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CARBON DIOXIDE AND CLIMATE: THE
GREENHOUSE EFFECT

THURSDAY. MARCH 25, 1982

HOUSE OF REPRESENTATIVES, COMMITTEE ON SCIENCE AND
TECHNOLOGY, SUBCOMMITTEE ON NATURAL RESOURCES,
AGRICULTURE RESEARCH AND ENVIRONMENT; AND SUB-
COMMITTEE ON INVESTIGATIONS AND OVERSIGHT,

Washington, D.C.
The subcommittees met, pursuant to notice, at 9:10 a.m., in room

2253, Rayburn House Office Building, Hon. James H. Scheuer
(chairman of the Subcommittee on Natural Resources, Agriculture
Research and Environment) presiding.

Present: Representatives Scheuer, Gore, Shamansky, Volkmer,
Carney, Walker, and Sensenbrenner.

Staff present: Dr. James C. Greene, science consultant; Mary-
anne C. Bach, technical consultant; Mr. David Clement, minority
counsel.

[The opening prepared statement of Mr. Scheuer follows:]

OPENING STATEMENT OF HON. JAMES H. SCHEUER

This joint hearing of the Subcommittee on Natural Resources, Agriculture Re-
search and Environment and the Subcommittee on Investigations and Oversight
will come to order.

In recent decades man has become capable of causing catastrophic and, in many
cases, irredeemable harm to the planet.

If today's worst case scenario becomes tomorrow's reality, it will be too late to
reverse the atmospheric carbon dioxide buildup or to ameliorate the adverse human
and environmental impact.

However, if we have a sufficient research program that will provide the necessary
answers, then future generations need not pay for our environmental pollution.

While I support elimination of all unnecessary expenditures by the Federal Gov-
ernment, many areas of the budget are receiving severe and needless cuts.

Environmental research is one area that if cuts are too severe, the temporary sav-
ings will be offset by tremendous cost to future generations who will have to restore
the damaged environment.

In a February Gallup poll the question was asked, "Do you think Federal spend-
ing in the following areas should be cut further, increased or remain the same?"

In the area of "Protecting the environment" only nine percent indicated it should
be cut further, but forty-four percent said it should be increased.

An additional thirty-seven percent thought that federal spending should remain
the same.

This survey was based on the fiscal year 1982 budget.
This is one of the latest of several polls taken over the past year which indicate

that protecting the environment is a high priority issue even in these times of a
troubled economy.

Clearly, carbon dioxide research falls into the classification of protecting the envi-
ronment.

The dimensions and nature of the carbon dioxide buildup and the resulting green-
house effect are, as yet, not fully understood.

(1)
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However, the potential impact on the environment is staggering.
It has been theorized that global warming could result in significant changes in

weather and climate patterns around the world.
Effects which have been projected for the United States include a warmer and

drier 'climate in the grain producing areas of the Midwest, with a consequent de-
crease in productivity.

Some studies have projected a loss of arable land as a direct impact of climate
change, and a threat of flooding and perhaps even loss of some coastal areas due to
warming of polar regions and thinning of polar ice caps.

Today's hearing will examine recent research results that provide some of the
first measurable evidence of the impact of increasing levels of atmospheric carbon
dioxide on the environment.

We will also explore what research is needed in the future.
In this hearing we will also hear testimony from officials from the Department of

Energy.
They will address the President's budget request for the carbon dioxide program

for 1983 and the changes in the program's scope and direction.

Mr. SCHEUER. This morning the joint hearing between the Over-
sight and Investigations Subcommittee of the Science and Technol-
ogy Committee, chaired by the distinguished member from Tennes-
see, Al Gore, and the Subcommittee on Natural Resources, Agricul-
ture Research and Environment will address the extraordinarily
important and very perplexing subject of the carbon dioxide effect,
or "greenhouse" effect. The hearing will come to order.

I would like to call -n my distinguished cochairman, Mr. Gore of
Tennessee, for his opening remarks.

Mr. GORE. Thank you very much, Mr. Chairman, and good morn-
ing to all.

Today these two subcommittees are in a somewhat unique posi-
tion because, while many of the matters that come before congres-
sional committees are fairly dry and prosaic, today we are examin-
ing a global issue that evidently has the potential to greatly dis-
rupt the world's environment as we know it.

Since the early 1950's, scientists have become aware that the
concentration of carbon dioxide in the atmosphere has been in-
creasing. These increased levels have given rise to the phenomenon
that I am sure everyone is familiar with, the "greenhouse effect."

The debate over the greenhouse effect has undergone a very im-
portant transition over the past decade. Ten years ago, it was
viewed as the pet theory of a few scientists, perhaps on the fringes
of science, but it has slowly and inexorably moved into the main-
stream of scientific thought. There is now a broad consensus in the
scientific community that the greenhouse effect is a reality.

Perhaps the best illustration of this is that we now have scien-
tists of international stature, such as Melvin Calvin, our first wit-
ness, acknowledging the existence of increased carbon dioxide
levels in the atmosphere, and the resulting environmental impacts.
As a recent editorial in the Washington Post explained, it is not
just the "sandals and granola" crowd who support the need for ac-celerated research into the problems associated with the green-
house effect.

These two subcommittees held a hearing on the greenhouse
effect last July. Since that time, there have been important ad-
vances in research. While last summer we primarily debated the
levels of carbon dioxide, since that time, Dr. Hansen and Dr. Kukla
have gone a step further. They have correlated the increased levels
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of carbon dioxide with the shrinking of the Antarctic ice cap and
an increase in worldwide sea levels.

So it is apparent that we are no longer dealing with merely a
provocative theory. We are hearing this morning from witnesses
who are presenting not just theory but hard facts and evidence.
The greenhouse effect is apparently a real phenomenon, even
though areas of uncertainty remain. It would appear, therefore,
painfully obvious that we should continue to develop more specific
and reliable information about the causes of this phenomenon,
about its long-term impacts, and about what efforts we could un-
dertaken to mitigate the potentially severe human and environ-
mental consequences.

These committees are, therefore, amazed that the administration
has decided to substantially cut the Department of Energy's budget
for research in this area. They are cutting the carbon dioxide
budget drastically in the face of this startling new data and in spite
of their own Research Advisory Board's conclusion that research
into carbon dioxide be given top priority and more funding, and in
spite of commitments made to these two subcommittees last July.

We look forward to examining this important phenomenon. We
wish to thank all the witnesses in advance for taking the time to
appear here today.

Mr. SCHEUER. Thank you, my colleague.
Now for the distinguished ranking minority member of this com-

mittee, Congressman Bill Carney of New York.
Mr. CARNEY. Thank you, Mr. Chairman.
The importance of this hearing I see as twofold. This is a critical

time when the state of scientific research is producing more and
more evidence that mankind is increasing the carbon dioxide con-
tent through activities such as burning of fossil fuels and deforesta-
tion. Also, the United States is experiencing the painful return to
economic recovery.

The combination of these two factors has necessitated the scruti-
nized review of our Federal programs and future investments. As
are the problems with acid rain and toxic wastes and the pollution
of our streams and. lakes and rivers and oceans, the impact of
higher carbon dioxide levels in the atmosphere represents a prob-
lem of global proportions.

We cannot overlook the relationship between decisions we make
now in the atmospheric situation and what will happen one or two
or three or maybe even four decades from now. Such is the dilem-
ma of all of our environmental concerns. We are constantly looking
to science for the guidelines upon which we base our legislative
action. Yet the time restraints under which science and the Con-
gress work do not always complement one another.

For science to work efficiently, hypotheses must be tested and re-
tested before a theory is formed. The progression from theories to
facts requires additional time and research.

-That the carbon dioxide levels are increasing in the atmosphere
is a scientific fact, Mr. Chairman. That it is closely related to
global energy problems is also something that we are very well
aware of. The quantitative estimates of costs and benefits are not
yet possible to obtain, but the range of possible outcomes of the
problem can be estimated.
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Our reason for holding these- hearings today is to determine the
emphasis and direction of the involvement of the Department of
Energy's program on carbon dioxide. I commend you, Mr. Scheuer,
for your choice of this topic, which is of growing concern, and I am
looking forward to hearing from our most distinguished witnesses,
and I yield back the balance of my time.

Mr. SCHEUER. Congressman Shamansky?
Mr. SHAMANSKY. Thank you, Mr. Chairman.
Frankly, I have always responded to the word "greenhouse" as

something that was basically benign. I have always enjoyed going
inside of greenhouses, and everything seems to flourish in there. I
think the description of this as the greenhouse effect is a little con-
fusing to the layman. I am beginning to feel like something inside
a microwave oven, which might be a more exact description of the
effect on those of us inside. So therefore I suggest, for the sake of
argument, that we refer to this as the "microwave oven" effect be-
cause we are not flourishing too well under this; apparently, we
are getting cooked, and maybe we ought to convey a little more ac-
cu'rately what we are facing unwittingly.

Thank you, Mr. Chairman.
Mr. SCHEUER. Thank you, my colleague.
Bob Walker of the State of Pennsylvania?
Mr. WALKER. Thank you, Mr. Chairman.
Mr. Chairman, today I have a sense of deja vu as we hear testi-

mony on the well-known greenhouse effect. I have been a member
of this committee now for more than 5 years, and for 4 of those
years I served as the ranking minority member on the subcommit-
tee which you now chair. In each of those 5 years, we have been
told and told and told that there is a problem with the increasing
carbon dioxide in the atmosphere.

We all accept that fact, and we realize that the potential conse-
quences are certainly major in their -impact on mankind. But I
cannot help but wonder how much research is required to identify
a problem. How frequently must we confirm the evidence before we
commence taking remedial steps? And, finally, once a problem is
identified and correction actions are underway, what additional re-
search, if any, is necessary, or can we shift to a monitoring mode
and keep track of the severity of the problems and the success of
our corrective efforts.

Mr. Chairman, I will listen to the evidence presented today and
make my own evaluation as to what research level is supportable,
but L cannot help but say that it ap pears that much of the basic
research has already been accomplished. The results have been
validated and they have been revalidated. Perhaps I am being
somewhat cynical, but I think that Congress has a duty to the tax-
payers of America to be somewhat cynical.

In the years I have been associated with this committee, I have
been impressed with the fact that the result of virtually every fed-
erally funded research project is that more research is needed, and
if we question the Government witnesses about the need for more
research, they point to the academic community, who are usually
quick to support the need for additional research.

But that streak of cynicism reminds me that the Federal re-
searchers count on us for their budget and that most of the re-
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search done in the academic world is largely dependent upon Fed-
eral funds.

Unlike the commercial industrial laboratory, there is no bottom
line to tell us in absolute terms of profit and loss how much re-
search is enough or how much is too much. Because of that, we un-
fortunately have a tendency to reinvent the wheel, and while each
new model has some new feature or new frill to it, it is always the
same old wheel.

In a time of tight budgets when competition for research re-
sources is fierce, we should be encouraging those projects which
have already been sufficiently researched to move forward into the
development or resolution stage. At the same time, we should be
alert to the breakthroughs or new discoveries which merit addition-
al research to further expand the frontier of man's knowledge.

Our job here today, it seems to me, is to see which alternative
applies. Thank you, Mr. Chairman.

Mr. GORE. Will the gentleman yield on that?
Mr. SCHEUER. Of course.
Mr. GORE. I know this is not the time to have an interchange on

this. I respect my colleague's statement, and he may be quite right.
However, the actions that would be required by this country and

other countries to mitigate the consequences of the greenhouse
effect should we decide that it really is happening are so massive,
so sweeping, that they would challenge the political will of our civi-
lization.

As a consequence, it seems to me that the degree of certainty re-
quired before contemplating actions of that magnitude is greater
than would be the degree of certainty otherwise.

So, while I respect my colleague's conclusions in his statement, it
does seem to me that if we can elevate the degree of certainty, we
will have a better chance of summoning up the political will to ad-
dress this problem in a fashion that it may well have to be ad-
dressed.

I thank my colleague for yielding.
Mr. WALKER. If the gentleman would yield, I certainly agree with

him on that point. My point is simply this, that the testimony is
rather clear that we have heard. In the 5 years that I have been
around the committee, the testimony has always been clear. As a
matter of fact, I see charts here in the room, and so on. They are
charts that I have seen other times which tell us the same-things,
the point being that I think it is very important that this commit-
tee be in the forefront of providing the kind of research that tells
us that we have got a problem that has to be addressed.

But to continue to tell us that problem over and over again and
then not reach out to try to summon up the political will which
may be necessary to resolve those problems does not really make
much progress. That is basically my point. I am not so certain how
many times we have got to go through the same motions before we
have to move to the next stage of saying to people, now is the time;
the research is clear; it is up to us now to summon the political
will to which the gentleman refers.

Mr. SCHEUER. Let me add a further footnote to your comments,
Congressman Walker.
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You were the ranking minority member of the Subcommittee on
Government Research that I chaired 4 years ago, and you were a
thoroughly hardworking and constructive and supportive member,
and you continue to be. I wish there were more like you around the
Congress.

I have not noticed very many members of your party saying we
should stop pouring so much money into research on acid rain be-
cause the facts are in; now let's get on with remedial programs; we
know enough to know that urgent remedial steps are required.

Mr. WALKER. Will the gentleman yield on that point?
Mr. SCHEUER. No; let me finish.
Mr. WALKER. Well, I would just say that on that I am not certain

all the research is in on acid rain.
I would be very favorable toward moving forward with research

in that area because I think that there is a-lot more research that
probably needs to be done in that area to give us some assurances
of the direction in which we have to head.

So I thank the gentleman for yielding.
Mr. SCHEUER. I notice that the Surgeon General of the United

States tells us that tobacco, cigarette smoking, is the greatest
single threat to the health of the American people extant today,
and that 300,000 people a year die of cancer and other tobacco-re-
lated causes and that the total cost to our society of the deaths and
the unemployment and the direct and indirect costs that flow from
tobacco total somewhere around $40 billion or $50 billion a year.

Yet the spokesmen for the tobacco industry and many Members
of Congress say that the cause-and-effect relationship still has not
been established and that more research is needed. Even within
days of the time the Surgeon General made his report and recom-
mended stronger statements on the cigarette cartons, the adminis-
tration apparently backed away fast and did a soft step and slow
shoe and backpedaling act up here and pulled away from those rec-
ommendations.

Already, we see significant interests at work weakening the
Clean Air Act, although there is considerable evidence that the pol-
lutants that we spew into the air from our industrial enterprises,
from our utilities and are causing severe health and environment
effects.

I admit the data are not perfect on the Clean Air Act. I admit
the data are not perfect on acid rain, and perhaps there -is not a
mathematical certitude even on the health effects of cigarette
smoking. But surely there should be enough evidence there to en-
courage thoughtful men like yourselves to go ahead.

But, unfortunately, the reality that we have to face is that the
evidence has to be overwhelming. I think, in the case of carbon
dioxide, the greenhouse effect, even the scientists say, and presum-
ably we are here to hear this morning, not of the need for taking
remedial measures based on the data that we now have in hand
and well under control, but I think they may well tell us that there
is more that we ought to know.

Given the condition that a 3- to 7-degree increase in the Earth's
temperature will occur in 100 years and damage by subtle effects
and the predicted horrendous, catastrophic effects around the
world will take place, then attempting to present this costly
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damage seems well worth the paltry sum of $17 million that we re-
quested of the administration.- They have cut us down to $4 million,
approximately the cost of two M-1 tanks that don't work very well,
approximately one-quarter of I day's military budget.

With the hundreds of billions that we are going to have to spend
addressing ourselves to this problem and the related problems of
clean air and acid rain, and so forth; with the enormous interna-
tional collective action that has to take place because not all of the
causes of the greenhouse effect come from the United States-they
come from all of the developed world, across the whole belt of
Europe, including Russia and the satellite countries. When you
think of the extraordinary effort that will have to be made on a
transboundary approach to the problem, it seems to me that to be-
grudge $10 million, $15 million, or $20 million in research to
hammer down as many of the doubts and question marks as possi-
ble ought to be well worth it.

None of my colleagues, in their very thoughtful remarks, men-
tioned the specific problems that we are going to be facing here
and around the world if we don't get a handle on the greenhouse
effect.

In our own country, extraordinary cliniatic changes will be
caused by this 3- to 7- or 8-degree increase in temperature over the
next generation or two. The Midwest, the grain-producing area of
our country that feeds a good part of the world, will become
warmer, hotter, and drier, and less productive.

Much of our coastal areas may be flooded if rising temperatures
in the Arctic melt the Arctic ice cap.

All of these threatening events are speculations. We cannot docu-
ment them at the present time with mathematical certitude, but
they seem to be there. The temperature does seem to be rising.

In our own country, vast areas will have to be abandoned, due.to
coastal areas that are flooded. We are told that 40 percent of the
State of Florida will have to be relocated from its coastal areas.

Mr. GORE. It could happen.
Mr. SCHEUER. Let me footnote for the benefit of all of my col-

leagues, all of this is speculative; none of this is determined with
mathematical certitude. They are threats, they are dangers that we
must address ourselves to.

We are told that the water flow of the Colorado River could be
cut in half.

- Around the world, the prospects are even more devastating. Re-
gions of the world that are already dry, hot, and arid-India,
China, Bangladesh, and the entire sub-Saharan belt of Africa-will
become even more desiccated if the global climate change predicted
from the C0 2/greenhouse effect occurs. These areas will become
less capable of sustaining human and animal life, and agriculture.

When one thinks of the terrible social pressures that rend soci-
eties apart, at their present state, the inability to provide the basic
human needs of their people, one can only be appalled at the
threat of further retrogression, further deterioration in the ability
of those countries, pitifully poor as they are now, and even lessened
ability to sustain life, provide adequate food and sustenance to
their people.
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The internal threat to stability of government, the threat that
this would provide to peace and security and amity among ratioris,
the threat of violent confrontation over the dwindling resources of
arable land are almost too appalling to contemplate. We pay a
dreadful price by inaction.

I can only say to my distinguished colleague from Pennsylvania,
who has been a thoroughly useful and constructive member of the
Science and Technology Committee, that if the price we have to
pay to be sure of collective action in this country and the cost of
getting some kind of effective collective action internationally to
reduce these forces that are global in nature, these Earth-circling
temperature changes that will have inexorable global effects, if the
cost of that is spending another $25 million or another $50 million
in research then this is money well spent when compared to the
money that might have been saved through proposed budget cuts.

I think that this extra, absolutely minor sum, in comparison to
the devastation that may occur from inaction is very worthwhile
insurance, indeed.

So, as we call the witnesses, we will be asking some hard questions
about the administration's budget decisions on their reduced re-
quests for funding. Before we do, Mr. Volkmer from Missouri is
here, and I would like to ask him for any opening remarks.

Mr. VOLKMER. I have no opening statement.
Mr. SCHEUER. All right. Then let us call, without any further..

ado, Dr. Melvin Calvin, professor of chemistry at the University of
California at Berkeley.

We are very happy to have you, Dr. Calvin. You have some
highly thoughtful and concerned Members of Congress here from
both parties, and we are eager to hear your words of wisdom. Tell
us what the threat is, as you perceive it; how serious is it; how

.avoidable is it; what do we need to know to take the thoughtful,
cost-effective, sensible actions that are justified by the data base;
and, in effect, tell us what you would do if you were sitting up here
making these very tough value judgments that the voters have
asked us to make for them.

Mr. GORE. -Mr. Chairman, may I also welcome Dr. Calvin and
note for our guests that Dr. Calvin was awarded the Nobel Prize in
1961 for studies that included the carbon cycle and carbon dioxide
in addition to photosynthesis, and we are most pleased to have you
here.

Dr. CALVIN. Thank you, gentlemen.
Mr. SCHEUER. May I say before you start, Dr. Calvin, that your

prepared testimony will be printed in full at the conclusion of your
oral presentation, so please take whatever time you need and ad-
dress us informally.

STATEMENT OF DR. MELVIN CALVIN, PROFESSOR OF CHEMIS-
TRY, LAWRENCE BERKELEY LABORATORY, UNIVERSITY OF
CALIFORNIA AT BERKELEY
Dr. CALVIN. Thank you very much.
I welcome this opportunity to address this committee in the hope

that some of my sense of urgency can be transmitted to you.
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You should realize, when I heard Congressman Walker say that
he had been on this committee 5 years and had heard much of the
data over and over again, I sympathized with him. I have been
looking at it for a considerable length of time.

The thing that can be added this year to the curve that you have
there-incidentally, I have passed out a print of that which has 2
more years on it, so that the accelerating rate of rise of the carbon
dioxide is a little more visible than it is on that date. The mecha-
nism by which this increasing blanket of carbon dioxide around the
surface of the Earth produces the consequence that it does is also
shown in another picture which I have distributed to you simply
for the sake of emphasizing how the system works.

The picture here shows the orange-colored blanket of carbon
dioxide transparent to the visible light of the Sun, which is repre-
sented by the yellow arrow, but opaque to the infrared light into
which all of that visible light energy is converted when it strikes
any part of the surface of the Earth.

This is the problem. The carbon dioxide, as you know, is not
transparent to that infrared light, and it cannot escape and is re-
flected back to the surface of the Earth. That is essentially the
mechanism of the process, and I am sure you have heard it many
times.

Mr. GORE. We tried to illustrate that in--
Dr. CALVIN. That right there, yes. It -is the same thing. This is a

little more graphic, and I thought perhaps you would like to see it.
Now, what additional confirmatory evidence do we have that

something is happening? This is a physical result, that rise in
carbon dioxide, and there is no ambiguity about it. Most of it is the
combustion of fossil carbon,-and I can tell you how that was deter-
mined if you wish.

The physical consequences of that rise are also unambiguous,
given no other countervailing effects. The carbon dioxide has the

roperties I just described to you, and this is what is going to
appen, what is happening.
The question, then, is are there any early warning signals? I say

early warning signals because we cannot wait until the signals are
so big that they are out of the noise. It is much too late then. You
cannot do a thing about it when the signals are so big that they
come out of the noise. So you have to look for early warning sig-
nals, minute signals, that will give you a clue that this is happen-
ing; it is on its way.

People have been looking for those signals now all over the
world, and you will hear from three, at least, I have been told, of
the primary researchers who are gathering or searching for those,
signals. One of them is a group at NASA who has found a tempera-
ture rise that corresponds to the expected temperature rise from
such a change in the carbon dioxide level.

But the two that have added to it in this past year which I sus-
pect Mr. Walker and the others have not seen is the fact that the
south polar ice cap has already begun to melt, and this was report-
ed this year.

Now, in consequence of the melting of the south polar ice cap-
this was done, by the way, by our satellites compared to the atlases
produced by the U.S. Navy and the Russian Navy in the Antarctica
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of some years back, and I think that monitoring must continue
with more precision so that a few tenths of a percent change per
year could be detected with certainty so we will kfMow what is hap-
pening--which is another new piece of information which has just
:en made available to us in this past year is that if that south

polar ice cap, which is now sitting on the top of the Antarctica
rocks, is melting, where is the water going? It is going into the
ocean.

Is there any way to determine that that is happening? The
answer is yes, and there has been p .-blished in "Science" in the
last 6 months a measure of the change in sea level over the period
from 1890 to 1980, and the change in rate at which that sea level is
rising is quite obvious. Now again, this data will be presented b
the authors, whom I understand are here, and I will not embellish
it any further; simply to point out that the early warning signs are
becoming more and more unambiguous, which is what people are
asking for.

Now, what are the consequences? Well, there is one other conse-
quence of this, of moving the water from the south polar ice cap to
the oceans, and this is an interesting one. If ever any of you have
seen a figure skater on the ice, you will remember that when the
figure skater gets going, spinning, he keeps his arms in. -Now, as he
moves his arms out, he spins slower and slower, and the reason he
spins slower is -that the momentum, the angular-momentum of his
body, becomes bigger, because the mass of his body is now spread
out further.

That is exactly what is happening to the Earth. The water,
which was originally on the pole, on the spinning axis, is gradually
moving out to the outside, and the angular momentum of the
Earth is getting greater, and it is slowing down. That is another
interesting fact which I did not know until just a week or two ago.
That corresponds to this same quantitative consequence.

Well, now, the gathering of such early warning signals must con-
tinue, as I agreed, in order to assure us that we are heading in this
direction with the confidence we need to deal with the problem be-
cause it is a problem of global concern, as the chairman has report-
ed.

In fact, in the many appearances I have made on this subject,
one of the factors which I try to emphasize each time is the im-
peinding-how shall I say it?-the impending human struggle, a
true Darwinian struggle for resources, which this sort of thing i
going to induce. The detailed form in whiph that struggle will take
place is something I cannot predict because a war will break out
here or there or elsewhere, and I am sure all of you are familiar
with how these things happen, and that -is what I think Mr.
Scheuer was referring to, and I agree with him entirely that that
kind of a catastrophe is part of the offing.

The drowning 9f southern Florida is something that people have
heard about. The drowning of the whole coastline from New Jersey
into the gulf, is also part of this thing. I don't know what will
happen to Tokyo. I think it will have some problems, too. It is a
global problem.

Now, I am convinced that most of the problem lies in the com-
bustion of carbon that has been in the Earth for several hundred
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million years, and we are burning it at a rate millions of times
greater than it was laid down. It is the burning of carbon that pro-
duces this result. The burning of coal produces it twice as fast as
the burning of oil. I would suggest to Mr. Walker that if he could
persuade his coal companies in Pennsylvania to do the research
necessary to keep the carbon dioxide out of the atmosphere, he
would be doing a great service not only to the country but to the
world. I

That is not going to be cheap. It is going to be very expensive to
do that.

Mr. SCHEUER. To do the research or to do the actual applied tech-
nology?

Dr. CALVIN. The applied technology. There is research involved
in this because the detailed way in which you are goiAg to filter
the carbon dioxide out'of the stacks at powerplants has not been
determined. It is bad enough to try to filter the acid out of the
powerplants, which is only a few tiny percent of the gas that goes
up the stack, but the carbon dioxide represents the body oi the gas
that goes up the stack. It is going to be a real task to do that, a
very expensive task, and it is something that the producers of that
carbon dioxide should be conscious of and beginning to-not begin-
ning; they should have been doing-make some effort to reduce
that emission. I do not see how they can do it with the costs that it
is going to entail, but maybe, with development, those costs can be
reduced.

Now, the best way, of course, to avoid that problem is not to put
the carbQn dioxide up there in the first place. Now, there is no way
to get energy from fossil carbon that has been in the ground 100
million years or more without producing carbon dioxide, no way,
no matter how you do it, whether you burn the coal directly in the
furnace, in the boilers and make steam, or whether you convert it
first into oil or whether you convert it first into gas. There is no
way to get the energy out of the coal or out of the oil, for that
matter, without producing carbon dioxide. The mechanism of pro-
ducing energy is the mechanism of combining oxygen with carbon.
That is what you have to do, and you cannot get it any other way.

So that is one possibility: avoid doing that. The only way I know
of avoiding doing that and having liquid fuel, which is the most im-
portant portable energy source we have-our present transporta-
tion system is totally dependent upon that highly concentrated
chemical liquid fuel which we call hydrocarbons. We get it from pe-
troleum, you can make it out of coal if you want; but, better yet,
both the coal the oil were made 300 million years ago, or there-
abouts by the green plants collecting the Sun, taking the carbon
dioxide out of the atmosphere, and making reduced carbon out of
it, including oil and gas and coal.

What we are doing now is burning that stuff that was put down
there 300 million years ago, at a rate millions of times faster than
it was put down.

If we could do it on an annual basis, each year, to take what the
plants have taken out of the air, made into reduced carbon, make
oil out of it and then use it as carbon or as oil, we would have no
net new carbon dioxide per year, no net gain. But we would have
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the energy we want by converting, essentially, thQ Sun's rays into
liquid fuel.

There are a number of scenarios which indicate what we could
expect to happen if we don't do anything. I don't know if you want
to hear that, Mr. Chairman.

Mr. SCHEUER. Yes; we do.
Dr. CALVIN. I have here-I don't know whether they have been

distributed-some charts which show wha7t will happen over the
next 5Q or 60 years on carbon dioxide emissions, carbon dioxide
concentration, and the average temperature change, if we go on
with a 50-terawatt fossil fuel strategy, the carbon dioxide emissions
and the temperature changes are very large indeed. They go up to
4 or 5 degrees. A 4- or 5-degree rise in the global temperature
means an enormous change in the agricultural pattern of the
Earth, and if that happens within two generations of the human
race, I do not think the human race can adjust to it that fast; it is
bad enough to adjust to it in several hundred years, to that big a
change in agricultural patterns over the surface of the Earth. To
do it in one or two generations, I think, is asking too much of man-
kind.

Mr. SCHEUER. What is the likely timetable?
Dr. CALVIN. It says here about 50 years, if we continue to burn

fossil carbon.
Mr. SCHEUER. That is about two generations.
Dr. CALVIN. That is about two generations, you see. That is the

trouble. So we don't have too much time. I think we have to find
alternative strategies now, get them into operation so as to reduce
that carbon dioxide threat.

There are a number of other things that could be said about this,
but I would defer to any questions that you might have to raise.

Mr. SCHEUER. Well, thank you very much, Professor Calvin.
Congressman Gore?
Mr. GORE. Thank you very much, Mr. Chairman, and thank you,

Dr. Calvin, for--
Dr. CALVIN. Can I go, or do you want me to stay?
Mr. GORE. No, no; we want you to stay. I was thanking you for

your statement. I will thank you for your whole appearance later
on. We have got a lot of questions for you. ,

You know, a lot of people look at this problem and have a hard
time really believing that it is real because it conflicts with the
normal definition of commonsense. The world changes very slowly.
We find it difficult to believe that these kinds of dramatic changes
which have-occurred in the past during geologic time can actually
occur during the lifetime of people alive today.

But the reason why scientists of eminent credentials like you are
telling the country that this is something we really ought to worry
about is that global civilization has now reached the point where it
is capable of producing worldwide changes of a magnitude unthink-
able in the past.

Specifically, the Industrial Revolution, which began over 100
years ago, led to the dramatic increase in the emission of carbon
dioxide into the atmosphere. As the chart prepared by the Depart-
ment of Energy indicates, it began to increase in the last century,
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and then after World War II,-the amount of carbon dioxide emis-
sions into the atmosphere just really shot up dramatically.

These are actual measurements of that taking place. For those
who are not familiar with these charts, that is a summer/winter
cycle, and each cycle is defined by about a dozen measurements in
the atmosphere. Tte peak is the winter peak, when the vegetation
in the Northern Hemisphere, where the bulk of the land mass is, is
not absorbing carbon dioxide. The lower peak is the summer peak,
when the plants are absorbing a lot of carbon dioxide, and it is
lower in the summer.

As you can see, it goes steadily upward year by year. As you
noted, 3 years have now ben added-tb that chart, and it has gone
off the top of the line that we have there, and it is continuing to go
up.

Dr. CALVIN. That is right.
Mr. GORE. Now, we are told that decreasing use of oil may make

the problem less significant, but you are telling us that the substi-
tution of coal for oil means that 1.7 times as much carbon dioxide
will be put into the atmosphere per unit of energy for each unit
produced from coal rather than from oil.

Now, let's su ppos that thpeople of this country decide that you
are right, Dr. Calvin, and that others in these scientific fields are
right. What then would be an intelligent response?

Dr. CALVIN. We would have to use the carbon dioxide that we
produce as fast we produce it. That means we would have to learn
how to collect it in to keep it from rising. That is the
first thing to do.

The second one would be to go to nuclear power, which does not
produce carbon dioxide.

Mr. GORE. Or a vastly scaled-up program for renewable sources.
Dr. CALVIN. Well, that is what I meant. By renewable sources, I

mean to use the forests and the growing plants as a source of our
energy, because that cycles the carbon through eachyear, and that

-is what that crr-e7a-y is.
Mr. GORE. So what we are really talking about, if our civilization,

not just in the United States but in other industrialized countries,
if we determine that this is in fact real and determine that the con-
sequences, the dire consequences being discussed, are in fact going
to occur, then we would have two choices-We could either try fu-
tilely..to adapt to these dramatic changes in the space of two gen-
erations, which you say would be impossible--

Dr. CALVIN. I think it would be.
Mr. GORE [continuing]. Or we would be faced with a global deci-

sion to move rapidly away from fossil fuels and toward solar
energy, other for able energy, and accept an enhanced
role for nuclear poier.'

Dr. CALVIN. Very likely. It is possible to increase the amount of
energy we have available from the Sun by means of suitable grow-
ing strategies. That is, the wood that we use is actually solar
energy captured a year or two or three before.

Mr. GORE. Yes.
Dr. CALVIN. And if we-could devise a way of doing that on a big

enough scale so that must of our energy would be renewable in
that sense, collected from the Sun, either by the trees or by some

98-227 0-82-2
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other method-there are other methods, but the trees are the best
way we know today-then we would be avoiding that problem, yes.

Mr. GORE. All right, now, one final question, lest I encroach on
my colleagues' time too much. The impact for the entire world you
have discussed. The impact for this country, if you just look at this
country, the impact is very severe, with the loss of the grain belt,
the loss of coastal cities, et cetera. I mean, these things are difficult
to even contemplate. i

What areas of uncertainty remain? We are not certain that all of
these things are going to occur; we are becoming more certain. Is
that an accurate way to say it?

Dr. CALVIN. Well, certain; you are quite right. As data accumu-
late, we become more certain, first, of the facts, and then, having
better facts, we make better predictions as to what the conse-
quences of those changes are going to be, and that is precisely what
you have said. As we gather more data, we can be -more certain
that the greenhouse effect, which is a global effect-it is not just
the United States; it is a global effect-will ensue.

That temperature rise has many, many severe consequences, a
few of which are described in various publications, some of which I
referred to in this data, in which the level of the sea will rise be-
cause of the melting of the south polar ice cap and things of this
kind, if the average temperature is allowed to continue to rise by
the continued combustion of carbon which has been stored in the
ground hundreds of millions of years ago.

Mr. GORE. Well, thank you.
I think, Mr. Chairman, that the scientific community is crossing

a line today, and, whereas in the past they have been telling us
that this theory is troubling, they are now telling us that there is
physical evidence that the probability of these events occurring is
increasing.

Dr. CALVIN. Indeed, yes.
Mr. GORE. Thank you, Mr. Chairman.
Mr. SCHEUER. Thank you, Mr. Gore.
Mr. Carney?
Mr. CARNEY. Thank you very, very much, Mr. Chairman and

Professor Calvin.
If you really wanted to demonstrate the problem, I am led to be-

lieve that if there was a 15-foot increase in the oceans, all of Wash-
ington would be under water, with the exception of the Capitol
dome, and that might shake many of us up right here.

But I would like to get to your chart, professor, from "Energy in
a Finite World," the chart on the projections if you were to go to a
30-TW solar and nuclear strategy.

Dr. CALVIN. Which chart are you talking about?
Mr. -CARNEY. You have the two charts. It is from "Energy in a

Finite World."
Dr. CALVIN. Oh, yes.
Mr. CARNEY. I am curious as to why, when there -was continual

growth in the carbon dioxide emissions, the temperature in 1965
was at one of its lowest points.

Dr. CALVIN. Temperature change is what it says, not the tem-
perature.

Mr. CARNEY. Yes, temperature change.
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Dr. CALVIN. The temperature was rising all the time. That was
an incremental, per year, change.

Mr. CARNEY. I see.
Dr. CALVIN. That is what that means.
Mr. CARNEY. Well, why would it go down from 1940 to 1965? How

come it continually went down?
Dr. CALVIN. The temperature change dropped from-this is the

change now, this is not the-it is still going up. It is just that the
rate of change has decreased.

Mr. GORE. Will my colleague yield?
Mr. CARNEY. I will be glad to yield?
Mr. GORE. Other scientists have speculated that the rate of in-

crease has been affected by the water that has melted from the ice
cap changing slightly the ambient temperature of the oceans as the
ice has melted and the temperature of the oceans has changed
downward somewhat.

Mr. CARNEY. If that is the case, then, will it balance out?
Dr. CALVIN. No.

- Mr. CARNEY. Why not?
Dr. CALVIN. Because as you increase the amount of carbon diox-

ide in the atmosphere, you increase the amount of heat collected
by the atmosphere constantly, and there is nothing to balance it
against.

Mr. CARNEY. OK, the amount, the percentage of temperature
change from 1940 to 1965 continually dropped.

Dr. CALVIN. Yes; because we were--
Mr. CARNEY. My colleague explains it is because of the melting of

the water.
Dr. CALVIN. That is right.

-Mr. CARNEY. And that will not reach an equilibrium where then
the temperature will not--

Dr. CALVIN. Well, when there is no more ice left to ni-elt, yes,
that is right.

Mr. CARNEY. OK, that is the reason? There would be no more ice
left to melt?

Dr. CALVIN. If there would be no more ice left to melt. You will
be in trouble. [Laughter.]

Mr. CARNEY. What energy alternatives would you suggest to
change this around drastically?

Dr. CALVIN. Well, the basic, source of all of our energy, historical-
ly, and the largest amount of it has been the process of photosyn-
thesis; that is, the process by which the green plants on the Earth's
surface collect the sunshine and reduce the carbon dioxide in the
atmosphere to-reduced carbon, which is, first of all, sugar and then
eventually is converted into hydrocarbons, which are laid down as
oil or gas.

Now, that is the overall picture. Now, your question, then, is
what?

Mr. CARNEY. The strategy--
Dr. CALVIN. What strategy shall we use?
Mr. CARNEY. Absolutely, right. Given the fact that we accept this

data and we say we have an enormous problem that we have to
react to almost immediately, what is your suggestion?
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Dr. CALVIN. To continue to use those forms of energy which do
not lead to a net increase in carbon dioxide, do not lead to a net
increase.

Mr. CARNEY. Which ones are they?
Dr. CALVIN. Well, there are on ly two, really, that does not do

that, one is nuclear.
Mr. CARNEY. Are you suggesting that we should--
Dr. CALVIN. Wait a minute. Solar collection as well. Now, these

are solar collections, but these are solar collections using the natu-
ral system, which takes the carbon dioxide out of the atmosphere,
stores it -as sugar or fat or oil, eventually, and then we recombust
it.

Now, we have ways of catching the Sun without doing that, and
that is another alternative that we have to use.

Mr. CARNEY. Let me ask you this.
Mr. SCHEUER. Will my colleague just for a followup?
Mr. CARNEY. I will be glad to yield.
Mr. SCHEUER. How about other forms of renewal energy, so to

speak, like geothermal, biomass, wave, tidal--
Dr. CALVIN. Well, biomass is this.
Mr. SCHEUER. Yes.
Dr. CALVIN. Now, geothermal is not a renewable source. That is

the heat of the Earth; it is cooling off. Now, I think we have plenty
of time. I do not think it is going to cool off that fast, so I think, in
our--

Mr. SCHEUER. Well, there is more of it there.
Dr. CALVIN. Pardon?
Mr. SCHEUER. There is more where it domes from than we are

being able to use. That is what I am saying.
Dr. CALVIN. A good point, yes.
Mr. SCHEUER. Tidal, wave, wind--
Dr. CALVIN. That is right. Those are the alternative sources-

that is correct-to burning a larger and larger amount of carbon
which has been stored over the hundreds of millions of years of
geological history. That is the alternative. Is that the question you
were asking?

Mr. SCHEUER. Yes.
Mr. CARNEY. From 1860 to the present time, the oceans apparent-

ly have risen 75 millimeters. What has been the impact other than
what you explained about the slowing of the Earth? According to
this chart--

Dr. CALVIN. Yes. And what is your question, then?
Mr. CARNEY. I am saying, from that time frame, there seems to

have been, in my mind, a very minimal increase. We are talking
about 75 millimeters.

Dr. CALVIN. That is 7.5 centimeters. That is about that much.
Mr. CARNEY. Right.
Dr. CALVIN. That means we lost that much coastline.
Mr. CARNEY. OK, what is the impact of that?
Dr. CALVIN. We have lost that much coastline.
Mr. CARNEY. We have lost that much coastline?
Dr. CALVIN. Yes, and that may spread over a great many miles,

you know, of beaches. What I am talking about is the depth now,
not the--
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Mr. CARNEY. I understand. What have you seen as that iinpact
today that I can relate to my constituency? -

Dr. CALVIN. We are not talking about things on a human-life
scale. We are talking about things on a civilization. scale, and you
have only lived a fraction of a human life, so you cannot see any-
thing.

Mr.. CARNEY. Well, I am asking you to project, if I could live,
what wou. i I see? [Laughter.]

Not to project into the future. I am saying, we have scientific
data that says the oceans have risen.

Dr. CALVIN. Yes.
Mr. CARNEY. Now, what has that caused? What has been the

problem, other than the fact that it is believed the Earth is slowing
up, the rotation of the Earth is slowing up?

Dr. CALVIN. Well, you have lost a lot of nice beaches, for one
thing.

Mr. CARNEY. Can you identify any of them?
Dr. CALVIN. No; I cannot, because I am not a beachgoer.
Mr. CARNEY. I mean, here we have 100 years of evidence.
Dr. CALVIN. Yes.
Mr. CARNEY. And what has happened? What have we lost? Have

we lost any farmland? Have we lost--
Dr. CALVIN. Yes; we have.
Mr. CARNEY. We have?
Dr. CALVIN. Yes.
Mr. CARNEY. Can you identify any of that?
Dr. CALVIN. No; except along the coastlines. I cannot do that.
Mr. CARNEY. You are saying that our coastlines have-
Dr. CALVIN. If the rise has been whatever the number turns out

to be, then that much coastline has been drowned.
Mr. GORE. Will my colleague yield?
Mr. CARNEY. I will be glad to yield.
Dr. CALVIN. I am not sure I understand what you are driving at.
Mr. CARNEY. What I am driving at is, we have 100 years of data,

and can anybody--
Dr. CALVIN. That is trivial. That is trivial compared to geological

time. That does not mean a thing.
Mr. CARNEY. I am simply asking, can anybody identify anything

that has been lost to this world over that 100-year period of time?
Dr. CALVIN. Oh, yes. The coastlines have shrunk. Now, I cannot

draw you the map because I have not made such a map.
Mr. SCHEUER. How about currently arid areas of the Earth's sur-

face, both in the Southwestern United States and in sub-Saharan
Africa?

Dr. CALVIN. Those have been stretching---
Mr. SCHEUER. Would they have been less dry and less arid and

more fertile if---
Dr. CALVIN. Well, you are asking the wrong person on this. I will

try my best to respond. It is quite obvious that the questions you
are concerned about now are questions of detailed global climate
patterns, and you need a meteorologist for that. The only thing I
can tell you is what has happened to one of the variables; namely,
the average temperature, and that has gone up, and that kind of
thing will continue and, with its consequences of the melting of the
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south polar ice caps and the rising of the sea levels, will reduce the
shorelines, will change the shorelines materially.

Now, how much has happened in the 100 years, I cannot answer
that question, and you will have to get a geologist and a cartogra-
pher to answer the kind of question you are asking. I can say this,
that the average temperature has already been rising noticeably a
few tenths of a degree. That history I have seen.

Mr. CARNEY. In the last century, how much has the temperature
changed?

Dr. CALVIN. A few tenths of a degree.
Mr. CARNEY. In the last century, a few tenths of a degree?
Dr. CALVIN. Yes.
Mr. CARNEY. Well, my bell has been rung, Mr. Chairman, so I

yield back the balance of my time. [Laughter.]
Mr. SCHEUER. You said a few tenths of a degree, but yet it is ex-

pected, in the next 50 or 60 years, to go up between 3 and 7 de-
grees?

Dr. CALVIN. Yes.
Mr. SCHEUER. So that is a quantum jump, is it not?
Dr. CALVIN. Yes; it is a very big jump. This chart gives you some

idea of how much the shoreline has receded. It shows you what the
mean sea level change has been from 1860 to 1960. There is a pro-
jection of 1980 here. That change has been from 90 to 160 millime-
ters, the rise has been that much. Well, less than that, from rough-
ly about 70, I guess, somebody said behind me, and I think he is
right. I am just taking an average here, up to something over 170,
something like that.

Mr. SCHEUER. Professor, what you are telling us has some enor-
mously important national implications. We have two national
movements in terms of energy production. The first is a sort of"stop, look, and listen" with nuclear. There has been a slowdown in
nuclear, and a lot of people think we are not going to be building
any more nuclear plants.

The second is a massive push toward conversion from oil to coal
on the assumption that we have 500 years or so of coal in the
ground, and it is here. There is an urgent national security need to
free ourselves of energy dependence upon the Persian Gulf oil and
the whims and caprices of a few sheiks in the Persian Gulf area.

So we have two national pushes, one to reduce development of
further nuclear for a time and perhaps for a generation or more,
and the other, massively to increase our production of coal and uti-
lization of coal, at least for stationary energy users.

Dr. CALVIN. Yes.
Mr.- SCHEUER. Now, what you are saying is that we probably

ought to reverse both of these.
Dr. CALVIN. If we can.
Mr. SCHEUER. You are talking about a change in American

energy policy.
Dr. CALVIN. Actually, keep in mind that when you burn coal, to

get the same number of Btu's, to keep the house at the same tem-
perature, the same house-now, don t change the house on me-
but the same house at the same temperature, you have to produce
almost twice as much carbon dioxide with coal as you do with oil,
and certainly more than twice as much over the use of gas, just to
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ve you an idea. That is a big difference; that is not a trivial dif-
ference. It is a very big difference.

Mr. SCHEUER. Professor, the Earth has enough coal under there
available to last us a long time.

Dr. CALVIN. That is the trouble.
Mr. SCHEUER. Apparently, we are running out of supplies of eco-

nomically exploitable petroleum almost everywhere. The Saudis
can measure the time in which they will be running out of oil.

Dr. CALVIN. Yes. I have some graphs that will show that, too, but
I did not come to testify on that.

Mr. SCHEUER. Yes. Over the long-term pull, can we chart nation-
al energy policy for half a century to avoid these devastating ef-
fects that are a half century down the road. Is it safe, is it prudent
for us at this time to chart a long-term national dependence on pe-
troleum for us and the rest of the developed world, because we are
in this together, and if we don't hang together, we are going to
hang separately.

Can the developed world, along with the developing world, plan
to fuel its industry, its heating, its air-conditioning, its vehicles,
through dependence upon oil, when oil seems to be, down the pike,
in so much shorter supply than coal?

Dr. CALVIN. My personal reaction to this is that there are ample
ways to make ourselves dependent on renewable resources which
ultimately, of course, are solar in their origin but not simply to
catch the heat of the Sun. Catching the heat of the Sun is the
lowest form of catching solar energy. That is catching it in its
lowest, cheapest way, not cheapest in dollars but the lowest form.

Catching it as high-quality quanta-that means as sunshine as it
comes, as Sun, which the green plants can do-they catch them in
quanta that are of the size of, well, they are 60-kilocalorie, 70-kilo-
calorie quanta, big chunks, and they can do things with those
quanta that nobody else can do. No other organism can do it. We
still don't know how to do it, how the green plant does it. I have
been spending my whole life on that. I know a good bit about it,
but I cannot reproduce what the green plant does. It takes the sun-
shine in its highest form and the carbon dioxide out of the atmos-
phere, which is what we are fussing about, and makes fuel out of
it, first in the form of sugar and then in the form of hydrocarbon,
and both of these we can use, and this, I think, is the way we have
to go, in which we are making a better use of the solar energy and
letting less of it degenerate into heat and using more of it in the -
form of chemical energy, which is in the form of sugar, which is
wood, and hydrocarbon, which is oil.

Both of these things can be done if you spend a little more time
at it, give a little more thought about it and a little more money on
it.

Mr. CARNEY. Would the gentleman yield?
Mr. SCHEUER. Yes; of course.
Mr. CARNEY. What is a little more time, what is a little more

thought, and what is a little more money? Is it 4 years and $10 mil-
lion; is it 40 years and $30 billion?

Dr. CALVIN. No. Well, now, you have put two variables together
which are not compatible. In other words, if you wanted to do it in
10 years, you would have to spend, I would guess, $30 to $40 billion
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just on that problem alone. There are many others, but that is my
guess. The only way I can make my guess-and remember, this is
now circumscribed by my personal experience and not by your
imagination, which I should hope would be better than mine in this
matter.

Do you understand that? I am talking about what we have been
able to do in the past, not what could be done in the future. That is
your job, not mine.

Mr. CARNEY. Well, that is why you are here, to help us make
those decisions. We are asking you what you are talking about in
timeframes. I mean, if it is around the corner, then it is something
that--

Dr. CALVIN. It is here now on a small scale. If it is going to be
done on a scale to avoid the catastrophes we have been sort of
walking around, then you have to increase the scale enormously.

The solar energy budget of DOE ought to be doubled, tripled, and
quadrupled in the next 6 years if you expect to avoid the catastro-
phes we are talking about.

Mr. CARNEY. How about the budget for nuclear energy with
DOE?

Dr. CALVIN. That has another problem.
Mr. CARNEY. What is the problem?
Dr. CALVIN. I am not going to testify on the problems of nuclear

energy. You can get somebody else to do that. [Laughter.]
I am concerned about it. Believe me, I am concerned, but I am

concerned as a lay person. Do you understand that? I have worked
with it. I know something about it.

Mr. CARNEY. You are saying that if we went to nuclear power,
we would alleviate some of the problems with the carbon dioxide
situation, but you are not particularly supporting nuclear power.

Dr. CALVIN. You would have other problems, much bigger ones.
[Laughter.]

Mr. GORE. If my colleague would yield, so what you are telling
us--

Dr. CALVIN. Mr. Carney, don't you like that?
Mr. CARNEY. No, no, I have no problem at all with what you are

saying. That is why we asked you to come here.
Dr. CALVIN. OK.
Mr. CARNEY. I am just curious, in timeframes, you have not iden-

tified a timeframe--
Dr. CALVIN. I have, too.
Mr. CARNEY [continuing]. To when we can apply the technologies

necessary to use I guess what you would call a biomass technology.
Dr. CALVIN. It is a biomass technology. It is a combination. Let

me tell you what that is, if you will excuse me, sir.
We use the biomass as such to produce wood and oil. Some plants

produce oil. We could use the information of how the plants do it to
dispense with the plants entirely and build synthetic devices that
can do it, that can catch the Sun and store the energy in any way
you want it. There are two different ways. This really is not the
forum for this-I understand that-but now that you have opened
it up for me, I cannot avoid it.

Mr. SCHEUER. It is the forum.
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Mr. CARNEY. We do everything here in a very informal way, pro-
fessor. Just carry on, no problem. [Laughter.]

We are trying to learn something.
Dr. CALVIN. Let me tell you, we have, for the whole history of

the human race, depended upon the ability of green plants to catch
the Sun and convert it into useful forms. The useful forms have
been food for people and energy to keep warm and to run our ma-
chines. Those are the things we have been able to do.

Now, what I am trying to tell you is that as we learn how the
green plants can do this-and we have learned a great deal in the
last 20 years, believe me, a lot-the time is coining when we will be
able to replace the green plant with a totally synthetic device,
manufactured-I can do it, almost do it today--which will do part
of that. We will not be. able to make wood, but we will be able to
make a useful form of energy which can be stored in a tank for as
long as you like, and this will not involve arable land.

Mr. SCHEUER. Are you talking about gasohol?
Dr. CALVIN. No. Well, that is one possibility. That is using a

plant to make sugar and then convert sugar to alcohol.
Mr. SCHEUER. What are you referring to, specifically?
Dr. CALVIN. I am referring to the direct conversion of solar

energy into useful fuels, and we know how to do some of that on a
small scale.

Mr. SCHEUER. What do you call those fuels?
Dr. CALVIN. Hydrogen, for example.
Mr. SCHEUER. Right. Go ahead; I am sorry.
Mr. CARNEY. I appreciate what you are saying, but there is a

little catch 22 there. When will we be able to apply those technol-
ogies, and will we be able to apply those technologies before the
carbon dioxide problem gets totally out of hand?

Dr. CALVIN. If you get off the dime, we can apply some of them
today.

Mr. CARNEY. To what extent?
Dr. CALVIN. What do you mean by what extent?
Mr. CARNEY. To what extent can we apply it?
Dr. CALVIN. Can we replace the whole energy demand of the

United States?
Mr. CARNEY. I am not saying that.
Dr. CALVIN. Well, that is what I am asking you.
Mr. CARNEY. I am saying, can we provide it for our transporta-

tion needs? Can we provide it for domestic heat? Can we provide it
for industry?

Dr. CALVIN. How long are you going to give me and how many
dollars are you going to give me? [Laughter.]

Mr. CARNEY. That is the question, sir. Professor, that is the ques-
tion I have asked, and that is the question you have been avoiding.
How much do you need and how soon can you apply it, and can we
beat the problem? Or do we have to go to some technologies that
are available today, mainly nuclear?

Dr. CALVIN. No. There are some technologies-well--
Mr. CARNEY. What is "well"?
Dr. CALVIN. Well, wait a minute.
Mr. CARNEY. I mean, come on. [Laughter.]
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Dr. CALVIN. You are a Congressman; I am not, and I am not used
to doing what you are doing, and I have to learn. I have to learn
from watching you.

Mr. CARNEY. Professor, you are doing a great job. [Laughter.]
You have not answered my question yet. You- are a better politi-

cian than anyone else sitting here. [Laughter.] .
Dr. CALVIN. There are some of the things we can do right now,

you know. We can make hydrogen today with light from the Sun.
Suitably built devices can be done. I would like to go further. I
would like to make methane, natural gas, that way. I don't know
how to do that yet, but I would like to. That is one of the things I
would like to do.

If, for example, the solar energy budget is a wide-open thing. I
don't like to use that word because it covers the waterfront, you
know. It covers just that, the waterfront-hot water heating, for
example. That is not what I am talking about. I am talking about
quantum conversion, catching the light in its highest form, not

own in its lowest form as heat, but as light, and having that light
move electrons around so that I can generate useful fuels such as
hydrogen or methane, natural gas, or something like that. I can do
that. I can do the hydrogen today. I could do the natural gas, say,
in 10 years or less.

Now, you are asking me how big has the budget got to be. I
cannot answer that because I do not know how big the budget is
today. I am not working for DOE. Well, I am working for DOE but
at the bottom of the pole. [Laughter.] -

So I don't know what is going on up here.
Mr. SCHEUER. Well, the record should show--
Dr. CALVIN. You understand what I am saying? That is why I

cannot answer your question in detailed numbers, but if you
wanted them in detailed numbers, I think it could be done. I think
it could be done within a decade or two if I were not constrained to
come to Congress and beg for the dollars every year.

Mr. CARNEY. Well, Mr. Chairman, my bell has rung twice.
[Laughter.]

I appreciate your patience, Mr. Chairman, and I thank you, Pro-
fessor.

Mr. SCHEUER. Professor, you are on the Energy Research Adviso-
ry Board of the Department of Energy.

Dr. CALVIN. Yes.
Mr. SCHEUER. So you have more than a passing familiarity with

their work. Your recent report of this Advisory Board put energy
research into the carbon dioxide effect on the very highest priority,
right at the top of the pile in terms of the vital importance to our
country and our security and our future.

You advocate increased funding to the Department of Energy
this year. We authorized $17 million for research into the green-
house effect. We gave them an appropriation of $12 million. The,
administration now is only asking for $8 million, which is $4 mil-
lion less than has been already appropriated and $9 million less
than what we authorized last year. They must think that we are
spending far too much on this greenhouse effect. They must be
thinking, well, let somebody else worry about it 10, 20, 30 years
down the pike.
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Dr. CALVIN. Too late then.
Mr. SCHEUER. All right. Now, this is a time of constraints on all

kinds of spending. We are not giving kids the food they ought to
have at lunchtime. We are cutting down on programs for maternal
and child health. So this program has to compete in rational terms
with other very important programs that we are underfunding.

You have heard my colleague from Pennsylvania express intelli-
gent fears that we are doing too much, too fast, in terms of re-
search into this project.

Mr. WALKER. If the gentleman would yield, I don't think that is
the point that I made. I am sorry the gentleman took that point
because that was not the point that I made at all.

Mr. SCHEUER. Well, you think the program should be substantial-
ly terminated, that we know enough to go ahead.

Mr. WALKER. That' is not the point that the gentleman from
Pennsylvania made at all. The gentleman from Pennsylvania
simply said that I have seen the same research presented here over
and over again, and the question is, when do we use research in
some practical way---

Mr. SCHEUER. That is right.
Mr. WALKER [continuing]. And whether or not the money

shouldn't be devoted in that direction rather than in this direction.
So I don't want the gentleman to misinterpret what I was saying. I
was simply saying that once we have the research in place, there
may be better uses for the money as we look toward the future.

Dr. CALVIN. Can I ask him a question?
Mr. SCHEUER. No; let me ask the questions.
Mr. WALKER. I am hoping that at some point, Professor Calvin, I

will get a chance to participate here.
Mr. SCHEUER. You will, just as soon as I am finished. [Laughter.]
Dr. CALVIN. I don't know what you would ask.
Mr. SCHEUER. Professor, the question that we now get to is, what

do you recommend specifically in terms of a research budget ad-
dressed to this problem of the greenhouse effect, and over what
period of time? What could be done that would give us, sufficient
information to justify a major ongoing energy production program?
Is there some plateau that we could reach? Is there some critical
mass of information, knowledge base, that we could reach that
would give this committee the means of recommending practical,
major energy production programs that would be consistent with
the survival of the planet?

Dr. CALVIN. Well, first of all, I have to back up a little bit and
point out to you that that data on that curve that you have seen,
this greenhouse effect, this up-and-down curve, which is the prod-
uct of one researcher, or one major researcher, Dr. Keeling, at San
Diego, at the Scripps Institution down there; one station at Mauna
Loa has given us that, and it has-been used all over the world, not
only by us but by the British and the Russians and everybody else.

We need half a dozen stations like that, as good as that, allover,
and different kinds of places. When I first saw that curve, I called
Dr. Keeling, and I said, Look, why don't you set one up in Manaus,
you know, in the middle of the Amazon forest? Well, he is a geo-
physicist. He said, "I shouldn't do that. The forests will disturb the
measurement." I said, "That is what I want to find out." I want to



24

find out does the forest suck up the carbon dioxide or not. This is
on the top of a mountain. That is the kind of data we don't have.

Now, that means stations like that in various places. I cannot
tell you the cost, obviously, and that is not my business. But we
need that kind of information. We need better information about
the carbon dioxide sinks in the ocean. Tliose are the two major
sinks, the green stuff on the surface of the planet and the oceans
themselves, and we need both in order to find out where is it going.
We know approximately where it i& coming from, but we don t
know how it is getting out. I mean, where is it going and at what
rate, and what are the limiting things? What do we have to do to
increase it in order to prevent that problem, you see?

That is what I mean when I say we need more, but if you ask me
how many more dollars, I can't tell you that; I don't know. Does
that answer your question?

Mr. SCHEUER. Well, that it is an answer; but not the answer; to
the question we were asking.

Dr. CALVIN. What answer did you want? Dollars?
Mr. SCHEUER. Yes. We are looking for a program. What do we

have to know that would give us the knowledge base to justify the
kind of energy production programs that would be environmentally
benign.

Dr. CALVIN. Well, we have to know, first of all, where is this all
coming from? That means stations all over the globe, not just in
the Mauna Loa. We have one measurement in Point Barrow,
Alaska. We have one in the South Pole, not a very complete one
like that. We have a few other sites here and there. The Swedes
have sites. But Keeling's is by far the best data we have, and if we
had two or three more like that in different latitudes, we would
have a little better sense of where it is coming from and where it is
going.

Mr. SCHEUER. Congressman Walker?
Mr. WALKER. Thank you, Mr. Chairman.
First of all, I think you rather properly admonished -me with

regard to Pennsylvania coal. I would say that in my district,
though, we are more in the process in my district of useful photo-
synthesis in the agricultural area rather than the coal area.

Dr. CALVIN. I am speaking of the 19th century.
Mr. WALKER. But I would come back with another admonish-

ment that maybe- if the nuclear option needs to be preserved in
order to do something about this problem, maybe the scientific
community ought to help us get some money in to help clean up
the problem at Three Mile Island so that that nuclear option can
be preserved.

Dr. CALVIN. That is impossible.
Mr. WALKER. You, I think, have made some rather important

contributions here today. It seems to me that we are faced with
something that, over the long term, could produce some catastroph-
ic consequences and that we need to evaluate it in those terms, and
that that calls for a balanced energy policy of some sort, but a bal-
anced energy policy that takes this kind of a problem into account.
Too often, I am afraid that we are not doing that.

For example, there has been much criticism within this commit-
tee, and some of the criticism I share, that this administration is
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pursuing the nuclear option to too great an extent. But it seems to
me, based upon the testimony you have given here today, that
there can be some pretty good scientific data to back up precisely
that kind of direction. It might not be what everybody wants to do,

-but in terms of this problem, there is some pretty good scientific
data, and in fact even we would have to admit that Europe is
pretty well ahead of us in moving in this direction as-a part of
their energy option. Isn't that true?

Dr. CALVIN. Let me point out to you that nuclear power produces
only heat. It does not directly produce liquid fuel. Our country runs
on liquid fuel, and you know it.

Mr. WALKER. Absolutely.
Dr. CALVIN. Therefore, my concern is that we have to find a way

to fulfill that need. Otherwise, we become a different country. And
that need can only be filled by biomass properly adjusted, and that
is what I am after, not nuclear power.

Mr. WALKER. I don't disagree with that, and I think that there
has to be some balance in it. What I am saying, though, as it seems
to me, from this kind of scientific testimony, that preserving the
nuclear option as a part of the baseline loads that we need, for in-
stance, for electricity, is important.

I happen to agree. I think you mentioned a few minutes ago the
hydrogen option. I think if we looked into the 21st century that we
had better be concentrating toward the hydrogen option, particu-
larly for mobile sources of power.

I really understand what you are saying there, and I think a con-
version-but again, it is going to take some sense of balance, and
insofar as we cancel out elements of that balance and ignore this
kind of data as we cancel those things out, I think we do a great
injustice to our future attempts to make some significant gains in
real energy development.

Dr. CALVIN. Precisely, and I think-I don't know who is doing
it-but the Congress is cancelling out the liquid fuel option from
biomass. They have done it in the last 2 years, and it seems to be
going still further, and that is what I am fighting for, in case you
haven't recognized it, and not for nuclear power. That is a different
matter. That produces a different kind of energy, a different way of
using the system.

We need liquid fuel, and we need it on a very large scale. The
only way I can see of getting it is from biomass. That is the only
way-renewable. I am not talking about digging it out of the
ground.

Mr. WALKER. Well, we would probably be in some degree of
agreement on that point. The point I am making, though, is if we
just take the hard evidence that we have been presented with
regard to the greenhouse effect, I think you have to admit that one
portion of meeting that particular problem is to in fact use nuclear.

If you are concentrating on just this problem, that nuclear may
present a whole range of other problems, and believe me, I know
that it does. I have got one in" my back yard-so that I have some
reservations about that, and I am perfectly willing to express those,
but if we use this scientific evidence, it seems to me that we cannot
then ignore the nuclear option as well. Isn't that true?
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Dr. CALVIN. I am not arguing to ignore it. I am saying it will not
produce what we need. What we need are liquid fuels for our pres-
ent society. and nuclear will not do that, and the only way we get
that is biomass.

Mr. WALKER. Liquid fuels are obviously an important part of
what we are doing--

Dr. CALVIN. Wait a minute. Let me finish.
Mr. WALKER [continuing]. But I am saying to you that in terms

of the infrastructure which is in place right now, our power needs,
nuclear does provide one portion of the power that is needed within
that present infrastructure. Isn't that true?

Dr. CALVIN. It provides electric power.
Mr. WALKER. -It provides electric power.
Dr. CALVIN. That is all.
Mr. WALKER. OK. That is one element of the whole. Now, we also

need a very strong concentration on liquid fuels as well, particular-
ly because we are dependent upon liquid fuels, as you put it, in our
infrastructure of pipelines and all of this kind of thing, and obvi-
ously in our mobile sources of energy need.

But what I am saying to you is that if we take this scientific
data, which you have said produces catastrophic consequences if we
ignore it, then nuclear as a portion of that would seem to have
some relevance. Isn't that true?

Dr. CALVIN. Well, I cannot argue against that, naturally; it has
some relevance. It does not produce liquid fuels or gaseous fuels.

Mr. WALKER. OK, but you have also made the point that carbon
dioxide produced from burning coal-is done for electrical power.

Dr. CALVIN. That is right.
Mr. WALKER. I mean, in other words, insofar as we are burning

coal, the vast portion of it is being burned for electrical power, and
so what we are looking at, we have to look for alternatives in that
particular area. Isn't that true?

Dr. CALVIN. All right, let me suggest an alternative, and I meant
that in the back of my mind when I referred to you in the first
place. It is possible to take the carbon dioxide out of the stacks, at
a price. It is possible. So you can burn coal and burn it cleanly,
take away the carcinogens which it produces-that is really per-
haps the worst part of it-take out the ash, remove the carbon
dioxide, condense it into solid dry ice and drop it in the bottom of
the sea. It can be done if you are willing to pay the price.

Mr. WALKER. Well, and that is true, and one of the things that
we have always got to be concerned about is, at what price is that.

Dr. CALVIN. That is right, and I think the price for that is less
than the price for nuclear waste disposal on the moon. [Laughter.]

I mean, that is the alternative, as far as I am concerned.
Mr. WALKER. That may well be, and one of the reasons why we

have to be concerned about the nuclear option at the present time
is the expenses of all kinds in it.

Dr. CALVIN. Yes.
Mr. WALKER. But, on the other hand, the kinds of things that

you are talking about here would be very expensive options in the
coal area as well, so that I do not think that we can ignore, at the
present time, when we are deciding on energy options, what maybe
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those options necessary to get us this kind of scientific data. Isn't
that true?

Dr. CALVIN. Congressman Walker, can I respond now in a little
bit more detail?

Mr. WALKER. Sure.
Dr. CALVIN. I cannot agree with you more. You have to consider

all the options in that sense. You must not close arbitrarily any
single one of them. But you have to weigh the relative merits,
costs, both in roney and- in environmental problems, in each of
them, and that iN really what I am talking about when I say that
we can fulfill the electrical power problem with coal if we add to it
all these other factors which cost money to do. I mean, you are not
going to get the CO2 out for nothing. The carbon dioxide may have
a value all its own besides the small degree value which we have
not really coxsid6-red-t. In fact, the whole chemical industry, if
you could hand them tank cars of dry ice, they could begin to build
a chemical industry on it, believe me, and so there is a way to
make up the costs.

So you do not have to have nuclear power. You do not absolutely
have to have it. That is really-what I am trying to say, that is all.

Mr. WALKER. And, as I say, I appreciate that point, and certainly
the economics of it, the safety of it are all subject to questions, but
I think that sometimes we have proceeded willy-nilly on some of
these things to say that nuclear is bad, so therefore we are going to
go to some other sources which may also have some deleterious ef-
fects as far as the environment, economy, and that which we have
not yet assessed goes.

I think maybe the importance of bringing some of this evidence
to the forefront and why these hearings are useful, even if I ques-
tion whether or not we have to go over the same research over and
over again, is that these hearings focus public attention on some
serious problems that exist in places other than nuclear, petro-
leum, and other energy industries where we have attempted to
identify the problems clearly and propose solutions in some cases.

Dr. CALVIN. Well, may I just conclude about the relative merits
and the hazards of the two alternatives, coal versus nuclear
hazard.

The coal hazard, the carbon dioxide hazard, can be eliminated if
you stop it from 1990 to 2025. That is about 35 years, and the
carbon dioxide is back to normal, by normal processes. You cannot
eliminate radioactivity at that rate at all. You are in the thousands
of years, and that is the difference.

Mr. WALKER. Let me ask you to give us some opinion, also, be-
cause I think this is important for our evaluation. The bell has
rung and I will stop then. What are, over the long term, the rela-
tive catastrophic consequences between the two. If you were pro-
ducing an equal amount of energy with nuclear and an equal
amount of energy with coal, what are the relative catastrophic con-
sequences that we could expect from the two?

Dr. CALVIN. I cannot answer that, Mr. Walker, obviously. I did
not come prepared to answer it. I could, but you did not ask me to,
and I cannot do it off the cuff.

Mr. WALKER. Well, if you could supply it for the record, I think it
would be very important for this committee to know.
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Dr. CALVIN. I cannot do it off the cuff because it involves many
factors which I do not have in my head.

Mr. WALKER. Well, could we ask you to supply it for the record
for the subcommittees?

Dr. CALVIN. I will try to do that. I will do my best.
Mr. WALKER. Fine, thank you. I appreciate it.
Thank you, Mr. Chairman.
[The information follows:]
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April 22, 1982

Congressman James H. Scheuer
Congressman Albert Gore, Jr.
Conmittee on Science & Technology
U.S. House of Representatives
Suite 2321 Rayburn House Office Btilding
Washington, D.C. 20515

Gentlenen:

In response to the question raised by Congressi-an Walker, after line
1615 in the testimony of the hearing of March 25, !982, I asked
Dr. Elton M. Cairns, Director of the Energy and Environment Division
of the Lawrence Perkeley Laboratory, to undertake to provide the answer.
I have recei ved from hir the enclosed document, together with the actual
names of the people wvo undertook the study.

In suryry: !t ap;e,?'r that both nuclear and coal have environmental
consequences of sone -.acnitude. The primary coal problem, of course,
is the CP02 fc,, a- 3CC tons per gigawatt year. The primary emissions
frr nuclear , re ibou one-half million curies of krypton-85
together wt n')lion curies of fission products and actinites
separated Wr , r_(sr r which would have to be stored for several
thousand year

I trust that you mil be able to insert this document in the proper place
in the testimony.

Very truly yours,

Melvin Calvin
University Professor

MC:mt
Enc

CC Dr. Elton M. Cairns

98-227 0-82-8
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ISSUES SURROUNDING NUCLEAR AND COAL POWER PRODUCTION
AND THEIR HUMAN AND ENVIRONMENTAL IMPACTS

The environmental and human consequences of greater use of coal and
nuclear power have been the subject of a number of recent studies. The
issues generally identified range from very specific impacts of mining
and thermal pollution, for example, to broader questions of global climate
modification and the spread of nuclear weapons. Comparing the known and
potential consequences of th coal and nuclear fuel cycles is an exceed-
ingly difficult task, obscured by subjective judgments about global poli-
cal and social issues, uncertainties in dose-response relationships, and
questions about the availability and costs of technologies to ameliorate
or resolve specific categories of impacts.

In a report entitled Nuclear Power Issues and Choices, sponsored by
the Ford Foundation and administered by the MITRE Corporation, an attempt
was made to compare energy technologies in terms of human impact. The
general conclusion is that given uncertainties in estimating human mor-
bidity and mortality resulting from exposure of segments of the population
to nuclear and non-nuclear accidents and to routinely emitted radioactivity
or combustion-generated pollution, there is no clear advantage for nuclear
or coal. Since the time the report was published there has been greater
focus on a few issues in large part because of either their large regional
or global potential impact on man and the environment.

-The issues can be placed in three general categories--emissions and
impacts resulting from normal operation of the fuel cycle; potential impacts
due to accidents; and the national and international issues and consequences
associated with nuclear proliferation and global climate modification
(CO2 or 

8SKr).

The unresolved issues surrounding nuclear energy are the consequences
of a major nuclear accident, nuclear waste storage, and nuclear prolifera-
tion. Radioactive nuclides will decay with time; however, a typical time-
scale for significant reduction of fission products and actinides produced
in a reactor is several hundred years. Even with reprocessing, Pu isotopes
remain in the waste, requiring isolation for considerable longer periods of
time to minimize potential impacts. Recently it has been realized that trace
metals in the reactor structure such as 

59Ni (7.SxlO4y) and 94Nb (2x104y) will
be formed and keep decommissioned reactor structures at- significant radio-
active levels possibly requiring dismantling and long-term storage in a
geological repository. The processing of radioactive waste either for storage
or recovery of plutonium could release 500,000 Ci of 85§ r (10.8y) per 1000
MWe-year of reactor operation. Most of the noble gas 8 Kr would be released
into the atmosphere and would presumably be dispersed globally. There has
been some concern that the gas which emits ionizing radiation could modify
cloud formation and thereby the weather patterns through modification of the
charge distribution in the atmosphere. Although this is a highly speculative
concern, the use of radioactivity to charge and discharge atmospheric aerosols
is well known and world-wide increase in nuclear power production to 1000
gigawatts with subsequent release of Krypton 85 would increase atmospheric
ionization levels by 10%.
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The issues of nuclear proliferation and the adequacy of international
fuel cycle safeguards has not been addressed here. Clearly they are related
to recent public concern and discussion. The Israeli attack upon the Iraqi
reactor complex and continuing allegations about loss and possible diversion
of strategic material in this country raise anew questions about the adequacy
of institutional safeguards for nuclear materials.

The environmental and human consequences arising from the use of coal
are largely related to the direct emissions and impacts of the fuel cycle
and to some extent, the global concern about CO buildup. A coal-fired pro-
duction plant will release over 6 metric tons oi SO2 and NO,, as shown in the
accompanying-table, and .1 to 1 metric ton of particulates o the atmosphere
per Gigawatt-year of energy produced. The total amount of CO released is
about 2,300 metric tons for the same energy produced, assuming 12,000 BTU/lb coal.
The SO and NOx are transformed into sulfuric and nitric acid resulting in
regional acid precipitation. Approximately one-third of the CO2 released
remains in the atmosphere. As a result, doubling in the CO2 concentration is
possible over the next forty years, resulting in an average risV in the global
temperature of 3*-4*C. This temperature change can be expected to bring major
climatic changes. Analogous to radioactive decay the CO concentration might
be expected to return to its present concentration with Lime and provided there
is simultaneous reduction in CO emission levels. The ocean is the major sink
for CO but the time scale for 90% reduction of the additional CO level is
a few thousand years. The biosphere is another important potential sink for
CO , but since forests make up the majority of this reservoir the turnover time
fo CO2 is approximately 40 years. More importantly since the total capacity
of the reservoir is roughly equal to the amount of carbon in the atmosphere
as C02, a doubling of the atmospheric CO2 concentration would require a com-
mensurate doubling in the world's forests to bring the concentration back to
present levels.

Tht emission of submicron size particulates from combustion sources, espe-
cially coal combustion, may be at least as important a problem as CO, SO2 and
NO emissions. There is a significant fraction of the coal particulates in the
sumicron region. These particles are difficult to precipitate or filter from
the coal combustion gas and will end up in the atmosphere. These small par-
ticles contain traces of arsenic, mercury, selenium, radioactive thorium and
radium. The particles, because of their siee, can penetrate deep into the
lungs. A large part of the particulate aerosol in urban environments has also
been shown to be carbonaceous in nature.

Researchers at Lawrence Berkeley Laboratories in collaboration with the
Geophysical Monitoring for Climate Change program of N.O.A.A. have discovered
that the Arctic region is polluted with large concentrations of black soot
particles similar to the soot found in urban air. The concentrations of the
particles in the air and the snow are surprisingly large with the level approach-
ing those found in cities across the United States. For example, during winter
and spring the concentrations are only a factor of 3-4 less than the average
values found in Berkeley, California; Denver, Colorado; and Gaithursburg,
Maryland, and only a factor of 10 lower than that found in highly polluted
New York City. These particles are very effective absorbers of the sun's
radiation and may lead to a large heating effect over the polar ice cap which
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could significantly enhance the expected heating due to doubling of CO2 .

The size of this effect is presently unknown due to uncertainties in
the vertical and horizontal distribution of these particles. However,
calculations done at Berkeley and preliminary computer modeling done at
Lawrence Livermore Laboratory indicate that these particles could produce
a heating effect in the Arctic region that is comparable to that expected
from doubling the C02 concentration. This suggests that the climatic
effects from the burning of fossil fuels may be considerably larger than
if one considers the greenhouse effect of CO2 alone.

In surveying these issues, particularly with regard to expectations
of future impacts, this discussion has extrapolated from present economic
and technical practices. It should be recognized that changes in these
practices can occur, either due to technological and economic choice or
by policy. For example, control of emissions from the burning of fossil
fuels has become more stringent with the revision of the New Source
Performance Standards in the late 1970's, which will change the predicted
human and environmental consequences. Similarly, a major cause of public
health impacts in the coal fuel cycle are railroad grade-crossing accidents.
Certainly it is technically possible to require rebuilding most of these
crossings to a higher standard of public safety.

Likewise, some of the impacts associated with the nuclear fuel cycle
can be addressed, such as the trapping and storage of 85Kr and 3H releases.
As another example, building nuclear power plants (or reprocessing facilities)
near present or future population centers can be discouraged legislatively.

Looking ahead to the next SO years both nuclear and coal energy pro-
duction have the potential for major if not catastrophic impact on a large
segment of the human race and its environment. At best recovery times are
roughly comparable and on the order of 100 years. While the potential for
large-scale exposure of humans to radioactivity already exists, there is
also apparently a great deal of momentum building toward a significant
global climate change.

Henry Benner
Ted Chang
Roland Otto
Hal Rosen
Richard Sextro

jro
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Mr. SCHEUER. We will hold open the record for a week or 10
days. Also, I would ask unanimous consent, Congressman Walker,.
that any members who have further questions may be permitted to
submit them in writing, and we will hope the witness has a chance
to answer them.

Congressman Volkmer.
Mr. VOLKMER. Thank you very much, Mr. Chairman.
I would just like to go back to some what I call elemental parts

of this problem--
Dr. CALVIN. Good; I like that.
Mr. VOLKMER [continuing. So I can understand it better. That is,

the carbon dioxide that is in the atmosphere-as we know, the
Earth rotates. Does that carbon. dioxide in the atmosphere rotate
with it?

Dr. CALVIN. Yes.
Mr. VOLKMER. Basically along with it?
Dr. CALVIN. Yes.
Mr. VOLKMER. And the regional carbon dioxide--
Dr. CALVIN. Is very quickly dissipated and it is global. The prob-

lem is global.
Mr. VOLKMER. It is global? That is what I am trying to get to.
Dr. CALVIN. Yes; it is a global problem.
Mr. VOLKMER. Because of the winds, et cetera, that move it?
Dr. CALVIN. Yes. It is a global problem, sir. There is a slight dif-

ference between the Northern and the Southern Hemisphere be-
cause the atmospheres of those two regions do not mix as quickly
as they do latitudinally, but that is a small difference.

Mr. VOLKMER. All right. Now, why do we refer to the Antarctic
and not the Arctic?-

Dr. CALVIN. I have to qualify this, Mr. Chairman. I am not an
oceanographer; I am just a chemist. My understanding is that most
of the Antarctic ice sits on dry land, on the continent of Antarctica,
but most of the Arctic ice is floating. That means that if you melt
Arctic ice, you don't change the level of the sea. Does that answer
your question?

Mr. VOLKMER. Yes. That is why we basically studied it more than
the other.

Dr. CALVIN. Yes. I am not sure that that is absolutely correct,
but I think it is.

Mr. GORE. Will my colleague yield?
Mr. VOLKMER. Yes.
Mr. GORE. The way it was explained to me is, if you have a mar-

tini glass and you drop a new ice cube in it, then it comes over the
edge. But if you have an ice cube already in it and it melts, then
the level does not change.

In the Arctic, the ice cube is already in the liquid. In the Antarc-
tic, the western Antarctic shelf is not on land but lifted off of un-
dersea rock beds, sort of undersea islands,

Dr. CALVIN. Well, it is on land, then. It is sitting on the Earth. It
is not floating.

Mr. GORE. That is right, so that when it melts--
Dr. CALVIN. That is all I said, yes. Go ahead, sir.
Mr. VOLKMER. All right. The other thing I would like to make,

understanding those things, is I agree with you. Perhaps, as far as
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I am concerned, one of the most relevant things that has been said
here all morning is the fact that we'need more stations like this.
That, in my opinion, would mean, though, some international coop-
eration.

Dr. CALVIN. Very easy. I can answer that. Do you want me to?
Mr. VOLKMER. Yes.
Dr. CALVIN. About a year ago, I was a guest of the Government

of Brazil. One of the questions they asked me was, if was I con-
cerned about the cutting down of the Amazon forests. I said I was
because it represents one of the largest primeval forests we have
left on the surface of the Earth.

And then the conversation went a little further. Would it be pos-
sible to collaborate in the establishment of a carbon dioxide meas-
uring device in several points. At least one point, but I would
prefer several points-in the Amazon forest to get some idea of the
vertical gradient of carbon dioxide down into the trees. You know,
that Amazon forest is huge, and if we could put several of these
stations right above the forest-in fact, if we could have a vertical
set of.stations on 1,000-foot wire or a 2,000-foot wire, you under-
stand. If we have little mass spectrometers on them, we could see
the carbon dioxide flowing down into the green stuff of the forest,
and have a better measure of how the stuff is being sucked up by
the forest. They like that idea, but they do not have the technology
to do it. They are quite willing to provide the underpinning for
such a station if we would provide the technology.

Now, I am not in a position to make that negotiation, but that is
the kind of thing that they are anxious to do. They are concerned,
they really are, and they have their own environmentalists who
are telling them, you cannot cut down the Brazilian forests. You
cannot destroy our source of oxygen, they tell us. It is not quite
that bad, but it is bad enough.

They are anxious to do it, I can assure you that, and there are
other parts of the Earth in which such cooperation-can be obtained
with the greatest of ease. In other words, the underpinnings-what
do you call it?

Mr. SCHEUER. Financial?
Dr. CALVIN. No; the financial part isn't the problem. It is the un-

derstructure that you need in order to get these things done. The
United States cannot do the whole thing. I mean, we cannot send
in everything. We can only send in the station and the monitoring
of it, and they will have to build the railroads and stuff like that.
You know what I am talking about.

Mr. GORE. Infrastructure.
Dr. CALVIN. Infrastructure. I said understructure; it is infrastruc-

ture. Thank you. And they are willing to do that. Yes.
Mr. SCHEUER. With joint scientific input?
Dr. CALVIN. Yes, of course, of course. They are very anxious to do

that.
Mr. VOLKMER. You say the Swedes are doing some monitoring?
Dr. CALVIN. The Swedes have made separate airplane flights

over the northern regions of their country, with the view of meas-
uring carbon dioxide there. Those flights are made quite on a regu-
lar time basis, and they keep track of them pretty well. That has
been going on for at least a dozen years. Those are not stations in
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one place, and tnerefore the data are not as good as this. This is
really first-class data, this stuff. But that is the kind of data we
need more of, and similar data on the oceans at depth. There is a
little more of that available. It is not as nice as this because it
moves around, but that is what I would like to see. And I think we
can get the cooperation. I don't think there is any problem about
that.

The only thing that worries me about this, not about the carbon
dioxide cooperation, is that the three biggest coal-burning countries
in the world, the three biggest coal supplies in the world, are the
United States, the Soviet Union, and mainland China, and I don't
know how much cooperation we are going to get on those things. I
cannot answer that. You folks would maybe do better at that than
I.

Mr. VOLKMER. And they are basically in the same areas, I mean
the wind-they are latitudinal.

Dr. CALVIN. Yes; they are in the Northern Hemisphere. That is
correct, yes.

Mr. VOLKMER. The other point I would like to make after listen-
ing to this discourse is to how do we resolve the carbon dioxide
problem when we use coal. I foresee that coal will continue to be
used not only in this country but throughout the world, within the
next 20 to 30 years, as a primary source of energy. I do not think
that we are going to be able to change that drastically on the fi-
nancial aspects of the problem.

Dr. CALVIN. I have, of course, the same trepidations that you
have just expressed. I hesitate to say them out loud because I don't
know the details of them. I did, as you heard a moment ago, men-
tion the other two large sources, and it is quite obvious that our
influence on those sources is not going to be very profound.

And so, what we do can be useful, I think, only by example, pri-
marily, and not per force. Does that make sense to you?

Mr. VOLKMER. Yes.
Dr. CALVIN. But if we do'not do it, then there is no hope at all.

That is really what it comes down to.
Mr. VOLKMER. But even if we do it and others do not --
Dr. CALVIN. But if we do it, there is a hope. That is my point of

view on it. If we don't do it, there is absolutely no hope at all.
Mr. VOLKMER. Thank you very much, Mr. Chairman.
Mr. GORE. Thank you, Mr. Volkmer, and Dr. Calvin, thank you

very much.
I would like to note at this point for the record that, in my opin-

ion, this problem will become more difficult to face and resolve if
we began fighting between different successor fuel sources. Each of
us has our notions on which direction we could go, and what is
viable.

I note for the record that the solar budget is being reduced from
$552 million to $72 million; geothermal, from $156 million to $9.8
million; hydropower, from $3.2 million to zero. There is ample
room for argument on all these sources, and this is going to chal-
lenge the political ability of civilization as it has never been chal-
lenged before, if your predictions are accurate.

Thank you very much for joining us this morning. I might also
note for the record, Dr. Calvin, although you said you were learn-
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ing how, to ask questions from example, I am informed on good au-
thority from a sophomore chemistry student that you have had
plenty of practice in asking tough questions.

Dr. CALVIN. Yes; 40 years. [Laughter.]
Seriously, one last comment, Mr. Gore. I would not put, I would

be careful about putting, all the alternatives in the same boat on
this problem, because they are really not in the same boat. They
don't have the same accessibility; they don't produce the same con-
sequences.

And so your concluding statement, putting them all together,
bothers me a bit because they really are not in the same boat.
Please keep that in mind.

Mr. GORE. I will, and I personally strongly favor your suggestion
that we have a massive increase in biomass programs and adopt
the synthetic photosynthesis that you are recommending for this
country.

Dr. CALVIN. Yes; I think that is the best way to go, but that is
my opinion.

Mr. GORE. We may have a further conversation with you on that.
Dr. CALVIN. Thank you very much, gentlemen.
Mr. GORE. Thank you so much.
Our next two witnesses we are going to ask to appear as a panel,

Dr. James E. Hansen with NASA, from the NASA Goddard Space
Flight Center and the Institute for Space Studies in New York, and
Dr. George Kukla, senior research associate at the Lamont-Doherty
Geological Observatory at Palisades, N.Y.

Dr. Hansen and Dr. Kukla, if you would both join us. Without
objection, the entire text of your two prepared statements will be
inserted in full in the record at the conclusion of your oral presen-
tation.

We will ask you to go first, Dr. Hansen. We all viewed with great
interest the NASA results not long ago. Indeed, in the past 6
months, since our last hearing, there has been a dramatic change
in the way the scientific community views this, in part because of
the work done by the two witnesses on this panel, so please pro-
ceed, Dr. Hansen.

STATEMENT OF DR. JAMES E. HANSEN, NASA GODDARD SPACE
FLIGHT CENTER AND INSTITUTE FOR SPACE STUDIES

Dr. HANSEN. Thank you, Mr. Chairman.
My full written testimony is divided into two parts, a report on

recent research and my personal recommendations for work that is
needed. I would like to summarize both of these parts.

My presentation of the recent research is based on work which
we have done at the Goddard Institute for Space Studies in New
York, but my recommendations take account of the research by
other groups.

With regard to the research findings, I would first like to show
you how the global temperature has been changing. I have three
Vu-Graphs. Should I wait for that to be set up or should I contin-
ue?

Mr. GORE. Go ahead and set the screen up. Why don't you pro-
ceed with your statement while they are setting it up, or are you
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going to refer to these Vu-Graphs in the early part of your state-
ment?

'Dr. HANSEN. Yes; I am.
Mr. GORE. Well, why don't we withhold a second, then, to get it

set up. We apologize to you, Dr. Hansen. We thought the Vu-Graphs
were going to be used by DOE, and that is why we didn't have it
set up for your presentation.

Dr. HANSiN. Well, I am also a Government employee. [Laughter.]
[Slide shown.]
Dr. HANSEN. Based on temperature records from several hundred

stations around the world, we have shown that the global mean
temperature shown by the black curve, which is repeated three
times, has increased by about four-tenths of a degree, Centigrade,
or seven-tenths of a degree, Fahrenheit, during the past 100 years.

As shown by the top red curve, climate models indicate that a
warming of that magnitude is expected due to the greenhouse
effect of carbon dioxide added to the atmosphere.

But obviously there are other factors which also influence the
global temperature. Variations of stratospheric aerosols produced
by volcanoes appear to be a primary cause of the variations about
the mean trend of increasing temperature. We suspect that there
are other important climate-forcing mechanisms, such as changes
in the amount of energy coming from the Sun, but we don't have
the measurements to reliably define the solar irradiance.

At this time, we can only say that the global temperature is in-
creasing by an amount which is consistent with the growth of at-
mospheric carbon dioxide, but there are other factors including in-
ternal variability of climate system which also affect global tem-
perature.

Now, I would like to also point out a new aspect of the green-
house effect which is summarized in my next Vu-Graph.

[Slide shown.]
Dr HANSEN. Recent measurements show that there are several

trace atmospheric gases that are now increasing in the atmosphere.
These trace gases provide a significant addition to the greenhouse
effect of carbon dioxide, as illustrated here for the reported in-
creases in the 1970's.

The growth of these trace gases is a more recent phenomenon
than the growth of carbon dioxide. The chlorofluorocarbons, the
two on the far right, for example, have been produced in large
amounts-only during the last 15 to 20 years. The measurements of
methane and nitrous oxide are not as accurate as we would like.

But we can conclude that the trace gases are likely to substan-
tially increase the magnitude and accelerate the rate of future cli-
mate change. The implication is that we need to consider all of
manmade and natural influences on the atmospheric composition if
we'are to understand how the future climate will change.

Now, I would also like to briefly discuss global-sea level, which is
illustrated on my next Vu-Graph.

[Slide shown.]
Dr. HANSEN. We have used measurements of sea level from sev-

eral hundred tide-gage stations located around the world to deter-
mine the mean trend of global sea level. We find that the average
sea level rose by about 10 centimeters in the past 100 years. About
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half of that sea level rise can be accounted for by simple thermal
expansion of the ocean water.

By inference, the remainder of the sea level rise is probably due
to melting of the polar ice sheets. This sea level change is consist-
ent with, and provides some confirmation of, the global warming
trend in the past 100 years.

Mr. GORE. Dr. Hansen, this is new evidence, is it not? This has
been presented within the last 6 months for the first time, is that
correct?

Dr. HANSEN. That is right.
Mr. GORE. Go ahead.
Dr. HANSEN. Mr. Chairman, some scientists have expressed con-

cern that the global warming would cause the West Antarctic ice
sheet to disintegrate and melt, raising sea level by perhaps 20 feet.
That process will probably require a few centuries. That is the
opinion of scientists who have done the most extensive research on
the West Anthrctic ice sheet.

It is not certain that the carbon dioxide greenhouse warming will
be large enough to cause that disintegration. However, it is worth
noting that rising sea level itself will tend to enhance the disinte-
gration process, so I believe that study of the West Antarctic ice
sheet is one research area that warrants high priority.

Also, I would like to note that a smaller but still significant sea
level rise is likely to occur in the coming decades even without col-
lapse of the West Antarctic ice sheet. Just the thermal expansion
of ocean water and the slow ice sheet melting, that we have evi-
dence to be occurring, will probably raise sea level between 1 and 2
feet in the next 70 years, if the climate sensitivity is approximately
of the magnitude estimated by the National Academy of Sciences
committee chaired by Charney.

A sea level rise of 1 to 2 feet i: sufficient to cause large-scale
beach erosion, intrusion of salt water into low-lying freshwater re-
gions, and a large increase of damaging storm surges in coastal
areas. This sea level change is one example of possible climate
impact which emphasizes the importance of accurately determining
the sensitivity of the climate system to changed atmospheric com-
position.

Now, I would like to turn to my recommendations for needed re-
search. A great deal of work needs to be done before we can hope
to reliably predict future climate, especially regional climate
changes, which may be the most important aspect of climate. We
can only hope to understand and predict carbon dioxide impacts on
climate if we obtain a broad understanding of the climate system.

My choice of high-priority research tasks reflects this need for a
broad understanding. In my full written testimony, I discuss in
more detail five research tasks which I give the highest priority.-
Each of these tasks involves measurements but also related re-
search and analysis.

The first task is monitoring the solar irradiance. We must have
measurements of the energy which is driving the climate system,
measurements of how that energy is changing or not changing, in
order to reliably analyze the greenhouse effect.

The second task is monitoring trace gas abundances. We need to
know how all of the greenhouse gases are changing. We need to de-



40

velop a basic understanding of the factors which determine the
abundance of these gases.

The third task which I discuss in my written testimony concerns
clouds, which are perhaps the greatest source of uncertainty in our
attempts to understand climate sensitivity. We need to obtain a
good global cloud climatology which will allow us to relate cloud
variations to climate variations, in order to build reliable climate
models. "

The fourth task which I discuss concerns the transport and stor-
age of heat by the oceans, which can greatly affect the timing and
the magnitude of manmade climate change. The required meas-
urements in this case are very difficult, and they will not be made
quickly.

The fifth-task that I discuss, which is the final one, is to improve
our understanding of how the ice sheets will respond to global
warming, especially the West Antarctic ice sheet. These ice sheet
studies will depend upon monitoring the ice sheet topography,
which can be done with an altimeter on a satellite;

In summary, Mr. Chairman, I would like to say that it is becom-
ing increasingly clear that we are likely to have substantial cli-
mate change during the next several decades if man continues to
modify the atmospheric composition at present rates. This conclu-

osion is based in part on the fact that climate models, as they are
improved, continue to indicate a large climate impact for increased
carbon dioxide and trace gases.

Also, the study of other planetary environments ranging from
the thin carbon dioxide atmosphere on Mars to the thick carbon
dioxide atmosphere on Venus bear out our basic understanding of
the greenhouse effect.

Perhaps most important, the circumstantial evidence contained
in observed trends of global temperature, sea level, and sea ice cov-
erage are all consistent with the expectations from the greenhouse
theory.

Finally, I would like to emphasize that I believe the carbon diox-
ide climate effects must be recognized as a component of broader
environmental and research issues. In order to identify the carbon
dioxide effects on climate and to anticipate man's impact on future
climate, it will be necessary to have a strong overall climate re-
search program. This will require contributions from a number of
universities and Government agencies.

I thank you for the opportunity to express my opinions.
[The prepared statement, plus attachments, of Dr. Hansen

follow:]
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Dear Mr. Scheuer and Mr. Gore:

You asked me to report on recent research into carbon dioxide and the
greenhouse effect. You also asked me to recommend research needed on these
and related topics. My testimony Is divided accordingly into two parts.

My presentation of recent research is based on work we have done at the
Goddard Institute for Space Studies, however, my recommendations take account
of research bt other groups. Part of our work has been published in the
journals Science1 and Geophysical Research Letters, 2 part Is in press at
Science3, and part will-be published in papers which are still in preparation.
This work was initiated three years ago with funding from the National
Aeronautics and Space Administration for FY79-81. It Is being continued this
year at a reduced level of effort on the basis of NASA support for our climate
model development work and funding from the Environmental Protection Agency
for applications to CO2 studies.

My recommendations for research are focused on those areas where I
believe improved knowledge will lead to the greatest progress in our
understanding of long-range climate and man's impact on climate. These
recommendations are my personal opinion of the research which I believe
warrants high priority.

RECENT RESEARCH FINDINGS

Global temperature trend. Based on analysis of temperature records from
several hundred stations around the world1 , we have shown that global mean
temperature Increased by 0.2"C between the middle 1960's and 1980 and by 0.40C
between 1880 and 1980. We have also shown1 that this observed tbapersture
increase is consistent with the calculated greenhouse effect due to measured
increases of atmospheric C02, although lack of knowledge of other forcing
mechanisms and natural climate variability prohibit definitive association of
the observed warming with increased CO2. Variations of stratospheric aerosols
produced by volcanoes appear to be the primary cause of observed fluctuations
about the mean trend of Increasing temperature. As illustrated in Figure 1,
CO2 and stratospheric aerosols can account for most of the variance of global
temperature during the past century.

It is expected that bther forcing, in addition to CO2 and aerosols,
significantly affect global mean temperature; also-natural internal
variability of the climate system probably accounts for much of the observed
global temperature fluctuations. Unfortunately we do not have the
observations needed to specify other suspected climate forcing mechanisms.
Even the basic drive for the climate system, the solar radiation incident on
the earth, has been measured with sufficient accuracy only for the past 2
years (by the NASA Solar Maximum Mission). The need for measurements of
climate forcing mechanisms is the basis for some of the research
recommendations given below.

Many other caveats must accompany our analyses of global temperature
trends. Such appropriate qualifications are included in our paper 1 published
last August in Science.
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Global Temperature Trend

---- Observolime

.m Model

fig. 1. Observed global temp-
erature trend In past century

COS + Volcanoes and climate model results for
different forcing mchanisms. 1

The C02 and volcano forcing
are based on measurements
while the solar variability is
based on a hypothetical relation-
ship between solar irradiance

COs + Woconoes + Sun and visible features on the
sun.
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Trace gas trends. Increased abundances have been measured recently for
several trace atmospheric gases Including CH4 , N20 and the chlorofluorocarbons
(CFC's). The growth of these trace gases has not been measured as accurately as
it has been for CO2. however, it is clear that the trace gases have recently
been increasing at a rate large enough that they provide a significant addition
to the greenhouse effect caused by CO2. Figure 2 compares the expected
greenhouse warnings for the reported increases of CO2 and trace gases in the
1970's2. Although the basic sensitivity of the global climate system to a change
of atmospheric composition is still uncertain by at least a-factor two, as I will
discuss momentarily, the relative effect of trace gases and CO2 can be computed
with greater accuracy.

Substantial growth of these trace gases has probably been a more recent
phenomenon than the growth of CO2. The CFC's, for example, are entirely man-made
and they have been produced In large amounts only during the past two decades.
The effect of these trace gases can be thought of as reducing the amount of CO2
required to reach a given level of climate impact: 200 ppm of added CO2 plus
trace gases may be approximately equivalent to 300 pp. of CO2V the latter figure
being a case commonly used for climate model studies. Thus trace gases can be
expected to substantially accelerate the rate of future climate change. The
implication is that we must consider all man-made and natural influences on
atmospheric composition, including all radiatively significant gases, to
understand how future climate will change.

/
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Global sea level trend. Global sea level change is a potentially
sensitive indicator of climate change. We have used seasurements of sea
level from several hundred tide-gauge stations around the world to determine
the trend of global sea'level3. We find that mean sea level rose by about 12
ca in the past century, and by 10 cm after correction is made for lonS-tera
vertical movements of the shorelines, as illustrated in Figure 3. This sea
level change is highly correlated with the trend of global surface air
temperature in the past century. Approximately half of the sea level rise can
be accounted for by thermal expansion of the upper layers of the ocean, The
remainder of the sea level rise Is inferred to be a result of slow net malting
of the polar ice sheets.

There are two implication of the rising sea level which I would like to
point out. First, the observed sea level change is consistent with and
provides some confirmation of the global waming trend which has occurred in
the past 100 years. Second, rising sea level may affect the stability of the
marine West Antarctic ice sheet. Concern has been expressed 4 that global
warming could cause disintegration and melting of this ice sheet to occur
relatively rapidly, on the time scale of perhaps a few centuries. Rising sea
level will contribute to destabilization of this marine ice sheet, and sea
level is now apparently at or near its highest level in the past 100,000
years 3. I emphasize that we have no evidence that the ice sheet is beginning
to disintegrate in a catastrophic fashion. Indeed the sea level change we
have found appears to be proportional to the temperature change, and largely a
result of thermal expansion of see water. Nevertheless, since sea level is at
a high point and rising,-study of the West Antarctic ice sheet warrants close
attention.

Significant sea level change is likely to occur in coming decades, even
without rapid collapse of the West Antarctic ice sheet. Thermal expansion of
sea water will raise sea level 15-30 ca in the next 70 years3, if the global
climate sensitivity is approximately 3"C for doubled CO2 as estimated by the
National Academy of Science committee chaired by Charney. If slow ice sheet
melting increases this sea level rise by the same factor as in the past 100
years, a sea level rise of at least 30-60 ca (1-2 feet) would occur by 2050.
Although such a sea level rise is modest compared to the 6 a (20 feet) rise
which would result from complete removal of the West Antarctic ice sheet, it
is sufficient to cause large-scale beach erosion, intrusion of salt water into
low-lying fresh water regions and a large increase in damaging storm surges on
coastal areas. This projected sea level rise of 1-2 feet is based on physical
processes which evidence indicates are occurring.

If atmospheric CO2 and trace gases continue to increase at current rates,
and if present estimates for the resultant greenhouse warning are
approximately correct, I believe that we would be prudent to anticipate a sea
level rise of at least 30-60 cm (1-2 feet) in the next 70 years. -

Global climate sensitivity. There is a large degree of uncertainty in
the sensitivity of global climate to change of atmospheric composition.
Recent simulations with a three-dimensional global climate model by Dr. Kanabe
at Princeton University6 suggest a mean global wrming of about 2C (40F) for
a doubling of atmospheric CO2. while our studies' at the NASA Goddard
Institute for Space Studies indicate a mean warming of about 4"C (70F). The
National Academy of Sciences committee5 estimated that the global mean warning
would be 3 1 1.5"C for a doubling of atmospheric CO2. This single climate
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sensitivity number, the man global warning after the climate system has
adjusted to the perturbation, 10 a critical parameter. It relates to both the
cumulative climate change associated with any level of greenhouse gas build-up
and to the speed with which climate change will be experienced. Actual
transient addition of CO2 to the atmosphere viii constantly be changing
climate--understanding how soon the changes will begin to be relatively large
compared to past climate fluctuations should be a critical goal of our
research.

- The range of uncertainty in the climate equilibrium sensitivity to
doubled CO2 covers huge practical differences. The Goddard result suggests
that 300 ppm of added CO2 (or 200 ppm of CO2 plus moderate trace gas
increases), an abundance likely to occur in the coming century, will cause a
warming of 4C globally, and about 10"C in late sumer in the vicinity of the
West Antarctic ice sheet. The Princeton result suggests that 900 ppm of added
CO2 Is required to cause that degree of global warning. Thus it is important
to reduce the causes of uncertainty in the models. Note, however, that even
the Princeton result represents a large climate change, outside the range of
human experience, for doubled CO2.

*A primary cause of the different sensitivities of the climate models is
the manner in which they specify or compute the distribution of clouds in the
atmosphere. The need to realistically simulate clouds in climate models is
the basis for one of the research recommendations which I will provide. There
are also many other climate processes which should be simulated more
realistically in the climate models. Improvements in representing these
processes will require advances in our understanding of atmospheric, oceanic,
cryospheric and hydrological processes, advances which are likely to require
many years of research.

It would be possible to infer global climate sensitivity from observed
climate change in say the past century, if we knew the climate forcing which
were acting during that period and the rate of heat penetration into the ocean
(assuming that the natural Internal noise level in the climate system is
sufficiently small). As shown in Figure 1, the observed global temperature
trend Is in good agreement with a climate sensitivity of 2.8"C for doubled
C02, if the penetration of heat into the ocean is represented as diffusion
beneath the mixed layer with diffusion coefficient k -1 cm2 sec"1 . This rate
of exchange has been widely used by oceanographers as representative of
exchange between the mixed layer and deeper ocean. However, our knowledge of
ocean circulation and mixing is rudimentary, and the effective exchange
coefficient is uncertain by at least a factor of two. Based partly on
measured ocean profiles of tritium, which was sprinkled on the ocean surface
by atmospheric atomic testin in the 1960's, it has recently been estimated
that k may be closer to 2 cn sec"1. This diffusion rate would be consistent
with an equilibrium sensitivity of 5*C for doubled CO2.

Therefore improving our understanding of ocean circulation and mixing
processes is very important. If penetration of heat into the thermocline
should be represented by an effective diffusion coefficient as large as 2 cm

2

seec1 this implies that most of the eventual warming due to CO2 and trace
gases already added to the atmosphere has not yet appeared. Thus we may
already have "in the pipeline" a great deal more warming than is generally
realized. Furthermore, as warming at the surface continues this will tend to
stabilize the upper layers of the ocean, which could reduce future exchange
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with deeper layers. If that occurs, the ocean will be a less effective sink
for both heat and atmospheric CO2 In the future; these positive feedback
would hasten and enhance the global climate change. These issues underline
the Importance of obtaining a better understanding of ocean dynamics.

The largest effects of Increasing CO2 and trace gases are likely to be
regional climate changes, the shifting of climatic zones. We know for certain
that the climate changes vilI not be globally uniform, but very little is
known about how the climate changes will be distributed over the world.
Climate models are not yet adequate for accurate absolute projection of
regional climate change, but simulations based on current model capabilities
could nevertheless provide a great deal of valuable information about possible
regional climate effects. Tentative findings from such initial studies should
be qualified by all appropriate caveats These Initial studies should be
accompanied by concentrated efforts to improve and validate global climate
models. As this is done it Is important that the climate modeling scientific
community receive guidance from business and government about what climate
information is most important for the decisions they mst make. Only then can
the efforts be focused on the most relevant problems.

RECO94EtMDED RESEARCH

The global climate system is complex and involves many interacting
physical processes. We can only hope to understand and predict CO2 impacts on
climate if we obtain a broad understanding of the climate system. My choice
of high priority research tasks reflects 'this need for a broad understanding.

Solar Monitoring and Analysis. Solar irradiance is the energy which
drives terrestrial atmospheric and oceanic motions, and determines the earth's
seen temperature and climate. Temporal variations of solar Irradiance have
long been suspected of being one of the major causes of climate change.
Although there may be many different mechanisms causing climate change, in
order to sort these factors out it is essential to know the extent to which
the basic solar drive of the climate system is changing.

Monitoring of the total solar irradlance and the solar spectral
Irradiance is now technically possible. The total solar Irradiance Is being
monitored with sufficient accuracy for the first time from the Solar Maximum
Mission.

I believe that high priority should be given to establishing a program
for continuous monitoring of the total and spectral solar irradiance.
Measurement continuity and calibration will be particularly important.

Trace Gas Monitoring. The CO2 greenhouse effect is only part of a
broader environmental issue: man's total impact on atmospheric composition
and climate. It is now clear that several trace gases significantly impact
the radiation and energy budget at the earth's surface and are capable of
modifying our climatic environment. It is thus important that we develop a
basic understanding of the factors determining the abundances of such trace
gases and their sensitivity to anthropogenic influence.
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I believe that highest priority in this area should be given to
accurately measuring trace gas trends. It is ilso Important to try to
reconstruct past trace gas histories, for example, by measuring trace gas
atmospheric absorption profiles in astronomical plates and by measuring the
composition of air bubbles trapped in ice sheets.

Clouds. Clouds and how their properties depend upon climate and climate
change, are perhaps the greatest source of uncertainty in our attempts to
understand climate sensitivity. Improved ability to model clouds requires as
a prerequisite good easurements of global cloud climatology including
seasonal and altitude variations of clouds.

The World Climate Research Program (UCRP) has in advanced planning stages
an International Satellite Cloud Climatology Project which would extract a
5-year cloud data set from meteorological satellite observations. I believe
that this project warrants high priority.

Ocean mixing and heat storage. Rorizontal ocean heat transports play a
major role in establishing clUatic patterns; practically nothing is known
about how these transports will respond to a forced climate change such as CO2
warming. Storage and vertical penetration of heat in the ocean are a source
of great uncertainty in estimates of the timing and magnitude of man-made
climate change.

Long-term measurements of heat storage and transport in the ocean are
crucial to understanding the CO2 climate impact. Progress in this area will
require substantial time and effort. I believe that it is appropriate for the
CO2 research program to partially support national ocean science efforts in
this area and to give high priority to advancing our understanding of heat
storage and transport in the ocean.

Ice sheets. One of the greatest potential effects of CO2 warming is a
large sea level rise, which would occur if the West Antarctic ice sheet were
to shrink rapidly. However, there is substantial uncertainty about both the
past and future behavior of the West Antarctic ice sheet. In order to make
reliable predictions it is necessary to deduce the past behavior of the ice
sheet, as well as its present state and the nature of current trends.

Key ice sheet studies depend on monitoring of the ice sheet topography,
which will require observations by altimeter from a satellite In-polar orbit.
It will also be essential to have field work on the ground in selected
locations and substantial modeling and theoretical analyses. Because of the
importance of the West Antarctic ice sheet to CO2 climate impact analysis, I
believe it is appropriate for the CO2 research program to partially support
iee sheet studies.

SUMMARY

Mr. Chairmen, it is becoming Increasingly clear that we should anticipate
substantial climate change during the next several decades as a result of
man's impact on the composition of the atmosphere. This conclusion is based
in part on the fact that climate models, as they are improved and become more
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realistic, continue to Indicate a large climate impact for Increased
atmospheric CO2 and trace gases. Also the findings from spacecraft
investigations of planetary environments, ranging from the thin C02 atmosphere
of Mars to the thick CO2 atmosphere of Venus, bear out our basic understanding
of the greenhouse effect. And, perhaps most important, the circumstantial
evidence contained in trends of global mean temperature, sea level and sea ice
coverage all reveal long range changes which are consistent with expectations
from the greenhouse theory.

Mr. Chairmen, I as concerned that CO2 climate effects be recognized as a
component of broader environmental and research issues. In order to identify
CO2 effects on climate and to anticipate man's impact on future climate, it
will be necessary to have a strong overall climate research program. The key
advances needed to improve our understanding can only be achieved with
contributions from a number of universities and government agencies. In order
for decision makers to have better information available when it is needed a
variety of research efforts must be adequately funded now. I believe that the
CO2 climate research program should supplement those research efforts which
have special application to CO2 climate issues.

Mr. Chairmen, I believe that the research tasks which should be given
first priority are those which have long lead times or require continuous
measurements; until substantial progress is made on these tasks, we can not
fully assess CO2 climate impact. Among these tasks are measurements of solar
Irradlance, trace gases, global cloud properties, heat storage and transport
by the ocean, and ice sheet properties; these are not the only important
measurements, but they are among the more Important. I believe that modeling
and theoretical studies should also be adequately funded, so that the
substantial time required to build and develop competent and effective
research teams does not delay progress.
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Atmospheric CO2 increased from 280
to 300 parts per million in 1880 to 335 to
340 ppm in 1980 (I, 2), mainly due to
burning of fossil fuels. Deforestation and
changes in biosphere growth may also
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Greenhouse Effect

The effective radiating temperature of
the earth, T,, is determined by the need
for infrared emission front the planet to
balance absorbed solar radiation:

rR,( - A)So = 4wReaT. (I)

or

Ye = ISorl - A14orl" 12)

where R is the radius of the earth, A the
albedo of the earth. So the flux of solar
radiation, and in the Stefan-Boltzmann
constant. For A - 0.3 and So = 1367
watts per square meter, this yields
T, - 255 K.

The mean surface temperature is
7', - 288 K. The excess. T, - T,. is the
greenhouse effect of gases and clouds,
which cause the mean radiating level to
be above the surface. An estimate of the
greenhouse warming is

The major difficulty in accepting third
theory has been the absence of observed
warming coincident with the historic
CO2 increase. In fact, the temperature ir
the Northem Hemisphere decreased by

Summary. The global temperature rose by 0.20C between the middle 1960's and
1980, yielding a warming of 0.40C in the past century. This temperature increase is
consistent with the calculated greenhouse effect due to measured increases of
atmospheric carbon dioxide. Variations of volcanic aerosols and possibly solar
kminosity appear to be primary causes of observed fluctuations about the mean trend
of increasing temperature. 1t Is shown that the anthropogenic carbon dioxide warming
should emerge from the noise level of natural climate variability by the end of the
century, and there is a high probability of warming in the 1980's. Potential effects on
climate in the 21st century Include the creation of drought-prone regions in North
America and central Asia as part of a shifting of climatic zones, erosion o1 the West
Antarctic ice sheet with a consequent workwide rise in sea level, and opening of the
fabled Northwest Passage

have contributed, but their net effect is
probably limited in magnitude (2, 3). The
CO2 abundance is expected to reach 600
ppm in the next century. even if growth
of fossil fuel use is slow (4).

Carbon dioxide absorbs in the atmo-
spheric -window" from 7 to 14 micro-
meters which transmits thermal radiation
emitted by the e birth's surface and lower
atmosphere. Ir. -eased atmospheric CO,
tends to close this window and cause
outgoing radiation to emerge from high-
er, colder levels, thus warming the sur-
face and lower atmosphere by the so-
called greenhouse mechanism (5). The
most sophisticated models suggest a
mean warming of 2* to 3.5'C for doubling
of the CO2 concentration from 300 to 600
ppm (6-8}.
SCIENCE. VOL. 213. 28 AUGUST 1981

about 0.SoC between 1940 and 1970 (9), a
time of rapid CO2 buildup. In addition,
recent claims that climate models over-
estimate the impact of radiative pertur-
bations by an order of magnitude (10, 1l1
have raised the issue of whether the
greenhouse effect is well understood.

We first describe the greenhouse
mechanism and use a simple model to
compare potential radiative perturba-
tions of climate. We construct the trend
of observed global temperature for the
past century and compare this with glob-
al climate model computations, provid-
ing a check on the ability of the model to
simulate known climate change. Finally.
we compute the CO2 warming expected
in the coming century and discuss its
potential implications.

T,- T, + IH (3)

where H is the flux-weighted mean alti-
tude of the emission to space and I' is the
mean temperature gradient (lapse rate)
between the surface and U. The earth's
troposphere is sufficiently opaque in the
infrared that the purely radiative vertical
temperature gradient is convectively un-
stable, giving rise to atmospheric mo-
tions that contribute to vertical transport
of heat and result in I' - 5' to 6°C per
kilometer. The mean lapse rate is less
than the dry adiabatic value because of
latent heat release by condensation as
moist air rises and cools and because the
atmospheric motions that transport heat
vertically include large-scale atmospher-
ic dynamics as well as local convection.
The value of 1t is -5 km at midlatitudes
(where I' - 6.5°C km- ) and -6 km in
the global mean I" 5.50C km-').

The surface temperature resulting
from the greenhouse effect is analogous
to the depth of water in a leaky bucket
with constant inflow rate. If the holes in
the bucket are reduced slightly in size,
the water depth and water pressure will

The authors are atmospheric ph)sicists at the
NASA Inslilute for Space Studies. Goddard Space
Flight Center. Nem York 1I[25, , Johnn contrib-
uted to the carbon dioxide research as a participant
in the Summer Institute on Planets and Climate at
the Goddard institute rfO Space Studies and Colum-
bia Uiversit)
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increase until the flow rate out of the
holes again equals the inflow rate. Anal-
ogously, if the atmospheric infrared
opacity increases, the temperature of the
surface and atmosphere will increase un-
til the emission of radiation from the
planet again equals the absorbed solar
energy.

The greenhouse theory can be tested
by examination of several planets. which
provide an ensemble of experinents
over a wide range of conditions. The
atmospheric composition of Mars,
Earth. and Venus lead to mean radiating
levels of about 1,6, and 70 km, and lapse
rates of r - 5, 5.5, and "rC km-',
respectively. Observed surface tempera-
tures of these planets confirm the exis-
tence and order of magnitude of the
predicted greenhouse effect (Eq. 3). Data
now being collected by spacecraft at
Venus and Mars 112) will permit more
precise analyses of radiative and dynam-
ical mechanisms that affect greenhouse
warming.

One-Dimenslonal Model

A one-dimensional radiative-convec-
tive (I-D RC) model (5, 13). which com-
putes temperature as a function of alti-
tude. can simulate planetary tempera-
tures more realistically than the zero-
dimensional model of Eq. I. The
sensitivity of surface temperature in I-D
RC models to changes in CO. is similar
to the sensitivity of mean surface tem-
perature in global three-dimensional
nmodels (6-8). This agreement does not
validate the models: it only suggests that
one-dimensional models can simulate the

-effect of certain basic mechanisms and
feedbacks. But the agreement does per-
mit useful studies of global mean tem-
perature change with a simple one-di-
mensional model.

The I-D RC model uses a time-march-
ing procedure to compute the vertical
temperature profile from the net radia-
tive and convective energy fluxes:

T71t, I + at) =

71h. 0)+ Wi (dFr + dF, (c,p ( dli d- 4

where c, is the heat capacity at constant
pressure, p the density of air. h the
altitude, and dFi/dh and dFJdh the net
radiative and convective flux diver-
gences. To compute dF.dh the radiative
transfer equation is integrated over all
frequencies, using the temperature pro-
file of the previous time step and an
assumed atmospheric composition, The

9."

term dF./dh is the energy transport need-
ed to prevent the temperature gradient
from exceeding a preassigned limit, usu.
ally 6.5(C km- . This limit parameterizes
effects of vertical mixing and large-scale
dynamics.

The radiative calculations are made by
a method that groups absorption coeffi-
cients by strength for efficiency (14).
Preissure- and temperature-dependent
absorption coefficients are from line-by-
line calculations for H20. CO2. O, NO.
and CH4 (15), including continuum H20
absorption (16). Climatological cloud
cover (50 percent) and aerosol properties
(17) are used, with appropriate fractions
of low (0.3), middle (0.1), and high (0. 1)
clouds. Wavelength dependences of
cloud and aerosol properties are ob-
tained from Mie scattering theory (14).
Multiple scattering and overlap of gas-
eous absorption bands are included. Our
computations include the weak COI
bands at 8 to 12 izm. but the strong 15-
pm CO2 band. which closes one side of
the 7- to 20-tm H20 window, causes
-- 90 percent of the CO2 warming.

Model SeAltlvity

We examine the main processes
known to influence climate model sensi-
tivity by inserting them individually into
the model, as summarized in Table 1.

Model I has fixed absolute humidity, a
fixed lapse rate of 6.5*C km in the
convective region, fixed cloud altitude.
and no snow/ice albedo feedback or veg-
etation albedo feedback. The increase of
equilibrium surface temperature for dou-
bled atmospheric CO, is AT, - 1.2'C.
This cpse is of special interest because it
is the purely radiative-convective result.
with no feedback effects.

Model 2 has fixed relative humidity.
but is otherwise the same as model I.
The resulting AT, for doubled CO2 is
- 1.9*C. Thus the increasing water vapor
with higher temperature provides a feed-
back factor of - 1.6. Fixed relative hu-
midity is clearly more realistic than fixed
absolute humidity, as indicated by nhysi-
cal arguments /3) and three-dimensional
model results 17. 8). Therefore, we use
fixed relative humidity in the succeeding
experiments and compare models 3 to 6
with model 2.

Model 3 has -a moist adiabatic lapse
rate in the convective region rather than
a fixed lapse rate. This causes the equi-
librium surface temperature to be less
sensitive to radiative perturbations, and
AT, - 1.4*C for doubled CO2. The rea-
son is that the lapse rate decreases a,

moisture is added to the air, reducing the
temperature difference between the top
of the convective region and the ground
(il in Eq. 3). -

The general circulation of the earth's
atmosphere is driven by solar heating of
the tropical ocean, and resulting evapo-
ration and vertical transport of energy.
The lapse rate is nearly moist adiabatic
at low latitudes and should remain so
after a climate perturbation. Thus use of
a moist adiabatic lapse rate is appropri-
ate for the tropics. But more s:able lapse
rates at high latitudes make the surface
temperature much more sensitive to Iwr-
turbations of surface heating (7. 8). and
hence model 3 would underestimate the
sensitivity there.

Model 4 has the clouds at fixed tem-
perature levels, and thus the) move to a
higher altitude as the temperature in,
creases (18). This )Ktld, 17, -2 K for
doubled CO,. compared to I r( for
fixed cloud altitude The %ensti-sis itn
creases because the oulgoing therma!
radiationjrom cloud region, i, penned
by the fixed cloud temperature, rrqwrs#W
greater adjustment b% the grouiwai -nsj
lower atmosphere lo outgoil r-au iatiou
to balance ab,_irbed "oar radiat"n

Study of Venus suggests ihai swm
clouds occur at a fixed temperature The
Venus cloud tops,h %%h art the pomAr
radiator to space, are at R '4, kism
where T - T, Analysis of the pnxze-,we
that determine the location o( threw
clouds and the vanet) of cicuds in the
belts, zones, and polar regms on Juriter
should be informative Available c-.i
dence suggests that the lesel of some
terrestrial clouds depends on tempera-
ture while others occur at a fixed alti.
tude. For example. trincal cirrus cloud%
moved to a higher altitude in the exper-
ment of Hansen el al. (8) with double,.
CO2 , but low clouds did not noticeabl)
change altitude.

Models 5 and 6 illustrate snow/ice and
vegetation albedo feeJhacks (19, 20).
Both feedbacks increase model sensitiv-
ity, since increased temperature de-
creases ground a'bedo and increases ab-
sorption of solar radiation.

Snow, sea ice. and land ice (ice sheets
and glaciers) are all included in snowlice
albedo feedback. Snow and sea ice re-
spond rapidly to temperature change.
while continental ice sheets require thou-
sands of years to respond. Thus a partial
snowice albeJo feedback is appropriate
for time scales of 10 to 100 years. The

-vegetation albedo feedback was obtained
by comparing todays global veg,:tation
patterns with reconstruction of the Wis-
consin ice age (20). Uncerainties in the
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reconstruction, the time scale of vegeta-
tion response. and man's potential im-
pact on vegetation prevent reliable as-
sessment of this feedback, but its esti-
mated magnitude emphasizes the need to
monitor global vegetation and surface
albedo.

Model 4 has our estimate of appropri-
ate model sensitivity. The fixed 6.5°C
km-' lapse rate is a compromise be-
tween expected lower sensitivity at low
latitudes and greater sensitivity at high
latitudes. Both cloud temperature and
snowrice albedo feedback should be
partly effective, so for simplicity one is
included.

The sensitivity of the climate model
we use is thus &T, - 2.8M for doubled
COz, similar to the sensitivity of three-
dimensional climate models (6-8). The
estimated uncertainty Is a factor of 2.
This sensitivity (i) refers to perturbations
about today's climate and (ii does not
include feedback mechanisms effective
only on long time scales, such as changes
of ice sheets or ocean chemistry.

Model Time Dependence

The time dependence of the earth's
surface temperature depends on the heat
capacity of the climate system. Heat
capacity of land areas can be neglected,
since ground is a good insulator. Hoxev-
er, the upper 100 m of the ocean is
rapidly mixed, so its heat capacity must
be accounted for. The ocean beneath the
mixed layer may also affect surface tem-
perature, if the thermal response time of
the mixed layer is comparable to the time
for exchange of heat with deeper layers.

The great heat capacity of the ocean
and read$ exchange of continental and
marine air imply that the global climate
response to perturbations is determined
by the response of the ocean areas.
However, this response is affected by
horizontal atmospheric heat fluxes from
and to the continents. Ready exchange
of energy between the ocean surface and
Atmosphere "fixes" the air temperature,
and the ocean in effect removes from the
atmosphere any net .-eat obtained from
the continents. Thus the horizontal flux
due to a climate perturbation's heating
(or cooling) of the continents adds to the
vertical heat flux into (or out of) the
ocean surface. The net flux into the
ocean surface is therefore larger than it
would be for a 100 percent ocean-cov-
ered planet by the ratio of global area to
ocean area, totaling -5.7 W m-' for
doubled CO2 rather than -4 W m -. In a
climate model that employs only a

21 AUGUST 1t"

Table 1. Equilibrium surface temperature increase due to doubled COz (from 300 to 600 ppm) in
I-D RC models. Model 1 has no feedbacks affecting the atmosphere's radiative properties.
Feedback Factor f specifies the effect of each added process on model sensitivity to doubled
C02; F is the equilibrium thermal flux into the ground if T, is held fixed (infinite heat capacity)
when CO2 is doubled. Abbreviations: FRH. fixed relative humidity: FAH. fixed absolute
humidity; 6.SLR. 6.5C km-' limiting lapse rate; MALR. moist adiabatic limiting lapse rate,
FCA. fixed cloud altitude, FCT. fixed cloud temperature; SAF, %nowtice albedo feedback: and
VAF, vegetation albedo feedback. Models 5 and 6 are based on values from Wang 4nd Stone
(19) and Cess (20), respectively, and AT. of model 2.

Model Description

I FAH. 6.SLR. FCA
2 FRH . , e epR FICA
3 Same as 2, except MALR replaces 6.SLR
4 Same as 2, except FCT replaces FCA
5 Same as 2, except SAF included
6 Same as 2. except VAF included

mixed-layer ocean, it is equivalent to use ocean,
the flux -4 W m- 2 with the area-weight- tom w
ed mean land-ocean heat capacity. Antarc

The thermal response time of the low lati
ocean mixed layer would be -3 years if 1000 yt
it were not for feedback effects in the ocean
climate system. For example, assume temper
that the solar flux absorbed by a planet may be
changes suddenly from F0 -iTo' to the mix
F, = F0 + AF a aTei. with &F << F0. full imt
The rate of change of heat in the climate few de
system is mecha

zontal
d(cflld = aT,' - siT4  

() of con'
where c is heat capacity per unit area. Dela
Since T, - To << To, the solution is can be

model
T- T, = (To - Ti]e-',h, (6) stantly

where fused i

1hr = cl4aT 
3  (7) coeffici

tion b)
Thus the planet approaches a new equi- that k i
librium temperature exponentially with second
e-folding time frh,. If the heat capacity is The
provided by 70 m of water (100 m for dimens
ncean areas) and the effective tempera- from I
ture is 255 K, ',i, is 2.8 years. heat ci

This estimate does not account for heat c
climate feedback effects. which can be reduce
analyzed with the l-D RC model. Table I the m
shows that the initial rate of heat storage sponse
in the ocean is independent of feedbacks. cline I
Thus the time needed to reach equilibri- 0.250C
um for model 4 is larger by the factor effect
-2.8*CI.2'C than for model I, which folding
excludes feedbacks. The e-folding time exchan
for adjustment of mixed-layer tempera- The
ture is therefore -6 years for our best cine
estimate of model sensitivity to doubled warmi
CO2. This increase in thermal response erable
time is readily understandable, because that dc
feedbacks come into play only gradually er. one
after some warming occurs. face w

It would take -50 years to warm up which
the thermocline and mixed layer if they make
were rapidly mixed, or 250 years for the more I
entire ocean. Turnover of the deep Lac

.t T.
V'C)

F
f" (W M-1)

1.22 I
1.94 1.6
1.37 0.7
2.78 1.4
2.5-2.8 1.3-1.4-3.5 -I.E

4.0
3.9
4.0
3.9

driven by formation of cold bot-
ater in the North Atlantic and
tic oceans with slow upwelling at
itudes, is thought to require 500 to
ears (21), suggesting that the deep
does not greatly influence surface
ature sensitivity. However, there
sufficient heat exchange between

ted layer and thermocline to delay
pact of a climate perturbation by a
cades (6, 22, 23). The primary
nism of exchange is nearly hori-
movement of water along surfaces
slant density (21).
y of CO2 warming by the ocean
illustrated with a "box diffusion"
(24). in which heat is stirred in-
through the mixed layer and dif-

nto the therrrocline with diffusion
ent k. Observed oceanic penetra-

inert chemical tracers suggests
s of order I square centimeter per
(2, . 24).

warming calculated with the one-'
ional model for the CO. increase
880 to 1980 (25) is 0.5°C if ocean
capacity is neglected (Fig. I). The
capacity of just the mixed layer
s this to 0.4°C, a direct effect of
ixed layer's 6-year thermal re-
time. Diffusion into the thermo-

'urther reduces the warming to
for k = I cmz see-. an indirect
of the mixed layer's 6-year e-
time, which permits substantial

ige with the thermocline.
mixed-layer model and thermo-

model bracket the likely CO2
ng. The thermocline model is pref-
for small climate perturbations
not affect ocean mixing. Howev-
effect of warming the ocean sur-

ill be increased vertical stability.
could reduce ocean warming and
he surface temperature response

ike that of the mixed-layer case.
k of knowledge of ocean processes
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warming
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primarily introduces uncertainties about
the time dependence of the global CO2
warming. The full impact of the warming
may be delayed several decades, but
since man-made increases in atmospher-
ic CO. are expected to persist for centu-
ries (1, 2, 6). the warming will eventually
occur. <

Radiative Climate PerturbatIons

Identification of the CO, warming in
observed climate depends on the magni-
tude of climate variability due to other
factors. Most suspected causes of global
climate change are radiative perturba-
tions, which can be compared to identify
those capable of counteracting or rein-
forcing the CO 2 warming.

4

3

~2

,..'

/ Fig. I. Dependence e
CO. warming on

(kl C,2 ocean heat capacity.
sec-1.V Heat is rapidly mixed

I N ) in the upper 100 m of
,./ - the ocean and dif-

fused to 1000 m with
/.,/ diffusion coefficient k.

// The CO2 abundance.
/ , from (25). is 293 ppm

- in 1880, 335 ppm in
1980, and 373 ppm in
2000. Climate model
equilibrium sensitiv-
ity is 2.8C for dou-

A bled CO,.
to 1980 2000

A I percent increase of solar luminos-
ity would warm the earth 1.6°C at equi-
librium (Fig. 2) on the basis of model 4,
which we employ for all radiative pertur-
bations to provide a uniform compari-
son. Since the effect is linear for small
changes of solar luminosity, a change of
0.3 percent would modify the equilibri-
um global mean temperature by 0.5"C,
which is as large as the equilibrium
warming for the cumulative increase of
atmospheric CO2 from 1880 to 1980. So-
lar luminosity variations of a few tenths
of I percent could not be reliably mea-
sured with the techniques available dur-
ing the past century. and thus are a
possible cause of part of the cliniate
variability in that period.

Atmospheric aerosol effects depend
on aerosol composition, size. altitude.

Potential radiative perturbations of climate

Worming Cooling

- 18Ii 1l.9
81et.

aerosols

H2804
Wrw4e0.2)

co1
(300 ppm

600 ppm)

Solar Tr
luminosity ar

(.1%) HI
(6yU

0.4

n~1 I
Tropo. Low High

aerosols clouds clouds (1.
soot (.21A of (42% of -1

(AT 840.02) globe) globe)
opo. Land Middle N10
osOls albedo clouds (0.28 pp
s0, (40.05) (2% of -0.66 p
40.1) globe)

Fig. 2. Surface temperaiure effect of variou% global radiaiive perlurbation,
RC model 4 (Table I. Aerosols have the ph-.sical propertie% pecified b) I
17 on aerosol site, composition, altitude, and optlcal thicknes% is illu(traled
stratospheric aerosols is represenilatve of a ver) large solcanic eruption
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and global distribution (26). Based on
model calculations, stratospheric aero-
sols that persist for I to 3 years after
large volcanic eruptions can cause sub-
stantial cooling of surface air (Fig. 2).
The cooling depends on the assumption
that the particles do not exceed a few
tenths of a micrometer in size, so the), do
not cause greenhouse warming by block-
ing terrestrial radiation, but this condi-
tion is probably ensured by rapid gravita-
tional settling of larger particles. Tempo-
ral variability of stratospheric aerosols
due to volcanic eruptions appears to
have been responsible for a large part of
the observed climate change during the
past century (27-30). as shown below.

The impact of tropospheric aerosols
on climate is uncertain in sense and
magnitude due to their range of composi-
tion. including absorbing material such
as carbon and high-albedo material such
as sulfuric acid. and their heterogeneous
spatial distribution. Although man-made
tropospheric aerosols are obvious near
their source, aerosol opacity does not
appear to have increased much in remote
regions (31). Since the climate impact of
anthropogenic aerosols is also reduced
by the opposing effects of absorbing and
high-albedo materials, it is possible that
they hase not had a primary effect on
global temperature. However, global
monitoring of aerosol properties is need-
ed for conclusive analysis.

Ground albedo alterations associated
with changing patterns of vegetation
coverage have been suggested as a cause
of global climate Ivariations on time
scales of decades to centuries (32). A
global surface albedo change of 0.015,
equivalent to a hange of 0.05 over land
areas, would affect global temperature
by 1.3°C. Since this is a 25 percent
change in mean continental ground albe-
do, it seems unlikely that ground albedo
variations have been the primary cause
of recent global temperature trends.
However. global monitoring of ground
albedo is needed to permit definitive
assessment of its role in climate variabili-
ty.0,6 -0.86 y0 .2 - High and low clouds have opposite

effects on surface temperature (Fig. 2),
, o, high clouds having a greenhouse effect

.6 pm - while low clouds cool the surface (14,.6 ppm (26- ) 33). However. the nature and causes of
1.2 ppm) variability of cloud cover, optical thick-

CCIS ness, and altitude distribution are not
m CC13F well known, nor is it knosn how to
pm)(0 -2 ppb model reliably cloud feedbacks that may

each) occur in response to climate perturba-

based on the ID tions. Progress may be made after accu-
17 dependence of rate cloud climatology is obtained from
by 26). The Ai for global observations, including seasonal

and interannual cloud variations. In the
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meantime. some limits are implicitly dynamical transports (41), but large
placed on global cloud feedb*k by em- enough gaLenost boxes containei; one or
pirical tests of the climate system's sen- more stations. The results shown were
sitivity to radiative perturbations, as dis- obtained with 40 equal-area boxes in
cussed below, each hemisphere, but the conclusions

Trace gases that absorb in the infrared are not sensitive to the exact spacing.
can warm the earth if their abundance Temperature trends for stations within a
increases (5. 34). The abundance of box were combined successively:
chlorofluorocarbons (Freons) increased (n* - I)TI, + T. - t, + tl..
from a negligible amount a few decades T,..() =n
ago to 0.3 part per billion for CCI 2F2 and
0.2 ppb for CCI3F (35), with an equilibri- (8)
um greenhouse w onmin f : 0 1.06*C. to obtain a single trend for each box,
Recent measurement of 0.2 percent -pr where the bar indicates a mean for the
year increase of N20 sulggests a cumula- years in which there are records for both

live increase to date of 17 ppb (36). with T. and the cumulative T.,, and n'(t) is
an equilibrium warming of - 0.03'C. the number of stations in Ti.,(). Trends
Tentative indications of a 2 percent per for boxes in a latitude zone were corn-
year increase in CH, imply an equilibri- bined with each box weighted equally.
um warming < O.IC for the CH, in- and the global trend war obtained by
crease to date (37). No major trend of 03 area-weighting the trends for all latitude
abundance has been observed, although zones. A meaningful result begins in the
it has been argued that continued in- 1880's, since thereafter continuous rec-
crease of Freons will reduce 03 amounts ords exist for at least two widely separat.
(38). The net impact of measured trace ed longitudes in seven of the eight lati-
gases has thus been an equilibrium tude zones (continuous Antarctic tern-
warming of 0.1°C or slightly larger. This peratures begin in the 1950"s). Results
does not greatly alter analyses of tem- are least reliable for 1880 to 1900; by
perature change over the past century. 1900, continuous records exist for more
but trace gases will significantly enhance than half of the 80 boxes.
future greenhouse warming if recent The temperature trends in Fig. 3 are
growth rates are maintained, smoothed with a 5-year running mean to

We conclude that study of global cli- make the trends readily visible. Part of
mate change on time scales of decades the noise in the unsmoothed data results
and centuries must consider variability from unpredictable weather fluctuations,
of stratospheric aerosols and solar lumi- which affect even I-year means (42).
nosity, n addition to CO. and trace
gases. Tropospheric aerosols and ground
albedo are potentially significant, but Obser
require better observations. Cloud vari-0.
ability will continue to cause t.certainly 0.4
until accurate monitoring 4.
properties provides a bask for realistic 0.2
modeling of cloud feedback effects; how- L
ever, global feedback is implicitly
checked by comparison of climate model -0.2
sensitivity to empirical climate varia- o

tions. as done below. -0 f

Fig. 3. Observed surface air
temperature trends for three
latitude bands and the entire
globe. Temperature scales for
low latitudes and global mean
are on the right.

0.2

0

-0.2

/

Observed Temperature Trends

Data archives (39) contain surface air
temperatures of several hundred stations
for the last century. Problems in obtain-
ing a global temperature history are due
to the uneven station distribution (40).
with the Southern Hemisphere and
ocean areas poorly represented, and the
smaller number of stations for earlier
times.

We combined these temperature rec-
ords with a method designed to extract
mean temperature trends. The globe was
divided by grids with a spacing not larger
than the correlation distance for primary

26 AUGUST 191 --

None of our conclusions depends on the
nature of the smoothing.

Northern latitudes warmed - 0.8°C
between the 1880's and 1940. then
cooled - 0.56C between 1940 and 1970,
in agreement with other analyses (9, 43).
Low latitudes warmed - 0.3oC between
1880 and 1930, with little change thereaf-
ter. Southernlatitudes warmed - 0.4*C
in the past century; results agree with a
prior analysis for the late 1950's to mid-
dle 1970*s (44). The global mean tem-
perature increased - 0.5C between
1885 and 1940, with slight cooling there-
after.

A remarkable conclusion from Fig. 3 is
that the global temperature is almost as
high today as it was in 1940. The com-
mon misconception that the world is
cooling is based on Northern Hemi-
sphere experience to 1970.

Another conclusion is that global sur-
face air temperature rose - 0.4°C in the
past century. roughly consistent with
calculated CO 2 warming. The time his-
tory of the warming obviously does not
follow the course of the CO2 increase
(Fig. I). indicating that other factors
must affect global mean temperature.

Model Verification

Natural radiative perturbations of the
earth's climate, such as those due to
aerosols produced by large volcanic

U
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eruptions, permit a valuable test of mod-
el sensitivity. Previous study of the best-
documented large volcanic eruption,
Mount Agung in 1963. showed that tropi-
cal tropospheric and stratospheric tem-
perature changes computed with a one-
dimensional climate model were of the
same sign and order of magnitude as
observed changes (45). It was assumed
that horizontal heat exchange with high-
er latitudes was not altered by the radia-
tive perturbation.

We reexamined the Mount Agung case
for comparison with the present global
temperature record. using our model
with sensitivity - 2,8C. The model.
with a maximum global mean aerosol
increase in the optical depth &'r = 0.12
(45). yields a maximum global cooling of
0.2°C when only the mixed-layer heat
capacity is included and 0. VC when heat
exchange with the deeper ocean is in-
cluded with A = I cm: sec"' Observa-
tions suggest a cooling of this magnitude
with the expected time lag of I to 2
years. Noise or unexplained variability
in the observations prevents more defini-
tive conclusions, but similar cooling is
indicated by statistical studies of tem-
perature trends follow ing other large vol-
canic eruptions (46).

A primary lesson from the Mount
Agung test is the damping of temperature
change by the mixed layer's heat capaci-
ty, without which the cooling would
have exceeded 1.IOC (Fig. 2). The effect
can be understood from the time con-
stant of the perturbation and thermal
response time of the mixed layer:
AT - ;I - expl(- I year)/(6 years)l) x
1.1 C - 0.171C. for the case A = 0. This
large reduction of the climate response
occurs for a perturbation that (unlike
CO2) is present for a time shorter than
the thermal response time of the ocean
surface.

Phenomena that alter the regional radi-
ation balance provide another model
test. ldso (11) found a consistent "em-
pirical response function" for several
such phenomena, which was 0.17°C per

%I

watt per square meter in midcontinent
and was half as large on the coast. This
response must depend on the rate of
mixing of marne and continental air,
since the phenomena occur on time
scales less than the thermal relaxation
time of the ocean surface. Thus, as one
test of horizontal atmospheric trans-
ports, we read from our three-dimen-
sional climate model (8) the quantities
(solar insolation and temperature) that
form Idso's empirical response function
for seasonal change of insolation. Re-
sults ranged from 0.2°C W-1 m

2 in mid.
continent, and about half that on the
coast, to a value an order of magnitude
smaller over the ocean, in agreement
with the empirical response (Il.

To r.-late these empirical tests to the
CO2 greenhouse effect. se illustrate the
flux changes in the I-D RC model shen
CO 2 is doubled. For simplicity se con-
sider an instantaneous doubling of CO2 .
and hence the time dependence of the
response does not represent the transient
response to a steady change in CO2 . The
immediate response to the doubling in-
cludes (Fig. 4a): i) reduced emission to
space I - 2.4 W m'). because added CO,
absorption raises the mean altitude of
emission to a higher, colder level; (ii)
increased flux from atmosphere to
ground (+ 1.1 W m'); and (iii) increased
stratospheric cooling but decreased tro-
pospheric cooling. The radiative warm-
ing of the troposphere decreases the
-convective" flux (latent and sensible
heat) from the ground by 3.5 W m-: as a
consequence of the requirement to con-
serve energy. There is a small increase in
absorption of near-infrared radiation, the
atmosphere gaining energy t+ 0.4 W
m-) and the ground losing energy ( - 0.3
W m-). The net effect is thus an energy
gain for the planet t+ 2.5 W m-2) with
heating of the ground (+ 4.3 W m-) and
cooling of the (upper) atmosphere (- 1.8
W m-2). These flux changes are indepen-
dent of feedbacks and are not sensitive to
the critical lapse rate.

A few months after the CO: doubling

(Fig. 4b) the stratospheric temperature
has cooled by - 5C. Neither the ocean
nor the troposphere, which is convec-
lively coupled to the surface, have re-
sponded yet. The planet radiates 3.8 W
m-

2 less energy to space than in the
comparison case with 300 ppm CO.,,
because of the cooler stratosphere and
greater altitude of emission from the
troposphere. The energy gained by the
earth at this time is being used to warm
the ocean.

Years later (Fig. 4c) the surface tem-
perature has increased 2.8°C. Almost
half the increase I 1.2°C) is the direct COI
greenhouse effect. The remainder is due
to feedbacks, of which 1.0°C is the well-
established H20 greenhouse effect.

The greenhouse process represented
in Fig. 4 is simply the-'leaky bucket"
phenomenon. The increased infrared
opacity causes an immediate decrease of
thermal radiation from the planet, thus
forcing the temperature to rise until ener-
gy balance is restored. Temporal varia-
tions of the fluxes and temperatures are
due to the response times 3f the atmo-
sphere and surface.

Surface warming of - 3C for doubled
CO: is the status after energy balance
has been restored. This contrasts with
the Agung case and the cases considered
by ldso (Ill, which are all nonequilibri-
um situations.

The test of the greenhouse theory pro-
vided by the extremes of equilibrium
climates on the planets and short-term
radiative perturbations is reassuring, but
inadequate. A crucial intermediate test is
climate change on time scales from a few
years to a century.

Model versus Observatlons for the

Past Century

Simulations of global temperature
change should begin with the known
forcings: variations of CO, and volcanic
aerosols. Solar luminosity Variations,
which constitute another likely mecha-
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nism. are unknown, but there are
hypotheses consistent with observation-
al constraints that variations not exceed
a few tenths of I percent.

We developed an empirical equation
that fits the heat flux into the earth's
surface calculated with the I-D RC cli-
mate model (model 4):

F() = 0.OISpI(l + O.O0226p)
06 -

17iT - 1.S(A-) 1 + 220AS S0 -

1.51T + 0.033 (A7) - 1.04 x

l04&pT + 0.29STA'r (9)

where F(r) is in watts per square meterp
is the amount of C02 in parts per million
above an "equilibrium" value (293
ppm). AS is the difference between solar
luminosity and an equilibrium value So,
As is the optical depth of stratospheric
aerosols above a background amount.
and AT is the difference between current
surface temperature and the equilibrium
value for Ap = AS = A:,i = 0. Equation
9 fits the one-dimensional model results
to better than I percent for 0 < , p
s 1200 ppm, 0.98 :s ASS 1.02. and
Ar -s 0.5. For the mixed-layer ocean
model T,(t) follows from dTIdt = Fi)l
co, where co is the heat capacity of the
ocean mixed layer per unit area. If the
true mixed-layer depth is used to obtain
co, F(t) must be multiplied by 1/0.7, the
ratio of gl,;)al area to ocean area. Diffu-
sion of heat into the deeper ocean can
then also be included by means of the
diffusion equation with T, as its upper
boundary condition.

The CO abundance increased from
293 ppm in 1880 to 335 ppm in 1980125),
based on recent accurate observations.
earlier less accurate observations, and
carbon cycle modeling. The error for
1880 probably does not exceed 10 ppm
(I 2).

Volcanic aerosol radiative forcing can
be obtained from Lamb's (27) dust veil
index (DVI). which is based mainly on
atmospheric transmission measurements
after 1880. We convert DVI to optical
depth by taking Mount Agung (DVI =
800) to have the maximum Ar = 0.12.
The aerosol optical depth histories of
Mitchell (47) and Pollack et at. (29). the
latter based solely on transmission mea-
surements. are similar to Lamb's. We
use aerosol microphysical properties
from (43). The error in volcanic aerosol
radiative forcing probably does not ex-
ceed a factor of 2.

Solar variability is highly conjectural,
so we first study CO2 and volcanic aero-
sol forcings and then add solar varia-
tions. We examine the hypothesis of
Hoyt (48) that the ratio. r, of umbra to
penumbra areas in sunspots is pro-
28 AUGUST 1981

portional to solar luminosity: AS/
So = ftr - ro). Hoyt's rationale is that
the penumbra, with a weaker magnetic
field than the umbra, is destroyed more
readily by an increase of convective flux
from below. We take f = 0.03. which
implies a peak-to-peak amplitude of
- 0.4 percent for aS/So in the past cen-
tury, or an amplitude of - 0.2 percent
for the mean trend line. Taking So as the
mean for 1880 to 1976 yields ro - 0.2.
The resulting AS/So has no observational
corroboration, but serves as an example
of solar variability of a plausible magni-
tude.

Radiative forcing by CO2 plus volca-
noes and forcing by CO plus volcanoes.
plus the sun both yield a temperature
trend with a strong similarity to the ob-
served trend of the past century (Fig. 5).
which we quantify below. If only the
heat capacity of the mixed layer is in-
cluded, the amplitude of the computed
temperature variations is larger than ob-
served. However, mixing of heat into the
deeper ocean with k = I cmZ sec"
brings both calculated trends into rough
agreement with observations.

The main uncertainties in the climate
model--that is, its "tuning knobs"--are
(i) the equilibrium sensitivity and (ii) the
rate of heat exchange with the ocean
beneath the mixed layer. The general
correlation of radiative forcings with

global temperatures suggests that model
uncertainties be constrained by requiring
agreement with the observed tempera-
ture trend.

Therefore. we examined a range of
model sensitivities, choosing a diffusion
coefficient for each to minimize the re-
sidual variance between cmputed and
observed temperature trends. Equilibri-
um sensitivities of 1.4. 2.8'. and 5.6C
required k = 0, 1.2, and 2.2 cm2 sec-',
respectively. All models with sensitiv-
ities of 1.4° to 5.6C provide a good fit to
the observations. The smallest accept-
able sensitivity is - 1.40C. because it
requires zero heat exchange with the
deeper ocean. Sensitivities much higher
than 5.60 would require greater heat
exchange with the deep ocean than is
believed to be realistic (21, 22).

Radiative forcing by CO2 plus volca-
noes accounts for 75 percent of the vari-
ance in the 5-year smoothed global tem-
perature, with correlation coefficient 0.9.
The hypothesized solar luminosity varia-
tion (48) improves the fit, as a conse-
quence of the luminosity peaking in the
1930's and declining into the 1970's.
leaving a residual variance of only 10
percent. Theimproved fit provided by
Hoyt's solar variability represents a pos-
teriori selection, since other hypothe-
sized solar variations that we examined
(for instance (49)] degrade the fit. This

Mixed layer and thermocline
Ocean model: mixed layer only (ka t Cm elec'S)
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Fig. 5. Global temperature trend obtained from climate model ath sensiIivity 2.8°C for doubled
CO,. The results in ia) are based on a 100-m mixed-layer ocean for heat capacity; those in (b)
include diffusion of heat into the thermocline to 1000 m. The forcing by CO,. volcanoes, and
the sun are based on Broecker (25), Lamb (27). and Hoyt 148). Mean ATis zero for observations
and model.
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Table 2. Energy supplied and CO. released by fuels.

Energy CO Airborne CO2 Potential
supplied release CO, added airborne

Fuel in 1980' per unit added in through C02 in
9 " energy _ 9 1980 vir in

(oil = 1) - _ reservoirst
Il0, J) (q) toil I) ( (ppm). tppm) (ppm)

Oil 12 40 I 50 0.7 il 70
Coal 7 24 5/4 35 0.5 26 t00
Gas 5 16 314 15 0.2 5 50
Oil shale:tar sands, 0 0 7/4 0 0 0 t0

heavy oil
Nuclear. solar, wood, 6 20 0 0 0 0 0

hydroelectric
Total 30 100 100 1.4 42 1220

Based on late 19?0. 'esoir estimates aswise that half the coal abuse 3000 feet can be recos cred
and that oil recosry rltes will ir&ase from 25 10 30 percent to 40 percent Estmate for ucomentiorial
fossd fuels my be low if techniques are develd'ed foe economic extraction of "S) ItthtIC oil- from deposit
that a"t deeper of margpnal energy contest. It is assumed that the airborne fraction of released CO. is lined

evidence is too weak to support any
specific solar variability,

The general agreement between mod-
eled and observed temperature trends
strongly suggests that CO2 and volcanic
aerosols are responsible for much of the
global temperature variation in the past
century. Key consequences are: (i) em-
pirical evidence that much of the global
climate variability on time scales of de-
cades to centuries is deterministic and
(ii) improved confidence in the ability of
models to predict future CO 2 climate
effects.

Projections Into the 21st Century

Prediction of the climate effect of CO2
requires projections of the amount of
atmospheric CO 2. which we specify by
(i) the energy growth rate and (ii) the
fossil fuel proportion of energy use, We
neglect other possible variables, such as
changes in the amount of biomass or the
fraction of released CO2 taken up by the
ocean.

Energy growth has been 4 to 5 percent
per year in the past century, but increas-
ing costs will constrain future growth r/.
4). Thus we consider fast growth (- 3
percent per year, specifically 4 percent
per year in 1980 to 2020, 3 percent per
year in 2020 to 2060, and 2 percent per
year in 2060 to 2100). slow growth (half
of fast growth), and no growth as repre-
sentative energy growth rates.

Fossil fuel use will be limited by avail-
able resources (Table 2). Full use of oil
and gas will increase CO2 abundance by
< 50 percent of the preindustrial amount.
Oil and gas depletion are near the 25
percent level, at which use of a resource
normally begins to be limited by supply
and demand forces (4). But coal, only 2 to
3 percent depleted, will not be so con-
strained for several decades.

964

The key fuel choice is between coal
and alternatives that do not increase

-atmospheric COI. We examine a synfuel
option in which coal-derived synthetic
fuels replace oil and gas as the latter are
depleted, and a nuclear/renewable re-
sources option in which the replacement
fuels do not increase COz. We also ex-
amine a coal phaseout scenario: after a
specific date coal and synfuel use are
held constant for 20 years and then
phased out linearly over 20 years.

Projected global warming for fast
growth is 3' to 4.Y'C at the end of the
next century, depending on the propor-
tion of depleted oil and gas replaced by
synfuels (Fig. 6). Slow growth, with de-
pleted oil and gas replaced equally by
synfuels and nonfossil fuels, reduces the
warming to - 2.5°C. The warming is
only slightly more than VC for either (i)
no energy growth, with depleted oil and
gas replaced by nonfossil fuels, or (ii)
slow energy growth, with coal and syn-
fuels phased out beginning in 2000.

Other climate forcings may counteract
or reinforce CO 2 warming. A decrease of
solar luminosity from 1980 to 2100 by 0.6
percent per century, large compared to
measured variations, would decrease the
warming - 0.7'C. Thus CO2 growth as
large as in the slow-growth scenario
would overwhelm the effect of likely
solar variability. The same is true of
other radiative perturbations; for in-
stance, volcanic aerosols may slow the
rise in temperature, but even an optical
thickness of 0.1 maintained for 120 years
would reduce the warming by less than
I0OC.

When should the CO2 warming rise
out of the noise level of natural climate
variability? An estimate can be obtained
by comparing the predicted warming to
the standard deviation. a,. of the ob-
served global temperature trend of the
past century (S0). The standard devi-

action, which increases from 0. IC for to-
year intervals to 0.25C for the full centu-
ry, is the total variability of global tem-
perature; it thus includes variations due
to any known radiative forcing, other
variations of the true global temperature
due to unidentified causes, and noise due
to imperfect measurement of the global
temperature. Thus if To is the current 5-
year smoothed global temperature, the 5-
year smoothed global temperature in 10
years should be in the range To -- 0.10C
with probability - 70 percent, judging
only from variability in the past century.

The predicted CO2 warming rises out
of the I, noise level in the 1980's and the
2a level in the 1990's (Fig. 7). This is
independent of the climate model's equi-
librium sensitivity for the range of-likely
values, 1.4' to 5.6'C. Furthermore, it
does not depend on the scenario for
atmospheric CO growth, because the
amounts of CO2 do not differ substantial-
ly until after year 2000. Volcanic erup-
tions of the size of Krakatoa or Agung
may slow the warming, but barring an
unusual coincidence of eruptions, the
delay will not exceed several years.

Nominal confidence in the CO2 theory
will reach - 85 percent when the tem-
perature rises through the la level and
- 98 percent when it exceeds 2a. How-
ever, a portion of a may be accounted
for in the future from accurate knowl-
edge of some radiative forcings and more
precise knowledge of global tempera-
ture. We conclude that CO2 warming
should rise above the noise level of natu-
ral climate variability in this century.

Potential Consequences of

Global Warming

Practical implications of CO, warming
can only be crudely estimated, based on
climate models and study of past cli-
mate. Models do not yet accurately sim-
ulate many parts of the climate system,
especially the ocean, clouds, polar sea
ice. and ice sheets. Evidence from past
climate is also limited, since the few
recent warm periods were not as ex-
treme as the warming projected to ac-
company full use of fossil fuels, and the
climate forcings and rate of climate
change may have been different. Howev.
er, if checked against our understanding
of the physical processes and used with
caution, the models and data on past
climate provide useful indications of pos-
sible future climate effects (51).

Paleoclimatic evidence suggests that
surface warming at high latitudes will be
two to five times the global mean warm-
ing (52-55). Climate models predict the
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larger sensitivity at high latitudes and
trace it to snow/ice albedo feedback and
greater atmospheric stability, which
magnifies the warming of near-surface
layers (6-.8). Since these mechanisms
will operate even with the expected ra-
pidity of COz warming, it can be antici-
pated that average high-latitude warming
will be a few ljmes greater tharr the
global mean effect.

Climate models indicate that large re-
gional climate variations will accompany
global warming. Such shifting of climatic
patterns has great practical significance.
because the precipitation patterns deter-
mine the locations of deserts, fertile ar-
eas, and marginal lands. A major region-
al change in the doubled CO2 experiment
with our three-dimensional model (6, 8)
was the creation of hot. dry conditions in
much of the western two-thirds of the
United States and Canada and in large
parts of central Asia. The hot, dry sum-
mer of 1980 may be typical of the United
States in the next century if the model
results are correct. However, the model
shows that many other places, especially
coastal areas, are wetter with doubled
CO2.

Reconstructions of regional climate
patterns in the altithermal (53, 54) show
some similarity to these model results.
The United States was drier than today
during that warm period, but most re-
gions were wetter than at present. For
example, the climate in much of North
Africa and the Middle East was more
favorable for agriculture 8000 to 4000
years ago, at the time civilization
dawned in that region.

Beneficial effects of CO2 warming will
include increased length of the growing
season. It is not obvious whether the
world will be more or less able to feed its
population. Major modifications of re-
gional climate patterns will require ef-
forts to readjust land use and crop char-
acteristics and may cause large-scale hu-
man 'dislocations. Improved global cli-
mate models. reconstructions of past
climate, and detailed analyses are need-
ed before one can predict whether the
net long-term impact will be beneficial or
detrimental.

Melting of the world's ice sheets is
another possible effect of CO2 warming.
If they melted entirely, sea level would
rise - 70 m. However, their natural re-
sponse time is thousands of years, and it
is not certain whether CO2 warming will
cause the ice sheets to shrink or grow.
For example, if the ocean warms but the
air above the ice sheets remains below
freezing, the effect cuuld be increased
snowfall, net ice sheet growth, and thus
lowering of sea level.
28 AUGUST 1981

Danger of rapid sea level rise is posed
by the West Antarctic ice sheet, which,
unlike the land-based Greenland and
East Antarctic ice sheets, is grounded
below sea level, making it vulnerable to
rapid disintegration and melting in case
of general warming (5). The summer
temperature in its vicinity is about -5*C.
If this temperature rises - 5C. deglacia-
lion could be rapid, requiring a century
or less and causing a sea level rise of to
6 m (5). If the West Antarctic ice sheet
melts on such a time scale, it will tempo-
rarily overwhelm any sea level change
due to growth or decay of land-based ice

4

Fig. 6. Projections
of global tempera-
ture. The diffusion
coeffcient beneath
the ocean mixed
layer is t.2 cm2

sec . as required
for best fit of the
model and observa-
tions for the period
1880 to 1978. Esti-
mated global mean
warming in earlier
warm periods is in-
dicated on the right.

3

2-

0

sheets. A sea level rise of 5 m would
flood 25 percent of Louisiana and Flori-
da. 10 percent of New Jersey. and many
other lowlands throughout the world.

Climate models (7. 8) indicate that
- 2'C global warming is needed to cause
- 5C warming at the West Antarctic ice
sheet. A 2C global warming is exceeded
in the 21st century in all the CO2 scenari-
os we considered, except no growth and
coal phaseout.

Floating polar sea ice responds rapidly
to climate change. The 5' to 10'C warm.
ing expected at high northern latitudes
for doubled CO2 s ould open the North-
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west and Northeast passages along the
borders of the American and Eurasian
continents. Preliminary experiments
with sea ice models (56) suggest that all
the sea ice may melt in summer, but pan
of it would refreeze in winter. Even a
partially ice-free Arctic will modify
neighboring continental climates.

The global warming projected for the
next century is of almost unprecedented
magnitude. On the basis of our model
calculations, we estimate it to be
- 2.5 C for a scenario with slow energy
growth and a mixture of nonfossil and
fossil fuels. This would exceed the tem-
perature during the altithermal (6000
years ago) and the previous (Eemian)
interglacial period 123,000 years ago
(53), and would approach the warmth of
the Mesozoic, the age of dinosaurs.

Many caveats must accompany the
projected climate effects. First, the in-
crease of atmospheric CO depends on
the assumed energy growth rate, the
proportion of energy derived from fossil
fuels, and the assumpjon that about 50
percent of anthropogenic CO, emissions
will remain airborne. Second. the pre-
dicted global warming for a given CO2
increase is based on rudimentary abili-
ties to model a complex climate system
with many nonlinear processes. Tests of
model sensitivity, ranging from the equi-
librium climates on the planets to pertur-
bations of the earth's climate, are en-
couraging, but more tests are needed.
Third, only crude estimates exist for
regional climate effects.

More observations and theoretical
work are needed to permit firm identifi-
cation of the CO2 warming and reliable
prediction of larger climate effects far-
ther in the future. It is necessary to
monitor primary global radiative forc-
ings: solar luminosity, cloud properties.
aerosol properties, ground albedo, and
trace gases. Exciting capabilities are
within reach. For example, the NASA
Solar Maximum Mission is monitoring
solar output with a relative accuracy of
- 0.01 percent (57). Studies of certain
components of the climate system are
needed, especially heat storage and
transport by the oceans and ice sheet
dynamics. These studies will require
global monitoring and local measure-
ments of processes, guided by theoreti-
cal studies. Climate models must be de-
veloped to reliably simulate regional cli-
mate, including the transient response

(58) to gradually increasing C02 amount.
Political and economic forces affecting

energy use and fuel choice make it un-
likely that the CO2 issue will have a
major impact on energy policies until
convincing observations of the global
warming are in hand. In light of historical
evidence that it takes several decades to
complete a major change in fuel use, this
makes large climate change almost inev-
itable. However, the degree of warming
will depend strongly on the energy
growth rate and choice of fuels for the
next century. TI. ,. CO2 effects on cli-
mate may make full exploitation of coal
resources undesirable. An appropriate
strategy may be to encourage energy
conservation and develop alternative en-
ergy sources, while using fossil fuels as
necessary during the next few decades.

The climate change induced by anthro-
pogenic release of CO2 is likely to be the
most fascinating global geophysical ex-
periment that man will ever conduct.
The scientific task is to help determine
the nature of future climatic effects as
early as possible. The required efforts in
global observations and climate analysis
are challenging, but the benefits from
improved understanding of climate will
surely warrant the work invested.
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GREENHOUSE EFFECT OF TRACE" GASES, 1970-1980
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Abstract. Increased abundances were measured
for several trace atmospheric gases in the decade
1970-1980. The equilibrium greenhouse warning for
the measured increments of CH4, chlorofluorocarbons
and N20 is between 502 and 100% of the equilibrium
warming for the measured increase of atmospheric
CO2 during the same 10 years. The combined warning
of CO2 and trace gases should exceed natural global
temperature variability in the 1980's and cause the
global mean temperature to rise above the maximum
of the late 1930's.

Introduction

CO2 absorbs In the 
7
-14mu atmospheric window

which transmits thermal radiation emitted by the
earth's surface and lower atmosphere. Increased
atmospheric C02 tends to close this window and
cause outgoing radiation to emerge from higher,
colder levels, thus warning the surface and lower
atmosphere by the so-called greenhouse mechanism.
The CO2 greenhouse effect has been studied in a
series of papers by Nanabe (cf. Manabe ard Stouf-
fer, 1980) and many other investigators (NAS,
1979). Ramanathan (1975) pointed out that the
chlorofluorocarbons (CFCs) also may cause a signi-
ficant greenhouse effect. Wang et &l. (1976) ar-
gued that a broad range of trace gases which absorb
in the infrared, particularly NO, CH4 and CFCs,
may increase as a result of anthropogenic activi-
ties, and that their combined warming could be com-
parable to that caused by CO2 .

Recent measurements confirm that these trace
gases are increasing in abundance. We use these
measurements and a I-D radiative-convective climate
model to estimate the global greenhouse warnings
caused by N2 0, CM4 and CFCs in the decade 1970-1980
and compare their effect to the C02 greenhouse
warming in the same period. We include analytic
approximations to the results to allow easy modifi-
cation for Improved trace gas measurements. Final-
ly, we compare the computed trace gas warning in
the 1970's to observed global temperature change in
that decade and to natural variability of tempera-
ture on the decadal time scale.

Observed Trace Gas Abundances

CO2 has been accurately monitored since 1957
(Keeling et al., 1976). Tabular data through 1980
is available for several stations in the GCC re-
ports (Herbert, 1980) and from the National Climate
Data Center. The global mean increase of CO2 in
the 1970's was 12 t I ppm (parts per million).

*T. Mitchell contributed to this research as a
participant in the Summer Institute on Planets and
Climate at the Goddard Institute for Space Studies
and Columbta University.

Copyright 1981 by the American Geophysical Union.

Paper number, lL0156. IC
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CFCs have been monitored since the aid-1970's,
as tabulated in the GMCC reports. At the beginning
of 1980 there were about 180 ppt (parts per tril-
lion) of CC1 3F at Mauna Loa. The CC1 3F abundance
was 80 ppt at the end of 1973. Since almost half
of the cumulative CC1 F release to that time was
released in 1970-1973 (CKA, 1980), we estimate the
CC1 3 F abundance at the beginning of 1970 as 45 ppt,
and thus the increase in the 1970's as 135 ppt.

CI2 F2 abundance was -315 ppt at the beginning of
1980 and -250 ppt at the beginning of 1977. Just
over half of the cumulative prior CCI F2 release
was in 1970-1977 (CMA, 1980), so we estimate the
CC1 2F2 abundance at the beginning of 1970 as 125
ppt and the 1970's increase as 190 ppt. Observa-
tions at several sites (Herbert , 1980) and unpub-
lished 3-D model experiments which we have made in-
dicate that the difference between the Mauna Los
and global mean values was positive in both 1980
and 1970 with value of the order of 10 ppt. Error
in our estimated 1970-1980 CFC increases is not
likely to exceed 202 of the estimated increases.

Comparison of CH4 measurements in 1965-1980 by
several different investigators suggests an in-
crease of 1-3%/yr (Rasmussen and Khalil, 1981a,b).
Heidt and Ehhalt (1980) showed that some of the re-
ported measurements early in this period were prob-
ably systematically too low by 202, which could
account for a large part of the apparent increase.
Rasmussen and Khalil (1981a;b) argue that the total
available data suggest that CM4 is increasing about
i.7Z/yr. Recent gas chromatograph measurements of
Rasmussen and Khalil (1981a,b) indicate an increase
of 2±0.51/yr during 1979 and 1980. Craedel and
McRae (1980) measured an increase of 0.1 ppm for
1968-1977, -0.62/yr. We examine the effect of a
1970-1980 increase from 1.5 to 1.65 ppm, i.e.,
-0.92/year, as an intermediate estimate. Weiss
(1981) measured an increase of 0.21/yr in N20 abun-
dance for 1976-1980. This growth rate is consis-
tent with the long-term increase inferred from
measurements of stored samples (Weiss, 1981). It
is also consistent with the measurement by
Rasmussen et al. (1981) of 0.3±O.22/yr growth for
the period 1975-1980. We thus -estimate the 1970
20 abundance as 295 ppb (Weiss, 1981; Weiss et

al., 1981) and the decadal growth as 6 ppm.
We conclude that recent observations confirm

that our planet's atmospheric composition is far
from being imuztabla. We recognize that more pre-
cise future measurements may substantially modify
the estimated changes of specific trace gases.
Therefore, we give analytic expressions for the
computed greenhouse warnings, so the results can be
adjusted in accord with more accurate data.

I-D Rsdistive-Convective Model

The I-D RC model uses a time-sarching proce-
dure to compute the vertical atmospheric tempera-
ture profile from the net radiative and convective
energy fluxes. The radiative flux is obtained by
integrating the radiative transfer equation over

D35
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Equilibrium Warmings

We computed the equilibrium (t * a) warming
for arbitrary changes of the relevant trace gases.
and fit the results with an analytic expression:

ATeq('C) - 0.57(CH 4)
0
.
5 

+ 2.8(N 20)
0
.
6

- O.057xCH4xN 20 + O.l5xCC13F + O.18xCCI 2F2

+ 2.51n[ + O.005ACO2 + 10" 5(6Co2 )2 ]

C0

E0

0

Os -
CKi.OqO, LUOROCAR80O4
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-O 500 t000 1500

V(cM ')
Fig. 1. Transmission of thermal radiation by at-
ospheric gases for present day abundances. Ar-
rows indicate the locations of CFC bands.

all frequencies, using the temperature profile of
the previous time step and an assumed atmospheric
composition. The convective flux is the energy
transport needed to prevent the temperature grad-
ient from exceeding a preassigned limit (6.5"C/km),
which parameterizes effects of vertical mixing and
large scale dynamics.

The radiative calculations are made with a
method (Laci* et al., 1979) which groups absorption
coefficients by strength for efficiency. Pressure
and temperature dependent absorption coefficients
are from line-by-line calculations for) H20, COV2
03, N20 and CH4 (UcClstchey et a1., 1973) including
continuum H20 absorption (Roberts et al., 1976).
Transmission of thermal radiation by these gases is
shown in Fig. 1. Climatological cloud cover (50%)
and aerosol properties (Toon and Pollack. 1976) are
used, with appropriate fractions of low (0.3), mid-
dle (0.1) and high (0.1) clouds. Wavelength depen-
dence of cloud and aerosol properties is obtained
from Kie scattering theory. Multiple scattering
and overlap of gas absorption bands are included.

Model approximations and uncertainties are
discussed by Hansen et al. (1981). The model's
equilibrium sensitivity is -3

0
C for doubled CO2.

The model includes major feedback effects believed
to operate in the climate system. The sensitivity
for doubled CO2 is similar to the global mean sen-
sitivity of 3-D climate models (NAS. 1979). It is
widely believed that this equilibrium sensitivity
is correct to within a factor of two (NAS, 1979).

A detailed description of the radiative calcu-
lations will be given in a separate paper, includ-
ing comparisons with line-by-line and band model
calculations.

where the abundance are in ppm except CCI3F and
CC 2F2 which are in ppb; the CO2 amount is in ppe
above a reference value of 300 pp.. Equation (1)
fit@ the l-D model results to better than 52 for
abundances CH4 < 5 pp., N20 < 1 ppm, c1 2 2 < 2
ppb, CC13F < 2 ppb, and 2 < 300 pp.; the third
term corrects for overlap of the CH4 and N20 bands.

The sensitivity we find for increase of CFCs
from 0 to 2 ppb is 0.650C, significantly smaller
than the O.9"C obtained by Ramanthan (1975). This
difference warrants detailed comparison of the
models and assumptions employed, though we have
carefully checked our calculations and are confi-
dent that they are accurate. It is sufficient for
now to note that our conclusions would not be qual-
itatively affected by the existence of a stronger
sensitivity to changes in CFC abundance.

The equilibrium warning for the C02, CH, CFCs
and N20 added to the atmosphere in the 1970's fol-
lows from (1). As indicated in Table I sad Fig.
2, the 12 pp. increase of CO2 yields an equilibrium
warming of 0.141C. The other trace gases known to
have increased in abundance, CH4, 120 and the CFCs,
each yield a substantially smaller warming, but
their net equilibrium warming is 0.10*C, of the
same order as the CO2 warming.

Other trace gases should not alter this com-
parison. Ozone warrants special attention, because
of its strong band at 9.6pa (Fig. 1) and the pos-
sibility of anthropogenic effects on 03 abundance.
The effect of 03 on surface temperature depends
strongly on the altitude of the abundance change.
Tropospheric 03 is more effective than strato-
spheric 03 in influencing To because the strato-
spheric temperature responds more or less Locally,
while the tropospheric temperature is tied to the
surface by convection and dynamics. Heath (private
communication) estimates that stratospheric 03 at
30-50 km decreased -52 in the 1970's. This would
cause an equilibrium decrease of T. by -0.02. Hbw-

ever, anthropogenic effects could increase tropo-
spheric 03 (Logan et a1., 1978; Hameed, et al.,
1980); there is observational evidence for a small
increase in column-integrated 03 amount, but the
magnitude does not exceed measurement uncertainty
(Heath, private communication). Thus the sign of
an 03 influence on Ta is uncertain, but the magni-
tude of any effect in the 1970's should have been
small. Several other trace gases may have increas-
ed in the 1970's as a result of man's activities

Table 1. Creenhouse effects of several trace gases.

Arbitrary change 1970-19S0 change
Species i;o(ppb) 6a(p:b) ATsq(c) aoppb) (ppb) ATeq()

CH4  1600 1600 0.26 3500 ISO 0.032
N20 280 280 0.65 295 6 0.016
CCl3F 0 2 0.29 0.045 0.135 0.020
CCl2F2  0 2 0.36 0.125 0.190 0.034
CO2 300000 300000 2.9 325000 12000 0.14

1036
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(Wang at &L, 1976). It seems unlikely that the
equilibrium warnings of other gases exceeded a few
hundredths of a degree, but that could make the net
greenhouse effect of the non-CO2 gases as great as
that for CO 2 . Clearly # continuing inventory of
atmospheric composition is needed.

Our best estimate of the trace gas equilibrium
warming in the 1970'. is thus 702 of the CO2 varm-
Ig.' The major uncertainty is the magnitude of the

CR.4 growth, though there is general agreement of an
increase in the 1970'.. We conclude that the trace
gas warming was probably between 502 and 100 of
the 002 warning in the 1970's.

Expected Surface Warming, 1970-1980

The portion of the equilibrium warming which
would be expected to appear by 1980 depends on the
effective heat capacity of the ocean. The upper-
'mixed' layer (-100 a) of the ocean provides the
Initial reservoir to be heated by an increased
greenhouse effect. If there were no exchange be-
tween the mixed layer and deeper ocean, the mixed
layer would respond to incremental heating by ap-
proaching its new equilibrium temperature, To +
ATeq, exponentially with e-folding time

T - 6Teq0/f (2)

where Q is the nixed layer heat capacity and f the
initial net heating of the surface. For the trace
gases (including C02) added to the atmosphere in
1970-1980 (Table 1), f is 0.3 V i-

2 
(compared to -4

w m-2 
for an instantaneous doubling of C02). f is

independent of feedback and hence T, like ATeq. is
proportional to any feedback factors which amplify
6Teq (Hansen et al., 1981). Thus the relaxation
time T - 6 years, obtained from (2) for the above
value of ATeq and a 70m global mean mixed layer
thickness, applies to the model with equilibrium
sensitivity -3"C for doubled CO2 .

The feedback make T large enough that.the ex-
change of heat between the mixed layer and thermo-
cline cannot be neglected, further increasing the
time required to reach full equilibrium warning of
the surface. The lag in surface temperature re-
sponse can be estimated with a simple box diffusion
model (Oeschger et al., 1975) with instantaneous
mixing in the upper 100 a and diffusion into the
deeper ocean with diffusion coefficient
k - 1 cm

2 
*-l. This model, which is consistent

with other simple models for heat penetration into
the ocean (Thompson and Schneider, 1979; NAS; 1979;
Hoffert et al., 1980; Cess and Goldenberg, 1981),
leads to the conclusion that only about half of the
equilibrium warming for the gases added to the
atmosphere in the 1970's should have appeared by
1980. The expected greenhouse warning in the
1970's is thus -0.14C, plus residual warning from
gases added prior to 1970. The latter increment ts
probably not more than -0.05C, since increases In
trace gases other than CO2 were probably small
prior to 1970. The net greenhouse warning expected
for the 1970's is thus 0.1-0.20C.

Observed Atmospheric Temperature Trend

Recent analyses agree that the Northern Hemi-
sphere surface air and tropospheric temperatures
increased by about 0.1-0.2"C in the 1970's (Jones
and Wigley, 1980; Angell and Korechover, 1978 and

0.

I-
4

00
Cot CHs N&O CCtafa CCsF

elope,) (05000eb) 1+6,0 l 4150PPI} 44 i$$PI}

Fig. 2. Equilibrium greenhouse warnings for es-
timated 1970-1980 abundance increases of several
trace gases, based on l-D RC model with sensiti-
vity -3"C for doubled CO2

private communication; Hansen et al., 1981). The
latter authors also analysed the global mean temp-
erature trend, for which they found a similar in-
crease in the 1970's.

Normal fluctuations of the smoothed global
mean temperature are of the order of 0.1C for de-
cadal time scales. For example, the standard devi.-
ation, o, of the 5-year-smoothed global mean tamp-
erature of Hansen et al. (1981) is 0.1lC for 10
year intervals. Therefore, although the observed
global temperature change in the 1970' is consis-
tent with that expected from increased trace gas
abundances, the change is too snall to be confi-
dently ascribed to the greenhouse effect.

Global warming due to increased abundance of
infrared absorbing gases can be expected to exceed
natural variability in the 1980's, when the resid-
ual warming due to gases added to the atmosphere in
the 1970's should appear in observed temperatures
as well as about half the equilibrium warming of
gases added in the 1980's. The effect of trace
gases,.including CO2, is likely to be a warming 0.2
-0.39C in the 1980's. The total temperature rise
in the 1970's and 1980's should thus substantially
exceed natural variability for a 20-year period.

Discussion

The computed greenhouse warning for reported
increases of several trace gases in the 1970's is
about 701 as large as that due to the C02 increase
in the same decade. Despite uncertainties in the
abundance increases, we conclude that these trace
gases caused a greenhouse warming in the 1970's
comparable to that due to increasing atmospheric
CO2 . This reemphasises the conclusion of Wang at
al. (1976) that it is important to establish accu-
rate monitoring of a number of trace atmospheric
constituents including CH4 and N20.

There is little evidence that these trace gas-
es added much to the CO2 greenhouse effect prior to
1970. For exanRle, from their absolute abundance
we know that most of the CFCs in the atmosphere
were added during the past decade. However, the
combined growth of CO2 and other trace gases in the
1970's was sufficient to cause a net computed
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greenhouse warming for the decade similar in magni-
tude to natural decadal temperature variabiljkty,
and the combined warnings in the 1970'a and 1980's
shouldexceed natural variability. Indeed, unless
the greenhouse warming is counteracted by some ab-
normal cooling effect, e.g., volcanic activity much
greater than usual or a decrease of solar irradi-
ance, the global mean temperature should rise well
above the level of the 1930's. Several measure-
ments, especially of trace gas abundances and solar
Irradiance, are needed during the 1980's to permit
cause and effect association of observed warming
with the greenhouse gases.

These results underline the importance of un-
derstanding man's impact on tropospheric composi-
tion. It is now clear that several trace gases
significantly impact the radiation and energy bud-
get at the earth's surface and are capable of modi-
fying our climatic environment. It is thus impera-
tive to develop a basic understanding of the fac-
tors determining the abundance of such trace gases
and their sensitivity to anthropogenic influence.
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Reports
Global Sea Level Trend In the Past Century

4.

Abstract. Data derived from tide-gamige stations rhrouxhoul the world indicate
thai the iea n sees level raise ba about 12 crntimeters in th post 5enrtary. The sea
level change has a high correlation with the trend of global iurface air ietperature.
A large part 4 Me sea level rise can be accounted for in terms of the thermal
expansion of the upper layers of the ocean. The results also represent weak Indirect
evidence for a net aaeltiig of the continental ice sheets.

Sea level change is of current interest
because of its possible sensitivity to cli-
mate change. It has been suggested. for
example. that global warming due to
increasing atmospheric CO could nelt
the marine West Antarctic ice sheet,
raising the global sea level S to 6 m (1). A
%a kevel rise of a% little ats I ct may
double the probability of damaging storm
surges on the coast of Britain (2). Such a
rise would also cause substantial beach
erosion and the intrusion of seawater
into low-lying areas that are now fresh-
water regions.

Many processes affect the sea level
position measured on shorelines. Among
the most important are eustatic sea level
changes due to changes in the ocean
water volume, caused mainly by the
melting or growth of ice sheets. and
isostatic ad.iutnte1t', ofw the iftlh's Crust.
caused mainly by ice sheet growth or
decay and the associated change in the
ocean water mass (3. 4). "ls.-tlonic move-
ment an river sdimentation can gender
ate local s level trends comparable to
eussatic an isostatic changes, as can
changes in ocean currents and prevailing
winds, although such trends are of limit-
ed duration.

We used tide-aule nasure-ments to
estimate global sea level change in the
pal century. Dula from more than 700
tatkins were obtained from the Institute

for Oceanographic Science. Birkenhead.
Englaxd. We excluded stations with rec-
ords shorter that 20 years (a majority of
the nations) and stations in seismically
active areas such as the Pacific coast ol
Japan and in rapidly subsiding localities
such as Galveston. Texas, ad the Mis-
sissippi delta. The remaining 193 stations
were divided into 14 rckgios on the batis
of geographic proximity and the expect.
ed similarity of isostatic or tectonic be-
havior.

We reduced the individual station rec-
ordsto a common reference point by
fitting a least-squarcs regression line to
s level as a function of time and by

defining the zero point to be the value of
the repression curve for 1940. The annu-
al mean sea leel curves for stations
within a geographial region were then
averaged to yield a mean sea level curve
for each region. We obtained the global
mean sea level curve by averaging the
regional mean s level curves, weight-
ing each region equally (excluding the
isostslically uplifting region of Scandina-

via). Sea level trends. obtained by fitting
a regrestion line through the mean se
level curves, are summarized in Table 1.

We also attempted to remove the long-
term (tsualy 60O-year) sea level trends
from the station data in order to obtain
abort-term Sea level fluctuations, which
are perhaps more appropriate for corre-
lotion with gkbal climate variations in
the past century. The cause of the long.
term trend is uncertain. It has been ar-
pied that as much as 90 percent of it is
residual isostatic uplift of continents due
to the removal of the Wisconsin ice
sheets (4). However, the Iong-term trend
may contain a eustatic component. for
example, due to a change in volume of
the Antarctic or Greenland ice sheets.

The estimatesTor long-term sea level
change are based on HC dating of mea-
sured positions of shoreline indicators in.
the geologic records. lot 4 xwple, mol.
lusks. corah, and b.c.kish water pets
(5). The 6(0V-year time in,-rvai was cho-
sen to be a large as possible without
approaching lie period of the North
American an European ice sheets. thus
minimizing the effcc of erro.'s in the
estimated e level utnd. However. for
Scandinavia, where there has been a
lugh rate or isostatic uplift since the last
deglaciation. we used as a time interval
the last 2500 years to improve the likeli-
hood of obWnin&a linear trend applica-
ble to the past century. We corrected the
dating or sea level positions to use the
recent 5730-year estimate ror 1C half-
le (6). rather than te 5570-ytr stan-
dr that had been usedfor most of the
recorsh (). WWdto acco"I rot past at-
mosphecric "'C fluctuations (7).

Table I. Sea level tends. 11110 to 1960. including correction for IonS-term (60JUO-year) trend%.
Sea level tead. IM0 to 1960 Corrected sea level trend, 1680 to 1960

Region Number Unear 9Sl Cou er Unear 95% Conl-
or tend dence limit trend dence limit

(cm/ (csna (cm (cm/
100 years) I00 years) 100 years) 100 years).

West coast. North Amesca 16 10 2 1 8 3
Gulf coast and Caribbean 6 23 4 4 16 5
East coast. North America 32 30 2 30 15 2
ulrmud I 26 %. I 20 I6
West coast, South America 8 19 31 2 -3 3
Eas coast. Souh Amenca S 4 It 2 16 Il
Africa 2 32 31 0
Southern Europe 15 32 2 7 7 2
West Central Europe 7 13 2 3 4 2
Southern Baltic 21 4 2 14 5 2
SCAN via 47 -370 P 10 10 3
Asia 9 4 3 2 2 4
Austrah 9 13 3 0
Pacific Ocean Is 19 3 6 6 4

Global mean 193 12 1 66 10 I

Not acluded ia t04 Slbol avamp.
+to be'published in Science , March 26, 1982
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The raw global a level tread that we
obtain for the pest century is a rise or
about 12 cm per century. After subtrec.
ion of te long-term trend, the result I a
rise o( 10 cm per cenury or I mnunyear.
The ineled log.term tread o 2 cm per
century l very small u compared to the
ln-term trends o( I m per caury or
more that we common at times of "Mi-
metal ice she growth or decay 0).
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Fig. I. kegionaI nean %cm kvel Irendts. Th"
heavy tine. are 3-year running means. Long.
rant t60ayear) trends ive been subtmrct-
ed.

Evideaty th pas few millenia have
remalae to warm to permIt Ie she
bf1111111nsis eth Noth American or
Em " coaasna but too cold for sub-
NMt aling oftW Greenland or Am.
arclic ice dhe.

We kid that sea level rue in the pIst
century In every geographical region ex
cept Scandinavia. and, after corrmt
for lorgterm trends, wea kvel rose in
every region except the west coast of
South America where the change is
smaller than the uncertainty b" on the
9 percent confidence limit. We thus
believe that this u level rise is a true
jiobat trend and not. for caple. a
rsult of some regiold variation ia the

The se level trt, dwel&d is similar to
that obtained byO ,enberl I. I mm year
for the period 1807 to 1939 (8)), Fair.
bridge and Krebs [1.2 ram/year for 1900
to 1950 (9)1, and Us.. n 11.12 mm year
for 1107 to 1943 (I0). -ven though their
studies were based r 5a much smaller
number o(tide gau stations. However.
this rise is much fess than the value
recently reported by Emery 13 mm year
for 135 to 1975 (11)J. Emery included
stations in region, of known strong local
uplift an subuijence (for example.
scandinavia and the cast cuaki of Jalisn)
aM weighted each station equally; the

a

~1
£

-4

.OL--
lSO

result was that Scandinavia, Japan. and
the ease oa(t e United Staes were
heavily we hed. Emery (11) also re-
ported lare incmase in sea level (7
mmywr) in the decade 1966 to 1975 on
the southea coast of North America.
and Winle and Harlem (1)) claim that
us level rose 10 to 14 cm in he past

decade in South FWorida; their result Is
based on te displacement o( intertidal
organisms on seawais and bridge pil.
inst. Our data Fin. 1) show the stmp
rise in that region for 1%6 go 1973. but
tie rise wat no gLsbal nd e level
decrease in t1e eastern Lited States
for tL seriod 197) to 1977. Evkkmliy
long-term trends cannot be "timated
from changes over 5- to l0-ytar periods
fora single region. Even tk obal aver.
age curve (Fig. 2) has Ntable shor-term
variability.

The lobl e level trend for the Past
century has some similarity to the trend
in global surface air temperature (13). To
quntiy ths, we computed the cosreb-
ion coeicnt between our A se

level curve and the glbal temperature
curve of Hansen ,na. (13). obtaining 0.6
when the annu ,an curves ar used
for both ,,nititics ..-d 0 8 when the 5-
year nmaing means are ,ed. Most of
the V'usitive eoceion arises from the
general increase in both sea level and

1620 Daee
1O0

Vit 2. Gibal mesa wea level tried rom il-puec data and cominrwn tu the thcrini
expansionof u proce a ob 0 acd from the modl o Hansen rial. (IJl tbe their equation V
OW tbe hat OU into lte oCean). lh radiative forcing used was COz vocaoes + sun Ifiure
S in U0. but a "sar rsul woul be obtained for oh.r orcinjt that fA the oburved global
emperaure trend; AT,, is he quatbrum %tan ivily ofik i model (or doubleJ CO . and & i the

dusio coelkiat beneath th nised layer.

I

I

0

A oeq 6.0C (k-i.1 Cat O"

A Teq" 0.6's (C-li c- i sec -1)

AT.o0 -. 4°C Ck-Ocim'sae-')
I I I 1
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sempcrat.rc. Since ome mig'vt expect a
sIn le between tempcnumre ch
and sea kvel, we fitted a liner relation
between our s level curve and the-otmpap*ue trend.

flu- b (I)

when 66d w ae the S-year am" of
low sea kveland temperature. respect.

tiv,')y.i I is times. T0 parameters a
and b were obtained by lest-squar

new rwession. nd the time la Is was
chosen to minine the vaiance be-
tween 9q. I and the ea level curve. The
msults were a- 16 cm K"1, b - 0.3
cm. and r. a 1l yewts.

The sea leve, vA ten, ratut records
ae too short :o allow much 64rificance
to be atwhed to this relationship. Nev.
ertheless, it is interesting that the time
lag of i years is of the order of the
thermal relaxation lime for the upper
layers of the ocean, that is. the layers
that are mixed in a time less than or
comparable to the thermal relaxation
time. This result suggests that par of the
sea level rise may be attributable to
thermal expansion. a possibility we can
tess by using the heat fluxes from the
one-dimensional model of Hansen es al.
(13). The two primary parameters or
"luning knobs" in that model are the
equilibrium sensitivity (say. AT,1 for
doubled atmospheric CO) and the rate
of mixing of heat into the ocean beneath
the mixed layer (specified by a diffusion
coefficient A). Figure 2 illustrates the sea
level change obtained for three values of
the model's equilibrium sensitivity. k be.
ing constrained in each case to the value
providing the best igreement with the
obberved global temperature trend of the
past century. With the commonly ac.
cepted value for 6Tc, o - 31C. about
half the observed sea level change is
accounted for in terms of the thermal
expansion of seawater. We tried other
models for the mixing ef heat into the
ocean and obtained similar results.

We conclude that a large part. but
probably not all, of the sea level rise of
the past century is due to thermal expan-
sion of the upper ocean. These results
theref re also provide weak evidence for
a decrease in the volume of the nonocean
reservoirs of water. Some pound water
levels are known to have receded recent-
ly. For example, the huge Ogalalla reser-
voir in the high plains of the central
United States may have dropped by sev-
eral tens of meters (14). equivalent to a
drop of a few millimeters of sea level. It
seems possible that a sea level rise of a
few centimeters could be accounted for
in terms of a lowering of global ground
water levels. On the other hand, the

trapiinjotwater behind slam in the pust
century may have redilced sea level by I
to 2 cm (IS). Th. hs net -ho-g In the
water reservoirs of land arm ta Proba-
My not a --eor e4ause of seA kvel

The magnitude of the gobal e, level
ris therefore suggests that therehas
been a small aet melting of the ice
sheets. Although the present evidnce is
weak, continuation and refinement of
t type of anaysis is potentially impor-
tant. As yet. direct observations of ice
sheet mass balance are not sufficiently
accurate to establish even the sign of any
trend (16).

A key application Of tbe globil sea
level tread concens the potential de-
struction o tLe iarit Wes Antarctic
Ice sheet (I). It can be argued tht the ice
sbeet is toW close to disintegation, be-
cause it survaveo the Alt:thermal
(--500 years ago) when the go
mean temperature was perhaps IC
warmer than today. However, sea level.
as well as temperature. must affect the
ice sheet's stability. As indicated above.
sea level has been Nat. perhaps even
rising slowly, over the past 5 00 years.
With the 10-cm rise of the past century.
s level must now be at or near its

highest level since the earlier intergla-
cial. the Eemian 100.000 years ao (17).

Thus it is not inconceivable that the
situation is near a point at which contin-
ued warming and rise of set level could
cause rapid. highly nonlinear Uisimcgr.-
tion of the ice t' (1). 0.'" s would
emphasize that we have no evidence for
such a process Indeed. the sea keel
change we have deduced appears to De
linear with temperature. and mainly a
result of the thermal expansion of seaw-
ter. Nevertieless, since sea level is at a
high point and rising, the West Antarctic
ice shect warrants close attention.

Continued ries of sea level is
likely In the cet future, if predic-
tiona of global worming (13) Ora coT-
tact. The thermal expansion of sea
water may rate sea level about 20 to
30 cm in the next 70 years (1); if
slow ice shet mlting increases this
by the sm factor a id the pest 100
years, a *ea level rime of about 40 to
60 cm would occur by 2050. Thus we
believe that subetantial sea level
change say occur even without rapid
Cc apse of the West Antarctic ice
sheet .

,lure is a clear need for improved
observations. A direct measure of ice
sheet growth or decay could be obtained
from obbervatiois of ice sel '"macal cov-
erate and the altitude of the upper sur-
face of the ice sheets that can be moni-
tored by satellite. It is also desirable to
mea'ue the changes in the temperature

profile in the ocean; these measurements
would provide more expliit formation
on heat penetration and would serve as a
crucial tesW of ocean-famobphere climate
models.

Finally, there is a need for observa-
tios and studies of sea level in the
IM's. A sharpglsa warming trend has
been under way sin the mid-lVW'*
(J). and the current growth of atmo-
spheric CO2 and trce pses virtually
assures that this trend will continue (18).
The sea level response to this warming
should be carefully determined to aid our
understanding o( the processes and to
allow early detection of any nonlinear
response.
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Mr. GORE. Thank you very much, and thank you for'your excel-
lent work. We will withhold questions until we have heard from
Dr. Kukla.

Without objection, your statement, Dr. Kukla, will be made a
part of the record at the conclusion of your oral presentation, so
please proceed.

STATEMENT OF DR. GEORGE J. KUKLA, SENIOR RESEARCH
ASSOCIATE, LAMONT-DOHERTY GEOLOGICAL OBSERVATORY
Dr. KUKLA. Thank you, Mr. Gore and Mr. Scheuer.
I have prepared a written statement, and if you agree, I will now

summarize the main points of the statement.
You asked me to report on the decrease of the pack ice around

Antarctica, the connection of these findings with the carbon diox-
ide concentrations, and the research which is needed on these and
related topics.

Now, I will report on the results which I obtained during the last
year, together with my coworker, Gavin, and which were published
in detail in Monthly Weather Review and in the journal, Science. I
actually gave you copies of those articles.

Mr. GORE. Yes; we have seen that.
Dr. KUKLA. Right.
The research was funded by the climate dynamics program of

the National Science Foundation. What we studied were the satel-
lite-derived weekly charts of sea ice boundaries produced by the
U.S. Navy, recently in cooperation with the National Oceanograph-
ic and Atmospheric Administration.

We also studied the satellite-derived weekly snow charts pro-
duced by NOAA, the oceanographic atlases, the sea ice observa-
tions made by ships in the past years, and the statistical -treatise
made by Russians on the surface Earth temperatures in the North-
ern Hemisphere. These data are more detailed than the studies
which we have currently, available in our country.

Now,'some of that satellite information is quite colorful. As you
see, this is the NASA microwave imagery of the Antarctica, so our
study is not completely boring in this respect.

So what we found is, that in late spring and early summer, the
sea ice along a large segment of Antarctica is considerably less ex-
tensive in recent years than it was in the 1930's. I would like to
clarify one point because I am afraid that there is a misunder-
standing shown in at least in'part, of the remarks which I heard
here.

Our findings refer to the sea ice, which has nothing to do with
the glacier ice sitting on the continent of Antarctica. So the
changes which we report are changes in the pack ice. They will
produce no change in the sea level whatsoever because of the proc-
ess that you explained.

Mr. GORE. But, presumably, the same process can be inferred to
be happening with the other ice as well.

Dr. KUKLA. There would be -an impact, or there may be an
impact, of these changes on the ice sheet, but what we are talking
about now is the sea ice.

Mr. GORE. All right.
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Dr. KUKLA. We also found that, while in the mid-1970's the zonal
mean surface air temperatures in the high latitudes of the North-
ern Hemisphere were cooler throughout most of the year than in
the mid-1930's, they were warmer at the time when the seasonal
snow and ice cover in corresponding zones dissipates, which is in
spring and in summer.

In other words, we have found that the cooling which occurred
elsewhere in the 1940's, at least in the Northern Hemisphere, did
not occur in spring and- summer along the snow and ice margins.
Now, this is a geographic zone in which the so-called snow-albedo
feedback takes place. Is it understandable what the snow-albedo
feedback is?

Mr. GORE. The albedo effect is the reflection from the surface of
the ice and snow of some of the heat that comes in the form of
lightwaves. Is that what you are talking about?

Dr. KUKLA. Yes; that is how it works. The small-increase in the
Earth surface temperature along the snow or ice margin would
produce a melt in that zone. Now, because snow reflects most of
the solar radiation back into space, the surface over snow remains
cool. However, when the snow is removed by this melting, the
ground gets heated, heats the air, and in turn, then, produces the
faster--

Mr. GORE. So it becomes an exponential curve.
Dr. KUKLA. That is correct, yes. That is how it is.
Now, our findings have an implication for the detection of the

carbon dioxide climatic impact. This is because several numerical
climate models predict that the strongest increase in the short-
wave energy absorption resulting from the doubling of carbon diox-
ide will occur in the snow and ice marginal belt during spring and
summer. The energy balance model of Ramanthan and his coauth-
ors predicts the strongest carbon dioxide warming in the Northern
Hemisphere to take place at the time and in the latitudes where
we actually observed the recent warm anomaly. -

This means that the recent changes in the snow and ice margin-
al belt in spring and summer are in line with the expected result of
the increasing carbon dioxide. The link, however, between carbon
dioxide and those changes cannot be established with certainty.
That is because there are other natural and manmade variables
unrelated .[ carbon dioxide which can influence the climate in the
snow and ice marginal belts and produce the observed changes as
well.

There are, for example, large year-to-year and decade-to-decade
variations in the extent of the sea ice which may be related to the
oceanic circulation, and there are similar large changes with the
precipitation, including snow.

I would like to underline this difficulty, because to document
that any climatic change is due to the carbon dioxide is, of course,
a very important task. But it is really very difficult to substantiate
such a statement.

At the same time, what we have learned thus far about the sea-
sonal and geographic aspects of the recent climate anomalies is,-in
my opinion, highly suggestive of the carbon dioxide impact. A sig-
nificant climate change due to the continuing increase of the at-
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mospheric carbon dioxide in the coming decades is a real possibil-
ity.

Now, in my written testimony, I list several other problems with
our data sets which, however, I am convinced, do not influence our
conclusions.

As for the reliable prediction of the future carbon dioxide climat-
ic impact-future meaning, say, 50 or 60 years ahead-in my opin-
ion, this is not yet possible. The reason is that we still do not un-
derstand the background of the variations against which the
carbon dioxide-induced climate change is to be measured.

I agree that the numerical climate models have taken us a major
step forward toward explaining the physical background of the cli-
mate systeni, but they are still too simplistic to explain the many
delicate interactions through which the climate changes.

We are still, for example, unable to explain the climatic develop-
ments of the last several years, and this situation dictates the pri-
orities of the carbon dioxide impact research program, which I see
as follows:

First, we need to identify all significant variables which are re-
sponsible- for the climate variations of the past 50 years, not only
global but also on a regional scale and to determine the degree to
which these affected the climate. This will require a balanced pro-
gram of monitoring, analyzing, and modeling of the key variables
affecting the regional climates.

Second, we will need to project the future changes of the key var-
iables identified as influencing climate.

And, third, we will have to predict the carbon dioxide impact as
an integral part of the composite climate system where the varia-
bles unrelated to carbon dioxide also change, so we will have to ac-
tually reconstruct the whole picture, not only the carbon dioxide
picture.

I would like to make one point here, that by approaching this
principal objective, at the same time, we will bring a considerable
improvement in the season-to-season and year-to-year weather fore-
casts. I would especially like to call for improvement in our under-
standing of the processes taking place in the marginal snow and ice
belt.

I would also like to see more analyzing of the regional aspects of
climate change, especially in the densely populated areas and the
major agricultural belts where the social impact of changes is
greatest.

We need to expand the analysis of climate change to unconven-
tional variables with high economic impact such as are frequency
and intensity of extreme weather conditions like, for example, kill-
ing frosts, droughts, and so on.

I thank you for the opportunity to present my testimony, which I
hope will help you with your decisions, and I am ready for your
questions.

[The prepared statement of Dr. Kukla follows:]
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Dear Mr. Scheuer and Mr. Core

You asked me to report on the decrease of pack-ice around Antarctica. the

connection of these findings to the C02 concentration, and the research needed

on these and related topics. My statement will summarize the results which I

obtained during the last year together wi th J. Gavin and which were published
A2

in more detail in the journals Monthly Weather Review and Science 2 The

research was funded by the Climate Dynamics Program of National Science-Foun-

dation. Our results show that the recent sumnmer pack-ice area around Antarc-

tica is less extensive than in the -1930's. We found that the zonal mean sur-

face air temperatures at the time when the seasonal snow and ice cover melts

In the high latitudes of the northern hemisphere are higher than in the

1930's. I will discuss the possible relation of the observed phenomena to the

rising concentrations of atmospheric CO2 and recommend the research tasks

which I consider of high priority.

Our study was based on the satellite derived weekly charts of sea ice

boundaries and concentrations produced by the U.S. NAVY and recently by the

NAVY/NOAA Joint Ice Center. We also used satellite derived weekly snow cover

charts produced by NOAA, oceanographic atlases of the southern ocean, several

publications on sea ice observations from ships and a statistical treatise of

the surface air temperatures in the northern hemisphere between 1891 and 1978

published by the Hydrological World Data Center in the U.S.S.R., which is more

detailed than the' studies available in our country. A detailed listing of the

sources and the description of our methodology is contained in reference 2.
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- indings

1) We found that in late spring and early summer the sea ice along a

large segment of Antarctica between 60W and lOO" longitude is less

extensive in recent years than it was in the 1930's. About four

fifths of all the summer ice edge positions reported in the 1930!.

are north of the corresponding recent average lines and about one

third of the reported positions are further north than the maximum

extent registered since 1973.

2) We also found that, while in the aid 1970's the zonal mean surface

air temperatures In the high latitudes of the northern hemisphere

were cooler throughout most of the year than in the mid 1930's, they

were warmer at the time when the seasonal snow and ice cover in

corresponding zones dissipates in spring and summer (cf. Fig. 1).

3) We therefore tentatively concluded that the cooling which occurred

elsewhere since the 1940's did not occur in spring and snmer along

the snow and ice margins. This is a geographic zone in which the so-

called snow-albedo feedback takes place.

Links with the CO2 Rise

4) The above findings have implications for the detection of a CO2 cli-)

matic impact. This is because several numerical climate models pre-

dict that the strongest increase in the short wave energy absorption

resulting from the doubling of CO2 will occur in the snow and ice

margirial belt during spring and summer. The energy balance model of

Ramanathan, Lian and Cess 3 predicts the strongest CO2 warming in the

northern hemisphere to take place at the time and in the latitudes

where the recent warm anomaly was observed (Fig. 2). Our findings on
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the southern hemisphere sea ice are in line with eartAP116ublished

reports on the recent increase in surface air tmperatures tt tony

southern ground stations4 and with the warmer post-war sea surface

temperatures around Antarctica as compared to the 1930's. Some of

these observations were'previously correlated with the CO2 rise
5 .

5) We therefore concluded that the recent changes in the snow and ice

marginal belt in spring and summer indicate a warming trend which n

be the result of Increasing O2. The reason why the link is still

certain will be discussed later in my statement.

6) What I believe in established beyond reasonable doubt is that the

climate did change within the last 40 years and that the change was
o6

not uniform geographically or seasonally. While most data suppor-

ting this statement refer to the annually and seasonally averaged

surface air temperatures, the precipitation pacterns and other

aspects of climate changed as well.
7

7) The origin of the recent climate change is not known but it is highly

probable that the causes are multiple. Based on what we know of the

physical behavior of carbon dioxide and based on the results of cli-

mate models, it Is probable that CO2 is one of' the important factors

in recent climate change. Nevertheless, in the middle and high lati-

tudes of the northern hemisphere, the CO2 increase did not reverse

the cooling trend observed in the annual mean temperatures of the

last 40 years.

8) Some of the other variables suspected of influencing recent climate

on different time and space scales are:

-dust and gases released by volcanic explosions,

-dust and gases released by industry,
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.-dek1du4ig9dVlrial and urban heat

-land use related changes of surface albedo and evaporation rates)

-variations In solar activity.

LMimtatlons

9) The changes observed along the snow and Ice margin can not yet be

linked to the CO2 increase with certainty because of the following

probleast ,

a. Other natural . and man-made variables unrelated to O02 1such"

those listed in paragraph 8t can in luence the climate in the

snow and ice marginal belts and produce the observed changes.

We do not know enough about the processes taking place In these

zones to reliably differentiate the climatic impact of 0O2 from

that stemming from other causes.

b. There are large year-to-year and decade to decade variations in

the extent of the sea-ice which some climatologists believe

result from the shifts in oceanic circulation. For example the

recent decrease in the summer sea ice area around Antarctica

between 1973 and 1980 by 2.5 mill sq. ka, which followed an

episode of. sea ice growth between 1968-1972, may be "to a large

degree due to such a short term variability. There are similar

large variations in precipitation including snowfall.

10) I mentioned these limitations to underline the difficulties of docu-

menting, that any climatic change is due to increas.4 CO2 . Such

proof is extremely important, but very difficult to substantiate. At

the same time, what we have learned thus far about the seasonal and

geographic aspects of the recent climate anomalies Is in my opinion

highly suggestive of the C02 impact. A significant climate change
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due to the continuing increase of the atmospheric carboa.dioxde In

the coming decades is a real possibility.

11) Currently our observations cover a relatively short time spade and are

* geographically limited. "' For example the ship observations from the.

1930's are available in sufficient density from part of the southern

ocean -only, and may not be representative of the seas surrounding

Antarctica as a whole. Also, differences may arise between some ship

observations of the sea ice edge in the 1930's and the modern ones

based on satellite data.

In the published articles 1,2 we compared only two pentads to illustrate'

the change of the surface air temperatures in the northern hemisphere. Subse-

quently we confirmed these trends using larger sampling intervals (10 and 24

years) and making comparisons to the 1931-1978 average.

The zonal mean temperatures in the northern hemisphere vere taken from a

published reference 8 for which the original input information is unavailable.

Therefore we were unable to test the data quality and representative-

ness. However, T. Barnett 9 at Scripps Institute of Oceanography made a

comparison with the NCAR tapes and found reasonable agreement for the land- -

dominated middle and high latitudes to which our results refer.

Since the zonal mean. temperature departures are residuals from local

temperature anomalies of both signs, it would be desirable to determine the

anomalies along the shifting snow and ice margins In more detail.

Projections of the Future CO2 Inpact on Climate

12) In my opinion a reliable prediction of the future C02- climatc impact

is not yet possible. This is because we still do not understand the

background of variations against which the carbon dioxide induced

climate change is to be measured.
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-a. Although the numerical climate models have taken usa major step for-

ward toward explaining the physical background of the climate system,

they are still too simplistic to explain the many delicate Interac-

tions through which the climate changes.

Our predictions of climate 100 years ahead would be more reliable if

we first accurately explained the climatic developments of the last

50 or so years.

13) This situation didtates the priorities of the CO2 impact research

program, which I see as follows:

-First, to Identify all significant variables which are responsible

for the climate variations of the past 50 years on regional as well

as global scales and to determine the degree to which they affected

climate. This will require a balanced approach to monitoring, quan-

titative analyzing and modeling of all key variables affecting

regional climates.

-Second, to project the future changes of the variables identified as

influencing climate.

-Third, to predict the CO2 impact as an integral part of the composite

climate system, where the CO2 variables unrelated to CO2 also change.

14) Some previous strategies placed strong emphasis- on the research of

the CO2 impact only, assuming that other variables in the climate

system will not alter significantly. In my opinion such approach is

short sighted.

Arguments were also made, that other contaminants released by burning

of fossil fuelslreside in the atmosphere for a relatively short time,

have as- yet only regional distribution, and therefore have no clima-

tic impact. I disagree since the global climate is a composite of

98-227 0-82-6
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regional climates# just as the global climate change is an integer of

regional climate changes. Since most of the world's population

happens to live and raise food in the. regions directly affected by

the release of industrial pollutants, we should pay more attention to

the regional aspects of climate change.

15) By approaching our principal objective, the prediction of future cli-

mate, we also will necessarily bring a considerable improvement in

the season-to-season' and year-to-year forecasts. To reach the goalie1

think we need substantial improvement in several areas, Among these

are:

-observing, monitoring, physical understanding and modelling of pro-

cesses taking place in the marginal snow and ice zone. It is espe-

cially important to gather data needed for improvements and verifica-

tions of numerical climate models,

-analyzing of regional aspects of climate change especially in the

densely populated areas and in the major agricultural belts, where

the social impact of the changes is greatest,

-expanding the analysis of climate change to unconventional variables

with high economic impact such as frequency and intensity of extreme

weather conditions (heavy rains, killing frosts,'droughts, etc.).
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Summary

In summary we found that the cooling which affected the middle and high

latitudes of the northern hemisphere since 19401s is not present along the

melting snow and ice margins, where some climate models predict the strongest

impact of C02 on the surface energy exchange. This finding is an indication

that the increased concentration of carbon dioxide at present levels is

already Influencing the climate system.

More data needs to be gathered and numerical climato models significantly

improved before a reliable prediction of future climate will-be possible.

I thank you for the opportunity to present my testimony,, which I hope

will help in making your decisi ons. I'll be glad to answer any questions you

might have.

Lamont-Doherty Ceological Observatory

February 11, 1982

George J. Kukla

CK/bh
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Association of recent positive temperature anomalies
(full circles)'with the belt of melting snow (cross
hatched) and the CO sensitive zone of Ramanathan et.
al.(3)(stippled). The snow margin is defined as the
zone where the 1974-1978 mean weekly surface albedo
was between 33 and 66 percent of the multiyear range.
Intervals along 55', 65", 75* and 85"N, where Ramana-
than et. al. (3) predict an Increase of zonal mean
temperatures larger than 4*C due to CO2 doubling, are
stippled. The sale of the predicted temperature in-
crease is shown on the right.
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Mr. GORE. Thank you very much. Thank you both.
Let me ask you, first of all, Dr. Kukla, how-would you measure

the extent of the ice melt from the 1930's to the present day? You
have just completel-thwse measurements. Do you measure ice in
terms ofocubid mil6? What is your unit of measurement?

Dr. KUKLA. Square miles. But, generally, we have to use square
kilometers now because, you know, the journal Science wants it
that way.

Mr. GoE. Well, can you convert it to square miles?
Dr. KUKLA. Oh, yes.
Mr. GORE. Or use square kilometers. How many square kilome-

ters are we talking about?
Dr. KUKLA. We are talking about, at the end of November and

December, the peak summer season in the Anarctic area, a change
of some 2 and a half degrees of latitude, which means a belt of, say,
250 kilometers or 300 kilometers in width, all around the--

Mr. GORE. All around the pole.
Dr. KUKLA. Yes; the belt, around Antarctica. So, it is a consider-

able figure.
Mr. GORE. Well, now, what I am trying to get at is the difference

between the 1980's and the 1930's.
-Dr. KUxLA.,Right, 1970's and the 1930'S.
Mr. GORE. Yes.

- Dr. KUKLA. That would be it. In the 1970's, we see that the belt
some, say, 300 kilometers wide, is actually now in summer occupied
by ocean rather than by ice, which was the situation in the 1930's.

Mr. GORE, So you are talking about an amount of ice in Antarcti-
ca that has melted already. You are talking about a band 180 miles
wide circling the continent of Antarctica. That is the amount that
has already melted?

Dr. KUKLA. That process is not continuous. There are large oscil-
lations from- one year to another. We took the average extent of ice
in the satellite decade, the time when we have the satellite data,
and we again took as many years as we could have obtained from
the 1930's with the ship records, which was practically the whole
decade, and then wecompared-these two averages.

Mr. GORE.' Yes; and when you take out the fluctuations from
summer to winter and from year to year and compare the average
for the decade of the 1930's to the average of the decade of the
1970's, the difference in that average is a band of ice 180 miles
wide circling the continent of Antarctica that has melted, presum-ably, since the6 1930's.Dr. KUKLA. Yes. We do not have data for the whole of Antarcti-

ca, I mean, for all the circumference of Antarctica, because the
ships were not coming frequently enough to the other parts. But
we have a pretty large segment.

Mr. GORE. I see.
Dr. KUKLA. From that segment, we assume that a similar thinghappened---Mr. GORE. All the way around.

Dr. KuxLA. Yes.
Mr. GORE. All right. Now, that is one piece of evidence that has

become, available in the last 6 months. Mr. Hansen, you have pro-
vided two more pieces of evidence. First, with respect to tempera-
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ture, you are testifying that in this century, the temperature has
gone up worldwide 0.4 degrees Centigrade. Again, this is difficult to
measure because there are such fluctuations from year to year,
anyway; it is hard to step back and see the longer trend.

Butyou have now done that at NASA, and you are saying that it
is 0.4 degrees Centigrade, since 1880, is that correct?

Dr. HANSEN. That is right.
Mr. GORE. Now, the second piece of evidence that you have given

us is that the sea level has gone up, what, about 4 inches?
Dr. HANSEN. That is right, 10 centimeters or 4 inches.
Mr. GORE. And that if this process continues, it could go up 20

feet?
Dr. HANSEN. Well, that would require melting the entire West

Antarctic ice sheet, and that is a possibility. Some scientists think
that, if it begins to warm in the region of the West Antarctic ice
sheet, pieces of the ice sheet will begin to break off and, in the
process of wave action, the crashing of icebergs against ice sheets,
it could disintegrate rapidly.

But the weight of opinion in this scientific field is that it would
probably require a couple hundred years for that to happen.

Mr. GORE. Now, the periods of time discussed by earlier witnesses
was 50 to 60 years. Might we see dramatic shifts in climate as be-
tween different latitudes in the U.S. Midwest, for example, before
that 200-year timeframe?

Dr. HANSEN. Yes; I certainly think that is possible. Most of the
climate modeling has been done with a simple test case in which
the amount of carbon dioxide in the atmosphere is doubled. The
models show that this would have very large climate effects.

With the rate that energy use is increasing at this time, it prob-
ably will be sometime in the middle of the next century, about 75
years, before we would reach that point. It is very possible that the
climate changes before that time Will also be large, but there has
not been a significant attempt to model the transient climate
changes that you would expect as carbon dioxide slowly increases
at the rates that it currently is increasing.

Mr. GORE. What has been the reaction of the scientific communi-
ty to these rather startling results that you have recently reported?

Dr. HANSEN. In the case of the temperature increase, there has
been confirmation from two different groups, who get quite similar
results to that which we report. In the case of the sea level effect,
there was, in addition to our paper which was published recently in
Science, another paper by NOAA researchers which discuss a
somewhat larger increase in sea level. The cause for-the differences
in our results remains to be determined, but there is general agree-
ment that there has been a sea level rise. So-both empirical pieces
of evidence are agreed upon by scientists.

Mr. GORE. Is it fair to say that, as a result of the physical evi-
dence that has been presented within the past 6 months, there is
nowa consensus within the scientific community that the green-
house effect is in fact occurring?

Dr. HANSEN. That is a difficult question. I think there is a con-
sensus that the greenhouse effect is real and that substantial cli-
mate change will accompany large changes in atmospheric carbon-
dioxide. Whether that greenhouse effect is now large enough to be
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noticeable with these beginning indicators, these first indicators, I
think would be debated by some scientists, because of the natural
variability of the climate. As I showed in my first vu-graph, there
are other factors which influence global climate. Until we have a
handle on those, it is perhaps premature to be very definitive about
the greenhouse effect already occurring.

Mr. GORE. But the consequences of the effect, if it is real, are so
incredibly unthinkable that we ought to get a handle on the prob-
lem. Is that your view?

Dr. HANSEN. That certainly is my view, yes.
Mr. GORE. So you would not advise us to dramatically cut back

the efforts in the scientific community to find out whether our
Nation and the other nations of the world are facing this problem
or not?

Dr. HANSEN. No. As I discussed in my testimony, there are sever-
al difficult problems which need to be resolved in order for us to
have a good handle on the problem and to be able to predict the
future climate consequences.

Mr. GORE. It seems to me, Mr. Chairman, that it might be a good
idea for our two subcommittees to explore the possibility of propos-
ing another International Geophysical Year to immediately orga-
nize international efforts to assess the extent of this problem, to set
up the monitoring stations that have been advised, to improve our
measurements on the ice pack and the sea level, and satisfy our-
selves that it is not occurring, because, otherwise, the challenge to
our country and other countries to take steps that would solve this
problem are such a massive challenge that we might not be able to
do it if we do not get started right away.

So I think we ought to step up our efforts to find out whether in
fact the problem is real, and I think it ought to be done on an in-
ternational basis.

Mr. Chairman?
Mr. SCHEUER. Well, thank you, Mr. Chairman. I was very much

impressed with bhe testimony of the two witnesses. In effect, they
sort of compound our problem of knowing what to do, the order of
magnitude that ought to be done, the time frame in which we
ought to do it in order to provide the knowledge base to take specif-
ic acts.

We hear from you that it would be premature to be very defini-
tive; yet we have heard from Dr. Calvin that the problem is here
and now, and that if we let it go very much longer without a coher-
ent, well structured program on almost a global basis--

Dr. HANSEN. Excuse me. I think that perhaps my comment may
not have been clearly stated. I believe the reality of the greenhouse
phenomenon is clear. If we look at Mars, which has a small
amount of carbon dioxide, and Venus, which has much more than
we do, we have nice examples which prove the reality of the phe-
nomenon beyond any doubt.

Doubt remains as to the magnitude and the rate at which the cli-
mate change will occur and the changes that will occur on the very
important regional scale. A global temperature rise of a couple of
degrees is important, but what does that mean for different re-
gions? That is a much more difficult problem, and the climate
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models are not yet able to attack that problem with all the assur-
ance that we would like.

Mr. SCHEUER. Well, of ourse, it is that kind of data that we ur-
gently need. Congress needs to create a national consensus that
would act and perhaps lay on costs for the kind of programs Dr.
Calvin was describing and also to create the consensus around the
world, particularly in Russia and China, to act cooperatively with
Us.

We are going to have to get more specific information. We have
to quantify the order of magnitude both of the danger and the time
frame in which we have to meet the danger.

You say, for example, that the greenhouse effect is real. Can you
tell us how -much of that is accounted for by carbon dioxide and
how much of that is accounted for by these trace atmospheric gases
that you discussed-methane, nitrous oxide, and the freons?

Dr. HANSEN. I can say something about that, but as I mentioned,
it is very important that we have better measurements of these
other trace gases, and in fact it is important to also try to recon-
struct what these trace gases were in the past, and it may be possi-
ble to do that. For example, by looking at astronomical plates that
contain observations taken during the past 100 years. We can see
the absorption lines produced at different wave lengths by these
gases and try to deduce what the abundance of geses was.

But it appears likely that on the 100-year time scale, the lion's
share of the greenhouse effect was and is due to carbon dioxide be-
cause these other gases have only been added significantly- during
the past couple of decades as far as we know.

The chlorofluorocarbons, in particular, are entirely man-made.
Their trade name is freons. They are used in spray cans and in re-
frigeration, and they have only been produced during the last two
decades.

Mr. GORE. Will the chairman yield?
Mr. SCHEUER. Of course.
Mr. GORE. Is there a point at which the dynamics of this process

take over? Is there a trigger point, is what I am asking.
Dr. HANSEN. That is a difficult question. I am somewhat avoiding

the question, but one thing that I state in my written testimony is
that, based on our current knowledge of the rate of mixing of heat
into the ocean, there is a very good possibility that the largest part
of the greenhouse effect for the gases already added to the atmos-
phere has not yet appeared at the surface because it requires a few
decades for the upper layers of the ocean to warm. Therefore, we
may already have in the pipeline a larger amount of climate
change than people generally realize.

Mr. GORE. Dr. Calvin, could I ask you to speak up and address
that question? Is there a point where we trigger the dynamics of
this process, and if so, when do we reach that stage? Hold the mi-
crophone, if you would, or be seated at the table.

Dr. CALVIN. Dr. Hansen has already implied the answer to this.
The solubility of the carbon dioxide in the surface of the sea drops
as you raise the temperature., Now, as the temperature warms up,
the sea will warm up, more carbon dioxide will come out, and that
is a feedback, a positive feedback mechanism.
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He has already alluded to that, and the question is, when does it
take off? I think that is what you are asking.

Mr. GORE. Yes. When is the trigger point?
Dr. CALVIN. I wish I knew. It could be close.
Mr. GORE. What do you mean by close, 10 or 20 years?
Dr. CALVIN. Oh, no, don't push me like that.
Mr. GORE. Fifty? A hundred?
Dr. CALVIN. Ask him. He is a better meteorologist than I am. My

feeling is that it is--
Mr. GORE. I want to know whether I am going to face it or my

kids are going to face it.
Dr. CALVIN. Well, I think your kids are likely to face it. I don't

know whether you will or not. You look pretty young; you might do
it. [Laughter.]

Mr. SCHEUER. How long do we have?
Dr. CALVIN. I think Dr. Hansen will agree, that kind of a situa-

tion is already upon us. I mean, I did not realize there was that
much lag in the system as he just implied. I thought it was a little
tighter than it is.

Dr. HANSEN. One of my recommendations is with regard to heat
storage and transport in the ocean, because it is very important to
understand that lag.

I think the answer to your question depends upon the magnitude
of the climate effect with which you are concerned. I think that
within 10 or 20 years, we will see climate changes which are clear-
ly larger than the natural variability.

As far as the very large climate changes, that is probably for our
children and grandchildren.

Mr. SCHEUER. Will the chairman yield?
Mr. GORE. Yes.
Mr. SCHEUER. The impact will be hitting our children and grand-

children if we do nothing now. How soon do we have to act as this
exponential curve goes its way, to short circuit that process? Do we
have a decade or two decades?

Dr. HANSEN. We would first need to establish what is the allow-
able level of greenhouse gases. As i also mentioned in my written
testimony, there is substantial uncertainty in regard to the green-
house effect, even though the climate models agree that there is a
large climate change.

For example, the models of Dr. Manabe at Princeton, indicate a
warming of 2 degrees, Centigrade, for a doubling of carbon dioxide,
while our models indicate 4 degrees. That range of uncertainty is
very large. If his result is right, then you would have to have 900
parts per million of added carbon dioxide before you would get a
warming of 10 degrees in the vicinity of the West Antarctic ice
sheet, while our result implies that you need only 300 parts per
million of carbon dioxide, or equivalently 200 parts per million plus
the trace gases.

I think we are already at a point where it is going to be difficult
to avoid 200 parts per million of added carbon dioxide.

Dr. CALVIN. Did you say added carbon dioxide, because we are al-
ready up there.

Mr. Gore. We are at 340 now, and you are talking about 540--
Dr. HANSEN. I am talking about 500, yes.
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Mr. GORE [continuing]. Before it becomes an inexorable process.
Mr. SCHEUER. I take it, when you say---
Dr. HANSEN. Excuse me. But you also must take account of the

fact that the systems that produce carbon dioxide have a long life-
time of their own which you cannot turn off instantaneously. To
change from one fuel to another has typically taken four to five
decades.

Mr. SCHEUER. Well, this is exactly what I am getting to. What
Dr. Calvin is suggesting is a real carbon change in our energy pro-
duction national policies, and they would take decades to effect.
How soon do we have to start making these changes in order to
bring the increase in temperature down to tolerable levels?

I suppose, if it wqre 1 or 2 degrees per century, that would be
within the range of human adaptability, but we are pushing
beyond the range of human adaptability.

Er. HANSEN. Yes.
Mr. SCHEUER. How soon do we have to have the data base in

order to create the consensus and the institutional framework to
vastly change our national patterns of energy production?

Dr. HANSEN. You are asking a question which I do not think any
scientist can answer reliably, but my opinion is that time is very
soon.

Mr. SCHEUER. Please come to the table, Dr. Calvin.
Dr. CALVIN. My opinion is that it is past.
Mr. SCHEUER. No, grab the microphone.
Dr. CALVIN. Well, I have just said it. I think that it is already

later than you think.
Mr. GORE. Well, thank you both very much for your very dramat-

ic testimony, and we appreciate your assistance to the subcommit.
tees here toda.

Dr. Kukla, did you have something to add?
Dr. KuKLA. Yes; I would like just to make one point. The South-

ern Hemisphere change is not that interesting, you know, from the
point of view of what we were doing. We were much more excited,
so to say, by the exception that we found in the Northern Hemi-
sphere, where over the last 40 years we are generally looking at
cooling. But there was an exception in the right place and at the
r Iht time when the carbon dioxide is actually expected to have the
effect.

Now, this is with a relatively low level of the carbon dioxide con-
centration in the atmosphere, which means, you know, with higher
levels, we should expect an expansion of that effect over much
larger areas.

Mr. GORE. Well, to summarize your testimony, you are telling us
that, first of all, the greenhouse effect is real. Second, you are tell-
ing us that there are areas of uncertainty that remain, particularly
about what the effects will be, how extensive they will be, and how
long a period of time will pass before they are undeniable.

As a result, it seems to make sense for this country to make
greater efforts to find out the answers to these questions, and I
take it you would not recommend that we stick our heads in the
sand and cut back on our effort to find answers to those questions.

Dr. HANSEN. That is certainly an accurate statement of my
views, yes.
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Dr. KUKLA. Correct.
Mr. GORE. All right. Thank you both very much.
Our final panel is from the Department of Energy, James iS.

Kane, Deputy Director of Energy Research, and Frederick Kooman-
off, Director of the Carbon Dioxide Research Division with the U.S.
Department of Energy.

Without objection, the entire text of your prepared statements
will be made a part of the record at the conclusion of your oral
presentations.

Dr. Kane, I understand you have a short statement, and then
Mr. Koomanoff has a somewhat longer statement. We would invite
yu both to summarize if you wish, and we will begin with you, Dr.

ane. Welcome.

STATEMENT OF DR. JAMES S. KANE, DEPUTY DIRECTOR OF
ENERGY RESEARCH, DEPARTMENT OF ENERGY

Pr. KANE. Thank you, Mr. Chairman.
I will do exactly what you said, with your permission, my formal

remarks shall be entered into the record. I will give you a brief
oral summary and then finally turn it over to Mr. Koomanoff, who
-will present the details of our program.

Since this committee is very knowledgeable on this subject and
has become even more knowledgeable as the result of witnesses
today, I am going to spend, very little time on reviewing what is
the problem. However, having said that, I am going to make a few
points.

First, I would like to congratulate you on your choice of wit-
nesses. There is almost nothing they said I would disagree with. I
will be very careful to point out where I do, but I think they did
r ve you an excellent insight into the technical aspects of the prob-
em.

Mr. GORE. The Department of Energy agrees with the witnesses'
description of the problem?

Dr. KANE. I did not quite say that, but I think they are excellent
witnesses. [Laughter.]

And I agree with almost everything they said.
Mr. SCHEUER. Do you share their sense of urgency?
Dr. KANE. I will try to cover that in my remarks in a minute.
Now, what we all agree on, without question, is that carbon diox-

ide is a trace gas. It is increasing. We have good measures on how
it has increased. The increase is almost exclusively due to man's
activities. You can quibble on what part is due to deforestation and
what part combustion of fossil fuels, but the fact is, it is man's ac-
tivities that are doing it. So we all agree on that.

The second thing we all agree on is that carbon dioxide is a clas-
sic greenhouse gas. That is a scientific fact that is not even open
for argument. As the pictures show-the ones you had and the one
Dr. Calvin showed-it absorbs in the long wavelengths, it is trans-
parent in the shorter ones, and therefore it leads to the greenhouse
effect. I

The other thing we all agree on is that fossil fuels and their in-
creased use are the chief concern for the future carbon dioxide
trend. As was pointed out by almost every witness, the fossil fuels
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are not all the same in this respect, synthetic fuels being much the
worse. It is not just because they have a higher ratio of carbon to
hydrogen; it is also because the processes by which you make them
are rather wasteful than from a thermodynamics sense.

So to get a certain amount, Dr. Calvin said, into your house,
from synthetic fuels produces over twice as much carbon dioxide as
if you burned naturally occurring natural gas.

Having said what we agree on-let's get into the things that are
not quite as well understood and about which we have far less cer-
tainty. Going from the concentration of carbon dioxide, which is a
given, to the effect on climate is not nearly as simple as perhaps
some of you have been led to believe. It is an extremely difficult
and complex problem. It is complex in two ways.

One, the physics is not understood. I think Dr. Hansen pointed
out excellently how it is not just a fact of the absorption of carbon
dioxide. There are other means by which the Earth- can lose
energy, such as a rising of the altitude at which clouds occur,
changing the albedo due to clouds. So it is a very complex situa-tion, and even if you understood all the physics, to go from that to
a state where you can predict, on a regional scale, what the climate
will be involves applied mathematics and large computations.
There are not too many people in the world that do calculations of
this size. Such calculations are run on the most modern computers
such as the Cray II or Cyber, and there just aren't many of those,
nor the skilled people to do that kind of thing. The use of computer
models is a very important subject, but exceedingly complex, and
one that has to be continually checked against real data.

I was in a different area for a number of years using big comput-
er calculations. They have so many variables, you have to continu-
ously go back and normalize them against real observations. Other-
wise, the combination of a number of variables that you have treat-
ed not quite right can wind up giving you problems.

So, my point on these two things is that-and I think again Dr.
Hansen said this very well-the sensitivit of climate change to
CO2 increase is an open scientific question. fam not saying there is
no sensitivity, but the exact size of it-how much temperature
change do you get for how much carbon dioxide and where changes
will occur is a question we do not know the answer to, and you cer-
tainly saw that in Dr. Hansen's remarks. He puts uncertainties on
them; in his text, he also puts a factor of uncertainty in. So, what
the effect will be if the carbon dioxide dos increase is not an open
and shut case.

I am not saying I know the answer or that it is hopeless. I am
saying that we all, as a community, must work toward a consensus,
maybe.

Mr. GORE. So are you saying we need to make greater efforts to
get those answers?

Dr. KANE. Exactly, yes.
Mr. GORE. Well, why are we making fewer efforts to get those

answers?
Dr. KANE. Again, I will come to that in a minute.
The position of the DOE-and I think this is my personal posi-

tion, too-is that if we cannot assess the severity exactly, it does
not mean that it is not a problem. The potential impacts, as you

I
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have said and everybody up here has said, are so great that it
would be extremely imprudent to say, because we do not know
there is a problem yet, we will assume that there is no problem.
We are not saying that. We all agree that it is not a problem that
we can measure its magnitude,- exactly, but certainly it would be
idiotic to say, since we have not proven it is a problem, there is no
problem, and we are certainly not operating from that basis.

Our program in the next year is going to be focused on the very
factors that I think you heard most about from the last two wit-
nesses: a better understanding, a reduction of uncertainties, an im-
provement in our capability of modeling. Therefore, in the budget
it is $8 million for the next fiscal year budget, we have focused on
this kind of core item.

They really boil down to the three chief elements: first, the
carbon cycle-again, your witnesses pointed out there are still un-
knowns of the sources and sinks of carbon, and thosQ introduce un-
certainties into the system; second, climate prediction-including
the question of first detection. Those are the questions we are
giving the highest priority to in our budget this year.

And a third one that has not been mentioned except rather indi-
rectly by Dr. Calvin, is the direct effect of 002 on vegetation. The
one thing I guess we would all conclude is that as the concentra-
tion of carbon dioxide, which is the food of plants, increases, it is
going to affect, their growth and determining in what way, exactly,
will require to research.

So that is the focal area of our program. I will return to our
budget in just a minute.

We are not the only agency, needless to say, involved in this. We
are active partners with the NSF, with NOAA, with Depaitment of
Agriculture, USGS, EPA, and the National Bureau of Standards.
We work closely with these agencies to try to pull this all together
across the Government. The mechanism through NOAA is the Na-
tional Climate Program Office. The Climate Program Office has a
standing committee, the Interagency Committee on Co and Cli-
mate, and it is chaired by Mr. Koomanoff.

There is also a great deal of international interest and activity in
carbon dioxide research.

Finally, as I mentioned, our budget for fiscal year 1983 requests
$8 million. This represents the reality of two conflicting factors:
budget stringencies and the importance of a recognized problem.
We believe it makes sense to concentrate on the better science
aspect of this and defer the less central issues.

Now, let me depart from what I intended to say for just a
minute. I told you I would take slight issue if it turned out that the
witnesses said things I did not fully agree with. The sensitivity of
climate of CO concentration is clearly unknown. That is the first
area I want to point out that needs more research.

The second thing that affects a lot of these predictions you hear
is the rate at which the nations of the world will actually burn
fossil fuels. People have a tendency to think exponential curves go
on forever, and they put in a constant growth rate which seems to
them small, but they let it go on.

Mr. Koomanoff will show you later what the actual market has
done to the consumption of fossil fuels. A few years ago, it was very
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fashionable to assume 4 percent per year growth. Well, that is a
doubling time of a little over 16 years, or something like that, so
that is a very fast growth rate and one society probably cannot sus-
tain.

The market forces, without any intervention from policy, have
reduced the growth rate worldwide to about half what the experts
were predicting just a few years ago. Mr. Koomanoff has a slide on
this, which is hard data again, it is not speculation. So what we
have choen to do is focus on the central issues and not get into the
prediction of impact, which I personally do not think we know
enough about to make exact predictions. I think it would produce
paper that would be of little use.

Second, we have also chosen to pull out, at least temporarily, of
what your witnesses last year alluded to as research giving resil-
iency, and I will be glad, to discuss that in answer to your ques-
tions.

In summary, we think this is an important problem. We are
going to focus on the basic issue of understanding the science and
uncertainties in the next year so we can move forward, with more
credibility. You are certainly going to need a great deal of credibil-
ity before you start the actual earth-shaking type of policy deci-
sions that will be required if, indeed, these predictions you heard
today are true.

So that concludes my testimony. As you certainly know, I will be
glad to answer questions now or later, at your pleasure, and then I
would like to turn it over to Mr. Koomanoff.

[The prepared statement of Dr. Kane follows:]
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STATEMENT OF JAMES S. KANE
DEPUTY DIRECTOR OF ENERGY RESEARCH

DEPARTMENT OF ENERGY
BEFORE THE

NATURAL RESOURCES, AGRICULTURE RESEARCH AND
ENVIRONMENT SUBCOMMITTEE

AND THE
INVESTIGATIONS AND OVERSIGHT SUBCOMMITTEE

HOUSE SCIENCE AND TECHNOLOGY COMMITTEE
MARCH 25. 1982

Thank you Chairman Scheuer, Chairman Gore, and Members of the Subcommittees.

The Department's testimony will be given in two parts. I will provide a

brief overview and present the Fiscal Year 1983 budget request. Fred

Koomanoff, Director of the Carbon Dioxide Research Division, will then

discuss the program in greater detail.

Your Committees are surely aware of the Department's program on CO2 and

the importance of the Issue. In fact, much of the progress we have made

is due to the interest and support of your Subcommittees. I will, there-

fore, give you only a brief des cription of the factors which make our

research necessary.

Worldwide, mankind is Increasing the CO2 content of the atmosphere by two

processes: deforestation and the burning of fossil fuels, the latter

being by far t)e more important. There are reliable measurements of this

increase from 315 to 338 parts per million. We do not know, however,

the exact effects that this Increase has caused, nor cin we predict future

effects with confidence. The combination of all the processes that make

up the climate--global and especially regional--is one of extreme complexity.

9-227 0-82-7
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The essence of our program, as you shall hear, Is to achieve better

understanding, and thus, better ability to predict the future. Predictions

are further complicated by the inherent uncertainty in how much fossil

fuel will be burned worldwide.

In spite of this, there is a- general scientific consensus that increasing

CO2 concentrations may cause changes in climate. It Is the timing,

magnitude, regional variation, and cost or benefits that we cannot yet

predict. We must know a great deal more. Our approach to the problem

is to select the highest priority research topics for funding: the

details of the global carbon cycle, the effect of CO2 on the climate,

and the effects of CO2 on the growth of vegetation. I will leave the

details of our program to Mr. Koomanoff.

As you are aware, we are not the only agency involved in the research

on CO2 , or is the U.S. the only nation. Our research is coordinated

by the National Climate Program Office, administered by the National

Oceanographic and Atmospheric Administration and by the Interagency

Committee on Carbon Dioxide and Climate, which is chaired by DOE. The

other agencies involved, in addition to NOAA and DOE, are the National

Science Foundation, the Department of Agriculture, the National Aeronautics

and Space Administration, the United States Geological Survey, the State

Department, the Environmental Protection Agency, and the National Bureau of

Standards.
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There is also a great deal of International interest and activity in

CO2 . We have active interaction with the European CommunIty, Canada,

and Japan.

The Administration recognizes the importance of the CO2 Issue. We

are firmly committed to a balanced program that will answer the associated

critical questions. Our request for FY 1983 is $8 million. With this

amount, we are convinced that we can plan and continue a program of research

that will answer the fundamental questions in a timely way. I believe

that this amount is a satisfactory compromise between the clear need

at this time to reduce Federal expenditures and the unquestioned importance

of the CO2 problem. We plan to use the larger FY 1982 funding to bring

some of the less central research to a timely and cost effective conclusion,

and to concentrate our FY 1983 effort on the most essential components.

This concludes my overview. I will be pleased to answer your questions

now, or if you prefer, after Mr. Koomanoff has made his presentation.
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Mr. GORE. I take it what you are saying is that you are going to
do a better job with less money and fewer resources.

Dr. KANE. We are going to do slightly different things. I think
Dr. Koomanoff will tell you the areas we have decided are less im-
portant-life in the Government today is a matter of priorities, as
you certainly know, and we- have decided that some things are
more important than others.

Mr. GORE. And you think this should receive a lower priority in
light of the new evidence that has come out in the last 6 months?

Dr. KANE. I think some of the things we were doing should re-
ceive less priority, but not the central core of trying to get better
understanding.

Mr. GORE. What about your research advisory board? Why-did
you ignore their recommendations?

Dr. KANE. Actually, you certainly know the budget process. I be-
lieve that their fiscal year 1982 recommendations came out in No-
vember, and by that time our fiscal year 1983 budget was, well,
probably in your hands by November, almost, or shortly thereafter.

Mr. GORE. So the research advisory board is simply irrelevant to
your budgetary decisions?

Dr. KANE. Not at all. The ERAB report addressed fiscal year
1982 not 1983 budget. I believe the official findings that they came
out with, where they established their lists of fiscal year- 1982 pri-
orities, was in November.

Mr. GORE. That is correct. November of 1981.
Dr. KANE. No, 1982. [Laughter.]
I stand corrected, 1981, for the fiscal year 1982 budget.
Mr. GORE. I was going to argue that point with you.
Dr. KANE. 1981. Excuse me. You had me confused by your hard

question. 1981, yes. _
Mr. GORE. Well, now, let me get it straight. Do you agree that

the effort to understand and explain the greenhouse effect and its
consequences should be assigned a higher priority?

Dr. KANE. I say that, within our budget, we have assigned it the
highest priority.

Mr. GORE. All right. Now, you have assigned it the highest prior-
ity, yet you have cut the request for funding by a third. Isn't that
inconsistent?

Dr. KANE. I think you would have to look at what we stopped
doing, and you would also have to look at the overall priorities and
the overall funding stringencies of the whole Department of
Energy.

Mr. GORE. But my question is, if you agree with your research
advisory board and the distinguished scientists that you compli-
mented a moment ago that this problem ought to be given a higher
priority, then isn't it inconsistent to take that point of view and
then simultaneously diminish the amount of time and attention
and resources and people that you devote to this problem?

Dr. KANE. Advisory boards are meant to be listened to. We listen
to them because we respect their viewpoints, and certainly in the
preparation of next year's budget we will take what they said into
very serious consideration. However, they do not have the very dif-
ficult ob of dividing up the money. They recommend priorities,
often, bt they do not have the job of assigning money.
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Mr.-GORE. Well, I am talking about your point of view. You told
us your point of view was that this problem deserves a higher pri-
ority. Isn't it inconsistent, if you believe that, to cut by a third the
attention that we are paying to this problem?

Dr. KANE. I don't believe I said this problem deserves higher pri-
ority in just those words.

Mr. GORE. Well, do you believe it deserves a lower priority?
Dr. KANE. I think the overall program, in context of the budget

that we had to preseit--hows that we cut out parts of the program
that can wait until we are more sure of the central core of our un-
derstanding.

Mr. GORE. Well, now, was it the new-measurements of the ice
melting or the sea leyel rising or the temperature rising that con-
vinced you it should owreceiv-e a lower priority than in the past?

Dr. KANE. The type of work you are talking about there is the
very type of work that, Mr. Koomanoff's program, you will see is
not receiving lower priority.

Let me give you an example.
Mr. GORE. Well, I lv-da lot of examples from a lot of differ-

ent agencies about how we are going to do a better job with less
resources and less time and less personnel, and it has not worked
out that way yet. Th magic has not kicked in and I doubt very
seriously that it will ig~e greenhouse effect program.

I mean, the consequences of this, if they are real-are devastat-
ing. It just-makes commonsense, for the people to expect that their
Government devote an appropriate amount of attention to finding
out the answers to these questions.

To trade that off, as you have, against these other considerations
I think is pretty shortsighted. I really do. But we will explore it
later. My cochairman here has been very kind in allowing me to
pursue these questions now.

Mr. SCHEUER. Well, you are very kind, Mr. Chairman. I think
you covered the territory very eloquently, and I have-very little
more to ask.-

Dr. Kane did say, and it puzzled me, that we can afford to wait
until we have this central core of knowledge, by which we are
trying to get a better understanding. Isn't that more or less what
you said?

Dr. KANE. Yes; more or less.
Mr. SCHEUER. All right. So getting that central core-of knowledge

is what is going to trigger an action program of some kind. If you
listened to the distiirst witness this morning, Dr. Calvin,
an absolute change in our public policy for this country in energy
production, and, hopefully, a change in China and Russia, in the
way we organize ourselves in energy production.

Now, you are saying that we can afford to wait until we have
this central core of knowledge, of understanding? It is that central
core of knowledge and understanding that is going to trigger all
kinds of decisionmaking. It seems to me that this basic knowledge
base is exactly what *-e cannot afford to wait for because the ab-
sence of that is what is holding up the decisionmaking process on a
whole raft of public policy questions on which we have to bite the
bullet. But we cannot responsibly go ahead until we have this
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knowledge base, so how can you tell us we can afford to wait for
the knowledge base?

Dr. KANE. I tried not to say that. The things we cut out in reduc-
ing our budge -were not this central knowledge base.

Mr. SCHEUER. Well, now, here is a table of priorities, R. & D. pri-
orities, that has been provided by the Research Advisory Board of
the Department of Energy. Now, they reported to you over a year
ago, they listed 14 levels of priority for all of the various scientific
investigations that they were making. Material sciences was an
area they asked the most, and climate and carbon dioxide research
was second.

So they apparently placed it right at the ,pinnacle of their con-
cerns.

Dr. KANE. Yes, indeed.
Mr. SCHEUER. If you place that at the pinnacle of your concerns,

why would you be cutting the appropriation by a third and cutting
our authorization of $17 million by approximately half. Dr. Calvin
tells us that we ought to double and triple the present level of
effort, the order of magnitude of our effort, to achieve this knowl-
edge base on this extraordinarily complicated subject that involves
both national and international decisionmaking. They are recom-
mending more than the $16.7 million. They recommend that to be
increased, Dr. Calvin has said we ought to double or triple it, and
we are still talking about $50 or $60 million which, in terms of the
awesome problem that is being generated by these primeval forces
at work that are increasing our temperature, even a quadrupling
to $60 or $70 million would be minuscule compared to the awesome
consequences of doing nothing and of letting this process escalate
to the point where it becomes difficult or impossible to change.

It seems to me that on any intelligent risk-benefit analysis be-
tween doing a modest amount of research now and letting these
awesome forces escalate and travel up that exponential curve-
maybe it is not as exponential as we fear it is; you may be right
there; maybe it is a little bit less exponential. But apparently, we
are going to get there, and apparently the human and financial
costs are going to be almost beyond imagining. How can any ration-
al government say that this knowledge base, which your own advi-
sory council says should be increased, which you have heard Pro-
fessor Calvin say should be tripled or quadrupled, how can you ra-
tionally advise the Congress to cut it by a third?

Dr. KANE. Well, you are asking me several very difficult ques-
tions. One, of course, how does an agency makes its decisions? It
uses the advice of advisory boards as part of that process, but cer-
tainly we do not turn over our responsibility for making decisions
to advisory boards.

Mr. SCHEUER. Well, who else do you get advice from?
Dr. KANE. We get it from as many sources as we can, including

internal tradeoffs of other budgetary items. That is standard proce-
dure.

Now, getting to the second thing you asked me, the $50 to $60
million budget. I asked Mr. Koomanoff a question that I ask quite
often when I am told we should have more research in an area. I
asked him a simple question: What is your proposal pressure?
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What that means is, how many people with smart ideas are coming
to you and asking for money? That is an important question.

I have spent many years administering research, and there is a
rule of thumb: If you are not turning down roughly half the propos-
als, you receive, -you are probably supporting poor work. It turns
out Mr. Koomanoff is not turning down a lot. I think your idea of
keeping it to core research and expanding it to $50 or $60 million is
totally unrealistic. I do not think there are that many people that
can manipulate big models, for instance.

I could be wrong, and you may want to question the other wit-
nesses on that. But I guess I will come back to the viewpoint that
in a very difficult budget year we made some hard decisions, and
we are trying to explain to you the basis on which those decisions
were made. We do not expect you always to agree with them.

Mr. GORE. Mr. Chairman, if I may note for the record that your
predecessor, Mr. Kane, a Mr. Pewitt, stated to these two subcom-
mittees last July that in the face of these difficult budget pres-
sures, he agreed that this problem was9 so challenging that he was
going to recommend, and expected to see, an increase in the fund-
ing for the carbon dioxide program-.

Now, that statement has gone by the wayside, and I have to be-
lieve that you are under the same pressures from OMB that your
predecessor was, and I don't want us to be unfair to you this morn-
ing because it puts you in a tough spot to make sense out of irra-
tional actions on the part of others, if that is the case, so we don't
want to put you in that spot if it is unfair to do so, and you don't
have to speak up and say that you appreciate that, because I know
it puts you in a tough spot.

Why don't we go ahead and hear from Mr. Koomanoff?

STATEMENT OF FREDERICK A. KOOMANOFF, DIRECTOR, CARBON
DIOXIDE RESEARCH DIVISION, DEPARTMENT OF ENERGY

Mr. KOOMANOFF. Thank you.
When I was here last July just taking over the directorship of

the Carbon Dioxide Research Division, you asked if I would come
back and report to you as to what our program would be and
where we would be going.

In order to do this, the first step was to find out what we know,
what we don't know, what is uncertain; in some cases, what is
known, and the timeframe for obtaining information.

Accordingly, I would like to use a few Vu-Graphs as a way of de-
scribing our program and what we found.

[Slide 1 shown.]
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KNOWN
* PAST 22 YEARS GLOBAL ATMOSPHERIC C02 INCREASED 315 TO 338 ppm

" MAJOR CAUSE IS MAN'S ENERGY ACTIVITIES

" GROWING SCIENTIFIC CONSENSUS - GLOBAL CLIMATE CHANGE DUE
TO C02 INCREASE HAS NO HISTORICAL ANALOGUE

UNKNOWN/UNCERTAIN
* TIMINb/MAGNITUDE/REGIONALITY OF CLIMATE CHANGE

* MAGNITUDE/RATE OF FOSSIL FUEL USE

* ACCEPTABLE C02 LEVEL

* MITIGATION STRATEGIES

* BENEFITS/COSTS

SLIDE 1
Mr. KOOMANOFF. First, an overview summary of what is known.

We know explicitly that for the past 22 years, global atmospheric
carbon dioxide has increased. We know, too, that the major cause of
it is man's energy activities.

We also know that there is a growing scientific consensus that
the global climate change due to carbon dioxide increase has no
historical analog. We are cognizant of the concern and the prob-
lem.

However, when we look at what is unknown and uncertain just
in summary, the timing, the magnitude, the regionality of climate
change are unknown. The magnitude and rate of fossil fuel use 50,
100 years in the future. What is an acceptable level of carbon diox-
ide? What mitigation or control strategies exist? What are benefits
and costs?

[Slide 2 shown.]
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SLIDE 2
Mr. KOOMANOFF. Now, I would like to discuss our research objec-

tives.
In order to do our job, we have to improve our knowledge of the

carbon cycle, the sources and sinks, and I will get into this in a
little more detail later. We have to improve our estimates of future
atmospheric carbon dioxide because, then and only then can we tell
how many parts per million we will have at some time in the
future, and then we can estimate when something will happen.

We have to improve our understanding of the direct effects of at-
mospheric carbon dioxide on climate, especially regionality and
seasonality. We have to improve our understanding of the direct ef-
fects of carbon dioxide on the productivity of natural and agricul-
tural systems, and a key issue that was discussed over and over, we
have to develop and verify methods for first detection of climate
change due to carbon dioxide.

Mr. SCHEUER. Can I interrupt you, Mr. Koomanoff? You are
laying out a very intelligent and thoughtful research program.

Mr. KOOMANOFF. Thank you.
Mr. SCHEUER. It is very impressive. It sums up most of what we

have heard this morning from the very expert and thoughtful wit-
nesses we have heard. You don't seem to be in disagreement with
them at all.

My question to you is, you can't beat somebody with nobody, and
you can't accomplish something with nothing. If you take these re-
search goals as a given, and it would be 'hard to quarrel with

THE CO2 RESEARCH PROGRAM

GOALSJOBJECTIVES:

* IMPROVE OUR KNOWLEDGE OF THE CARBON CYCLE

* IMPROVE OUR "ESTIMATES" OF FUTURE ATMOSPHERIC CO 2

9 IMPROVE OUR UNDERSTANDING OF THE EFFECTS OF ATMOSPHERIC CO2
ON CLIMATE

* IMPROVE OUR, UNDERSTANDING OF THE DIRECT CO 2 EFFECTS ON
PRODUCTIVITY OF NATURAL/AGRICULTURAL SYSTEMS

e DEVELOPIVERIFY METHODS FOR "FIRST DETECTION" OF CUMATE CHANGE
DUE TO CO 2

e IDENTIFY/DEFINE AND QUANTIFY INDIRECT EFFECTS

e DEVELOP MITIGATION STRATEGIES

@ DEFINE POSSIBLE OPTIONS
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them-I would embrace them-how can you justify a one'third re-
duction in the research budget that was appropriated and a 50 per-
cent reduction from the research budget that was authorized?

You are describing very well, you are summarizing very well, the
testimony we have heard all day and the need for a very compre-
hensive and thoughtful research program. If that is true, how can
you possibly justify the kind of reductions in funding for this pro-
gram that your agency is asking us for?

Dr. KANE. Mr. Chairman--
Mr. SCHEUER. Excuse me. I would like to hear from Mr. Kooman-

off.
Mr. KOOMANOFF. We went back and looked at some of the re-

search projects that we had done before. There are certain aspects
of research that one has to take into consideration when he looks
at budgets. You have to realize I took over as of August 1981, just
about 7 months ago.

If you go back into the 1981 budget, you will find that we ex-
pended $2 million in the transient tracer ocean program to find out
about deep mixing in the ocean using tritium and other tracers
that were available. That program started in 1977, just to start the
planning. It was 1981 before we got the boats into the ocean and at
the 200-plus sites to take the samples. We shared this research ac-
tivity with National Science Foundation; we each put in $2 million.

In 1982, to continue that program, we are putting in half a mil-
lion dollars only.The reason for that is that the boats now are in;
the data has to be analyzed. In 1983, we will again probably be put-
ting in half a million dollars for analysis. Then that project will ba-
sically, as far as the North Atlantic part of the program, be over.
That data will be used in some of our modeling activities.

We did some research, too, on developing of new instrumenta-
tion-lasers, for example-to find out about argon 39, another
tracer. That instrument will be developed by the end of this year.
We don't have to build another instrument next year. It will be
there and it can be used and will be used, but the cost for develop-
ment compared to the cost for use is quite different.

We did some studies of economics in the agricultural field to con-
struct models for determining if we could really see what the ef-
fects of climate change on agriculture and found that the models
needed regional data very clearly; otherwise, we were playing if we
were trying to get answers.

We are not doing that work any more. There are certain phases
of the work that is coming in and out. We are working much more
closely with our other sister agencies on some of this. In the future
we may be coming back and asking you for §ome more money.

If I were continuing, one of the things in the climate model I
would be showing if the Vu -Graphs on our findings and our non-
findings under climate modeling. I think this becomes a key issue
because it reinforces some of the things that we have to do when
we plan. We are not always going to have a monotonic curve on
budgets..

Mr. SCHEUER. You are not going to have what?
Mr. KOOMANOFF. A one-directional curve. It is going to go up and

down on a cyclical basis.
[Slide 3 shown.]
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SLIDE 3

Mr. KOOMANOFF. Our needs in modeling-right now we know how
to handle the atmospheric aspects of climate modeling. The oceans
are handled very poorly. We are just getting that data. We will not
have that-data until 1983 or 1984 to start putting into models, and
that, included with other data, will then help give us at least two
data points by which to improve our models.

We must know more about clouds. One of the key issues to make
climate models useful, especially for regionality and seasonality, is
clouds. In 1983, there is going to be a program in satellite monitor-
ing of clouds and their radiative properties. That program is not a
DOE carbon dioxide program, but we will be working with those
people through our interagency committee on carbon dioxide and
climate to make sure that the'-data they" get will be able to feed
into our 'models. It swill be about 5 years before that data set is
complete, but we will be getting information all along and trying to
improve our models. r

Mr. SCHEUER. Is that work being done by NOAA?
Mr. RICHES. It is an international effort, and it includes NOAA,

NASA, and other satellites 6f opportunity. In fact, Dr. Hansen re-
ferred to it in his testimony.

Mr. SCHEUER. And you say that is being adequately funded
beyond the perimeters of your R&D budget.

Mr. KOOMANOFF. Sir, I cannot answer that. I cannot tell you
whether that program is or is not being adequately funded. I just

II I I II ii

CUMATE MODELING

PRESENT STATUS/FINDINGS
* MODELS PREDICT:

- GLOBAL T INCREASE 30C ± 1.50C FROM 300 TO OW ppm CO2 INCREASE
- GREATER T INCREASE IN HIGHER LATITUDES

* GENERAL CIRCULATION MODELS APPEAR:
- TO HANDLE ATMOSPHERE WELL
- OCEAN COUPLING HIGHLY SIMPUFIED

'-NEEDS
* LOGICS AND DATA:

- WATER VAPOR DYNAMICS (CLOUDS/PRECIPITATION)
- SNOW/ICE DYNAMICS
- COUPLED ATMOSPHERE/OCEAN DYNAMICS
- 'RADUAL INCREASES IN C02
- IMPROVED REGIONAL SEASONAL ASPECTS
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do not know. I would hope that that program is being adequately
funded. Sometimes DOE can add a little money to a program. For
instance, we could not afford $4 million for boats to go out in tran-
sient tracing operations but, working with the National Science
Foundation, we had a beautiful partner and we were able to work
that way, and we have done that on many projects.

Three years ago, if you were to ask people about biosphere
carbon contribution to atmospheric we would be talking about plus
or minus 5 gigatons. We are now talking about plus 1 or minus gi-
gatons, we are reducing our-uncertainty.

We did studies on land management as to forest practices to see
if that affected the balance of carbon. We don't have to do those
studies any more because we found out that while they were inter-
esting and they were good studies, they were marginal in relation-
ship to the total numbers that we are talking about.

So yes, there are some things that we are doing, that we did do
in the past, that we are cutting out. There are some things that we
will be continuing. Some of our projects are 2-year projects; they
are notjust 1-year projects.

Mr. SCHEUER. When your advisory council recommended an in-
crease from the $16.7 million level, they were not privy to this in-
formation. Much of this work was coming to an end or at least the
expensive portion of the research was nearing completion. Were
other major programmatic aspects of your research being funded
by other agencies? Was this couhcil not aware that they recom-
mended an increase above the $16.7 million?-

Dr. KANE. I cannot answer that.
Mr. KOOMANOFF. I did not work with the ERAB panels.
Dr. KANE. Would you like me to find out for you?
Mr. SCHEUER. I think that would be helpful to us if you would

submit that. -
Dr. KANE. I will, indeed.

-- Mr. SCHEUER. We will hold the record open for you.
[The information follows:]

ENERGY RESEARCH ADVISORY BOARD RECOMMENDATION-CARBON DIOXIDE RESEARCH

Energy Research Advisory Board (ERAB) recommendations on Federal Energy re-
search and development priorities were based, in part, on a thorough review of the
Department's fiscal year 1982 Budget Request to Congress. That budget clearly
states that some carbon dioxide and climate research projects will be completed in
fiscal year 1981 and fiscal year 1982; that DOE has the lead responsibility for the
comprehensive Federal research program; and is part of the-National Climate Pro-
gram. Recognizing these facts, the ERAB members were in strong agreement on the
importance of this program, and recommended an increased DOE effort.

Mr. SCHEUER. Before you go ahead, I would like to ask Dr. Kane, if,
the National Advisory Council had significant input into the decision
on funding levels this year.

Dr. KANE. I think that is fair to say, that this year they had no
effect.

Mr. SCHEUER. Will they have more or coh'siderable input next
year?

Dr. KANE. I cannot give you a positive answer. My conclusion,
drawn from the kind of credibility that this board is getting, is yes,
they will. That is a personal inference that I draw from lots of ob-
servations. Nobody has told me, we are going to give the board
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more credence next year. I believe that they are gaining credibility,
and as I say, they will be factored into the decision process more
heavily next year.

Mr. SCHEUER. Well, if Dr. Calvin is a fair example of the quality
of the National Advisory Council, it seems to us that you would be
extraordinarily well advised to take what they have to say very se-
riously.

Mr. Koomanoff, please proceed.
Mr. KOOMANOFF. Could I have the next slide, Mike, please.
[Slide 4 shown.]

SLIDE 4

Mr. KOOMANOFF. I would like to try to show you schematically the
logic of how we are trying to put the program together. We look at
carbon cycle first because that is our key issue. Without knowing
how the carbon cycle works, we cannot know what the atmospheric
level is or will be. Once we know the atmospheric level, then we can
start studying the effects on climate and vegetation. Then we have to
evaluate what we call these first-order effects. They let us look at our
indirect effects. There are feedbacks then, we can evaluate possible
controls, we can do our assessment, then present options so that
finally a decision can be made.

We are concentrating at this point in time on the data collection
and analysis portion of our program. That does not mean we are
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not doing work in indirect or in. mitigation strategies, but we are
concentrating.

In the carbon cycle, we know the atmospheric carbon dioxide is
increasing. The fossil emissions are well known. We assume that 5
to 10 percent is taken up by the biosphere; 40 percent is absorbed
by the oceans. However, our uncertainty issues are great. Our
carbon dioxide budgets still don't balance, but we have brought
them down in the last year and a half.

We have to know more about the magnitude of deforestation. We
have a computer map that we have just produced which shows 37
different types of vegetational species or ecosystems across the
world. It is the first time it has been developed to this level. We
now have an inventory. This is being published, and being re-
viewed by the scientific community.

We are also working on satellite data from 1972, when it first
started, because then we will be able to see the changes that have
occurred so we just do not have a one-point inventory but we can
see what the changes have been and get some good information on
deforestation.

Ocean mixing I have already discussed.
Climate modeling we already discussed.
The vegetation response to carbon dioxide became one of the key

issues that, when I took over this program, I felt was very impor-
tant about. Carbon dioxide is an essential nutrient. We have to
know more about this. We doubled our budget between 1981 and
1982 in this area. Some of that, however, cannot all be spent in 1
year. Some of it is 2-year money because that is the only way you
can get the practical approach to the research.

We have to know the biochemical limits of carbon dioxide fix-
ation-how much can the plants take-the physiology of the
carbon storage and yields, the carbon dioxide, and water use effi-
ciency. Some plants with increased carbon dioxide may use less
water; and we have possible genetic adaptions.

Last year, you asked me about the AAAS and if we were going to
support any of their work. We are supporting a major conference,
an international conference, on this whole of vegetation response
to carbon dioxide, that will be held in May in Athens, Ga. It will be
a total international meeting. But even more so, we have three of
our other sister agencies supporting it with us. The sister agencies
supporting DOE; are the National Science Foundation; the Depart-
ment of Agriculture; and EPA. Even the National Academy of Sci-
ences, under Bill Nierenberg is doing an assessment for the Con-
gress on the carbon dioxide cycle.-

We are starting to find out about carbon dioxide not in just the
lab, but we are developing test mechanisms which are verifiable to
bring it out into the field, into the real world, so that we won't
have so much argument about what is theory and what is practice.

So that is one of the key areas that we are really moving on, but
you have to go with a plan first. It must be a sensible, peer-re-
viewed plan so the scientific community understands it and you
can get their advice, because we don't have all the smarts.

[Slide 5 shown.]
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Mr. KOOMANOFF. This data was just published. It was done for us
by the Institute of Energy Analysis at Oak Ridge by Dr. Rotty, and it
shows what has happened with production of fossil fuel data over the
last few years. -

In 1978, when we first published our report on real fossil fuel
emissions, between 1950 and 1973 emissions due to burning gaso-
line was growing at the rate of 8 percent per annum. It has, from
1973 on, been growing at the rate of 2.8 percent per annum.

Oil was growing at the rate of 7 percent per annum; it is now
down to 1.7 percent. Coal has basically remained the same during
this entire timeframe, about 1.9 percent. When you sum these all
together, our report in 1978, stated that the total fossil fuel emis-
sions were at an annual rate of 4.6 percent. Since 1973, that has
dropped now to 2.25 percent.

Mr. SCHEUER. Yes; but there is still an increase going on.
Mr. KOOMANOFF. Sir, that is my next chart.
Mr. SCHEUER. And we are still headed up that parabola, are we

not? The American-people have not ended their love affair with the
internal combustion machine.

Mr. KOOMANOFF. And we won't.
Mr. SCHEUER. And we won't.
Mr. KOOMANOFF. That is right.
Mr. SCHEUER. So what we have is an upward scale with a couple

of jags in it. You know, two steps forward, one step back. We may
have reduced the rate of increase somewhat for some period of
time, we know not how long, but there is absolutely no question
that the rate of gasoline consumption and the rate of fossil fuel
consumption is going up, is it not?

Mr. KOOMANOFF. Next slide, please.
[Slide 6 shown.]
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through 1980, and it shows the growth with the perturbations for
war and depression. It also shows that, even though the rate has
decreased, the total amount is still increased, which is a key issue.
But what it did show is that we just started to get that little turn.
The most up-to-date data that I have for 1981 shows that the pla-
teauing or slighter increase is starting to show up in these data.

So, yes, it takes time when a rate changes before you see it. Now,
that does not mean that we are not still putting a lot of carbon
dioxide into the atmosphere. We are.

Mr. SCHEUER. At an increasing rate, but at a diminished rate of
increase, but nevertheless, an increasing rate.

Mr. KOOMANOFF. Yes, sir, but it is the slope of the curve that
counts.

Mr. SCHEUE.R. That is quite true.
You are still talking about a dramatic increase over a period of a

decade or two of consumption and of spewing the carbon dioxide
into the air. I get a great sense of urgency from the witnesses that
preceded you. I must say, Mr. Koomanoff, you have given us a very
impressive and thoughtful presentation of these various research
and development missions, extremely impressive and very interest-
in tam¢ hard put to understand by what miracleyou are going to

0 0

accomplish this very impressive, comprehensive research program
with a budget that has been cut by one-third. Now, maybe I am
looking at it very simplistically, but you have a very impressive

9..27 O-82-8
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mission, and you are requesting one-third less than what we appro-
priated and only half of what we authorized, and I am hard put to
see how you can do that, by mirrors or blue smoke or the pea game
or whatever.

It seems to me that it is an inexorable law of nature, when you
provide less funding and less personnel and less resources to re-
search programs, you get less research out of the pipeline, not-
more. That sort of sums up my feeling.

We are running well overtime, and we have imposed on your pa-
tience long enough. Let's go off the record.

[Discussion off the record.]
Mr. SCHEUER. Go ahead with the conclusion of your testimony.
Mr. KOOMANOFF. That's it.
[The prepared statement of Mr. Koomanoff follows:]
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STATEMENT OF FREDERICK A. KOOMNF
DIRECTOR CARBON DIOXIDE RESEARCH DIVISION

DEPARTMENT OF ENERGY
BEFORE THE

NA*WtR M0M-J-tES, AGRICULTURAL RESEARCH AND
ENV IRONLMENT SUBCOIIITTEE

AND THE
INVESTIGATIONS AND OVERSIGHT SUBWMITTEE
HOUSE SCIENCE AND TECHNOLOGY OMITTEE

MARCH 25, 1982

During the past sIxonlis the Department of Energy has

conducted an indepth review of the C02 research program. What Is

now known, what Is still unknown, and what is uncertain has been

Identified. These findings have been shared with other

government agencies,0hou Interagency Conmittee on 002 and

Climate of the National Climate Program Office which Dr.

Trivelplece described. Based upon this review, the C02 research

program has become more focused on research that will produce

hard scientific data. Table 1 sunTnarizes the principal Issues

that are known and those that are unknown.

TABLE I

o In the past 22 years, global atmospheric C02 has increased

from 315 to 338 parts per million.

o The major cause of the Increase is man's energy activities.

o There Is a sclent-i-fi-c consensus that the global climate

change due to C02 Increase has no historical analogue.

o hN e tinCERTA adrIatyfci
0 The timing, magnitude, and regionallty of climate change.
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o The future consumption of fossil fuels.

o The level of 002 that Is acceptable In terms of minimum

Impact.

o Possible mitigation strategies.

o The costs and benefits of higher 002 concentrations.

The message inherent In this summary Is that the uncertainties

and unknowns must be reduced before it Is possible to make

prudent decisions. We must Improve our understanding of the

fundamental relationships between 002 concentration and climate,

increase data collection, Improve measurements, and develop

reliable models. We can then answer specific questions about the

sources and sinks of carbon dioxide, the magnitude of climate

change and other possible effects with greater confidence. A

mearns by which to detect and verify the cause-effect

relationships of 002-climate and a better understanding of the

response of vegetation must also be developed.

Figure 1 shows the C02 research program logic.

The DOE program focuses primarily on three principal areas that

require more research before the above 002 -climate related

questions can be answered. These three areas are the global

carbon cycle, climate effects, and vegetation effects.

(1) Prediction of future atmospheric 002 concentration requires

additional Information on the sources and sinks of 002. Simply
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put, where does It come from and what components of the

blogeochemical system absorb it? Present day emissions from the

burning of fossil fuels can be estimated to an acceptable

accuracy. Estimates of 002 releases from other sources, such as

the oxidation of forest materials, are much less certain.

Similarly, our scientific understanding of the behavior of the

various sinks, such as the uptake of C 02 by the ocean, Its

transfer to the deep oceans and the fundamental 002 fixing

actions of the biosphere, requires improvement so that more

accurate models may be developed to aid In predicting future

levels of atmospheric 002.

(2) Research efforts include an attempt to predict regional and

global changes In temperature and precipitation. These efforts

are also aimed at identifying climate changes resulting directly

from the effects of 02 as differentiated from the many other-

factors that could have been involved. Research with general

circulation models Is aimed at understanding how atmospheric 002-

Induced climate change may relate to the nonatmospheric

components of the climate system such as oceans, land and the

cryosphere. These relationships are not yet well understood or

modeled. For example, preliminary results from a study now

underway suggest that the-ocean does not respond immediately to

an increase in the temperature of the atmosphere. A delay of a

decade or more may result from the ocean's thermal inertia.
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It may never be possible to attribute a climate change directly

to an increase In atmospheric 002. It Is Important, however, to

explore methods for detecting the small changes which some models

predict would be caused by 002 amidst variations in climate due

to other factors. Currently, temperature changes predicted by

general circulation models cannot be Identifled unambiguously

because the natural year-to-year variability (over the entire 100

year record) of the global average temperature (0.4 degrees C)

is greater than that expected from the approximately 14% Increase

In 002 since the turn of the century. Research aimed at

detecting a change In climate will enable us to test the

atmospheric models by comparing the predicted effects with those

measured.

(3) Increased atmospheric C02 may benefit vegetation and crops

because it is an essential ingredient for plant growth. More 002

may increase crop yield and result in greater storage of carbon

by forests, for example. Research is being done on the

photosynthetic process, as well as the physiology and water use

of plants to provide a basis for predicting vegetation response

to rising atmospheric 002. Such a beneficial effect of (M2 would

occur independent of postulated C02-induced climate change.

In addition, we are identifying and defining possible indirect

002-climate induced effects such as temperature and circulation

effects (e.g., effect on the West Antarctic ice sheet, fisheries

and hydrologic perturbations which could affect water

availability).
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Our research and analysis activities are rapidly Improving our

understanding. For example, careful analysis of data on fossil

fuel consumption shows that In 1981 releases were 5.3 GT gigatonn

= I billion metric tons) of carbon to the atmosphere as 02. The

growth rate of carbon emissions, which averaged over 4.5 percent

per year throughout the third quarter of this century, has

-dropped to less than 2.5 percent per year since 1973. Most

studies of the 002 question have assumed future growth rates

closer to the earlier, higher number. The best current energy

forecasts, however, suggest that growth rates for carbon releases

over the next 30 to 50 years will most likely average 2.0 percent

per year or less. An upper limit of 3 percent per year and a

lower limit of I percent per year now seem plausible as a basis

for future estimates.

Land use changes (forest clearing, burning, abandonment of

farmland, etc.) throughout the world in 1980 led to a net release

of less O2 than did fossil fuel burning. The best current

estimates suggest a release of about 2 GT carbon per year. Due

to a variety of uncertainties, however, it remains possible that

changing land use practices actually result in a current net

release to the atmosphere of anything from +5 to -1 GT carbon per

year. There is general agreement, however, that land use changes

will not produce a significant fraction of man's total future

releases of 002. If there Is to be a future carbon dioxide

.problem, it will be dominated by the burning of fossil fuels, not

the burning of forests.
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The combined result of these revisions of source data Is to

decrease significantly recent estimates of the rate at which

future atmospheric 002 concentrations are predicted to rise.

Many earlier studies of the 002 question quoted a "doubling time"

-- the number of years before 002 concentrations reach 600 parts

per million, about twice the preindustrial lpvel -- of about 50

years. Using identical logic, but substituting the revised data,

the most likely doubling time is almost twice as far away, close

to 100 years from now. While this Is comforting, It does not

make our research programs-less urgent. We do not know what -is

an acceptable C02 level, in terms of an acceptable Impact.

This analysis clearly shows the value of and need for obtaining

better understanding through research. CQntlnual research is

mandatory to ensure a sound quantitative knowledge base to aid In

decision making. The major fraction of our effort will continue

to be-in understanding the complex physics, chemistry, and

biology problems that are fundamental to the question of C02-

climate. It Is only through the deeper Insight that we will be

able to develop prediction models capable of producing improved

estimates of possible regional and seasonal climate changes.

In surrnary, the 002 issue Is one of great complexity and

difficulty. We are focusing the research on the question of

greatest importance--better understanding of the science

involved.
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Mr. SCHEUER. I must say, you have given us very impressive tes-
timony, both of you. You are obviously professional and knowledge-
able people, and you have given us an impressive program.

I understand that in some areas of life, less is more, but I just
have not come to that point in comprehension that less is more in
this extraordinarily important research mission that you have.

Mr. KOOMANOFF. On the wall, we show one of the projects that
we have going on. Now, this is a way where we try to multiply our
dollars at DOE. One of the issues is that everyone says we only
have one excellent data set of Keeling's from 1957 to today. What
happened in the past?

At Pacific Northwest Laboratory, at our observatory there, the
idea that from the spectral plates that were taken at many obser-
vatories, we should be able to, knowing the intensity of light and
the wave length, to mathematically calculate the amount of carbon
dioxide in the atmosphere at that time.

They have developed a mathematical method by which to calcu-
late past CO2 levels. But first The spectral plates had to be found.

In 1925, at Mount Haiqua Halu, Ariz., that observatory that you
see in the little picture up on top was abandoned. About a year and
a half ago, we went to that abandoned observatory and, in the root
cellar, found 250 of these plates, with rattlesnakes, too.

We have over 1,000 spebtras, because many times each plate has
three to five spectras. Then, working with NOAA, because they
have a camera-so we did not have to go buy a camera or rent it-
we could reduce the plates into picture slide.

Then, working with NASA, because they had the equipment, we
were able to digitize that data by the end of this year, we will have
CO 2 level data points, one data point in the 1890 timeframe and
quite a few in the 1920's.

Further as tootrace gases, that Dr. Hansen mentioned; this tech-
nique can be used for trace gases. We did not even know that when
we first started, and we are having a seminar in about 1 week or 2,
within basic energy sciences, mathematics, and computer sciences
group to start taking advantage of this new technique.

This is one example of trying ways of increasing our productiv-
ity. Some will work and some will fail, but-we are trying.

Mr. SCHEUER. Well, you are obviously a very credible profession-
al witness, and I appreciate the insights that you have given us.
You are proceeding down numerous research paths.

Can you give us a timetable as to when you would have the total-
ity of this research synthesized and completed so that public policy
recommendations on changes in our national balance- ofenergy
production, the kind of really tough public policy decisions that we
are going to have to make that have been discussed by the prior
witnesses? When do you think you are going to have that research
base that will be adequate for the kind of decisions we-are going to
make in Congress?

Mr. KOOMANOFF. Presently, we have out in peer review, within
the Department of Energy and our sister agencies like NOAA,
NSF, and others,-plus some of the leading universities, three basic

--detailed research plans, one on the carbon cycle, one on climate
model and first detection, and one on the vegetation effects.
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In these plans, we have what we call time lines, which said, if we
are doing this research and if these things come out like we hope,
we expect to have key information by a specific time.

For example, today there is no question that the sign of the equa-
tion, as it were, for increasing carbon dioxide is going to be posi-
tive; there is going to be an increase in the global temperature.
Right now, we do not know the sign of the regionality and season-
ality. We hope to have something like that somewhere, hopefully,
in the 1986-1987 timeframe.

These time estimates are in these documents. They are being re-
viewed, and we are asking our scientific colleagues to come back
and say, are we nuts; are we too ambitious? I would hope that you
would give me about 2 months. Then, I should have these docu-
ments, and I will be glad to send them to your staff so that they
could review them, and I would be glad to further answer that.

Mr. SCHEUER. Would you?
Mr. KOOMANOFF. But to give you a definitive answer until I get

feedback from some of my planning from the scientific community,
I think, would be premature. We will get back to you in approxi-
mately 2 months.

Mr. SCHEUER. Very good. Well, we will look forward to receiving
that data. Now, will that data also be provided to your Energy Re-
search Advisory Board, and will their opinions be solicited?

Mr. KOOMANOFF. Oh, yes, sir.
Mr. SCHEUER. Very good.
Mr. KOOMANOFF. He is my boss, and he insists on -things like

that.
Mr. S-CHEUER. Very good.
All right. I thank you both. You have been very patient with us

and very forthcoming. We appreciate it, and we will look forward
to hearing from you.

With your indulgence, we are going to leave the record open for
my colleagues who were not here, and perhaps myself, too, to ask
some further questions in writing.

Thank you very, very much. The meeting is adjourned.
[Whereupon, at 12:30 p.m., the subcommittees recessed, to recon-

vene at the call of the Chair.]
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APPENDIX I

QUESTIONS AND ANSWERS SuBMITrEr FOR THE RECORD

ANSWERS TO QUESTIONS ASKED OF DR. MELVIN CALVIN

1. CO2 Research Priority

The Energy Research Advisory Board (ERAB) ranked CO2 research as the highest
priority program in Energy R&D.

A. Would you give us a short history of the Board?

Answer A:

The Energy Research Advisory Board was established on June 19, 1978, and renewed

on June 19, 1980. Its purpose is to provide advice to the Secretary, Deputy

'Secretary, Under Secretary, and Assistant Secretaries as wellias the Director,

Office of Energy Research, on overall R&D conducted in DOE and to provide long-

range guidance in these areas to the Department. Members are selected primarily

for technical competence, but careful attention is given to balance among such

factors as sex, race, and geographical distribution. Additionally, the Board is

divided into a number of panels, subpanels, and study groups which meet on a

schedule determined by the reviews they are conducting. The Board is currently

working on six studies for DOE and is also continuing its responsibility for

reviewing nominations and making recommendations to DOE concerning the Enrico

Fermi and E.O. Lawrence Memorial Awards.

Early in l" 1, the Energy Research Advisory Board (ERAB) was reconstituted and

is now the highest level independent scientific advisory committee serving the

Department of Energy, and reports to the Secretary through the Deputy Secretary.

(The Office of Energy Research provides administrative support to the Board.)

The Board has provided advice on a wide range of issues since its establishment

in 1978. An example of the type of review the Board performed was a study
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completed late in 1981 on "Federal Energy RD&D Priorities." This study

addressed a number of concerns, principal among them the relative merits of each

major R&D program supported by DOE, the appropriate Federal role in energy R&D.

and the strategic R&D objectives for the near, mid and long term. The Board

also recently completed a report on the potential contribution of biomass

resources to energy supplies.

During the coming year, the Board plans to complete studies on the role of the

multiprogram national laboratories, advanced isotope separation technology, and

on DOE's conservation and solar programs. In addition, the Board will continue

to conduct studies as requested by the Secretary and Deputy Secretary.
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B. What information was considered in placing such a high priority to the
CO2 program?

Answer B:

The Board primarily relied on the broad expertise of its membership in assigning

high priority to the CO2 research program. For instance, several board members

have expertise in environmental sciences with a general concern for environmen-

tal quality and regulation while others with expertise in fossil energy have

concerns about the potential impacts and uncertainties of CO2 prolems on fossil

technology development and utilization. In addition, the Board has been briefed

on CO2 research programs, and reviewed documents prepared by DOE staff and

national laboratories concerning the DOE technology base including the

CO2 research efforts. This latter assessment was conducted at the request of

ERAB as part of the 1980 effort of the R&D Panel to assess R&D needs in the

Department. Brief program descriptions and budget information were also provided

by the staff for the program ranking exercises.
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C. Why was the program given such a high priority?

Answer C:

The CO2 question was generally thought to be a potential ultimate "'show-stopper"

in terms of expanded fossil fuel usage should the accumulation of CO2 in the

atmosphere prove to be a serious problem. It was also generally agreed that the

scientific basis for assessing potential CO2 problems is inadequate given the

complexity and present state-of-the-art in atmospheric sciences. As explained

in the report, climate and CO2 research is needed to provide information for

future public policy decisions and the Federal Government has the principal

responsibility for support of long-term, basic environmental research of this

kind.

In terms of the specific evaluation criteria used in the R&D Priorities study,

climate and CO2 research ranked high for its potential contributions to scien-

tific knowledge, urgency with regard to the lead time needed to complete the

research, DOE mission impact and Federal role. Out of a highest possible score

of 3.00, climate and CO2 research was ranked by each criterion as follows (see

R&D Priorities Report for criteria definitions):

Scientific Potential 2.44

Inventive Potential 1.88

Mission Impact 2.69

Urgency 2.75

Federal Role 3.00
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3. The Board Report indicated that funding for the program should be increased.

A. How much should it be increased? (FY 1982 $12 million FY 1983 request $8
million)

Answer A:

The Board deliberately did not specify a percentage change that would correspond

to its recommendations for 'more" or "less" funding, recognizing that specifying

budget figures Is the proper province of program managers and of the responsible

Congressional Committees. Generally, the Board members are aware of the prin-

ciple that in the support of R&D programs very abrupt changes in funding level

can be wasteful and are generally inefficient. My own interpretation is that

"more" would correspond to a 20 to 30 percent increase. The Board used the

President's FY 1982 budget as a base line and did not contemplate major changes

from those levels.
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B. What R&D programs should the funds be used for?

Answer B:-

The Board did not attempt to specify programmatic objectives in any detail.

This is the legitimate function of DOE program officials and the Administration

to define in consultation with the cognizant congressional committees. Indeed,

the CO2 program within Basic Energy Science is well managed and can provide

detailed program plans for expanded-CO2 research.

98-227 0-82-9

I-
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2. The Report states that "an intensified research effort is needed now in
order to ensure that better information will be available for future decision
making."

A. What is meant by "intensified research effort?" What changes should be made
in the CO2 R&D program? k

B. What additional research should be conducted that is not now underway?

Answer:

The Board's effort was focused on setting overall priorities between major

line items of DOE research and development. As stated above, we did not attempt

to define research objectives within specific programs and-have not been asked

by DOE to do so. The DOE program office and scientists currently working on

these problems are better equipped to define the specific nature of an inten-

sified effort. However, the CO2 and climate issue clearly requires a long-term

effort. Data will need to be gathered and evaluated that allows estimates of

the extent of the problem to be made with confidence. The program is presently

proceeding to fund research aimed at unraveling the CO2 effect frQm natural

changes in climate.
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ANSWERS TO QUESTIONS ASKED OF JAMES E. HANSEN

I. A. What additional research is needed to definitely associate this warming
with increased CO2 levels?

A broad research effort is needed, as a result of the complexity of the
climate system and the fact that expected CO2 climate effects do not yet over-
whelm climate variations due to other causes.

To definitely associate climate change with CO2 in the near future, it
will be necessary to have a knowledge of other climate forcing mechanisms,
e.g., solar variations, stratospheric aerosols, and trace gases; thus appro-
priate observational data are essential. The technology for such measure-
ments exists, but there needs to be a commitment for long range research and
monitoring - over a period of 10 years or longer.'

It is also necessary to improve climate modeling capability for key
processes such as atmospheric clouds and ocean circulation. This implies the
need for extensive observations, as well as research and model development.
Existing and planned satellite measurements may provide the needed cloud data,
if the measurements, are adequately archived, processed and analyzed. Good
progress on understanding the ocean circulation will be made if monitoring of
transient tracers in the ocean is continued; however, other extensive studies
of ocean processes will be needed.

1. B. How has thia research been received in the scientific community since
its publication?

It has generally been well received. Confirmatory data on the global
temperature trend and sea level trend has been obtained by other scientists.
I expect some technical comments about our paper to be published in Science,
however, these do not modify our basic conclusions.

2. A. What are the sources of these trace gases?

The chlorofluorocarbons are manufactured primarily for use in spray
cans and in refrigeration. Sources of nitrous oxide and methane are less
certain. A substantial research effort is needed to understand the geochem-
ical cycles determining the abundance of these gases. It is likely that com-
bustion of fossil fuels and agricultural practices, e.g., use of fertilizers,
affects the abundances of nitrous oxide and methane. -

2. B. How do they contribute to the greenhouse effect?

The trace gases absorb in the infrared 'window' region of the spectrum
(5-15 uH wavelengths) and thus trap thermal radiation, in the same manner as
CO2 -

2. C. Compared to C02 , how big a problem are these trace gases? How large
could the problem become?

We estimate that these trace gases caused a greenhouse effect 70 per-
cent as great as that of CO2 during the 1970's. However the uncertainty is
large, because the measurements of these gases are not of sufficient
accuracy.
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It is conceivable that these traces could surpass C02 in their
greenhouse effect. Some of the trace gases contribute to the greenhouse
effect by means of unsaturated bands in the middle of the 5-15 IM window,
such that their contribution is nearly linear with increasing amount; this
contrasts with C02, which contributes mainly via a strong band on the edge of
the window. -.Thus the relative contribution of the trace gases may increase in
the next century.

The chlorofluorocarbons would now be contributing more than CO2 to the
annual growth of the greenhouse effect, if their production had not been
curtailed in the 1970's. This illustrates the potential importance of the
trace gases, as well as the feasibility of effective controls.

3. A. and 3. B. Is the air temperature related to increased levels of atmos-
pheric C02? What additional research is needed to "prove" that increases in
CO2 cause an increase in mean sea level?

The greenhouse gases are expected to cause a warming and the warming is
expected to cause melting of ice sheets and thermal expansion of ocean water,
thus a rise of sea level. The empirical evidence for changes of both global
temperature and sea level is consistent with these expectations.

Key research needed to assess the connection of CO2 amount and global
temperature is discussed under l. A. above.

The most crucial needed research on sea level concerns the sensitivity
of the ice sheets to change-of global temperature (and sea level), especially
the rate at which disintegration may occur. This requires monitoring of the
mass balance of the ice sheets, as can be obtained with accurate topographical
measurements from a satellite, and studies of ice sheet processes. It is
desirable to have a better network for monitoring sea level; a precise alti-
meter on a satellite could contribute to this, as well as to studies of ocean
circulation and heat storage.
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Answers of G. Kukla to the questions of Dr. J. H. Scheuer and Mr. A. Gore, Jr.

qgmSTIOM IA:

AN5IKR:

How were sea ice positions from the 1930's determined and how

accurate are they?

There were numerous whaling ships in the Antarctic waters

during the 1930's. Because whales are frequently found in the

vicinity of the ice edge, the ship logs included reports on

the ice positions. 'These observations were critically ana-

lyzed and charted by Hansen, an experienced sea captain and by

Herdman and Mackintosh. We relied heavily on the work of

Mackintosh and Herdman, both of whom participated in the

scientific expeditions of the DISCOVERY vessels, sent out on

Antarctic cruises by the Discovery Committee of the British

Royal Geographic Society and the Royal Society. They state

the following in their paper:

"We have included in the charts only those obser-
vations in which not only the position of the ice-
edge but also, the date are known, for the mean
latitude of the ice-edge may vary considerably
even in the same month, and an undated record is
of little value. Furthermore, the plottings are
intended to represent the actual outer boundary of
the pack-ice belt, and any records such as ab-
stracts from logs in which it is merely stated
that pack-ice is in sight are disregarded unless
there is something to show that the ship was
actually at or near the true ice-edge, and not
some distance within an area, for example, of open
drift ice."

By "open drift ice" the authors were referring to sea-ice

plumes which occasionally extend from the main pack ice field.

into open ocean. These highly obile plumes can be mistaken
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for the pack-ice edge by an inexperienced observer who does

not have enough time to monitor the ice movement. In

addition, particularly in the Weddell Sea, an extensive ice

tongue frequently forms in late spring. Different ice

positions can then be reported depending on the direction of

the ship's approach.

Due to the extensive experience of the preceding authors and

because of the consensus of a relatively large number of inde-

pendent reports, we are confident that our conclusions have

not been significantly affected by the above problems.

qJKSTION 13: What has been the reaction of the scientific community to the

publication of this research?

ANSWR: We sent the draft version of the manuscript to several col-

leagues, familiar with high latitude climate for comments, and

adjusted the final version according to their suggestions.

Most of our internal reviewers as well as the reviewers selec-

ted by the journal Science, stressed the need for underlining

the large year-to-year and decade-to-decade variability of the

climate system which prevents an interpretation of the ob-

served variations as a definite'sign of the CO2 increase. We

tried to make this point as clear as possible in the article

as well as in the testimony.

A favorable report on our findings was published by the Bulle-

tin of the American Meteorological Society (Vol. 62, p. 1607-

1608). Our findings were also discussed at-length in the News
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and Views section of the British scientific journal Nature

(vol. 295, pg. 645-646). In summary, the journal states that

our recent sea ice observations as well as the model versus

observed surface temperature comparisons of the GISS group are

,consistent with a consensus of modeller's expectations for a

climatic signal from increasing "greenhouse" gases. According

to the journal, "the statistical significance of the results

is simply too small and the number of unverified modelling
Nr

assumptions too large to allow one to proclaim detection."

This statement is concurrent with our view of possible link

between the observed changes and the CO2 rise.

WJESTION 2A: Row closely do the research results correlate with theoretical

predictions (from climate models)?

ANMER: Host climatic modellers assume that the area of sea ice and

the snow cover will decrease in both hemispheres as a result

of the snow/albedo feedback.

The closest comparison of our findings wjth model predictions

can be made in the high latitudes of the N. hemisphere, where

we found that the recent zonally averaged surface air tempera-

tures in spring and summer are higher than they were 40 years

ago. We also found that the positive anomaly is approximately

4 times larger at latitude 80*N than at 65*N. The model of

Ramanathan, Lian and Cess also predicts a considerablfy stron-

ger warming at the latitude 85* than at 65*N. According to

the model results the 1002 increase of CO2 should raise the
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temperatures at 85ON in June by about 12*C, and somewhat less

at 80*N. The CO2 concentrations increased by 10-15Z from the

1930's, so that the observed temperature difference of about

0.9C along 80*N between the 1934-38 and 1974-78 pentads is in

approximate agreement with the model's prediction. The one

month difference in the timing of the peak response expected

by Ramanathan et al., and the positive anomaly maximum found

by us also agrees, because, as the CO2 increases , the melt

should occur earlier in the season.

In another numerical climate model, Wetherald and Hanabe in

1981 predicted the largest temperature increase resulting from

a quadrupling of CO2 to occur in central Arctic in mid-winter.

This should happen as a result of the arctic atmosphere being

heated Ming the polar night by the warm ocean covered with

only a thin layer of ice. Thick ice will not have time to

develop, because all the ice in Arctic will melt in summer.

Wetherale's and Manabe's results do not contradict those of

Ramanathan et al., whose data are based on a doubling of CO2

concentrations, a change insufficient to lead to a complete

melt of the arctic ice in summer.

Today the sea ice is relatively thick in the Central Arctic

throughout the year, so that the process predicted by

Wetherald and Manabe can not yet be taking place.
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QIESIO 2S: What additional research must be done to- prove the correla-

tion?

AhN f : To prove the causative relation between the observed changes

and the CO2 we must eliminate any other possible causes inclu-

ding natural variability, solar activity, man made pollution

etc. This objective, as we believe, can best be achieved on

regional rather than global scales. Increased attention

should be paid to the transitional seasons of the year and to

the snow and ice marginal belt.

MRKSTIONS M,1: How long will it be before we can say definitely that CO2 is

causing climate changes? When will the proof of the CO2 im-

pact become available?

ANMIKR: We are interested in learning if and when the CO2 will domi-

nate the climate change. We will be able to answer this

question as soon as the climatic impact of variables other

than CO2 is reliably understood. Because some variables such

as volcanic ejecta fluctuate at random, the prediction of the

CO2 climate impact will always include elements of uncertain-

ty. However, a reasonably accurate probability forecast in my

opinion can be obtained in less than 5 years.
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Kane Questions

l.a. Hr. Scheuer: On page 3 you state, "I believe that this amount is a satisfactory
compromise between the clear need at this time to reduce Federal expenditures
and the unquestioned importance of the C02 problem." What direction and scope
of the C02 program was reduced or altered as the result of this compromise?

Dr. Kane: The direction and scope of the program have been brought to focus

on establishing the scientific data base necessary for decision. The majority

of the reductions have been achieved naturally rather than by stopping work.

For example, the Transient Tracers in the Ocean was requiring $2,000,000 a

year to take measurements. Now we are analyzing the data and the costs are at

$500,000 a year.

l.b. Mr. Scheuer: What are the future plans for both the level of funding and the

program direction for the CO2 program?

Dr. Kane: The program will continue to be a focused program and funded at the

1983 level. Larger budgets will be requested as the need arises. Specific

plans will be delivered with any such enhanced budget requests..

l.c. Kr. Scheuer: How will this reduction, in CO2 research funding alter the long-

-range plans and time schedules for the program?

Dr. Kane: We will deliver an interim report in oid 1985 as promised. The

long range plans also remain unchanged.
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Kane Questions

2.a. Nr.-Scheuer: On page 3 you state "We plan to use the larger FY 1982 funding
to bring some of the less central research to a timely and cost effective
conclusion, and to concentrate our FY 1982 effort on the most essential
components." What do you define as "less central research? The FY 1983
budget request lists a reduction in carbon cycle research.

Dr. Kane: In a period of research budget belt-tightening, it seems prudent

to focus on critical scientific questions of what happens to fossil CO2 when

introduced into the atmosphere. It is important to determine how rapidly the

excess CO2 is absorbed by oceans and the terrestrial environment. A credible

assessment of the C02 issue first requires a clear understanding of global

CO2 dynamics and the first order climate response to CO2 . Understanding the

earth's geophysical response to CO2 is a central requirement. It provides

the basis for other assessments of effects.

Less urgent are studies of secondary and tertiary impacts. Analysis of

societal or environmental impact requires believable scenarios of climate

change. It just isn't possible at the present time to formulate credible

climate situations which can be attributed to CO2 change until we have a

better understanding of the global climate system, what causes natural climate

variability, and the role of C02 , among other things, in climate perturbation.

The FY 1983 reductions in carbon cycle research were anticipated as

projects were completed as a part of a directed program.

2.b. Hr. Scheuer: What are the programs that will be concluded at the end of FY 1982?

Dr. Kane: The Transient Tracer Ocean experiments are coming to an orderly

conclusion, as well as research on economics in the agricultural field,

and instrumentation development.
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Kane Questions

3.a. Mr. Scheuer: Last year saw the CO2 program moved from the Office of Environmental
Research to the Office of Basic Energy Sciences, a 1981 mid-year budget reduction,
of $2 million, $14 to $12 million, and finally on FY 1983 budget request 307.
below FY 1982 appropriations, $12 to $8 million. What are the future plans
for the CO2 research program with respect to funding, direction, level of effort,
etc.?

Dr. Kane: As I stated earlier, the focused direction will be maintained. The

future funding level and level of effort will be the object of specific plans.

3.b. Hr. Scheuer: Are there any plane now to Alter the programs from the FY 1983

budget requests?

Dr. Kane: No, there are no such plans at the moment.
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Kane/Koomanoff Questions

l.a. Mr. Scheuer: In the FY 1983 budget request to Congress the statement is made
1.b. that, "o..research on the global carbon cycle will be reduced..." Specifically,

what research will be cut? What is the reason for cutting one of the most
Important aspects of the program, carbon cycle R&D, and not some other research?

Dr. Kane: Several projects have come to completion. For example, in 1981 the

Transient Tracers in Oceans was funded at $2 million a year for data collection.

Now data analysis has started and funding is at $500,000 per year. A feasibility

study to vise satellites to access the blospheric carbon reservoir will be completed

this year. fle have also decreased our replication by funding fewer projects in

a given area such as instrumentation development. Some of the programs are still

under examination so I cannot give you specifics on every one.

Our proposal refusal rate will increase in the carbon cycle: It will begin

to fit more closely my rule of thumb that I mentioned earlier.

Further, we are working with our sister agencies, NSF, NOAA, and 1BS, so

that DOE and NSF provide for research measurements and standards, and NOAA and

14BS provide for routine monitoring and standards.
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Kane/Koomanoff Questions

2.a. Hr. Scheuer: In the FY 1983 budget the justification for program cuts given is
"The growth rate of fossil fuel emissions has slowed... A lower rate of growth
in CO2 emissions provides more time to evaluate possible climate effects,
environmental consequences and energy policy implications." Do you have any
data that shows atmospheric CO2 levels are decreasing?

Dr. Kane: There are no data which show decreasing atmospheric CO2 levels.

This would not be expected as long as C02 emissions continue at present levels.

The latest measurements show that atmospheric CO2 continues to increase by

about 1.5 ppm per year. This increase appears to be related to continued

emissions from fossil fuel and possibly other sources.

2.b. Hr. Scheuer: Do you have any data that the rate of increase in atmospheric CO2
levels, 315 to 328 ppm in the past 22 years, is also decreasing?

Dr. Kane: The change in rate of growth of fossil CO2 emissions would not

immediately be reflected in the atmosphere as long as the quantity of C02

release remains essentially constant, about 5.2 X 109 tons.

2.c. Mr. Scheuer: On the other hand if the growth of "fossil fuel emissions" -

increases will the C02 R&D program also be increased?

Dr. Kane: This is dependent upon the type of research. Some areas of CO2

research can be accelerated and provide quicker answers, and in these areas the R&D

effort would be increased.

Other areas of CO2 research cannot be accelerated no matter what the funding

level due to the nature of the research. These areas require certain amounts of

time, such as the TTO experiment, which money cannot buy.
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Koomanoff Questions

l.a. Mr. Scheuer: On page 2 you list the issues that are unknown/uncertain. Two
are: The level of CO2 that is acceptable in terms of minimum impact.

The costs and benefits-of-higher CO2 concentrations.
What research is DOE conducting that will help clarify these Issues?

Mr. Koomanoff: DOE is conducting research on the carbon cycle. Until we

have a much better grasp of the true CO2 sources, CO2 removal mechanisms

and the times involved, these issues will remain uncertain. Costs and benefits

of higher C02 concentrations can't really be determined without knowing more

about the carbon cycle.

l.b. Mr. Scheuer: The "costs and benefits" of higher CO2 concentrations Is a type

of risk analysis. Are you decreasing R&D on the risk analysis aspects?

Mr. Koomanoff: The data base is insufficient to permit a meaningful effort

on risk analysis. We are continuing R&D to develop the data base and learn

how to use it for such work in the future.

l.c. Mr. Scheuer: What are the future plans for risk studies?

Mr. Koomanoff: In 1985 our report will include any work that can be done, but

will most likely define what we expect to deliver at a later date. By 1988-1990

the improved climate models, vegetation effects and carbon cycle models will

allow us to'conduct meaningful risk analyses.
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Koomanoff Questions

2.a. Mr. Scheuer: On page 2 you state, "Ie must improve our understanding of the
fundamental relationships between C02 concentration and climate, increase data
collection, improve measurements, and develop reliable models. We can then
answer specific questions about the sources and sinks of carbon dioxide."
If we need to improve fundamental knowledge why is the budget request of 7T 1983
for carbon cycle research reduced?

Mr. Koomanoff: Carbon cycle research required some heavy up-front costs that are

not ongoing. This accounts for most of the reduced budget request for this

category in FY 1983. For example, nearly one-million dollars of ship costs

for North Atlantic Oceanographic research will not recur in FY 1983 while

scientists focus on interpretation and modeling of data collected in FTY 1983.

Also, measurement of atmospheric CO2 is scheduled for phase-down as the National

Oceanic and Atmospheric Administration assumes responsibility for this research.

A few projects on biosphere CO2 source and ocean chemistry of-CO2 will be

concluded because they have achieved objectives by WY 1983.

2.b. Mr. Scheuer: Does your statement mean that the sources and sinks of COi will

not be studied until after the fundamental relationships are understood

Mr. Koomanoff: No. Knowledge of fundamental relationships provides the

basis for answering questions about sources and sinks of carbon dioxide and

will define better research opportunities. A key objective of the program

is to identify and quantify CO2 sources in addition to fossil fuel emissions.

Carbon dioxide from a disturbed biosphere is one alleged source which must be

understood before one can place confidence -in models /of the global carbon cycle.

Another key objective is to quantify the ocean's capacity for removing fossil

CO2 from the atmosphere. Research on removal of CO2 by means of ocean chemistry

and circulation is the basis for understanding an important CO2 sink of the global

biogeochemical cycle.

2.c. Mr. Scheuer: What is the FY 1983 level of funding for R&D into the sources and

sinks of C02?

Mr. Koomanoff: Approximately $1.6 million is scheduled for continuing research

on biospheric sources and ocean sinks in WY 1983.
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Koomanoff Questions

3.&. Mr. Scheuer: On page 4 you state, "It may never by possible to attribute a
climate change directly to an increase in atmospheric CO2-." There are several
research efforts, including today's witnesses for example, that are close to
doing just what you say may never be possible. On what do you base your
statement?

Mr. Koomanoff: We are looking for a CO2 signal that can be unequivocally

attributed to increases in atmospheric C02. I believe the witnesses,

particularly Dr. Kukla, have carefully reported to you the limits of their

data. The results are not inconsistent with increased CO2 but are far from

a fingerprint. Let me give you an example. Dr. Hansen's recent paper in

Science shows a curve fit for the temperature record with the equivalent of a

2.80C equilibrium temperature rise for doubling of CO2. He states that a model

with a 1.4c equilibrium rise for doubling C02 also fit the curve. Other

researchers find similar ranges. Several even find no evidence of a CO2 induced

rise. Thia is mainly the fact that a CO2 rise would be affecting only the last

few years of the record. It's like trying to fit a curve through one point.

There are lots of options. Our models and data are also incomplete. We do not

know exactly how to calibrate in the sun's changes, volcanoes, ocean time lags,

and other important factors.

\3.b. r. Scheuer: What research efforts does DOE have underway, that could provide

the direct link between climate change and CO2 increase?

Mr. Koomanoff: We are examining the complex relationships between the current

critical variables such as temperature and water vapor on various time and

spatial scales. The models direct us to the variables, space scales and time

scales of interest, in other words the signal. The climatic date base can then

be compared to the signal and examined for evidence of changes specifically

related to CO2.

3.c. Mr. Scheuer: What are the future plans to study these links?

Mr. Koomanoff: We will continue analyses using key data sets comparing the model

generated signals to the real data and explain our activities as new concepts

are developed.

98-227 0-82-10
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Koomanoff Questions

4.a. Hr. Scheuer: On page 4 you state, "Increased atmospheric CO may benefit
vegetation and crops because it is an essential ingredient for plant growth.
What studies are underway on the beneficial aspects of increased atmospheric
levels of C02?

r. Koomanoff: Several investigations of the fertilization effect have been

initiated. Chiefly, a joint program with the U.S. Department of Agriculture,

Agriculture Research Service is assembling data and developing models to a'sess

soybean growth response to elevated atmospheric 002 . Future budgets permitting,

other crop responses will be determined and the experimental data and models

will aid national assessments of CO2 enhancement of agricultural productivity

On an exploratory scale, are other studies of relative responses of native

species to elevated CO2. Some research is devoted to enhancement of photo-

synthesis of trees to determine if-increased carbon storage may occur in a

future higher CO2 vorld.

As a point of information, this May 23-28, ve are jointly sponsoring

with the Department of Agriculture and the American Association for the

Advancement of Science a conference on rising atmospheric carbon dioxide and

plant productivity in Athens, Georgia.

4.b. Hr. Scheuer: Does any evidence indicate that increased levels of CO2 will

not help or might even harm plant growth?

Mr. Koomanoff: The majority of observations of plant response to CO2 suggest

increased growth - a positive response. However, a group of plants possessing

the C4 pathway 'of carbon metabolism exhibit very limited growth response, and at

about 1000 ppm of CO2 , nearly 3 times the ambient, a slight reduction of growth

of maize, a representative of this group, may occur. But observations of this

response are very limited, and it to not known if the observed growth response

would occur under field conditions. Preliminary laboratory observations suggest

starch accumulation in leaves and accelerated senescence at high exposure to C02 ,

greater than 1000 ppoi. Because CO2 participates in may plant biochemical

reactions, the possibility of potentially detrimental effects cannot be disregarded

especially at high levels of CP2 exposure. Actual observation of harmful effects

on plant growth are exceedingly rare.
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APPENDIX II

ADDITIONAL STATEMENT, FOR THE RECORD

TESTIMONY SUBMITTED BY

FRIENDS OF THE EARTH
TO

THE SUBCOMMITTEE ON NATURAL RESOURCES,

AGRICULTURAL RESEARCH & ENVIRONMENT
AND

THE SUBCOMMITTEE ON INVESTIGATIONS AND OVERSIGHT

OF

THE'COMMITTEE ON SCIENCE & TECHNOLOGY
U.S. HOUSE OF REPRESENTATIVES

MARCH 25, 1982

MR, CHAIRMAN, FRIENDS OF THE EARTH COMMENDS YOU FOR HOLDING THIS

IMPORTANT HEARING ON C02 AND CLIMATE CHANGE. FRIENDS OF THE EARTH

IS AN INTERNATIONAL ENVIRONMENTAL ORGANIZATION WITH 28,000 MEMBERS

IN THE UNITED STATES AND AFFILITATES IN 27 NATIONS THROUGHOUT THE.

WORLD.

THIS HEARING COMES AT A CRITICAL TIME WHEN EVIDENCE IS ACCUMULATING

THAT CLIMATE CHANGE COULD BE ONE OF THE MOST SERIOUS AND IRREVERSIBLE

EFFECTS OF ACCELERATING FOSSIL ENERGY USE. AT THIS VERY MOMENT HOWEVER

THE REAGAN ADMINISTRATION PROPOSES TO DRASTICALLY CUT FEDERAL EF-

FORTS TO UNDERSTAND THIS PROBLEM IN FY 1983. FRIENDS OF THE EARTH

STRONGLY URGES THE CONGRESS TO REJECT THE REAGAN PROPOSALS.

WHILE THE PRECISE CLIMATE EFFECTS OF A GLOBAL WARMING ARE NOT FULLY

KNOWN WE MUST DO OUR BEST TO FIND THE ANSWERS BEFORE MAKING FURTHER

NEW COMMITMENTS TO USE FOSSIL ENERGY, PARTICULARLY COAL, THE

UNITED STATES HAS A SINGULAR RESPONSIBILITY IN THIS REGARD BECAUSE

WE POSSESS THE SECOND LARGEST COAL RESERVES IN THE WORLD, AFTER THE
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SOVIET UNIONAND BECAUSE WE ARE THE LARGEST SINGLE CONSUMER OF

FOSSIL ENERGY.

C02 IS NOT THE ONLY TRACE GAS WITH THE POTENTIAL TO CAUSE CLIMATE

CHANGE. IT IS NOW ESTIMATED THE OTHER INDUSTRIAL AND AGRICULTURAL

BY-PRODUCTS SUCH AS THE FREONS, AND NITROUS OXIDE MAY INCREASE THE

"GREENHOUSE EFFECTt BY 70. THUS CLIMATE CHANGE WILL POTENTIALLY

AFFECT INDUSTRIAL AS WELL AS ENERGY POLICY.

MR. CHAIRMEN, FRIEND S"OHE EARTH HAS RECENTLY PUBLISHED A PAPER

DETAILING THE CURRENT SCIENTIFIC UNDERSTANDING AND PROGRAMMATIC

STATUS' OF C02 AND CLIMATE CHANGE. A COPY OF THIS PAPER BY

ANTHONY SCOVILLE IS ATTACHED TO THIS. TESTIMONY AND WE REQUEST THAT

IT BE MADE PART OF THE RECORD OF THIS HEARING

AS THE ARTICLE MAKES CLEAR, THE REAGAN ADMINISTRATION PLANS TO REDUCE

FUNDING FOR DOE's C02 PROGRAM BY ONE-THIRD FROM $12 MILLION TO

$8 MILLION FOR FY 1983. AT OTHER AGENCIES FUNDING IS LEVEL WHICH

MEANS AN EFFECTIVE REDUCTION OF RESEARCH AFTER INFLATION IS CONSIDERED.

WE NEED TO GET THE ANSWERS JUST AS SOON AS POSSIBLE WHILE THERE IS

STILL TIME TO ACT IF POTENTIAL CLIMATE CHANGE TURNS ODT TO BE AS

SERIOUS AS PREDICTED.

IN CONDUCTING INTERVIEWS FOR THIS ARTICLE ADMINISTRATION SPOKESMEN

EXPRESSED SKEPTICISM ABOUT THE SERIOUSNESS OF CLIMATE CHANGEj

CURRENT DOE RESEARCH PLANS NO INPUT TO ENERGY POLICY FOR THE NEXT
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DECADE AT LEAST. AT THE SAME TIME, HOWEVER, THE DIRECTOR OF DOE's

PROGRAM, DR. FREDERICK KOOMANOFF, IS SIMPLY UNINFORMED ABOUT THE

STRENGTHS AND LIMITS OF CURRENT CLIMATE MODELS. So FAR AS WE CAN

DETERMINE IT APPEARS THAT THE ADMINISTRATION SEEKS TO CONFIRM ITS

SCIENTIFIC NAIVETE BY REDUCING THE RESEARCH WHICH MIGHT DISPROVE

ITS PRECONCEPTIONS1

LAST YEAR DOE's ENERGY RESEARCH ADVISORY BOARD RECOMMENDED INCREASING

FUNDS FOR C02 RESEARCH ABOVE THE $16 MILLION THEN .REQUESTED FOR FY 82

BY PRESIDENT REAGAN FOR DOE ALONE. WE STRONGLY SUPPORT THAT RECOM-

MENDATION. FRIENDS OF THE EARTH SPECIFICALLY URGES THAT INCREASED EF-

FORT BE DEVOTED TO THE EFFECTS OF NON-C02 TRACE GASES SUCH'AS THE

-"FREONS, WE URGE RESTORATION OF FUNDING FOR COMPUTER MODELING WITH

SPECIFIC ATTENTION TO SIMULATING SMALL TEMPERATURE INCREASES WITHIN HIGH

CLIMATIC "NOISE". LAST AND MOST IMPORTANT, FRIENDS OF THE EARTH

BELIEVES THAT FAR GREATER EFFORT MUST BE DEVOTED TO THE SOCIAL,

ECONOMIC AND AGRICULTURAL CONSEQUENCES OF GLOBAL WARMING. FUNDING

HAS BEEN ALMOST ELIMINATED IN THIS AREA AT DOE.

NOT ONLY ARE SOCIAL AND ECONOMIC VARIABLES FAR MORE UNCERTAIN THAN

THE CLIMATE SCIENCE BUT BETTER UNDERSTANDING OF SOCIAL AND ECONOMIC

IMPACTS CAN HELP PLAN CLIMATE RESEARCH EFFICIENTLY IN ORDER TO SUPPLY

RELEVANT INFORMATION AS OUR UNDERSTANDING OF GLOBAL WARMING INCREASES.

DR. ROGER REVELLE AND DR. LESTER-LAVE BOTH MADE THIS POINT TO THIS

COMMITTEE LAST SUMMER.
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MR. CHAIRMEN, FRIENDS OF THE EARTH COMMENDS YOUR SUBCOMMITTEES FOR

THEIR CONCERN ABOUT C02 AND CLIMATE CHANGE. GLOBAL WARMING COULD

BE ONE OF THE MOST SERIOUS AND IRREVERSIBLE ENVIRONMENTAL PROBLEMS

YET FACED BY MAN, MOST IMPORTANT, WHILE THE WARNING SIGNS DO LOOK

INCREASINGLY OMINOUS, WE DO NOT KNOW ALL THE ANSWERS YET,

FRIENDS. OF THE EARTH BELIEVES THAT CLIMATE CHANGE MUST NOW BE

INCLUDED AS PART OF ENERGY AND ECONOMIC INNOVATION POLICY, FACED

WITH THE POSSIBLE THREAT OF GLOBAL WARMING IT IS IRRESPONSIBLE

TO DECIMATE PROGRAMS FOR ENERGY CONSERVATION AND SOLAR ENERGY AS

THE REAGAN ADMINISTRATION IS DOING.

THANK YOLUf
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Page 14

by Anthony Ellsworth Scoville - . .. . ..

Why the US Ignores
The Greenhouse Effect

Atmospheric CO is headed toward dangerous levels. Why doesn't the Administration
want to know about it? Because it would have to change its ttitude on energy
development-now.

E ARLY LAST YEAR, Secretary management." When we interviewed Pew- issues at hand. It Is as if it were sayntg if
ofEnergyJames Edwards it, however, he vehemently denied the we do not look for evidence, then evidence

statement, saying he had been quoted out does not exist. Nothing could be further
sat down with his program ofcontext. And as other voies fromwithin from the truth.
managers and asked them three the administration addressed the charges
questions: How does your pro- of mismanagement, it became clear that B
gram how the issue was not so much one of manage- titFLY, the greenhouse effect is

ram help national security, how meat ability as it was one of research phil- this: When coal, oil, and natural
does it increase energy produc- osophy: the administration felt that Slade gas are burned, the two principal combus-
tion, and can private industry was more concerned with researching the don products are water vapor and carbon

perform the job? The programs potential social and economic impacts of dioxide, about half of which remain in the
climatic change than with understanding atmosphere. Both are transparent, so sun-

in question would live or die by the ysical nature of climate itself. - light readily passes through, them. The
the answers provided. Such a division is nothing new; there earth in rum radiates infrared radiation,

is a long history of disagreement between which the anmosphiric gases trap, thus
Since 1975 David Slade haddireced the those scientists who insist on pure geo- raising'the earth's temperature. Without

Department of Energy (DOE) study of physical study fis and those who hold this trappingeffect, theearthwouldbelike

global climatic change. He had littledoubt that analyzing impacts while develop- Mart, cold and incapable of. suc s
of the program's validity. Indeed, everyone iog data can not only guide research but life.
from representatives of the National Sci- can also suggest prudent policies that might A little CO% goes a long way, h wevei,
ence Foundation to President Reagan's be desirable even in the absence of perfect and the gas is increasing in the atmosphere.
science advisor had identified atmospheric knowledge. A goup of the former is pre- This build-up closely parallels the world-
build-up of carbon doxtde (CO&) as dominant in the Reagan administration. wide useof fossil fuelsover the lastcenuruy.
worthy of attention in energy policy. A As Joel Snow. Senior Science Associate of Before the Industrial Revolution, the at-
NASA scientist had warned that global the Office of Energy Research at DOE, put mospheric CO& level was about ao parts
warming from CO& build-up would be de- it, "At a time when geophysical informs- per million (ppm). Today, that level is
tectable in the s98os, and later that year, tion is insecure...the government should about 33g ppm. Tests in Hawaii and the
two Columbia University researchers not fund idle speculation." South Pole show that almost one-third of
would find thatthe Antarcticicethen had But research into the socioeconomic that increase-fror.r ts ppm to 338 ppm
shrunk by almost a million square miles impact of climatic change from fossil fuel -has occurred over the last two decades.

between 197) and 19o-findrs, they burning is much more than "idle spla- What do these changes mean? In Jan-
-would say, that fit their theories of the don," and it is for this reason that the uary, Dr. James Hasen of NASA's God-
increase of the greenhouse effect -just Reagan administration has moved to cut it dard Institute for Space Studies reported
where we expected." - out of not only the Department of Energy that global warming should be detectable

Slade fought long and hard, but it was but the National Science Foundation as in the t90o, and that large climatic
all but impossible for him to demonstrate well, where it cut funds for the social and changes will occur in the next centuryeven
to the former dentist from South Carolina economic sciences from $3t.4 million in if coal burning is phased out beginning in
that program that monitored the effects t 9g0 to Ss. million in uga. The Ad-. -

of fossil-fuel burning could in any way ministration considers such re-search an .
increase energy production, unwarranted intrusion on individual and

Theresultwasugly, ifredictable.Slade corporate decision making. It tolerates "
was transferred to DOE s small acid-rain CO% researchonly to satisfy congressional
research department. The Administration pressure and only to the point that it does
then attempted to slash thetOa budget not question economic and energy policy
from t 6.7 million to 8 million for get. in the near future.
Fortunately, Congress opposed the cuts And so. Edwards's criteria focus full
and salvaged the program, which exists attention on energy production, none on
today in a severely neutered fosm. one that its consequences. And even though Dr. -

an economist from the Brookings Institu- George Keywonh, President Reagan's sci-
tion termed "disastrous." ence advisor, can tell the House Science

Douglas Pewitt, then acting director of Committee that climatic change "is an im-
DOE's Officeof Energy Research, told the portant issue, one that should be taken into
Natural Resources Defense Council that account in formulating an overall approach
Slade was reassigned because "his man- to energy policy," the administration's
agement did not reflect the best-scientific attitude remains one of studious procras-

tination.
Anthony Ellsworth Scotilk was a sacence There is of course no way that research.
consultant to the House Science Commit. ing COt build-up cannotcall intoquestion
tee's Subcommitree on Science Rtesearch the current administration's energy policy.
and Technology. He if writing a book on We know this from evidence of predicted
global climatic change and economic de- increases of the greenhouse effect, increases
'eopm"t, to be published next year by first predicted by scientists to years ago.
Frnds aoft art. Rsecb a forthis stor , As we shall swe, the administration is cut-
,s made possible, in pat. by e grants dngfunding'to CO research so ati
rot Abe Tofrge Foundatso.. - canji~r yijs.deliberate ignoLance opf the,.
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Harsenha elopd computer model
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servatory in Boulder. Colorado. Gillilanid
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in a 76-Year solar cyle-and that around
the year sogo an upswing In that cycle
could seriously &MPlify global warning
caused by fossil-fuel bunting.
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consumption grows by i percent a year,
as it has since 9'73, mainly in response to
higher prices, then Cox levels wouldn't
double until the larer half of the a It ce-
tary. Andas soft energy path such asthat

propsedby AoryLs~ns, Wildrid Bach.
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energy use to a fraction of today's level
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the averngeworld temperature Will increase
t.1 so 4.1 degrees centigrade (a.7 to 3,1
degres Fahrenheit). Hansen believes that
this consensus neglects such factors as great-
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What would be the consequences to
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crease? The Antarctic ice mettioned
earlier has attracted much attention, but
the flooding of coasts and cities which
would occur if the ice melted completely
would take sevra centuries. Of mort im-
mediate concern is tht Arctic sea ic,
which is only seven to t#feer thick could
melt in a matter of deca& especially
if Siberian fresh water is divertedfor ag-
culture, as the Soviet Vao now cotem.
pluts doing.

Hermann ruto fiutder of the Instute
of Meteorology at the University of &n,
warns that an ice-fiee Arctic Ocean would

mroat probably lead, after a series of di.
matic weather extremes, to a displacemet
of the earth's climatic zones by 400 tO SOO
kilometers (a.go to loo miles northwardl.
Thi would necessarily affect mankd ass
whole, beneficially in some areas but d-

MuiVely in many others, draegialy
ng freshwater supply and aricul-

crd productivity."
Dr. William Kellogg of the National

Centr for Armospheric Resarch has
written that if warmer prbiaroric dimarea
arcny indication of the influence of CO&-
induced temperature changes US and
Soviet grsin bt may Auf* significant
drouts. He told us that the Arctic ke cap
culd melrdurigthe raunmerifthe average
polar temperature rises by only five degrees
centigrade. Polar tem a res ateexpe-
red to rise ae three to five times the average
world rate. Thus, substantial climate
change could occur if world temperature
increases by only a dVee and a half. This
may well happen if atmospheric COL
reaches about 4 to ppm, jus sisghdy pester
than the level that will be reached if gas
and oil resrve--which comprise only a s
percent of the world's recoverable fuel-
an exhaused. Should this level be redhed,
said Kellog '1 earth will have an

rsymt 'ace amtemtrrure which hast
exist-ed for three million Y"M".

Flohn write that "the European revolu-
tion Of 1789 And 1848 occurred ater A
sucussonoearn th bad weather, bad
harvestsn high cereapie, what
has haLppened can happen agi"flo
firmly belies that "this risk is unacepw

able and mustbeavoiedeven atwerykigh
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on wn unprecedented global scale would
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not be isolated from current debate on
loe =- ery Strategy."
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situations ta involved less than a doub-
ling of atmospheric COS. That statement
is sol nmmeB~ls=U and Syukuro Manabe of
the Greophysicl Fluid Dy cs Labors-

my t Pirieux--to Od*world's ma
re.aeed climate modder-told us that
their models an quit capableof portraying
uall temperature incrses but that to

obtain reliable predictions at low levels re-

res a n ho w f ie.7u

ossto cue 193 fund sfor cmue
modelinbY 40peren(fromtp.p million

i ion)n bo dae ri

wil support is oa nc by myis
Fusing to fund the ircese that ould

eo itwrong. -

It is therefore quite usiderseandble that

I I&Iwax1 ffmI J

(k M 3 cut net)
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Pasg,

• Koomanoff would ted s that he doesn't
we COi research affecting energy policy
until the Isos at die karlms. The admin-
iseation's attitude was pretty wed summed
up wh Doulma Ptwit, now an assistant
iet sne advisor, stifled bee

the House Science Committee that "i think
it's very important to understand (COa)
build-up .... [butl I don't share your smw
of urgency." It is very hard to share a sense
of urgency when you lack a fundamentalgrap-of cuttingS edge ofcldr 7 te science

vd refuse to fund the research that could
help you develop that understanding.

In $ddirion, Koomanoff has virtually
eliminated funding for socioeconomik re-
search, leaving the program in a state that
Lesser Lave, an economist at the Brookings
Institution, has called "disastrous." Lave
points out that "Leaving the physical sci-
entists to themselves is not going to give us
the answers." As he told the House Science
Committee last summer, "You have to
know not jt geericaUy that human
beings bum fossil f and cause atno-
spheric COt to incease; you have to
know how much and when."

For the reord, Koomanoff has provided
funds for a small task force on "mitiga-
tion and control," which skeptics believe
implies such "technofix" cures as scrub-
bin COt from generator smokestacks

pumping it into the deep sea. A ig8o
DOE study concluded that such a scheme
would use over So percent of the energy
generated.

R OER ItVIL4 clirman of the
ExeW and Climau study prepared

by the National Academy of Science, told
the House Science Committee that "in
addingCO& sothe atmosphere mankind is
unintentionally conducting a great experi-
ment. This'experiment canbe expected to
increase scientific understanding of eco.-
logical systems .... But, from the stand-
point of governments and peoples, the
major problem to be solved is to under-

mnd the naue ofthe uspecuon oceeti
with the objective of avoiding or smelior-
song unfavorabl imnpats andgm n
the most benefit from favorable impact.

The United SUM d the othe dmt1l-
opd nations, bea the principal respom-
buity foe un&raki tdis experiment.

say William Kellogg and Robert Schware
in Climate Chsusg Old Society these na-
tiom will have contributed over 70peram
of the increased COt in the atmosphere.
Temperanres will not'rr'n to current
levels foe over a thousand yeats--no mte
how much fossil fuel consumpion is then
reduced by either the developed or deve.
hoping countries.

In recognition of tis, the DOE's Energ
Research Advisory Board gave "high
priority" to COx research and recom-
mended an ,nrease in the $z6.7 million
requested by President Reagan in March
t98i.Actualexpendituresfor s98,thow-
ever, will be about Ia million, and only
S8 million has been requested for 1983.
(See box.) The Reagan administraton
continue to refuse to acknowkdge that it
can at least sjy if control, the moss
important variables in. this very risky ex.
periment. And Secretary Edwards, the
dentist from South Carolina. ust otinues
to drill and scrape, searching for ever more
and ever cheaper oil and col.

*What You Can Do: Write your Senators
and Representatives. Also, write these
Representatives: James H. Scheuer (D-
N.Y.), Chairman, Subcommittee on Nat-
ural Resources, Agricultural Research,
and Environment, and Albert Gore jr. (D-
Tens.), Chairman, Subcommittee on tn-
vestigation and Oversight, (Houaepf Rep-
resentatives, Washington, DC za5 S).

Contact FOE for names of other con.
cerned Representatives and Senators, They
need your support. Let us know if-ny
seem particularly receptive so that we can
follow up.

Where the Ax
E V% t AS AZ MNotheir desire to clear up the scientific

uncertainties of COt and decry a "scare
psychosis" fomented by "environmental-
ists," they are decreasing their funding of
COt research. At DOE, the lead Cd,
agency, Reagan has requested a .3 percent
cut for s98 3 while support at other

Department of Energy (DOE)
National Aeronautics U Space
Administration (NASA)
National Science Foundation (NSF)
National Academy of Sciences (NAS)
Environmental Protection Agency (EPA)

US Geological Survey (USGS)
Department of Agriculture JDOA)

National Oceanic & Atmospherk
Administration (NOAA).

Has Fallen
agencies has remained constant. At a min-
imum, given a so percent rate of inflation,
COt research will suffer a L6 percent re-
duction. So much research time will be
devoted to a scramble for funding that
overhead will be increased and re re-
search reduced by up to 30 percent.

The figures speak for themselves:

FY t9g5
$Iz million

FY t98j
$ St mullion

$ t OO,ooo -a-

5.4 million $5.4 million ± s-o
Ut50,000 iSt0,ooo'
$o,oo Soo,oooig~o,ooo $$6o,oo

i$go,ooo
Sioo,ooo

Sa.g million

$1u,8$5.oooTOTAL

$g6o,oo
$5co,ooo

$a.g million

S 7,860,0 00

* NSF funding may vary by $i million depending on the quality of COL proposals
submitted. Ohr aences' budgets may vary soewhat depending on the extent
to which multipurpose research is included as part of COa research.
"'Not part of totsl; the Academy's work is included in the DOE and NSF figures.
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Figure I Z4W L44 Motrd= of amospr COz
cometons, A b *effea removd.
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