that of most earlier studies, in which the
annual emissions increase generally ranged from about 1 to 3.5%. The
"best guess® of Nordhaus and Yohe is that CO, emissions will grow at
about 1.6% annually to 2025, then slow their growth to slightly under
1% annually after 2025. The major reasons for the lower rate are a
slower estimated growth of the global economy than had earlier been the
general assumption, further conservation as a result of the energy price
increases of the past deacde, and a tendency to substitute nonfossil
for fossil fuels as a result of the increasing cost of fossil fuels
relative to other fuels. Figure 1.6 presents five paths that represent
the Sth, 25th, 50th ("best guess"), 75th, and 95th percentiles of
annual CO; emissions. The percentiles are indexed in terms of the
cumulative CO, emissions by the year 2050 (see this volume, Chapter
2, Section 2.1).

In addition to burning of fossil fuels, human activities release
CO, through deforestation and land clearing. Estimates of future
biospheric emissions have generally been based on extrapolation of

estimates of recent biotic emissions and rough guesses about what




13

100.04

]

S 10.0-

S

=

2

o

7]

s

w

2

o

-]

% 1.0

(8]
o*"mmrmm
1976 2000 2026 2050 2076 2100

YEAR

FIGURE 1.6 Carbon dioxide emissions from a sample of 100 randomly
chosen runs. The 5th, 25th, 50th, 75th, and 95th percentile runs for
yearly emissions, with emissions for years 2000, 2025, 2050, and 2100

indicated. See Chapter 2, Section 2.1, and Pigure 2.17 for further -
detail.

proportion of carbon in the biosphere might be subject to human
influence. Models of the carbon in forests and soils are now being
developed that might provide projections with a stronger theoretical
basis. An estimate for the maximum possible future addition from all
biospheric sources is 240 Gt of C (Revelle and Munk, 1977), and Woodwell
(this volume, Chapter 3, Section 3.3) offers a similar projection.
Baumgartner (1979) estimates that clearing of all tropical forests might
contribute about 140 Gt of C. The total carbon content of the Amazon
forest is estimated at about 120 Gt of C (Sioli, 1973). Chan et al.
(1980) develop a high deforestation scenario in which total additional
transfer of carbon from the biosphere to the atmosphere by the year

2100 is about 100 Gt of C. The World Climate Programme (1981) group of
experts adopted a range of 50 to 150 Gt of C for biospheric emissions

in the 1980 to 2025 period. Projections of future atmospheric CO,
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concentrations embracing both burning of fossil fuels and terrestrial
sources have all been dominated by growth rates in fossil fuel emis-
sions, except in cases where fossil fuel emissions are extremely low.
Over a period of a decade or two, biospheric emissions could rival
fossil fuel emissions, but over a century biospheric emissions from
human activities are most unlikely to average higher than 1 to 3 Gt of
C per year, and fossil fuel emissions are typically projected to be an
order of magnitude larger. It is also possible, as discussed in the
next section, that there will be no significant net release of carbon
from the biosphere over the next century, depending on which human
activities and physical processes are dominant.

1.2.2 Future Atmospheric CO, Concentrations

We now turn to the question of translating CO, emissions into atmo-
spheric Co, concentrations. Projecting Co, concentrations requires

a determination of how emissions will be partitioned among the atmo-
sphere, the oceans, and the biosphere. Carbon circulates naturally
among these reservoirs driven by physical and biological forces; we
term this circulation the carbon cycle, and the injection of carbon
dioxide into the atmosphere by human activities may be viewed as a
perturbation of this cycle (see Figure 1.7). Before the substantial
release of CO, from human activities began, one part of the carbon
cycle involved production of organic matter from atmospheric CO, and
water and transportation of this material to the ocean where it was
buried in marine sediments. Anthropogenic emissions have reversed this
part of the carbon cycle. Some of the carbon stored over 500 million
years in marine sediments is now returning to the atmosphere in a few
short generations.

By means of quantitative models of the carbon cycle, we can estimate
the effects of postulated rates of carbon dioxide injections on the
pools and fluxes of carbon, in particular on the concentration of
carbon in the atmosphere. Moreover, we can also assess the degree to
which uncertainties in our understanding of one or another factor
influence our forecasts of future atmospheric CO; levels.

The atmosphere forms a thin film over the Earth. Its composition is
in large part the result of biological activity, and it is powerfully
shaped by interaction with the oceans that cover some 70% of the
globe. The concentration of CO; in the atmosphere has varied over
the ages; for example, there is evidence that it may have been about
200 ppm during the last ice age 18,000 years ago. Reliable instrumental
records are available only since 1957. Since then, the concentration
has increased from about 315 ppm to slightly above 340 ppm and at an
average rate of about 0.4% per year over the last decade (Figure 1.2).
As discussed by Machta (this volume, Chapter 3, Section 3.4), carbon
dioxide is well mixed in the atmosphere; measurements from the global
network of sampling sites show relatively small spatial and temporal
variations that are explainable largely in terms of fossil fuel sources




~120 - .
FORESTS AND TERRESTRIAL BIOTA = ATMOSPHERE 20 “"“:t'""ﬂrf)@/vf in
e g 2080 yoal ey

ﬁ,f‘\( ~00r>18? 7,7 |

// /7 |

» 7 !

/’/ 7 1

* // } ~100

7 |

|

|

i

|
)

Organic carbon—100 s
w,_Inorganic carbon—10,000 s

FOSSIL FUELS
0il-100's Clathrates in continental
Gas—100s slope sediment
. Oil shale and deep gas—1000 s ~
" Coal—1000 s 10,000 2

FIGURE 1.7 Some global carbon pools and annual fluxes. Estimeted
sizes of pools and fluxes are in gigatons of carbon. Estimates are
rounded from figures given in Chapters 2 and 3 and from Clark, 1982.
Pools that are only broadly measured are assessed here in order of
magnitude, e.g., hundreds (100s8). Dashed arrows represent additional
fluxes due to human activities.

and biological, atmospheric, and oceanic processes, such as the annual
cycle of the terrestrial biota and the quasi-periodic Southern
Oscillation. Recently noted increases in the amplitude of the annual
cycle may be related to changes in the cycling of CO, through photo-
synthesis and respiration. The year-to-year increases in atmospheric
concentrations are generally becoming larger with time, roughly in step
with emissions of CO, from fossil fuel combustion. Indeed, according
to Machta (this volume, Chapter 3, Section 3.4), most of the atmospheric
variations during the past 20 years are more easily accounted for when
we consider a growing fossil fuel source alone than when we consider
any significant additional source, such as deforestation.

Comparison of fossil fuel CO, releases and growth in atmospheric
concentrations shows that a quantity somewhat larger than half the
fossil fuel CO; has remained in the atmosphere. The rest must have
been transferred to some other reservoir, primarily to the ocean. As
described by Brewer (this volume, Chapter 3, Section 3.2), the capacity
of the ocean as a sink for CO; is a function of its chemistry and
biology, and the rate at which its capacity can be brought into play is
a function of its physics. The low— and mid-latitude oceans are stably
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stratified, capped by a warm surface layer that is approximately in
equilibrium with atmospheric CO;. The deep waters of the world's
oceans are formed in polar seas and slowly circulate through the ocean
basins, with an abyssal (deep ocean) circulation time estimated at
about 500 years. In the surface waters, CO, is fixed by photosyn-
thetic activity and rapidly cycled by grazing organisms, with slow
sedimentation of carbon into deeper layers where oxidation or deposition
takes place. The absorption of CO, by the ocean is buffered by reac-
tions with dissolved carbonate and bicarbonate ions. In the surface
mixed layer, the "buffer factor" increases with growing CO, concen-
trations, and the capacity of the ocean to absorb CO, added to the
atmosphere will decrease unless additional factors change. Measurements
of ocean CO; at the surface and at depth are consistent with our
understanding of the processes involved and confirm the observed
atmospheric increases in concentration. Figure 1.8 shows the increase
in CO, in the atmosphere and in surface ocean waters since 1957.

Mathematical models of ocean CO2 uptake have been able to reproduce
the records of CO, and related observations that we have, although
complex processes of vertical transport have been modeled as simple
diffusion. Radionuclides injected into the atmosphere by bomb tests
have served as effective tracers of ocean circulation and essential
empirical calibrators of these ocean models. However, the expression
of all oceanic physics as a single unrealistic process hardly inspires
confidence in the models' ability to deal with altered climatic regimes
in the future. Moreover, potentially significant processes, such as
changing riverine fluxes of terrestrial carbon and nutrients to the
sea, may not yet have been adequately evaluated and represented.
Nevertheless, at least for the short run, present-day models appear
satisfactory to answer the question of how much anthropogenic CO; is
taken up by the ocean. Brewer (this volume, Chapter 3, Section 3.2)
reports several estimates that give a value at the present time of
about 2 Gt of C/yr, or 40% of fossil fuel emissions.

The terrestrial biota and soils contain about three times as much
carbon as the atmosphere, and their changes could influence the atmo-
spheric burden. The most active and vulnerable portion of the biota is
in forests, which probably contain between about 260 and 500 Gt of C
(Olson and Watts, 1982). As discussed by Woodwell (see Figure 1.9 and
Chapter 3, Section 3.3), the net flux of carbon between the atmosphere
and any ecosystem depends on the balance between photosynthetic produc-
tion by green plants and respiration by both plants and other organisms.
Woodwell observes that on land photosynthesis is more susceptible to
disturbance than respiration, so disturbance of the biota tends to
release carbon into the atmosphere in the period following disturbance.
Subsequently, over a period of years to decades or longer, the balance
may shift through recovery due to succession and the slow migration of
plants in response to a new, stable environment. Increased CO,
enhances photosynthesis but does not necessarily lead to increased
storage of carbon; on the other hand, increased temperature tends to
increase respiration. Extension of growing seasons and extension or
reduction of biomes with climate change can also affect the terrestrial
carbon balance, particularly on longer time scales. It is thus
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FIGURE 1.8 Mean Sargasso gyre surface water pCO, versus time. The
atmospheric CO, concentration is expressed in mole fraction CO, in
dry air at Mauna Loa, Hawaii. The IGY was the International Geophysical
Year; GEOSECS is the Geochemical Ocean Sections Study; TTO/NA refers to
the program of observation of transient tracers in the North Atlantic.

(Source: Takahashi et al., 1983.) See Brewer, Chapter 3, Section 3.2
for further explanation.

plausible that future changes in the atmosphere could lead to a
significantly increased net biotic flux of carbon to or from the
atmosphere.

The possible sources of biotic CO; emissions--deforestation and
land disturbance--are poorly documented. There are several indirect
approaches to estimating what this biotic contribution may have been,
largely based on correlation between growth in human population and the
rate of conversion of forest for agriculture. The main direct data
sources on deforestation have been the production yearbooks of the Food
and Agriculture Organization (FAO) of the United Nations, published
since 1949, and these may be inaccurate. All examinations of the biota
conclude that there has been a marked reduction in storage of carbon
over the past century or so; however, the timing and amount are the
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FIGURE 1.9 The upper graph shows the course of total respiration and
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amplitude predicted in this way was considerably greater than observed
(Woodwell et al., 1973), apparently because of mixing with air from
over the oceans. Fossil fuel emissions are included for comparison.
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subject of substantial dispute. Based on a model of the terrestrial
carbon cycle, Woodwell (this volume, Chapter 3, Section 3.3) reports a
range of 1.8 to 4.7 Gt of C per year at present. Other researchers
have suggested lower figures (see Table 3.3). All but the lowest
values in Woodwell's range are impossible to reconcile with atmospheric
observations and present-day ocean models. A net biotic carbon source
of about 2 Gt/yr suggests that about 40% of all (fossil fuel plus
biotic) CO, emissions have been remaining in the atmosphere, whereas

a net biotic source near zero suggests about 60% of all anthropogenic
CO2 emissions remain airborne.

There is also disagreement about whether significant regrowth of
forests in some areas and stimulation of plant growth ("fertilization")
by increased atmospheric CO; are taking place, perhaps countering
losses from deforestation. While the increasing amplitude of the
seasonal cycle may be interpreted as an indication of regrowth and
stimulation, there is as yet no direct evidence of regrowth and stimu-
lation of net ecosystem storage of carbon sufficient to balance the
apparent effects of deforestation. At the plant level, there are
arguments for increased growth; but at the community level, especially
in forests, the relevant mechanisms may be limited by other factors
(see Chapter 3, Section 3.3, and Chapter 6). Growth of much biomass
may be limited by availability of land, solar radiation, water, and
nutrients other than carbon. Inventories of biota and other measure-
ments (e.g., width of tree rings) are not sufficient at present to
resolve the debate.

Finally, there is dispute about the level of CO, in the atmosphere
in the last century before anthropogenic sources began to raise it.
The preindustrial (circa 1850) concentration probably lay in the range
250-295 ppm, with 260-280 ppm a preferred interval (see Machta, this
volume, Chapter 3, Section 3.4). Backward extrapolation of contemporary
observations based solely on estimated fossil fuel CO; injections and
a constant airborne fraction leads to an estimate of about 290 ppm at
the turn of the century. Chemical and other measurements made at that
time span a range about the same value. Inferences from air trapped in
glacial ice and from deep-ocean measurements indicate concentrations in
the vicinity of 265 ppm in the middle of the last century. The dis-
crepancy between mid- and late-nineteenth century data, if real, might
partly be accounted for by emissions from the terrestrial biosphere.

For the period since about 1950, we have records of CO, emissions
from fossil fuels that are reliable within 10-15%. For the period
before this, the record of fossil fuel emissions is less reliable.

In view of the uncertainty and conflicting evidence about the
preindustrial concentration, fossil fuel emissions, the biotic con-
tribution, and ocean uptake, one reasonable approach is to use models
to project different outcomes based on different assumptions about the
various reservoirs and mechanisms (see Machta, this volume, Chapter 3,
Section 3.6). In the last few years, carbon cycle models, like energy
models and climate models, have become more sophisticated. There are
now several dynamic, process-oriented models that are making progress
in representing, for example, accumulation and decay of dead vegetationj;
processing of carbon in soils and humus; and the biology, chemistry,
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and physics of the oceans. Published models have been calibrated to
agree well with what is known about recent CO, trends, but no model

has been properly validated against all trends and all data on emission
rates. :

The uncertainty of future projections may be examined by comparing
different models or by varying parameters within a single model. Study
of a group of models, each individually plausible, shows substantial
agreement in projections for a fixed scenario of CO3 input to the
atmosphere. Maximum deviation of the lowest and highest concentration
from the average among five models is less than 10%. Variation of
parameters within plausible ranges in a single model shows at most
about 30% variation from the mean (see Table 1l.1l). Thus, if current
carbon-cycle models are accepted as valid representations of reality,
reasonable variations in their parameters do not significantly affect
predictions of future concentrations of CO3; research simply to
refine these parameters may not be effective in reducing uncertainties.

On the other hand, if net releases of CO, from the biosphere
comparable to those from fossil fuels are now in progress and have been
for the past several decades, the question of carbon-cycle modeling is
different. If, for example, CO, released annually from deforestation
were in the upper part of the range that Woodwell suggests, the current
models would fail to reproduce the observed atmospheric CO, growth

TABLE 1.1 Sensitivity Study Using a Box Model of the Carbon Cycle
(Keeling and Bacastow, 1977) and the Nordhaus-Yohe 50th Percentile

CO, Emissions Estimate

Range2 RangeR
Variation in Parameter (ppmv) (%)

Rate of exchange between air and sea

2X and 0.5X standard rate of exchange 2 0.3
Rate of exchange between mixed layer of

the ocean and the deep ocean

2X and 0.5X standard rate of exchange 70 9
Both of above taken together 74 10
Biospheric uptake due enhanced atmospheric CO,E

No uptake and a 8 value of 0.266 229 29

Buffer factor
Constant (10) and variable according to
predicted oceanic chemistry change 61 8

AThe Range is the higher minus the lower predicted by the changes in
arithmetic number used for the parameter in the year 2100.

nge divided by 784 ppmv, the predicted value for the year 2100,
times 100.
SThis is the CO, fertilization effect. 0.26 is the standard value
for the so-called B-factor.
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after 1958. The models would most likely have to be modified, since no
reasonable adjustment of the parameters will allow a good fit of
predictions to observations after 1958. The airborne fraction--the
ratio of atmospheric increase in a year to the net (fossil and biotic)
amount added to the atmosphere--would drop to about 0.3 from the value
of almost 0.6 that is consistent with a net CO, release from the
biosphere near zero. Increases of predicted concentration would be
accordingly slower.

While the sophistication of carbon-cycle models has been increasing,
their predictive capability may diminish markedly as we depart from
current CO, concentrations, reservoir sizes, and climate conditions.
For example, the terrestrial biotic reservoir of carbon may increase or
decrease in response to climate change as a result of warming, longer
growing seasons, and change in rainfall patterns, for example. No
model contains a satisfactory long-term treatment of climate feedbacks
to the biosphere. Por a decade, most carbon-cycle models in estimating
biotic response have depended on the so-called Beta (8) factor, a
measure of how much plant growth increases as a result of increase in
atmospheric CO, concentration. The use of the 8 factor needs to be
replaced by separate analyses of effects of changes in the area of
forests and potential changes in net ecosystem production caused by
both increased atmospheric CO, and changes in climate. 1In sum, the
current generation of carbon-cycle models appears to be satisfactory
for forecasting concentrations in the next few decades, but credibility
of the models fades as concentrations rise.

Keeping in mind the state of the art of projecting CO, emissions
and their partitioning among different reservoirs, we now report the
estimates of Nordhaus and Yohe (this volume, Chapter 2, Section 2.1)
and Machta (this volume, Chapter 3, Section 3.6) on possible future
atmospheric concentrations and factors that affect them. Perhaps the
most useful graph to study is Pigure 1.10, which shows the percentiles
-of COy concentrations for the different Nordhaus-Yohe emission
trajectories. To calculate concentrations, Nordhaus and Yohe use an
estimate of 0.47 as the fraction of current emissions that remains
airborne during the first year after emission. (This amount is
consistent with a historic average annual contribution of CO; from
the biosphere of about 1 Gt of C.) For a quarter or half century, the
inertia built into the world economy and carbon cycle leaves an
impression of relative certainty about outcomes. After the early part
of the next century, however, the degree of uncertainty becomes
extremely large. The time at which CO, concentrations are assumed to
pass 600 ppm, the conventional "doubling" of the concentration
representative of the beginning of the twentieth century, can be shown
as follows:

Percentile Doubling Time
5 After 2100
25 2100
50 2065
75 2050

95 2035
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FIGURE 1.10 Atmospheric concentration of carbon dioxide in parts per
million. The indicated percentile runs for concentrations; the numbers
on the right-hand side indicate concentrations in the year 2100 for
each run. 8ee Nordhaus and Yohe, Chapter 2, Section 2.1, and Figure
2.18 for further detail.

On this result, Nordhaus and Yohe base a central conclusion: Given
current knowledge, odds are even whether the doubling of carbon dioxide
will occur in the period 2050-2100 or outside that period. 1It is a
1-in-4 possibility that doubling will occur before 2050 and a 1-in-20
possibility that doubling will occur before 2035. The median estimate
for passing 600 ppm is 2065. PFor the year 2000, the most likely
concentration is 370 ppm, with an upper limit of about 400 ppm.

Nordhaus and Yohe also address the question of the relative impor-
tance of different uncertainties in making concentration projections.
Table 1.2 displays the contribution to overall uncertainty made by
individual variables or parameters, calculated as the uncertainty
induced when a parameter takes its full range of uncertainty and all
other parameters are set equal to their most likely values.
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TABLE 1.2 1Indices of Sensitivity of Atmospheric Concentration in 2100
to Uncertainty about Key Parameters2 (100 = Level of Effect of Most
Important Parameterl)

Marginal Variance
from Most
Likely Outcome

Base of substitution between fossil

and nonfossil fuels 100
General productivity growth 79
Trends in real costs of producing energy 73
Ease of substitution between energy and labor 70
Airborde fraction for CO, emission 62
Extraction costs for fossil fuels 56
Population growth 36
Puel mix among fossil fuels 24
Trends 'in relative costs of fossil

and nonfossil fuels 21
Total fesources of fossil fuels 5

i
APor full explanation of parameters see Chapter 2, Section 2.1.2.
EValue'of sensitivity is scaled at 100 for the parameter that has the
highest marginal variance.

The ranking of the importance of uncertainties shown in Table 1.2
contains several surprises. The most important parameters are those
relating to future production trends, and the ease with which it is
possible to substitute nonfossil sources of energy (e.g., uranium) for
fossil sources (e.g., coal) is at the top of the list; several of these
parameters have rarely been noted as factors affecting future COj
trends. Another surprise concerns two parameters that have been
extensively discussed in the COj literature: the extent of world
resources of fossil fuels and the carbon cycle (based on a range for
the airborne fraction of between 0.38-0.59) .* The Nordhaus-Yohe
estimates indicate that in projecting future CO, concentrations
uncertainty about resource inventories is trivial. Uncertainty about
the airborne fraction is of intermediate significance.

*The airborne fraction for the last 25 years may have been less than
0.38 if the higher figures reported by Woodwell in Chapter 3, Section
3.3, are accepted, and it could be greater than 0.59 in the future if
the figures Woodwell reports are significant overestimates and the
buffering capacity of the ocean declines; however, this range is a
treatment of uncertainty roughly comparable with that used in
Nordhaus-Yohe for the other parameters, which could also have
values outside the range employed (see Chapter 2, Section 2.1).
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Machta (this volume, Chapter 3, Section 3.6) employs a carbon-cycle
model to consider CO, from deforestation as a possible real and
important source of atmospheric CO,. If some reasonable amounts of
future CO, from deforestation are added to Co, from future fossil
fuel combustion, the error that would be introduced by the omission of
the future deforestation CO, would be small in the year 2100 assum-
ing, say, a 2% per year growth rate in fossil fuel COz after 1980.

To give an extreme example, oxidizing 300 Gt of C, or about half the
terrestrial biota, would result in an increase of perhaps 75 ppmv in a
predicted value of about 1,000 ppmv in the year 2100 or about 12% of
the total increase. If the rate of emissions from fossil fuels is
slower, then biotic emissions could account for a somewhat more sig-
nificant share of overall increase.

Nordhaus and Yohe have also made extremely tentative estimates of
the effect of energy-sector policies designed to reduce the burning of
fossil fuels, in particular the imposition of fossil fuel taxes, set
for illustrative purposes at $10 per ton of coal equivalent. The taxes
lower emissions noticeably during the period in which they are in place,
but their effect on concentrations at the end of the twenty-first
century is small. These examples suggest that use of carbon dioxide
taxes (or their regulatory equivalents) will have to be very forceful
to have a marked effect on carbon dioxide concentrations.

A review of several studies (Chapter 2, Section 2.4), all quite
tentative, shows that if fossil fuel growth rates are 1 or 2%/yr and
concentrations of 400-450 ppm are judged acceptable, there is little
urgency for reductions in CO; emissions below an uncontrolled path
before A.D. 1990. The review suggests that if a limit in the vicinity
of 450-500 ppm is desirable steps to reduce emissions below an uncon-
trolled path would need to be initiated around A.D. 2000.

Along with considering the climatic implications of increased CO,,
it is important also to take into account other possible man-made
changes in atmospheric composition (see Machta, this volume, Chapter 4,
Section 4.3). Reliable measurements have now shown that background
concentrations of several radiatively active gases besides CO; have
increased worldwide in the 1970s. These include the chlorofluorocarbons
CP,Cl; and CFCl3, NoO (nitrous oxide), CHy (methane), and
ozone (in the troposphere). Since these gases also absorb and emit
thermal radiation, their effects on climate may add to those of COj.

Chlorofluorocarbons. This class of gases originates from industrial
activities and has been emitted to the atmosphere during the past 50
years. These gases are increasing in the atmosphere approximately as
expected from their growth in emissions. CFC-11, CFC-12, and CFC-22,
the three most abundant ones, all have long residence times in the air
(tens of years) so that they can accumulate. Both the sources and sinks
of the chlorofluorocarbons are believed to be known. The emissions
from industrial production and products (such as aerosol propellants)
represent the only source of any consequence. Photochemical destruc-
tion, mainly in the stratosphere, and very slow uptake by the oceans
are the only known significant sinks. Theoretically, chlorofluorocar-
bons are implicated as potential destroyers of stratospheric ozone, the
destruction of which in turn could result in damage to human health and



25

the environment from increased ultraviolet radiation. Since emissions
of these gases may be increasingly restricted, an extrapolation of
current or past growth rates of chlorofluorocarbons to predict future
atmospheric concentrations may be misleading at this time.

Nitrous oxide. It is likely that most nitrous oxide in the air has
come from denitrification in the natural or cultivated biosphere. One
would therefore expect to find the largest part of atmospheric nitrous
oxide to be derived from nature, unrelated to human activity. Recent,
careful measurements have suggested a small growth rate of the concen-
trdtion of nitrous oxide in ground-level air at remote locations. The
sodrce of the small increase is unknown, but prime candidates are the
continued expanded use of nitrogen fertilizers around the world to
improve agricultural productivity and h<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>